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Preface

The fifth edition of Pathogenesis of Bacterial
Infections in Animals tries to capture the
many fascinating and rapid developments in
our understanding of how major bacterial
pathogens of animals cause disease. It is the
product of the efforts of 87 experts from 14
countries: Australia, Brazil, Belgium, Canada,
China, France, Germany, Mexico, New Caledo-
nia, Spain, Switzerland, the United Kingdom,
the United States, and Uruguay. We thank
them all.

Although molecular pathogenesis is a major
aspect in almost every chapter, the authors
have been careful to place pathogens in their
broader context. As in the previous editions,
we have presented the disease process at
both the herd/flock and cellular/molecular
levels. The details vary from one organism
to another, partly because bacterial diseases
develop under widely varying circumstances,
and partly because the extent of knowledge
varies considerably.

Since the last edition, we have added
introductory material on pathogenesis and
bioinformatics (Chapter 3), on experimental
approaches to understanding pathogenesis
(Chapter 4) as well as on pathogenesis-based
strategies to combating bacterial infections
(Chapter 6). To accommodate the expand-
ing importance genera such as Avibacterium,
Glaesserella, and Gallibacterium, we have an
expanded description of these organisms in
Chapter 13, Other Pasteurellaceae. In this
fifth edition, Brachyspira and Helicobacter also
get their own chapters (Chapters 24 and 19,

respectively), and we have added Coxiella to
the chapter on Chlamydia (Chapter 20).

In addition to these new chapters, a major
change in the fifth edition has been a focus on
the wealth of new information that has been
generated by the recent genomics revolution
with its application to pathogenesis as well as
to understanding the evolution of pathogens.
We have therefore included “pathogenomics”
and “evolution” within new section headings
in the pathogen chapters. Although pathogen-
esis is always full of surprises, the last section
in the pathogen chapters, “Gaps in knowledge
and anticipated directions,” provides a glimpse
into where the experts think the research is
heading.

Understanding how bacterial pathogens
cause disease is invariably challenging and
their study of requires multidimensional and
multidisciplinary approaches. To help the
reader get a rapid overview, authors of the
pathogen chapters have produced figures that
integrate the major elements in pathogenesis.
We have also added regulation of virulence
as a new section heading, since this complex
topic is a critical integrating element. There
is admittedly a long way to go before we have
a well-integrated understanding of bacterial
pathogenesis of many organisms, but with at
least some pathogens, our understanding has
been much improved.

The past two decades have seen the emer-
gence of the antimicrobial resistance crisis in
both human and veterinary medicine, which
demonstrates the extraordinary ability of
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xvi Preface

bacteria to adapt to different pressures, often
remarkably rapidly. This adaptability is also
evident in the markedly enhanced virulence
seen in some bacterial pathogens of food
animal, apparently in response to changes in
animal management.

One interesting emerging theme in this book
is the adaptation of what used to be regarded
as relatively broad host-range pathogens to
specific animal species, such that the usually
considerable knowledge of the pathogenesis
of human bacterial pathogens may not be
immediately applicable to the pathogen that
has adapted to animals.

Although we all look back to the heroes of
the microbiological revolution, personified
by Louis Pasteur and Robert Koch, and many
veterinary microbiologists from that era, we
are convinced that the golden age of microbi-
ology is the present and also continues to lie
ahead. If we can understand the pathogenesis
of important veterinary pathogens at a fun-
damental level, we should be able to use this
understanding to develop novel strategies for
prevention, treatment, and control of serious
pathogens.

This book is based on the work of hundreds
of researchers, whose ideas, innovation, and
research skills have produced the body of
knowledge on which we draw. The authors
have presented captivating stories of bacterial
pathogenesis based on their own work and
that of their scientific colleagues. One of the
challenges in preparing the book was the

question of adequate attribution of research
findings. While trying to acknowledge key con-
tributions, we have had to limit the number of
references, recognizing with regret that not all
researchers who made important contributions
to the literature will be recognized.

The new editorial team owes a great debt
of thanks to the previous editors of this book:
Carlton L. Gyles, J. Glenn Songer, and Charles
(Chuck) O. Thoen. Most of all, we would like
to acknowledge Carlton Gyles, who had the
original inspiration for this book and who
carried much of the load in assembling ear-
lier editions. Carlton has made inestimable
contributions to the field of veterinary bac-
teriology and the continuation of this book
into a new edition is a tribute to his work.
The chapter by John Fairbrother and Carlton
Gyles on Escherichia coli in this book is a
masterpiece.

Finally, we thank our publishers who have
been extremely helpful in transforming the
writings of so many individuals into a beautiful
book. Special thanks go to Merryl Le Roux,
the managing editor; Susan Engelken, edito-
rial program coordinator; and Erica Judisch,
executive editor.

John F. Prescott
Janet I. MacInnes
Filip Van Immerseel
John D. Boyce
Andrew N. Rycroft
José A. Vázquez-Boland
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Themes in Bacterial Pathogenesis
John F. Prescott

Introduction

The speed of progress in understanding how
bacteria cause disease is providing novel
insights and perspectives on pathogens and
the pathogenesis of bacterial infections at an
almost overwhelming rate. As the tsunami
of antimicrobial resistance threatens our
long-standing expectation that we can success-
fully treat bacterial infections with existing
antimicrobial drugs, understanding how
bacterial pathogens of animals cause dis-
ease is of fundamental value in designing
new and better ways to counter infections.
Combined with rapid diagnosis of specific
infections, novel antimicrobial treatments
based on understanding the unique weak-
nesses of pathogens, such as those discussed in
Chapter 6, can be targeted in ways that could
overcome the inherently highly untargeted and
resistance-enhancing nature of most current
antimicrobial therapies.

Although an overview of the basic themes in
bacterial pathogenesis provides a conceptual
skeleton for the extensive details of individ-
ual pathogens and their interaction with the
host given in later chapters, understanding
of virulence and pathogenicity is changing
rapidly. The fundamental concepts have with-
stood the test of time, but new knowledge has
brought the complexities of host–pathogen
interactions into sharper focus and has iden-
tified both important broad new topics as
well as nuances not recognized previously.

Although more is understood about bacteria,
especially through the application of genome
sequencing and related technologies such as
RNAseq (Chapters 3, 4), bacterial infections
seem to be increasing and changing, especially
those associated with increased antibiotic
resistance, driven both by exposure to increas-
ingly powerful antibiotics and by changes
in affected patient populations. Numerous
anthropogenic activities, including antibiotic
use at both therapeutic and subtherapeutic
concentrations, may be driving bacterial evo-
lution and the selection of pathogens adapted
to changed circumstances (Chapter 2). Against
the background of stunning advances in tech-
nologies, there is increasing recognition of the
poor general application of well-established
simple infection control techniques, such as
hand washing to reduce the transmission of
infection in people and in animals in clinical
settings. The fight against bacterial infections
requires the disciplined use of hard-earned
knowledge, not simply the development and
application of new technology.

The Basic Elements of Bacterial
Pathogenesis

The basic elements in the establishment of
infection by a bacterial pathogen (Figure 1.1)
are well established. These are:
1. Association (colonization, invasion, or other

ways of entry into the body).

Pathogenesis of Bacterial Infections in Animals, Fifth Edition.
Edited by John F. Prescott, Janet I. MacInnes, Filip Van Immerseel, John D. Boyce, Andrew N. Rycroft, and José A. Vázquez-Boland.
© 2023 John Wiley & Sons, Inc. Published 2023 by John Wiley & Sons, Inc.
Companion Website: www.wiley.com/go/prescott/pathogenesis

http://www.wiley.com/go/prescott/pathogenesis


�

� �

�

2 1 Themes in Bacterial Pathogenesis

Basic elements

of the

pathogenesis

of bacterial

infections

Associate

(colonize;

invade; other)

Multiply

(acquire

nutrients,

iron, etc)

Evade and/or

subvert host

immune

defenses

Subvert host

cellular

processes

Damage

(direct;

indirect, host

mediated)

Transmit

Figure 1.1 Basic processes in the pathogenesis of
bacterial infections. The processes are more stages
than steps, occurring often simultaneously, but also
progressively and dynamically, integrated by
regulatory processes responsive to signals
provided by the host and environment.
“Regulation” is shown in the sea of blue in which
the processes are embedded. For highly virulent,
destructive pathogens, “subversion of host cellular
processes” does not occur, whereas it is critical for
intracellular pathogens.

2. Multiplication (after nutrient, iron, etc.
acquisition) to significant numbers at the
site of infection and/or spread to other sites.

3. Evasion of host innate, sometimes acquired,
immune defenses.

4. Damage to the host, either directly through
subversion of cellular processes, or indirectly
through host responses to the pathogen or
its products.

5. Transmission from the infected animal
to other susceptible animals, so that the
infection cycle can continue.

As would be expected for carefully regulated
systems, the infection process is a dynamic con-
tinuum rather than a clear series of steps, but
breaking it down into progressive steps allows
ease of understanding.

Pathogen Association with the Host

Successful colonization of the skin or a muc-
osal surface of the host is usually the first

prerequisite of the infectious process. Some
organisms need to employ motility and chemo-
taxis as well as resistance to acid and bile to
reach their target host cells. Initial contact
between bacterial pathogen and host cell is
usually mediated by fimbrial or non-fimbrial
adhesins on the bacterial surface. Binding may
result either in extracellular colonization or in
internalization of the pathogen. The adhesins
bind to specific host cell surface receptors, and
both host and organ specificity of infection are
determined by differences among animals in
cellular receptors for the bacterial adhesins.
For example, the Listeria monocytogenes adhe-
sion molecule internalin A (InlA) promotes
uptake of the bacterium into intestinal epithe-
lial cells by binding to E-cadherin. InlA binds
to human and rabbit E-cadherin and causes
disease in these species; however, it fails to
bind to mouse E-cadherin and so does not
readily cause disease in mice. Interestingly,
Wollert et al. (2007) showed that by making
two substitutions in InlA, they could increase
the binding affinity to mouse E-cadherin by
10 000-fold and thereby establish experimental
infection in mice. New host adaptations of
different infections arise by similar naturally
occurring mutations.

As many receptors are developmentally
regulated, age specificity may also be deter-
mined by the receptor that a pathogen binds
to. Well-established examples are known in
K99 (F5) pili of porcine and bovine entero-
toxigenic Escherichia coli (ETEC), which bind
to the intestinal epithelium of neonatal ani-
mals, and in F18 pili of porcine ETEC, which
bind to the intestinal epithelium of recently
weaned pigs.

Bacterial pathogens, including those asso-
ciated with wound infections, may bind
to extracellular matrix molecules such as
fibronectin, collagen, laminin, or other pro-
teins possessing RGD (Arg-Gly-Asp, arginine-
glycine-aspartic acid) sequences for binding of
eukaryotic cell membrane integrins. Bacteria
may use “invasins” to mediate their uptake
into non-professional phagocytic host cells
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after attaching to molecules on the cell surface
and activating host cell signaling to facilitate
their entry, often through host cell cytoskeletal
rearrangement. An excellent example of this
is found in the adherence to and invasion of
M cells by Yersinia enterocolitica and Yersinia
pseudotuberculosis. The outer membrane pro-
tein invasin produced by these bacteria binds
to β1 integrin on the surface of M cells and
triggers uptake of the bacteria in a zipper-like
internalization process (Hauck 2002). This
entry provides the bacteria with access to the
lymphoid tissue, and to draining lymph nodes,
in which the bacteria are well equipped to
multiply.

Facultative intracellular pathogens may
deliberately target macrophages, for example
by entering through complement or other
lectin-binding receptors and thus avoiding
the oxidative burst that might otherwise kill
them. Remarkably, the safest place in the body
for these organisms is a macrophage, since
these pathogens subsequently interfere with
phagosome maturation.

After initial association with the host, bac-
terial pathogens need to evade host defenses
and to multiply to numbers sufficient for
the infection to be self-sustaining rather
than to be aborted by the host response.
The “defensins” or “protectins” involved
in the evasion–multiplication process can
be divided into those involved in defense
against innate immune mechanisms and those
involved in defense against specific immune
mechanisms.

Innate immunity can be overcome in a
wide variety of ways (discussed throughout
the book, in particular Chapter 5). The lack
of available iron that restricts the growth of
many bacteria within the body is an important
defense mechanism because iron is critical
for iron-containing cofactors for enzymes
required for primary and secondary bac-
terial metabolism. This limitation is often
overcome by the iron-acquisition systems of
pathogens.

Many organisms, particularly those that
cause septicemia and pneumonia, have
prominent, usually carbohydrate, capsules that
help the organism resist phagocytosis in the
absence of antibodies. Some capsules mimic
host matrices so that the organisms are unrec-
ognized by phagocytes. The lipopolysaccharide
(LPS) molecules of some Gram-negative bac-
teria can protect them from the membrane
attack complex of complement or from the
insertion of antimicrobial peptides. Some bac-
teria, such as streptococci, can break down
complement components through C5a pepti-
dase or other proteases. Other bacteria may
destroy or impair phagocytic cells through
their leukocidins such as the RTX (repeats in
the structural toxin) toxins or enable bacteria
to survive inside phagocytes through enzymes
such as superoxide dismutases or catalases.

Acquired immunity can be overcome in
numerous ways (Chapter 5). These include
the ability to degrade immunoglobulins with
enzymes such as the immunoglobulin A (IgA)
proteases, or the ability to alter the antigenicity
of cell surface components such as fimbriae
or outer membrane proteins. Bacterial super-
antigens can dramatically upregulate certain
T cell subsets with specific Vβ regions, which
may result not only in a cytokine storm, which
confuses the immune system, but also in
the deletion of these cells from the immune
repertoire.

Pathogen Damage to the Host

Bacterial damage to the host is usually essen-
tial for immediate or long-term acquisition
of the nutrients that the bacterium needs to
thrive and to continue its pathogenic lifestyle.
Infection does not always lead to disease,
which is only one of the possible outcomes
of bacteria–host interaction. Other outcomes
include commensalism, latency, or quiet
parasitism.

Among the wide variety of “offensins” pro-
duced by bacteria are many different types
of toxins. Toxins can be classified in different
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though not fully satisfactory ways, with that
based on activity the most logical. Type I
toxins, the membrane-acting toxins, bind to
cell surface receptors to transduce a signal
that results in the activation of host cell path-
ways, leading to aberrant cell metabolism.
Examples in E. coli include the heat-stable
enterotoxin, STa, which binds to the receptor
for guanylyl cyclase, resulting in hypersecre-
tion due to excessive levels of cyclic guanosine
monophosphate (cGMP), and the cytotoxic
necrotizing factor toxins, which activate
Rho guanosine triphosphatases (GTPases),
resulting in cytoskeletal rearrangements.
The superantigens fall into this class. Type
II toxins, the membrane-damaging toxins,
include the membrane channel-forming toxins
using the β-barrel structure (e.g. Staphylococ-
cus aureus α-toxin), channel-forming toxins
involving α-helix formation, the large range of
thiol-activated cholesterol-binding cytolysins,
and the RTX toxins. Type II toxins that dam-
age membranes enzymatically also include
the phospholipases of many bacteria. Type
III toxins, the intracellular toxins, are tox-
ins that enter and are active within the cell.
These are often active-binding two-component
toxin molecules. Examples include the adeno-
sine diphosphate (ADP)-ribosyl transferases
(e.g. the E. coli heat-labile enterotoxin, LT),
the N-glycosidases (e.g. the Shiga toxins),
the adenylate cyclases (e.g. the Bordetella
bronchiseptica adenylate cyclase toxin), and
the metalloendoproteases of the clostridial
neurotoxins.

Tissue damage and impairment of host func-
tion is often due to the inflammatory response
mounted by the host in response to infec-
tion with a bacterial pathogen, recognition
of different pathogen-associated molecu-
lar patterns (PAMPs) and activation of the
host’s pattern-recognition receptors (PRRs).
Sepsis represents an extreme case in which
hyperresponsiveness to LPS and/or other host
signaling molecules unleashes an excessive
inflammatory response, resulting in vascular
damage, hypotension, and multiple organ

damage. The inflammatory response mounted
by the host may also provide a point of entry
for certain invasive enteric pathogens.

Pathogen Transmission from the Host

Although not often considered in a discussion
of bacterial pathogenesis, a crucial feature of
bacterial pathogens is their ability to use their
pathogenic nature to ensure transmission from
the host, either back into their environmental
reservoir or directly to other susceptible hosts.
Depending on the infection, further transmis-
sion to animals may be immediate or involve
many years.

An important aspect of transmission involves
bacterial infections of animals, which are
important primarily because of the transmis-
sion of organisms from animals to humans.
In some cases, as with Shiga toxin-producing
E. coli O157:H7, the bacteria are normal
flora in the intestine of ruminants, in which
they do not cause disease; however, they do
induce severe disease following transmis-
sion to humans. A similar situation exists for
Campylobacter jejuni and most serotypes of
Salmonella in poultry. Efficient transfer from
their reservoir hosts to accidental host occurs
directly through contamination of foods of
animal origin and indirectly through fecal
contamination of water and the environment.

Regulation is Critical in Orchestrating
Pathogenesis

The outcome of infection is dependent on com-
plex multistep processes involving the host,
pathogen, environment, and their interactions.
Although much is known about virulence
and virulence-associated genes in bacterial
pathogens, and about the diseases they cause,
how bacteria orchestrate the process at a
regulatory level in terms of timing, response
to different host signals, environments, and
structures, is an area for considerable further
investigation.

Bacteria have an astounding ability to sense
and to respond rapidly to their environment.
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Bacteria–host–environment communica-
tion systems important in pathogenesis may
involve combinations of bacterial type III
secretion systems (T3SS), type IV secretion
systems, host cell cytoskeletal rearrangement,
quorum sensing, two-component regula-
tory systems, stress responses and regulatory
RNAs. Studies of T3SS have identified a con-
servation of the secretion apparatus and a
remarkable diversity in the effector functions
mediated by the systems in extensively investi-
gated bacterial pathogens such as Salmonella,
enteropathogenic E. coli (EPEC), enterohem-
orrhagic E. coli (EHEC), and Yersinia, among
others. The effectors of the T3SS are virulence
factors that interact with specific host cell
structures and factors that set off complex host
cell pathways.

Pathogenic bacteria need to be aware of their
environment to know when to deploy their
virulence genes. Cues to bacterial location are
as diverse as temperature, pH, growth phase,
nutrient availability, oxygen levels, ion con-
centrations, and quorum sensing molecules, or
often combinations of these cues. Depending
on the environment, some virulence genes
may be upregulated while others are down-
regulated, only to reverse as the environment
changes. The regulation of virulence genes is
highly complex, with several regulators con-
trolling the expression of a particular virulence
gene and with coordinated and dynamic reg-
ulation of genes whose products are required
under the same conditions (Bervoets and
Charlier 2019; Barrientos et al. 2021; Felden
and Augagneur 2021; Ishii and Eguchi 2021)
although obtaining an integrated view of these
interactions is in its infancy (Huang et al. 2019).

Concepts of Bacterial Virulence
are Being Refined

How bacteria have evolved to cause disease
in animals is truly remarkable in variety
and complexity. Given the wide range of
bacterial pathogens in different animal species,

veterinary microbiologists have insights into
this variety, dating back to the start of the
microbiology revolution. The astounding ways
in which such tiny packages cause so many
different diseases is the subject of this book.

Understanding Virulence
and Pathogenicity

Understanding infection and the definitions
of virulence and pathogenicity has a long
and fascinating history. Earlier definitions
of virulence and pathogenicity derived from
historic studies of classic bacterial pathogens
(“Koch’s postulates”), many of which have
been successfully controlled by immuniza-
tion, hygiene, or antimicrobial drugs. Koch’s
postulates, developed to define causation in
infectious disease, ruled for 100 years (Wasse-
naar and Gaastra 2001). Early understanding
of virulence and pathogenicity was primarily
pathogen-centered and often does not work as
well for opportunist pathogens, where host fac-
tors are more important than pathogen factors,
as it does for primary pathogens. A pathogen
is a microbe capable of causing host damage,
pathogenicity is the capacity of a microbe
to cause damage in a host, and virulence is
the relative capacity of a microbe to cause
such damage (Casadevall and Pirofski 1999).
A virulence factor (virulence determinant)
was defined by Casadevall and Pirofski (1999)
as a component of a pathogen that damages
the host. Pathogenesis is the process through
which bacteria cause disease.

Detailed understanding of virulence and
specifically its genetic basis was importantly
updated by Falkow (1988) based on iden-
tification of its molecular basis (“Falkow’s
molecular Koch’s postulates”). In these
“molecular Koch’s postulates,” the prop-
erty under investigation should be associated
with pathogenic strains of a species, inacti-
vation of the virulence trait gene(s) leads to
measurable loss of pathogenicity, and rever-
sion or allelic replacement of the gene restores
pathogenicity. This important advance was
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still largely pathogen-centered and focused
on a narrow range of virulence determinants
such as the exotoxins of Corynebacterium
diphtheriae, a pathogen of largely historic
significance. It was dependent on measur-
able loss of pathogenicity. Although subtle
changes might not be detected, this molecu-
lar approach has become a gold standard in
virulence studies.

Ignoring for the moment host and envi-
ronmental interactions with the pathogen as
determinants of disease, developing under-
standing now clearly recognizes that bacterial
virulence is multifactorial (Wassenaar and
Gaastra 2001). This broader approach recog-
nizes not only the “true” or “essential virulence
genes” that are directly and demonstrably
responsible for host damage, as described
above, but also that pathogenicity involves
“virulence-associated genes,” which regulate
essential virulence genes or are otherwise
required for their expression, secretion, or pro-
cessing, as well as “virulence lifestyle genes”
that allow bacteria to colonize the host, evade
host defenses, use host factors for survival, or
survive intracellularly (Wassenaar and Gaas-
tra 2001). An analogy to this multifactorial
concept of virulence is to use of a gun in a
robbery. The bullets can be considered the
true virulence genes, the gun itself can be
considered the virulence-associated genes,
and the criminal using the gun can be con-
sidered the virulence lifestyle genes. Clearly,
inactivation of any of these three elements will
stop the bullets killing a victim, but ultimately
it is the bullets (virulence factors) that kill.
Recognition of these different elements will
prevent some of the potential confusion that
faulty interpretations of modern experimental
methods can produce, such as identifying
regulatory genes as virulence factors.

A more integrated understanding of viru-
lence factors, which encapsulates some of the
changing understanding of virulence, is that:

Virulence factors refer to the proper-
ties (i.e. gene products) that enable a

microorganism to establish itself on or
within a host of a particular species and
enhance its potential to cause disease.
Virulence factors include bacterial toxins,
cell surface proteins that mediate bacterial
attachment, cell surface carbohydrates
and proteins that protect a bacterium, and
hydrolytic enzymes that may contribute
to the pathogenicity of the bacterium
(VFDB, Virulence Factors in Pathogenic
Bacteria database: www.mgc.ac.cn/VFs).

This definition of virulence factors captures
important elements of virulence but fails to
include critical aspects associated with viru-
lence such as adaptation of metabolic pathways
and cellular processes to the virulence lifestyle
of bacterial pathogens, described by Letek et al.
(2010) as “co-optive evolution.” It does not rec-
ognize the often multifactorial but individually
possibly redundant nature of different factors
involved in host colonization or evasion of host
defenses which, depending on the model used
to investigate them, may not be identified.

How pathogens obtain nutrients in their host
is a critical part of their ability and adaptation
to cause disease and of their virulence lifestyle.
The role of classical hemolysins in this regard
has long been recognized, but the importance
of obtaining nutrients is critical throughout
the pathogenic process, even though this
may not in the past have been viewed as
vital to understanding pathogenesis and of
how bacteria adapt their metabolism to their
evolution as pathogens. One of Napoleon’s
aphorisms was that “an army marches on its
stomach.” For example, Clostridium perfrin-
gens is an intestinal inhabitant and often an
enteric pathogen that produces a wide vari-
ety of glycoconjugate-and mucus-degrading
exoenzymes as well as a vast array of other
extracellular degradative enzymes. These
include a glycopeptidase ZmpC found on a
critical virulence plasmid that, together with a
genome-encoded mucin-degrading glycopep-
tidase ZmpA, has been shown to be important
in avian necrotic enteritis (Low et al. 2020;

http://www.mgc.ac.cn/VFs
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Wade et al. 2020; Pluvinage et al. 2021). Thus,
enzymes used specifically to degrade chicken
intestinal mucus are not only a source of
nutrients but also a way for the organism to
expose the underlying intestinal mucosa for
colonization by bacterial surface components.
Intracellular bacteria can metabolically repro-
gram their host cell’s metabolic pathways for
their nutritional benefit (Escoli and Buchreiser
2019).

The application of powerful newer research
techniques (Chapters 3, 4) continues to expand
our understanding of virulence and of the
host–pathogen relationship. For example,
the diverse application of mass spectro-
photometry-based proteomics are providing
extraordinary insights into the host–pathogen
relationship and its dynamics (Sukumaran
et al. 2021). Its application, combined with
other evidence, has identified the unexpected
multiple functions (“moonlighting proteins”)
of enzymes that were thought to have classical
housekeeping functions of little general inter-
est (Jeffery 2019). For example, the glycolytic
enzyme GADPH (glyceraldehyde-3-phosphate
dehydrogenase), which can constitute 10–15%
of total bacterial cell protein, has multiple
functions including a role in host attach-
ment and colonization by different bacterial
pathogens (Jeffery 2019; Sirover 2021). The
role of glycoconjugates on bacterial surfaces
in bacteria–host interactions is being increas-
ingly appreciated (Tytgat and de Vos 2016).
The highly diverse nature of glycan-modified
surface and secreted LPS, capsular polysac-
charides, lipooligosaccharides, lipoglycans,
peptidoglycan, teichoic acids, and glycopro-
teins give bacteria unique and specific ligands
with which to interact with the host (Tytgat
and de Vos 2016).

Another important theme in the emerging
understanding of virulence revealed by recent
metagenomic research is the role of the micro-
biota, particularly throughout the intestine,
in chronic inflammatory diseases such as
periodontal disease or inflammatory bowel
diseases. These infections involve multiple

host-adapted mucosal pathogenic commen-
sals and complex relationships between these
agents and the local innate immune system
(Ellermann and Arthur 2017; Fabrice et al.
2021).

Bacterial virulence and the pathogenesis of
disease is increasingly recognized as a truly
complex, dynamic, multifactorial, changeable,
and constantly surprising phenomenon. Such
understanding is impossible to capture in a
simple diagram or indeed in publicly accessi-
ble databases that list “virulence factors” (e.g.
Sayers et al. 2019; Victors: http://www.phidias
.us/victors; VFDB: www.mgc.ac.cn/VFs).

Conceptually however, as outlined in
Figure 1.1, bacteria cause disease by a variety
of means in an extraordinarily complex process
that usually involves penetrating the host’s pro-
tective barriers, evading deeper host defenses,
multiplying to significant numbers, escaping
innate and acquired immune defenses, and
damaging the host, leading sooner or later to
escape from the host and to continue the cycle
(Figure 1.1). Although this overall concept
of the pathogenic process is well established,
the resurgence or emergence of infectious
diseases in humans in recent years because of
changes in host susceptibility (HIV infection,
immunosuppressive drugs, implanted devices)
emphasizes the importance of host factors in
determining the outcome of encounters with
microbes. Many people now die in hospitals
from infectious agents that are not pathogens
in healthy people. A parallel situation exists
in many small-animal hospitals, especially in
intensive care units. Similarly, the ability of
some bacteria to develop rapidly or acquire
antimicrobial resistance and then to emerge as
significant problems in hospital or even com-
munity settings emphasizes the importance
of environmental selection in determining
the outcome of infection, as well as in shap-
ing the adaptation of pathogens to different
settings. Development or acquisition of resis-
tance is one way in which clones of different
pathogens can gain an edge in enhancing their
fitness and success as pathogens. Virulence

http://www.phidias.us/victors
http://www.phidias.us/victors
http://www.mgc.ac.cn/VFs
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does not occur in a vacuum but is often con-
textually dependent. In this case, antibiotic
use in hospitals may remove the inhibitory
effects of the normal microbial flora in reduc-
ing colonization by exogenous, resistant,
bacteria. Furthermore, bacterial pathogens
themselves may carry genes for bacteriocins
that that assist host colonization and are an
important part of their success as pathogens,
even though these are not virulence factors.
They are, however, important as part of the
fitness of these pathogens for their niches.
Selective pressures other than direct effects
on the host may exert profound influences
on the evolution and fitness of pathogens,
discussed in Chapter 2 and other chapters of
this book. Bacterial pathogens evolve in many
ways to face many challenges to survival other
than just successful encounter with a host
(Chapter 2).

The aspects of bacterial virulence discussed
above highlight the survival and successful
further spread of pathogenic bacteria under
potentially adverse conditions in the ecological
niche(s) into which they have been introduced
or to which they have adapted, and all the
complexity that successful survival implies.
From this perspective, antimicrobial resistance
genes may contribute to virulence, since they
are virulence lifestyle genes that allow survival
in antibiotic-containing environments. It is
thus not surprising to find that some resistance
and virulence genes are linked on the same
virulence plasmid.

For many years, animals have been used in
experimental infections to better understand
the virulence of bacteria. It is now unaccept-
able to use animals experimentally for this
purpose in the ways that previous genera-
tions of researchers did. If deemed necessary,
the use of animals to investigate bacterial
pathogenesis must be under the highest stan-
dards of humane care. Increasingly, rather
than using animals, the powerful techniques
of pathogenomics (Chapter 3), such as whole
genome sequencing for strain characterization,
RNAseq for characterizing gene expression,

and modern molecular epidemiology, and
different ways of virulence assessment in vitro
(Chapter 4) will be used to understand and
characterize the basis of the pathogenicity of
bacterial pathogens.

Virulence and the
Host–Pathogen–Environment Paradigm

Recognition of the importance of the host–
pathogen–environment is fundamental in
understanding the emergence and spread of
bacterial infections and the development of
disease. Host factors predisposing to infection
include genetic factors, age, sex, innate and
acquired resistance, and nutritional status.
Pathogen factors include species, strain or
clone, challenge dose, and route of infection,
whereas environmental influences include
temperature, nutrition, humidity, and tox-
ins (Langford et al. 2021). The interplay or
“dance” of the interaction of these factors can
be summarized dynamically in Figure 1.2 (and
elaborated in Chapter 4, Figure 4.1). What
the classic Figure 1.2 does not capture is the
extraordinary complexity and dynamic nature
of the interactions between host, pathogen,
and environment, and the often-constant
adaptation for optimal “fitness” of bacterial
pathogens. As understanding of the patho-
genesis of bacterial infections continues to
develop, the complexity and the subtlety of its
basis often reveals the continuing depth of our
ignorance.

Impact of Pathogens on Host Evolution

The impact of infection on the evolution of
animal hosts can generally only be specu-
lated upon but has likely been profound.
The evolution of hosts and the individual
pathogens that exploit them are inexorably
linked (Brown et al. 2006). As just one of many
examples, the target of the Vibrio cholerae
toxin and E. coli heat-labile enterotoxin is the
cystic fibrosis transmembrane conductance
regulator (CFTR) protein, whose response to
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Host Pathogen

Environment

Disease

Figure 1.2 The classic host–pathogen paradigm of
infectious disease. The outcome of an infection is
always the result of the interaction of host,
pathogen, and environmental factors. For “primary
pathogens,” pathogen factors are more important;
for “opportunist pathogens,” host factors are more
important, and, for both, environmental factors
may have a smaller or larger role. For example,
many opportunist infections in animals involve
mixed-agent infections because of the common
host predisposition. Understanding the
pathogenesis of a specific bacterial infection
involves teasing out the numerous host–
pathogen–environment factors involved and their
relative importance in particular circumstances.

V. cholerae toxin leads to fluid outpouring in
the intestine. The CFTR protein is necessary
for fluid secretion in the intestine and in
airways, and intestinal tissue from patients
with cystic fibrosis fails to respond to the
V. cholerae toxin. It has been suggested that
the defects in the CFTR gene that provide
resistance to cholera may have led to the
maintenance of defective genes in the human
population and the high frequency of the
ΔF508 mutation (1 in 25); individuals who
are homozygous for this mutation develop
cystic fibrosis. The historical association of
pathogens and their hosts, and the coevolu-
tionary nature of this relationship, are also part
of the host–pathogen–environment triad that
determines the outcome of an infection.

At a far deeper level in evolutionary history,
the continuous evolutionary struggle for sur-
vival between metazoal hosts and microbial
pathogens since the dawn of time has driven

the development of the different mechanisms
of innate immunity including the responses of
phagocytes to the multiple different signals of
the presence of bacteria and other pathogens
through detection of PAMPs by PRRs, the
amoebocyte response of the horseshoe crab
(Limulus polyphemus) to bacterial LPS, or of
the signals of cell damage resulting from infec-
tion. The race has also driven the development
of the acquired immune system.

Host–Pathogen
Communications are Critical

The outcome of infection is dependent on
complex multistep processes involving host,
pathogen, environment, and their interac-
tions. The tendency in the past has been for
researchers to tackle problems of pathogen-
esis primarily by investigation of virulence
attributes of the pathogen. One of the out-
comes of this approach is that we now have an
impressive catalog of virulence genes of bacte-
rial pathogens, but we have a long way to go
in understanding issues of regulation, timing,
crosstalk, and interplay with host structures
and physiology. In recent years, researchers
have sought to redress this imbalance, and
we have seen numerous investigations of
pathogens in either their natural host envi-
ronments or in settings in vitro that seek to
simulate aspects of the in vivo environment.
It is therefore not surprising that a major
recent theme in pathogenesis research is that
communication between bacteria, host, and
environment is a critical aspect of patho-
genesis. Studies in this field have led to a
new branch of microbiology, namely cellular
microbiology, which investigates bacterial
signal transduction as a tool for characterizing
host signaling pathways, based on discovery of
the ways in which bacterial pathogens subvert
these for their own benefit. Bacterial pathogens
are expert cellular microbiologists.

An emerging theme in the 2010s has also
been investigation and understanding of the
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important role of microRNAs (miRNAs) and
other non-coding RNAs in the host and bacte-
rial pathogen relationship (Duval et al. 2017;
Aguilar et al. 2019). Bacterial non-coding
RNAs regulate host gene expression affect-
ing multiple host functions and, in turn,
eukaryotic miRNAs modulate bacterial gene
expression. Identification of the targets of
the bacterial and of the host miRNome, as
well as of the regulons controlled by individ-
ual miRNAs, has identified important novel
aspects of the host–pathogen relationship in
many different types of pathogens, both in
diverse host defenses against pathogens and
in the subversion of different host defenses
by pathogens. Detection of miRNAs in the
circulation of infected animals is an accessible
source in which to understand their potential
host and pathogen role in infection. Under-
standing of the role of miRNAs in host defense
and pathogen offense is a fertile field of current
and future research.

Host cells also have elaborate mechanisms
for identifying conserved bacterial structures
and relaying this information to the path-
ways that respond to the presence of bacteria.
PRRs on the surface of innate immune cells
permit the recognition of infectious agents
through their possession of PAMPs such as
LPS, lipoproteins, peptidoglycans, and DNA
with unmethylated CpG motifs. Included
among the PRRs are the Toll-like receptors
(TLRs), which are signal transduction proteins
that, among other actions, trigger the secre-
tion of cytokines through activation of the
transcription factor NfκB. Signaling by TLRs
occurs primarily through the adaptor molecule
MyD88. Another adaptor molecule (Trif) is
required for signals leading to the production
of interferon-β following activation of TLR3
or TLR4. TLR3 detects double-stranded RNA;
TLR4 recognizes LPS; and TLR2 recognizes
lipoproteins, peptidoglycans, and lipoteichoic
acid. Flagellin binds to TLR5 and causes the
release of interleukin-8 (IL-8) from intestinal
epithelial cells. Interestingly, TLR5 is expressed
on the basolateral and not on the apical surface

of intestinal epithelial cells, so that the alarm
is sounded only when bacterial invasion has
occurred, or bacterial products have reached
this site. CpG-DNA interacts with TLR9, which
is located intracellularly rather than at the cell
surface.

The TLRs help to link the innate immune
response with the acquired immune response,
as macrophages and dendritic cells that con-
tact pathogens become activated, causing the
upregulation of costimulatory cell-surface
molecules, as well as class I and II major histo-
compatibility complex molecules. Differential
expression of TLRs on the various types of cells
of the innate immune system and differences
in the signals that are generated allow for a
system in which the type of pathogen that
is encountered is met with the appropriate
type 1 or type 2 immune response. Innate
immune responses that occur following bind-
ing of the pathogen to a TLR include killing
of the pathogen through antimicrobial com-
pounds, such as nitric oxide in macrophages
and antimicrobial peptides at the surface of
epithelial cells. Adaptive immune responses
are influenced through the activation of B
cell proliferation, release of chemokines, and
adjuvant effects of the PAMPs. The numer-
ous ways in which bacterial pathogens damp
down proinflammatory responses induced by
PAMPs (Garib et al. 2016; Brewer et al. 2019)
or in numerous other ways interfere with and
subvert the immune response is discussed in
Chapter 5, and throughout this book.

Signaling that affects host programmed
cell death pathways is a common aspect of
pathogenesis of bacterial diseases, notably
in protection against facultative and obligate
intracellular bacteria (Imre 2020; Lacey and
Miao 2020). Programmed cell death (apopto-
sis, necroptosis, or pyroptosis) can be triggered
by interconnected pathways responding to
signals including outer membrane proteins,
LPS, lipomannans, lipoarabinomannans,
lipoproteins, porins, and certain protein tox-
ins. Apoptosis driven by caspases is usually
anti-inflammatory since it does not trigger an
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immune response whereas the two lytic forms
of cell death release damage-associated molec-
ular patterns (DAMPs) into the extracellular
space and trigger an immune response (Imre
2020). Macrophages are highly vulnerable to
apoptosis since it may be triggered by their
possession of numerous TLRs for conserved
bacterial surface components. Bacteria can
induce apoptosis by stimulating proapop-
totic molecules or inhibiting anti-apoptotic
molecules (Demarco et al. 2020).

Apoptosis is a common feature of the
pathogenesis of many intracellular pathogens
described in this book. Apoptosis may pro-
vide benefits to the host by curtailing the
innate immune response, thereby limiting
damage due to excessive release of cytokines
and destructive neutrophil enzymes. On the
other hand, it may be of value to the pathogen
by destroying host defense cells such as
macrophages, thereby promoting invasion of
tissues and prolonging infection. Efferocytosis,
the engulfment of apoptotic infected cells by
phagocytes, is a common means of destruction
of many intracellular bacteria that is often
inhibited by facultative intracellular bacteria
(Behar and Briken 2019).

The role of inflammasomes as a host defense
strategy and also as a target of subversion by
intracellular pathogens has been the increas-
ing subject of research in recent years (Brewer
et al. 2019; Broz 2019). These intracellular
pathogen PRRs are multiprotein complexes
made of sensors, adaptors and effectors that
act as host danger detection systems, targeting
caspase-dependent cleavage of downstream
proteins to activate innate immune defenses
and initiating acquired immunity. Five dif-
ferent canonical sensor pathways have been
described with a sixth noncanonical pathway
activated by LPS in which caspases act as
both sensor and effector (Brewer et al. 2019).
Inflammasome activation of proinflammatory
cytokine secretion leads to proinflammatory
cell death (pyroptosis) and activation of immu-
nity. Like their viral counterparts, intracellular
bacterial pathogens have evolved different

mechanisms to counteract inflammasome
assembly and thus to preserve their replicative
niche (Yu Garib et al. 2016).

The evolutionarily conserved eukaryotic
signaling pathway Wnt has been studied for
years as a regulator of metazoan embryogene-
sis, stem-cell maintenance and organogenesis,
but it is only in the 2000s that it has been
recognized as a mechanism of innate immune
subversion by numerous intracellular and
extracellular bacterial pathogens (Rogan et al.
2019). The manipulation of the Wnt pathway
is discussed particularly in the context of intra-
cellular pathogens (Chapters 20, 21) but is
evident for numerous other pathogens (Rogan
et al. 2019).

New host regulatory signals that are critical
for virulence expression are being identified.
For example, EHEC O157:H7 expresses the
colonization genes encoded by the locus for
enterocyte effacement (LEE) in response to a
quorum-sensing regulatory molecule that was
initially considered to be autoinducer 2 (AI-2)
but was later shown to be a new autoinducer
called AI-3 (Chapter 7). Both AI-2 and AI-3
require LuxS for their synthesis. Interestingly,
the mammalian hormones epinephrine and
norepinephrine had the same effect as AI-3 in
activating the LEE-encoded genes. Further-
more, either exogenous AI-3 or epinephrine
can activate the LEE genes in a luxS mutant,
and epinephrine antagonists could block this
activation. These data suggest that AI-3 and
epinephrine may use the same bacterial sig-
naling pathway in crosstalk between host and
pathogen. Once the bacteria arrive at the host
epithelium, epinephrine stimulates expression
of the LEE genes, thereby allowing EHEC to
attach to the intestine (Chapter 7).

Pathogenesis in the
Post-Genomic Era

The vast influx of information from genome
sequencing has revolutionized the science of
pathogenesis, ranging from understanding
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the most basic aspects of gene content to
elucidating the regulatory networks of vir-
ulence gene expression, to investigating the
global patterns of host response to infection
(Chapter 4). Examining differences in specific
genes between a pathogen and a closely related
nonpathogen, or between the parent and its
offspring with a specific null mutation, has
been a valuable approach for identifying viru-
lence genes. The rate of recognition of potential
virulence genes is increasing dramatically as
innumerable complete or almost complete
genome sequences are available for thousands
of bacteria, and genomic and RNAseq data are
combined to identify hundreds of potential
virulence factors simultaneously. However,
these potential virulence factors will need to
be tested individually to assess their roles in
virulence.

The immensity and complexity of data that
need to be analyzed are overwhelming. Ini-
tially, genomics brought us the concepts of
the core genome (encoding the basic aspects
of the bacterial biology) plus the dispensable
and strain-specific genes for an isolate. As
discussed in Chapter 3, we have moved beyond
this and the pan-genome (the genetic informa-
tion of a bacterial species) and the metagenome
(the genetic information of a community of
bacteria in a specific environmental niche)
have moved from theoretical constructs to
reality. Functional genomics can be used to
investigate the transcriptome under specific
conditions. Data from transcriptome studies
are leading to a detailed understanding of
memberships in virulence-associated operons
and regulons and to the identification of the
complex environmental cues that modulate
virulence expression. Ideally, bacterial mes-
senger RNA (mRNA) collected from infected
tissues would be examined (Bourgeois and
Smith 2020) but relatively low numbers of
bacteria in most infected tissues, the small
amounts of bacterial compared with host
RNA, and the instability of bacterial mRNA
still make this approach challenging for most
infections (Chapter 4). To address this, it has

been necessary to use in vitro conditions to
simulate the in vivo setting. One of the chal-
lenges in these studies is to accurately simulate
the host microenvironment but, currently, it
is common for only one or two aspects of that
environment to be examined in simulations.

As discussed in Chapter 4, comparative
genomics involving comparison of open read-
ing frames of genomes of pathogenic and
closely related non-pathogenic species, or of
highly pathogenic and less pathogenic strains,
are a valuable starting point in the identifica-
tion of virulence genes. A dramatic advance
has been that genomic data can be used to
probe not only bacterial metabolism in the
host but also host changes in response to
the presence of the bacteria. The enormous
amount of data generated in these studies is
a challenge for analysis and interpretation.
The time at which a readout of mRNA is
made is critical since too long a delay may
reveal only the steady state after much of the
series of responses by bacteria and host have
been completed. These analyses identify genes
expressed under certain conditions, and subse-
quent testing is needed to determine the subset
of these genes that are essential for infection
of the host and for disease. What may be
apparently minor differences in experimental
design, methodologies, and analysis will have
a dramatic effect on the results, which can
essentially be useless.

Data mining of complete and incomplete
genome sequences has been used to generate
valuable information on virulence-related
genes in bacteria. There is, however, a large
gap between genomic analyses and functional
genomics. This is exemplified by the fact that
only about 60% of the genes of E. coli and 56%
of the genes of Pseudomonas aeruginosa have
known functions. In addition, the presence of
gene sequences does not necessarily mean that
functional proteins are produced.

Newer rapid genome sequencing ability has
permitted studies of metagenomics, thereby
adding a new dimension to our capability
to investigate pathogens in their natural
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environments. This will be particularly valu-
able in host niches such as the intestine, which
have rich microbial communities whose inter-
actions with pathogens are critical to health
and disease.

Gaps in Knowledge
and Anticipated Directions

Understanding of bacterial pathogenesis and
the host-bacterial interplay will continue

to improve as research techniques become
ever more powerful and encompass detailed
understanding of the molecular basis of the
host–pathogen relationship. Understanding
will require collaboration of expertise across a
wide variety of scientific disciplines. Applica-
tion of this knowledge in terms of improved
preventive and treatment strategies will con-
tinue to justify the need to understand the
science behind this dynamic and evolving
field.
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Evolution of Bacterial Pathogens
Patrick Boerlin

What are Pathogens and How
Do They Emerge?

The definitions of virulence and pathogenicity,
and the difference between a pathogenic and
a non-pathogenic bacterium have been the
subject of many controversial discussions.
The increasing importance of opportunistic
infections in debilitated and immunodeficient
patients, which blur the distinction between
pathogens and commensals, is contributing
to make the situation even more complex.
The most widely accepted definitions of
pathogenicity and virulence are “the capacity
of a microbe to cause damage in a host” and
“the relative capacity of a microbe to cause
damage in a host,” respectively (Casadevall
and Pirofski 1999). However, the capacity of
a microorganism to cause damage is not a
function of just the pathogen. It also depends
on the host and on the circumstances of the
encounter between the host and the pathogen
(Méthot and Alizon 2014). To complicate
things further, the ability of a pathogen to
cause damage resulting in disease in a host is
usually the consequence of interactions among
several bacterial factors. Defining which fac-
tors are really responsible for causing damage
to the host and are therefore virulence fac-
tors has also remained a controversial issue
(Casadevall and Pirofski 1999), resulting in the
delineation of a variety of more or less distinct

virulence factor categories (Wassenaar and
Gaastra 2001).

The origins and circumstances leading to the
emergence of most new pathogens are unclear
and hypothetical. Among the many publica-
tions that describe and review the emergence
of new pathogens, most are dedicated either to
human pathogens or to rapidly evolving RNA
viruses. Only a few bacterial pathogens of
animals have emerged in the recent past, and
the related literature is very limited. However,
researchers have developed general theoreti-
cal frameworks on the emergence of human
pathogens that are of relevance and can be
adapted for bacterial pathogens of animals
(Woolhouse and Gaunt 2007).

Pathogenicity and virulence may be the
result of a variety of encounters and adapta-
tions between a host and a microorganism.
Different levels of interaction in the evolution
of a microorganism toward a full-blown infec-
tious pathogen can be distinguished and rep-
resented in the form of a pyramid with highly
transmissible pathogens at the top (Woolhouse
and Gaunt 2007). This evolutionary pyramid
can integrate at every transition stage the eco-
logical “source–sink” model, in which a source
reservoir of organisms keeps refilling a new,
less-adequate, ecological compartment – the
sink (Sokurenko et al. 2006). The first stage
(Figure 2.1) in the emergence of a pathogen
(base of the pyramid) is the encounter with
a new host or new body compartment of
an already existing host. If the bacterium
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Enhanced
transmission

epidemic

Transmission between hosts

Sporadic infections

Repeated exposure without infection

Figure 2.1 Theoretical frame for the emergence of new pathogens and evolution of virulence. Bacterial
pathogens may stop their evolution toward increased virulence (orange arrows) at any stage or revert
toward lower virulence (blue arrows). Bacteria from the environment or from other animal species most
frequently enter the pyramid at its bottom, but entry at any stage is possible, although less likely. Similarly,
a pathogen may completely lose its pathogenicity at any stage. The color intensity is indicative of the
likelihood of changes in virulence. The triangular shape of the arrows is representative of the “source-sink”
nature of transition between stages.

possesses or acquires a sufficiently broad
repertoire of survival mechanisms, an infection
with this “fortuitous” pathogen may take place
(stage 2). Such a newly emerged “pathogen”
may be using tools that evolved to promote
its survival in a completely different environ-
ment/host and circumstances, resulting de
facto in virulence. Legionella pneumophila is
an example of such a “fortuitous” pathogen,
which uses complex transmission strategies
and a variety of virulence factors that evolved
for survival in protozoans (Boamah et al. 2017)
but which also cause damage in humans.

The interaction of a “fortuitous” pathogen
with a new host or body compartment is in
most cases a dead end for the microorganism,
but repeated contact if frequent or intensive
enough may allow a host to encounter a rare
mutant with improved tools for survival and
multiplication in this new environment. If
it results in survival and persistence of the
microorganism in some hosts, followed by
return to its original environment or transmis-
sion to another susceptible host, then a new
infectious pathogen is born with the capacity
of being transmitted from one individual to
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another (stage 3). Depending on transmissi-
bility, persistence, and exposure, this can lead
to disease outbreaks of variable amplitude.
Finally, if transmission becomes frequent
enough, the pathogen may cause epidemics
and spread broadly across host populations
(stage 4). It is thought that many emerging
pathogens have followed this path of evolu-
tion. However, the pyramid can be entered
at any level and there is no necessity for a
microorganism to follow this path to the top.
Indeed, the majority of bacterial pathogens
do not end up causing large epidemics. This
model of emergence of new pathogens should
not be understood as a one-way evolution as
the movement of a bacterium in the pyramid
may go down as well as up.

Both evolutionary changes leading to
the acquisition of new characteristics in a
pathogen (survival, transmissibility, invasion,
and ability to cause damage) and changes in
its environment or in its potential host popu-
lation may trigger a move between virulence
levels. The former is the main subject of this
chapter. The latter includes increased contact
between potential pathogens and new hosts
through ecological changes, changes in vector
populations (climate change, hygiene), and
changes in host populations (e.g. emergence
of immunodeficient populations, increased
stress, or host density, changes in behav-
ior promoting transmission, and genetic
changes affecting susceptibility). Tick-borne
diseases and Lyme disease, in particular, are
examples of emergence of old pathogens
caused by ecological changes and expansion
of their vector populations (Sonenshine 2018).
Although it does not take much to imagine
many similar situations in animal popula-
tions and the potential for the emergence of
new pathogens in both companion and farm
animals, the “context-dependent” nature of
virulence evolution (Diard and Hardt 2017)
makes its general modeling and prediction
very difficult.

Bacterial Fitness and Virulence

Pathogenicity is just one among numerous
strategies available to microorganisms to
remain competitive in the fight for limited
resources in a frequently hostile environment.
The evolution of pathogens does not always
lead to a continuous increase in or mainte-
nance of virulence. The deleterious effects
of exploitation of the host may ultimately
also affect the microorganism itself. Thus,
pathogens have to evolve ways to take advan-
tage of their host without compromising their
own survival and multiplication (i.e. to main-
tain a high fitness level in terms of population
biology). Common wisdom would suggest that
the general evolutionary trend of pathogenic
microorganisms would be toward commensal-
ism, and that high virulence levels could be a
sign of recent colonization of a new host by a
microbial species. The longer a microorganism
persists and associates with a host species, the
less virulent it would become, until it reaches
the climax of commensalism. Unfortunately,
this rather simple reasoning does not fit with
the natural history of many pathogens. A
positive relationship between virulence levels
and transmissibility of microorganisms has
been postulated to accommodate the incon-
sistencies of the common-wisdom theory.
Experimental and observational studies show
that highly virulent microorganisms are often
readily transmissible, whereas less virulent
ones are less easily or less frequently trans-
mitted tend to support this hypothesis, known
as Ewald’s hypothesis or trade-off hypothesis.
However, the reality of infectious disease is
still more complex, and this simple theory
is not able to explain every case of virulence
and transmission patterns observed in the
field (Alizon and Michalakis 2015). Many
researchers have questioned its validity, but it
is likely that including more case-specific vari-
ables into each model of virulence evolution
would reconcile the trade-off hypothesis with
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the biological realities seen in the field (Alizon
et al. 2009; Cressler et al. 2016).

Host variability and host population struc-
ture are important factors influencing the
evolution of virulence (Alizon et al. 2009;
Ekroth et al. 2021). This variability is very
broad and extends from the within individ-
ual host variability (the potential anatomic
locations of a pathogen within a host) to the
between-host variability, which may encom-
pass the variability between host species for
multihost pathogens (Pfennig 2001; Wool-
house et al. 2001). The mechanisms governing
the evolution of a microorganism toward a spe-
cialized or a generalized multihost pathogen
are complex. The adaptation to a new host may
sometime encompass a trade-off between the
development of virulence in a new host and
the loss of virulence and fitness in a previous
host, and multiple models have been devel-
oped to explain the adaptation and transition
between hosts (Sheppard et al. 2018). Alterna-
tively, pathogens may develop such a constant
strong genetic polymorphism that individuals
adapted to new hosts and new situations will
be present in each population, thus broadening
the host range of the pathogen (Pfennig 2001;
Woolhouse et al. 2001).

A pathogen may also evolve many differ-
ent virulence mechanisms and express them
only under certain conditions, depending
on host and environment (a phenomenon
called polyphenism). Thus, not only the vir-
ulence factors of a pathogen per se but also
their regulation is subject to evolutionary
constraints (Pfennig 2001; Coombes 2013).
Competition between microorganisms for a
host or an ecological niche within the host is
another important factor driving the evolu-
tion of virulence of some pathogens. Finally,
the influence of coevolution of a host and
pathogen remains poorly studied. Neverthe-
less, examples of field studies on coevolution
are emerging, both at the population level
(Maillard et al. 2008) and at the molecular
level (Stavrinides et al. 2008; Shames et al.
2009).

In light of the preceding, it is clear that the
mechanisms governing the evolution of viru-
lence are extremely complex and varied. Much
more research is needed before we can seri-
ously envisage the development of strategies to
manipulate the evolution of virulence.

Sources of Genetic Diversity,
Population Structure,
and Genome Plasticity

Three major mechanisms are available to
bacteria to maintain variability and adaptabil-
ity to new environments (Figure 2.2): local
sequence change through mutations, DNA
rearrangement, and DNA acquisition (lateral
or horizontal gene transfer, HGT). Although
this is not an absolute rule, mutations and
internal rearrangements are thought to result
mainly in stepwise adaptations and to be
mostly involved in microevolution and in fine
tuning (genetic drift). On the contrary, HGT
has frequently been associated with more dras-
tic changes and in major macroevolutionary
steps in the lifestyle and virulence of pathogens
(genetic shifts).

Mutation rates are not always constant in the
life of a bacterial population. In the presence
of environmental changes or other stresses,
a diversity of mechanisms may increase the
mutation rates, such as induction of the SOS
system of bacteria or emergence of muta-
tor strains defective in the control of DNA
replication fidelity (Sundin and Weigand
2007). Although this phenomenon has been
suggested to play a role in the adaptation
of pathogens to the stressful host environ-
ment and in the evolution of virulence, some
methodological biases may have led to over-
estimation of its role (Frenoy and Bonhoeffer
2018). A few publications supporting the
potential role of elevated mutation rates in
the evolution of bacterial virulence can be
found for instance for pulmonary infections
with Pseudomonas aeruginosa (Hogardt et al.
2007), urinary tract infections with Escherichia
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Figure 2.2 Main molecular pathways of virulence evolution. The modes of new DNA acquisition and
associated genetic elements are shown on the left. The modalities of pathoadaptation are shown in the
center and right. Acquisition of new characteristics is denoted in red and losses in blue. ICEs, integrative
and conjunctive elements; PAIs, pathogenicity islands.

coli (Labat et al. 2005), and host adaptation
of Salmonella (Nilsson et al. 2004). These
elevated mutation rates seem to be particularly
important in the case of long-term chronic
infections. However, their significance for the
clinical outcome for patients has also been
questioned (Oliver 2015).

Rearrangements, including the formation
of deletions nicknamed “black holes” in
the genome of pathogens, represent another
mechanism in the adaptation of pathogens to
new hosts. The loss of so-called antivirulence
genes, which leads to “black holes,” is not
stochastic as genome decay (see section on
genome reduction) and does not lead to simi-
lar extensive genome size reductions. The loss
of functions encoded by these antivirulence
genes may, under particular circumstances,
be of advantage to the pathogen. The transi-
tion of Yersinia pseudotuberculosis to Yersinia
pestis and the emergence of Shigella spp. and
enteroinvasive E. coli from non-pathogenic
E. coli are examples in which antivirulence
genes were actively counterselected. In both

instances, the loss of some metabolic functions
was associated with an increase in virulence.
As genome sequences accumulate, more and
more of these antivirulence genes will be
discovered (Bilven and Maurelli 2012).

Bacterial species vary greatly in their ability
to accept foreign DNA and to integrate it into
their genome. A broad diversity of genetic
behaviors can be observed in natural popu-
lations of bacterial pathogens, ranging from
completely clonal (species in which HGT is
not able to disrupt significantly the overall
tree-like evolutionary structure resulting from
the binary cell division) to panmictic popu-
lations (populations with frequent exchange
and rearrangement of genetic determinants
resulting in an overall network-like evolu-
tionary structure) reminiscent of eukaryote
populations with a sexual reproduction cycle
(Feil and Spratt 2001). Despite this apparent
range of evolutionary behaviors, advances in
population genetics using molecular biology
tools such as comparative genomics, show
that bacteria rely mainly on HGT for the
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major steps in their evolution (Pallen and
Wren 2007), in particular, with regard to the
evolution of virulence (Ziebuhr et al. 1999).

HGT is mediated by three major transfer
mechanisms (Gillings 2017): transformation
(direct uptake of naked DNA by competent
bacteria), transduction (DNA transfer and
recombination through bacteriophages), and
conjugation (transfer of plasmid and/or chro-
mosomal DNA through mating between a
donor and a recipient bacterium). All three
transfer mechanisms are known to occur for
virulence determinants (Figure 2.2). Nan-
otubes and membrane vesicles are two other
relatively newly discovered mechanisms of
HGT. The extent of their role in the evolu-
tion of pathogens remains unknown (Gillings
2017). Although HGT represents a very impor-
tant first step in the evolution and adaptation
of a pathogen to their host, it is not the end
of the road. After transfer, the foreign DNA
has to be stabilized, replicate efficiently, and
be expressed adequately. Finally, the newly
acquired characteristics have to be fixed in
the new bacterial host population. The genetic
background of the new host may play an impor-
tant role in these later steps (Escobar-Paramo
et al. 2004).

In the case of transformation, the first
step of stabilization is predicted to occur
through homologous recombination rather
than through illegitimate incorporation, thus
usually limiting the range of new genetic infor-
mation introduced into the recipient to genes
from closely related bacteria. Through their
internally encoded replication and integra-
tion functions, phages, plasmids, conjugative
transposons, and integrative and conjugative
elements (Burrus and Waldor 2004) seem to
be able to transfer and stabilize new genes
from more distant donors and to play a more
important role in the evolution of virulence.
Because of the selective advantage of coordi-
nated regulation, genes transferred in clusters
or as part of whole operons have more chance
than single genes to be fixed in a new host
(Lawrence 1999). Mutations, rearrangements,

and recombinations are subsequently respon-
sible for fine tuning the expression of the
acquired virulence characteristics (Ziebuhr
et al. 1999).

HGT and stabilization of transferred genetic
material favor the emergence of clusters of
genes. Hot spots within genomes, where the
newly acquired genes tend to accumulate more
frequently, contribute to avoid disruption of
the structure and functionality of the core
genome function in a species (Touchon et al.
2009).

Pathogenicity Islands

One of the major concepts that emerged during
the past two decades with regard to clustering
of horizontally transferred genes is that of
genomic islands (Hacker and Carniel 2001).
The term “island” was first used for clusters
of virulence genes from uropathogenic E. coli
called pathogenicity islands (PAIs). They were
later shown to be a widespread phenomenon
in bacterial pathogens in general (Gal-Mor
and Finlay 2006). PAIs, which represent a
specific subgroup of genomic islands (Juhas
et al. 2009), encode a variety of virulence fac-
tors such as toxins, superantigens, adhesins,
invasins, iron uptake systems, type III (T3SS)
and type IV (T4SS) secretion systems, and
many other effectors that modulate the behav-
ior of host cells. They are found in a large
variety of pathogens (Hacker and Kaper 2000).
Except for their presence in pathogens and
their specific virulence genes, PAIs share most
general characteristics with other genomic
islands (Hacker and Kaper 2000), which are
listed in Table 2.1. Based on these charac-
teristics, a large number of bioinformatics
tools have been developed to identify genomic
islands through in silico analysis of bacterial
genomic sequences (reviewed in Bertelli et al.
2019).

The mechanisms of horizontal transfer of
PAIs are still not well understood and may
be multiple. The presence of bacteriophage
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Table 2.1 Common characteristics of pathogenicity islands.

Characteristic Origin or putative function

G+C content and sometime codon usage
different from the core genomic DNA

Marker of foreign origin through horizontal gene transfer

Mosaic structure Remnant of past recombination events and sign of
successive adaptation to host(s)

Association with tRNA genes Hot spots for integration and coregulation
Frequent location on chromosome Stabilization
Relatively large size (10–200 kb) Coordination of expression
Encoding one or several virulence factors Adaptation to host(s)
Usually only in pathogenic species or clones Adaptation to host(s)
Direct repeats at both ends Remnant of integration events, maintenance of plasticity

and mobility
Cryptic/decaying or functional mobility
factor genes

Remnant of integration events, maintenance of plasticity
and mobility

Frequent presence of phage-related genes Remnant of integration events, maintenance of mobility
Often unstable or mobilizable Adaptability to new environments and hosts

integrase genes or their remnants in PAIs
and their propensity to be inserted in the
close proximity of tRNA genes suggest that
PAI transfer may be related to phage trans-
duction. However, examples relating HGT of
genomic islands to bacteriophages, plasmids,
conjugative transposons, and integrative and
conjugative elements have been described,
and comparative studies of integrase genes
suggest that many genomic islands may rep-
resent independent mobile genetic elements
unrelated to phages and other classical mobile
elements (Boyd et al. 2009). Analysis of the
evolutionary path of some PAIs and their
flanking regions suggests that homologous
recombination may also play an important
role in the dissemination of genomic islands
within related host organisms, in addition to
site-specific recombination (Schubert et al.
2009).

Different levels of stability have been
observed among PAIs. Some are mobile and
relatively plastic, whereas others have only
non-functional remnants of mobility genes
and seem to be subject to fewer recombination
events. Integrase genes, transposase genes,

and insertion sequences within PAIs as well
as direct repeats at their ends are thought to
allow PAIs to adapt their structures and func-
tions to the needs of their new bacterial hosts.
This notion is supported by the mosaic struc-
tures often evident in PAIs, showing that they
undergo frequent and multiple recombination
events. Some authors have also suggested that
PAIs may become more stable over time, in
parallel to the adaptation of their functions
and of their regulation networks to their host
(Hacker and Kaper 2000). As for many other
horizontally transferred elements, the foreign
origin of PAIs is clear, but their origins have
usually not been elucidated.

Pathogens have found many ways of opti-
mizing the expression of virulence genes in
PAIs and integrate them into more complex
and global virulence regulatory networks
(a general phenomenon called pathoadapta-
tion). In the simplest case, regulatory genes
for the expression of virulence factors of a
PAI may be located directly on the island.
However, regulatory genes for virulence genes
of PAIs may also be found at other locations.
Conversely, regulatory genes from PAIs may



�

� �

�

22 2 Evolution of Bacterial Pathogens

regulate the expression of virulence genes
located at other chromosomal locations and
on plasmids. Crosstalk between different PAIs
has also been observed, with regulatory genes
for one PAI located on another PAI probably
acquired at a different time in the evolution of
the pathogen.

Bacteriophages and Their Role
in Pathogen Evolution
and Virulence

Bacteriophages have long been known to play
a role as carriers of toxin genes in important
pathogens. Despite the numerous defense
mechanisms that bacteria have developed
against bacteriophages (Safari et al. 2020), a
growing number of virulence genes transferred
by bacteriophages has been discovered (e.g.
see Brussow et al. 2004; Boyd 2012), and a
large diversity of phages has been discovered
in recent years to be associated with virulence
genes expression. In addition, bacteriophages
can also be involved the modification of bac-
terial surface antigens, and in the plasticity of
the bacterial genome structure (see below).

Depending on bacteriophage, host cell, and
environmental conditions, bacteriophages can
go through either a lytic cycle (replication
within a cell and generation of free infectious
viral particles) or a lysogenic cycle (integration
in the genome of a host as a prophage). A lytic
cycle can be the basis for HGT through gen-
eralized transduction, but this is a relatively
inefficient process for transfer. The alterna-
tion of lytic and lysogenic cycles resulting in
either generalized transduction, specialized
transduction, or lysogenic conversion is likely
a much more efficient way of transferring
genetic material between bacterial cells.

In both, generalized and specialized trans-
ductions, any kind of bacterial DNA can
potentially be transferred horizontally. This
differs from lysogenic conversion, in which
specific genes (called morons) not related
to functions essential for the bacteriophage

replication are transferred and integrated into
the bacterial genome upon lysogenization by a
temperate phage.

Genome sequencing has demonstrated that,
in some species, prophages and remnants of
bacteriophages form up to 20% of the bac-
terial genome (Casjens 2003). Comparative
genomics has also shown that the presence of
several prophages with homologous sequences
in a genome can be (as any other repeated
sequence) a source of homologous recombi-
nation, resulting sometimes in deletion and
inversion of significant parts of the genome.
Recombination also plays an important role in
phage diversification and in the generation of
their typical modular or mosaic-like genetic
organization (Casjens 2003).

Once a bacteriophage becomes integrated
into the host chromosome, much of the selec-
tive pressure on its replication systems is
relieved, and mutations and deletions in genes
involved in these functions start to accumu-
late, leading to defective prophages. Only
functions such as those of morons or phage
functions relevant for the host bacterium may
ultimately be retained in decaying prophages
(Brussow et al. 2004). In some cases, there
may be an evolutionary advantage for both the
bacteriophage and the host to retain at least
some ability to switch back to a lytic cycle.
In the case of bacteriophages encoding Shiga
toxins, release of infectious phage particles
that encode the production of Shiga toxin by
a few Shiga toxin-producing E. coli (STEC)
may result in massive infection and phage
amplification in phage-susceptible bystanders.
Under some circumstances, this may lead
to a substantial increase in Shiga toxin pro-
duction without the need for the lysis and
sacrifice of many members of the original
STEC population (Gamage et al. 2003).

As noted earlier, acquisition of new genetic
material is only a part of the process leading
to changes in the virulence or emergence of
a pathogen. In the vast majority of cases, the
acquired virulence genes have to be integrated
into preexisting regulatory and functional
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networks of nonphage genes. The sopEΦ
prophage found in some Salmonella enter-
ica strains is a fascinating example of such
an integration (Ehrbar and Hardt 2005). The
expression of its moron, sopE, is under the con-
trol of regulatory genes from the Salmonella
PAI-1 (SPI-1) and not a regulator encoded
by the prophage itself. In addition, the SopE
effector protein needs a chaperone and a T3SS
encoded by SPI-1 to be efficiently secreted
and injected into host cells. Thus, neither
the expression of sopE, nor the components
needed for the transport of SopE are encoded
by sopEΦ, and one can only wonder at the cir-
cumstances that have brought together these
unrelated elements into such a coordinated
network.

Examples of Virulence Evolution

Evolution of Virulence in Salmonella
and Escherichia coli

The genera Escherichia and Salmonella are
closely related and share a common ancestor,
which is presumed to have been a commensal
bacterium adapted to the intestinal envi-
ronment of animals. After divergence from
Escherichia some hundred million years ago,
Salmonella began sequentially accumulating
virulence characteristics through HGT. Up
to one quarter of the S. enterica genome may
have been acquired through HGT after this
first speciation step (Porwollik and McClel-
land 2003) and PAIs played a central role in
this evolution. The ancestral Salmonella lin-
eage seems to have first acquired the ability
to adhere to the intestinal wall, to invade its
epithelial cells, and to increase fluid secretion
through the stepwise horizontal acquisition of
diverse virulence genes (mainly through the
acquisition of the SPI-1 PAI and invasin and
adhesin genes). These genes are found in prac-
tically all Salmonella and were acquired before
the species S. enterica and S. bongori diverged
(Bäumler 1997; Groisman and Ochman 1997;
Porwollik and McClelland 2003).

Another PAI (SPI-5) was acquired during
the same period (Mirold et al. 2001), as was
possibly a third one (SPI-3). The S. enterica
lineage has subsequently acquired additional
virulence factors allowing for the development
of systemic infections. This type of infection
frequently leads to long-term shedding, thus
compensating for increased mortality and
allowing S. enterica to colonize a new ecologi-
cal niche. The acquisition of the SPI-2 PAI, with
its role in survival within macrophages, was
a major step in this latter direction (Bäumler
1997; Groisman and Ochman 1997). S. enterica
subsequently diversified into seven subspecies,
six of which evolved toward commensalisms
in poikilothermic animals, whereas the sev-
enth (subspecies I) evolved as a pathogen of
homeothermic animals. During the later evo-
lutionary steps, the genes necessary for flagella
phase switch were acquired, thus converting
some Salmonella lineages, such as subspecies
I, into diphasic organisms and leaving others in
their monophasic state. S. enterica subspecies
I further diversified into numerous serovars,
some of which have developed a propensity
to cause systemic infections in specific host
species (Tanner and Kingsley 2018). This host
adaptation is multifactorial and associated
with repeated HGT and recombination events.
Although the events described above give
a mostly linear, unidirectional, and clonal
depiction, significant HGT took place during
the evolution of S. enterica subspecies enter-
ica (Lan et al. 2009; Didelot et al. 2011) that
was punctuated by multiple back and forth
changes.

In contrast to Salmonella, where the suc-
cessive acquisition of virulence genes and
PAIs along a main evolutionary line led to the
development of a group of diverse but still
relatively similar pathogens, the evolution of
E. coli is different and many more distinct
pathotypes are known within this species.
Of particular interest are enteropathogenic
(EPEC) and enterohemorrhagic (EHEC) E.
coli, which show a form of virulence evolution
called parallel evolution (Ogura et al. 2009;
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Reid et al. 2000). Analysis of E. coli populations
shows that, despite their clonal nature, the
distribution of virulence factors of EPEC and
EHEC does not entirely fit a simple clonal
evolution (Reid et al. 2000). For instance, the
locus for enterocyte effacement (LEE) and its
variants are found in more than four major,
but phylogenetically unrelated, E. coli lineages
(Reid et al. 2000; Lacher et al. 2007). The whole
PAI has been introduced independently into
the chromosomes of these different lineages.
Subsequent to the acquisition of the LEE, the
E. coli adherence factor (EAF) plasmid was
acquired separately in several lineages (Lacher
et al. 2007; Hazen et al. 2015), thus leading
to the repeated parallel emergence of several
unrelated EPEC lineages. A similar scenario
happened with the EHEC plasmid and the Stx
phages, which were acquired several times
in different E. coli lineages. This led to the
independent emergence of EHEC in two unre-
lated E. coli lineages (EHEC 1 and EHEC 2).
Thus, ordered acquisition of virulence genes
through horizontal transfer has taken place
in parallel repeatedly in E. coli populations.
This shows the strong plasticity and adapt-
ability of pathogens, but also demonstrates
that the constraints to which they are submit-
ted by their host and their environment put
some limits on the possible strategies avail-
able for the colonization of new ecological
niches.

The LEE in EPEC and EHEC is a good
example of the different effects of selection on
the microevolution of virulence factors and on
the emergence of mosaic structures. Phyloge-
netic analyses suggest that, after its formation
through the amalgamation of several major
clusters of genes, the whole island kept mov-
ing as a block between organisms. However,
because of the different functions and exposure
to the external environment and host selective
pressure, its components evolved differently
(Castillo et al. 2005). Because of functional
constraints acting on their products, some
genes, such as those for the TTSS encoded by
the LEE, are submitted to purifying selection

(selection against amino acid substitutions and
against emergence of new variants), whereas
others may be subjected to diversifying selec-
tion (selection in favor of substitutions and the
emergence of new variants). This same picture
is seen in different parts of some genes such as
the eae gene for the adherence factor intimin.
This adhesin consists of three domains: the
N-terminal periplasmic domain, the central
transmembrane domain, and the C-terminal
extracellular domain. The N-terminal and
central domains appear to be much more
conserved than the C terminus. A purifying
selection is at work on most of the molecule,
but diversifying selection seems to affect the
C-terminal domain and to promote amino
acid replacements associated with changes in
charges in this exposed part of the molecule
(Tarr and Whittam 2002). This variability is
thought to allow the pathogen to circum-
vent the immune response and to explore
new ecological niches by adapting to new
host cell receptors or other host species. The
C-terminal domain of intimin provides an
illustration of the diversifying selection acting
on many secreted or surface-exposed virulence
factors.

Although not animal related, the outbreak of
severe infections with a Shiga toxin-producing
E. coli O104:H4, which took place in 2011 in
Germany (Frank et al. 2011), shows that the
evolution and emergence of new bacterial
pathogens is a continuing and very dynamic
process. In this particular case, genomic stud-
ies (Zhou et al. 2015) suggest that an O104:H4
enteroaggregative E. coli strain diversified
into several lineages by successive acquisition
and exchange of multiple prophages, genomic
islands, and plasmids associated with virulence
and antimicrobial resistance. One of the initial
steps in this diversification was the acquisition
of an Stx2 prophage responsible for the criti-
cally important production of Shiga toxin. The
acquisition of a few additional virulence fac-
tors along the way probably contributed to the
emergence of a cluster of extremely virulent
strains combining the characteristics of both
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enteroaggregative and enterohemorrhagic
E. coli. Isolates from this dominant cluster
have been recovered from patients in different
countries between 2009 and 2013, including
the specific clone associated with the major
outbreak of 2011.

Listeria: Gains and Losses on Clonal
Evolutionary Frames

Listeria are widespread saprophytic inhabi-
tants of soil and decaying vegetation, but two
of the species in this genus (L. monocytogenes
and L. ivanovii) are also pathogens of humans
and animals. Numerous virulence genes and
two pathogenicity islets, called LIPI-1 (also
called the PrfA cluster) and LIPI-2, have
been described for these two species. While
LIPI-2 is found only in L. ivanovii, LIPI-1 is
found in both pathogenic species, as well as
in most isolates of the non-pathogenic species
L. seeligeri and sporadically in L. innocua
(Vazquez-Boland et al. 2001; den Bakker
et al. 2010). The LIPI-1 of L. seeligeri seems to
contain the complete set of virulence genes
required for pathogenicity, but their expres-
sion has been corrupted by insertions within
the PAI.

Although repeated horizontal transfer of
LIPI-1 within the genus Listeria might explain
the current haphazard distribution of LIPI-1, it
is in fact the result of a single early acquisition
in a common ancestor after the Listeria sensu
stricto species and L. grayi diverged, followed
by repeated loss of the island. This hypothesis
is supported by multiple lines of evidence
(Vazquez-Boland et al. 2001; den Bakker et al.
2010). For instance, the insertion site of LIPI-1
is consistently the same across species and its
G+C content and codon usage are similar to
those of the core genome of Listeria species,
indicating the early acquisition of LIPI-1 in
the evolution of Listeria. The phylogeny of
the genus is also congruent with the phy-
logeny of the hly gene from LIPI-1, which
would not be the case if repeated HGT had
happened.

LIPI-1 may have been beneficial in the
defense against phagocytosis by soil inhab-
itants and for the colonization of the new
ecological niche represented by the cells of
vertebrates. It was subsequently lost and/or
inactivated in the non-pathogenic species,
for which there was not a significant selec-
tive advantage (Vazquez-Boland et al. 2001).
A relatively similar phenomenon may have
occurred with the inlA gene, which is critically
important for virulence (Buchrieser 2007).
Thus, the genus Listeria represents a good
illustration of the intricate trial and error game
played in the evolution of microorganisms
with the acquisition and subsequent loss of
virulence characteristics.

All L. monocytogenes strains appear to be
equipped with the same basic arsenal of vir-
ulence genes encoded by LIPI-1. However,
the L. monocytogenes species is composed of
four main lineages. The frequency of recovery
of these lineages and of some clones within
these lineages from clinical cases or from
food or the environment varies significantly.
Some lineages and clones are more prone to
cause disease or outbreaks, whereas others
seem to be better adapted to the environment
and food but less prone to cause disease.
The inactivation by appearance of new stop
codons, truncation, or complete loss of some
virulence genes seems to play a role in the
decrease in virulence and the adaptation of
some lineages and clones to the saprophytic
lifestyle (Orsi et al. 2011). The acquisition
of new biochemical pathways for adaptation
to specific environments and differences in
the extent and diversity of the arsenal of cell
surface components, such as the internalin
family, have also been suggested to play a
role in virulence level variation (Buchrieser
2007). Thus, similar to what happened with
host adaptation in S. enterica subspecies I, a
whole range of clonal adaptations to specific
ecological niches has developed within a single
relatively homogeneous bacterial species. This
represents a common theme in the evolution
of pathogens.
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Type III Secretion Systems and Flagella:
Divergent Evolution and Exaptation

Non-flagellar T3SS (NF-T3SS) were first found
in Yersinia and subsequently described in
a large variety of Gram-negative pathogens
from animals and plants. NF-T3SS were first
thought to be strictly associated with virulence
and certainly represent one of the major and
most fascinating virulence mechanisms in
bacteria. However, they have since been found
in several animal and plant symbionts and
are now thought of as a widespread com-
munication system between prokaryotic and
eukaryotic cells.

NF-T3SS typically consist of more than
20 components, forming a needle-like injec-
tion system on top of an energy-dependent
transmembrane secretion system. Upon tight
contact between the bacteria and the host
cells, effector molecules are translocated into
the host cell cytosol through the NF-T3SS
(Wagner et al. 2018). The general structure
of NF-T3SS is similar in all species, but the
translocated effector molecules vary drastically
from one species to the other, leading to very
different effects on host cells. Some parts of the
NF-T3SS are the object of purifying selection to
conserve their functionality, and others (those
exposed on the surface of the bacterial cell)
are under the pressure of diversifying selection
(Stavrinides et al. 2008).

NF-T3SSs show strong structural and genetic
homologies with flagella, from which they
are derived. NF-T3SS represent a wonderful
example of exaptation and divergent evolution,
where the original secretion system used for
the assembly of flagella was repurposed for the
secretion of effector proteins. During this evo-
lution, the secretin component of NF-T3SS was
acquired independently at three occasions,
thus leading to a clear distinction between
NF-T3SS in Chlamydiales, Rhizobiales, and the
other proteobacteria orders in which they are
now found (Abby and Rocha 2012).

The genetic organization of NF-T3SS genes
is variable, but some blocks of genes are
relatively conserved between bacterial species

(syntheny) and allow the delineation of eight
phylogenetically based broad families of
NF-T3TSS (Abby and Rocha 2012). The distri-
bution of these NF-T3SS families does not fit
with the general phylogeny of bacterial hosts.
Some species, such as S. enterica, even contain
two NF-T3SSs of different families. NF-T3SS
genes are usually located on mobile elements,
such as plasmids and phages or PAIs. In addi-
tion, the G+C content and codon usage of
NF-T3SS genes are generally different from
those of the core genome of the bacteria. Thus,
as for many other virulence factors, HGT has
played a major role in the evolution and spread
of NF-T3SS in bacterial populations.

New effectors secreted by the NF-T3SS
emerge through recombination between the
regulatory and secretion/translocation mod-
ules of existing NF-T3SS effector genes and
random new effector modules already present
in the bacterial genome, thus resulting in very
diverse mosaic effector genes (Stavrinides et al.
2008). These mosaic effector genes can sub-
sequently be transferred horizontally to other
organisms. This illustrates again the impor-
tance of divergent evolution and exaptation in
the development of virulence.

Reductive Evolution and Evolution
of Intracellular Pathogens

At first glance, only a minority of pathogens
seem to be able to survive within host cells.
However, on closer examination it is evident
that many pathogens (and commensals) can
survive intracellularly at some point in their
encounter with their hosts. This may be a nat-
ural consequence of the environmental origin
of most bacterial pathogens that had to survive
encounters with protist predators (Casadevall
2008). This phenomenon is clearly observable
in the case of the opportunistic pathogens of
the genus Legionella and their natural amoeba
hosts. A number of strategies have been con-
served or further developed by some bacterial
pathogens to survive in the hostile intracellular
environment and exploit this niche in their
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hosts. However, the vast majority of intracel-
lular pathogens have kept the ability not only
to survive but also to multiply outside their
host cells. Only a few bacteria, including e.g.,
Rickettsiae and Chlamydiae, followed this path
further and adopted the obligate intracellular
lifestyle either as pathogens or as symbionts.
At the very end of this spectrum, some have
completely lost their own identity to become
vertically transmitted cellular organelles, such
as mitochondria, which have derived from
ancestors in the Alphaproteobacteriae (Roger
et al. 2017).

Genome reduction is a recurrent phe-
nomenon in pathogens in general (Weinert
and Welch 2017). The largest genomes among
pathogens can be seen among generalist oppor-
tunistic pathogens such as P. aeruginosa, while
reduction seems more evident and extensive
in intracellular pathogens, particularly obli-
gate intracellular organisms and is extreme in
non-pathogenic symbionts (Toft and Ander-
sson 2010). Genome reduction is the result
of multiple mechanisms, but it seems to be
related mainly to reduced selective pressure on
functions, metabolites, and energy resources
provided by the host, as well as to reduced
competition with other bacteria. This results
in gene decay by accumulation of non-sense
mutations, new stop codons, and deletions
leading to inactivation and elimination of
whole genes and operons. Reduced effective
population size by limitation to the environ-
ment of host cells and transmission bottlenecks
also play an important role in the fixation of
these mutations and deletions. As a result, a
larger proportion of noncoding sequences is
often present in the genome of many intracel-
lular organisms in comparison to extracellular
bacteria. Some exceptions have been found
to these general mechanisms. For instance,
this is the case in Chlamydiales, where pos-
itive purifying selection rather than relaxed
selection seems to have been driving genome
reduction (Sigalova et al. 2019). In parallel
with genome reduction, fixation of essential
core genes can be observed. Generally, an

increase in recombination, gene duplication
and paralog evolution for genes associated
with surface proteins and with mechanisms
protecting the pathogen from the immune
response of the host also occur. Consequently,
obligate intracellular pathogens tend to show a
scrambled genome structure resulting from the
homologous recombination between repeated
sequences.

Small genomes and losses of similar biolog-
ical functions have been found in completely
unrelated bacterial phyla, thus confirming that
they are the result of convergent evolution
and represent an evolved and not an ancestral
state. However, fewer than the total number
of genes thought vital to the survival and mul-
tiplication of a microorganism are common
to these diverse reduced genomes (Moran
2002). Once again, common wisdom does not
apply, and evolutionary paths are often more
sophisticated and tortuous than expected.
Redundancy in ancestral genomes allows for
several alternatives at each step of the genome
reduction and every obligate pathogen has
consequently followed its own pathway of
genome decay, depending on the first critical
steps in the reduction process. Bottlenecks in
the transmission chain of obligate pathogens
and the consequent lack of a diversified pop-
ulation for selection reinforce this stochastic
nature of evolution.

Genome decay represents a dangerous evolu-
tionary path for an intracellular pathogen. The
intrinsic isolation of intracellular pathogens
limits the availability of HGT and lost or
altered genetic material cannot be restored
easily. Thus, without any way back, genome
reduction in these organisms leads to extinc-
tion of numerous clonal lineages at every
selection bottleneck.

Gaps in Knowledge
and Anticipated Directions

Recent technologies are shedding new light
on the evolution of virulence through the
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window of comparative genomics. The more
we learn about bacterial pathogens, the more
they surprise us with their complex responses
to the challenges they encounter. Their high
reproduction and evolution rates provide them
with the tools to rapidly adapt to new envi-
ronments and hosts. The constant changes
and intensification we are imposing on animal
husbandry and on the environment also bring
changes in the world of bacterial pathogens.
More and more infectious diseases are becom-
ing multifactorial and polymicrobial, which
will certainly lead to unexpected synergies and
coevolution mechanisms between the agents
involved. Approaches such as metagenomics,
transcriptomics, and proteomics, will help
us not only to describe these complex com-
munities but also to understand better their
dynamics and how they evolve.

The human responses to bacterial diseases
are multiple. In the first place, we try to cut
transmission chains and reduce exposure
to bacterial pathogens. As discussed above,
this may have long-term consequences on
the evolution of virulence that remain to be
appreciated completely. In addition, immu-
nization is used massively to prevent infectious
diseases. A number of examples demonstrate
how pathogens can adapt to this challenge by

changing their antigenic properties. Although
usually very successful on a short-term basis,
vaccination will probably remain, in many
cases, a continuous race between human
innovation and pathogen evolution.

Finally, infectious disease prevention
and treatment with antimicrobial agents
is the third major approach we take to
reducing the burden of infections. The inten-
sive and sometimes indiscriminate use of
antimicrobial agents may have very strong
implications in terms of bacterial evolu-
tion. Pathogens have developed numerous
and fascinating coordinated answers to sur-
vive the challenges encountered in their
host. Antimicrobial agents represent only
one more challenge bacteria encounter in
this context. They respond to it by rapidly
developing and acquiring antimicrobial resis-
tance mechanisms. Some pathogens already
show physical linkages of virulence and
resistance determinants on mobile genetic
elements in the same way as they gather
multiple virulence determinants on mobile
elements. One can only speculate how the
unavoidable use of antimicrobial agents may
influence not only the evolution of antimi-
crobial resistance but maybe also changes in
virulence.
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Understanding Pathogenesis Through Pathogenomics and
Bioinformatics
Gregorio Iraola and John D. Boyce

Introduction

Pathogenomics is the use of genome sequences
and functional genomic techniques to inform
pathogenesis research. The underlying the-
ory of pathogenomics is that the genomes of
pathogens change over time through point
mutations, genomic deletions, DNA acqui-
sitions and rearrangements, and individual
bacterial cells with different genetic makeups
may have altered survival under different
environmental and host conditions. Natural
selection leads to amplification of individuals
that are most fit under a given condition and
gives rise to populations with different viru-
lence and/or host specificity characteristics
(Figure 3.1). Over very long time scales, this
can lead to the evolution of different species.
Pathogenomics techniques aim to identify,
understand, and explain how these genetic
differences have arisen and how they impact
the virulence phenotypes of the pathogen.
Bioinformatic analyses of pathogen genomes
can give significant insight into the selec-
tive pressures, both in the environment and
during disease, that have shaped evolution
of the species and can identify genes cru-
cial for pathogenesis. Detailed comparative
analyses of related pathogens can identify
specific genes that underlie their different
virulence phenotypes. Additionally, analysis
of gene expression and protein production of
bacterial pathogens under different growth

conditions, including natural and model
infections, can link particular genes with spe-
cific functions and host interactions. Together,
these studies can illuminate pathogen proteins
crucial for successful infection and identify
targets for therapeutic and/or prophylactic
intervention.

While pathogenomics can give important
insights into pathogenesis even when only
a limited number of genome sequences is
available, it becomes increasingly powerful
and flexible with increased genomic informa-
tion. Thus, the recent explosion in genome
sequences has seen a concomitant rise in the
use of pathogenomics techniques. As with all
bioinformatics-based methods, pathogenomics
is generally used for the generation of new
hypotheses. Thus, the predictions made from
pathogenomics investigations allow new
hypotheses to be proposed but, wherever
possible, these need to be tested experimen-
tally. Thus, pathogenomics generally does not
replace classical experimental techniques but
augments them. Importantly, the difficulty in
completing pathogenomics analyses is gen-
erally independent of the genetic tractability
of the species or strain being studied. These
techniques have brought major improve-
ments in the understanding of pathogenesis
for those pathogens where classical molec-
ular biology techniques have proved very
difficult, such as Chlamydia trachomatis, Tre-
ponema pallidum, and Mycobacterium species
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Figure 3.1 Overview of how pathogenomics and bioinformatics methods can inform pathogenesis research.
All bacterial species evolve over time through random mutation followed by selection in different host and
environmental niches. Selection may result in strains with different virulence characteristics (pathotypes)
or, over longer time-scales, diversification into different species (A). The mutations that underly this
diversification include, gene duplication (and later independent evolution of each paralog), gene loss, either
via point mutations that result in pseudogenes (GL-A) or gene deletion (GL-B), gene acquisition via
horizontal gene transfer, or gene rearrangements such as inversion, which can result in altered regulation of
gene expression (B). Genome sequencing was initially performed by classic Sanger dideoxy sequencing but
now Illumina short-read sequencing, Pacific Biosciences single molecule real-time (SMRT) long-read
sequencing and Oxford Nanopore technologies (ONT) long-read sequencing (or a mix of Illumina and a
long-read technology) are most commonly used for bacterial genome sequencing (current usage denoted by
arrow thickness). Raw reads are subjected to quality control and then assembled by alignment of common
sequences to produce a final consensus sequence (VELVET, SPAdes, Unicycler, etc.). In the absence of
long-read sequencing the final sequence may still be broken into multiple contigs or scaffolds. The final
genome sequence is then annotated (Prodigal, Blast, PROKKA, RAST, etc.) by comparison with selected
sequence databases to identify all putative genes and predict protein functions where possible (different
colors indicate different predicted functional groups) (C). Comparative genomics visualization tools allow
large-scale genomic changes to be identified (D). Phylogenetic comparisons, primarily performed using
whole genome core SNP comparisons, allow strain and species evolutionary relationships to be
reconstructed. This, together with gene association studies can correlate particular virulence factors with
particular clonal lineages, phenotypes and/or pathotypes (E). A range of omics approaches, such as
transcriptomics, proteomics and metabolomics can identify how different pathogens alter gene expression,
protein production and metabolic flux under different growth conditions or in different host niches; these
analyses can further inform genome annotation by identification of a range of important elements,
including promoters (right-angled arrows), transcriptional terminators (lollipop symbols), operons, small
RNAs and small proteins (F).

(Nunes et al. 2013; Bottai et al. 2014; Jaiswal
et al. 2020). Such techniques may even be
amenable to those species that are currently
not able to be cultured.

How Mutations Generate
Bacterial Diversity

Bacterial genomes change over time as a result
of mutational mechanisms and evolutionary
forces such as natural selection (Figure 3.1). As
discussed further in Chapter 2 (e.g. Figure 2.2),
the primary mechanisms of genetic change
are gene mutation, gene acquisition and loss,
and genome rearrangements. Gene mutations
generally occur via small-scale changes such
as point mutations and deletions and inser-
tions. Point mutations occur primarily because
of the low-level inaccuracy inherit in DNA
replication and the chemical instability of
DNA. While replication fidelity is very high,
low rates of incorrect base incorporation occur
due to tautomeric DNA forms and wobble base

pairing (Szymanski et al. 2017). These result
in incorrect nucleotides being incorporated
during replication. DNA bases also show a low
level of chemical instability and are reactive
with certain chemicals. Loss of the base to
give an apurinic site occurs 100–1000 times
each day per cell (Thompson and Cortez 2020).
In addition, numerous chemicals can modify
the structure of DNA by addition of amine or
methyl groups; once modified, the hydrogen
bonding profile of the base is altered, and this
can lead to incorrect base pairing during future
replication cycles.

All bacteria express multiple partially redun-
dant DNA repair systems. These systems
include nucleotide excision repair, base exci-
sion repair, mismatch repair, recombination
repair, and photoreactivation, so most replica-
tion errors are rapidly repaired. However, the
systems are not perfect, and some mutations
will not be corrected before a second round
of replication, after which they will usually
be unrepairable. When single base mutations
occur within the coding region of a gene they
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can result in missense mutations, which lead
to amino acid substitutions that may affect
protein function depending on their precise
position and particular amino acid change, or
nonsense mutations, which lead to early termi-
nation of protein translation and almost always
inactivate protein function. Small-scale inser-
tion/deletion mutations (indels) can also occur
during replication, especially in regions of
simple sequence repeats or when intercalating
chemicals are present. Such mutations within
coding sequences can give rise to frameshift
mutations that almost always inactivate pro-
tein function. Small-scale point mutations
and indels generate genotypic diversity in
populations. Nonsense and frameshift muta-
tions generally lead to loss of protein function.
Such inactive genes are called pseudogenes;
accumulation of pseudogenes (genome reduc-
tion) is a very common evolutionary step for
pathogens (e.g. pathogens that have transi-
tioned from free-living organisms to obligate
intracellular pathogens), and genome reduc-
tion may be a common feature of the evolution
of pathogenicity (Murray et al. 2021b).

An important class of frameshift mutations
are those associated with phase variation,
where the presence of regions of simple
sequence repeats gives rise to a very high rate
of frameshifting at these sites (van der Woude
and Bäumler 2004). Some bacterial species
have evolved to have these simple sequence
repeats within the coding sequence or regu-
latory region of genes that encode virulence,
antigenic or regulatory proteins. Frameshift
mutations at these sites generally results from
slipped-strand mispairing during replication
and results in expansion or contraction of the
number of simple sequence repeats. If the
repeats are within a coding sequence, and are
not a multiple of three bases, expansion or
contraction of the repeats leads to a frameshift
mutation that usually changes the encoded
protein from either active to inactive or from
inactive to active. Thus, the gene can cycle
between producing an active or inactive pro-
tein. The high rate of frameshift mutations

at these sites means that any population
of cells of a species where phase variation
occurs, generally includes cells with in-frame
and out-of-frame mutations; some cells will
therefore express an active version of the pro-
tein while others will not. This gives rise to
genetic and phenotypic diversity in the popu-
lation, allowing natural selection of the fittest
individual cells in any particular host or envi-
ronmental niche (van der Woude and Bäumler
2004). Some bacteria, such as Neisseria ssp.
may have more than 50 phase-variable genes
and therefore 250 different possible protein
expression combinations.

Gene acquisition via horizontal gene transfer
is also a major driver of bacterial evolution and
has played a crucial role in the evolution of vir-
ulence and antimicrobial resistance. Bacteria
can acquire DNA via three primary mech-
anisms: transformation, transduction and
conjugation (Sun 2018; see also Chapter 2).
Once DNA has been transferred via one of
the three mechanisms, its fate depends on
the DNA sequence and its ability to replicate
independently and/or the likelihood of DNA
recombination into the recipient cell genome.
Plasmids are independently replicating DNA
molecules so transfer of these molecules often
results in long-term acquisition as a DNA
molecule separate from the host chromosome,
although successful acquisition depends on
whether the replication machinery of the plas-
mid is compatible with the new host. Many
plasmids are known to encode genes crucial
for the virulence of the host strain (Tiven-
dale et al. 2009; Zhong 2017). Many mobile
DNA elements, such as insertion sequences,
transposons and lysogenic bacteriophage,
encode proteins that direct their own inte-
gration into the host chromosome. Therefore,
uptake of these DNA sequences also usually
results in long-term acquisition and these
sequences become part of the host chromo-
some. Numerous virulence genes, including
many encoding toxins, are carried on bacte-
riophage (Penadés et al. 2015) and antibiotic
resistance genes are commonly carried on
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mobile elements. Uptake of DNA that lacks
genes encoding replicative and/or integrative
systems can still become integrated into the
host genome via homologous recombination
under some circumstances, although this
likely occurs infrequently and rates will be
related to the similarity of incoming DNA
sequences and the host genome. Naturally
competent species often show a strong bias
for taking up and incorporating DNA from
related species/strains (Mell and Redfield
2014). In addition, bacteria have evolved a sys-
tem whereby some incoming DNA is digested
and integrated into a specific position on
the genome. Clustered regularly interspaced
short palindromic repeats (CRISPR) are found
in the majority of bacteria. Incoming DNA
is digested and integrated into the CRISPR
regions between spacer sequences. Once inte-
grated into the genome, the sequences function
as identifiers of incoming DNA and direct the
action of the CRISPR-associated (Cas) nucle-
ases to degrade related incoming DNA in what
is probably primarily a defense mechanisms
against invading DNA (Rath et al. 2015). Thus,
these repeats form a rudimentary “immune
system” by allowing bacteria to respond to and
inactivate incoming DNA.

Genome Sequencing
Technologies

Accurate genome sequencing underpins all
pathogenomic investigations. Early bacterial
genome sequences (approximately pre-2005)
were completed with Sanger dideoxy sequenc-
ing, which is seen as the first-generation
sequencing standard. This sequencing by
synthesis method relies on the use of fluores-
cently labeled dideoxynucleotides (ddNTPs) in
addition to normal deoxynucleotides (dNTPS)
during DNA synthesis. As the ddNTPs lack
the 3′OH group, which is essential for form-
ing the phosphodiester bond with the next
incoming base, insertion of a ddNTP always
terminates synthesis. Thus, DNA synthesis

in the presence of ddNTPs generates frag-
ments of different lengths with each individual
synthesized molecule terminated following
random incorporation a fluorescently labeled
ddNTP. Separation of the fragments by mass
(through an acrylamide gel or capillary) allows
the nucleotide sequence of the synthesized
strand to be determined by reading the fluores-
cent colors of all the fragments from smallest
to largest. Sanger dideoxy sequencing is an
exceptionally accurate sequencing method
(< 1 error/100 000 bases) but has a number of
problems that make it less than ideal for rapid
and cheap whole-genome sequencing due to
difficulty in parallelization (Shendure and Ji
2008). First, the ability to determine sequences
using this method relies on being able to sep-
arate all DNA fragments that differ by only a
single base. This becomes increasingly difficult
for larger fragments and means that Sanger
sequencing has a maximum read length of
around 1000 bp. The fragment separation step
is also very difficult to automate, with standard
machines able to run only 96 samples at a
time. Second, as all sequencing reactions have
to start from a known sequence (initiating
primer binding), Sanger sequencing of whole
genomes usually requires shotgun cloning of
genomic fragments into one or more plasmid
libraries, so that sequencing can begin from a
known plasmid sequence. Generation of such
libraries can be time consuming and invariably
some genomic fragments cannot be cloned.
Given that the length of bacterial genomes is
in the order of 1–10 Mbp, many thousands
of Sanger sequencing reactions must be com-
pleted to cover all genomic DNA fragments.
These individual sequences must then be
assembled in the correct order to recreate the
original genome sequence.

The early years of the twenty-first century
saw an explosion in new sequencing tech-
nologies. These second-generation sequencing
methods were developed to overcome the main
problems with Sanger sequencing; namely the
gel separation of labeled fragments and the use
of shotgun plasmid fragment libraries, so that
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the time and cost of whole-genome sequencing
could be reduced. These new sequencing meth-
ods included 454 (454 Genome Sequencer),
SOLiD (Applied Biosystems), Ion Torrent (Ion
Torrent Systems Inc.) and Solexa/Illumina
(Illumina Genome Analyzer; Slatko et al.
2018). All these methods used sequencing by
synthesis but were quite varied in their specific
mechanisms. Common elements included
shearing of the genomic DNA and ligation of
common oligonucleotides (linkers/adaptors)
to the ends of all fragments, to give common
sequences for fragment amplification and
binding of the initiating sequencing primer.
All methods also included a step for clonal
amplification of fragments to allow for detec-
tion of each base addition. The most important
of these methods for genome sequencing has
been the Illumina method. In this method
genomic DNA is sheared into approximately
300–600 bp fragments and common link-
ers/adapters are ligated on to the ends of each
fragment. The fragments are then bound to a
solid surface (the flow cell), which is covered
in a lawn of primers complementary to the
adapters ligated to the genome fragments. The
presence of primers on the flow cell that are
complementary to both ends of the fragments
allows for the clonal amplification of each frag-
ment in the local vicinity via a method called
bridge PCR or bridge amplification (Slatko
et al. 2018). The sequencing steps use fluores-
cently labeled nucleotides that are chemically
capped so that only one nucleotide can be
added at a time. Following each nucleotide
addition, the flow cell is imaged, and the
color and position of every spot recorded. The
nucleotides are then chemically uncapped
and the cycle of nucleotide addition, imaging
and uncapping repeated until the sequence
is determined. Initially, read length was only
around 30 nt but improvements in chem-
istry have increased read length to around
300 nt. This sequencing method allows for
massive parallelization, with the number of
fragments to be simultaneously sequenced
primarily determined by the resolution of

the imaging system; current systems can
resolve billions of individual fragments on
a single flow cell. While this and the other
second-generation sequencing methods have
massive throughput and low cost, they gener-
ate shorter read lengths and have a higher error
rate (approximately 1 error/200 bases) than
Sanger sequencing (Stoler and Nekrutenko
2021). However, as the Illumina error profile
is mostly random the majority of errors can be
identified and removed by having high read
depth. However, the short-read length makes
assembly problematic across areas of sequence
repeats.

The most recently developed sequencing
technologies aim to overcome the short-read
length and assembly problems associated
with second-generation methods. Two third-
generation methods, Single Molecule Real-time
Sequencing (SMRT; Pacific Biosciences) and
Oxford Nanopore Technologies (ONT; Oxford
Systems) both produce individual sequencing
reads greater than 10 kb, which significantly
improves genome assembly (Slatko et al.
2018). SMRT is a sequencing by synthesis
method that uses a single tethered polymerase
molecule per well and fluorescently labeled
natural nucleotides. In this method, the flu-
orescent label is present at the phosphate
end of the dNTP, so is lost after each base
addition, allowing the polymerase to very
rapidly extend a natural nucleotide sequence;
the short burst of fluorescence is captured
in real time during each base addition. The
additional benefit of this system is that methy-
lated bases can be identified by virtue of
the slight increase in time for addition of a
base opposite a methylated base, thus SMRT
sequencing can be used to determine the
methylome during genome sequencing. The
ONT system is currently the only commonly
used method that is not sequence by synthesis.
Instead, this system passes the DNA strand
to be sequenced through a protein pore in a
synthetic membrane across which there is a
constant applied voltage. Each base occludes
current flow differently, allowing the sequence
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to be determined. Both SMRT and ONT sys-
tems currently have significantly higher error
rates than the second-generation methods
(> 1 error/50 bases), although error rates are
continually improving. Given the very long
reads but high error rates of third-generation
methods, current genome sequencing projects
often combine both technologies and use
mixed model assembly methods. Thus, an
assembled complete genome sequence may
be constructed from sequences generated by
one of the third-generation methods and then
error-corrected using Illumina sequences;
however, methods for high accuracy assembly
of just third-generation sequencing data are
continually improving (Salmela et al. 2016).

Genome Assembly

Genome Assembly Using Short-Read
Data

As noted above, sequencing of bacterial iso-
lates using the Illumina technology, generates
millions of short DNA fragments (100–300 bp)
that need to be assembled correctly prior to
performing any detailed pathogenomic inves-
tigations (Figure 3.1). Genome assembly refers
to the process of taking this large number of
short DNA sequences (typically termed reads)
and putting them back together in the correct
order to create a representation of the orig-
inal DNA molecule (bacterial chromosome,
plasmids, etc.) from which it originated. This
process relies on computational programs
(genome assemblers) that take short-read
data as input and try to reconstruct longer,
contiguous sequences called contigs. Popular
assemblers such as Velvet (Zerbino and Birney
2008) or SPAdes (Bankevich et al. 2012) use
De Bruijn graphs to perform the assembly.
These are directed graphs whose vertices are
substrings of a defined length (also known
as k-mers) generated from sequencing reads.
An edge exists between two vertices if they
are consecutive k-mers in a read with a dif-
ference of one base. To obtain contigs, the

graph is automatically analyzed by the com-
puter to identify paths in which all vertices
are connected to another single vertex. Then,
assembly is extended until a certain contig
boundary that does not satisfy this condition.

One fundamental limitation of reconstruct-
ing genomes using short-read data is the
impossibility of recovering the complete
sequence of information as it naturally occurs
in the DNA molecule. This is mainly caused
by the presence of genomic repeats, defined
as DNA segments repeated in nearly identical
form across the genome. As the short reads
produced from these regions will be nearly
identical, genome assemblers cannot resolve a
single path in the De Bruijn graph, resulting in
the termination of the contig. In prokaryotic
genomes, repeated regions have several biolog-
ical origins, including transposable elements,
prophages, plasmids, highly-conserved gene
clusters (i.e. the ribosomal RNA operons) or
multi-copy gene families, such as the PE/PPE
gene family in Mycobacterium tuberculosis,
which accounts for up to 10% of its genome
(Brennan 2017). These repeated regions cannot
be reconstructed by simply oversequencing,
and lead to significant ambiguity in the recon-
struction of complex prokaryotic genomes
such as those from highly recombinogenic
species. For example, using sequence reads
as short as 30 nt allows accurate reconstruc-
tion of 75% of the Escherichia coli genome
in contigs longer than 10 kb and with 96% of
genes covered in a single contig. This compro-
mises the high-resolution analysis of relevant
aspects of bacterial biology, such as horizontal
gene transfer and evolution of antimicrobial
resistance genes.

Genome Assembly Using Long-Read
Data

The use of longer reads produced by ONT
and SMRT technologies (typically ranging
from 1 kb to > 1 Mb), allows the major lim-
itation (incomplete assembly) of short-read
sequencing to be overcome. However, due to
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the high error rates reported by early long-read
sequencing chemistries, hybrid assembly
has emerged as a promising strategy to gen-
erate fully resolved and accurate bacterial
genome assemblies. In hybrid assemblies, both
short-read and long-read sequencing datasets
are used, as error-prone long reads provide
information regarding the structure of the
genome and accurate short reads facilitate
detailed assembly at single-nucleotide level,
allowing error correction of the long reads.
The hybrid assembly tool Unicycler has been
shown to outperform other hybrid assemblers
in generating fully closed genomes and is today
one of the most widely used for this purpose
(Wick et al. 2017).

The constant improvement of long-read
sequencing chemistries and base-calling algo-
rithms has significantly reduced the error rate
of these technologies. This has opened the
possibility to generate long-read-only assem-
blies with higher accuracy. The comparison of
several state-of-the-art long-read assemblers
concluded that Flye (Kolmogorov et al. 2019),
Miniasm/Minipolish (Li 2016) and Raven
(Vaser and Šikić 2021) are the best methods
for assembling prokaryotic genomes (Wick
and Holt 2019). Flye is particularly useful
for assembling plasmids and/or when overall
sequencing depth is low. Miniasm/Minipolish
is more reliable for producing fully circularized
contigs and Raven allows reliable chromosome
assembly and is tolerant of low identity reads.

Gene Prediction and Annotation

Gene prediction refers to the process of iden-
tifying the segments in a genome that encode
genes (Figure 3.1). This typically includes
protein-coding genes and RNA genes but may
also include prediction of additional functional
elements such as promoters and other regu-
latory regions. In prokaryotic genomes, genes
that encode a single protein typically occur as
a single contiguous open-reading frame (ORF)
spanning from hundreds to a few thousand bp

(around 1000 bp on average). As translational
start and stop codons are well-characterized,
prokaryotic gene prediction based on these
features is relatively straightforward using
automated tools that achieve high levels of
accuracy. Complementary sequence signals
derived from initially detected ORFs are also
used for prediction, including compositional
statistics (k-mer counts, GC content, etc.) and
sequence and frame length. A combination of
all of these features is used by Prodigal, one of
the most popular and straightforward software
tools developed so far for prokaryotic gene
prediction (Hyatt et al. 2010).

Following the identification of ORFs,
genome annotation is the process of giving bio-
logical sense to the key features of a genome, in
particular, the genes and their products. Cur-
rently, genome annotation is mostly performed
automatically by comparing each predicted
gene to sequences from several databases.
Protein or RNA sequence databases are used to
identify sequence similarities with previously
known genes from reference genomes. One
example of this is the National Center for
Biotechnology Information (NCBI) Reference
Sequence database, which collects > 200 000
curated prokaryotic genomes enclosing anno-
tations for > 150 million protein-coding genes
(Li et al. 2021). Protein or RNA domain
databases, like Pfam (El-Gebali et al. 2019),
Rfam (Kalvari et al. 2018) or the NCBI Con-
served Domain Databases (Yang et al. 2020)
comprise protein and RNA domains conserved
during evolution. These provide conserved
functional site annotations of protein and RNA
sequences. Evolutionarily conserved domains
help transfer the functional annotation from
a known domain model to an unknown
sequence and group them into superfamilies,
families and subfamilies concordant to their
molecular functions. Metabolic databases
are used for reconstruction of metabolic
pathways or biosynthetic gene clusters. The
Kyoto Encyclopedia of Gene and Genomes
(KEGG); (Kanehisa et al. 2017) aims to assign
functional meanings to genes and genomes
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both at the molecular and higher levels.
Molecular-level functions are maintained in
the KEGG Orthology database, where each
definition is built on a specific set of ortholog
genes. Higher-level functions are represented
by networks of molecular-level interactions,
reactions and relations that are placed on
the KEGG Pathways maps (Kanehisa et al.
2017).

The Clusters of Orthologous Genes (COGs)
database has been a popular tool for func-
tional annotation of bacteria and archaea for
the past 25 years. It consists of a minimalist
set of around 5000 COGs that describe the
most widespread bacterial and archaeal genes
(Galperin et al. 2021). The eggNOG (Evolu-
tionary Genealogy of Genes: Non-Supervised
Orthologous Groups) database has recently
become one of the most popular resources for
functional annotation of microbial genomes.
This database is a public resource built on a
set of thousands of genes that are analyzed
at once to determine orthological relation-
ships between them. Compared with similar
databases, eggNOG provides: (i) a compre-
hensive functional annotation for the inferred
orthologs, (ii) predictions across thousands of
bacterial and archaeal genomes, and (iii) hier-
archical resolution of orthologs based on
phylogenetic analysis (Huerta-Cepas et al.
2019).

Currently, all steps from gene prediction
from raw genome assemblies to functional
annotation following comparison with the
above-mentioned databases are automated by
different software tools that can be run using
local command line or remote applications.
There are a handful of online annotation web
servers like the NCBI Prokaryotic Genomes
Automatic Annotation Pipeline (https://
www.ncbi.nlm.nih.gov/genome/annotation_
prok), the Rapid Annotation using Subsys-
tem Technology (RAST) server (https://rast
.nmpdr.org), MicrobeAnnotator (https://
github.com/cruizperez/MicrobeAnnotator) or
DFAST (https://dfast.ddbj.nig.ac.jp) that pro-
vide fully automated, easy-to-use pipelines for

comprehensive functional annotation without
the need for high-level bioinformatic exper-
tise. The most popular and widely used tool
for prokaryote genome annotation using the
command line is Prokka (Seemann 2014),
which has become the standard software
for this purpose due to its efficiency; it can
annotate a typical bacterial genome in less
than 10 minutes using a standard desktop
computer. More recently, a newly developed
and command-line driven version of DFAST
(Tanizawa et al. 2018) also enables rapid
and straightforward submission of annotated
genomes to public repositories such as NCBI.
Currently, annotation relies almost entirely on
comparison of novel sequences with sequences
of known function; thus, novel functions can-
not be predicted from sequence alone. This
is an important impediment to complete
genome annotation. The recent development
of AI software Alphafold, which can pre-
dict 3-D protein structure from amino acid
sequence with improved accuracy, may allow
for the development of more comprehensive
annotation strategies, although this is not
yet widely implemented (Perrakis and Sixma
2021).

An important caveat of genome annota-
tion, when the base sequence assemblies are
derived entirely from short-read data alone,
is that the draft genomes may contain dozens
of disconnected contigs and therefore many
genes will be fragmented at the contig bound-
aries. This makes it difficult for annotation
software to annotate these genes, resulting
in the annotation of multiple gene fragments
placed on different contigs with the same
descriptions. This may lead to overestimation
of the total gene count and individual gene
copy number. Some tools, such as GenAPI
(Gabrielaite and Marvig 2020), have been
developed to improve this but there is no sim-
ple way that annotation software can overcome
the limitation of fragmented assemblies. The
best solution is to improve genome contigu-
ity by using hybrid assemblies followed by
reannotation.

https://www.ncbi.nlm.nih.gov/genome/annotation_prok/
https://www.ncbi.nlm.nih.gov/genome/annotation_prok/
https://www.ncbi.nlm.nih.gov/genome/annotation_prok/
https://rast.nmpdr.org/
https://rast.nmpdr.org/
https://github.com/cruizperez/MicrobeAnnotator
https://github.com/cruizperez/MicrobeAnnotator
https://dfast.ddbj.nig.ac.jp
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Defining Prokaryotic Species
from Genomes

A general consensus of traditional prokaryotic
taxonomy is that the genome sequence of an
organism encloses all taxonomic information
needed for its classification. Indeed, since
the 1960s, genomic DNA–DNA hybridiza-
tion (DDH) experiments have become the
gold-standard method for determining taxo-
nomic relatedness between different strains
and for determining when differences in
sequence indicate different species; a value
of 70% DDH was assumed and recommended
as a standard to define bacterial species.
For example, evidence obtained using this
method supported the definition of Arcobac-
ter as a separated genus from the formerly
described Campylobacter (Vandamme et al.
1991). Although DDH has the above-described
advantages, it also has several important
disadvantages, including the relatively large
amounts and high-quality of DNA needed,
and the time-consuming and intensive lab-
oratory procedures required. The advent
of high-throughput sequencing and the
consequent availability of whole-genome
sequences for an increasingly diverse number
of prokaryote species, opened the possibility
of using this information directly to define
genome-wide DNA similarity boundaries
between prokaryotes. This concept was for-
mally implemented with the development of
the average nucleotide identity (ANI) index
(Richter and Rosselló-Móra 2009); the origi-
nal algorithm used multiple pairwise BLAST
comparisons of DNA fragments to determine a
genome-wide ANI between two given prokary-
ote genomes. Extensive benchmarking of this
method using previously defined prokaryotic
species by means of polyphasic taxonomy,
determined that the 70% DDH threshold corre-
sponds to a minimum of 95% ANI to define that
any given pair of genomes belong to the same
species (Jain et al. 2018). Recently, the original
ANI algorithm was reimplemented as the Fas-
tANI software, which avoids computationally

expensive sequence alignments by using the
Mash and MinHash algorithms as a mapping
engine to compute identity estimates. There-
fore, FastANI is useful for computation of ANI
values on hundreds to thousands of genome
pairs. While some contradictory evidence has
been published questioning the utility of a
fixed ANI threshold of 95% as a universal
taxonomic measure (Murray et al. 2021a), the
ANI method is today considered the standard
and most practical for defining new species
or re-evaluating classification of previously
defined species.

The Pangenome Concept,
Reconstruction,
and Comparative Analyses

Prior to the emergence and extensive imple-
mentation of high-throughput sequencing
technologies over the past 15 years, sequenc-
ing multiple strains or isolates of the same
bacterial species was far from common. At that
time, the notion that the genome of a single
isolate of a given species was a good enough
representative of the overall genomic infor-
mation of that species was widely accepted.
Indeed, most bacterial comparative genomic
analyses were based on the comparison of
representative genomes from different and rel-
atively closely related species. An example of
this was the completion of the first genome for
the major food-borne and zoonotic pathogen
Campylobacter jejuni, which was originally
compared with Helicobacter pylori (Parkhill
et al. 2000). Despite the undebatable impor-
tance of these pioneering comparative genomic
analyses, the fact that these two species shared
only 55% of their genes started to give rise
to the idea that biologically similar bacte-
rial species may enclose extensive genomic
diversity. The first studies that reinforced this
notion came from the comparison of multiple
Streptococcus agalactiae genomes, which were
shown to enclose significantly different gene
contents despite being closely related isolates
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belonging to the same species. This led to the
inception of the term “bacterial pangenome”,
which was first used by Medini et al. (2005) to
describe the union of genes shared by multiple
isolate genomes of the same species. Thus,
the pangenome of a species comprises the set
of core genes (or core genome) shared by all
isolates in that species and also the set of all
accessory genes that are present or absent in
different subsets of isolates. Additionally, the
pangenome is thought of as the entire pool of
genetic variation in a certain bacterial popula-
tion that underpins its phenotypic variation.
Through horizontal gene transfer, bacteria
can incorporate new genes from this pool that
can confer new biological functions important
to virulence, host-adaptation, antimicrobial
resistance, and so on. As the availability of
bacterial genomes has grown exponentially,
this has opened up possibilities to explore
the biological and ecological role of bacterial
pangenome variability but has also brought
new technical and methodological challenges
for analysis of this data.

Many software tools are currently available
for pangenome reconstruction. The majority
of these tools begin the analysis by identifying
similarity between annotated gene sequences
using an homology search tool like CD-HIT,
BLAST or DIAMOND. Then, these values are
used to build a pairwise matrix that is used
as input to the widely used Markov clustering
algorithm or to identify triangles of pairwise
best hits. Next, a pangenome graph can be
created using gene adjacency information to
further split resulting orthologous clusters into
paralogs. Since its release in 2014, the Roary
software (Page et al. 2015) has become the
most popular tool for pangenome reconstruc-
tion implementing these steps automatically
and allowing accurate and efficient compari-
son of up to thousands of bacterial genomes.
As pangenome reconstruction is sensitive
to annotation errors, fragmented assemblies
and genome contamination, these issues,
which are typically found in almost any com-
parative genomic analysis, are an important

limitation for correct interpretations of bac-
terial biology. Accordingly, new pangenome
reconstruction tools like Panaroo (Tonkin-Hill
et al. 2020) have addressed these problems
and use a stepwise framework to remove con-
taminant sequences, fragmented genes and
spurious annotations to produce polished and
higher-quality pangenomes.

A critical step following pangenome recon-
struction with any desired software tool is
the interpretation of results. Many commonly
used pangenome reconstruction software
tools also include data visualization modules,
and other specific tools have been devel-
oped with this purpose like PanViz (Pedersen
et al. 2017) or Phandango (Hadfield et al.
2018). However, these tools do not allow
for customized pangenome data analysis
and dynamic exploration of results once
graphical representations are generated. To
overcome this, the Pagoo software (Ferrés
and Iraola 2021) has been developed as the
first pangenome post-processing tool that
can take the output generated by pangenome
reconstruction tools like Roary and Panaroo
and provides a standardized framework for its
analysis.

Phylogenomics
and Genome-Wide Association
Studies

Phylogenetics is a universal tool that provides
answers across fields as vast as molecular
evolution, microbial ecology and epidemi-
ology to understand the relationships and
the degree of genetic relatedness between
microorganisms. This is typically represented
and quantified by reconstructing phyloge-
netic trees. Traditionally, phylogenies were
reconstructed from single orthologous genes
shared by all individuals. Once the sequences
were aligned, a phylogeny was reconstructed
from the alignment by applying tree recon-
struction methods based on neighbor-joining,
maximum-likelihood or Bayesian algorithms.
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Probably, the most significant example of this
was the ribosomal small subunit RNA gene
(16S), which has been used as a universal
phylogenetic marker giving rise to the modern
prokaryote taxonomy. However, single-gene
phylogenies usually lack enough sequence
signal (diversity) to resolve recent evolution-
ary events such as those expected within a
species or closely related strains. As the field
of bacterial genomics gradually established
at the end of the 1990s, it became evident
that combining the information from multiple
genes could improve phylogenetic resolution,
allowing subtyping of isolates belonging to the
same species. This prompted the development
of multilocus sequence typing as a portable
tool for studying evolution, epidemiology and
population structure of bacterial pathogens
based on the analysis of typically seven to
nine housekeeping genes (Maiden et al. 1998,
2013). However, the massive number of bac-
terial genomes produced through the uptake
of high-throughput sequencing technologies
during the following decade pushed the field
of phylogenomics.

Phylogenomics has transitioned from recon-
structing evolutionary relationships between
isolates based on a handful of genes to now
thousands of genome-wide single-nucleotide
polymorphisms (SNPs) retrieved from core
genes. Today, a standard approach to uncover-
ing the population structure and evolutionary
relationships in large-scale bacterial genomic
datasets relies on the reconstruction of core
genome phylogenies. This can be achieved by
(i) identifying all individual core genes during
pangenome reconstruction, (ii) performing
individual alignments of each core gene,
(iii) concatenating all individual alignments,
and (iv) reconstructing the phylogeny based
on the concatenated alignment. A similar
approach is implemented by the SNP-sites
software (Page et al. 2016), which concatenates
SNPs instead of the whole core gene sequences.
Depending on the question to be addressed,
resulting core genes or SNPs can be filtered to
remove signals of horizontal evolution, such

as those incorporated by recombination, or
changes in evolutionary rate of gene subsets
under strong selective pressures that can alter
the resulting phylogeny.

A highly resolved phylogeny underpins any
detailed understanding of population struc-
ture of a bacterial species and is the basic
framework required to perform more com-
plex comparative analyses. This is the case
for genome-wide association studies (GWAS).
GWAS was first developed for human genetics,
and it aimed to relate DNA sequence variation
across the genome with specific phenotypes of
interest, such as susceptibility to a disease. In
bacteria, the full set of genetic information can
be modeled as SNP variation in core genes and
presence/absence patterns of accessory genes,
representing the pangenome. Accordingly,
GWAS enables association of a phenotypic
trait of interest, such as resistance to antibi-
otics, host specificity or virulence, to the
presence or absence of any SNP or accessory
gene. This approach has led to the discovery of
candidate causal genes. The first formal bac-
terial GWAS analysis was applied to identify
host-associated genetic variation in C. jejuni
populations isolated from chicken and cattle.
The original algorithm fragmented genomes
into unique overlapping k-mers (substrings)
to incorporate variation both in the core and
accessory genome. Then, genetic variation
was quantified by counting the frequency
of each k-mer in cattle or chicken genomes,
and the significance of any association with a
particular host was determined by comparing
frequencies with a simulated null distribution
of k-mers along branches of the phylogeny.
This led to the prediction that genes coding
for vitamin B5 biosynthesis were more fre-
quently found in cattle isolates than in chicken
isolates because this vitamin is depleted in a
grass-based diet, so C. jejuni must synthesize
it to survive in the cattle gastrointestinal tract
(Sheppard et al. 2013). Currently, novel meth-
ods for improved bacterial GWAS have been
developed, including treeWAS, which corrects
potentially spurious genetic associations using
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a phylogeny to account for lineage effects
inherent in the species population structure
(Collins and Didelot 2018).

Functional Genomics
for Understanding
Host–Pathogen Interactions

The outcome of a bacterial infection is depen-
dent on the specific genetics of the infecting
organism, the age, immune status, and genet-
ics of the infected host, and the particular
environment under which the interaction
takes place (Chapters 1, 4). Classical bacterial
pathogenesis research has focused strongly
on the genetics of the pathogen and the iden-
tification of specific virulence factors. This
strategy has successfully identified a vast array
of bacterial factors that play crucial roles in
infections of particular hosts. As virulence
factors are, by definition, crucial for the ability
of pathogens to cause disease, their characteri-
zation is an important step in the development
of intervention strategies, such as protective
vaccines and therapeutic drugs. Functional
genomics strategies can play a crucial role in
identifying virulence factors and, more gen-
erally, defining how a pathogen responds to
the various conditions that they encounter in
the host during infection. As virulence factors
must be expressed during the disease process
and are often less important to the pathogen
when it is outside of the host, many studies
have compared pathogen gene and/or protein
expression during growth in vitro in laboratory
medium with expression during growth in
the host or in media that mimics the host
environment. Initial studies mostly ignored
the gene and/or protein expression changes
occurring in the host in response to infection
but with the increasing resolution of functional
genomics technologies both host and pathogen
responses can be measured. Clearly the inter-
play between host and pathogen is crucial
to the outcome of infectious disease. Host
responses are essential for clearance of the

pathogen but may also stimulate significant
host damage, thus contributing to the signs of
disease. Importantly, many host and pathogen
proteins interact directly in ways that can have
vastly different outcomes; these interactions
may favor pathogen survival, replication and
spread, pathogen clearance or result in host
damage. Thus, characterizing interacting pro-
teins during infection is an important outcome
of current functional genomics techniques.

Bacterial functional genomics involves the
use of various comprehensive genome-scale
approaches for understanding how partic-
ular genes and genomic regions contribute
to bacterial survival, pathogenicity, and
host–pathogen interactions. These combined
analyses aim to link specific pathogen genes
with particular phenotypes and determine
regulatory and interaction networks. Func-
tional genomics techniques include multiple
“-omics” approaches such as transcriptomics,
proteomics, interactomics and metabolomics,
which all rely to some extent on accurate
genome sequences and annotations. These
techniques are generally used to characterize
how bacterial pathogens respond to different
conditions by altering gene expression, protein
production and/or metabolic activity and how
these changes impact bacterial survival in
particular niches. However, these functional
genomics techniques also have an important
role in improving genome annotations.

Pathogen and Host Transcriptomics

Transcriptomic analyses have long been
the mainstay of functional genomics. The
strengths of transcriptomic analyses are that
they allow accurate measurement of the level
of transcript abundance for every gene in a
genome (the transcriptome) and are generally
technically straightforward. However, as they
measure transcript abundance, they are blind
to translational and post-translational regu-
latory mechanisms. DNA microarrays were
the first widely used method for determining
whole transcriptomes and have usually been
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used to compare transcriptomes between two
different conditions. DNA microarrays have
been extensively used to assess the transcrip-
tional responses of bacteria under a myriad
of conditions, including during model infec-
tions (La et al. 2008). For DNA microarrays, a
fragment of each gene to be assessed must be
bound to a glass slide to generate the microar-
ray. Fragments can be long oligonucleotides
or, more commonly, PCR fragments. The con-
struction of the DNA microarray is a primary
drawback of DNA microarray technology; all
important genetic elements must be known
prior to construction of the array. Thus, DNA
microarrays are rarely used to give informa-
tion on unexpected genetic elements or for
improving genome annotations. Once the
microarray is constructed, RNA is purified
from the pathogen grown under appropriate
conditions (usually two different conditions
to be compared) and then the total RNA is
reverse transcribed into cDNA. During reverse
transcription, fluorescent dyes, such as cya-
nine 3 and cyanine 5, are incorporated so
that the two cDNA samples are labeled with
different dyes. The two labeled samples are
then mixed and allowed to hybridize to the
microarray. Quantification of the fluorescence
intensity for the two channels for every spot
allows determination of the comparative gene
expression levels of every gene.

The introduction of high-throughput
sequencing of cDNA (RNA-sequencing or
RNA-seq) is now widely used in place of
DNA microarrays. RNA-seq improves on
DNA microarrays in a number of ways. First,
it makes no direct presumption of which
DNA elements are transcribed, this means
that RNA-seq can not only be used to mea-
sure changes in the transcriptome, but it
can also identify novel genetic elements and
improve genome annotations (Figure 3.2).
Indeed, RNA-seq has been widely used to
identify the genomic positions of regula-
tory small RNAs and small proteins, which
are very difficult to accurately predict from
genome sequence data alone. The use of
strand-specific library preparation protocols
allows for accurate prediction of transcribed
regions and specific coding strand. Initial anal-
ysis of RNA-seq data does involve mapping
of the sequencing reads to specific known
and annotated genetic elements, so identifi-
cation of novel elements is usually via visual
inspection of the mapped reads followed by
reannotation of the genome and re-mapping
of the sequencing data in an iterative fash-
ion. While analysis of standard RNA-seq data
can inform prediction of operons, promoters
and transcriptional terminator sites, modified
workflows, including differential RNA-seq
(dRNA-seq), Cappable-seq and Term-Seq, have

Figure 3.2 Use of RNA sequencing (RNA-seq) for improved genome annotation. RNA-seq reads mapped to a
section of the Pasteurella multocida Pm70 genome sequence. Number of mapped reads per base is shown
above the schematic representation of the genome annotation with protein coding genes shown in red. The
small RNA GcvB, predicted specifically from the RNA-seq data peak in a region with no long open-reading
frames, is shown in blue. Approximate positions of transcriptional start sites (pink) and transcriptional
terminator positions (green) can be inferred from the RNA-seq data.
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been developed to optimize identification of
such elements and also specifically differenti-
ate primary and processed transcripts (Sharma
and Vogel 2014)(Wang et al. 2018). Sec-
ond, RNA-seq has an approximately 100-fold
increased dynamic range compared with
DNA microarrays and allows for improved
detection of low-abundance transcripts; the
detection limit is primarily determined by
the sequencing depth achieved (Croucher
and Thomson 2010; Zhao et al. 2014), so it
is continually improving as sequencing data
output increases. Finally, RNA-seq identifies
not only the position of transcripts but also
their sequences, so RNA-seq can identify
some mutational changes within expressed
transcripts, although this requires specific
downstream analysis. A partial drawback of
RNA-seq is that it sequences all complemen-
tary DNA (cDNA) molecules present in the
sample and thus bacterial messenger RNAs
(MRNAs) can be overwhelmed by the highly
abundant ribosomal RNAs as, unlike eukary-
otic mRNAs, bacterial mRNAs have no specific
features that differentiate them from ribosomal
RNAs (rRNAs). However, a number of meth-
ods have been developed (and are available as
integrated workflows with most commercial
library preparation protocols) to selectively
deplete the rRNAs from the sample prior to
cDNA synthesis and use of these depletion
steps is now routine.

With the improved sensitivity and dynamic
range of RNA-seq, the simultaneous analysis
of both pathogen and host transcriptomes
has become possible (Westermann et al.
2017). These experiments are still technically
demanding as eukaryotic and bacterial RNAs
are generally present at vastly different abun-
dances in infected tissues. Indeed, eukaryotic
cells have approximately 100-fold more cellu-
lar RNA than bacterial cells. Furthermore, the
bacterial load in many infected tissues may
be comparatively low, and, when considering
intracellular pathogens, many susceptible cells
may stay uninfected. Furthermore, for intra-
cellular infections, different host cells may

be infected at different times, leading to host
and bacterial cells being at different points in
the infection cycle when samples are taken
for analysis. Thus, it is difficult to recover
enough bacterial RNA for analysis and gene
expression changes in particular cells may
be masked by normal transcriptional profiles
in uninfected cells in the sample. Indeed, it
is becoming clear that even within a clonal
bacterial population transcriptional profiles
in individual cells are quite variable so tran-
scriptomic analyses of whole populations can
only give an average response. Exciting recent
technological improvements have allowed the
transcriptomes of individual cells to be probed
(Blattman et al. 2020; Imdahl et al. 2020;
Kuchina et al. 2021). Early single-cell exper-
iments with Salmonella have clearly shown
that there is significant variability in both host
cell responses (e.g. interferon macrophage
responses) and pathogen responses (e.g. dif-
ferent cellular growth rates) during infection
(Claudi et al. 2014; García-del Portillo and Puc-
ciarelli 2017). Such single-cell transcriptomics
methods are in their infancy but may revolu-
tionize our understanding of cell–cell variation
during infection and how this impacts disease
outcome.

Proteomic Analyses

Transcriptomic methods are widely used to
assess host and pathogen responses, since
these methods allow measurement of every
pathogen or host gene under most circum-
stances. However, transcriptomic methods
can only give an indication of final levels of
proteins as they cannot quantify the effects of
post-transcriptional regulatory mechanisms.
Proteomics methods do directly measure final
levels of proteins but are technically challeng-
ing, as proteins have very different chemical
characteristics. All proteomic methods involve
two general steps: isolation of single proteins,
and identification of each single protein using
mass spectrometry methods. The coverage of
proteomic methods has increased markedly
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over the past decade, but these methods still
only capture a subset of total proteins. Pro-
teomic methods are especially challenging
for measuring pathogen and host responses
during infection, as the pathogen proteins are
usually overwhelmed by the abundant host
proteins.

There are many important questions that
may be answered using proteomic methods.
For individual pathogens growing in isolation,
it is important to know which proteins are pro-
duced, where these proteins are localized in the
cell (cytoplasm, inner membrane, periplasm,
outer membrane), how protein abundance
changes under different conditions, which
proteins have post-translational modifications
(PTMs) and how these PTMs change at differ-
ent times. Many different proteomic methods
have been used for such studies. Initially,
proteomic experiments separated proteins
by two-dimensional gel electrophoresis but
protein separation is now almost exclusively
performed by quantitative liquid chromatog-
raphy methods. For comparative proteomics,
there are both labeled and unlabeled methods
available (Ankney et al. 2018). Proteins can be
differentially labeled in vivo by growth of the
bacteria in medium with heavy, medium or
light isotope-enriched amino acids or labeled
after purification (but before sample mixing)
with isobaric tags. Quantification can be per-
formed in unlabeled samples using methods
such as sequential window acquisition of all
theoretical mass spectra (Ankney et al. 2018).

For analysis of protein subcellular local-
ization, different bacterial cell compartments
can be separated by physical and/or chemi-
cal means and analyzed independently. Such
analyses have been widely used for identifica-
tion of (among others) surface and/or outer
membrane proteins, as these proteins are
often crucial for bacteria–host interactions and
for identification of putative vaccine targets
(Cullen et al. 2002; Díaz-Mejía et al. 2009). It
has become increasingly clear that PTMs such
as glycosylation, acetylation and phosphoryla-
tion play crucial roles in regulating the activity

of bacterial proteins and in disease processes
(Macek et al. 2019). Mass spectrometry iden-
tification methods are exquisitely sensitive
to changes in peptide mass so can readily be
used to identify both positions and types of
PTM. Chromatography methods, or antibodies
specific for particular modifications, are often
used to enrich for the modified peptides prior
to analysis (Jean Beltran et al. 2017; Macek
et al. 2019).

For pathogens growing in a host, other
important questions might include, how does
protein production change in response to
the host environment; in which host tissues
and/or host cell compartments are particular
pathogen proteins present; how does this local-
ization change over time; and which pathogen
proteins interact with which pathogen and
host proteins? For analysis of protein pro-
duction during infection, simple systems,
such as infected cell lines, can be assessed
using similar methods to those used for iso-
lated pathogens, although low abundance
pathogen proteins will likely be difficult to
identify in the presence of abundant host cell
proteins. For improved sensitivity of detec-
tion of pathogen proteins from complex host
samples, bacteria may be purified by physi-
cal separation methods such as differential
centrifugation, fluorescent tagging and flow
cytometry, immunoprecipitation or selective
labeling methods such as bio-orthogonal non-
canonical amino acid tagging (Mahdavi et al.
2014). The identification of protein–protein
interactions is becoming an important pro-
teomics method, these analyses may focus on
pathogen-pathogen or pathogen-host protein
interactions.

While most proteomic workflows assess
protein abundance through identification
of mass spectrometry data by comparison
with known protein sequences from annotated
genomes, proteomics methods can also be used
to improve genome annotations and find novel
coding sequences. Proteogenomics is the com-
bined use of proteomic, transcriptomic, and
genomic data to improve genome annotations
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(Schrimpe-Rutledge et al. 2012; Omasits et al.
2017). It usually combines transcriptomic
analyses, to predict genomic regions that are
expressed, with mass spectrometry search
algorithms that compare identified peptides
against unbiased six-frame genomic transla-
tions. Using such techniques and optimized
protocols for purification and detection of
small proteins holds the promise of improved
prediction of small bacterial proteins, which
are increasingly being recognized as playing
important and diverse roles in signaling and
virulence (Storz et al. 2014; Bartel et al. 2020;
Venturini et al. 2020).

Reverse Vaccinology

Reverse vaccinology is a method of vac-
cine development based on prediction of all
possible protective antigens of a pathogen
through bioinformatic analysis of the genome
(Figure 3.3) (Seib et al. 2012). The term reverse
vaccinology was applied because this method
was the reverse of classical methods, begin-
ning with the genetics of the pathogen rather
than experimental analysis of the pathogen or
the disease process (Rappuoli 2000). Reverse
vaccinology brings the promise of fully com-
prehensive antigen testing but requires the
use of high-throughput, highly efficient pro-
tein expression and production systems to be
effective. The inability to express some (often
many) proteins in soluble/native form means
that it rarely achieves the complete coverage
that it promises. There have been a number
of successful examples of efficacious vac-
cines developed using the reverse vaccinology
approach (Masignani et al. 2019), although, to
our knowledge, there are currently no com-
mercial animal vaccines that have flowed from
this technology.

Reverse vaccinology begins with the genome
sequence of the pathogen and is thus highly
reliant on accurate bioinformatic analyses. In
theory, a perfectly annotated genome sequence
would allow prediction of all possible proteins

that could be produced by the pathogen
and therefore all possible protein antigens
(Figure 3.1). For a fully comprehensive antigen
screening, it should be possible to clone and
express all of the predicted protein-coding
genes and therefore produce purified versions
of every protein for vaccine testing. Recom-
binant protein expression, usually in E. coli,
has the benefit that purified proteins should
not be contaminated with any other pathogen
components (e.g. pathogen polysaccharides
such as capsule or lipopolysaccharide). Puri-
fied proteins can then be individually tested
for protective efficacy in the most informative
disease model.

The major benefit of a fully comprehen-
sive reverse vaccinology approach is that it
makes no assumptions on the importance
of particular protective antigens as it tests
all proteins and so does not rely on detailed
understanding of the disease process. This can
rapidly identify protective vaccine antigens
even when a particular disease/pathogen is
poorly understood or even when the causative
organism is difficult or impossible to culture.
However, there are many technical challenges
which mean that the method rarely achieves
full coverage. First, bioinformatic analysis
of genomes may miss annotating some true
proteins, particularly small proteins, as ORFs
encoding proteins of less than 50 amino acids
are often overlooked. Second, it is technically
very challenging to express all proteins in solu-
ble/native form. Cloning of all protein-coding
genes into expression plasmids, together with
appropriate purification/solubility tags, is time
consuming but possible. However, it is very
difficult to predict the best expression strategy
for different proteins so this usually must be
determined empirically. Methods, such as the
GatewayTM cloning system, have been devel-
oped for the rapid movement of cloned genes
from one expression vector to another to allow
expression with different N- and C-terminal
tags and in different hosts (prokaryotic or
eukaryotic cells). However, even with these
different options, some proteins will fail to be
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Figure 3.3 Overview of the reverse vaccinology approach to vaccine development. One or more genome
sequences are analyzed to identify all potential coding sequences and therefore all potential protective
antigens. A range of bioinformatic tools are used to predict the likely surface exposed, secreted and
virulence proteins, which are usually prioritized for testing. Genes encoding the selected antigens are
cloned into expression vectors with appropriate purification tags, then expressed and purified in a
heterologous host system. The recombinant antigens are tested for antigenicity and protective efficacy
(or for various correlates of protection) in appropriate model systems. Antigens that stimulate protection
may then be tested in various combinations to find the most efficacious groupings before retesting in
large-scale trials and then commercialization.
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produced in soluble form. Outer membrane
proteins from Gram-negative bacteria, which
are a crucial subset of potential protective
antigens, can be very difficult to express in sol-
uble form. While proteins can still be purified
from an insoluble fraction with the addition
of denaturing reagents, it is less likely that
these proteins will stimulate production of
high levels of antibodies that recognize the
native protein. There have been significant
improvements in the renaturation of proteins
purified under denaturing conditions with a
vast array of methods developed (Mizutani
et al. 2018), but many proteins have proved
refractory to such techniques.

In practice, reverse vaccinology approaches
are never truly comprehensive. Given the
sheer number of total proteins encoded by
bacterial genomes, almost all projects have
begun by restricting proteins to be tested
to those predicted to be surface exposed or
secreted. Therefore, bioinformatic approaches
for accurately predicting such proteins, and
avoiding missing true candidates, are crucial
for success of the project. A range of predic-
tion algorithms including PSORTB, LipoP
and SignalP, have been widely used for these
initial target predictions (Juncker et al. 2003;
Almagro Armenteros et al. 2019; Lau et al.
2021) (Figure 3.1). Experimental approaches
for identifying surface exposed or secreted
proteins have also been used to validate and/or
augment the bioinformatic predictions. Pro-
teomics techniques have been used to identify
surface, outer membrane or secreted proteins
using a range of approaches, including cell
fractionation, selective labeling and limited
proteolysis of surface exposed domains (Bittaye
and Cash 2015).

Reverse vaccinology projects usually follow
a funneling approach with a large number
of starting antigens selected for heterologous
expression and then, depending on recom-
binant protein production success, smaller
numbers of antigens being tested for surface
exposure and antigenic potential and/or pro-
tective efficacy. In the first reverse vaccinology

project (Pizza et al. 2000), a total of 570 puta-
tive surface exposed or exported proteins
were selected from the serogroup B Neisseria
meningitidis strain MC58 genome sequence
and 350 of these were successfully expressed
in E. coli and used in mouse immunization
experiments. The antisera generated from
these immunizations was used to test surface
exposure of the native proteins by ELISA and
FACS against a diverse set of strains, as well
as for bactericidal activity. Finally, three pro-
teins, together with an outer membrane vesicle
preparation, were selected for the final vaccine
(Pizza et al. 2000).

While the first reverse vaccinology project
used just a single genome sequence to pre-
dict antigens for recombinant expression and
testing (Pizza et al. 2000), conservation of the
antigens across different strains was assessed
by testing antisera for surface binding against
diverse strains. More recently, the ability to
access multiple genomes has allowed for
improved prediction of conserved antigens
across the diversity of disease-causing strains
prior to protein expression. Analysis of eight
genomes of S. agalactiae identified a core
genome of 1811 genes and a variable genome
of 765 genes (Maione 2005). A total of 589
predicted surface-associated and secreted pro-
teins were chosen for heterologous expression,
immunization of adult female mice, and then
protective efficacy testing in infant offspring
mice. Four antigens elicited strong protection;
three of these were encoded in the variable
genome and one was encoded in the core
genome. The combination of all four antigens
was highly protective against 12 diverse strains
(Maione 2005).

Another important consideration for selec-
tion of candidate antigens is whether they
are consistently expressed across different
strains. Many bacterial pathogens have anti-
gens that are under phase-variable control,
and in such cases the mere presence of the
gene in a genome does not indicate that it
will be expressed consistently. Phase variation
is the high frequency, reversible switching
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of a gene from an expressed (on phase) to
non-expressed (off phase) configuration.
Mechanisms of phase variation include
recombination-mediated inversion of pro-
moter segments, slipped-strand mispairing
during replication leading to contraction or
expansion of short sequences present as tan-
dem DNA repeats, and epigenetic regulation
of promoter activity (van der Woude and
Bäumler 2004). Phase-variable antigens are
unlikely to make good vaccine antigens as the
frequency of phase variation means that there
will usually be some cells in the population
that do not express the antigen and these cells
will likely escape vaccine-mediated killing as
they will not be targeted by host antibodies
specific for that antigen (Tan et al. 2016). Some
phase-variable antigens can be predicted from
genomic sequence alone, such as those con-
taining short tandem DNA repeats, and these
are usually excluded from the reverse vaccinol-
ogy testing set. However, phase-variable genes
under epigenetic control are unlikely to be pre-
dictable using bioinformatics alone. Indeed, an
important group of phase-variable genes are
DNA methyltransferases, which control the
coordinated expression of large phase-variable
regulons (Srikhanta et al. 2010). Identification
of proteins encoded within these regulons is a
major challenge for vaccine projects (Tan et al.
2016).

While reverse vaccinology approaches have
been used to develop vaccines against a num-
ber of human bacterial pathogens, success has
been more limited for animal vaccine antigen
discovery. Projects to identify protective anti-
gens for fowl cholera (Pasteurella multocida;
Hatfaludi et al. 2012), footrot (Dichelobacter
nodosus; Myers et al. 2007) and animal and
human leptospirosis (Leptospira ssp.; Del-
lagostin et al. 2017) all identified protective
antigens but efficacious and broadly protective
vaccines have not yet been commercialized.

A number of techniques have the capacity
to improve vaccine antigen discovery over
the basic reverse vaccinology approach. An
updated set of methods designated reverse

vaccinology 2.0, aim to use genomic analysis
of the host to identify protective antibodies
and therefore important pathogen antigens
(Rappuoli et al. 2016; Bidmos et al. 2018).
These techniques include RNA-sequencing
of the host B-cell repertoire following natural
infection and/or vaccination, cloning of host
B cells and production of specific monoclonal
antibodies and antigen binding fragments,
structural analysis of antibody–antigen
complexes, and computer-aided design of
immunogens to focus the immune response on
specific epitopes (Rappuoli et al. 2016). Such
approaches have been used successfully to
identify crucial viral antigens but application
to bacterial antigens is currently limited.

Gaps in Knowledge
and Anticipated Directions

The continual improvement and reduced
cost of genome sequencing and other high-
throughput technologies means that patho-
genomics analyses will continue to play an
increasingly important role in deciphering
the intricate interplay between pathogens and
their hosts. Initial pathogen genome sequenc-
ing programs focused heavily on human
pathogens; however, now hundreds and in
some cases thousands of genome sequences
are available for most animal pathogens and
generation of new genome sequences is nei-
ther cost nor time prohibitive. Over the past
few decades, many of the newly sequenced
genomes have been determined using Illu-
mina short-read sequencing and the data
have been left as incomplete draft genomes
consisting of unjoined contigs. While these
draft genomes likely contain almost all of the
protein-coding sequences, they undoubtedly
retain some annotation problems at the contig
breaks and in various repetitive elements. As
the long-read sequencing technologies such as
SMRT and ONT improve, it is likely that over
the next decade almost all genomes will be
easily closed, and this will result in improved
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annotation and fine-scale understanding of
genome similarities and differences between
related strains.

While increased numbers of closed genome
sequences will improve our understanding
of how bacterial pathogens evolve and how
specific genetic differences underpin the dif-
ferent virulence characteristics of different
strains, further improvements will be needed
in a range of areas to allow us to fully inter-
pret and more effectively use all this data.
Annotation of new genomes relies heav-
ily on the accuracy of previous annotations
and on knowledge gained from decades of
detailed gene-by-gene functional analysis.
Most genome annotations still have hundreds
of genes for which no protein functions can be
inferred; building accurate functional knowl-
edge on “hypothetical” proteins is still a long
and arduous process. Combined use of the
continually increasing number of functional
genomics techniques (RNA-seq, proteomics,
protein–protein interaction studies) and global
mutagenesis methods (e.g. TraDIS, Chapter 4)
will improve the rate at which new protein
functions are identified, although this is likely
to remain the rate-limiting step in develop-
ing a complete understanding of bacterial
pathogens. Improved computational predic-
tion of three-dimensional protein structures
from primary sequence alone (e.g. Alphafold)
may also revolutionize our ability to predict
protein functions.

Any complete understanding of bacterial
pathogenesis must include detailed knowledge
of, among other things, how the bacterial
pathogen survives in the host, how it trans-
mits between hosts, how it causes the damage
that leads to perturbation of homeostasis and
the development of the signs of disease, and
how the host response results in pathogen
clearance and/or host damage. The past few
decades have seen major improvements in our
ability to measure bacterial and host responses
in informative model and natural systems.
The various host–pathogen transcriptomics,
proteomics and protein–protein interaction
techniques that have been developed are still
improving in accuracy, coverage, and through-
put, and together will likely revolutionize
our understanding of pathogenesis over the
next decades. These experiments generate
increasing large data sets and bioinformatic
analyses will also need to improve to allow
rapid, accurate, and more complete analysis of
such datasets. This improved understanding
of bacterial pathogenesis must then be used
as a base for developing new intervention
strategies to reduce the burden of disease.
It is likely that improved understanding of
how the host responds to infection and how
specific pathogen proteins manipulate the host
response will identify many novel drug targets
and inform improved vaccination strategies
that will transform our ability to control many
of the pathogens of animals.
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Experimental Approaches to Understanding Pathogenesis
Francesca L. Short and Janet I. MacInnes

Introduction

As noted in Chapter 1, understanding bacte-
rial pathogenesis starts with considering the
notion of disease. It is important to appreci-
ate that “diseases,” and the organisms that
cause them, must always be considered in
context. The classic way of thinking of this
is the host–environment–pathogen trian-
gle (Figure 4.1). Host characteristics such as
breed/genotype, age, immune status, and route
of infection; environment factors such as tem-
perature, air quality, organic burden, “stresses”
like transport; and pathogen properties includ-
ing species, strain/genotype, number of viable
organisms, and presence and expression of
specific virulence genes can all play a role in
the development of disease. Depending on
these factors, bacteria can behave as benign
commensals, be opportunistic pathogens, or
act as primary pathogens. However, rather
than trying to assign a specific label to a par-
ticular organism, it can be useful to consider
its pathogenic potential as proposed by Arturo
Casadevall, where morbidity, mortality, com-
municability, and time to infection can be
taken into account (Casadevall 2017).

Testing Koch’s Postulates

The mere presence of an organism in a dis-
eased animal does not prove that it is the

causative agent of the observed clinical signs.
The traditional way of demonstrating whether
a particular organism is the etiological agent
of the observed pathology was to test Koch’s
postulates. Roughly paraphrased, Koch’s pos-
tulates state that a microorganism is the cause
of a disease if: (i) it is present in large num-
bers in all animals suffering from the disease
but not in healthy animals; (ii) it is possi-
ble to isolate the organism from a diseased
animal; (iii) the disease can be recreated in
another animal following isolation and cul-
ture; and, (iv) the experimentally infected
animal presents with the same disease and it is
possible to reisolate the organism (Figure 4.2).
Although it was soon recognized by Koch and
others that not all disease-causing organisms
follow Koch’s postulates, it is still arguably
the gold standard for the study of bacterial
pathogens.

Fulfilling Koch’s postulates is most rig-
orously tested in the natural host, but, for
ethical and practical reasons, model systems
are often used. Rodents, especially mice, are
widely (and not always wisely) employed to
model diseases of a very wide range of species.
Juveniles are often used as they may be easier
to handle and are often more susceptible to
infection. Seeder infection systems, where test
animals are put in contact with naturally or
experimentally infected animals, most closely
reproduce natural infection. However, with
many bacterial pathogens, exposing animals

Pathogenesis of Bacterial Infections in Animals, Fifth Edition.
Edited by John F. Prescott, Janet I. MacInnes, Filip Van Immerseel, John D. Boyce, Andrew N. Rycroft, and José A. Vázquez-Boland.
© 2023 John Wiley & Sons, Inc. Published 2023 by John Wiley & Sons, Inc.
Companion Website: www.wiley.com/go/prescott/pathogenesis
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Figure 4.1 Host–environment–pathogen triangle. The ability of a bacterial species to cause disease
depends on properties of the strain (e.g. the ability to produce toxins) and host factors, such as the presence
of protective antibodies. In addition to a series of complex interactions between the host and the pathogen,
environmental factors can also help to tip the balance between health and disease. Source: Figure created
with Biorender.

to cofactors such as viral pathogens prior to
challenge, introducing relatively high con-
centrations of the organism, or introducing
bacteria via a route that avoids some of the
host defenses (e.g. intratracheal instillation)
may be needed to produce clinical signs (Word
et al. 2020). With all of these experiments,
animal welfare concerns should be a priority.
Getting the greatest amount of statistically
significant data with the smallest number
of animals requires considerable thought. In
addition to bacterial counts or other readouts
such as gene expression, in most experi-
ments, clinical signs, gross pathology and
histopathology, and host gene expression
can be used to gain greater insights into
pathogenic processes. Recent developments
in the refinement of animal use in research,
and alternative approaches that reduce the
need for such models, are described in detail
below.

Virulence Factors and Main
Steps in Pathogenesis

As discussed in Chapter 1, the main “steps”
in pathogenesis include initial contact and
finding a niche in the host (colonization,
invasion), acquiring nutrients and replicat-
ing, subverting and/or evading host defenses,
causing damage, and spreading (within and
without). These processes are dynamic and
can be influenced by a large number of host,
environment, and pathogenic factors. The
main classes of virulence factors involved in
these processes include adhesins (fimbrial and
nonfimbrial), nutrient acquisition systems
(e.g. iron or sugar uptake systems), cell-surface
molecules (e.g. capsule, lipopolysaccharide,
lipoteichoic acid, outer-membrane proteins),
and toxins. It should be noted that many
virulence factors play multiple roles. For
example, in addition to playing a role in
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(a)

(b)

Figure 4.2 Koch’s postulates and molecular Koch’s postulates. (a) Koch’s third postulate (the ability of a
putative pathogen to cause damage) can be used to demonstrate the etiological agent of many diseases.
(b) The role of many key virulence factors can be demonstrated by showing that the wild-type and
complemented wild-type organism are able to cause disease, while the isogenic knockout strains are less
able to do so. Source: Figure created with Biorender.

evading host defenses, bacterial capsules may
also be involved in attachment as well as sur-
vival in the environment, which may affect
transmission.

Concentration of the virulence factor
(affected by expression levels but also cell
numbers) can also have an effect. For example,
the Mannheimia haemolytica Lkt toxin causes
cell lysis at high concentrations but induces
apoptosis at lower levels. Characterizing
the role and importance of specific viru-
lence factors can be confounded by the fact
that many systems are “redundant.” For
example, Clostridium perfringens strains may
encode more than a dozen toxins in various

combinations, while some Escherichia coli
strains have multiple adhesins. In the presence
of such duplications, inactivation of a single
gene may show no effect on pathogenesis
even though the gene product plays some role.
Often, multiple mutations or heterologous
expression may be required to convincingly
show virulence roles in such circumstances.
Identifying and characterizing virulence fac-
tors is further complicated by the fact that
there are multiple regulatory systems that alter
gene expression in response to a myriad of
host and environmental factors. Accordingly,
their importance may differ depending on the
specific host and/or environmental condition.
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Molecular Koch’s Postulates

Many different and complementary approaches
can be used to identify bacterial genes that are
important for infection. As noted below,
some virulence factors might be predicted by
virtue of an obvious phenotype such as strong
hemolytic or urease activities; others might
be inferred by virtue of their similarity to a
known virulence factor in a well-characterized
pathogen. Regardless of the initial method
for identification, fulfilling “molecular Koch’s
postulates” (Figure 4.2) has become the gold
standard for the confirmation of virulence
factor genes.

Proposed by Stanley Falkow in 1988, the pos-
tulates state that:

1. The phenotype or property should be asso-
ciated only with pathogenic members of a
genus or strains of a species.

2. Specific inactivation of the gene(s) asso-
ciated with the suspected virulence
trait should lead to a measurable loss in
pathogenicity or virulence.

3. Reversion or allelic replacement of the
mutated gene should lead to restoration of
pathogenicity.

And alternatively:

2A. The gene(s) associated with the sup-
posed virulence trait should be isolated by
molecular methods. Specific inactivation
or deletion of the gene(s) should lead to
loss of function in the clone.

3A. The replacement of the modified gene(s)
for its allelic counterpart in the strain of
origin should lead to loss of functions
and the loss of pathogenicity or viru-
lence. Restoration of pathogenicity should
accompany the reintroduction of the
wild-type gene(s).

Noting that genetic systems were not avail-
able for many species, Falkow suggested
that the induction of specific antibody to
a defined gene product should also be
an acceptable alternative to the molecular

Koch’s postulates. Like the traditional Koch’s
postulates, molecular Koch’s postulates have
some limitations (see below), but nevertheless
provide a very useful approach to understand-
ing bacterial pathogenesis (Falkow 1988, 2004).

Many genes with important roles in patho-
genesis fall short of fulfilling molecular Koch’s
postulates, particularly the presence of the
gene only in pathogenic members of a species.
These can be genes coding for factors that reg-
ulate expression or are required for the activity
of “true” virulence factors, or they can encode
factors that provide adaptive advantages both
inside and outside the host (e.g. polysaccharide
capsules). These genes can instead be referred
to as virulence-associated genes (Wassenaar
and Gaastra 2001). The majority of experi-
mental approaches described in this chapter
are useful for the study of both virulence and
virulence-associated genes, and both gene
categories can be useful as targets for new
diagnostics or therapeutics. An alternative
working definition of a virulence factor, based
on Koch’s molecular postulates but less strin-
gent, is one encoded by a gene that reduces
fitness in the host when mutated but does not
affect growth in vitro.

Another limitation of Koch’s molecular
postulates is the use of single gene (isogenic)
mutations. In early studies, researchers would
screen random transposon libraries (e.g. with
Tn5) to find mutants with the genes of interest
interrupted. This approach had a number
of weaknesses (see below). Following these
early studies, a variety of methods were devel-
oped that allowed the generation of targeted
unmarked isogenic strains (e.g. Pei et al. 2007;
Bossé et al. 2009; Holden et al. 2020). How-
ever, the availability of techniques for targeted
mutagenesis remains a limiting factor for
studies of some bacterial pathogens.

Refining Animal Usage

There are increasing pressures to reduce or
eliminate the use of vertebrate animals in
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the study of bacterial pathogens. To achieve
this, it is important to perform well-designed,
rigorous experiments, and to use alternative
models where possible.

Having a testable hypothesis and statistically
sound experimental approach is especially
important when conducting animal studies
(Gosselin 2019). Pilot studies using a small
number of animals (around six or fewer) are
often done to establish the dose that will cause
disease in a significant number of animals.
LD50/survival curves typically have a sigmoid
shape so starting with relatively high doses
(and reducing them in subsequent challenges
if necessary) can help to limit the number
of animals used. A dose that can reproduce
disease/signs in 30–70% of the animals chal-
lenged is usually used when testing for the
pathogenic potential of a strain or for the role
of a putative virulence factor (see below) or
to evaluate the efficacy of vaccines or antimi-
crobials. Although a common metric in the
past, death is now not seen as an appropriate
endpoint. For animal welfare reasons, body
temperature or combined clinical scores are
increasingly being used to prompt humane
euthanasia rather than having natural death
as the endpoint and the data are presented as a
percentage survival rather than LD50. The use
of well-trained, double-blinded observers who
systematically collect data from randomized
subjects according to an established rubric can
help to ensure reliable results are obtained.

A growing number of alternatives to tradi-
tional infection models are being employed to
compare the relative pathogenicity of organ-
isms and to investigate putative virulence
factors. Approaches such as the use of ligated
gut loops or dermal inoculations still involve
the use of animals, but reduce the numbers
required (Westerman et al. 2021). Other meth-
ods such as signature-tagged mutagenesis
(STM; see below), where multiple mutants can
be tested at the same time, also reduce animal
numbers.

With some bacterial pathogens, it may be
possible to use blood cells (e.g. macrophages)

or tissue explants from the natural host to
provide a measure of the role and importance
of some virulence factors, especially toxins and
adhesins (Bohl et al. 2021). For the study of
intracellular pathogens, gentamycin protec-
tion studies can be a powerful tool to study
adhesion, invasion, and intracellular replica-
tion (Vohra et al. 2019). Organ explants and
primary cell cultures have also been success-
fully used for some studies (Brassard et al.
2001). In addition, immortalized cells lines
have been widely used in the study of bacterial
pathogenesis (McWhorter et al. 2021). Inter-
estingly, cell lines from the natural host species
are not always used, e.g. Vero (African green
monkey) cells have been frequently used to
study bovine E. coli (Menge 2020).

Recently, organoid model systems have been
developed to help bridge the gap between cell
culture and animal experiments. Organoids
are generated from stem cells and mimic the
organ development process in vitro, giving rise
to self-organized three-dimensional structures
that recapitulate many features (e.g. cell types,
interactions, and topology) of the organ of
interest (Kim et al. 2020). Generating and cul-
turing organoids is technically challenging and
can be expensive, as the specific growth factors
and signals involved in cell differentiation
and organ development must be supplied in a
precise order to recapitulate the natural devel-
opment process. In addition, generation of
organoids requires stem cells from the animal
of interest. Nevertheless, these systems offer
great advantages for studying specific details
of host-pathogen interactions without using
animals. For example, organoid systems can
recapitulate species-specific interactions that
may be absent in surrogate animal hosts (e.g.
mice) or be used to assess host genotype effects
on pathogen interactions without generating
transgenic animals. However, as single-organ
systems, these models cannot recapitulate
features of animal infection such as immune
system interactions or dissemination from
the infection site to other tissues. Organoid
systems have been generated for different
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domestic animals and organ types, and there
are limited studies of these organoids in the
context of bacterial infections (Beaumont et al.
2021; Kar et al. 2021). However, it is likely that
organoid systems will be more widely used in
coming years to address specific questions of
bacterial pathogenesis in animals.

The use of vertebrate animals can be com-
pletely eliminated with studies that employ
the Caenorhabditis elegans nematode (Paudyal
et al. 2019), Drosophila melanogaster fruit fly
(Guzman et al. 2021), or larvae of the Galleria
mellonella greater wax moth (Dinh et al. 2021).
However, considerable care is needed to inter-
pret how closely such models replicate natural
infection. Researchers have also tried to study
bacterial virulence factors using in vitro con-
ditions that mimic in vivo (host) conditions.
For example, studies have been performed in
which iron is chelated, or in which the bac-
terium is exposed to host factors such as low
pH, bile, or surfactants (Metcalf and MacInnes
2007; Haines et al. 2015). Regardless of the
method employed to study pathogenesis, the
strain and the host–model system used can
have important effects on reproducibility and
interpretation.

In addition to the above methods, indirect
methods are sometimes used to predict the
role of an organism in a particular disease. For
example, if populations of animals that have
been vaccinated, or which have high levels of
antibody, are resistant to a particular infection
or there is a high correlation between the pres-
ence of an organism and disease, inferences
may be drawn about causality.

Experimental Approaches
for Virulence Factor Discovery
and Validation

Principles of Experimental Design

Thoughtful experimental design is essential for
researchers to generate robust and objective
findings. There is no single ideal approach, as

this will vary depending on the experiment
type; however, some principles apply broadly.
Generally, an experiment will aim to test the
effect of an independent variable (e.g. presence
of a specific gene) on a dependent variable (e.g.
virulence). These are set out in the hypothesis
of the experiment. For example, a researcher
could set out to test the hypothesis “Pathogen-
esis of Bacillus anthracis requires the anthrax
toxin,” in which pathogenesis is the dependent
variable and the presence of anthrax toxin is
the independent variable. Using good exper-
iment design strategies such as appropriate
controls, replication, and statistical analyses
makes it possible to support or reject a hypoth-
esis with high confidence. Although a full
discussion of all the factors that contribute
to good experimental practice in different
scenarios is outside the scope of this chapter,
the main principles will be summarized here
with reference to a laboratory-based bacterial
phenotypic experiment.

Experimental controls are needed to min-
imize or exclude the effects of extraneous
factors on results and are needed for both
quantitative and qualitative experiments. Neg-
ative controls confirm that the presence of
a particular signal is a result of the bacterial
phenotype being measured and not due to
contamination or error, while positive controls
confirm that the phenotype of interest can
be detected in the experimental setup being
used. For example, a quantitative assay for
measuring the amount of capsule produced
by a bacterial strain should include a negative
control of water or growth medium, a positive
control of a well-characterized bacterial strain
known to produce capsule in the growth con-
ditions used, and another positive control of
purified capsule (or the specific capsule com-
ponent detected by the assay). In this case, the
two positive controls detect different potential
confounding factors – the former will detect
any problems in bacterial growth or capsule
extraction procedures, while the latter will
detect any problems in the chemistry of the
capsule measurement assay.
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Replication provides information on the vari-
ability and reproducibility of an observation
and is needed to correctly interpret the mag-
nitude and significance of a measured effect.
Biological replicates are derived from inde-
pendent animals, bacterial cultures, or other
biologically distinct entities that show varia-
tion, while technical replicates are repeated
measures of the same biological sample and
report variability due to noise associated with
particular experimental measures and proto-
cols. Use of biological replicates is essential
in microbiological experiments, while tech-
nical replicates may or may not be required
depending on the experiment.

Quantitative experiments need to be ana-
lyzed using appropriate statistical tests to
determine whether an observed effect is greater
than what would be expected by chance (Olsen
2014). There is a wealth of information on
which statistical tests are most appropriate in
different circumstances. A challenge in exper-
imental microbiological research is that often
the number of measured replicates is insuffi-
cient to determine whether data are parametric
(normally distributed) or non-parametric. In
these cases, prior knowledge about the variable
being measured can be useful. For example,
measurements like cell size are likely to be
approximately normally distributed, while
measurements such as viable cell counts and
ratios are not.

For most experiments, meeting the above
principles of good experiment design – inc-
luding appropriate controls, biological repli-
cation, and correct statistical analysis – is
achievable. In some cases, for example, when
using new or particularly expensive techniques
(such as some of those covered in the next
section), or rare clinical samples, it may not be
possible to meet all these requirements, though
results from experiments with such constraints
can still be valuable if interpreted carefully and
validated using different methodologies. Rigor-
ous research goes beyond well-designed single
experiments (Casadevall and Fang 2016).
It will also address the generalizability of a

finding (for example, does gene X contribute
to phenotype Y in more than one bacterial
strain background, or in different growth
conditions?), seek to use validation with an
independent methodology (for example a find-
ing that expression of gene X increases under
antibiotic stress could be measured using both
quantitative polymerase chain reaction (PCR)
and reporter gene experiments), and interpret
the findings in a logical and honest way.

Approaches for Virulence Factor
Discovery

The single virulence factor model set out by
Molecular Koch’s postulates does not apply
to every bacterial pathogen. Indeed, for many
bacteria, infectivity depends on many differ-
ent factors that may tip the probability one
way or another. Furthermore, there is often
redundancy between virulence factors. For
virulence factors and virulence-associated
factors alike, there are many different meth-
ods that can be used for their identification,
validation, and mechanistic characterization.
In particular, advances in next-generation
sequencing have led to a dramatic increase in
the ease with which questions of pathogenesis
can be addressed at a genome-wide scale.
Though the range of advanced methodologies
has exploded in recent years, it is important
to remember that, whether a study draws
on classical microbiological techniques or a
new high-throughput technology, the con-
cepts underpinning the research are the same.
Potential determinants of pathogenesis in
bacteria can be identified through three broad
approaches: comparison of pathogenic and
non-pathogenic strains, detailed observation
of the molecular events that happen during an
infection, and unbiased disruption of bacterial
genes followed by tracking of their effects.
Common experimental methods, and where
they fit within these three broad approaches,
are summarized in Table 4.1 and illustrated in
Figure 4.3.



Table 4.1 Three broad approaches to virulence gene discovery.

Method Overview Developed Stage Target Advantages and limitations

Comparative
Genome-wide
association tests

Whole-genome sequences are
compared across a large collection of
isolates, statistical methods identify
those associated with pathogenic strains

Accessible
since 2010s

Discovery DNA Requires a large collection of genomes and
reliable metadata about infection type and
severity; can identify signals for genes of
unknown function

Whole-genome
sequencing and
functional annotation

Sequencing of pathogen genome and
bioinformatic inference of genes of
interest, pathogenicity islands, etc.

Accessible
since 2010s

Discovery DNA Does not require large genome collection, heavily
dependent on accuracy of existing databases for
comparison. Difficult to select “typical” strains

Differential
hybridization

Looks for presence/absence of target
genes in different strains

Early Discovery DNA

Phenotype testing Investigates phenotypic differences
between pathogenic and
non-pathogenic strains

Early Discovery Phenotype Accessible, can be labor intensive, requires a
strain collection with well-known pathogenicity
differences

Transposon-insertion
mutagenesis

Random transposon mutagenesis
followed by phenotypic tests on
individual mutants; sequencing or
random-prime PCR to identify location
of mutations of interest

Early Discovery DNA Robust but labor intensive

Signature-tagged
mutagenesis

Extension of transposon mutagenesis
where individual mutants carry unique
tag sequences; pools of mutants can be
tested, and the surviving bacteria
identified by hybridisation of tag
sequences

2000 Discovery DNA Limited throughput, cannot identify “common
good” virulence factors

Disruptive
Transposon-insertion
sequencing (TraDIS,
TnSeq, INSeq, HITS)

Saturation transposon mutagenesis and
selection followed by deep sequencing
to identify transposon insertion sites

2009 Discovery DNA High throughput; can be technically challenging
to achieve saturation mutagenesis in a new
organism; cannot identify “common good”
virulence factors



Genome-wide
CRISPR-Cas9 screens

Targeted depletion of all mRNAs of a
bacterium by supplying specific guide
sequences to direct Cas9 repression.
Remaining guides are sequenced to
identify survivors

2014 Discovery mRNA Can examine activities of essential genes,
technically challenging, requires a robust system
for expression of Cas9

Targeted gene
disruption

Deletion of a single gene and testing
phenotype of mutant

early Validation,
further char-
acterization

DNA,
phenotype

Gold standard for demonstrating gene product
activity

Complementation Re-introduction of the gene of interest
in mutant background

early Validation,
further char-
acterization

DNA,
phenotype

Controls for possible spurious effects of a
mutation; gold standard for confirming gene
product activity together with targeted
mutagenesis

Observational
Microarray cDNA from an organism is hybridized

to a matching array and quantified
2000s Discovery mRNA Less sensitive than RNA sequencing; requires

organism-specific array
RNA-seq Bacterial cDNA is sequenced directly

and quantified and compared between
conditions

2010s Discovery mRNA or
total RNA

Challenging for in vivo samples

Promoter fusion Promoter of a gene of interest is linked
to a reporter gene (lacZ, GFP), and
expression in relevant conditions is
measured

Early Further
characteriza-
tion

DNA Specific and scalable to many conditions, but low
throughput

In vivo expression
technology

Series of promoters are fused to a gene
that is required for survival in the host;
only host-active promoter constructs
will be maintained

2000s Discovery DNA Selects for promoters that are “on” throughout
entire infection process

Proteomics Large-scale profiling of proteins under
different conditions

1990s Discovery Protein Accounts for effects of protein stability,
post-transcriptional regulation on eventual
abundance. Incomplete coverage

cDNA, complementary DNA; CRISPR, clustered regularly interspaced short palindromic repeats; Cas, CRISPR-associated; mRNA, messenger RNA; PCR, polymerase chain
reaction
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Figure 4.3 High-throughput approaches for discovery of virulence-related genes in bacteria. Broad
approaches include observational, disruptive, and comparative studies (also outlined in Table 4.1), and the
most commonly used methods within these categories are outlined here. Gene-expression profiling allows
identification of genes that are expressed during infection and is typically done using RNA sequencing, or,
previously, microarray analysis. Either method involves comparison of whole bacterial transcriptomes
during infection with a control condition. Common high-throughput gene disruption approaches include
transposon mutagenesis screening and CRISPR interference (CRISPRi) screens, which are massively parallel
phenotypic experiments following systematic mutation (transposon mutagenesis) or repression (CRISPRi) of
every gene. This reveals genes that influence fitness in the host. Finally, genomic comparisons between, for
example, animal-associated and environmental strains of the same species can reveal genes involved in
adaptation to particular niches. Source: Figure created with Biorender.
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Comparative Methods

Comparisons between pathogenic and non-
pathogenic strains can be very powerful for
identifying virulence-associated genes in
bacteria. Two criteria must be met for these
approaches to be valuable. First, the bacterial
species in question must show some genetic
diversity, and second, there must be known – or
easily measured – differences in pathogenesis
between isolates in the population. Differences
in pathogenesis can be determined either
from the clinical data associated with a par-
ticular strain (isolate source, host type and
immune status, infection vs colonization),
or from model infection experiments (see
above). The majority of free-living bacteria
fulfill both these criteria, as new genetic mate-
rial is constantly acquired by horizontal gene
transfer or spontaneous mutation and tested
by subsequent rounds of natural selection.
Comparative approaches essentially track the
outcomes of the many natural experiments
that occur during bacterial evolution.

Phenotyping
Pathogenesis often depends on specific pheno-
types that can be easily measured in vitro, such
as production of extracellular enzymes, toxins
or capsules. Many bacterial phenotypes can be
measured cheaply and easily in the laboratory
through simple, agar plate-based experiments.
For example, production of hemolysins (a fam-
ily of toxins that contribute to pathogenicity
by lysing red blood cells and releasing their
nutrients) can be examined in vitro by looking
for a zone of clearance around a bacterial
colony grown on blood-supplemented agar.
Similar assays exist for many secreted enzymes
and toxins. Once a phenotype is identified,
the gene responsible can be defined either
by purifying and characterizing the factor
involved (for proteins), or through muta-
genesis approaches. Many classic virulence
factors of bacterial pathogens were identified
by comparative phenotyping of pathogenic
and non-pathogenic isolates. For example,
B. anthracis, which causes anthrax primarily

in herbivorous animals, requires capsule for
its pathogenicity, which can be detected by
various polysaccharide stains. A limitation
of in vitro comparative phenotyping is that
some features of pathogenesis are not easily
recapitulated outside of the host, so genes
contributing to these activities will be missed.

Comparative Genetics
Since about 2010 it has been possible to
sequence whole genomes relatively easily and
cheaply and perform large-scale comparisons
(see below). However, smaller-scale compar-
isons can still be very informative and were
the standard prior to the advent of affordable
genome sequencing. The earliest comparative
genetics studies used low-resolution profiling
methods, such as restriction fragment length
polymorphism analysis, to classify bacteria.
These approaches were particularly informa-
tive where large horizontally acquired genetic
elements, such as a phage or a plasmid, were
responsible for transforming a bacterium from
a commensal to a pathogen.

Differential hybridization approaches were
widely used for comparative genetic analyses
in the pre-genomic era. These experiments
determined gene presence/absence based on
binding to a specific probe or collection of
probes. The first experiments based on this
principle were Southern blots, using a single
probe against a single strain at a time, while
fluorescence in situ hybridization allowed
visualization of several probe binding events
simultaneously with the use of fluorescently
labeled probes carrying distinct fluorophores.
Differential hybridization was combined
with microarray technology in the 1990s to
allow comparative whole-genome hybridiza-
tion, which enabled researchers to define
the genetic differences between bacterial
strains of interest at a whole-genome level.
This method involved binding genomic DNA
from one strain of interest to a microarray
chip made of DNA probes from the other
strain of interest, thereby revealing genes
which were differentially present across small
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collections of bacterial strains. This method
could not provide information about any novel
genes that were not present in the reference
strain.

Comparative Genomics
Comparative genomics approaches are useful
for identifying the phylogenetic structure of
collections of bacteria, defining the processes
that are driving evolution (e.g. by identifying
horizontal gene transfer events), and identi-
fying genes of interest that may be linked to
particular phenotypes or clinical manifesta-
tions. Sequencing technology has undergone
many transformations in recent years. Most
genome sequencing studies at present use Illu-
mina sequencing technology, which generates
very accurate short-read sequencing data. A
practical limitation with these data is that,
because the DNA reads are short, it is not usu-
ally possible to define the structure of elements
such as plasmids or repetitive elements such
as ribosomal operons.

Whole-genome sequencing and annotation
is now commonly performed to investigate
new bacterial strains or species. This approach
is valuable because there is now a wealth
of sequence and functional data available
on many important bacterial virulence fac-
tors, allowing many interesting insights to be
gained from sequence similarity. While there
are numerous tools for detailed bioinformatic
analysis of whole-genome sequences, the most
useful when investigating pathogenicity are (i)
identification of mobile genetic elements (e.g.
phage, plasmids, and pathogenicity islands),
and (ii) inference of gene function by sequence
or structure similarity searches against charac-
terized genes. As well as single-gene functional
annotation, it is possible to identify genetic loci
encoding virulence factors that are the product
of multiple gene activities (e.g. capsules or
secretion systems) using search algorithms
that incorporate information on gene content
and organization as well as sequence identity.
Whole-genome sequencing and functional
annotation can predict the putative virulence

factors of a new strain or species of bacte-
rial pathogen very quickly, and the genome
sequence can serve as a foundation for many
types of further investigations (see below).
While generating a whole-genome sequence
is not technically challenging for an organism
that can be cultured, the value and reliability of
the functional annotation is highly dependent
on the availability and accuracy of existing
databases.

Genomic epidemiology studies aim to
answer questions on pathogen transmission
and evolution by comparing the complete
genome sequences of multiple (hundreds to
thousands) related bacterial isolates. These
isolates will usually represent a range of envi-
ronmental or animal-associated sources and
may have been sampled at many different
times. Although usually designed to answer
questions on the source and trajectory of
outbreaks, such studies can often indirectly
point to novel virulence factors where these
genes are present in a specific pathogenic
or host-associated lineage but absent from
others. Candidate virulence genes can be fur-
ther tested experimentally, or a genome-wide
association study can be done to test the rela-
tionship between the presence of a gene and a
particular phenotype or clinical manifestation
in more detail.

Genome-wide association studies (GWAS)
leverage large collections of whole-genome
sequences along with clinical or phenotypic
data to make statistical connections between
pathogenesis and specific genotypes in the
population. Such studies can identify genes
involved in pathogenesis based on the pres-
ence or absence of a whole gene or based on
sequence variation between shared genes.
While copy number variation is also a form
of genetic variation between bacterial isolates,
this is not addressed in GWAS due to the
difficulty of disambiguating the sequences
of different gene copies. Because the aim of
GWAS is to identify genetic features linked
to particular characteristics (e.g. the ability to
cause invasive infections) it is essential that
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the metadata describing these characteristics is
reliable and detailed enough for these connec-
tions to be made. In addition, the population
structure of a group of bacteria needs to be
accounted for in searching for links between
genotype and phenotype or clinical properties.
GWAS of bacterial pathogens of animals are
in their infancy but have already been used
to identify genes associated with mastitis in
Staphylococcus aureus and Klebsiella species
(Holt et al. 2015; Hoekstra et al. 2020). The
second study identified a lactate utilization
operon as a potential mastitis-associated
factor.

General limitations of comparative approa-
ches are that they require a very strong
association between single genes or viru-
lence factors and pathogenesis. While these
relationships are likely to be strong enough to
be detectable by comparative approaches in the
case of virulence genes (i.e. those that fulfill
the molecular Koch’s postulates), comparative
approaches may not be sensitive enough to
detect virulence-associated genes.

Global Observational Methods
Another approach to virulence factor dis-
covery is to define, in high resolution, the
events that occur during an infection. The
majority of these methods focus on profiling
gene expression and draw on the hypothesis
that genes that are specifically switched on, or
show highly increased expression, in the host
may be important to infection.

In vivo expression technology (IVET) is a
pre-genomic era screening method of identify-
ing genes that are expressed during infection.
In IVET screening, a reporter vector is used,
which contains a marker gene that can be
selected during infection; this can be either
a gene that is essential during infection, or
an antibiotic resistance marker. Random frag-
ments of genomic DNA from the pathogen of
interest are cloned upstream of the reporter
gene and the resulting library of plasmids
is introduced back into the bacterium. The
plasmids, each containing a different genomic

DNA–reporter gene construct, are checked to
see that there is no expression in vitro, then
used in an experimental animal infection.
Bacteria that survive the infection will carry
plasmids with promoter sequences that are
active during the infection. These can then be
identified by extraction and individual Sanger
sequencing of the surviving clones. IVET
was a valuable screening method to identify
infection-expressed genes and did not require
the complex sample preparation methods
that can compromise in vivo transcriptomics
experiments. However, IVET selects only for
promoters that are “on” throughout the infec-
tion process and also requires extensive genetic
manipulation of the pathogen of interest.

Microarray Expression Profiling
Microarray expression profiling was the first
global method used to detect transcribed RNAs
in eukaryotic or prokaryotic cells and monitor
changes in their expression. The word “mi-
croarray” refers to a two-dimensional array
of defined DNA oligonucleotides on a chip;
although these devices can be used for many
kinds of experiments, expression profiling is
the most common. In a microarray expres-
sion profiling experiment, total RNA from
the cells in a given condition of interest (e.g.
bacterial cells during infection) is extracted
and reverse-transcribed into complementary
DNA(cDNA). The cDNA is labeled with a
fluorophore, then passed over the microarray
chip, and binding measured at each specific
oligonucleotide location. To compare expres-
sion between two conditions (e.g. between
infection and an in vitro control), a dual-color
array can be performed where cDNA from
each condition is labeled with a different
fluorophore and their relative fluorescence
measured at each probe.

Microarray expression profiling was the
main global transcriptomics technique avail-
able to researchers before the invention of
RNA sequencing (RNA-seq), which has largely
superseded this method. Microarray profiling
uses a specific array for each bacterium of
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interest, which requires some prior knowledge
of the genome sequence and a large initial
investment in creating the array. Genes that
are not represented in the oligonucleotide
microarray cannot be detected, which limits
the information that can be gained regarding
variably present or highly divergent genes
within a species or regulatory RNA molecules.
In addition, the dynamic range of microar-
ray expression profiling is not as high as
whole-transcriptome sequencing and there
are limits to how many conditions can be
compared. Note that in some scenarios the
“you only find what you look for” nature of
a microarray experiment can be an advan-
tage; for example, when profiling bacterial
transcripts from within complex samples that
contain high amounts of non-target RNA (for
example host RNA).

RNA Sequencing
Originally developed for mammalian cells,
total RNA-seq to profile gene expression and
transcriptome architecture was first used in
bacteria in 2009 and rapidly gained popularity
(Croucher and Thomson 2010). RNA-seq is
now the method of choice for gene expression
profiling in bacteria. As in a microarray expres-
sion profiling experiment, RNA is extracted
and may be selectively depleted to remove
ribosomal RNA, which makes up over 95%
of total bacterial RNA. The sample is then
reverse-transcribed into cDNA, which is used
for short-read Illumina sequencing. The result-
ing sequence reads can be mapped specifically
onto a reference genome sequence of the bac-
terium of interest or can be quantified without
mapping onto a reference genome sequence.
Accordingly, RNA-seq can be applied to bac-
terial isolates without a sequenced genome,
or to complex biological samples containing
additional bacterial species, or host RNA.
In comparison with microarray expression
profiling, RNA-seq offers a much greater
dynamic range. In addition, it is more easily
scaled to include multiple conditions and
types of comparisons and is easier to apply to

new bacterial isolates and complex samples.
However, there are a number of technical
limitations of RNA-seq, including the fact that
it can be difficult to extract enough bacterial
RNA from an infection sample for robust
expression comparisons and that the signal
from the bacterium of interest can easily be
overwhelmed by host material. That said,
RNA-seq has become more sensitive in recent
years and it is now possible to simultaneously
sequence the transcriptome of a pathogen and
its host (dual RNA-seq) or transcripts from a
single cell (sc-RNA-seq), although the latter
technology has not been widely applied to
bacteria.

Limitations of transcriptomic experiments
are that they can easily be compromised by
sample-to-sample variability or by delays in
processing of samples, as gene expression is
highly dynamic in bacteria. For some appli-
cations (e.g. clinical samples), it may not be
feasible to process samples quickly enough
to prevent transcriptional changes, or to gen-
erate biological replicate samples. Because
microarray and RNA-seq expression profiling
examine changes in gene expression, virulence
factors that are uniformly expressed cannot be
detected by these methods and the choice of
reference condition is important. One key ben-
efit of transcriptomics is that it requires little
prior knowledge of the organism of interest and
no genetic manipulation. Transcriptomics can
therefore be particularly useful for the study of
bacteria that are difficult to culture, or which
lack genetic tools for their manipulation. For
example, in a recent study that used dual
RNA-seq to explore host-pathogen interac-
tions between the intracellular fish pathogen,
Piscirickettsia salmonis and its salmon host, the
researchers found a wide range of host-derived
metabolites were required by the bacterium
during infection (Valenzuela-Miranda and
Gallardo-Escárate 2018).

Proteomics
Profiling of expressed genes during infection
can also be performed at the protein level
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as well as the RNA level. Proteomic analysis
typically involves extracting a complete set of
proteins or a fraction (e.g. culture supernatant
can be analyzed to study secreted proteins),
from a bacterial culture or infection sample
and subjecting the mixture to purification fol-
lowed by identification of individual proteins
by mass spectrometry. Proteomic analysis is
valuable because messenger RNA levels often
only weakly correlate with protein levels and
because post-translational modifications of
proteins can be important for their activity.
Proteomic analysis also provides the opportu-
nity to identify expressed products in specific
locations (e.g. periplasm, extracellular). Dif-
ferential proteomics initially used fluorescent
or isotopic labeling to distinguish protein sets
from two different samples or growth condi-
tions, which were then compared to identify
the proteins with altered abundance. More
recently, label-free comparative proteomics
methods have been developed that offer less
complex workflows and a greater dynamic
range. Proteomics is technically challeng-
ing and usually only identifies a fraction of
the proteins present in a complex mixture;
however, the proportion of proteins identi-
fied is continually increasing and now often
exceeds 60%. Proteomics is usually used for
specific questions that cannot be addressed
by transcriptomics, rather than as a first-pass
screening method for putative virulence
factors.

Gene Disruption Approaches
for Virulence Factor Discovery

Transposon Mutagenesis Screening
Transposons or “jumping genes” are genetic
modules that can autonomously excise from
the genome and insert at another location. At
a minimum, transposons contain an enzyme
for their transposition (transposase) and two
flanking insertion sequences: short, inverted
repeats that are recognized by the enzyme and
mark the boundaries of the DNA segment to
be excised. If a transposon inserts into a coding

sequence, this gene will usually be inactivated.
In random transposon mutagenesis screening,
a transposon is introduced into a bacterial
strain of interest en masse, and the resulting
library of bacterial mutants, each contain-
ing a (generally single) transposon insertion
at a different random location within the
genome, is screened according to phenotypic
criteria. Mutants showing interesting pheno-
types (usually loss of function) can then be
identified by PCR using a transposon-specific
primer together with a random primer that
will anneal to the genomic DNA adjacent to
the transposon, followed by Sanger sequencing
of the PCR product to identify the location of
the transposon–genomic DNA boundary. This
approach is useful for identifying mutations
that are linked to virulence-associated pheno-
types that can be easily observed or tested in
vitro such as capsule production. Drawbacks
of transposon mutagenesis screening are that
it is labor intensive, as mutants must be tested
individually, and that transposon mutagenesis
tools are not available for all bacterial genera.
As with all mutagenesis approaches, transpo-
son mutant screens cannot identify activities
of genes that are either essential or which are
functionally redundant with other genes in the
bacterium.

Signature-Tagged Mutagenesis
STM is an extension of random transposon
mutagenesis where individual transposon
mutants are barcoded with unique sequences
and groups of mutants (50–100) are then
screened in an infection model or other selec-
tive condition (Mecsas 2002). Genes important
for infection are those where the specific
barcode sequence cannot be recovered in the
output pool of bacteria. Because STM was
invented before affordable high-throughput
sequencing was available, identification of
sequences depended on either hybridiza-
tion approaches or cloning of the barcoded
transposons into a plasmid vector prior
to sequencing. STM made broad mutant
screens in animals possible for the first time by
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dramatically reducing the number of animals
needed to test a given number of mutants.
For example, Bispham et al. used STM to
investigate Salmonella enterica serotype
Dublin infection of calves and discovered
a new secreted effector protein located on
pathogenicity island 2 that was required for
infection (Bispham et al. 2001). STM is still
used (sometimes referred to barcoded trans-
poson mutagenesis), with next-generation
sequencing to define the contents of input and
output pools (Cain et al. 2020).

Transposon-Insertion Sequencing
Transposon-insertion sequencing is a collec-
tive term for four related methods: Tn-Seq,
TraDIS, HITS, and InSeq. These methods,
all invented in 2009, combine large-scale
random transposon mutagenesis of a bac-
terium with specialized Illumina sequencing
of transposon-genomic DNA boundaries to
identify all of the mutants present before and
after selection (Cain et al. 2020). Although con-
ceptually similar to STM, transposon insertion
sequencing has a lower initial investment as
mutants do not need to be barcoded; it uses dif-
ferent analysis methods due to the high mutant
saturation (multiple independent mutations
per gene) of the libraries typically used. Genes
contributing to fitness in the condition of inter-
est will be those where the number of reads
mapping to transposon insertions within the
gene (and therefore the number of surviving
bacteria with mutations in that gene) decreases
following selection. Genes that decrease fitness
will show increased transposon reads follow-
ing selection. Transposon insertion sequencing
has made it possible to rapidly assess the contri-
bution of all non-essential genes in a bacterium
to survival in many different conditions (e.g.
during infection, antibiotic treatment, in vitro
stress, or specific nutrient conditions). Lim-
itations of transposon-insertion sequencing
are that the reliability of the data is highly
dependent on the quality of the mutant library.
Ideally, a mutant library will contain multiple
independent transposon insertions in each

non-essential gene, will show minimum bias
in the location of transposon insertions, and
will not be subject to population bottlenecks
(random loss of mutant diversity) during an
experiment. In practice, these things can be
difficult to achieve. In particular, population
bottlenecks can be difficult to avoid during
infection experiments. High-quality saturated
transposon mutant libraries typically con-
tain over 100 000 independent transposon
insertions, so contractions in overall popula-
tion size during an experiment (for example,
during translocation from the gut into the
tissues) will result in stochastic loss of many
transposon mutants from the library. Another
limitation inherent to transposon insertion
sequencing is that because selection is applied
to a diverse mutant pool this method cannot
be used to explore the roles of genes which
encode “common goods,” because loss of the
gene in one bacterium can be compensated
for by the rest of the population. Many impor-
tant virulence factors including siderophores,
extracellular enzymes, and secreted toxins are
common goods that contribute to pathogenesis
at the level of a bacterial population, rather
than an individual cell, so this is an important
limitation.

CRISPR-Cas Knockdown Screening
Clustered regularly interspaced short palin-
dromic repeats (CRISPR) and CRISPR-
associated (Cas) systems provide a form of
adaptive immunity to prokaryotes by degrad-
ing nucleic acids from invading viruses
or plasmids in a manner determined by
sequence identity to a previously acquired
guide sequence. In this way, prokaryotes can
acquire a memory of past infections that pro-
tects them from repeat exposure to invaders
carrying this sequence. CRISPR-Cas sys-
tems have been adapted very successfully as
genetic engineering tools for both prokaryotes
and eukaryotes. Like transposon-insertion
sequencing, CRISPR-Cas screening can be
used for high-throughput loss-of-function
studies in bacteria (Rousset and Bikard 2020).
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The genes to be targeted are defined by a col-
lection of synthetic guide sequences, usually
provided on a library of plasmids. The guide
library is then introduced into the bacterial
strain of interest, which has been modified to
encode the CRISPR interference machinery
under the control of an inducible promoter.
Expression of the CRISPR machinery (usually
an inactivated Cas9 enzyme, which binds to
DNA complementary to the guide sequence) is
then induced to specifically block expression
of the targeted gene in each cell. The bacterial
pool is then subject to a selection condition and
the surviving guides are sequenced. Bacterial
CRISPR-Cas9 screens are still in their infancy
but offer some important advantages over
transposon mutagenesis-based screens. First,
CRISPR-Cas9 screens block expression of tar-
get genes without mutation so the activities
of essential genes can be investigated as the
genes themselves are not disrupted. Second,
CRISPR-Cas screens allow precise control
over which genes are targeted, while trans-
poson screens do not. Researchers can target
all the coding sequences within a bacterium,
or a selection of genes of interest; the latter
scenario may be useful in conjunction with
infection models where a low starting dose
limits the use of transposon libraries. However,
CRISPR-Cas systems can be very challenging
to establish in new organisms because, as well
as the requirement for a species-specific guide
RNA library, the activity of the dCas9 enzyme
needs to be tightly controlled and tested to
avoid toxicity or species-specific artifacts. As
such, their utility is limited to genetically
tractable organisms.

Bringing It All Together:
Validation and Further
Characterization of Virulence
Factors

Following initial identification, using one or
more of the comparison-, observation-, or
disruption-based techniques described above,

the gold-standard method for confirming the
activity of a novel virulence factor is to con-
struct a clean deletion mutant of the gene
and examine the effect of this mutation on
pathogenesis. This is usually followed by
complementation, where the same gene is
introduced back into the deletion mutant and
researchers test for reversion of the pheno-
type. These experiments therefore directly
target Koch’s molecular postulates 2 and 3.
Validation experiments such as these are
vital because all of the genomics-based or
high-throughput screening methods outlined
above have inherent limitations and exper-
imental variability. Although it may seem
excessive, complementation is also crucial to
truly confirm the effect of a gene deletion,
as altered phenotypes can also be caused by
unrelated spontaneous mutations elsewhere
in the genome, or by polar effects of the gene
deletion on expression of surrounding genes.
Note that some of the most commonly used
complementation systems are high copy num-
ber plasmids, which can cause unexpected
phenotypes due to high expression of the gene
of interest. Other options such as low copy
number plasmids, tunable expression systems
or chromosomal complementation can be used
in these cases.

How much evidence do we need before
the role of a novel virulence factor in patho-
genesis becomes accepted? The molecular
Koch’s postulates are a very stringent test;
indeed, some opportunistic pathogens do not
contain any virulence factors that pass this
threshold. Usually, some epidemiological,
comparative, or observational evidence that
the gene is associated with pathogenesis,
followed by mutation and complementation
to confirm its activity in an infection model,
is considered sufficient evidence of a role in
disease. This situation is more complex for
pathogens that are not genetically tractable, or
which lack suitable infection models. In these
cases, combined evidence from comparative
and observational studies may be sufficient.
Even after its identification and validation, a
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novel virulence factor in a bacterial pathogen
cannot really be treated as such without some
understanding of how it contributes to disease.
This can be provided by further experimental
characterization, or in some cases by drawing
on existing knowledge of similar factors in
other pathogens.

Once a deletion mutant is generated
and a putative virulence factor confirmed,
researchers will usually conduct further
investigations to determine the mechanism
of the virulence gene. These can include
high-throughput studies such as those out-
lined above. For example, researchers may
draw on genomic data to examine the distribu-
tion of the virulence factor in different strains
of a pathogen species or perform RNA-seq
on the deletion mutant to determine how its
gene expression profile is changed. In vitro
virulence-related phenotypes will also usu-
ally be tested; these will vary depending on
the pathogen and the factor identified. At
this stage, detailed molecular and biochem-
ical methods can be used. The techniques
and approaches used to define the activity
of a novel virulence factor are too expan-
sive and varied to be listed here; however,
one very common component of a mecha-
nistic study into a new virulence factor is
to solve its molecular structure using x-ray
crystallography, cryoelectron microscopy, or
nuclear magnetic resonance spectroscopy.
Structure determination often reveals valu-
able information on the mechanism of
action, and the structure can guide further
functional studies or structure-based drug
design.

Two Stories of Virulence Factor
Discovery and Characterization:
Pasteurella multocida Capsule,
and Mycoplasma bovis Adhesins

As described above, the methods available to
study bacterial pathogenesis differ depending
on the bacterium and the host. Here, we cover

the contrasting stories of how two virulence
factors were identified and characterized in
two different bacterial pathogens. Note that
neither of these virulence factors fulfill the
criteria of the molecular Koch’s postulates.

Pasteurella multocida (Chapter 10) is a
Gram-negative bacterium that causes a variety
of diseases in livestock animals. Capsule is a
variable, surface-exposed polysaccharide viru-
lence factor of P. multocida that allows evasion
of innate immune system components such as
complement and phagocytic cells. P. multocida
is a genetically tractable, fast-growing organ-
ism. It has been recognized as a pathogen since
the late nineteenth century and the history of
the discovery and characterization of capsule
as a virulence factor reflects this (Harper et al.
2012; Wilson and Ho 2013). Capsule was first
identified in P. multocida in the 1950s based on
colony morphology and soon after purified and
shown to contain hyaluronic acid (Carter et al.
1953). Further characterization of capsules
from different P. multocida strains identified
different capsule types based on reaction with
immune animal sera, with the hyaluronic acid
capsules designated Type A. Although capsule
was hypothesized to be a virulence factor early
on based on studies of bacterial capsules in
other species, a role for P. multocida capsule
was not demonstrated until the 1980s when
spontaneous acapsular mutants were shown
to have reduced complement resistance and
increased uptake by macrophages (Snipes
and Hirsh 1986; Tsuji and Matsumoto 1989).
More conclusive evidence came from stud-
ies with defined capsule deletion mutants.
These mutants showed that the loss of cap-
sule resulted in a highly attenuated virulence
phenotype in chickens and mice that reverted
to wild type on complementation. In this
way, through a combination of comparative
phenotyping, immunological evidence from
serotyping, and in vitro and in vivo experi-
mentation with various capsular mutants and
complemented strains (in both model and
actual hosts), capsule was established as an
important virulence factor of P. multocida for
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at least some diseases. Since the identification
and confirmation of capsule as important
for pathogenesis, researchers have explored
the biosynthetic pathways, regulation, and
detailed chemical structures of various capsule
types, and genomic studies have been done
to survey the distribution of different capsule
types and have shown links between specific
capsule types with different host species and
diseases.

M. bovis is a pathogen of cows that can
cause arthritis, mastitis, and pneumonia
(Chapter 32). M. bovis is a fastidious, slow-
growing microbe for which very few genetic
tools are available. Its slow growth even limits
the scalability of whole-genome sequencing
studies of this pathogen. Accordingly, studies
of virulence factors of M. bovis have relied
largely on observational and comparative data,
as well as experiments using purified indi-
vidual factors in other organisms. In nature,
Mycoplasma are obligate parasites that require
close association with their hosts to acquire
nutrients and metabolites they cannot produce
themselves. Adhesins are an important medi-
ator of this process. Despite the lack of genetic
tools, several adhesins have been character-
ized in some detail. One such example is
methylenetetrahydrofolate-tRNA-(uracil-5-)-
methyltransferase (TrmFO). Several comple-
mentary strands of evidence indicate a role
for this protein in host cell interactions: (i)
Infected animals contain antibodies against
this protein: sera from M. bovis-infected cattle
react with recombinant TrmFO, while sera
from uninfected cattle do not; (ii) experiments
with an antibody raised against recombinant
TrmFO demonstrated that this protein is
present on the surface of all M. bovis isolates
examined and that the antibody promotes
killing of M. bovis by complement; (iii) puri-
fied TrmFO binds to bovine lung cells and
this binding is inhibited by anti-TrmFO
antibodies. Owing to the lack of genetic
tools for M. bovis, genetic confirmation of
the role of TrmFO was not initially possi-
ble; however, recently, large-scale random

transposon mutagenesis of M. bovis has
been performed for the first time and this
work showed through transposon-insertion
sequencing that TrmFO is required for adhe-
sion and confirmed the phenotype using the
single transposon mutant. Although a role
for TrmFO in virulence of M. bovis in an ani-
mal has not yet been shown, this example
shows that even in genetically intractable
pathogens it can still be possible to explore
the role of potential virulence factors in detail
and with robust, complementary experimental
approaches.

Gaps in Knowledge
and Anticipated Directions

There remains an urgent need to understand
the mechanisms of pathogenesis of bacteria
that infect animals, to develop better diagnostic
tools, vaccines, and drugs. There are many dif-
ferent methods available to model disease,
to collect detailed information from natural
infections, and to identify and characterize
bacterial virulence and virulence-associated
factors. Recent advances have changed how
researchers can approach these questions. In
particular, technological advances have made
whole-genome sequencing for surveillance
and epidemiological studies accessible and
have also facilitated new sequencing-based
high-throughput approaches to virulence fac-
tor discovery. At the same time, there have
been important advances in infection mod-
els for understanding pathogenesis, and we
predict that the use of invertebrate surro-
gate models, and advances in vitro systems
such as organoids, will continue to increase
for medium-scale virulence or antimicrobial
screening projects and for detailed char-
acterization of host-pathogen interactions,
respectively.

Although it is easier than ever to gen-
erate large amounts of data, interpreting
and building on the output from any of the
numerous large-scale “discovery” methods to
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build reliable new knowledge of pathogenesis
mechanisms is still a lengthy and demand-
ing process, and largely depends on classical
microbiological approaches. Validating a new
virulence factor still requires targeted molec-
ular genetics to confirm its activity and test
molecular Koch’s postulates. After this work
has been completed, additional research is usu-
ally required to determine how the activity of
a new virulence factor plays in different strain
backgrounds, animal hosts, and infection
sites. At every stage of the research process,
scientists must make choices on the approach

and specific experiments that comprise the
next step. By using good experiment design
and robust research practices throughout
and staying focused on the important bio-
logical questions, scientists can direct their
efforts and avoid non-productive experimental
avenues. We anticipate that the combination of
new technologies and methods with rigorous
classical microbiological approaches, such
as those set out in Koch’s postulates and the
molecular Koch’s postulates, will facilitate
many important advances in understanding of
animal pathogens in the coming years.
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Subversion of the Immune Response by Bacterial Pathogens
Douglas C. Hodgins, Raveendra R. Kulkarni, and Patricia E. Shewen

Introduction

The wide variety of bacterial pathogens that
successfully infect and continue to affect
humans and animals, despite the robust capa-
bilities of host immune systems, demonstrates
that these pathogens can evade, block, defeat,
inactivate, overcome, or otherwise subvert
immune defenses. With recent advances in
experimental methods and analysis, under-
standing of the complexities of the immune
system has progressed relentlessly. Insights
into the molecular details of gene regulation,
post-transcriptional modifications, cellular
signaling pathways, apoptosis, autophagy,
and other cellular processes are accumulat-
ing rapidly. Investigations into mechanisms
used by bacterial pathogens to subvert these
processes lag somewhat behind, but it is clear
that bacterial pathogens can counteract host
defenses at the same high, or perhaps higher,
level of sophistication. Indeed, some bacterial
effectors are versatile in that they can target
multiple points of host susceptibility.

While the initial evidence for subversion of
immune defenses may originate from com-
putational analysis of extensive databases,
confirmatory evidence comes from in vitro
studies using established cell lines and model
systems. However, in vitro studies have their
own limitations in ascertaining whether pro-
posed mechanisms actually enhance bacterial
replication, persistence, or transmission in

vivo in target host species. Some bacteria have
multiple, overlapping mechanisms that must
be deployed, in sequence, at critical time points
to be advantageous to the pathogen.

The material summarized in this chapter
is presented in the context of existing evi-
dence, with the recognition that future work
may show that some of the mechanisms do
not have clinical relevance. Although the
subject of this book is bacterial pathogens
of animals, some pathogens of humans have
been included to illustrate certain precise
mechanisms of subversion that have been well
studied in the context of human medicine.
Animal pathogens doubtless use some of these
mechanisms, but this awaits confirmation.

Immune Defenses

Immune defenses have conventionally been
classified as innate or adaptive. Innate defenses
consist of cells and secreted substances that
are not specific for particular pathogens. Clas-
sically, innate responses have been considered
to lack memory. It was thought that second
exposure of innate cells to a pathogen would
lead to responses similar in magnitude to
those following primary exposure. It is now
evident that primary infection with some
pathogens will sensitize innate cells such that
secondary responses, to the same pathogen
(or indeed an unrelated pathogen), will be of
larger magnitude. This characteristic of innate
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defenses has been termed “trained immunity”
(Netea et al. 2020).

Innate defenses include epithelial barriers
to prevent bacterial penetration, clearance of
mucous and trapped bacteria from the trachea
by the action of ciliated epithelial cells, antimi-
crobial peptides, complement components,
natural killer cells, and phagocytic cells such
as neutrophils, macrophages and dendritic
cells. Adaptive defenses include immune
responses that are clonally defined, including
antibodies generated by antigen-specific B
lymphocytes, and T lymphocytes specific for
fragments of bacterial components. Adaptive
responses require time to develop but typi-
cally are associated with immune memory;
re-exposure to the same pathogen leads to
responses of greater magnitude, with accel-
erated kinetics. Bacteria of different species,
serotypes, and strains have diverse mecha-
nisms to subvert innate and adaptive immune
systems at multiple points of defense and may
intervene at multiple points simultaneously.

Subversion of Innate Responses

Evasion of Antimicrobial Peptides

Antimicrobial peptides comprise a large family
of peptides with bactericidal activity against
Gram-positive and/or Gram-negative organ-
isms (Guerra et al. 2017). They are produced
by neutrophils and macrophages, by epithelial
cells of the skin, respiratory, genitourinary,
and gastrointestinal tracts. Beta-defensins are
expressed by epithelial cells of the trachea
following binding of lipopolysaccharides (LPS)
to Toll-like receptor 4 (TLR4), with signaling
via a nuclear factor kappa B (NF-𝜅B) path-
way. In vitro and in vivo studies indicate that
an unidentified virulence factor of Borde-
tella bronchiseptica, delivered by a type-III
secretion system (T3SS) can sequester NF-𝜅B
in the cytoplasm of tracheal epithelial cells,
reducing expression of 𝛽-defensins (Ryan
et al. 2018). Staphylococcus aureus expresses

staphylokinase, which binds 𝛼-defensins to
form inactive complexes. In addition, multiple
peptide resistance factor (MpdF) and DltB
block binding of cationic antimicrobial pep-
tides to S. aureus by generating a net positive
charge on bacterial surfaces (Guerra et al.
2017).

Impairment of Tracheal Clearance

The lower respiratory tract is exposed con-
tinuously to microorganisms in inspired air.
Some of these organisms become trapped
in the mucous layer covering the epithelial
cells of the larger airways and are transported
upstream by the movement of cilia on the
epithelial cells (mucociliary escalator). Bor-
detella pertussis secretes tracheal cytotoxin
(TCT), which induces production of nitric
oxide within tracheal epithelial cells, impair-
ing their ability to clear mucus. TCT alone or
in combination with LPS induces disruption of
tight junctions and necrosis of epithelial cells
(Kessie et al. 2021).

Adhesion and Penetration of Epithelial
Barriers

Epithelial barriers constitute the first line
of defense, and most species of pathogenic
bacteria have mechanisms to breach these
barriers. These mechanisms include adhesins
binding host-cell receptors or host-cell extra-
cellular matrix (e.g. Staphylococci), long
polar fimbriae to enhance bacterial uptake
by M cells of intestinal Peyer’s patches (e.g.
Salmonella enterica serovar Typhimurium,
Gonzales et al. 2017), T3SS that inject bacterial
proteins into host cells to act as receptors
(e.g. enteropathogenic Escherichia coli, EPEC).
These mechanisms are described in detail
in other chapters and are not discussed fur-
ther here.

Studies of pathogen-epithelial cell interac-
tion have revealed syndecan-1 (Sdc1), a major
cell-surface heparan sulfate proteoglycan of
epithelial cells, as a target for microbial adhe-
sion (Aquino et al. 2018). Sdc1 knockout mice
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are significantly less susceptible to several
bacterial infections compared with wild-type
mice, suggesting that Sdc1 is important for
bacterial adhesion and cell entry. Pathogens
that target Sdc1 include Klebsiella pneumo-
niae, Listeria monocytogenes, and S. aureus
(Hayashida et al. 2015; García et al. 2016).

Evasion of Complement-Mediated
Opsonization, Chemotaxis, Killing,
and Adjuvant Effects

The complement system consists of three over-
lapping enzyme pathways that contribute to
innate immunity by enhancing phagocytosis
of foreign material, generating proinflamma-
tory molecules (anaphylatoxins), and killing
pathogens by formation of membrane pores.
The complement system also contributes
to development of adaptive immunity (Car-
roll and Isenman 2012) by enhancing B cell
activation and facilitating memory antibody
responses.

The classical, alternative and lectin com-
plement pathways differ in their activation
mechanisms but are identical in their termi-
nal components. All three pathways generate
C3-convertase complexes bound to bacterial
surfaces. These complexes cleave comple-
ment protein C3 to generate C3b fragments.
Surface-bound C3b, in association with the
C3-convertase, mediates cleavage of C5 to C5b,
initiating assembly of a membrane-spanning
pore (C5b-C6-C7-C8-C9, the membrane attack
complex, MAC). Insertion of sufficient of these
pores in membranes may lead to death of the
pathogen. Delves et al. (2017) can be consulted
for mechanistic details.

Evasion of Complement – Physical Barriers
Bulky LPS and capsular polysaccharides create
a barrier between surface-bound C3b and
bacterial membranes, which are the targets
for MACs. Thus, Gram-negative bacteria of
smooth colony type (LPS with long O-chains)
are more resistant to complement-mediated
lysis than bacteria of rough colony type (LPS

with incomplete O-chains). Bacteria with thick
polysaccharide capsules are more resistant
than non-encapsulated strains to complement
attack. In general, Gram-positive bacteria are
resistant to lysis by MAC because of their thick
peptidoglycan layers (Krukonis and Thomson
2020).

Subversion of the Classical Pathway
C1q, the first component in the classical com-
plement pathway, binds directly to bacterial
cell wall components, such as lipoteichoic acid
of Gram-positive bacteria, or to C-reactive pro-
tein bound to bacterial phosphocholine, or to
immune complexes containing immunoglobu-
lins (Ig) M or G. Protein A of S. aureus, binds
the Fc region of IgG, preventing binding by
C1q and blocking complement activation by
the classical pathway.

C1 esterase inhibitor (C1inh), a host reg-
ulatory protein, inhibits the serine protease
activity of C1r and C1s (classical pathway)
and mannan-binding lectin serine protease
1 (MASP-1) and MASP-2 (lectin pathway),
inhibiting formation of C3-convertases. B. per-
tussis, a respiratory pathogen of humans,
expresses virulence-associated gene 8 (Vag8),
which binds host C1inh to the bacterial sur-
face, leading to resistance to serum-mediated
killing. B. bronchiseptica, a respiratory pathogen
of dogs and pigs, expresses a similar Vag8
protein (99% amino acid identity), but it
is uncertain whether it binds C1inh of the
relevant host species (Marr et al. 2011).

C4b-binding protein (C4BP) is a host regu-
latory protein that degrades C4b preventing
activation of the classical and lectin pathways.
Fibrinogen-binding proteins Fib2 and Fib3 of
Streptococcus agalactiae bind C4BP in vitro,
suggesting a role in degradation of C4b in vivo
(Margarit et al. 2009).

Subversion of the Alternative Pathway
Sialic acids are common components of
glycoconjugates on eukaryotic cells. Host
complement regulatory factor H binds sialic
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acids and inactivates C3 convertase com-
plexes to protect host cells. Some bacteria
incorporate sialic acid into their capsules
or LPS; others capture sialic acid released
from host cells. S. aureus expresses SdrE and
Borrelia burgdorferi expresses multiple com-
plement regulator-acquiring surface proteins
(CRASPs) which bind host factor H, limiting
C3 convertase activity (Kraiczy and Stevenson
2013). S. aureus also produces staphyloki-
nase, which activates host plasminogen to
degrade C3b and IgG, and staphylococcal
complement inhibitor (SCIN), which inac-
tivates the C3-convertase of the alternative
pathway.

Byproducts of the complement cascades
contribute to immune function. C3a, C4a,
and C5a, small fragments generated by the
cleavage of C3, C4, and C5, respectively, have
proinflammatory effects. These anaphylatox-
ins are chemotactic for phagocytic cells and
increase local vascular permeability facilitat-
ing delivery of soluble immune mediators.
Chemotaxis inhibitory protein of S. aureus
(CHIPS) binds the C5a receptor (C5aR) on
neutrophils, reducing the inflammatory effects
of C5a. S. pyogenes, produces a C5a peptidase
which degrades C5a (Guerra et al. 2017).

Inhibition of Effects of Complement
on Adaptive Immunity
All three complement pathways gener-
ate reactive C3b which binds covalently
to nearby microbial surfaces or antigens.
Host proteins cleave C3b yielding frag-
ment C3d, still covalently bound to its
target. C3d acts as a molecular adjuvant,
binding complement receptor 2 (CR2) on
antigen-specific B cells and follicular den-
dritic cells, enhancing primary and memory
antibody responses. S. aureus secretes extra-
cellular fibrinogen-binding protein (Efb) and
Staphylococcal binder of immunoglobulin
(Sbi), which bind C3d with high affinity,
blocking interaction with CR2 and suppress-
ing antibody responses (Carroll and Isenman
2012).

Evasion of Phagocytosis

Microorganisms that penetrate into tissues are
internalized by tissue-resident macrophages,
infiltrating blood monocytes and neutrophils.
Various pattern-recognition receptors (PRRs;
e.g. TLRs, macrophage mannose receptors,
scavenger receptors, and fMet-Leu-Phe,
fMLP, receptors) on the phagocytes iden-
tify pathogen-associated molecular patterns
(PAMPs) of bacteria, leading to activation
of signaling pathways and proinflammatory
responses. Engulfed bacteria are enclosed
within a phagosome vacuole, which then fuses
with the lysosome to form a phagolysosome.
As the pH inside this fused vacuole decreases,
toxic reactive substances such as nitric oxide,
superoxide anion, and hydrogen peroxide are
released in an “oxidative burst” or “respiratory
burst,” and, with the assistance of antimi-
crobial peptides, non-pathogenic bacteria are
killed. Pathogenic bacteria subvert this process
in various ways (Figure 5.1; Table 5.1). B. bron-
chiseptica expresses an adenylate cyclase (AC)
toxin-hemolysin (Cya), which catalyzes pro-
duction of cyclic adenosine monophosphate
(cAMP) by phagocytic cells, inhibiting bacteri-
cidal oxidative burst responses (Hibrand-Saint
Oyant et al. 2005). Bacillus anthracis produces
protective antigen, edema toxin, and lethal
toxin, which work in concert to block expres-
sion of proinflammatory cytokines, impede
motility of neutrophils, inhibit the oxida-
tive burst in neutrophils and block apoptosis
(Ehling-Schultz et al. 2019). Streptococcus equi
expresses an interleukin (IL)-8 peptidase Spy-
CEP, which reduces the influx of neutrophils
to sites of infection (Turner et al. 2009).

Cytotoxic Effects Against Phagocytes
Actinobacillus pleuropneumoniae, Moraxella
bovis, uropathogenic E. coli and Mannheimia
haemolytica secrete toxins of the repeats in
the structural toxin (RTX) family. RTX toxins
bind CD18 in leukocyte membranes, inducing
pore formation and lysis of macrophages,
neutrophils, and lymphocytes (Farias et al.
2015; Ristow and Welch 2019). Killing of
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Figure 5.1 Microbial interference with phagocytosis and antigen processing. Broken arrows show pathway
for microbial destruction. Numbers in boxes correspond to points vulnerable to microbial interference, as in
Table 5.1. C′ , complement; CR3/4, complement receptors; FcR, immunoglobulin Fc receptor; TLR, Toll-like
receptor.

Table 5.1 Examples of bacterial subversion of uptake and killing.

Mechanism (see Figure 5.1) Examplesa

Reduce chemotaxis of neutrophils Bordetella (1)
Impair cell migration Bacillus anthracis, Streptococci, Yersinia pestis (1)
Interfere with cell signaling Helicobacter pylori, Salmonella, Y. pestis (2)
Reduce expression of proinflammatory cytokines B. anthracis, Escherichia coli, Salmonella (1,2)
Evade uptake Pasteurella multocida, Streptococcus suis, Y. pestis (3)
Biofilm formation Staphylococcus epidermidis, Pseudomonas aeruginosa (3)
Interfere with receptor mediated uptake,
including opsonization

Histophilus somni, Staphylococci, Streptococci (2)

Escape from phagosome into cytosol, then
penetrate cell to cell

Listeria monocytogenes, Rickettsia (3)

Inhibit formation of phagolysosome Brucella, Chlamydia, Legionella, mycobacteria (4)
Inhibit oxidative processes and microbial killing Bordetella, H. somni, Mycoplasma bovis, mycobacteria,

Staphylococcus aureus (5)
Lyse phagocytic cells E. coli, H. somni, Mannheimia haemolytica, S. aureus (6)
Persist intracellularly Chlamydia, mycobacteria (7)

a) Numbers refer to boxes in Figure 5.1.

phagocytes limits phagocytosis; release of
inflammatory mediators by dying neutrophils
may, however, have greater importance in
disease pathogenesis.

Formation of Biofilms
Select bacterial species, including S. aureus and
Pseudomonas aeruginosa, form biofilms con-
sisting of structured communities of bacteria
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sheltered within extracellular matrices of
extracellular DNA, polysaccharides and pro-
teins. Bacteria within biofilms evade immune
defenses by secretion of pore-forming leuko-
cidins and hemolysins, by limiting TLR2-
and TLR9-mediated signaling of macrophages
thereby reducing expression of proinflam-
matory IL-1𝛽, and by limiting attachment of
complement C3b, thus inhibiting phagocytosis
(Schilcher and Horswill 2020).

Phagosomal Escape and Inhibition
of Phagolysosomal Fusion
Numerous species of obligate or facultative
intracellular pathogens escape from phago-
somes into cytoplasm. Rickettsia use hemolysin
C and phospholipase D to induce breakdown
of phagosomal membranes. Following bac-
terial proliferation, actin polymerization is
induced, forcing bacteria through host-cell
membranes into adjoining cells, forming
membrane vacuoles in the process (Sahni et al.
2019). L. monocytogenes uses pore-forming lis-
teriolysin to escape phagosomes, and spreads
from cell to cell in a similar fashion (Dowd
et al. 2021).

Research over the past five decades has doc-
umented mechanisms used by Mycobacterium
tuberculosis to survive within macrophages.
Secretion of protein tyrosine phosphatase
(PtpA) and secreted acid phosphatase (SecM)
blocks phagosomal acidification and fusion
with lysosomes. For years, there was a near
consensus that mycobacteria persist indef-
initely in modified phagosomes without
escaping into the cytosol. It is now evident
that mycobacteria can escape via the ESAT-6
secretion system-1 (ESX-1), type VII secretion
system. Escape of mycobacteria into the cytosol
triggers DNA sensing pathways, however, lead-
ing to expression of interferon (INF)-𝛽 (Tiwari
et al. 2019). Further research using in vivo
models is needed to clarify mechanisms regu-
lating the phagosome-cytosol translocation.

Chlamydiae are obligate intracellular bac-
teria that induce phagosomal modifications
to persist and multiply within phagosomes.

Chlamydiae in the infectious elementary body
stage infect mucosal cells and differentiate into
the replicating reticulate body stage within
the phagosome. The phagosome is expanded
and modified by the bacteria to form the
inclusion vacuole, incorporating membrane
resources of the endoplasmic reticulum and
Golgi apparatus. As the bacteria replicate, the
inclusion is expanded accordingly. Types 2SS
and 3SS are used to deliver effectors to the
lumen of the inclusion and to the inclusion
membrane, respectively. Host cell transport
pathways and nutrients are co-opted to support
chlamydial replication. Chlamydiae can down-
regulate expression of tumor necrosis factor
(TNF) receptor-associated factor-3 (TRAF3)
and inducible nitric oxide synthase (iNOS)
and sequester NF-𝜅B to limit proinflammatory
responses (Triboulet and Subtil 2019).

Intracellular Persistence in Activated
Macrophages
M. tuberculosis survives within macrophage
phagosomes by blocking acidification of the
phagosomes. However, classically activated
(M1) macrophages recover the ability to acidify
phagosomes in response to IFN-γ produced by
pathogen-specific T lymphocytes. M. tubercu-
losis in response can express a serine protease,
Rv3671c, which restores and maintains a
neutral intrabacterial pH (Biswas et al. 2010).

Classically activated M1 macrophages can
generate superoxide radicals, nitric oxide
and peroxynitrite with the potential to kill
phagocytosed M. tuberculosis. To maintain
redox homeostasis M. tuberculosis uses low
molecular weight thiols. In addition, secreted
iron-dependent superoxide dismutase A
(SODA) and outer-membrane-associated
copper-dependent superoxide dismutase C
(SODC) act as superoxide radical scavengers
to limit oxidative stress. Alkyl-hydroperoxide
reductase-C (AhpC) acts to reduce peroxyni-
trite (Piacenza et al. 2019).

Subversion of Innate Immune Receptors
TLRs are a class of PRR that recognizes micro-
bial products and signal through adapters
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myeloid differentiation primary response
88 (MyD88) and toll-IL-1 receptor-domain-
containing adapter-inducing IFN-𝛽 (TRIF), to
elicit NF-𝜅B-dependent and mitogen-activated
protein kinase (MAPK)-dependent tran-
scription of proinflammatory cytokines.
TRIF mediates a signaling cascade involv-
ing receptor-interacting protein kinase 1
(RIPK1). Yersinia species effector protein YopJ
facilitates acetylation of NF-𝜅B pathway medi-
ators, preventing phosphorylation of RIPK1 at
multiple sites, leading to reduced expression of
proinflammatory cytokines, and induction of
cell death (Philip et al. 2016).

Successful bacterial pathogens evade innate
responses mediated by TLR and nucleotide-
binding oligomerization domain (NOD) recep-
tor signaling. Alteration of PAMP surfaces
such as lipid A, flagella, and peptidoglycan has
been studied extensively (Iwasaki and Medzhi-
tov 2015). Some Gram-negative pathogens,
including Salmonella (Fernández et al. 2018),
and Yersinia (Rosadini et al. 2015), can alter
their lipid A acyl chains to evade recognition
by TLR4. Leptospira LPS O-antigens and asso-
ciated lipoproteins resist TLR4-mediated
internalization by mouse macrophages.
TRIF-dependent nitric oxide responses and
chemokine (C-C motif) ligand 5 (CCL5)
expression are suppressed, contributing to
chronic leptospiral infections with persistent
bacterial shedding (Bonhomme et al. 2020).

Some intracellular bacterial pathogens
prevent processing of peptidoglycan-derived
muropeptides and their detection by NOD1
and NOD2 cytosolic receptors (Ratet et al.
2017). Some bacterial pathogens interfere
with signaling molecules upstream of NF-𝜅B
nuclear translocation such as transform-
ing growth factor-𝛽-activated kinase 1 (TAK1),
and immunoreceptor tyrosine-based inhibitory
motif (ITIM) molecules to hinder inflamma-
tory responses. Yersinia pestis effector LcrV
specifically targets the TLR2/6 pathway to
divert a protective inflammatory response
toward IL-10 production. The Y. pestis effec-
tor YopJ blocks MAPK and TAK1 molecular

signaling (Paquette et al. 2012), whereas
Salmonella AvrA mediates intracellular sur-
vival by inhibiting MAPK4 and MAPK7 (Wu
et al. 2012). Similarly, Helicobacter pylori
and S. aureus produce effector proteins that
can bind the ITIM-bearing inhibitory recep-
tor paired Ig-like receptor B (PIR-B) to reduce
TLR-induced inflammatory cytokine release by
macrophages and suppress immune responses
(Wang et al. 2014).

Interference with Induction
of Proinflammatory Responses
Bacterial infections trigger intracellular
signaling via MAPK cascades and NF-𝜅B
translocation into the nucleus, leading to
increased transcription of proinflamma-
tory cytokines, including IL-1𝛽, IL-6, TNF𝛼
and IFN𝛾 . Effector proteins from bacterial
pathogens can block MAPK kinase signaling
and NF-𝜅B activation. The IpaH T3SS effector
proteins of Shigella function as E3 ligases
and cycle-inhibiting factor, a T3SS effector
of pathogenic E. coli, modulates or blocks
degradation of I𝜅B𝛼 to arrest host responses
(Rohde et al. 2007; Ashida and Sasakawa
2015). Similarly, OspF, a T3SS effector of
Shigella, or Salmonella homologs of OspF,
specifically dephosphorylate MAPKs (Mattock
and Blocker 2017), reducing the influx of
acute inflammatory cells into infected tissues
(Haneda et al. 2012; Hou et al. 2018).

Subversion of Adaptive
Immunity

The adaptive immune system offers many
opportunities to bacteria for subversion.
Because adaptive immune responses are
antigen-specific, bacteria can evade immune
effectors by changing the antigens that are
expressed. Immune responses that are depen-
dent on antigen processing can be inhibited by
killing or modulating antigen-presenting cells.
Bacterial toxins can interfere with activation of
lymphocytes to prevent clonal expansion.
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Figure 5.2 Microbial interference with metabolism, replication, gene regulation. Numbers in boxes
correspond to points vulnerable to microbial interference, as in Table 5.2. BCR, B cell antigen receptor; C′ ,
complement C3d; CR2, complement receptor 2; MHCI/II, major histocompatibility complexes; TCR, T cell
antigen receptor; TLRs, Toll-like receptors.

Alternatively, polyclonal stimulation of
lymphocytes can inhibit pathogen-specific
responses by consuming limited resources
of energy and nutrients on irrelevant activi-
ties. Modulation by bacteria of the cytokines
produced by immune cells can steer immune
responses away from pathways with bacte-
ricidal potential. Bacterial manipulation of
host-regulated cell-death mechanisms, induc-
tion of epigenetic changes, and dysregulation
of protein synthesis enhance pathogen survival
and proliferation (Figure 5.2; Table 5.2).

Antigenic Variation

Phase variation encompasses genetic mech-
anisms that allow pathogens to evade host
immune responses by rapidly modifying
exposed antigens. Phase variation also facili-
tates phenotypic changes in successive stages
of infection, and transmission between host
species. As an example, Campylobacter jejuni
uses slipped strand mispairing to manipulate
the structure and function of its lipooligosac-
charide, capsule and flagella. It is predicted

that over 18 genes may be subject to phase
variation in C. jejuni (Cayrou et al. 2021).

Mycoplasmas have the smallest size and
smallest genomes (600–2200 kb) of free-living
cells. Despite their limited genetic capacity,
Mycoplasma species display a diversity of
surface antigens. Mycoplasma hyopneumo-
niae generates a spectrum of adhesins by
post-translational endoproteolytic cleavage
of a limited number of protein precursors.
Proteolysis in the cytoplasm or on the bacte-
rial surface results in antigenically different
adhesins with a variety of target specificities
(Machado et al. 2020).

Lymphocyte Suppression

Members of the pore-forming RTX family of
bacterial toxins can kill lymphocytes bearing
𝛽 integrin chains, thus reducing the number
of lymphocytes available to generate adap-
tive immune responses (Ristow and Welch
2019). The leukotoxin of Ma. haemolytica
can also impact immune responses at sub-
lytic concentrations, however, by inducing



�

� �

�

Subversion of Adaptive Immunity 87

Table 5.2 Examples of bacterial subversion of cellular responses.

Target Mechanism (see Figure 5.2) Examplesa

Antigen presentation Change surface antigens Mycoplasmas
Decrease expression of MHCII
on antigen-presenting cells

Brucella abortus, mycobacteria (1)

Inhibit lymphocyte metabolism
and replication

Inhibit binding of fixed C3d to
CR2 on B cells

Staphylococcus aureus (1)

Dysregulate cAMP (RTX toxins) Bordetella, some Escherichia coli, (2)
Inhibit cell cycle (cyclomodulins) E. coli and others (3) (see Table 5.4)
Inhibit replication (LT and ET) Bacillus anthracis (3)

DNA transcription Epigenetic modification by
nucleomodulins

B. anthracis, Burkholderia,
Chlamydia psittaci, Coxiella burnetii,
E. coli, Listeria, mycobacteria,
Pseudomonas, Salmonella (3)

RNA translation Manipulation of mRNA and
translation by short and long
noncoding RNAs

Mycobacteria, Pseudomonas,
Salmonella Typhimurium (4)

Trigger non-antigen-specific
polyclonal proliferation
(inflammatory)

Bind non-specifically to MHCII
and TCR on T cells

S. aureus, Streptococci (1)

Trigger apoptosis of lymphocytes
and APCs (non-inflammatory)

Release sublytic levels of RTX
toxins

Bordetella, some E. coli,
Pasteurellaceae (6)

Bind Fab on B cells (Protein A) S. aureus (1)
Trigger cell death or lysis of APCs
and lymphocytes (inflammatory)

Secrete cytolytic RTX toxins Bordetella, some E. coli,
Pasteurellaceae (6)

Induce pyroptosis B. anthracis (LT), C. botulinum
(C3 toxin), S. Typhimurium
(flagellin) (6)

Persist and proliferate in infected
APCs and lymphocytes

Inhibit autophagy, necrophagy or
xenophagy

Coxiella, Legionella, Listeria,
Salmonella (5)

Downregulate proinflammatory
response and prevent apoptosis

Ehrlichia (5)

Evade humoral immunity Produce immunoglobulin
proteases

Mannheimia haemolytica

Produce immunoglobulin
binding proteins

S. aureus (protein A),

Streptococci (protein G)

a) Numbers refer to boxes in Figure 5.2.
APC, antigen-presenting cell; cAMP, cyclic adenosine monophosphate; CR2, complement receptor 2; ET, edema
toxin; LT, lethal toxin; MHC, major histocompatibility complex; mRNA, messenger RNA; RTX, repeats in the
structural toxin; TCR, T-cell receptor.

apoptosis of bovine lymphocytes by means
of a caspase-9 dependent pathway (Atapattu
and Czuprynski 2005). Similarly, Ba. anthracis
toxins lethal toxin and edema toxin inhibit
T cell responses to chemokines, suppress
T-cell receptor (TCR) signaling via CD3,
and block MAPK pathway signaling. B-cell

proliferation and immunoglobulin secre-
tion are also restricted (Paccani and Baldari
2011).

Bacterial pathogens can also dampen T-cell
responses by downregulating major histo-
compatibility complex (MHC) II antigen
presenting molecules. M. tuberculosis evades
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CD4+ T-cell responses by downregulating
MHC-II expression by infected macrophages
(Srivastava et al. 2016). Brucella abortus can
block the expression of MHC-II molecules via
IL-6-dependent inhibition of class II MHC
transactivator (CIITA), preventing its recog-
nition by T cells, thus establishing a chronic
infection (Velásquez et al. 2017).

Immune checkpoint inhibitors, including
cytotoxic T-lymphocyte-associated pro-
tein 4 (CTLA-4), programmed death-1,
lymphocyte-activation gene 3 (LAG-3), and T
cell Ig- and mucin-domain-containing protein
(TIM-3) are also well exploited by pathogens
such as S. aureus to limit host antigen-specific
immune responses (Wang et al. 2012).

Bacterial pathogens can evade antibody
responses by production of proteases capable
of cleaving immunoglobulins. Ma. haemolyt-
ica expresses two IgA proteases facilitating
mucosal colonization (Ayalew et al. 2019).

Superantigens

T cell superantigens are protein toxins that
bind MHC-II molecules and select TCR V𝛽
chains simultaneously. In the process, a consid-
erable proportion of all T cells are stimulated to
proliferate; stimulation of innumerable clones
of T cells irrelevant to an infection may serve
to impede antigen-specific responses required
to control the pathogen. The stimulated T
cells also secrete proinflammatory cytokines,
including IL-1, IL-2, IFN𝛾 , and TNF𝛼, which
can result in a “cytokine storm,” with hypoten-
sion, shock and death. S. aureus, St. equi and
Streptococcus zooepidemicus express multiple T
cell superantigens (Paillot et al. 2010; Krakauer
2019).

B cell superantigens have also been identi-
fied (Silverman and Goodyear 2006). Protein A
expressed by S. aureus, in addition to binding
Fc regions of immunoglobulins, binds frame-
work regions of the Fab region of B cell recep-
tors encoded using select VH gene segments. B
cell activation is followed by apoptosis of B cell
subsets with loss of their antigenic specificities.

Subversion Via Cyclic AMP

Cyclic AMP (3′,5′-cyclic adenosine monophos-
phate) functions as an intracellular “second
messenger” in eukaryotic cells. Unregulated
production of cAMP within host cells, expe-
dited by bacterial AC enzymes, dysregulates
multiple host-cell activities. Bordetella secrete
multifunctional CyaA by a type-1 secretion
system. This member of the RTX toxin family
has a pore-forming domain associated with an
AC enzyme domain. The pore-forming domain
binds complement receptor 3 (CD11b/CD18)
on dendritic cells, macrophages, and neu-
trophils, and facilitates the translocation of the
AC domain through the host cell membrane.
Unconstrained generation of intracellular
cAMP inhibits complement-mediated phago-
cytosis, Fc-mediated phagocytosis, generation
of reactive oxygen species and nitric oxide,
and potentially leads eventually to induction
of apoptosis. In vitro evidence suggests that
cAMP-intoxicated dendritic cells promote the
expansion of the regulatory T-cell population
(Hibrand-Saint Oyant et al. 2005; Fedele et al.
2017).

Manipulation of Cell Fate

Eukaryotic cells dying following physical
trauma undergo necrosis (non-regulated cell
death) with release of damage-associated
molecular patterns (DAMPs) and induction
of inflammation. In contrast, in regulated cell
death (RCD), a series of orchestrated, tightly
regulated molecular interactions occur which
can (in best-case scenarios) control replication
of microbial pathogens, limit inflammatory
responses and restore tissue homeostasis.

Apoptosis, Necroptosis, Pyroptosis

Apoptosis is a form of RCD in which DNA dam-
age or endoplasmic reticulum stress (intrinsic
pathway) or ligation of plasma membrane
death-receptor family members (extrinsic
pathway) leads eventually to activation of
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the “executioners” caspase-3 and caspase-7
with fragmentation of DNA and disinte-
gration of the cell into non-inflammatory,
membrane-delimited apoptotic bodies (Robin-
son and Aw 2016; Snyder and Oberst 2021).

Necroptosis is a form of RCD in which liga-
tion of plasma membrane receptors, including
TLR3, TLR4 and TNF receptors (TNFR), or per-
turbation of intracellular homeostasis, leads to
formation of a necrosome containing RIPKs.
RIPKs activate the executioner mixed-lineage
kinase domain-like pseudokinase (MLKL),
which forms pores in the cell membrane,
resulting in cell lysis, release of DAMPs and
induction of inflammation (Snyder and Oberst
2021).

Pyroptosis is a form of RCD in which any of
a number of distinct inflammasome complexes
activated by cytosolic bacterial components,
toxins, DAMPs, or crystalline substances, acti-
vate caspase-1 (canonical inflammasomes)
or caspase-4/-5 (humans, noncanonical path-
way) or caspase-11 (rodents, noncanonical
pathway). Cleavage of gasdermin D by these
caspases results in oligomerization and pore
formation in the plasma membrane, resulting
in cell lysis and release of DAMPs. In addition,
caspase-1 cleaves pro-IL-1𝛽 and pro-IL-18
to generate mature, active proinflammatory
IL-1𝛽 and IL-18 (Jorgensen et al. 2017; Snyder
and Oberst 2021).

Although apoptosis, necroptosis, and pyrop-
tosis are considered to operate by distinct
pathways, recent evidence suggests that there
is considerable cross-regulation among these
pathways. In addition, many pathogens pro-
duce multiple virulence factors which interact
with more than one RCD pathway (Robinson
and Aw 2016; Snyder and Oberst 2021). As
the number of characterized RCD pathways
increases and more bacterial virulence factors
are identified, the more difficult it becomes to
pinpoint the exact role (or roles) of any specific
factor in vivo. See Robinson and Aw (2016)
for an extensive list of bacterial pathogens and
their factors that block apoptosis via intrinsic
and/or extrinsic apoptotic pathways.

Examples of bacteria that block necroptosis
are not as common. EPEC can express NleB,
which inhibits signaling through TNFR1,
and enterohemorrhagic E. coli can express
EspL, a cysteine protease that cleaves RIPKs,
enzymes that are key components of necro-
somes (Demarco et al. 2020).

Bacterial toxins, such as lethal factor (LF)
of Ba. anthracis, and C3 toxin of Clostridium
botulinum are potent inducers of pyroptosis,
but it is unclear whether this activity pro-
vides any net advantage to these pathogens
to enhance survival in their hosts. Flagellin
protein of Salmonella Typhimurium, which is
expressed during the early intestinal phase of
infection, activates inflammasome responses
in enterocytes, promoting pyroptosis of host
cells. After the bacteria have replicated locally
and begun to cause intracellular systemic
infection, flagellin is no longer expressed,
and the inflammasome complex is no longer
activated, facilitating intracellular replication.
OspC3 expressed by Shigella flexneri binds to
caspase-4, inhibiting activation of the non-
canonical pathway of pyroptosis (Demarco
et al. 2020).

Autophagy and Xenophagy

Autophagy is a tightly regulated physiological
process of eukaryotic cells for degrading and
recycling cellular components to maintain
homeostasis. Autophagy is suppressed by
mechanistic target of rapamycin (mTOR)
but activated under stress conditions of
nutrient or energy depletion, or hypoxia.
When this process degrades intracellular
microbes it is classified as xenophagy. Cellular
components and foreign material that are des-
ignated for degradation are circumscribed by a
double-membrane autophagosome structure;
acidification and fusion with lysosomes cre-
ates the autophagolysosome with degradation
of the contents and resorption of nutrients.
Diverse species of bacteria have virulence
factors that enable them to block completion
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of the xenophagic process or to co-opt it to pro-
vide an intracellular haven and a (potential)
source of nutrition (Huang and Brumell 2014).

While many pathogens have mechanisms to
evade host autophagic defense mechanisms,
a mechanistic insight is available only for a
few. Intracellular Shigella secrete effector IcsB,
which blocks access of host autophagy protein
Atg5 to bacterial protein that would otherwise
trigger autophagy (Ogawa et al. 2005). In con-
trast, L. monocytogenes uses its internalin K
protein to bind host-cell major vault protein
(MVP) to form a cloak to avoid interaction with
mediators of autophagy (Dortet et al. 2011).

Legionella and Coxiella are intracellular
pathogens that survive, persist, and replicate
within macrophages, using contrasting mech-
anisms. Both deliver multiple virulence factors
via T4SS to subvert xenophagic mechanisms.
Legionella express RavZ and Lpg1137 pro-
teases, which act on distinct protein targets to
limit assembly of the autophagosome. LpSpl,
produced by Legionella pneumophila, disrupts
sphingolipid metabolism of the host cell, thus
impairing biogenesis of the autophagosome.
The discovery of additional Legionella fac-
tors that individually may actually enhance
xenophagy, suggests that the mechanisms
involved are more subtle than anticipated
(Thomas et al. 2020).

In contrast to Legionella, Coxiella conscripts
elements of the autophagy apparatus to assem-
ble a modified, acidified, membrane-delimited
Coxiella-containing vacuole (CCV), incorpo-
rating at least some lysosomal components.
Formation and expansion of the CCV is
dependent on host autophagy proteins. An
abundance of bacterial effector proteins have
supporting roles in the expansion and fusion
of CCVs, but the rate of characterization of
these effectors is lagging behind the rate of
discovery.

Complement-Mediated Xenophagy

The majority of studies of bacterial resis-
tance to xenophagy have been carried out

in macrophage lineage cells. Sorbara et al.
(2018) have reported that intestinal epithelial
cells can kill cytoinvasive L. monocytogenes by
xenophagy. Complement protein C3, secreted
locally in the intestines in response to bacterial
infection, on activation, binds covalently to
bacteria in the lumen. Bacteria opsonized with
C3b invade epithelial cells, but interaction of
bacteria-bound C3b fragments with autophagy
protein ATG16L1, leads to bacterial death.
Cyto-invasive Sh. flexneri and S. Typhimurium
evade xenophagy by degrading C3 by means of
outer-membrane proteases (omptins).

Notch Signaling

Notch signaling mediates cell-to-cell com-
munication, cell proliferation, coordina-
tion, metabolism and differentiation during
embryogenesis and throughout adult life. In
mammals, four distinct Notch receptors and at
least five Notch ligands have been identified.
Within the immune system, Notch signaling
has a role in regulation of gene expression
in B and T lymphocytes, dendritic cells and
macrophages. In particular, Notch signaling
contributes to polarization of functional phe-
notypes of B and T lymphocytes, dendritic cells
and macrophages (Keewan and Naser 2020;
Vanderbeck and Maillard 2021).

The first decades of Notch research sought
to delineate signaling pathways and their
regulatory effects on cell differentiation and
homeostasis in non-infectious disease states.
Recent studies have begun to describe changes
in Notch signaling in cells of the immune
system in response to bacterial pathogens, and
to document bacterial manipulation of Notch
signaling to the advantage of the pathogens.

In general terms, binding of bacterial PAMPs
to host cell membrane TLRs leads to signaling
via the NF-𝜅B pathway and expression of
proinflammatory cytokines. Ligation of TLRs
also increases expression of Notch receptors
in the cell membrane, which reinforces and
sustains proinflammatory responses (Castro
et al. 2021). Ehrlichia chaffeensis, an obligate
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intracellular bacterium, expresses an effector
protein tandem-repeat protein 120, which
interacts with both Notch and Wnt pathways
to downregulate expression of TLR2 and TLR4
(limiting proinflammatory responses) and
blocking apoptosis, to enhance and prolong
intracellular survival of the bacterium (Lina
et al. 2016).

Non-Coding RNA
and Host-Pathogen Interactions

MicroRNAs (miRNA) of eukaryotes are short
(18–25 nucleotides) non-coding sequences of
RNA, that provide post-transcriptional regu-
lation of specific mRNAs and their encoded
proteins. Small non-coding RNAs (sRNA) of
prokaryotes (50–200 nucleotides) have similar
functions but are generated by a different path-
way. The distinction based on size is arbitrary
and this may have biased study designs and
interpretations in the past (Diallo and Provost
2020). In most cases, interaction of miRNA or
sRNA with mRNA will lead to degradation of
the mRNA.

A specific miRNA (or sRNA) can modu-
late expression of multiple genes and can
in turn be targeted by multiple miRNAs (or
sRNA). Thus, as the number of characterized
miRNAs and sRNAs increases, difficulties in
interpreting data also increase. In recent years,
the development of high-throughput RNA
sequencing techniques has permitted analysis
of regulation of miRNA in infected primary
cell cultures and in established cell lines of
host cells, and of associations with phenotypes
of the infected cells. Yang and Ge (2018) have
reviewed the extensive literature describing
miRNA expression in dendritic cells, CD4 T
cells and macrophages infected with M. tuber-
culosis. Complex combinations of upregulation
and downregulation of multiple miRNAs have
been noted, which differ among the cell types.
Potential associations of specific miRNAs with
suppression of proinflammatory signaling
involving NF-𝜅B, suppression of expression

of IFN𝛾 , reduction in lysosomal enzymatic
activity, and suppression of apoptosis have
been reported. Because M. tuberculosis persists
in modified phagosomes in macrophages for
extended periods of time, replicating slowly, it
will be necessary to monitor the ebb and flow
of miRNAs over a comparable period to eval-
uate the true net effect on immune responses.
MicroRNA responses which appear to favor
survival of M. tuberculosis in the short term
may lead to control of the pathogen in the long
term (or vice versa).

A major problem in evaluating subversive
effects of bacteria on host miRNA expression
is the difficulty in separating host immune
responses to PAMPs from the effects of
bacterial virulence factors which actively
manipulate host molecular pathways and
enhance bacterial survival and proliferation in
the process.

Diallo and Provost (2020) have highlighted
the potential of bacterial small RNA (sRNA)
to act as virulence factors. It is proposed that
sRNA from bacterial pathogens can be deliv-
ered to host cells via T3SS, T4SS, or T6SS, via
secretion by intracellular bacteria, or alterna-
tively, packaged in outer-membrane vesicles
(OMV). Koeppen et al. (2016) have demon-
strated that sRNAs of P. aeruginosa can be
preferentially packaged into OMV, which pro-
vide protection from degradation by RNAses,
and a means of delivery to the membrane of
host cells. An sRNA (predicted computation-
ally to target mRNA coding for MAPKs), was
delivered in OMV to cultured human epithe-
lial cells; secretion of the proinflammatory
chemokine IL-8 was suppressed.

Malabirade et al. (2018) have investigated
sRNAs expressed by S. Typhimurium cul-
tured under conditions chosen to mimic host
environments in the intestine, and inside
macrophages. RNA sequencing was used
to characterize RNA that had been incor-
porated into OMV. RNA profiles differed
depending on the culture conditions. Ribo-
somal RNA, mRNA and non-coding RNA
were incorporated into OMV, including some
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full-length transcripts. Incorporation into
OMV was associated with protection from
degradation by RNAses. Further investigations
may clarify a role for these RNA components
in host-pathogen interactions.

Immune regulation mediated by long
non-coding (lnc) RNAs (≥ 200 nucleotides)
during bacterial infections is currently an area
of intense investigation. Nevertheless, in a
recent review, Schmerer and Schulte (2021)
concluded that “research on lncRNAs in bac-
terial infection is still at its infancy”. LncRNAs
can modulate gene expression up or down
by interactions with gene-promoter regions;
some also modulate immune responses by
binding cytoplasmic miRNA. Exposure of
macrophages and epithelial cells to bacte-
rial PAMPs enhances expression of multiple
lncRNAs, increasing expression of proinflam-
matory cytokines, interferons and facilitating
autophagy (Schmerer and Schulte 2021). The
thousands of lncRNA identified in mam-
malian genomes add yet another dimension to
the complexity of pathogen-host interactions.

Epigenetic and Genetic
Modulation

Nucleomodulins

The ability of certain pathogens to manip-
ulate host cellular epigenetic mechanisms
plays a major role in evasion of host immune
responses. Nucleomodulins (NM) are viru-
lence factors that induce epigenetic changes
in host DNA. Expression of NM has been
documented for a wide variety of bacte-
ria, including Chlamydia psittaci, Coxiella
burnetii, E. coli, Le. pneumophila, L. monocy-
togenes, M. tuberculosis, S. Typhimurium, Sh.
flexneri, and Y. pestis. Individual pathogens
can express multiple NM, selectively manipu-
lating expression of multiple genes by diverse
mechanisms (Bierne and Poupre 2020). For
example, effector molecules such as suppressor
of variegation, enhancer of zeste and tritho-
rax (SET) domain proteins BaSET and BtSET

produced by Ba. anthracis or Burkholderia
thailandensis can directly modulate epigenetic
histone marks leading to either inhibition of
NF-𝜅B or increased transcription of ribosomal
RNA genes through methylation of histone
H3K4 (Rolando et al. 2015). Similarly, reg-
ulation of histone acetylation in host cells
by L. monocytogenes and P. aeruginosa facil-
itates their attachment, entry, and survival
within infected cells by altering the expres-
sion and activity of histone acetyltransferases
and deacetylases to suppress transcription
of cytokine and chemokine genes, including
TNF, IL-1𝛽 and MCP-1 (Niller and Minarovits
2016; Bandyopadhaya et al. 2016). Sirt1, a
member of the sirtuin family, is also the tar-
get of epigenetic modulation (Cardoso et al.
2015). Whereas S. Typhimurium targets Sirt1
complexed with mTOR signaling regulators to
evade autophagy-mediated lysosomal degra-
dation (Ganesan et al. 2017), M. tuberculosis
downregulates Sirt1 transcription in infected
macrophages, promoting intracellular survival
and persistent inflammatory responses to the
pathogen’s advantage (Cheng et al. 2017).

Delivery of NM to host cells may occur by
direct secretion into extracellular fluid, or via
effectors loaded into OMV, or by T3SS or T4SS.
Lipid rafts or host cell receptors may facilitate
uptake of NM in some cases. Intracellular
bacteria can release NM directly into the cyto-
plasm of the host cell. Entry of some NM to the
nucleus is mediated by nuclear localization
sequences, but additional mechanisms may be
involved as well (Le et al. 2021).

Gene expression in eukaryotic cells can be
regulated by transcription factors, by DNA
methylation, and by post-transcriptional mod-
ification of DNA-associated histone proteins.
Some bacterial NM act by inhibiting host
chromatin modifying complexes, whereas
other NM function by recruiting these com-
plexes. Bacterial NM have been identified
that function directly as DNA methyltrans-
ferases, histone acetyltransferases, or as
histone methyltransferases. NM-mediated
epigenetic changes can reduce production
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of reactive oxygen intermediates and nitric
oxide, influence expression of cytokines and
either induce apoptosis or block it (Bierne
and Poupre 2020). Extended future studies are
needed to clarify the kinetics of expression of
NM, how multiple NM are coordinated, and to
evaluate the relative importance of epigenetic
manipulation of host cells, in vivo.

The signaling pathways that are most critical
for pathogen recognition and orchestration
of immune responses are often mediated by
MAPKs or NF-𝜅B molecules (Arthur and Ley
2013). Bacterial NMs can target these immune
effector molecules to dampen responses. E. coli
effector proteins such as NleD or nucleo-
modulin OrfX secreted by L. monocytogenes
influence host transcription leading to the
cleavage and/or inactivation of MAPKs and

molecules upstream of NF-𝜅B signaling path-
ways (Zhan et al. 2018). Select pathogens and
their NM are listed in Table 5.3.

Cyclomodulins

Bacterial effector molecules, which modify
eukaryotic cell cycle machinery to enhance
their multiplication and survival, are classi-
fied as cyclomodulins. Diverse cyclomodulins
induce single- and double-strand breaks in
DNA, leading to cell cycle arrest, apoptosis,
cell senescence and mutations, or cell trans-
formation, all of which eventually perturb
cytoskeleton assembly and apoptosis control
to ensure pathogen survival.

It has been suggested that CIF and cytotoxic
necrotizing factor 1, produced by some strains

Table 5.3 Selected pathogenic bacteria and their nucleomodulins.a

Bacterium Nucleomodulin Mechanism

Coxiella burnetii AnkG Inhibition of apoptosis
Escherichia coli NleC Degradation of host acetyltransferase
Listeria monocytogenes OrfX Suppression of macrophage oxidative responses
Mycobacterium tuberculosis Rv3423.1 Histone acetyltransferase
Mycoplasma hyorhinis Mhy1, Mhy2, Mhy3 DNA methyltransferases

a) See Bierne and Poupre (2020) for a more exhaustive list.
Source: Based on Bierne and Pourpre (2020).

Table 5.4 Selected pathogenic bacteria and their cyclomodulins.a

Bacterium Cyclomodulin Mechanism

Escherichia coli (EHEC
and EPEC)

Cycle-inhibiting factor T3SS delivery, arrest at G1/S and G2/M
transitions

E. coli, Salmonella Typhi Cytolethal distending
toxin

DNase activity, generating single and double
strand breaks in DNA

E. coli, Klebsiella Colibactin Double strand breaks in DNA
Bordetella Adenylate cyclase toxin T1SS delivery, induce G1/S arrest, apoptosis,

necrosis of phagocytes
Staphylococcus aureus phenol soluble modulin

peptides
induce G2/M arrest, immune suppression

a) See El-Aouar Filho et al. (2017) for a comprehensive review.
EHEC, enterohemorrhagic E. coli; EPEC, enteropathogenic E. coli; T1SS, type-I secretion system; T3SS, type-III
secretion system.
Source: Based on El-Aouar Filho et al. (2017).
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of pathogenic E. coli by retarding replication
and renewal of intestinal epithelial cells, pro-
long bacterial adherence in the intestinal tract.
Cell-cycle arrest of phagocytic cells, induced
by engulfed bacteria, may lead to apoptosis and
release and dissemination of the bacteria. Cycle
arrest may also delay or prevent differentiation
or proliferation of responding lymphocytes,
contributing to immune suppression (Taieb
et al. 2016; El-Aouar Filho et al. 2017). Select
pathogens and their cyclomodulins are listed
in Table 5.4.

Gaps in Knowledge
and Anticipated Directions

As stated at the outset, the mechanisms
by which pathogens evade or subvert host
defenses are myriad and diverse. The ability
of the host to control infection and prevent

disease occurrence can be compromised at
many levels encompassing both innate and
acquired immune defenses. Many species of
bacteria use multiple strategies of subversion,
and indeed some individual bacterial effector
proteins consist of a series of domains, each
with an independent means of subversion.
Combined, these mechanisms provide advan-
tages with respect to bacterial multiplication,
persistence, and transmission. They also pro-
vide clues for development of strategies with
potential to counter bacterial virulence and
in doing so assist the host. Thus, continued
elucidation of the ways in which bacteria
circumvent host immunity at multiple levels
of pathogen-specific immune responses has
the potential to reveal effective targets for
vaccination or pharmaceutical interventions,
some of which may have broad applicability
across families of organisms that use similar
subversive tactics.
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Chinks in the Armor
Pathogenesis-Based Strategies to Combat Bacterial Infections
Allison C. Leonard, Celine Stoica, and Georgina Cox

Introduction

The misuse and overuse of antimicrobials
has promoted the evolution and spread of
antimicrobial resistance (AMR), which threat-
ens our ability to effectively treat infections
(Van Boeckel et al. 2015; Brannon and Had-
jifrangiskou 2016). The AMR crisis is one of
the most significant threats to human health
today (World Health Organization 2015;
Council of Canadian Academies 2019) and
a contributing factor has been the extensive
use of antimicrobials in the animal industry.
Indeed, antimicrobials have been used for
more than 70 years as growth promoters to
improve the feed-to-weight ratio (Van Boeckel
et al. 2015; Stoica and Cox 2021). In terms of
mass consumption, antimicrobial use in food
animal production far exceeds that in human
consumption (Van Boeckel et al. 2015). If these
trends continue, consumption is projected
to increase 67% by 2030 (Van Boeckel et al.
2015). Although antimicrobial stewardship
practices are increasing and regulations are
being introduced to monitor antimicrobial
consumption in humans, the same mea-
sures have been more limited in the animal
industry (Van Boeckel et al. 2015). Numerous
countries are taking steps toward changing
their animal husbandry practices, including
restricting the use of antimicrobials that are
important for human medicine (Stoica and
Cox 2021).

Although AMR transmission rates have
decreased with the introduction of the above-
mentioned restrictions, banning the use of
antimicrobials in the agricultural sector is not
a viable option and it is imperative that novel
One Health-centered approaches are investi-
gated to take action in controlling and treating
infectious diseases in livestock as well as in
humans (Stoica and Cox 2021). Traditional
antimicrobial chemotherapeutic approaches
work by either inhibiting growth or killing
the bacteria, but this inadvertently enables
resistant isolates to proliferate (Rasko and
Sperandio 2010; Allen et al. 2014). An alterna-
tive approach to development of antimicrobial
agents, which could circumvent the resis-
tance limitations associated with traditional
antibiotics, is targeting the microbial virulence
factors that determine pathogenicity.

Virulence Factors:
Pathogenesis-Based Targets
to Combat Bacterial Pathogens

Bacterial pathogens harness an impressive
array of virulence factors to colonize, infect,
and ultimately damage the host (Allen et al.
2014; Dickey et al. 2017; Stoica and Cox 2021).
Virulence factors enable processes such as
adhesion, biofilm formation, motility, toxin
secretion, immune evasion, colonization, and
bacterial cell–cell communication (i.e. quorum
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sensing, QS) (Figure 6.1; Chapter 1; Rasko and
Sperandio 2010; Theuretzbacher and Piddock
2019). Antivirulence strategies are designed
to target and neutralize these mechanisms,
ultimately inhibiting pathogenicity (Allen
et al. 2014; Stoica and Cox 2021). Since these
approaches are focused on disarming the
pathogen, rather than killing or inhibiting
growth, it is assumed they will be less suscep-
tible to the development of resistance (Rasko
and Sperandio 2010; Allen et al. 2014; Theuret-
zbacher and Piddock 2019; Stoica and Cox
2021). Although resistance to antivirulence
agents has been described (Allen et al. 2014), it
is unlikely such mechanisms will disseminate
in the environment due to the reduced selec-
tive pressure of these approaches (Stoica and
Cox 2021). Importantly, antivirulence agents
are often pathogen-specific precision thera-
peutics lacking the broad-spectrum activity
associated with numerous antibiotics (Spauld-
ing et al. 2018). The relatively wide range of
anti-tuberculosis agents targeted to specific
mycobacterial targets illustrates this point
well. As such, an additional advantage is that
they would be less likely to disrupt the micro-
biota (Stoica and Cox 2021). Furthermore,
the cost of developing antibacterial agents
will be far lower for narrow-spectrum agents
targeted to important animal and human dis-
eases than the development of broad-spectrum
agents. In this chapter, we highlight attractive
pathogenesis-based targets for the develop-
ment of next-generation agents to combat
bacterial infections, which could diminish
the severity of the AMR crisis. Because of
space limitations, in some instances reviews
are referenced in place of primary research
articles.

Targeting Bacterial Host Cell Adhesion
and Biofilm Formation

Bacterial adhesion to host cells and tissues is
often a critical and early component of colo-
nization and infection. By adhering, bacteria
resist physical clearance by host cleansing

mechanisms (Leonard et al. 2019). In some
instances, adhesion also facilitates toxin secre-
tion, cell invasion and nutrient acquisition
(Leonard et al. 2019). Furthermore, many bac-
terial pathogens subsequently form biofilms,
which can further enhance virulence (Stoica
and Cox 2021).

Bacteria initially interact via weak and
transient interactions, which are strength-
ened by specific and high-affinity interactions
between bacterial adhesins and host ligands
(Mühlen and Dersch 2016; Leonard et al.
2019). Pathogenic bacteria use an impressive
arsenal of surface appendages to facilitate this
process, including long hair-like organelles
such as pili/fimbria, non-polymeric proteina-
ceous adhesins, glycopolymers and complex
multimeric proteinaceous assemblies (Mühlen
and Dersch 2016; Leonard et al. 2019). Target-
ing these host–pathogen interactions through
the development of anti-adhesive strategies
could reduce colonization and infection rates
(Leonard et al. 2019). There are numerous
potentially efficacious approaches, including
interference with adhesin or host receptor
biosynthesis/surface presentation and phys-
ically blocking the interaction of adhesins
with host receptors (Figure 6.2a; Brannon and
Hadjifrangiskou 2016; Leonard et al. 2019).

Bacterial adhesins often have a strong
affinity for specific host receptors, which
contributes to host tissue tropism; this is one
reason that some bacteria have a narrow host
range (Pickering et al. 2019). An example is
the opportunistic canine pathogen Staphylo-
coccus pseudintermedius, one of the leading
causes of skin infections in dogs (Chapter 25),
which possesses the canine-specific fibrinogen
adhesin SdsL (Pickering et al. 2019). As such,
anti-adhesives could potentially be developed
for each clinical scenario and the desired host
(Spaulding et al. 2018).

Staphylococcus aureus is a major human
and animal pathogen (Chapter 25; Sakwinska
et al. 2011). Strains of S. aureus produce up to
25 cell wall-anchored (CWA) surface proteins
(Leonard et al. 2019), involved in host cell



Figure 6.1 Common bacterial virulence factors. Bacteria harness an array of virulence factors to colonize and infect the host. Surface-associated adhesive
proteins, flagella and pili are often required for host cell adhesion, colonization and biofilm formation. Pili and flagella also enable bacterial motility. Quorum
sensing (QS) and two-component systems are often involved in the regulation of virulence factor gene expression. Surface-associated proteins can also promote
host cell invasion and immune evasion, as well as the acquisition of essential nutrients (e.g. iron) from the host environment. Specialized secretion systems
transfer virulence factors into the external environment and/or into host cells. Secretion systems can also facilitate the transfer and uptake of antimicrobial
resistance-associated genetic material. Efflux pumps extrude antibiotics, host-derived toxic molecules and virulence factors (e.g. siderophores), which
contributes to bacterial survival in the host. Certain virulence factors, such as lipopolysaccharides (LPS), are strong stimulators of the host’s immune response.
See also Figures 1.2 and 4.1.
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(a) (b) (c)

(d) (e) (f)

Figure 6.2 Overview of proposed pathogenesis-based strategies to combat bacterial infections.
(a) Anti-adhesives reduce bacterial host surface attachment and colonization. Inhibitors can target the host
receptor–adhesin interaction or inhibit receptor/adhesin biosynthesis. (b) Biofilm inhibitors degrade
extracellular polymeric substances (EPS) to prevent/disrupt biofilm formation. Biofilm inhibitors could
increase bacterial susceptibility to antibiotics and enhance clearance by the host’s immune system.
(c) Quorum sensing (QS) and two-component systems (TCS) regulate numerous virulence-associated genes.
QS inhibitors (top), also known as quorum quenchers, neutralize/degrade autoinducers or competitively
bind to QS receptors, both of which prevent QS signaling, thus decreasing virulence gene expression. TCS
inhibitors (bottom) target the sensory domain of the histidine kinase or prevent activation of the response
regulator. (d) Antimotility agents (e.g. flagella or pili inhibitors) inhibit bacterial swimming and/or
swarming, often attenuating virulence. These inhibitors can also impact flagella- or pili-mediated adhesion.
(e) Targeting toxin-mediated damage involves neutralizing the toxin directly (e.g. antibodies or peptides)
(left) or inhibiting the toxin’s secretion system (right). Inhibiting secretion systems could also prevent the
secretion of numerous virulence factors (e.g. adhesins, proteases, lipases, curli fibers, and other
virulence-associated factors) and the transfer of antimicrobial resistance-associated genetic material.
(f) Phage therapy (left) uses engineered phage DNA to integrate into virulence genes, reducing expression.
In addition, phage-encoded virulence gene repressors, phage-derived molecules, QS modulators or
virulence factor/toxin neutralizers, could also attenuate virulence. Efflux pump inhibitors (right) could
reduce the extrusion of virulence factors (e.g. siderophores), antibiotics and inhibitory host-derived
molecules (e.g. bile salts), thereby reducing efflux-associated virulence, increasing antibiotic susceptibility
and decreasing survival in the host environment.

adhesion, biofilm formation, immune evasion,
inflammation, iron acquisition and host cell
invasion (Foster et al. 2014). The housekeeping
transpeptidase, sortase A (SrtA), covalently
anchors the majority of these CWA proteins
to the peptidoglycan (Mazmanian et al. 2000).
Importantly, SrtA deletion does not impact
bacterial growth and mutants exhibit signif-
icantly reduced virulence (Mazmanian et al.
2000). As a result, SrtA has been the target
of numerous drug discovery efforts, result-
ing in the identification of inhibitors with in
vivo efficacy (Leonard et al. 2019). The most

promising examples are 3,6-disubstituted tri-
azolothiadiazoles that inhibit SrtA activity
without exhibiting anti-S. aureus activity or
host cell cytotoxicity (Leonard et al. 2019).

Although the repertoire of CWA proteins
can vary between strains, several are highly
conserved. Targeting the production and
surface presentation of these adhesins (e.g.
through SrtA inhibition), or blocking spe-
cific adhesin-host ligand interactions, could
form the premise of novel anti-staphylococcal
therapies. For example, adhesion to the host
ligand fibronectin, which is mediated by the
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CWA fibronectin-binding proteins (FnBPs)
A and B, facilitates S. aureus host-cell inva-
sion (Petrie et al. 2020). Through the invasion
and internalization of host cells, S. aureus
becomes sheltered from the inhibitory effects
of antibiotics and the host’s immune response,
promoting chronic and persistent infections
(Shkreta et al. 2004; Petrie et al. 2020).
Anti-adhesives targeting fibronectin adhe-
sion could reduce the occurrence of host cell
invasion and the instances of chronic infec-
tions (Petrie et al. 2020). Another promising
target is clumping factor B (ClfB), the major
keratin/loricrin adhesin involved in skin and
nasal colonization (Leonard et al. 2019). Since
ClfB is important for persistent colonization,
inhibitors targeting the ClfB-loricrin/keratin
protein–protein interaction could potentially
be used for decolonization efforts (Leonard
et al. 2019). Finally, clumping factor A
(ClfA)-mediated fibrinogen adhesion also
significantly contributes to virulence, enabling
colonization of indwelling medical devices,
cell–cell clumping and immune evasion (Petrie
et al. 2020). In the dairy industry, S. aureus is
one of the leading causes of bovine mastitis,
accounting for up to 75 million infections
globally (Sakwinska et al. 2011). Both ClfA
and FnBPs have been associated with bovine
mastitis (Shkreta et al. 2004); anti-adhesives
targeting these proteins could reduce the
burden of bovine mastitis.

In addition to afimbrial adhesins, bacte-
ria may use pili – or fimbriae – to adhere to
the host (Mühlen and Dersch 2016). These
hair-like structures composed of multiple
immunoglobulin-like subunits (Mühlen and
Dersch 2016) play important roles as viru-
lence factors in many burdensome human
and animal pathogens (Mühlen and Dersch
2016). For this reason, pilicides targeting
biosynthesis have been investigated exten-
sively. Pili biogenesis uses the chaperone
usher assembly pathway, which relies on
periplasmic chaperone proteins that stabilize
and transport pilus subunits to the usher in
the outer membrane for assembly (Pinkner

et al. 2006; Mühlen and Dersch 2016). “Pili-
cides” targeting uropathogenic Escherichia
coli have shown promise in vitro, inhibiting
hemagglutination and biofilm formation,
and ex vivo, inhibiting host-cell adhesion
(Pinkner et al. 2006). Pilicides include bicyclic
2-pyridones that prevent essential chap-
erone proteins from interacting with the
various pili subunits (Pinkner et al. 2006).
Pilicides, which importantly do not inhibit
growth, might show efficacy against a range
of pathogens because of conservation of the
pili biogenesis pathway (Mühlen and Dersch
2016).

Typically, pili adhere to surface receptors
through a specific interaction with termi-
nal pili subunits and host receptor sugars or
peptides (Mühlen and Dersch 2016). This
interaction can be inhibited; for example,
mannosides have been described that function
as glycomimetics of the mannosylated type 1
pili host receptor, which competitively inhibit
adhesion of the FimH pili tip adhesin to the
urinary tract and the intestines (Spaulding
et al. 2018). In addition, mucin glycopro-
teins have similar glycosylation patterns to
host-cell receptors and inhibit bacterial adhe-
sion to highly glycosylated receptors (Parker
et al. 2010; Mühlen and Dersch 2016). Muc1,
a mucin derived from cows’ milk, reduces
adhesion of bacteria such as E. coli, Pseu-
domonas aeruginosa and Helicobacter pylori
to human intestinal cells (Parker et al. 2010).
Furthermore, synthetic adhesin-mimicking
peptides, or antibodies that recognize an
adhesin host-binding epitope, can also be
used to inhibit adhesion (Mühlen and Dersch
2016).

Finally, adhesion can also be inhibited from
the host perspective using anti-adhesives
targeting receptor biogenesis and surface
presentation (Mühlen and Dersch 2016);
glycosphingolipids are common receptors for
mucosal pathogens and biosynthesis inhibitors
(e.g. N-butyldeoxynojirimycin) reduced adher-
ence of P-fimbriated E. coli in the murine
urinary tract (Svensson et al. 2003).
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Following surface adhesion, many bacterial
pathogens subsequently form biofilms, which
is a process largely controlled by QS mecha-
nisms. Biofilms consist of surface-associated
bacterial communities enclosed in extracellu-
lar polymeric substances (EPS), which form
a matrix of high molecular weight polymers,
such as polysaccharides, DNA and proteins
(Fleming and Rumbaugh 2018). Importantly,
infections associated with biofilms are partic-
ularly difficult to treat (Mühlen and Dersch
2016). Biofilms are associated with livestock
pneumonia, liver abscesses, various forms
of enteritis, mastitis, and wound infections
(Clutterbuck et al. 2007). The protective EPS
matrix, in combination with the close prox-
imity of the bacterial cells, also allows for
the rapid transfer of AMR-associated genetic
material, as well as decreased susceptibility
to antibiotics, the host’s immune defenses
and other environmental stressors (Mühlen
and Dersch 2016; Stoica and Cox 2021). A
wide array of anti-biofilm agents have been
described (Rajput et al. 2018; Stoica and Cox
2021), which include inhibitors of initial sur-
face attachment, the QS systems responsible
for biofilm associated gene expression, produc-
tion of the EPS matrix and matrix degradation
(Cegelski et al. 2008).

The development of agents that initiate cel-
lular dispersal and eradication of established
biofilms could be particularly impactful; for
example, this could be achieved through the
degradation and/or disruption of the DNA,
protein, or polysaccharides of the EPS matrix
(Figure 6.2b; Fleitas Martínez et al. 2019).
Indeed, cell dispersal is a natural stage of
the biofilm life cycle, enabling relocation to
a new colonization site; examples of biofilm
dispersing molecules and enzymes already
exist in nature and could be harnessed for such
an approach (Mühlen and Dersch 2016). For
instance, DNase I degrades DNA in the EPS
matrix, disrupting and destabilizing biofilms
in Bordetella pertussis, Listeria monocytogenes,
and Campylobacter jejuni (Mühlen and Dersch
2016; Fleitas Martínez et al. 2019). Dispersin

B, produced by Actinobacillus actinomycetem-
comitans, hydrolyzes glycosides and disrupts
established Actinobacillus biofilms and also
inhibits the formation of S. aureus biofilms
(Kaplan et al. 2004; Izano et al. 2008). In addi-
tion, the combination of biofilm dispersing
agents with antibiotics can enhance antibi-
otic efficacy (Mühlen and Dersch 2016). It is
important to acknowledge that biofilm disper-
sal treatments could lead to worse outcomes,
such as bacteremia, if not used in conjunc-
tion with antimicrobial agents (Fleming and
Rumbaugh 2018).

While eradicating biofilms is challenging
due to the protective nature of the EPS matrix
and close proximity of cells, agents that prevent
surface adhesion – or EPS formation – could
prevent biofilm establishment (Figure 6.2b;
Fleitas Martínez et al. 2019). The QS inhibitor
coumarin reduced biofilm formation, swarm-
ing motility and fimbrial adhesion in E. coli
O157:H7 without impacting growth (Fleitas
Martínez et al. 2019). As described below,
biofilm formation is controlled by QS mech-
anisms and many QS inhibitors also inhibit
biofilm formation (Stoica and Cox 2021).

Quorum Sensing Inhibition

Bacteria use QS systems to communicate and
coordinate responses important for coloniza-
tion and infection (Rutherford and Bassler
2012). Chemical signaling molecules, or
autoinducers, are secreted and monitored by
a bacterial population. When they surpass
a certain threshold that is correlated with
cell density, the autoinducers bind to cellular
receptors, triggering a signaling cascade that
alters the expression of a wide array of genes
(Rutherford and Bassler 2012). Importantly,
QS controls many virulence mechanisms,
such as motility, biofilm formation and the
production/secretion of degradative enzymes
and toxins (Stoica and Cox 2021).

Owing to the importance of QS in bac-
terial virulence, numerous inhibitors of
natural and synthetic origin, often termed
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“quorum quenchers,” have been described.
In particular, P. aeruginosa is a readily used
model for quorum quenching drug discovery
efforts (Theuretzbacher and Piddock 2019).
While QS systems vary among bacteria, there
are common interspecies signaling molecules
(e.g. Autoinducer-2) that could represent
more broad-spectrum targets (Stoica and Cox
2021). Overall, there are a number of ways
to interfere with QS, including inhibition of
autoinducer biosynthesis, inactivation of the
autoinducer and interfering with QS signal
receptors (Figure 6.2c; Fleitas Martínez et al.
2019).

Autoinducer biosynthesis inhibitors are
often substrate or transition state analogs of
biosynthetic enzymes (Fleitas Martínez et al.
2019). For example, transition state analogs
can inhibit QS systems in enterohemorrhagic
E. coli O157:H7 and Vibrio cholerae (Gutier-
rez et al. 2009). In P. aeruginosa, anthranilic
acid analogs disrupted the MvfR-dependent
QS system, reducing virulence in a murine
model of systemic infection (Lesic et al. 2007).
Furthermore, in Streptococcus mutans, mucin
O-glycans suppress QS mechanisms, prevent-
ing biofilm adherence (Werlang et al. 2021).
These mucins are also effective at inhibit-
ing DNA transformation, reducing the rate
of AMR gene transfer (Werlang et al. 2021).
More broad-spectrum inhibitors have also
been described for Gram-positive pathogens.
For example, ambuic acid inhibits QS sig-
nal biosynthesis in several Gram-positive
pathogens, including the agr QS system in S.
aureus (Todd et al. 2017).

The enzymatic inactivation of extracellular
autoinducers occurs naturally in microbial
populations (Fleitas Martínez et al. 2019).
Well-characterized examples include lac-
tonases, acylases, and oxidoreductases, which
degrade acylated homoserine lactone QS
molecules (LaSarre and Federle 2013). Numer-
ous quorum quenching enzymes have shown
efficacy in animal models of infection (Fleitas
Martínez et al. 2019).

Finally, inhibitors of QS signal detection,
via competitive and noncompetitive inhibitors
of autoinducer receptors, have also been
described (Fleitas Martínez et al. 2019). For
example, a P. aeruginosa QS analog inhibitor,
meta-bromo-thiolactone, inhibits the LasR
and RhlR receptors, attenuating virulence and
biofilm formation (O’Loughlin et al. 2013). In
addition, flavonoids allosterically inhibit these
receptors (Paczkowski et al. 2017).

Under certain circumstances, it may be
beneficial for antivirulence agents to be used
in conjunction with antibiotics to increase
efficacy (Stoica and Cox 2021). For example,
furanone C-30 is a synthetic anti-QS com-
pound that competitively binds the LasR QS
receptor in P. aeruginosa (Stoica and Cox 2021).
When used in conjunction with various antibi-
otics, furanone C-30 demonstrated synergistic
effects against antibiotic resistant strains of P.
aeruginosa (Stoica and Cox 2021).

In summary, quorum quenching is an
attractive antivirulence approach with numer-
ous described inhibitors. However, in some
instances the inhibition of QS has been
reported to promote other pathogenic pro-
cesses, which is a limitation that needs to
be considered when developing such agents
(Stoica and Cox 2021).

Interfering with Two-Component
Regulatory Systems

Prototypical two-component systems (TCSs)
consist of a sensor kinase that responds to
environmental signals and modifies a cog-
nate response regulator that then performs a
biochemical function such as modulation of
gene expression (Johnson and Abramovitch
2017; Stoica and Cox 2021). Studies impairing
virulence-associated TCSs have highlighted
their broad-spectrum potential as antiviru-
lence targets (Figure 6.2c; Cegelski et al. 2008;
Johnson and Abramovitch 2017). For example,
the quorum sensing E. coli regulator C (QseC)
histidine sensor kinase regulates virulence
factor production in many plant and animal
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pathogens (Johnson and Abramovitch 2017).
The QseC signaling cascade is inhibited by
a small organic compound, LED209, which
allosterically modifies the protein, preventing
signal binding and autophosphorylation (Cur-
tis et al. 2014). As a result, LED209 inhibits
virulence both in vitro and in vivo (Rasko
et al. 2008). Another anti-TCS inhibitor is
the small molecule inhibitor savirin, which
inhibits S. aureus virulence factor production
at subinhibitory concentrations (Mühlen and
Dersch 2016).

Many reported anti-TCS agents target the
unique sensory domains of histidine kinases
(Eguchi et al. 2011); targeting the conserved
catalytic domain of these proteins would offer
broad-spectrum activity (Eguchi et al. 2011).
Walkmycins, first identified as inhibitors of
the WalK/WalR TCS histidine kinase, are
an example of such an approach (Eguchi
et al. 2011). While walkmycins were identi-
fied during a search for novel antimicrobials,
walkmycin C targets at least two histidine
kinases in S. mutans, reducing biofilm forma-
tion, acid tolerance and genetic competence
at subinhibitory concentrations (Eguchi et al.
2011).

Although TCS inhibitors are promising
antivirulence agents, some TCSs repress vir-
ulence factor production but broad-spectrum
inhibitors could inadvertently enhance vir-
ulence (e.g. group A Streptococcus control
of virulence regulator-sensor; Graham et al.
2002; Eguchi et al. 2011). Additionally, many
non-pathogenic bacteria possess essential
TCSs that could also be susceptible to such
inhibitors (Eguchi et al. 2011). Indeed, the
QseC sensor kinase, targeted by LED209, can
be found in commensal bacteria within the
gastrointestinal tract (Rasko and Sperandio
2010). These potential limitations should be
carefully evaluated (Eguchi et al. 2011).

Inhibiting Bacterial Motility

Motile bacteria move through aqueous
environments and across surfaces using

mechanisms such as swimming, swarming,
gliding, floating, and twitching, which are
enabled by the combined efforts of motility
structures and chemosensory systems (Jar-
rell and McBride 2008). Numerous bacterial
pathogens rely on motility to colonize, infect,
and persist in the host (Erhardt 2016).

One common and well-studied mecha-
nism is flagellum-driven motility (Jarrell and
McBride 2008). Flagella are rigid and rotating
structures that propel the bacterium through
different environments (swimming) and across
surfaces (swarming; Jarrell and McBride
2008). Motility is initiated when bacteria sense
chemical signals via membrane-associated
chemoreceptors that attract or repel the bac-
terium through the action of TCS signaling
cascades affecting the flagellar motor (Erhardt
2016). In many instances, flagella-driven
motility is important for pathogenesis since
bacteria lacking flagella are generally less
virulent (Haiko and Westerlund-Wikström
2013).

Some pathogens also move across surfaces
in a twitching motion facilitated by extending,
adhering and retracting type-IV pili (Erhardt
2016). These pili resemble type II secretion
systems (T2SS), which also deliver DNA and
virulence-associated effector proteins into
bacterial or eukaryotic cells. Importantly, the
translocation of DNA contributes to the spread
of AMR-associated genes (Erhardt 2016).

Both flagella and type-IV pili are complex
multicomponent structures relying on signal-
ing cascades to coordinate motility; therefore,
antimotility agents could target a number
of crucial mechanisms, such as chemotaxis,
the biosynthesis/assembly of the structural
complexes, or the function of the machinery
itself (Erhardt 2016). Numerous compounds
that impact swarming and swimming motility
have been identified. For instance, branched
chain fatty acids, plant secondary metabo-
lites and amphiphilic compounds all exhibit
anti-swarming activity (Rütschlin and Böttcher
2020). More specifically, hydroxyindoles and
naphthalene derivatives reduced P. aeruginosa
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swarming activity without impacting growth
(Oura et al. 2015). In particular, 1-naphthol,
which represses the expression of genes
involved in pilus and flagellar biosynthesis,
has potent anti-swarming activity against
P. aeruginosa, including hyperswarming
clinical isolates (Oura et al. 2015). Finally,
quorum quenchers can also affect motility
(Rütschlin and Böttcher 2020). In summary,
flagella and pili are important for numer-
ous virulence-associated functions and are
promising antivirulence targets (Figure 6.2d).

Toxin Neutralization

Bacteria secrete toxins via specialized secre-
tion systems and/or outer membrane vesicles
(Mühlen and Dersch 2016). The list of known
toxins is vast and many serious infections are
associated with exotoxins that damage the
host through myriad different mechanisms.
Exotoxins can be broadly categorized by their
mechanism of action: those that damage mem-
branes (pore formers or disruption of the lipid
bilayer), membrane acting toxins that bind to
host cell receptors and alter signaling cascades,
and toxins that enter the cell and modify an
intracellular target (Mühlen and Dersch 2016;
Fleitas Martínez et al. 2019).

Importantly, virulence is often attenuated
when toxin-associated genes are disrupted;
therefore, the development of agents that
neutralize detrimental toxins would reduce
damage to the host (Figure 6.2e; Mühlen
and Dersch 2016). Indeed, toxin neutral-
izing antibodies are the only antivirulence
therapeutics currently approved for clinical
use (Dickey et al. 2017). Approved agents
include those targeting Clostridioides dif-
ficile, Clostridium botulinum, and Bacillus
anthracis toxins (Dickey et al. 2017; Fleitas
Martínez et al. 2019; Stoica and Cox 2021).
Although antibody-based therapies are not
novel strategies, the described examples high-
light the potential of toxin neutralization
in antivirulence strategies. In addition, small
molecules have also been identified that reduce

toxin-mediated damage; Streptococcus suis is
an invasive pathogen causing severe respi-
ratory disease in pigs (Stoica and Cox 2021).
Suilysin is a hemolytic and pore-forming
toxin produced by strains of S. suis, which
damages the host epithelium, allowing for
bacterial invasion (Stoica and Cox 2021). The
bioflavonoid morin was identified for its ability
to suppress suilysin activity, reducing epithelial
cell invasion (Li et al. 2017).

Virulence could also be attenuated by pre-
venting toxins from reaching their targets
(Mühlen and Dersch 2016). This method has
been well studied in strains of C. difficile using
the ion exchange resin cholestyramine (known
for sequestering bile salts), which has affinity
for clostridial exotoxins and prevents toxin
entry into host epithelial cells (King and Bar-
riere 1981). Similarly, bile acids reduce the
affinity of the major C. difficile toxin TcdB for
host-cell receptors by inducing a conforma-
tional change in the protein (Tam et al. 2020).
In addition, a substituted benzylisoquinoline,
ethaverine, also inhibited TcdB in a similar
manner to bile acids (Tam et al. 2020). Another
example is virstatin, which inhibits the tran-
scriptional regulator of virulence genes ToxT
reducing cholera toxin gene expression (Baron
2010).

Finally, many bacteria also produce lipopoly-
saccharides (LPS; endotoxin) and lipoproteins
that induce a strong inflammatory immune
response due to activation of Toll-like receptors
(Stoica and Cox 2021). Antimicrobial peptides
that neutralize these endotoxins, such as
Aspidasept®, protect against sepsis-inducing
toxins (Stoica and Cox 2021). Overall, the
development of agents targeting LPS has
been generally neglected, despite it being
a promising target for pathogenesis-based
therapeutics.

Inhibitors of Bacterial Secretion Systems

Bacteria have evolved a plethora of specialized
and diverse secretion systems to export and
deliver virulence factors, such as toxins, across
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their membranes into the host environment
(Green and Mecsas 2016). In some instances,
secretion systems enable transport across three
membranes: two bacterial and one host mem-
brane (Green and Mecsas 2016). Secretion is
often an important component of pathogenesis
and several secretion systems exist, many of
which are highly conserved (Green and Mecsas
2016) with potential as antivirulence targets
(Figure 6.2e).

Type I secretion systems (T1SS) export
unfolded substrates in a one-step process
(Green and Mecsas 2016). They are widespread
in Gram-negative pathogens, transporting a
variety of virulence-associated substrates,
including adhesins, proteases, exotoxins and
nutrient scavenging factors (Green and Mecsas
2016). T1SS comprise three essential com-
ponents: an inner-membrane ATP-binding
cassette transport protein, a membrane fusion
protein, and an outer-membrane factor (e.g.
TolC in E. coli; Green and Mecsas 2016).
While T1SS are important for virulence and
widespread in numerous pathogens, inhibitors
of these assemblies are poorly described.

T2SS are prominent virulence-associated
secretion systems produced by many Gram-
negative pathogens (Cianciotto and White
2017). T2SS export folded proteins across both
bacterial membranes; substrates include tox-
ins, proteases, cellulases, pectinases, lipases,
and phospholipases (Cianciotto and White
2017). These substrates enable a multitude of
virulence-associated functions, including host
cell death and tissue damage, adhesion, inva-
sion, suppression of the host’s innate immune
response, biofilm formation and nutrient
acquisition (Cianciotto and White 2017). T2SS
are composed of four subcomplexes: a secretin
structure in the outer membrane, an inner
membrane platform, cytoplasmic ATPase, and
a periplasm-spanning pseudopilus (Cianciotto
and White 2017). Owing to the multicompo-
nent nature of this secretion system, numerous
inhibitors have been described, including
inhibitors of the pseudopilus tip complex
(Zhang et al. 2018) and the T2SS ATPase

(McShan and De Guzman 2015), the latter of
which also inhibit type III secretion systems
(T3SS).

T3SS are widely distributed in Gram-negative
bacteria and consist of syringe-shaped injec-
tisome complexes that deliver toxins from the
bacterial cytoplasm directly into the cytosol
of host cells (Cegelski et al. 2008; Erhardt
2016; Deng et al. 2017). Effectors secreted
by these assemblies vary considerably in
respect to distribution and function, enabling
manipulation of host processes such as the
dynamics of the cytoskeleton, the immune
response, vesicle production and cellular sig-
naling pathways (Deng et al. 2017). In contrast,
the T3SS itself is highly conserved (Deng
et al. 2017). Numerous structurally diverse
small-molecule inhibitors and neutralizing
antibodies have been described. The first iden-
tified class of inhibitors are the salicylidene
acylhydrazides, which target T3SS substrate
secretion in Yersinia pseudotuberculosis and
other pathogens, such as E. coli, Salmonella,
Shigella, and Chlamydia (McShan and De Guz-
man 2015). Other classes of inhibitors include
those targeting transcription factor binding,
the injectisome complex, as well as numerous
poorly characterized molecules of unknown
function (McShan and De Guzman 2015). In
addition to small-molecule inhibitors, mon-
oclonal antibodies have been developed that
inhibit T3SS in P. aeruginosa; for example,
MEDI3902, which targets the T3SS tip protein
(PcrV) and the exopolysaccharide PsI (Stoica
and Cox 2021). Another anti-T3SS antibody,
V2L2MD, has shown potential for prophylactic
and post-infection use (Stoica and Cox 2021).
Overall, because of their high degree of conser-
vation and important role in virulence, T3SS
have been well-studied and represent a strong
target for antivirulence therapies.

Type IV secretion systems (T4SS) are struc-
turally and functionally diverse secretion
systems found in both Gram-positive and
Gram-negative bacteria (Green and Mecsas
2016). They transport a variety of substrates,
including proteins, protein–protein complexes
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and protein-DNA complexes, directly into host
cells, which is driven by cytoplasmic ATPases
(Green and Mecsas 2016). T4SS contribute to
virulence in many pathogens, including the
common animal pathogens, Brucella and Bar-
tonella (Baron 2010; Green and Mecsas 2016).
Inhibitors of T4SS could reduce virulence
and the frequency of AMR-associated gene
transfer (Baron 2010). Examples include three
molecules identified from a high-throughput
chemical screen that interfere with the T4SS
ATPase activity of VirB11 in H. pylori (Baron
2010). Compounds targeting transcription,
assembly and biosynthesis of T4SS are also
areas that have been explored (Erhardt 2016).
T4SS are well-characterized, prevalent, and
virulence-associated, making them another
ideal antivirulence target.

Type V secretion systems (T5SS), often called
autotransporters, generally encode a single
polypeptide consisting of a β-barrel transloca-
tor domain and a secreted passenger/effector
protein (Green and Mecsas 2016). Unlike
most other secretion systems, T5SS are quite
simple and located in the outer membrane of
Gram-negative bacteria; consequently, they
rely on inner membrane transport machinery
for passage across the inner membrane (e.g.
the Sec system) (Meuskens et al. 2019). T5SS
are grouped into five or six different subclasses
(5a–5e/f), with T5aSS being the classical and
most well-studied autotransporter (Meuskens
et al. 2019). The different subclasses encode
various virulence-associated passengers, such
as proteases, adhesins, lipases/esterases,
and cell invasion components (Meuskens
et al. 2019) – that mediate processes such
as host-cell adhesion and invasion, immune
evasion, serum resistance, host cell toxicity,
and biofilm formation (Meuskens et al. 2019).
Therefore, inhibiting these functions would
likely negatively impact virulence. In support
of this concept, the secreted passenger proteins
of T5SS have been used as targets for vaccine
development (Meuskens et al. 2019).

Type VI secretion systems (T6SS) are
common among Proteobacteria, enabling

contact-dependent transfer of effector proteins
between bacterial and eukaryotic cells (Russell
et al. 2014; Green and Mecsas 2016). More
recently, contact-independent effector secre-
tion has also been described (Song et al. 2021).
T6SS comprise a conserved bacteriophage-like
puncturing structure and numerous core
components (Silverman et al. 2012). The
puncturing structure is loaded with effector
proteins that are thrust into neighboring cells
(Silverman et al. 2012). These diverse effectors
function in processes, including virulence and
the inhibition of competitor bacterial growth
(Gallique et al. 2017). While initially associ-
ated with the transport of effector proteins
into eukaryotic host cells, T6SS are more often
associated with inter-bacterial interactions
(i.e. an antibacterial weapon to be used against
competitor bacteria), enabling the bacterium
to dominate their niche against rival bacteria
(Russell et al. 2014). As a result, T6SS inhibitors
might render the pathogen more susceptible
to neighboring competitor defenses within the
host (Russell et al. 2014; Hersch et al. 2020).

Type VII secretion systems (T7SS) are mul-
ticomponent complexes first shown to be
important for virulence in M. tuberculosis; they
have since been associated with virulence in
Firmicutes such as S. aureus, Bacillus subtilis,
and Streptococcus intermedius (Rivera-Calzada
et al. 2021). T7SS in Actinobacteria and Fir-
micutes are genetically distinct and have
been designated T7SSa and T7SSb, respec-
tively (Tran et al. 2021). Although T7SSa
and T7SSb are distinct, the secreted proteins
EsxA and EsxB, as well as the membrane
bound multi-subunit AAA+ATPase, are
conserved between the two systems (Tran
et al. 2021). Importantly, EsxA and EsxB are
important for the virulence and pathogen-
esis of both M. tuberculosis and S. aureus
(Tran et al. 2021). Mycobacteria can pro-
duce up to five genetically distinct T7SS or
esx loci; however, in M. tuberculosis, only
ESX-1 is essential for virulence and dispens-
able for growth (Rivera-Calzada et al. 2021).
The loss of ESX-1 produces the attenuated
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vaccine strain, Mycobacterium bovis bacillus
Calmette-Guérin, making ESX-1 a promis-
ing antivirulence target (Rivera-Calzada
et al. 2021). Indeed, two classes of ESX-1
inhibitors, benzothiophenes and benzyloxy
benzylidene hydrazines, prevent secretion in
M. tuberculosis and promote survival in lung
fibroblasts (Rivera-Calzada et al. 2021). The
conserved virulence substrates EsxA/B, or
the ATPase domain, are promising targets for
broad-spectrum T7SS inhibitors. There is still
much to learn about T7SS (Tran et al. 2021),
which will aid the potential development of
therapeutics targeting these assemblies.

Type VIII secretion systems (T8SS), pro-
duced by Gram-negative bacteria, are also
known as the curli biogenesis pathway. They
consist of three components located in the
outer membrane that exclusively secrete and
assemble functional amyloid fibers (curli;
Barnhart and Chapman 2006). The major
and minor curli subunits, CsgA and CsgB,
are secreted and assembled extracellularly
to form the amyloid fiber (Barnhart and
Chapman 2006). Curli facilitate numerous
virulence-associated processes, including
biofilm formation, cell aggregation, host cell
adhesion and invasion (Barnhart and Chap-
man 2006). As such, inhibitors that block
T8SS/curli biosynthesis (curlicides) have been
described, including the human amyloid
precursor, transthyretin (Jain et al. 2017),
and ring-fused 2-pyridones (e.g. FN075 and
BibC6), the latter of which also act as pilicides
(Cegelski et al. 2009).

Finally, type IX secretion systems (T9SS),
also known as the Por secretion system, are
found in Bacteroidetes (around 62%) and
transport numerous effector proteins, includ-
ing virulence factors (Lasica et al. 2017; Gorasia
et al. 2020). For example, Porphyromonas gin-
givalis uses T9SS to secrete more than 30
virulence-associated proteins, including the
major virulence factors, gingipains (Gora-
sia et al. 2020). Additionally, T9SS are also
involved in gliding motility (Gorasia et al.
2020); however, gliding motility is not always

associated with pathogenic bacteria and T9SS
have mainly been studied in human oral
pathogens (Lasica et al. 2017).

In summary, secretion systems play a
prominent role in bacterial virulence and
are promising broad-spectrum antivirulence
targets (Figure 6.2e). Most secretion systems
and/or their components are highly conserved
and located at bacterial cell surfaces, which
are additional attractive features for new drug
discovery efforts.

Targeting Nutrient Acquisition: Starving
the Pathogen

Transition metals, such as iron, zinc and man-
ganese, are critical cofactors and structural
components of numerous bacterial proteins
important for physiological processes; indeed,
all living organisms require transition met-
als for survival (Lopez and Skaar 2018). The
proliferation of many bacterial pathogens is
limited by the bioavailability of iron and other
essential metals in the host, which is also
known as nutritional immunity (Lopez and
Skaar 2018). For example, heme, transferrin,
lactoferrin, or ferritin withhold iron from
invading pathogens (Hood and Skaar 2012). In
response, bacteria have evolved a number of
sophisticated mechanisms to acquire iron and
other essential nutrients from the host, such as
iron-chelating siderophores, as well as heme
and free Fe2+ acquisition systems (Hood and
Skaar 2012).

Under the iron-limited conditions of the
host environment, compounds that inhibit
bacterial siderophore biosynthesis may offer
significant clinical promise, and numer-
ous inhibitors have been identified (Lamb
2015). For example, strains of P. aeruginosa
produce two siderophores, pyoverdine and
pyochelin, the former being a more efficient
iron-chelator (Ribeiro and Simões 2019).
As such, pyoverdine has been the target of
anti-siderophore research; for example, a
synthetic fluorinated pyrimidine, flucytosine,
inhibits expression of pvdS, an iron-starvation
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sigma factor, resulting in down regulation of
genes associated with pyoverdine biosynthesis
and virulence (Lamb 2015). Gallium is an
iron-mimicking compound that also impairs
the activity of pyoverdine, reducing iron uptake
and biofilm integrity (Stoica and Cox 2021).
The combination of gallium with different
antibiotics also displayed synergistic effects in
P. aeruginosa, including resistant strains (Sto-
ica and Cox 2021). Other classes of inhibitors
include siderophore mimics; in M. tuberculosis
and Yersinia pestis, compounds that struc-
turally resemble siderophores were shown to
inhibit bacterial growth in an iron-deficient
environment (Lamb 2015).

The scavenging of essential transition metals
is important for bacterial survival in their
replicative niche; however, high intracellular
levels can become toxic and must be regulated
(Lopez and Skaar 2018). As a result, bacteria
have developed regulatory systems, such as
the ferric uptake regulator (Fur), to maintain
homeostasis (Brannon and Hadjifrangiskou
2016). When iron is abundant, Fur binds
free iron and represses iron acquisition. Con-
versely, as iron levels decrease, Fur releases
iron for uptake and iron acquisition continues
(Brannon and Hadjifrangiskou 2016). Impor-
tantly, virulence is attenuated in Fur-depleted
mutants, highlighting Fur as an attractive
target for antivirulence therapy (Brannon and
Hadjifrangiskou 2016).

Overall, many transition metal acquisition
systems are well-characterized for their role in
bacterial pathogenesis (Hood and Skaar 2012),
identifying numerous antivirulence targets
that warrant further investigation (Hood and
Skaar 2012).

Antivirulence Phage Therapy

Bacteriophages are the most abundant biologi-
cal agents on the planet (Lin et al. 2017). Phage
therapy – treating bacterial infections with
bacteriophages – has been used for more than
a century; however, for the most part, phage
therapy was superseded by the introduction

of antibiotics (Lin et al. 2017). More recently,
the rise in AMR has renewed interest in phage
therapy (Lin et al. 2017), including the use of
temperate phages targeting virulence.

One concern regarding the use of temperate
phage is the risk of transferring AMR- and
virulence-associated genetic material during
integration and excision (Schroven et al. 2021;
Stoica and Cox 2021). Temperate phage have
played a role in the virulence of numerous
pathogens, including E. coli, P. aeruginosa,
Staphylococcus spp. and V. cholerae (Schroven
et al. 2021). However, phage can be engineered
to circumvent these limitations; for example,
they can be modified to be strictly lytic phage or
to integrate reliably into virulence-associated
genes, without being able to excise, making
them favorable vectors for antivirulence ther-
apies (Figure 6.2f; Schroven et al. 2021). For
instance, temperate phage integration reduced
virulence by interfering with the function and
biosynthesis of type-IV pili, inhibiting twitch-
ing motility in P. aeruginosa and Bordetella
bronchiseptica (Schroven et al. 2021).

Other antivirulence phage therapies include
the use of phage-encoded repressors; for
example, Shiga toxin production in E. coli
was reduced by the use of engineered temper-
ate phage expressing a Shiga toxin repressor
(Schroven et al. 2021). Additionally, phage
could also be used to interfere with bacterial
QS; an aquatic phage, φPLPE, encodes an
enzyme that degrades the QS autoinducer
N-acyl-homoserine lactone, which is used
ubiquitously by Gram-negative bacteria (e.g. P.
aeruginosa; Schroven et al. 2021). QS-targeting
phage proteins have also been found in P.
aeruginosa phage, including anti-QS protein
1 (Aqs), which directly inhibits both LasR
(QS regulation) and also PilB (pilus surface
assembly) (Schroven et al. 2021). Finally,
tail-associated phage proteins – gp49 (LPS
neutralization), gp12 (LPS absorption) and
gp52 (EPS capsule degradation) – also exhibit
antivirulence properties (Schroven et al. 2021).
Harnessing these phage-derived proteins,
or the use of small molecules that mimic



�

� �

�

112 6 Chinks in the Armor

phage-derived proteins, could be interest-
ing avenues of investigation (Schroven et al.
2021).

In summary, phage therapy has generated
renewed interest in the age of AMR and
antivirulence phage therapy is an emerg-
ing research area (Schroven et al. 2021).
Based on host specificity, low toxicity and
genetic manipulability, bacteriophages and
phage-derived compounds represent another
promising pathogenesis-based strategy to
combat bacterial infections (Schroven et al.
2021).

Bacterial Drug Efflux Pumps
as Pathogenesis-Based Antibacterial
Targets

Drug efflux pump-encoding genes are gener-
ally dispensable for growth but are important
AMR elements since they are readily used by
bacteria to extrude antibiotics and other toxic
substances from the cell (Teelucksingh et al.
2020). These membrane-spanning proteins can
also enable survival in the host environment;
for example, they are important for survival
in animal intestinal tracts by the extrusion
of toxic host-derived compounds (e.g. bile
salts) and the maintenance of cellular home-
ostasis (e.g. acid resistance; Sun et al. 2014;
Teelucksingh et al. 2020). Efflux pumps are also
associated with virulence, including processes
such as surface attachment and colonization
(e.g. MacAB and AcrAB-TolC), biofilm forma-
tion (e.g. MexAB-OprM and MexEF-OprN)
and QS signaling (e.g. MexAB-OprM and
MexEF-OprN) (Sun et al. 2014; Alcalde-Rico
et al. 2016; Teelucksingh et al. 2020).

Since efflux pumps are connected to in
vivo fitness, AMR and virulence, their inhi-
bition could be impactful (Figure 6.2f; Sun
et al. 2014; Blanco et al. 2018). Efflux pump
inhibitors have already exhibited antiviru-
lence potential, reducing biofilm formation
in numerous pathogens, such as Salmonella,
Klebsiella, S. aureus, E. coli, and P. aeruginosa
(Sun et al. 2014). Furthermore, the efflux

pump inhibitors NMP and PAβN increased
antibiotic susceptibility and decreased cholera
toxin and toxin-coregulated pili production
in V. cholera (Blanco et al. 2018). Further
research is required for the development of
novel inhibitors (Sun et al. 2014; Blanco et al.
2018).

Gaps in Knowledge
and Anticipated Directions

AMR is a critical threat to both animal and
human health. Pathogenesis-based strategies
that target virulence mechanisms could offer
an alternate or complementary approach for
controlling bacterial infections. Antivirulence
therapies are designed to disarm the pathogen,
ideally without inhibiting growth, reducing
the selective pressure associated with tradi-
tional antibacterial chemotherapeutics (Rasko
and Sperandio 2010; Stoica and Cox 2021).
Additionally, antivirulence therapies are often
pathogen-specific agents that intend to leave
the host’s microbiota undisturbed (Spauld-
ing et al. 2018). Combined, these qualities
are strong incentives for new drug discov-
ery initiatives and the most attractive targets
would be those that are conserved across a
species.

As outlined in this chapter, there are mul-
tiple avenues of investigation to approach the
development of antivirulence therapies, many
of which have already been substantiated.
However, despite significant progress in this
area, the majority of agents remain in the pre-
clinical stage. Furthermore, the redundancy
inherent in multiple different mechanisms
in these systems (e.g. siderophores and
adhesins) potentially limits their value as
targets. Therefore, to fully exploit the potential
of antivirulence strategies, it is important that
we have an in-depth understanding of the full
molecular underpinnings of the host-pathogen
interaction and the consequences of inhibiting
these processes. In addition, since antiviru-
lence agents are often precision therapeutics
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targeting specific pathogens, rapid diagnosis
such as real time-PCR and/or prior knowledge
of the infectious agent are required to guide
therapeutic use.

No novel pathogenesis-based antibacterial
strategies have been assessed in agricul-
tural use, perhaps largely because of the
general efficacy of existing antibacterial
agents. The development and spread of AMR
demand new approaches to control of bacte-
rial infections, including novel antibacterial

agents. However, although the costs of their
development is high, the global costs of food
animal disease are also high. (Stoica and Cox
2021). Pathogenesis-based approaches such
as those outlined in this chapter are promis-
ing and emerging strategies in the AMR era,
which could augment and/or lessen the use of
antimicrobials in animals and in humans and
will take advantage of the enormous and con-
tinuing advances in understanding of bacterial
pathogenesis.
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Escherichia coli
John M. Fairbrother and Carlton L. Gyles

Introduction

Escherichia coli is a Gram-negative, fermen-
tative, rod-shaped bacterium, which grows
readily on simple bacteriologic media, includ-
ing MacConkey agar, on which it forms large
red colonies. Other features are a positive
indole reaction, negative tests for urease and
hydrogen sulfide, and failure to use citrate
as the sole carbon source. Although vastly
outnumbered by anaerobic bacteria, E. coli is
the major facultatively anaerobic bacterium
in the intestine of most animal species, and
is typically present at 107–109 organisms per
gram in feces. E. coli is usually the dominant
organism recovered on aerobic culture of
feces, but pet birds are an exception as E. coli
are recovered from only a low percentage of
healthy pet birds.

The sterile intestinal tract of the newborn
animal quickly becomes contaminated with
E. coli from the microbiota of the dam and
from the environment. E. coli rapidly becomes
established in the intestine and remains as
a part of the normal microbiota throughout
the life of the animal. The concentration of
E. coli is low in the upper small intestine but
increases progressively, with the maximum
concentration in the large intestine. Most
E. coli are commensals, but a small propor-
tion of strains are pathogenic, being classified
into pathotypes based on the production of
broad classes of virulence factors and on the

mechanisms by which they cause disease. In
animals, the most important pathotypes are
intestinal pathogenic E. coli (Table 7.1): entero-
toxigenic E. coli (ETEC), enteropathogenic
E. coli (EPEC), Shiga toxin-producing E. coli
(STEC); and extraintestinal pathogenic E. coli
(ExPEC). Intestinal pathogenic strains are
defined as pathotypes by their distinctive
virulence profiles, whereas extraintestinal
pathogenic strains, although they were tra-
ditionally separated into subgroups based on
disease association, are now recognized as
being more broadly pathogenic at multiple
sites in the host, and are grouped together
as one pathotype, ExPEC (Dale and Wood-
ford 2015; Vila et al. 2016). More recently,
hybrid-pathogenic E. coli have been described,
demonstrating new combinations of virulence
factors among these pathotypes (de Mello San-
tos et al. 2020). Such hybrid pathotypes may
lead to the appearance of new clinical signs
associated with E. coli disease. In addition,
STEC in the normal microbiota of cattle and
other ruminants may be highly pathogenic
for humans and are designated as enterohe-
morrhagic E. coli (EHEC). ExPEC and EPEC
typically are part of the normal intestinal
microbiota of their host and may be considered
as opportunistic pathogens.

In most E. coli diseases, pathogenicity is asso-
ciated with virulence genes encoded by plas-
mids, bacteriophages, or pathogenicity islands
(PAI; Desvaux et al. 2020). These genes include
plasmid-encoded genes for enterotoxins and
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Table 7.1 Overview of categories of Escherichia coli found in animals.

Category of E. coli
Categories of
virulence genes

Bacterial localization,
site of infection

Site of pathological changes
and clinical manifestation

Non-pathogenic
Commensal None Microbiota (intestine,

respiratory tract, urogenital
tract etc.), environment

None

Pathogenic
Enterotoxigenic Adhesins, toxins Intestine Intestine. No

pathological changes
Shiga toxin-producing
(edema disease)

Adhesins, toxins Intestine Intestine,
extraintestinal sites

Shiga toxin-producing
(enterohemorrhagic)

Adhesins, toxins,
secretion systems

Intestine Intestine,
extraintestinal sites

Enteropathogenic Adhesins, secretion
systems

Intestine Intestine

Extraintestinal
pathogenic

Adhesins, toxins,
invasins,
auto-transporters,
metal transport/uptake
systems, protectins

Intestine
(microbiota)/extraintestinal
sites

Extraintestinal sites

Mammary pathogenic Metal transport/uptake
systems, protectins

Intestine
(microbiota)/mammary gland

Mammary gland

fimbriae or pili, phage-encoded genes for Shiga
toxins (Stx), and PAI-encoded genes for the
attaching and effacing lesion in EPEC and
EHEC as well as the pap, hly, and cnf 1 genes
in ExPEC.

Differentiation of E. coli into subtypes is
important for distinguishing pathogenic from
nonpathogenic types and for epidemiolog-
ical investigations. Serotyping is the most
well-established method and is based on the O
and H antigens determined by the polysaccha-
ride portion of lipopolysaccharide (LPS) and
flagellar proteins, respectively. Presently, there
are 181 O-antigens (O1 to O187, with O groups
31, 47, 67, 72, 94, and 122 removed); (Liu et al.
2020a) and 53 H antigens (H1 to H56, with
13, 22, and 50 unassigned) in the international
typing scheme.

F or fimbrial antigens are additional sur-
face antigens, whose identification provides
valuable information in the characterization
of strains. Serotyping remains the foundation
of subspecies differentiation. Molecular O and

H serotyping using polymerase chain reaction
(PCR) or whole-genome sequencing is now
replacing traditional phenotypic methods
(Fratamico et al. 2016).

Other procedures that are used to char-
acterize isolates include pulsed-field gel
electrophoresis, random amplified poly-
morphic DNA (RAPD) analysis, amplified
fragment length polymorphism, ribotyping,
16S rDNA sequencing, traditional multi-
locus sequence typing (MLST) based on
seven house-keeping genes, multiple-locus
variable-number tandem-repeat analysis
(MLVA) and virulence factor analysis (Dale
and Woodford 2015; Fratamico et al. 2016).
Whole-genome sequencing typing meth-
ods, including core genome MLST and
single-nucleotide polymorphism analysis,
are being increasingly used and have a very
high discriminatory power.

Detection of virulence factors that are
unique to or associated with particular
types of pathogenic E. coli is important
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for identification and characterization of
pathogenic E. coli into pathotypes (Vila et al.
2016). The availability of more complete viru-
lence gene databases is now allowing a more
comprehensive characterization of E. coli iso-
lates based on whole-genome sequencing data
(Tetzschner et al. 2020).

Pathotypes of E. coli
and Associated Disease
and Pathological Changes
in Animals

E. coli cause a variety of enteric and extrain-
testinal diseases in animals (Tables 7.2, 7.3).

Enterotoxigenic E. coli

ETEC is the most common cause of E. coli
diarrhea in farm animals. This pathotype is
characterized by the production of entero-
toxins and of adhesins that adhere to the
intestinal epithelium and promote coloniza-
tion (Dubreuil et al. 2016). Enterotoxins
produced by ETEC may be heat stable (STa,
STb, or enteroaggregative E. coli heat-stable
enterotoxin 1, EAST1), or heat labile (LT). In
pigs, the most frequently encountered fim-
brial adhesins of ETEC are F4(K88), F5(K99),

F6(987P), F41, and F18. Isolates producing
the F4 or F18 adhesin and certain isolates
producing F6 are hemolytic. In calves and
lambs, the most important fimbrial adhesins
of ETEC are F5 and F41. Colonies of ETEC
that possess these adhesins are usually mucoid
and nonhemolytic. F17 fimbriae are associ-
ated with bovine or ovine strains that cause
diarrhea or septicemia. The virulence genes
and O serogroups of ETEC most commonly
associated with diarrhea in pigs, cattle, and
sheep are shown in Tables 7.4 and 7.5.

ETECs cause severe watery diarrhea,
which may lead to dehydration, listlessness,
metabolic acidosis, and death. In some cases,
especially in pigs, the infection may progress
so rapidly that death occurs before the devel-
opment of diarrhea and is referred to as enteric
colibacillosis complicated by shock. Diarrhea
is mostly observed in the first few days after
birth and affects one or more animals in a
group. A less watery diarrhea may be observed
in pigs during the first one to two weeks of
age, or as early as two days post-weaning, with
low mortality and often with decreased weight
gain. In affected piglets of this age group,
co-infection with other pathogens such as
transmissible gastroenteritis virus, rotavirus,
or coccidia, is often observed. F4-producing
isolates occasionally proliferate rapidly in

Table 7.2 Major types of Escherichia coli implicated in enteric diseases of animals.

Animal species Disease Pathotype (Sub-pathotype)of E. coli

Cattle Neonatal diarrhea Enterotoxigenic
Diarrhea/dysentery Shiga toxin-producing
in 2- to 8-week-old calves Possibly extraintestinal pathogenic

Pigs Neonatal diarrhea Enterotoxigenic
Post-weaning Enterotoxigenic, enteropathogenic
diarrhea Enterotoxigenic/Shiga toxin-producing
Edema disease Shiga toxin-producing (edema disease)

Dogs Diarrhea Enterotoxigenic
Enteropathogenic

Granulomatous colitis Extraintestinal pathogenic
Rabbits Diarrhea Enteropathogenic
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Table 7.3 Extraintestinal diseases of animals caused by Escherichia coli.

Animal species Disease Pathotype (Sub-pathotype) of E. coli

Cattle Septicemia Extraintestinal pathogenic (septicemic)
Mastitis Mammary pathogenic

Pigs Septicemia Extraintestinal pathogenic (septicemic)
Pneumonia Extraintestinal pathogenic (septicemic)
Mastitis Mammary pathogenic

Dogs Urinary tract infection Extraintestinal pathogenic (uropathogenic)
Pyometra Extraintestinal pathogenic (uropathogenic)
Septicemia Extraintestinal pathogenic (septicemic)
Pneumonia Extraintestinal pathogenic (septicemic)

Cats Urinary tract infection, pyometra Extraintestinal pathogenic (uropathogenic)
Septicemia Extraintestinal pathogenic (septicemic)

Poultry Omphalitis/yolk sac infection Extraintestinal pathogenic (avian pathogenic)
First week mortality
Air-sacculitis/septicemia
Cellulitis
Salpingitis
Peritonitis
Swollen head syndrome

the small intestine of young pigs and induce
symptoms of shock and rapid death. Enteric
colibacillosis complicated by shock occurs
in unweaned and recently weaned pigs, and
manifests as rapid death with cutaneous
cyanosis of the extremities, or less acutely with
hyperthermia, diarrhea, and anorexia.

Post-weaning diarrhea is seen as yellowish
or gray fluid and most commonly starts three
to five days after weaning, lasting up to a
week and causing emaciation (Fairbrother
and Nadeau 2019). Over several days, most
of the pigs in a group may be affected and
mortality of up to 25% may be observed. In
farms where husbandry measures at weaning
include addition of higher levels of protein of
animal source, plasma, acidifying agents, or
zinc oxide to the feed, peaks of diarrhea and
enteric colibacillosis complicated by shock
may be delayed, occurring up to eight weeks
after weaning.

Postmortem findings of post-weaning diar-
rhea may be dehydration, dilation of the

stomach, gastric infarcts in the mucosa of the
stomach, intestinal dilation (by fluid) and con-
gestion, and hyperemia of the small intestine.
Intestinal contents vary from yellow to green,
watery to mucoid with blood sometimes, and
a characteristic odor. On histopathology, lay-
ers of E. coli are observed adhering to the
mucosa of the jejunum and ileum in newborn
and post-weaning pigs with ETEC infection.
Bacteria are usually located at a distance of
approximately half to one bacterial width
away from the microvilli. Typically, there is
no microscopic lesion. ETEC colonize the
crypts of Lieberkühn and cover the apex of the
villi. In cases of enteric colibacillosis compli-
cated by shock, typical microscopic lesions of
hemorrhagic gastroenteritis, congestion, and
microvascular fibrinous thrombi and villus
necrosis may be observed in the mucosa of the
stomach, small intestine, and colon.

The O serogroups and virulence gene pro-
files (virotypes) of ETEC most commonly
associated with diarrhea in post-weaning pigs
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Table 7.4 Important virulence categories and factors, O serogroups and pathotypes of Escherichia coli
causing disease in pigs.

Pathotype Virulence category and factors O serogroup

Enterotoxigenic Adhesins: F4, F5, F6, F18, F41, AIDA 8,9,20,45,64,101
Toxins: STa, STb, LT, EAST1, Hly 138,141,147,149,157

Enterotoxigenic/Shiga
toxin-producing

Adhesins: F4, F5, F6, F18, F41, AIDA 141,147
Toxins: STa, STb, LT, EAST1, Stx2e, Hly

Shiga toxin-producing (edema
disease)

Adhesins: F18, AIDA 2,9,101,107,120,121,125,138,139,
141,147,149,154,157Toxins: Stx2e, Hly

Enteropathogenic Adhesins: Intimin (Eae)

Secretion systems: Tir, EspA,
EspB, EspD

Toxins: EspC

45,103,123

Extraintestinal pathogenic
(septicemic)

Adhesins: P (PapC), S (Sfa), F1 (Fim),
Curli (Csg)

6,8,9,11,15,17,18,20,45,
60,78,83,93,101,112,115,116

Toxins: Cnf1/2, Cdt, Clb, HlyA
Autotransporters: Vat
Invasin: IbeABC
Metal transport/uptake: IutA/iucD, Irp,
sitABCD, IroN, FyuA, FepA,
Protectins: K1(KpsMII), Iss, OmpT

Extraintestinal pathogenic
(uropathogenic)

Adhesins: P, S 1,4,6,18
Toxins: Cnf1/2, Cdt
Metal transport/uptake: IutA/iucD, Irp,
sitABCD, IroN, FyuA, FepA
Protectins: K1(KpsMII), Iss, OmpT

are shown in Tables 7.4 and 7.6. These ETECs
are typically hemolytic and are predominantly
O149, O8, O141, or O138.

In calves and lambs, diarrhea is mostly
observed in the first few days after birth. Ani-
mals produce large amounts of foul-smelling
pasty to watery feces varying from pale yellow
to white and occasionally containing flecks of
blood. In acute cases, extensive loss of fluid
leads to a marked decrease in body weight
within six to eight hours of the onset of diar-
rhea. The intestinal mucosa usually appears
normal on histopathology.

In dogs, ETEC have been associated with
cases of diarrhea, especially in young ani-
mals, and rarely from healthy control groups
of dogs.

Shigatoxigenic E. coli

Stx is the critical virulence factor in diseases
caused by STEC. Edema disease in pigs is the
only animal disease for which the role of Stx
is clearly established. This subgroup of STEC
is referred to as EDEC. However, there is evi-
dence to implicate STEC in diarrhea and dysen-
tery in calves and lambs. Affected calves show
attaching and effacing lesions in the terminal
ileum, colon and rectum, with edema and neu-
trophil infiltration of the lamina propria and
an exudate of neutrophils, mucus, and exfoli-
ated epithelial cells in the lumen. The lesions
are more severe in colostrum-deprived than in
colostrum-fed calves and may be induced with
Stx1- or Stx2-positive STEC.
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Table 7.5 Important virulence categories and factors, O serogroups and pathotypes of Escherichia coli
causing disease in cattle and sheep.

Pathotype Virulence category and factors O serogroup

Enterotoxigenic Adhesins: F5, F41 8,9,20,45,64,101
Toxins: STa, EAST1

Shiga toxin-producing Adhesins: Intimin (Eae) 5,8,20,26 103,111,118,145
Toxins: Stx1, Stx2

Enteropathogenic Adhesins: Intimin (Eae)
Secretion Systems: Tir, EspA, EspB, EspD
Toxins: EspC

Extraintestinal pathogenic
(septicemic)

Adhesins: P (PapC), S (Sfa), F1 (fim), Curli
(Csg)

8,9,15,26,35,45,78,86,101,
115,117,137

Toxins: Cnf1/2, Cdt, Clb, HlyA
Autotransporter: Vat
Invasin: ibeABC
Metal transport/uptake: IutA/iucD, Irp,
SitABCD, IroN, FyuA, FepA,
Protectins: K1 (KpsMII), Iss, OmpT

Mammary pathogenic Lipopolysaccharide

Hemolytic uremic syndrome (HUS) occurs
occasionally in young dogs of several breeds, in
which there is a prodrome of bloody diarrhea
followed by thrombocytopenia, microangio-
pathic hemolytic anemia, and anuric acute
renal failure. The kidneys of affected dogs
show renal proximal tubular necrosis and
hemorrhage, and glomerular lesions con-
sisting of hypertrophy, necrosis and loss of
capillary endothelial cells, adherence of aggre-
gated platelets to the basement membrane,
fibrin thrombi, and fibrinoid necrosis of blood
vessels.

Edema disease may be sporadic or may
affect many litters or an entire herd and may
be first recognized as sudden death without
signs of illness. Some affected pigs become
inappetent, develop swelling of the eyelids and
forehead, emit a peculiar squeal, and show
incoordination and respiratory distress. There
is no diarrhea or fever.

Pigs that die of edema disease typically
show gross lesions of edema and hemor-
rhage in some or all of the following sites:

the subcutaneous tissues of the eyelids and
forehead, the greater curvature of the stom-
ach; the mesenteric lymph nodes, the colonic
mesentery, and the brain, especially the cere-
bellum. Light and electron microscopy identify
degenerative changes in vascular endothelial
cells, thrombosis in blood vessels, perivascular
edema and necrosis of vascular smooth mus-
cle. EDEC recovered from affected pigs most
commonly belong to O group 139, and less
frequently to O group 138, or 141 (Table 7.4).

EDEC may or may not be enterotoxigenic.
Those hybrid strains which are enterotoxi-
genic are known as ETEC/STEC and are most
commonly associated with diarrhea.

Enteropathogenic E. coli

EPECs are a cause of diarrhea in several ani-
mal species, most importantly, in rabbits, pigs,
and dogs. These strains induce AE lesions
on the intestinal mucosa and are grouped
in a category of E. coli called attaching and
effacing E. coli (AEEC), which also includes
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Table 7.6 Important pathotypes, hybrid pathotypes, virotypes, and sequence types of Escherichia coli in pigs.

Pathotype or
hybrid pathotype Pathovirotype

Most common
virotypes

Most common sequence
types when tested

Enterotoxigenic
(ETEC)

ETEC: F4 LT:STb:F4 10, 90, 100
LT:STa:STb:F4 100
LT:STb:F4:F6
STa:STb:F4 772

ETEC: F18 STa:STb:F18 10, 5786,
LT:STa:STb:F18 42, 847
STa:F18
LT:STb:F18 1266

ETEC:F4:F18 LT:STa:STb:F4:F18
ETEC STb

STa:STb
STb:AIDA

Enterotoxigenic/Shiga
toxin-producing
(STEC)

ETEC/STEC:F18 STa:STb:Stx2e:F18 10
LT:STb:Stx2e:F18
LT:STa:Stx2e:F18
LT:STa:STb:Stx2e: F18 88

STEC STEC:F18 Stx2e:F18 10
STEC Stx2e

Enteropathogenic
(EPEC)

EPEC Eae 10, 29, 48,

ETEC/STEC/EPEC ETEC/STEC/EPEC:F4 LT:Stx2e:Eae:F18 4214
ETEC/EPEC ETEC/EPEC:F18 LT:STb:Eae:F18

EHEC strains. Healthy cattle, sheep and pigs,
as well as dogs and cats, appear to be important
reservoirs of AEEC, most of which are classi-
fied as EPEC producing the outer membrane
protein adhesin intimin (Eae), encoded by the
eae gene.

EPEC may be associated with post-weaning
diarrhea in pigs (Fairbrother and Nadeau
2019). Histopathological lesions range from
mild and scattered through the large and
small intestine, to severe and involving mostly
the cecum and colon. They include light to
moderate inflammation of the lamina propria,
enterocyte desquamation and some mild ulcer-
ation, and light to moderate villus atrophy in
the small intestine. Extensive multifocal bac-
terial colonization of the surface epithelium by

a thin layer of coccobacilli, often oriented in a
palisade pattern, is observed. Typical intimate
attachment of bacteria to intestinal epithelial
cells and effacement of microvilli are observed
on electron microscopy.

EPEC are the pathogenic E. coli most com-
monly associated with diarrhea in dogs (Beutin
1999). There is at least one report of identical
EPEC strains having been isolated from a
diarrheic puppy and a young child in the same
household. EPEC have also been isolated from
cats. Cases in dogs have a history of gastroin-
testinal disease associated with histological
and bacteriological evidence of AEEC. Typical
attaching and effacing lesions are observed in
the jejunum and ileum, to a lesser extent in the
large intestine, and have been reported in the
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stomach of affected dogs. Many of these dogs
originate from kennels and pet shops and are
aged between 1.5 and 3 months. Co-infection
with other enteric pathogens, such as canine
distemper virus, canine parvovirus, or coccidia,
is often observed.

EPECs are the only important class of
pathogenic E. coli in rabbits, being one of
the principal infectious agents in diarrheic
rabbits and causing 25–40% losses. Certain
serotypes of EPEC, such as O109:H2 and
O8:H?, are mainly pathogenic for suckling rab-
bits whereas other serotypes, such as O26:H11,
O20:H7, O109:H7, O153:H7, O128:H2, and
O132:H2, are associated predominantly with
disease in weaned rabbits. EPEC of serotypes
O2:H6, O15:H-, O103:H2 are associated with
disease in both suckling and weaned rabbits
(Milon et al. 1999). In general, O109:H2 strains
tend to cause severe and lethal diarrhea in
suckling but not weaned rabbits, whereas
O15:H-, O103:H2, and some O26:H11 strains
tend to induce severe diarrhea with a high
mortality rate in weaned rabbits. EPEC strains
of other serotypes tend to cause a mild diarrhea
with possible weight loss.

In suckling rabbits, typical attaching and
effacing lesions are observed over the entire
length of the small and large intestines. In
weanling rabbits, typical lesions are found
mostly in the cecum, and to a lesser extent in
the colon and ileum.

In suckling rabbits, diarrhea due to EPEC
occurs at 3–12 days of age, with mortality of
up to 100% within a litter. In weanling rabbits,
diarrhea is observed at 5–14 days after wean-
ing, with mortality of 5–50% and decreased
weight.

Extraintestinal Pathogenic E. coli

ExPEC includes E. coli implicated in a wide
range of infections including septicemia (sep-
ticemic E. coli, SEPEC), and infections of the
urinary and genital tracts (uropathogenic
E. coli, UPEC), the respiratory tract (avian
pathogenic E. coli; APEC), and the mammary

gland. The importance of ExPEC is increasing
rapidly as they are constantly present in the
intestinal microbiota of the various animal
species and are increasingly becoming more
resistant to antimicrobials (Vila et al. 2016;
Biran and Ron 2018). Some ExPEC recovered
from disease in humans and animals share
several virulence factors and animals may be
reservoirs of some of these pathogens that
cause disease in humans. ExPEC are found
in the normal intestinal microbiota. In con-
trast to ETEC, EPEC, and STEC, they are not
characterized by the presence of a particular
virulence factor or group of factors but usually
possess a large number of virulence factors,
which may vary greatly among strains. These
are now commonly grouped into functional
categories (see Section Virulence factors).
There are several gene clusters for similar
activities within each functional category and
an ExPEC strain may carry one or more of them
(Tables 7.4, 7.5, and 7.7; Biran and Ron 2018).
ExPEC strains usually carry at least one gene
cluster for adherence, iron-binding, and serum
survival. ExPEC mostly occur in phylogroups
B2, F, or G, although certain strains of other
phylogroups have acquired sufficient virulence
factors, probably by horizontal gene transfer, to
become ExPEC (Vila et al. 2016). Conversely,
some B2 strains that are ExPEC-like also show
characteristics defining diarrheagenic patho-
types such as adherent and invasive E. coli
(Dogan et al. 2020). Many of the specialized
traits distinguishing ExPEC from other E. coli
are now considered as “fitness” rather than
“virulence” factors, as they mediate host colo-
nization and persistence without resulting in
disease (Vila et al. 2016).

In pigs, E. coli septicemia occurs in neonates
and less frequently in suckling animals. It is
characterized by an acute generalized infec-
tion, sometimes with diarrhea at the terminal
stage, with signs of shock, often followed by
death in three to eight hours, with fatality of up
to 100%. The infection may become localized
causing polyarthritis, pneumonia, metritis,
abortion, or meningitis.
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Table 7.7 Important virulence categories and factors, O serogroups and pathotypes of Escherichia coli
causing disease in poultry.

Pathotype Virulence category and factors O serogroup

Enteropathogenic Adhesins
Intimin (Eae)
Secretion systems: Tir, EspA,
EspB, EspD
Toxins: EspC

Extraintestinal pathogenic (avian
pathogenic)

Adhesins: P (F11), S (Sfa), F1
(Fim), Curli, Stg, Yqi, Tsh

1,2,5,6,8,15,18,27,35,53,63,64,
78,86,88,109,111,115,125,129,166,169

Toxins: Cnf1/2?, Cdt?, HlyF
Autotransporter: Tsh, Vat
Invasin: ibeABC
Metal transport/uptake:
IutA/iucD, Irp, SitABCD, IroN,
FyuA, FepA, ChuA
Protectins: Capsule K1 (KpsMII),
O78 LPS, Iss, OmpT

In acute primary septicemia, there may be
no gross lesions but congestion of the intestine,
the mesenteric lymph nodes and the extrain-
testinal organs may be observed. In subacute
cases, subserosal or submucosal hemorrhages
and fibrinous polyserositis with gross lesions
of pneumonia are usually observed, and may
be accompanied by fibrinopurulent arthritis
and meningitis.

In pigs manifesting symptoms of shock and
rapid death, typical histopathological lesions of
septicemia such as hemorrhagic gastroenteri-
tis, congestion, renal hemorrhage, and thrombi
in the mucosa of the stomach and small intes-
tine are observed. These lesions probably result
from the rapid release of bacterial LPS from the
intestine into the circulation.

In ruminants, E. coli septicemia occurs in
calves in the first few days of life and in lambs
at two to three weeks of age. Bacteria enter
the host across the intestinal epithelium, or
through the umbilicus. The clinical signs and
localizations are as described for pigs. Bacteria
are excreted in nasal secretions, urine, and
feces in affected animals. On postmortem

examination of calves with peracute disease,
there are usually petechial hemorrhages on
the epicardium and serosal surfaces and there
may be pulmonary edema and hemorrhage
and enlargement of the spleen. Fibrinous pol-
yarthritis and meningitis may be observed in
chronic cases.

In poultry, clinical signs vary with age.
Young birds, often following yolk sac infection
and/or omphalitis, may die rapidly of sep-
ticemia at a high prevalence with enlargement
of the liver and spleen and increased fluid in
body cavities. This first week mortality results
from colonization of day-old chickens by APEC
originating from the parents (Christensen et al.
2021). This vertical transmission may occur
following surface contamination of eggs from
the environment of the parents and may lead
to infection of the embryo if the bacteria pen-
etrate the eggshell. The bacteria then spread
horizontally during hatch and subsequent
handling and transport of chicks. The risk of
this transmission has been associated with
broiler parents older than 43 weeks of age and
following the use of floor eggs.
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Respiratory tract infection with APEC results
in depression and fever in birds of four to nine
weeks of age and may result in extensive eco-
nomic losses, with up to 20% mortality. Air sacs
of infected birds are thickened and often have a
caseous exudate on the respiratory surface. On
histopathology, edema is the earliest change
and initial infections are characterized by
airsacculitis with a serous to fibrinous exudate,
an initial infiltration with heterophils and a
subsequent predominance of macrophages,
which is frequently followed by a general
infection commonly resulting in perihepatitis
and/or pericarditis. In laying birds, APEC
may infect the oviduct via the left abdominal
air sacs leading to salpingitis and loss of egg
laying ability. APEC may invade the peritoneal
cavity via the oviduct, leading to peritonitis
and death in caged layer hens. APEC may
also cause a syndrome called swollen head
syndrome characterized by gelatinous edema
of the facial skin and periorbital tissues, and
caseous exudate in the conjunctival sac, facial
subcutaneous tissues and lacrimal gland.

APEC are also associated with asymptomatic
cellulitis of the lower abdomen and thighs. The
skin is discolored and yellowish fibrinocaseous
plaques are found in the subcutaneous tissues
underlying the skin lesions.

E. coli is the pathogen that is most frequently
implicated in urinary tract infections (UTI)
in dogs, cats, and humans. Infection, which
is more common in dogs than in cats, is most
frequently manifested as cystitis but urethritis,
pyelonephritis and prostatitis are also seen.

E. coli mastitis can develop in any host
species but is most common in dairy cattle,
particularly in high-producing animals, in the
first two weeks after calving, and in animals
with low somatic cell counts. Infection of the
mammary gland by E. coli results in mild to
severe inflammation and a clinical course of
mastitis, which may be peracute, acute, or
chronic.

Granulomatous colitis is a rare type of
inflammatory bowel disease occurring in Boxer
dogs and French bulldogs (Dogan et al. 2020).

Clinical signs include colitis, hematochezia,
and weight loss, progressing to cachexia.
Invasive E. coli may be observed in colonic
macrophages. Isolated E. coli resemble ExPEC,
possessing several of the ExPEC-associated
virulence genes.

Virulence Factors of Pathogenic
E. coli

Virulence factors of pathogenic E. coli are
now grouped by functional categories, which
include adhesins, toxins, autotransporters,
secretion systems, invasins, metal trans-
port/uptake systems, protectins, regulation,
and fitness factors (Johnson and Russo 2018;
Sarowska et al. 2019). This facilitates the
interpretation of the extensive virulence gene
profiles that may be obtained on analysis of
strains by whole-genome sequencing, owing to
the large numbers of potential virulence genes
now found in referenced databases.

Adhesins

Enterotoxigenic E. coli Fimbrial and Afimbrial
Adhesins
Fimbriae (or pili) are rod-like or fibrillar sur-
face appendages on bacteria which mediate
attachment to host tissues. Each fimbrial unit
consists of hundreds of copies of a major sub-
unit, which provides the structure and confers
the antigenic specificity of the fimbriae. Fim-
briae may also contain several copies of minor
subunits, one of which may be an adhesin
with specific binding properties. A system of
F numbers was devised to designate fimbrial
adhesins. The fimbriae originally named K88,
K99, 987P, Fy, and F107, are now named F4,
F5, F6, F17, and F18, respectively. Uncharac-
terized adhesins may play a role in infections
with ETEC lacking genes for the recognized
fimbriae.

F4 Fimbriae
The F4 fimbria is a fine fibrillar structure. The
major subunit of the F4 fimbriae constitutes
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the adhesin. F4 fimbriae are encoded by the
fae locus on a plasmid, which often also car-
ries genes for raffinose fermentation. The
heat-stable toxins and virotypes most com-
monly associated with F4 fimbriae are listed in
Table 7.4. F4 fimbriae mediate bacterial adher-
ence to the intestinal epithelium throughout
most of the small intestine of pigs of all ages.
Hence, colonization of the intestinal mucosa
by F4-positive ETEC occurs in both neonatal
and post-weaning pigs and may be observed in
finisher pigs.

Adherence due to F4 fimbriae is species
specific, occurring almost exclusively in pigs.
There are three variants of F4, ab, ac and ad,
with the ac variant being most common. Some
pigs are resistant to colonization by F4-positive
ETEC because they lack the receptors for the
F4 adhesin that are encoded on chromosome
13. The allele (S) for the F4 receptor is dom-
inant and genetic resistance to adherence by
F4-positive ETEC is inherited in a Mendelian
fashion. Hence, there are three genotypes:
ss (resistant), SS and Ss (susceptible). A PCR
test for resistance/susceptibility of pigs to
intestinal adherence of F4-positive ETEC has
been developed. If the sow is resistant, there
is no anti-F4 antibody in the colostrum in the
absence of parenteral immunization, resulting
in highly susceptible piglets. Susceptibility of
pigs to F4ab/ac ETEC diarrhea has been linked
to a polymorphism on MUC4 gene, although
other receptors for F4ac are probably present
(Dubreuil et al. 2016; Fairbrother and Nadeau
2019). The peptide that includes amino acids
125–163 of FaeG appears to be essential for F4
variant-specific binding.

F5 Fimbriae
F5 fimbriae are also fibrillar appendages. They
are encoded by the fan locus, which is found
on a plasmid. As with F4 fimbriae, the major
fimbrial subunit (FanC) is the adhesin, allow-
ing the fimbriae to bind laterally rather than
by the tip. F5 fimbriae are produced by ETEC
from pigs, cattle and sheep (Tables 7.4 and
7.5). F5 fimbriae bind to the specific receptor

N-glycolylneuraminic acid-GM3 and mediate
attachment of ETEC mostly to the posterior
small-intestinal mucosa in younger and occa-
sionally in older animals. Hence, diarrhea
due to F5-positive ETEC is observed mostly in
neonatal pigs, calves, and lambs.

F6 Fimbriae
F6 are large rod-shaped fimbriae, encoded by
the fas locus on the chromosome and on plas-
mids and encodes three structural proteins, the
major subunit FasA and minor subunits FasF
and FasG. FasG is the adhesin. F6 mediates
bacterial colonization mostly of the posterior
small intestine in neonatal pigs. F6-mediated
intestinal colonization in older pigs is rarely
observed and is thought to be inhibited by
preferential binding of bacteria to F6 receptors
in the intestinal mucus of older pigs rather
than to receptors on the intestinal epithelium.
Hence, diarrhea due to F6-positive ETEC is
observed almost exclusively in neonatal pigs.
ETEC with this fimbria have been reported at
low frequency in recent years.

Three specific receptors have been reported
for F6 fimbriae. The adhesin, FasG, binds
both hydroxylated sulfatide and histone H1
on intestinal epithelial cells and the major
subunit, FasA, binds hydroxylated ceramide
monohexoside.

F18 Fimbriae
F18 are long flexible filaments with a char-
acteristic zig-zag pattern that are encoded
by the fed locus which is usually found on a
plasmid. Binding is mediated by the adhesin
FedF. There are two variants of F18, ab and ac,
based on serological and nucleotide sequence
differences. These variants are biologically
distinct, F18ab being poorly expressed in vitro
and in vivo and most often associated with
Stx2e-producing strains of E. coli implicated
in edema disease, and F18ac being more effi-
ciently expressed in vitro and in vivo and
more commonly associated with ETEC strains.
Nevertheless, both variants are involved in
post-weaning diarrhea or edema disease in
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pigs. It is probable that F18ab and F18ac bind
to the same receptor. The expression of F18
receptor is age dependent, being lower in the
first weeks of life and then maintained from
three weeks onward. Genotypes susceptible
and resistant to F18 adherence have been
differentiated, and pigs with at least one copy
of the dominant allele for the receptor are sus-
ceptible to epithelial cell adherence and hence
to intestinal colonization. The receptor gene
is localized on porcine chromosome 6, closely
linked to the gene encoding halothane sensitiv-
ity, but there appears to be no co-selection for
F18 receptor and halothane sensitivity. Suscep-
tibility to F18 E. coli infections was reported to
be dependent on the activity of the FUT1 gene,
encoding the alpha(1,2)-fucosyltransferase.
Pigs that lack this receptor can be identified by
a PCR assay that detects a specific mutation in
the gene.

F41 Fimbriae
F41 are fibrillar appendages encoded by
genes on the chromosome of both bovine
and porcine ETEC strains. They are mostly
expressed together with F5 fimbriae on ETEC
of O groups 9 and 101, although some strains,
mostly from pigs, may produce F41 alone.
F41-mediated colonization is observed in the
posterior small intestine in neonatal pigs,
calves, and lambs, and may result in diarrhea,
whether F5 fimbriae are present or not.

F17 Fimbriae
F17 are flexible fimbriae found mostly on
bovine necrotoxigenic E. coli (NTEC) strains
producing cytotoxic necrotizing factor (CNF) 1
or 2, encoded by genes on the chromosome in
the former and on a plasmid in the latter. Six
gene variants, a–f, have been described, based
on differences in the major subunit F17A
(Bihannic et al. 2014). F17 has also been found
on bovine ETEC strains, although its role in
diarrhea due to these strains has not been
elucidated. F17 fimbriae consist of a major
structural pilin (F17A) with a flexible tip fibril-
lum that contains the F17G adhesin. Like the

adhesins of type I and P fimbriae, the lectin
domain of F17G has an immunoglobulin-like
fold. F17G has its binding site located later-
ally and has been proposed to insert between
microvilli in order to bind. The carbohydrate
specificity of the F17a fimbriae is a terminal
or internal N-acetylglucosamine on O-linked
oligosaccharides of bovine mucins or intestinal
glycoproteins (Dubreuil et al. 2016).

Adhesin Involved in Diffuse Adherence-I, a
Nonfimbrial Adhesin
The adhesin involved in diffuse adherence
1 (AIDA-1) is an autotransported 100-kDa
mature outer-membrane protein, which
mediates bacterial attachment to intestinal
epithelial cells. AIDA-1 is a self-associating
autotransporter, that can mediate bacterial
autoaggregation through self-associations.
AIDA-1 was originally detected in E. coli
isolates from humans with diarrhea, and
homologs have been detected subsequently
in other E. coli, including strains from pigs
with edema disease or post-weaning diar-
rhea, particularly in strains of the virotypes
Stx2e:F18 and F18 alone. A high percentage
of the AIDA-positive porcine strains carry the
astA gene for EAST1. In these strains, AIDA is
encoded by genes forming an operon including
the aidA gene, on a plasmid. ETEC isolates of
the STb or STb:EAST-1 virotypes from neona-
tal or weaned pigs may also be AIDA-positive
and induce diarrhea in neonatal pigs. AIDA
is also present in non-ETEC. AIDA-1 was
shown to be involved in biofilm formation and
in colonization of newborn experimentally
infected pigs.

Attaching and Effacing E. coli Adhesins

Long Polar Fimbriae
Interaction between adhesins and host epithe-
lial cells is believed to be an early development
in formation of the attaching and effacing
lesion. Long polar fimbriae (LPF; Zhou et al.
2019) have been suggested as an adhesin that
might fill this role. LPF comprises two types,
LPF1 and LPF2, both initially found in EHEC,
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and both playing essential roles in adherence to
intestinal cells. LPF also appears to be required
for active translocation of EHEC across human
M cell monolayer.

Hemorrhagic Coli Pilus
A type IV fimbria, called hemorrhagic coli
pilus (HCP), has been shown to promote
adherence of EHEC O157:H7 to bovine and
human epithelial cells and to pig and cattle
gut explants. Antibodies against HCP were
detected in the sera of patients with HUS but
not in the sera of healthy persons.

Intimin
A critical component of the locus of enterocyte
effacement (LEE)-encoded gene cluster is the
eae (E. coli attaching and effacing) gene that
encodes the outer membrane protein adhesin
intimin (Eae; Mare et al. 2021). Intimin
binds to the translocated intimin receptor
(Tir), which has been injected into the host
cell by the T3SS of AEEC, leading to a tight
attachment of the bacterium to the host cell.
Variation in the amino acid sequence in the
C-terminus of intimin has led to recognition
of at least 30 intimin subtypes in STEC and
EPEC. Although subtypes are associated with
bacterial serotype, host specificity and tissue
tropism, they are interchangeable between
strains and can interact with any Tir-binding
domain.

Bundle-forming Pili
Many human EPECs possess plasmid-encoded
type IV bundle-forming pili (Bfp), which are
responsible for localized adhesion of these
bacteria to HeLa cells in vitro and are proposed
to be responsible for initial loose adherence
of bacteria to each other and to the target
enterocyte apical membrane (Pearson et al.
2016). bfpA encodes the major pilin subunit of
Bfp. The presence of bfpA is used to subdivide
EPEC into two distinct groups, typical (bfpA+)
and atypical (bfpA−). Dog EPEC strains may
possess a bfpA-related gene.

Adhesins of Rabbit EPEC
Rabbit EPEC strains also often possess one
of the fimbrial adhesins AF/R1 (adhe-
sive/rabbit 1), AF/R2, or Ral (rabbit EPEC
adherence locus), which appear to be involved
in initial bacterial adherence to the rabbit
intestinal epithelium (Mainil and Fairbrother
2014). These fimbriae may be involved in
initial attachment of rabbit EPEC to the ente-
rocyte apical membrane, as proposed for BfpA
of human EPEC.

Extraintestinal Pathogenic E. coli Adhesins
Adhesins on the surface of ExPEC bacteria
may be classified as fimbrial, nonfimbrial,
or atypical, the last contributing to adhesion
but possessing other primary functions (Alek-
sandrowicz et al. 2021). For many of these
adhesins, there is epidemiological or exper-
imental evidence that they are involved in
bacterial virulence (Johnson and Russo 2018).

Fimbrial Adhesins

Type I Fimbriae Type I fimbriae are found in
all ExPEC pathotypes (Sarowska et al. 2019).
They are encoded by the fim operon found on
the chromosome. The major fimbrial subunit is
FimA and the FimH protein located at the tip is
responsible for binding to glycoprotein recep-
tors on host cells. Binding of type I fimbriae to
receptors is inhibited by mannose. Expression
of type I fimbriae is phase variable which may
permit a role in colonization of certain organs
such as the lower respiratory tract of chickens,
but not in other sites.

P Fimbriae P fimbriae are found in ExPEC
of the UPEC, SEPEC, and APEC pathotypes.
They are encoded by the pap operon in PAI on
the chromosome. The major fimbrial subunit
is PapA and the PapG protein is responsible for
mannose-resistant binding to glycolipid recep-
tors containing Gal-alpha-(1,4)Gal galactoside
residues on host cells. Three molecular vari-
ants, PapGI, PapGII, and PapGIII, have been
identified, and are associated with different
target organs and pathological changes.
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Other Fimbriae Other fimbrial adhesins
found on ExPEC include S fimbriae (sfa
gene), Stg (stg), AC/I (fac), F1C (foc), Dr.
(dra), Escherichia common pili (ecp), Yad
(yad), Yqi (yqi), curli (csg), type IV (pil;
rci), GlcNac-specific (G, F17c) (gafD), and
M (bmaE; Dale and Woodford 2015; John-
son and Russo 2018; Sarowska et al. 2019;
Aleksandrowicz et al. 2021).

Nonfimbrial Adhesins

Afimbrial Adhesins Afimbrial adhesins are
mostly found in UPEC and are encoded by
a cluster of afa genes. The major structural
subunit is AfaB. The receptor for the family
of Dr. fimbriae and Afa afimbrial adhesins is
the decay-accelerating factor, expressed on
the surface of erythrocytes and cells of other
tissues (Sarowska et al. 2019).

Other Non-fimbrial Adhesins Other non-
fimbrial adhesins found on ExPEC include
the autotransporters AatA (aatA gene), AatB
(aatB), temperature-sensitive hemagglutinin
(Tsh) (tsh; see Section Autotransporters),
antigen 43 (agn43), Iha (iha), CS31A (clpG),
non-fimbrial adhesin (nfa), and heat-resistant
hemagglutinin (hra).

Atypical Adhesins
Atypical adhesins include flagella (fliC),
LPS (waa/rfa), and type VI secretion system
(vgrG/clpV).

Toxins

Enterotoxins
E. coli enterotoxins cause disturbances in
intestinal fluid metabolism but do not produce
pathological lesions or morphological changes
in the intestinal mucosa. Two major classes of
enterotoxin are produced by ETEC (Dubreuil
et al. 2016): low molecular weight, poorly anti-
genic heat-stable toxins, which are resistant
to 100∘C for 15 minutes, and high molecular
weight, highly antigenic heat-labile toxin (LT),
which is inactivated at 60∘C for 15 minutes.

Both types of enterotoxin are plasmid encoded.
This family of enterotoxins consists of STa (or
STI), STb (or STII) and EAST1, differentiated
on the basis of size, molecular structure, and
biological activity. The LT family of enterotox-
ins consists of LTI and LTII, which differ in
their antigenicity but have similar biological
activity associated with similar A subunits. The
secretion and delivery of LT and STa appear to
be associated with bacterial contact with the
intestinal epithelium (Zhu et al. 2018).

STa
STa is an 18- or 19-amino acid peptide of about
2000 Da, which is produced as a 72-amino
acid pre-pro-peptide, transported across the
inner membrane, folded in the periplasm in
which three intramolecular disulfide bonds are
formed by DsbA protein, then secreted through
TolC. STa has been designated STaP (produced
by bovine, porcine, and human ETEC) or STaH
(produced by human ETEC), based on minor
differences in composition. All forms of STa
have a conserved C-terminal 13 amino acids
which include three disulfide bonds.

STa binds to a guanyl cyclase C (GCC) gly-
coprotein receptor on the brush border of
villous and crypt intestinal epithelial cells and
activates guanyl cyclase, which stimulates pro-
duction of cyclic guanosine monophosphate
(cGMP; Figure 7.1a; Liu et al. 2020b). Elevated
concentration of cGMP results in (i) phospho-
rylation of cGMP-dependent protein kinase II
(cGMPKII), which phosphorylates and thereby
stimulates the cystic fibrosis transmembrane
conductance regulator (CFTR) chloride chan-
nel; and (ii) inhibition of phosphodiesterase
3 (PDE3) leading to accumulation of cAMP
which activates protein kinase A (PKA).
PKA then turns on CFTR and also inhibits
sodium/hydrogen exchanger 3 (NHE3) leading
to release of Cl− and HCO3

− through CFTR
into the intestinal lumen and to inhibition of
Na+ reabsorption from the intestinal lumen
(Figure 7.1a). Binding of STa to GCC on villous
enterochromaffin cells also appears to stim-
ulate neural pathways. Here, the increased
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(a) (b) (c)

Figure 7.1 Mechanisms of action of E. coli enterotoxins. (a) STa: Binding of STa to its guanyl cyclase C (GCC)
receptor activates guanyl cyclase, which converts guanosine triphosphate (GTP) to cyclic guanosine
monophosphate (cGMP). Elevated levels of cGMP: (i) activate cGMP-dependent protein kinase II (cGMPKII),
which turns on the cystic fibrosis transmembrane regulator (CFTR); and (ii) inhibit phosphodiesterase 3
(PDE3), leading to accumulation of cyclic adenosine monophosphate (cAMP) which activates PKA. PKA then
turns on CFTR and also inhibits sodium/hydrogen exchanger 3 (NHE3) leading to release of Cl− and HCO3

−

through CFTR into the intestinal lumen and to inhibition of Na+ reabsorption from the intestinal lumen.
(b) STb: STb binds to sulfatide and thereby activates GTP-binding regulatory protein Gαi3, which leads to an
influx of Ca2+. The high concentration of Ca2+ activates CaMKII and protein kinase C (PKC). CaMKII opens a
CaCC and activates CFTR while PKC stimulates CFTR and inhibits NHE3. These actions lead to accumulation
of Cl−, HCO3

− and Na+ ions and water in the intestinal lumen. The high level of Ca2+ also causes increased
production of secretagogues prostaglandin E2 (PGE2) and 5-hydroxytryptamine (5-HT) through its effect on
phospholipases A2 and C. (c) LT: LT binds to GM1 ganglioside and the LT-GM1 complex is taken up into
endosomes (E) by receptor-mediated endocytosis. The toxin-GM1 complex is taken to the Golgi then the ER,
where the LT A subunit is nicked by a protease and a disulfide bond is cleaved to release the A1 fragment.
The A1 enzyme, activated by an adenosine diphosphate (ADP)-ribosylation factor, transfers ADP-ribose from
nicotinamide adenine dinucleotide (NAD) to Gsα, a regulatory protein. The modified Gsα loses its intrinsic
GTPase activity and turns on adenyl cyclase constitutively (conversion of GTP to guanosine diphosphate,
GDP, turns off adenyl cyclase). The elevated levels of cAMP activate PKA which activates the CFTR resulting
in hypersecretion of Cl− and HCO3

− ions from the cell. PKA also inhibits absorption of Na+ from the
intestinal lumen through NHE3. Water follows into the intestinal lumen by osmotic drag. Source: Courtesy of
Aida Minguez Menendez, Faculty of Veterinary Medicine, University of Montreal.

levels of cGMP trigger the release of paracrine
mediators such as serotonin and neurotensin
into the subepithelial space, leading to release
of secretagogues, such as vasoactive intestinal
peptide, which attach to receptors on the ente-
rocytes and stimulate fluid secretion. Based on
the concentration and affinity of STa receptors,
the posterior jejunum appears to be the major
site of hypersecretion in response to STa. STa
also appears to induce intestinal secretion in
mice by binding to receptors other than GCC
(Sellers et al. 2008).

The effects of STa are reversible. STa is
active in infant mice and young pigs but is less

active in older pigs, consistent with decreas-
ing affinity and density of STa receptors with
increasing age. Not surprisingly, ETEC strains
that produce STa as the only enterotoxin are
associated with disease in neonatal pigs, calves,
and lambs.

STb
STb is a 48-amino acid peptide of 5 kDa that
is unrelated to STa in composition and mech-
anism of action (Butt et al. 2020). STb is
synthesized as a precursor that is released
into the periplasm where it is converted to an
active form with two intramolecular disulfide
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bonds. It is exported across the outer mem-
brane through TolC and accessory proteins.
ETEC producing STb are mostly associated
with pigs and the majority of porcine ETEC
produce STb. A variant STb, with a change
from histidine to asparagine at position 12 has
been reported. This variant is encoded on a
plasmid which also encodes STa and tetracy-
cline resistance (tetB) and is found primarily
on F4-negative ETEC.

STb does not alter cGMP or cAMP (cyclic
adenosine monophosphate) levels in intestinal
mucosal cells, thus differing in mechanism of
action from STa and LTI. STb binds sulfatide,
an acidic glycosphingolipid on the intestinal
epithelial cell surface, is internalized, and acti-
vates GTP-binding regulatory protein Gαi3,
opening a receptor-dependent ligand-gated
calcium channel, leading to an influx of
extracellular calcium ions into the cell (Butt
et al. 2020; Figure 7.1b). Increased intracellular
calcium activates (i) calmodulin-dependent
protein kinase II, resulting in the opening
of a calcium-activated chloride channel and
stimulation of CFTR, and (ii) activates protein
kinase C (PKC), which stimulates CFTR and
inhibits NHE3 (Figure 7.1b). These actions
result in accumulation of Cl−, Na+, and
HCO3

− in the lumen of the intestine. Ele-
vated Ca2+ levels also lead to elevated levels
of phospholipases A2 and C, which stimu-
late synthesis of secretagogues prostaglandin
E2 and 5-hydroxytryptamine, inducing the
duodenal and jejunal secretion of water and
electrolytes. STb also increases the perme-
ability of the intestinal epithelium through
decreased expression of tight-junction proteins
zona occludens-1 (ZO-1) and occludin and
increased paracellular permeability caused by
increased intracellular Ca2+.

STb causes loss of villous epithelial cells
and some villus atrophy. STb is inacti-
vated by trypsin, and, in the presence of
trypsin-inactivator, is active in the intestines
of mice, rats, and calves. Although ETEC
producing only STb can induce diarrhea in
young pigs, its association with post-weaning

pigs and experimental data (Erume et al. 2008)
indicate that STb is likely to be of primary
importance in older animals. The estB gene
which encodes STb is carried on plasmids.

EAST1
EAST1 was first identified in enteroaggregative
E. coli isolated from humans. Subsequently,
the EAST1 gene (astA) was detected in human,
bovine and porcine ETEC, EPEC, and STEC.
The astA gene is also present in E. coli with no
other virulence genes. The astA gene is carried
on a wide range of E. coli serotypes but appears
to be almost always present in O149 ETEC, a
major serogroup of porcine ETEC.

The astA gene is commonly found on plas-
mids in F4-positive ETEC strains from pigs
with diarrhea and in F18:Stx2e EDEC strains.
EAST1 is a 38-amino acid peptide of 4.1 kDa
that has two disulfide bonds and shares 50%
homology with the enterotoxic domain of
STa. It interacts with the STa receptor GCC to
elicit an increase in cGMP. Hence, the mech-
anism of action of EAST-1 is proposed to be
identical to that of STa. The role of EAST1 in
the development of diarrhea is questionable
(Ruan et al. 2012; Dubreuil 2019). An E. coli
with EAST1 as the only enterotoxin failed to
cause diarrhea in gnotobiotic pigs, and did not
stimulate elevation of intracellular cAMP or
cGMP in enteric cell lines (Ruan et al. 2012).

Heat-Labile Enterotoxin
Two subtypes of LT, LTI, and LTII, have
been described, only LTI being neutralized
by anticholera toxin. LTI can be divided into
LTIh, produced by human ETEC, and LTIp,
produced by porcine and human ETEC, that
have slight differences in composition. LTII
consists of three antigenic variants, LTIIa,
LTIIb, and LTIIc that are related to LTI in
their A subunits but differ in their B sub-
units. Outside the host, the eltAB operon
which encodes LTI is repressed by the binding
of histone-like nucleoid structuring protein
(H-NS) to a region downstream of the pro-
moter. This H-NS repression is relieved under
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the conditions in the host intestine, tempera-
ture and osmotic pressure being two important
factors. In vitro studies suggest that the envi-
ronment in the small intestine but not in the
large intestine supports production and secre-
tion of LTI. The amount of LTI that is produced
and secreted varies considerably from strain to
strain.

LTI is a high molecular weight toxin complex
(around 84 kDa) that consists of a biologically
active A subunit and five B subunits that bind
GM1 ganglioside receptors on the intesti-
nal epithelial cell surface. LTI also binds
other receptors, namely GD1b, asialo GM1,
GM2, and a number of galactoproteins and
galactose-containing glycolipids. The A sub-
unit (30 kDa) consists of an A1 fragment
(21 kDa) containing the active site and an A2
fragment which links A1 to the B subunits.
The A1 fragment appears to play an important
role in stability of the holotoxin.

LTI is assembled in the periplasm then trans-
ported across the outer membrane by the type
II secretion pathway (T2SS). The B subunits
bind LPS and the toxin becomes associated
with outer-membrane vesicles (OMV). Both
LTI and the T2SS are located at one pole of
the bacterium and effective delivery of toxin
involves motility, cell contact, and adherence.
After binding of the B subunits to their specific
cell surface receptor, LTI is internalized by
receptor-mediated endocytosis then trans-
ported in a retrograde manner to the Golgi and
the endoplasmic reticulum (Figure 7.1c). After
dissociation in the endoplasmic reticulum, the
A1 fragment translocates into the cytoplasm
and transfers an ADP-ribose moiety from
nicotinamide adenine dinucleotide (NAD) to
an arginine residue in the alpha subunit of the
stimulatory regulator (Gs) of adenyl cyclase
located in the basolateral membrane. This
results in inhibition of the GTPase activity of
Gsα, rendering adenyl cyclase constitutively
active. The permanently activated adenyl
cyclase leads to a high intracellular concentra-
tion of cAMP. ADP-ribosylation is enhanced
by ADP-ribosylation factors, which are 20-kDa

regulatory GTPases that activate the LTI A1
catalytic unit.

High levels of cAMP in the cell activate the
CFTR in the apical membrane through phos-
phorylation by PKA. Opening of this anion
channel results in increased secretion of Cl−
and HCO3− ions. PKA also promotes tran-
scellular movement of chloride ions from the
basolateral side of the intestinal lumen. cAMP
also inhibits absorption of Na+ ions from the
intestinal lumen. Water follows the electrolytes
by osmotic drag and diarrhea results. LT also
contributes to diarrhea by stimulating pro-
duction of prostaglandin E2, which stimulates
intestinal secretion and by loosening of tight
junctions. The effect of LTI is irreversible and
the affected enterocyte remains as a hyper-
secretor of cAMP until it is extruded. Excessive
secretion of electrolytes and water leads to
dehydration, metabolic acidosis, and possibly
death.

LT-positive ETEC typically produce F4 fim-
briae and STb, suggesting that there may be a
functional connection between these virulence
factors. LT promotes adherence of F4+ ETEC
in vitro and in vivo. Although the mechanism
has not been identified, it appears to require the
ADP-ribosyl transferase activity of LT and does
not involve an increase in F4 receptor on the
enterocyte surface.

LT has potent immunomodulatory effects
and derivatives of LT are adjuvants of both
the mucosal and systemic immune systems.
LTB alone acts as an adjuvant by means of
activation of cell signaling pathways following
cellular uptake and probably involves binding
to another receptor or a co-receptor. The A and
B subunits may have different immunomod-
ulatory effects, the overall effect of the native
LT being a result of the combined effects of
these subunits. LT can also induce apoptosis
of lymphoid cells, apparently by means of
different mechanisms depending on the stage
of differentiation of these cells.

There have been few studies of the occur-
rence of LTII-positive ETEC, but ETEC with
the genes for LTII have been isolated from
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humans, cows, buffalo, pigs, and ostriches.
The LTII enterotoxins share the A1:B5 struc-
ture, ADP-ribosyl transferase activity, and
immunomodulatory properties of LT1 but
differ in their binding specificities.

Shiga toxins
Shiga toxins (also known as verotoxins) are
a family of cytotoxic proteins that consist of
an approximately 32-kDa A subunit, with
N-glycosidase activity, non-covalently associ-
ated with a pentamer of B subunits (around
7.7 kDa each), which mediate binding to spe-
cific receptor molecules. Two major E. coli Stx
toxins were initially identified as Stx1, which
is identical to Stx of Shigella dysenteriae, and
Stx2, which is 56% homologous to Stx1. Ten
subtypes of Stx have now been named, based
primarily on amino acid composition and
biological properties. Differences in animal
reservoirs, animal disease, and severity of
disease in humans have been related to the
10 subtypes of Stx (Melton-Celsa 2014). Stx1
has subtypes Stx1a (formerly Stx1), Stx1c and
Stx1d, with Stx1c carried by sheep and asso-
ciated with mild or asymptomatic infections
in humans. Stx2 has subtypes Stx2a (formerly
Stx2), Stx2b, Stx2c, Stx2d, Stx2e, Stx2f, and
Stx2g. Stx2a and Stx2d (activatable by elastase)
are frequently implicated in severe disease
in humans; Stx2e is found almost exclusively
in strains of STEC that cause edema disease
of pigs; and Stx2f is isolated primarily from
healthy pigeons.

Combinations of the various Stxs (except
Stx2e) are associated with STEC that are
carried by healthy ruminants and some are
implicated in diseases in humans. The stx
genes are carried by temperate lambdoid
bacteriophages, together with late genes of
the phage genome and are regulated by the
phage regulatory circuits. Induction of phage
by agents that affect bacterial DNA or cell
wall, including certain antibiotics, can lead to
de-repression of transcription of phage genes
including stx, leading to a massive increase in
toxin production, lysis of the cell, and release

of toxin. Stx1, but not Stx2, is iron-regulated,
with enhanced synthesis occurring in low iron
environments. Maximum Stx production in
vitro occurs at 37∘C.

Typically, Stx binds with high affinity to
its glycolipid receptor, globotriaosylceramide
(Gb3), at the surface of a host epithelial
or endothelial cell, and is internalized by
receptor-mediated endocytosis. Following
retrograde transfer through the Golgi appa-
ratus, the toxin becomes associated with the
rough endoplasmic reticulum, from which it is
released into the cytosol. During transport of
Stx, cleavage of the A subunit by the enzyme
furin and reduction of a disulfide bond result
in separation of a small A2 fragment from
the 27-kDa A1 fragment. The A1 fragment
interacts with 28S rRNA of 60S ribosomes and
catalyzes the removal of a specific adenine
residue, thereby inhibiting protein synthesis.
Inhibition involves peptide chain termination
at the stage of aminoacyl t-RNA binding to
the acceptor site on the ribosome. This activ-
ity can be lethal for the host cell. The Stx
toxins also induce signaling pathways that
result in apoptosis, and activation of nuclear
factor κB (NF-κB), Src kinases, and activator
protein-1 (AP-1). Stx also causes enzymatic
DNA damage in human endothelial cells by
depurination.

There is uncertainty as to how Stx traverses
the intestinal epithelium as there are reports
that intestinal epithelial cells lack Gb3. How-
ever, it appears that these cells do contain
Gb3. Pradhan et al. (2020) demonstrated that,
in human intestinal organoid cryosections,
monoclonal antibody to Gb3 showed strong
staining of epithelial cells and the transcript
for Gb3 synthase was detectable by RNA
sequencing. They also showed that Stx2a was
transported rapidly across enteroid monolay-
ers while epithelial barrier function was intact.
Others have suggested that toxin is absorbed
through Paneth cells in the intestinal crypts
and that there is paracellular toxin transport
by neutrophils that travel from the lumen to
the base of the epithelium.
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The presence of Gb3 on the surface of cells
is critical for susceptibility to Stx. Other factors
such as the fatty acid composition of Gb3, the
internalization of toxin-receptor complexes,
and the degradation of internalized toxin also
affect cell susceptibility. Intestinal cell lines
such as CaCo2 and T84 transfer Stx from the
surface into the cytoplasm without showing
signs of cytotoxicity. Although the mechanism
of transfer is not known, this route is likely to
be important in internalization of Stx from the
intestinal lumen to the vascular compartment.
The blood takes Stx to target organs where
it binds to Gb3 on microvascular endothelial
cells or to epithelial cells.

Stx2 promotes adherence of EHEC O157:H7
to epithelial cells in vitro and in the intestine of
mice and pigs. The mechanism appears to be
stimulation of production of the intimin recep-
tor nucleolin on the surface of the cells.

Hemolysin
Hemolytic E. coli are frequently found among
porcine enterotoxigenic and edema disease
strains, and among canine, feline, and human
uropathogenic E. coli (UPEC). The hemolytic
property is due to a 110-kDa, pore-forming
hemolysin (HlyA), which inserts into the
bilayer of red blood cells and other cells and
damages them (Ristow and Welch 2016). The
genes for hemolysin are present in operon
hlyCABD, found in plasmids in ETEC and in
chromosomal PAI in UPEC. HlyA is acylated
in the cytosol by HlyC before it is secreted
by a type I secretion mechanism involving
ATP-binding cassette (ABC) transporter HlyB,
inner-membrane fusion protein HlyD, and
outer-membrane protein TolC.

E. coli hemolysin (alpha-hemolysin) belongs
to the family of repeats in the structural toxin
toxins (RTX) and is also able to initiate sig-
naling pathways in host cells that lead to
apoptosis. Studies with isogenic hlyA mutants
of a human UPEC indicated that hemolysin
was responsible for sloughing of the uroepithe-
lium and for bladder hemorrhage following
intraurethral inoculation of mice (Smith et al.

2008). Hemolysin has also been shown to
promote fulminant sepsis in a mouse model of
bacteremia.

Certain EHEC produce EHEC-hemolysin or
enterohemolysin (Ehly), which is also a mem-
ber of the RTX family of toxins (Schwidder et al.
2019). Enterohemolysin is plasmid-encoded
and has a similar operon structure to that of
hemolysin, and the four proteins encoded in
that operon have similar structure and function
to those of hemolysin. Transcription of EhlyA
is positively regulated by a number of genes
which positively regulate expression of the
LEE. These genes include ler (a LEE-encoded
activator of LEE), grlA (LEE-encoded posi-
tive regulator of LEE), and lrhA (LysR-type
regulator of LEE).

Enterohemolysin is found as a free form
and a form associated with OMVs. Free
enterohemolysin lyses human microvascular
endothelial cells whereas the OMV-associated
enterohemolysin does not lyse cells but is
internalized and induces apoptosis. Antibody
to Ehly is detected in humans with EHEC
disease.

Cyclomodulins
Certain strains of E. coli produce toxins or
effectors which interfere with the eukaryotic
cell cycle and have been termed “cyclomod-
ulins” (Nougayrede et al. 2005). Members
of this heterogeneous family of bacterial
effectors have a variety of modes of action.
Inhibitory cyclomodulins such as cytolethal
distending toxins block mitosis whereas those
promoting cellular proliferation (e.g. CNF)
interfere with cell differentiation pathways.
Cyclomodulins are produced by pathogenic
bacteria of various species and mostly consist
of proteins (El-Aouar et al. 2017). Many of
these have enzymatic activities, others are
pore-forming, or are peptides. Cyclomodulins
found in pathogenic E. coli in animals include
cytolethal distending toxin (CDT), CNF, Stx,
subtilase AB toxin, cycle-inhibiting factor, and
colibactin (Clb).
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Cytotoxic Necrotizing Factor
CNF is a 115 kDa protein that activates
rho GTPases which induce cell cycle alter-
ations and cytoskeletal changes leading
to micropinocytosis, megalocytosis, and
multinucleation (Nougayrede et al. 2005).
CNF-producing E. coli are also referred to as
NTEC (Mainil and Fairbrother 2014). There
are three main variants, CNF1, CNF2, and
CNF3. CNF1-producing E. coli are found in
all mammals, whereas CNF2-producing E. coli
are mostly found in cattle and sheep, and
CNF3 in sheep and goats. CNF1-producing
E. coli, especially ExPEC of the UPEC and
SEPEC pathotypes, have been associated
with diarrhea and extraintestinal infections
(Johnson and Russo 2018; Sarowska et al.
2019). CNF2-producing E. coli, especially
SEPEC, have been associated with diar-
rhea and extraintestinal infections whereas
CNF3-producing E. coli have not been associ-
ated with disease.

Cytolethal Distending Toxin
CDT is a member of the AB2 toxin superfamily,
which blocks the cell cycle of the host cell
and induces DNA single and double-strand
breaks (El-Aouar et al. 2017). CDT is produced
by an operon encoding three proteins, CdtA,
CdtB, and CdtC, with CdtB corresponding to
the A-domain. The operon may be chromo-
somally or plasmid-encoded. CDT consists
of subgroups I to V, and causes irreversible
megalocytosis and G1 or G2 cell-cycle arrest.
CDT (especially CDTIII and IV)-producing
E. coli, especially SEPEC, have been associated
with extraintestinal infections in cattle and
pigs (Mainil and Fairbrother 2014; Johnson
and Russo 2018; Sarowska et al. 2019).

Colibactin
Clb is an as-yet unpurified compound syn-
thetized by polyketide synthases and non-
ribosomal peptide synthases encoded by the
genomic island pks (Fais et al. 2018). Similarly
to CDT, it induces DNA double-strand breaks,
chromosome aberrations, and cell cycle arrest

in the G2/M phase. The pks island is mostly
observed in B2 phylogroup E. coli strains
from humans, including UPEC and SEPEC.
pks-positive E. coli have been associated with
typhlitis in knockout mice and increased num-
bers of tumors in colorectal cancer mouse
models. pks-positive E. coli are frequently
isolated from laboratory common marmosets
(McCoy et al. 2021). Their presence has not
been associated with clinical gastrointestinal
disease but may impact reproducibility in
marmoset models.

Autotransporters

Autotransporters are secreted proteins which
are delivered to the surface of bacterial cells
by the type V secretion pathway in which the
autotransporter effects its own translocation
across the cell membrane. Inside the cell,
autotransporters have a characteristic organi-
zation consisting of a long N-terminal signal
peptide, followed by a passenger domain, then
a C-terminal translocator region. The signal
peptide is involved in passage across the inner
membrane, the passenger domain is the func-
tional protein which is secreted at the surface,
and the C-terminal region becomes embed-
ded in the outer membrane and facilitates
export of the autotransporter (Vo et al. 2017).
Functions ascribed to autotransporters include
adherence, aggregation, proteolytic activity,
and cell invasion. Over 700 autotransporters
have been identified in E. coli but only a few
have been investigated for their role in viru-
lence. These include AIDA-1, TibA (toxigenic
invasion locus), EspP (E. coli secreted serine
protease), Sat (secreted autotransporter toxin),
Pic (protease involved in colonization), Vat
(vacuolating autotransporter toxin) and Tsh
(temperature-sensitive hemagglutinin).

Adhesin Involved in Diffuse Adherence 1
AIDA-1 is the prototype of a large family of
autotransporter proteins (Vo et al. 2017). It
mediates the diffuse adherence phenotype,
adherence to and invasion of epithelial cells,
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bacterial aggregation, biofilm formation, and
intestinal colonization (see Section ETEC Fim-
brial and Afimbrial Adhesins). TibA, another
autotransporter in the AIDA-1 family, is found
in human ETEC strains and has properties
similar to those of AIDA-1.

Serine Protease Autotransporters
of Enterobacteriaceae
The serine protease autotransporters of Enter-
obacteriaceae (SPATE) form another family
of autotransporters, for which a role in viru-
lence of E. coli has been reported. SPATEs are
characterized by having two serine proteases,
namely, a C-terminal protease responsible
for an intramolecular cleavage to release the
N-terminal portion of the autotransporter into
the extracellular medium and the secreted
autotransporter. One of the extensively inves-
tigated SPATEs is Sat, which is associated
with UPEC and is found as a part of the
pheV -associated PAI in UPEC strain CFT073.
Sat is cytotoxic and causes proteolysis of host
proteins, as well as rearrangements of the
cytoskeleton, suggesting that it may have a role
in exfoliation of urothelial cells.

Pic, Vat and Tsh are other SPATEs found in
UPEC. Pic has mucinase activity and appears
to play a role in colonization of the bladder. The
gene for Pic is located at the aspV -associated
PAI in UPEC strain CFT073. Pic is also found in
enteroaggregative E. coli and has been shown to
cleave complement molecules and contribute
to colonization.

Vat is associated with APEC in chickens
and with more than 50% of E. coli impli-
cated in cystitis and pyelonephritis in humans
(UPEC). Vat is chromosomally encoded in
the thrW -associated PAI. It is a significant
virulence factor in APEC, as indicated by the
effects of isogenic mutants in respiratory and
cellulitis infection models of disease in broiler
chickens. Using a bladder epithelial cell model,
Diaz et al. (2020) showed that Vat likely acted
as a cytopathic toxin that altered bladder cell
function, affected cell junctions, and increased
urothelial cell permeability.

Tsh is 75% identical to Vat but has different
properties. Tsh was first reported in APEC as a
hemagglutinin for chicken red blood cells. The
tsh gene is associated with the large Col V viru-
lence plasmid. Experimental infection of chick-
ens has shown that Tsh likely contributes to the
development of air sac lesions, possibly due to
a role as an adhesin.

EspP is implicated in pathogenesis of EHEC.
It is encoded as a 142 kDa protein in the
large plasmid of EHEC O157 : H7 and carries
a 104 kDa passenger. It possesses adhesive
capabilities and its protease activities include
cleaving of complement proteins C3, C3b, and
C5 and EHEC-hemolysin. EspP also decreases
the activities of coagulation factors V, VII, VIII,
and XII, and of prothrombin, leading to the
suggestion that, by maintaining a coagulo-
pathic and fibrinolytic state at the damaged
intestinal epithelium, EspP may facilitate the
invasion of Stx into the circulation and pro-
mote the development of hemorrhagic colitis.
EspP also contributes to colonization of the
intestine of calves and possesses enterotoxic
activity independent of its proteolytic prop-
erty (Tse et al. 2018). EspP can aggregate into
rope-like structures that participate in bacterial
adherence and biofilm formation, and protect
bacteria from antimicrobial compounds.

Enterotoxigenic E. coli Autotransporter A
The serine protease autotransporter EatA is
encoded on the virulence plasmid in human
ETEC strains and contributes to virulence in
rabbit ileal loops. EatA has over 80% homology
with SepA, a virulence-related secreted protein
of Shigella. Interestingly, a homolog of SepA is
encoded on virulence plasmids in certain O149
porcine ETEC. Furthermore, the plasmids in
the porcine ETEC strains encode both drug
resistance and the virulence-related factors
STa, Paa and SepA.

E. coli-Secreted Protein C
The autotransporter E. coli secreted protein
C (EspC) enterotoxin, located within a PAI at
60 minutes on the E. coli chromosome, may be
an accessory virulence factor in some EPEC.
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Secretion Systems

Gram-negative bacteria have secretion systems
that allow them to translocate hydrophilic or
amphiphilic molecules across two hydropho-
bic barriers, namely the inner membrane and
the outer membrane. Six systems (types I–VI)
have been identified in E. coli. Secretion sys-
tems are usually encoded by mobile elements
including transposons, plasmids, PAI, and
phages, and are amenable to rapid horizontal
gene transfer in E. coli.

Type I secretion systems (T1SS) consist of
two inner-membrane and one outer-membrane
proteins (Thomas et al. 2014). The E. coli
hemolysin secretion system is the prototype
of the T1SS. The substrate (HlyA) contains a
C-terminal secretion signal, as well as an RTX
domain consisting of glycine-rich nonapeptide
repeats involved in binding Ca++ and folding
at the cell surface. HlyA interacts with inner
membrane proteins HlyB (an ABC transporter)
and HlyD (a membrane fusion protein) and
uses outer membrane protein TolC to form a
channel-tunnel across the periplasm so that
HlyA is translocated across both membranes
in a single step.

The type II secretion system (T2SS) is a
complex of 12–15 proteins that span the
inner and outer membranes and provide
an export machinery for a variety of folded
proteins directed to the periplasm by the gen-
eral secretory apparatus following cleavage
of an N-terminal signal sequence (Korotkov
and Sandkvist 2019). The components of
the T2SS are an ATPase in the cytoplasm,
inner-membrane proteins, a pseudopilus in
the periplasm, and a pore (secretin) in the outer
membrane. After translocation across the cyto-
plasmic membrane by the Sec translocon or
the twin-arginine translocation (Tat) trans-
porter, the substrate protein enters the T2SS.
ATP hydrolysis in the cytoplasm promotes the
assembly and movement of the pseudopilus
into the secretin complex and the protein exits
the T2SS through the pore in the outer mem-
brane. This system mediates the transport of

many hydrolytic enzymes involved in nutrient
acquisition and is also involved in export of
certain toxins and adhesins, including LT,
proteases, and biofilm-associated proteins.

The type III secretion system (T3SS) is a
mechanism for injection of virulence factors
from the bacterial cytoplasm directly into the
cytosol of the host cell (Gaytan et al. 2016).
Injection is achieved through a supramolecular
syringe-like structure embedded in the outer
membrane. The T3SS in EPEC and EHEC has
been investigated extensively. The EPEC T3SS
is encoded in a PAI called LEE, which is orga-
nized into five operons named LEE1 to LEE5.
The T3SS structure is formed by the products
of LEE1 to LEE3, translocator proteins EspA,
EspB and EspD encoded by LEE4, and intimin
(Eae) as well as the Tir encoded by LEE5. The
T3SS injects intimin onto the bacterial surface
and Tir into the host cell membrane, allowing
Tir and intimin to bind the bacterium and host
cell as part of the attaching and effacing lesion.
The T3SS also injects several LEE-encoded
and non-LEE-encoded effectors into the host
cell, where they contribute to pathogenesis by
disrupting a number of cell functions. The LEE
is also present in pig, rabbit, and dog EPECs.
In the O127:H6 human EPEC strain E2348/69,
the LEE is inserted in the selC locus at about
82 minutes on the E. coli K12 chromosome,
and it is 35 kb long, varying slightly from that
of LEEO157.

Type IV secretion systems (T4SS) are com-
plex multiprotein structures that span the cell
envelope and transport effector proteins to
host cells or DNA to other bacteria or to the
milieu (Grohmann et al. 2018). These systems
are important for translocation of virulence
factors into eukaryotic cells and for movement
of DNA between bacteria. In E. coli, T4SS
are only involved in conjugative transfer of
DNA. These T4SS are encoded on conjugative
plasmids (such as the F plasmid), integrative
and conjugative elements (also known as ICEs
or conjugative transposons, or genomic PAIs).
T4SS are subdivided on the basis of the type of
pili they produce. F-type systems involve long,
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flexible pili that extend and retract; P-type
systems produce short, rigid pili which do not
seem to be capable of retraction, and I-type
systems produce both a thick, rigid conjugative
pilus and a long, flexible type IV pilus.

Type V secretion systems are autotrans-
porters which were described earlier in this
chapter. The type VI secretion system (T6SS)
consists of a transenvelope membrane com-
plex, a baseplate, and a tail complex, and
is involved primarily in secreting antibacte-
rial proteins directly into the periplasm of
target bacteria. The T6SS has similarities to
the injection apparatus of contractile tailed
bacteriophages. Contraction of a sheath-like
structure propels an inner tube through the
membrane channel toward the target cell,
resulting in perforation of the target cell
membrane and delivery of effector molecules
(Journet and Cascales 2016). The genes for
this system are usually found in a PAI. T6SS
may provide a competitive advantage to
pathogenic E. coli by killing commensal bacte-
ria. Other properties associated with T6SS in
APEC include biofilm formation, adherence to
endothelial cells, and virulence in chicks and
ducks.

Iron Transport/Uptake

ExPEC invading the host must have the capac-
ity to survive and multiply in the bloodstream
and internal organs where certain nutrients,
in particular iron, are poorly available. ExPEC
have developed various strategies for acquir-
ing iron from these sites (Garenaux et al.
2011; Sarowska et al. 2019). Some transport
systems such as the FeoAB system act as
import pumps mediating iron uptake from the
periplasmic space. The SitABCD ABC trans-
porter system (sitABCD gene cluster) which
mediates iron and manganese importation
enhances resistance to oxidative stress and has
been implicated in ExPEC virulence. Certain
ExPEC can also acquire iron from extracellular
heme via transport systems such as ChuA
(chuA) and Hma (hma). The Sit, Chu and Hma

systems are encoded by ExPEC PAIs (Desvaux
et al. 2020).

One of the most important bacterial strate-
gies for the acquisition of iron is the secretion
of siderophores with a high affinity for ferric
iron, which capture iron from host lactoferrin
and transferrin. The siderophore–iron com-
plex is then internalized in the bacteria via
a specific outer membrane protein receptor
and the iron is released in the cytoplasm.
ExPEC may synthesize up to four main types
of siderophore that increase their virulence:
enterobactins, salmochelins, yersiniabactin,
and aerobactin.

For the enterobactin system, enterobactin
biosynthesis is encoded by the entABCDEF
genes and the receptor by the fepA gene.
These genes are found on the core genome.
As this system is found in most E. coli strains,
both pathogenic and commensal, its role in
virulence may be questionable.

The salmochelin system is encoded by the
iroBCDEN gene cluster, of which iroB encodes
salmochelin biosynthesis and iroN encodes
the receptor. This gene cluster may be found
on virulence plasmids or PAIs.

For the yersiniabactin system, yersiniabactin
biosynthesis is encoded by the irp1, irp2, and
ybtESTU genes and the receptor by the fyuA
gene. This gene cluster may be found on viru-
lence plasmids or PAIs.

For the aerobactin system, aerobactin
biosynthesis is encoded by the iucABCD genes
and the receptor by the iutA gene. This gene
cluster is often found on virulence plasmids in
APEC or in PAIs in UPEC.

For each of the siderophore systems, and for
the heme system, experimental infection stud-
ies in vivo have demonstrated that certain of
the traits are required for virulence (Johnson
and Russo 2018).

Protectins

The ability of ExPEC to survive and multi-
ply in the bloodstream is also enhanced by
their capacity to evade or subvert the host
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innate immune defense, including the cellular
component, such as macrophages, and the
bactericidal effects of serum complement. The
virulence factors implicated in this evasion in
ExPEC have been collectively referred to as
protectins; in other pathogens, they may be
collectively called evasins.

Lipopolysaccharide
Complete cell wall LPS is necessary for survival
of ExPEC in serum. There does not seem to
be any difference between O serotypes with
respect to serum resistance, whereas the length
of the O antigen side chains has an important
role (Miajlovic and Smith 2014; Biran and Ron
2018). Longer O antigens may protect against
serum killing by activating complement fur-
ther from the outer membrane or by blocking
antibody binding sites.

Capsules
Capsules produced by E. coli are divided into
groups 1–4, based on their composition and
biosynthesis (Biran and Ron 2018). Capsules of
groups 1, 2, and 3 are acidic polysaccharides,
which have been extensively studied with
respect to their role in virulence, and include
K1, K5, and K12 (group 2) and K3, K10, and
K54 (group 3). In particular, the K1 antigen is
associated with a high resistance to both serum
and phagocytosis in ExPEC invading the host.
Production of K1 capsule is encoded by the
kps operons, usually found on PAIs. These
include the kpsMII gene encoding proteins
required for polymer translocation and require
the presence of the neuC gene (Sarowska et al.
2019).

Capsules of group 4 are also known as O anti-
gen capsules (Biran and Ron 2018). They are
found, for example, in ExPEC of serotype O78,
and are required for serum resistance and viru-
lence.

Increased Serum Survival
The iss gene on certain virulence plasmids and
PAIs in APEC and other ExPEC pathotypes
encodes a small membrane protein that con-
fers serum resistance, although the molecular

basis for its role is not clear (Biran and Ron
2018).

Other
TraT (traT) is a plasmid-encoded outer
membrane lipoprotein, whose expression
is associated with increased serum resistance,
possibly associated with inhibition of comple-
ment activity (Miajlovic and Smith 2014).

Certain virulence factors are encoded
by ColV-related plasmids in ExPEC. These
include the hlyF gene, which is considered as
a marker for highly virulent ExPEC. Although
initially thought to be a hemolysin protein,
recent data suggest that hlyF may act as a
protectin, playing an important role in ExPEC
survival and replication in macrophages by
means of the PhoP/PhoQ two-component
system (TCS; Zhuge et al. 2018).

The high pathogenicity island (HPI) PAI
encodes the yersiniabactin siderophore iron
uptake system which includes the fyuA and
irp2 genes (Desvaux et al. 2020). Recent
data suggest that the presence of HPI in
pathogenic E. coli may also be associated with
the induction of pyroptosis of macrophages
and increased inflammatory response in pigs
(Shan et al. 2021).

Fitness

Acid Resistance
E. coli uses both passive and active acid
resistance systems to respond to acid stresses.
Passive acid resistance is achieved through pro-
teins, polyamines, amino acids, polyphosphate,
and inorganic phosphate, which act as buffers
in the cytoplasm. Active systems include phys-
iologic, metabolic, and proton-consuming
responses to acid stress (Kanjee and Houry
2013).

Physiologic changes include altering the
composition of the cell membranes by increas-
ing the concentration of cyclopropane fatty
acids and decreasing the concentration of
unsaturated lipids. This alteration causes a
decrease in fluidity of the membranes, thereby
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reducing the permeability of the cell to protons.
Another response is to block outer membrane
porins such as PhoE, OmpC, and OmpF. A
third mechanism uses periplasmic and cyto-
plasmic chaperones to protect proteins from
the damaging effects of low pH. Periplasmic
chaperones HdeA and HdeB undergo struc-
tural change at low pH and bind to proteins
that have been denatured by acid. As the pH
rises the proteins are released in a conforma-
tion that permits them to refold. Cytoplasmic
chaperone Hsp31 carries out a similar func-
tion. A fourth mechanism protects DNA from
damage. This involves dodecameric Dps (DNA
protection during starvation), which binds to
DNA and protects it under conditions of low
pH by sequestering DNA in aggregates of Dps
and by reducing hydroxyl radical formation.

Numerous metabolic changes are made
to provide protection under acid stress
conditions. Proton efflux is enhanced by
upregulating the genes for a number of proton
export systems. The export of cytoplasmic
protons by the cytochrome bo complex and
by NADHI, and transfer of electrons to the
quinone pool by NADHII, succinate dehydro-
genase, and NADHI under aerobic growth
and mild acid stress, are examples of systems
that are upregulated. Proton-consuming acid
resistance systems directly consume intracel-
lular protons as a mechanism of counteracting
acid stress. In one such system, formate hydro-
gen lyase complex uses electrons derived
from oxidation of formate to CO2 and H2
to reduce H+. The other systems are amino
acid decarboxylase acid resistance systems,
based on decarboxylation of lysine, glutamic
acid, arginine, and ornithine. In each system,
reductive decarboxylation of the amino acid
consumes a proton and the product is extruded
from the cytoplasm. The inner-membrane
substrate/antiporter then exchanges substrate
for internal product.

EHEC O157 : H7 and certain other STEC
are highly acid resistant, especially when
first exposed to mild acid then to strong
acid. Acid resistance of EHEC O157 : H7

may contribute to its low infectious dose and
its ability to survive in and be transmitted
through acidic foods. However, there is consid-
erable strain-to-strain variability among EHEC
O157 : H7 isolates.

Oxidative Stress Resistance
The virulence gene ibeA is found in ExPEC,
particularly of the newborn meningitis E. coli
(NMEC) and APEC pathotypes. It is involved
in invasion of endothelial cells in NMEC,
whereas, in APEC, it is involved in adhesion
to host cells by modulating type 1 fimbria
synthesis. In APEC, it also confers increased
resistance to hydrogen peroxide, which could
result in increased bacterial resistance to
oxidative stress (Flechard et al. 2012).

Other

Paa (porcine attaching and effacing-associated)
was initially associated with porcine EPEC and
shown to contribute to attaching and effac-
ing lesion formation, but its role in ETEC
has not been determined (Fairbrother and
Nadeau 2019). The paa gene, located on the
chromosome but outside the LEE, has also
been found in eae-positive EPEC from rabbits,
dogs, and pigs, STEC O157:H7, and to a lesser
extent, human EPEC isolates. Paa, a 27.6-kDa
periplasmic protein, appears to contribute to
the attaching and effacing process, possibly by
influencing the operation of the T3SS.

Pathogenesis of Enterotoxigenic
E. coli

ETEC enter the animal by the oral route and,
when present in sufficient numbers, colonize
the small intestine following attachment by
fimbrial adhesins to receptors on the small
intestinal epithelium or in the mucus coating
the epithelium (Figure 7.2; Dubreuil et al.
2016; Fairbrother and Nadeau 2019; see also
Section on ETEC Fimbrial and Afimbrial
Adhesins). The ETEC then proliferate rapidly



�

� �

�

142 7 Escherichia coli

Figure 7.2 Schematic representation of the steps involved in the pathogenesis of enterotoxigenic
Escherichia coli (ETEC) infection. ETEC in the animal’s environment are ingested (1), pass through the
stomach, adhering via fimbrial adhesins to the small intestinal epithelium where they produce enterotoxins
(2) that stimulate the secretion of water and electrolytes into the intestinal lumen (3). Loss of water and
electrolytes leads to diarrhea, weight loss, and possibly death (4). Source: Courtesy of Aida Minguez
Menendez, Faculty of Veterinary Medicine, University of Montreal.

to attain massive numbers to the order of
109/g of intestine in the mid-jejunum to the
ileum. ETEC adhering closely to the intesti-
nal epithelium produce enterotoxins, which
stimulate the secretion of water and elec-
trolytes into the intestinal lumen (see Section
on Enterotoxins). This leads to diarrhea if the
excess fluid from the small intestine is not
absorbed in the large intestine. Anti-fimbrial
antibody in colostrum or milk can prevent
adherence and thereby protect pigs from ETEC
diarrhea.

Enteric colibacillosis complicated by shock
is probably due to the rapid release of large
amounts of LPS by the colonizing ETEC. The
lipid A portion of LPS is mostly responsible
for the symptoms of shock. LPS stimulates
monocytes and macrophages to over-produce
mediators of inflammation including tumor
necrosis factor-α (TNFα), interleukin (IL)-1,
IL-6, IL-8, and IL-12 that cause these symp-
toms. These mediators promote shock by
increasing vascular permeability. Aggregation
and subsequent degranulation of neutrophils
activated by these mediators may cause dam-
age to the vascular endothelium. Modulation

of the coagulation pathway may lead to fibrin
deposition and clot formation.

Enteric ETEC infections may also result in
secondary septicemia and manifestations of
icterus, petechial hemorrhages in the mucosal
membranes, and splenomegaly accompanied
by severe diarrhea and dehydration. In such
cases, ETEC may pass through the intestinal
mucosa, probably by endocytic uptake into
intestinal epithelial cells or between epithe-
lial cells to locate in the mesenteric lymph
nodes before entering the bloodstream, result-
ing in generalized infection with bacterial
dissemination in extraintestinal organs.

The following sections highlight specific
aspects of the pathogenesis of ETEC infections
in various animal species.

Enterotoxigenic E. coli in Pigs

Newborn piglets ingest ETEC found in their
environment, especially the mammary glands
of the mother and the farrowing crate or
pen. These ETEC originate from the feces of
piglets with ETEC diarrhea, asymptomatic
carrier piglets, or sows. The O serogroups
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and virulence factors of ETEC most com-
monly associated with diarrhea in newborn
piglets are shown in Table 7.4. Factors that
promote development of diarrhea include
poor hygiene, inadequate disinfection, a
continuous-farrowing system, an ambient
temperature of less than 25∘C, or excessive
air currents. These factors lead to a build-up
of pathogenic E. coli in the environment or to
reduced peristaltic activity and a delay in the
passage of bacteria and protective antibodies
through the intestine. Host genetics, including
presence or absence of genes for intestinal
receptors for fimbriae, plays a large role in
susceptibility of pigs to ETEC.

In newborn pigs, the pH of the stomach and
duodenum is less acidic and the production of
digestive enzymes is low compared with older
pigs, providing a favorable environment for
the rapid multiplication of ETEC that may be
present in the environment of the piglet.

Diet is one of the most important factors
influencing the course of the disease in these
animals. A diet rich in milk products and
energy reduces the duration of the period of
lowered feed intake and associated mortality
and delays the onset of clinical signs. Dried
plasma added to the feed also has a protective
effect in reducing the incidence and severity
of the diarrhea. In contrast, feed ingredients
such as soybeans seem to favor the occurrence
of post-weaning diarrhea. This could be due to
the presence of trypsin inhibitors or antigens
that induce a localized immune response. The
latter could result in changes such as a decrease
in villus height, deepening of the crypts, and an
increase in anti-soya immunoglobulins in the
serum, possibly predisposing to proliferation
of E. coli.

Organic acidifiers in the feed can promote
a higher mean daily weight gain, feed conver-
sion, and decreased incidence of post-weaning
diarrhea. The addition of zinc oxide at levels
above 2000 ppm in the feed decreases the
severity of post-weaning diarrhea; however,
due to undesirable environmental effects of
zinc, this practice is no longer allowed in the

European Union. ETEC in the environment
of the pigs may survive for at least six months
if they are protected by manure, facilitating
their spread to other pigs. Infections by other
pathogens, such as the porcine reproductive
and respiratory syndrome (PRRS) virus may
result in immunosuppression, permitting
ETEC to cause a septicemia leading to death.
Age of weaning may be a predisposing factor
for development of post-weaning diarrhea,
pigs weaned at two weeks of age or less being
twice as likely to develop diarrhea as those
weaned at five weeks of age.

Weaning is associated with dietary and
environmental changes, which are linked to
modifications in the intestinal microbiota. As
piglets transition from a milk-oriented micro-
biome, there is a loss of microbial diversity and
a decrease in Lactobacillus. The disruptions
in the microbiota (dysbiosis) and changes
in the intestine are considered to increase
susceptibility to ETEC infection.

Enterotoxigenic E. coli in Cattle
and Sheep

The O serogroups and virulence factors
of ETEC most commonly associated with
diarrhea in calves and lambs are shown in
Table 7.5. These ETEC often produce an acidic
polysaccharide type of K antigen, such as K25,
K28, K30, or K35, which may enhance intesti-
nal colonization initiated by fimbrial adhesins.
ETEC in calves and lambs typically produce
only enterotoxin STa and fimbrial adhesins
F5 and F41 (Ngeleka et al. 2019). These ETEC
induce diarrhea in calves only up to a few days
of age. Older calves are more resistant, and
ETEC infections in calves older than three days
are usually associated with rotavirus and other
viral infections.

As observed in pigs, reduced gastric acidity
in newborn calves increases susceptibility to
ETEC infection. Also, gastric pH increases
substantially following feeding of calves with
milk replacer. Other fimbrial adhesins, such
as F17, are less frequently expressed by ETEC
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isolates from calves with diarrhea and their
involvement in attachment of ETEC to ente-
rocytes is less clear. Nevertheless, F17-positive
E. coli producing CNF2 can induce diarrhea in
newborn, colostrum-deprived calves and may
be involved in the development of diarrhea in
calves held in conventional conditions.

Enterotoxigenic E. coli in Dogs

Most of the ETEC isolated from dogs with
diarrhea are STa-positive, a small proportion of
these being also STb-positive. No LT-positive
ETEC have been reported in association with
diarrhea in dogs, a pattern consistent with that
seen in neonatal calves. Canine ETEC belong
to O serogroups such as O42:H7 that are rarely
found among ETEC isolated from other animal
species. Few canine ETEC are positive for the
ETEC fimbrial adhesins commonly found in
other animal species, suggesting that they may
carry unidentified species-specific fimbriae.

Pathogenesis
of Enteropathogenic E. coli
Disease

The initial step in the pathogenesis of disease
due to EPEC and many EHEC is bacterial
colonization of the small and large intestine
through the formation of AE lesions. Devel-
opment of the attaching and effacing lesion
may be considered in three stages: initial
adherence, signal transduction, and intimate
attachment (Figure 7.3; Gaytan et al. 2016).
Initial adherence involves interaction between
adhesins, possibly LPF, HCP, and Iha (IrgA
homolog), and host epithelial cells (see Section
on AEEC adhesins). In human EPEC, a dif-
fuse adherence fibrillar adhesin, EPEC Afa,
appears to function as an initial adhesin that
is eventually eliminated from the region of
bacteria–host cell contact to allow the typical
intimate intimin–Tir interaction and attaching
and effacing lesion formation. Some EPEC
(and EHEC) possess a capsule whose presence

appears to mask the adherence of EPEC to
intestinal epithelial cells. Interestingly, Ler
which positively regulates the genes of the
LEE, downregulates capsule synthesis. It is
suggested that initially there is partial shield-
ing which allows injection of proteins through
the T3SS and subsequently there is reduction
of the capsule allowing intimin to bind to its
receptor.

In stage two, the genes of the LEE are
turned on and the T3SS allows secretion of
several LEE-encoded and Nle proteins into
the enterocyte. The LEE-encoded secreted
proteins include EspA, EspB, and EspD,
which form the translocon apparatus, and
effectors Tir, EspF, EspG, EspH, EspZ, and
Map (mitochondrion-associated protein).
In response to the effector proteins that are
injected into or on the surface of the enterocyte,
the host cell undergoes extensive cytoskeletal
reorganization, involving lysis of the microvilli,
formation of a cup-like pedestal, and accumu-
lation of actin and other cytoskeletal proteins
beneath the bacteria (Figure 7.3). Changes in
the host cell include increase in intracellular
calcium levels, inhibition of absorption of
Na+ and Cl−, stimulation of Cl− secretion,
and activation of PKC and myosin light chain
kinase. Certain injected effectors subvert
innate immune pathways (Santos and Finlay
2015; Pearson et al. 2016; Shenoy et al. 2018).
Many of the effectors target the NF-κB path-
way, resulting in pro- or anti-inflammatory
signaling, involving in particular Il-6, Il-8, and
TNFα. For example, activation of NF-κB results
in synthesis of IL-8 and attraction of polymor-
phonuclear (PMN) leukocytes, which migrate
between epithelial cells into the intestinal
lumen. Effectors inhibiting NF-κB signaling
include NleC, Tir, and NleE, whereas effectors
stimulating NF-κB activation include EspT and
NleF. Certain effectors, including EspB, EspF,
EspJ, and EspH, inhibit phagocytosis by pro-
fessional phagocytes by disrupting signaling
events and inhibiting cytoskeletal reorganiza-
tion. Certain effectors, including EspF, Map,
and Cif, promote cell death through apoptosis,
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Figure 7.3 Schematic representation of the steps involved in the pathogenesis of enteropathogenic
Escherichia coli (EPEC) infection in pigs, rabbits, dogs, and other animal species. EPEC are ingested, pass
through the stomach, and colonize the small and large intestine through formation of attaching and
effacing lesions (1–3). The attachment and effacement occur in 3 stages: initial bacterial attachment via
fimbrial or other adhesins (stage 1); formation of the type III secretory system (T3SS) needle and injection
into the host cell of the T3SS effectors and the intimin receptor Tir (stage 2); microvillus effacement, actin
polymerization, formation of a pedestal and intimate attachment via the bacterial adhesin Intimin and the
receptor Tir (stage 3a). Attachment of EPEC to macrophages and injection of T3SS effectors may lead to
modulated cell death via NF-κB, modulated inflammatory response and inhibition of phagocytosis (stage
3b). Diarrhea results from loss of absorptive microvillus surface, activation of secretory activity in epithelial
cells, and loosening of tight junctions (stage 4). Source: Courtesy of Aida Minguez Menendez, Faculty of
Veterinary Medicine, University of Montreal.

whereas others such as NleB, NleH1, and
NleH2 inhibit apoptotic cell death and pro-
mote host-cell survival. It appears that, even
though there seems to be redundant or antag-
onistic roles for certain effectors, many of
these do have substantial roles in pathogene-
sis. Nevertheless, the overall mechanisms of
cooperation and antagonism of the different
effectors in the host are not fully understood.

In stage three, the needle apparatus of
the T3SS is lost and intimin and Tir bind to
effect intimate contact between bacteria and
host cell. The actin of microvilli surround-
ing the attached bacteria is reabsorbed and
microvilli are effaced, leaving a pedestal-like
structure. Loosening of the tight junctions

occurs, resulting in greater paracellular per-
meability.

The mechanisms by which EPEC induce
diarrhea are not well understood. The loss
of absorptive microvilli in the attaching and
effacing lesion could lead to diarrhea due
to malabsorption. However, the rapid onset
of diarrhea suggests that an active secretory
mechanism is also involved and may result
from the effect of EPEC signaling activity on
intracellular mediators of intestinal ion trans-
port, such as calcium, inositol phosphates, and
tyrosine kinase. The development of diarrhea
may also be due, in part, to an increased per-
meability of tight junctions between epithelial
cells, a localized inflammatory response at
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the lesion site, or chloride secretion following
PMN leukocyte transmigration.

Enteropathogenic E. coli in Pigs
EPEC attach to and efface the microvilli of
the small and large intestinal mucosa in
post-weaning pigs (Fairbrother and Nadeau
2019). Several predisposing factors, such as
a weaner diet containing soybean and field
peas or PRRS virus infection, may enhance
bacterial colonization and development of
attaching and effacing lesions. Host immune
status is an important factor in the devel-
opment of attaching and effacing lesions.
Thus, colostrum-deprived piglets are more
susceptible to infection than those having
received colostrum, and dexamethasone
immunosuppression is required for devel-
opment of attaching and effacing lesions in
a post-weaning in vivo pig EPEC infection
model. The mechanisms by which pig EPEC
cause diarrhea and the role of co-infection
with other pathogens are not known. How-
ever, the similarity to human EPEC in terms
of the pattern of intestinal colonization, the
type of lesion produced and the presence of
Eae on bacteria strongly suggest that porcine
and human EPEC share similar pathogenic
mechanisms.

Enteropathogenic E. coli in Dogs
Dog EPEC isolates belong to heterogeneous
serogroups, including O45, O49:H10, O115,
O118:NM, and O119 (Beutin 1999). Hence,
dog EPEC strains, although often possessing
similar virulence determinants to those of
human EPEC, belong to different serotypes.

Enteropathogenic E. coli in Rabbits
Adhesins that have been associated with rabbit
EPEC include AF/R1, AF/R2, Ral, and LPF.
Both Ral and LPF produced by an O15:H-rabbit
EPEC play a role in development of diarrhea in
rabbits. Inactivation of the genes that encode
these fimbriae reduced early colonization and
severity of diarrhea in experimentally infected
rabbits but permitted development of typical
attaching and effacing lesions.

Any factor that increases cecal pH or
decreases cecal volatile fatty acid levels
favors rabbit EPEC infection. Such factors
include feed composition, stress, cold, and
lack of drinking water. Co-infections, such
as rotavirus infection or coccidiosis, result in
increased numbers of E. coli in the cecum and
favor the development of diarrhea due to EPEC
in rabbits. Rabbit EPEC strains possess eae and
other genes of the LEE. The full LEE locus
has been demonstrated in several O15:H- and
O103:H2 strains.

Pathogenesis of Shiga
Toxin-Producing E. coli Disease

General Features

The underlying principles of pathogenesis
are the same for a wide range of clinical
syndromes observed in animals with STEC
diseases (Figure 7.4). STEC in the environment
are ingested, pass through the stomach into
the intestine, where they colonize and produce
Shiga toxin. In LEE-positive EHEC, formation
of the attaching and effacing lesion is a major
feature of intestinal colonization, as observed
for EPEC (Figure 7.3; see Section on Patho-
genesis of EPEC Disease). In LEE-negative
EHEC, binding of STEC to the epithelium
occurs in a non-intimate pattern. Varying
amounts of the toxin are absorbed into the
circulation and cause vascular damage in tar-
get organs. Factors that influence production
and absorption of toxin from the intestine are
largely unknown, but induction of Stx phages
is likely a significant factor in enhancing toxin
production. Other bacterial products, such as
LPS, may contribute to pathology by induction
of cytokines and upregulation of receptors for
Stx. Descriptions of pathogenesis of dysentery
in sheep and lambs, cutaneous renal glomeru-
lar vasculopathy (CRGV) in dogs, and edema
disease in pigs illustrate variations on this
theme.
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Figure 7.4 Schematic representation of the steps involved in the pathogenesis of edema disease Escherichia
coli (EDEC) infection in edema disease of pigs. The initial steps (1, 2) of ingestion of bacteria and
colonization of the intestine are similar to those for ETEC. Shiga toxin 2e (Stx2e) produced in the intestinal
lumen and in local lymph nodes, is absorbed into the blood (3). The Stx2e binds to receptors on vascular
endothelium and smooth muscle in the central nervous system and other sites including the stomach and
subcutaneous tissues of the forehead and eyelids, resulting in edema, ataxia, and death (4). Source:
Courtesy of Aida Minguez Menendez, Faculty of Veterinary Medicine, University of Montreal.

Shiga Toxin-Producing E. coli in Calves
and Lambs

A high percentage of cattle and sheep carry
STEC without showing any signs of ill health.
This is of enormous public health significance,
as these animals constitute the major reser-
voir of STEC that are pathogenic for humans.
STEC of serotype O157:H7 are carried at high
frequency by cattle but have only rarely been
implicated in natural disease, although they
may cause disease in calves under exper-
imental conditions (Dean-Nystrom et al.
1997). Some cattle that carry O157 STEC are
persistent shedders through colonization of
follicle-associated epithelium in a region up
to about 5 cm proximally from the junction
of the anus and the rectum. These cattle shed

O157:H7 EHEC at levels greater than 104/g of
feces for prolonged periods of time and appear
to be major contributors to direct and indirect
contamination of food and water.

Dysentery in calves and lambs is clearly
attributable to LEE-positive EHEC belonging
to certain serotypes (Table 7.5) by association
with disease and by experimental reproduc-
tion of disease (Moxley and Smith 2010).
These EHEC are typically stx1 and eae pos-
itive. Strains of O118:H16 STEC have been
epidemiologically associated with diarrhea in
calves and have induced disease in inoculated
calves.

Calves naturally or experimentally infected
with STEC that induce enteric disease show no
systemic signs. This is likely due to exclusion
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of Stx from the endoplasmic reticulum and
trafficking to lysosomes, resulting in inactiva-
tion (Hoey et al. 2003).

E. coli in Dogs

STEC are present in the feces of healthy and
diarrheal dogs (Beutin 1999) but have not been
associated with watery diarrhea in this species.
Bloody diarrhea and HUS have been repro-
duced by injection of greyhounds with low
concentrations of Stx1 or Stx2 (Fenwick and
Cowan 1998). HUS combined with CRGV has
been reported in dogs in the United States and
the UK. The dogs are afebrile and are usually
presented with cutaneous ulcers with some of
the dogs going on to develop lesions of acute
kidney injury (Holm et al. 2020). However, the
etiology of HUS and CRGV in dogs has not
been determined.

Shiga Toxin-Producing E. coli in Pigs
(Edema Disease)

Edema disease is an Stx2e toxemia that results
in severe edema in specific sites in pigs that
have absorbed Stx2e from the intestine follow-
ing colonization by an Stx2e-positive E. coli.
Intravenous injection of pigs with Stx2e at
low doses (3 ng/kg body weight) results in the
characteristic signs, symptoms, and lesions of
ED (MacLeod et al. 1991).

An overview of the association of STEC with
edema disease of pigs is shown in Figure 7.4.
EDEC are ingested from an environment
contaminated by sows that carry the bacte-
ria or by pigs that are infected. Colonization
develops over three to six days and involves
non-intimate adherence of the bacteria to
epithelial cells on the tips and sides of villi in
the small intestine by means of F18 fimbriae
(see Section on F18 fimbriae). Pigs resistant
to F18+ E. coli are homozygous for threonine
at amino acid 103 of the FUT1 enzyme and
susceptibility to the F18 adhesin appears to be
solely dependent on FUT1 activity in intestinal
epithelia (Bao et al. 2008). Resistance is present

in only a low percentage of most breeds of pigs.
Expression of the receptors for F18 fimbriae is
age related, with a peak in the post-weaning
period, consistent with the usual occurrence of
edema disease in older pigs (Bao et al. 2012).
EDEC usually produce alpha-hemolysin in
vitro and during the course of disease. This
cytolysin is not essential for edema disease,
but may contribute to intestinal colonization,
as E. coli that produce alpha-hemolysin appear
to have a selective advantage compared with
nonhemolytic E. coli in the intestine of recently
weaned pigs.

Intestinal colonization by EDEC may be
aided by host and environmental factors. At
the time of weaning, the pig’s intestinal epithe-
lial cells undergo changes that lead to a period
of temporary malabsorption. High-protein
diets contribute to an abundance of rich sub-
strate for rapid proliferation of EDEC in the
intestine. The fastest growing pigs in a litter
seem to be most susceptible, and may represent
pigs that are consuming most feed and/or are
most efficient in absorbing from the intestine.
Transportation of pigs and mixing of pigs from
a variety of sources also predispose to develop-
ment of edema disease, possibly by increasing
the stresses on the pigs and the chances of
contamination with EDEC.

Disease is dependent on absorption of Stx2e
into the bloodstream but there is little under-
standing of how this occurs. Stx2e does not
appear to be absorbed from the intestine under
normal conditions, but the addition of deoxy-
cholate to the intestine allows absorption of
Stx2e to occur (Waddell and Gyles 1995), and it
is possible that bile could influence absorption.
Stx2e binds to its preferred receptor, globote-
traosylceramide (Gb4), in epithelial or vascular
endothelial cells, but can also bind to Gb3. Gb4
has been identified throughout the pig intes-
tine but was found in highest concentration in
the ileum (Steil et al. 2016). In pigs that die of
edema disease, Stx2e can be recovered from
the intestinal contents, and toxin-mediated
damage to vascular endothelium can be identi-
fied in target tissues. Strains of EDEC may pass
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from the intestine to the mesenteric lymph
nodes and produce Stx2e toxin there, provid-
ing another mechanism for absorption of toxin
into the blood.

There are minimal changes to the intestinal
epithelium in affected pigs and it is likely that
much of the toxin that enters epithelial cells
is degraded in the endocytic compartment,
with a low percentage of intact toxin pass-
ing through the intestinal epithelium. Stx2e
binds to red blood cells, which may serve to
distribute it to various tissues. The absorbed
toxin binds to and damages vascular endothe-
lial cells in target tissues, resulting in edema
and hemorrhage. The presence or absence
of vascular endothelial receptor for Stx2e in
blood vessels is a major determinant in the
tissue distribution of lesions. Receptors for
Stx2e are present in vascular smooth muscle,
which undergoes necrosis in target organs in
pigs with edema disease, but it is not known
whether the necrosis is a direct result of toxin
damage or a secondary effect of vascular
endothelial cell damage.

Pathogenesis of Extraintestinal
Pathogenic E. coli Infections

A schematic representation of the general steps
involved in the development of disease due to
ExPEC in animals is shown in Figure 7.5.

Septicemic E. coli

SEPEC belong to a limited number of serotypes.
In certain circumstances, such as in young ani-
mals that have received inadequate colostral
antibodies, these strains colonize the intestinal
mucosa and traverse the intestinal epithe-
lial barrier by pinocytosis or transepithelial
migration to mesenteric lymph nodes. Bac-
teria persist and multiply in the blood and
other extraintestinal sites, partly because
of their ability to adapt to and grow in the
iron-restricted extracellular environments
of the host, largely due to the presence of

the iron-acquisition systems. Persistence and
multiplication of SEPEC is also promoted by
their ability to resist the bactericidal effects of
complement and phagocytosis.

One of the most important determinants
of serum resistance of SEPEC is the chemical
structure and length of the O polysaccharide.
Nevertheless, the presence of smooth LPS is
not sufficient for serum resistance in all O
serogroups. Certain capsular antigens, such
as the K1 polysaccharide, also contribute to
serum resistance. Other virulence factors, such
as ColV, TraT, and Iss, are also associated with
complement resistance.

The most important determinant of resis-
tance to phagocytosis of SEPEC is the capsule.
Other factors, such as P fimbriae and certain
O antigens, also contribute to the ability of
SEPEC to avoid phagocytosis. Type 1 fimbriae
promote bacterial adhesion to phagocytic cells
by lectin–carbohydrate interactions, although
the role of these fimbriae in resistance to
phagocytosis is still controversial. As described
for ETEC, LPS is responsible for the symptoms
of shock associated with septicemia.

SEPEC from calves and pigs often produce
fimbrial adhesins F17, P, S, F1C, or F165 or
other adhesins such as the surface antigen
CS31A, the afimbrial AfaE-VIII adhesin, or
curli (Tables 7.4 and 7.5). Certain SEPEC are
hemolytic and often produce colicin V, CNF1,
or CNF2, and CDT and may possess HPI.

Septicemic E. coli in Pigs
The predominant serotypes and virulence
factors associated with septicemia in pigs are
shown in Table 7.4. The roles of some of the
virulence factors are only partially understood.
O antigen capsule and P fimbriae are associated
with bacterial survival in the extraintestinal
organs and in the bloodstream of infected
piglets and with pathogenicity for piglets.
P fimbriae promote bacterial adherence to
porcine PMN leukocytes in vitro but enhance
resistance to phagocytosis. One mechanism
for this resistance appears to be inhibition
of the oxidative response. O antigen capsule
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Figure 7.5 Schematic representation of the steps involved in the pathogenesis of extraintestinal pathogenic
Escherichia coli (ExPEC) infection. ExPEC are part of the normal intestinal microbiota in animals (1). These
bacteria may adhere to epithelial cells in the intestine or other sites, via fimbrial or other adhesins, leading
to mucosal colonization (2). Bacteria may then pass through and between epithelial cells in the intestine
and other sites to gain access to the underlying tissue, resulting in localized or generalized infection (3, 4).
Both in underlying tissue and when they gain access to blood vessels, ExPEC are able to survive due to the
acquisition of normally unavailable nutrients such as iron by means of nutrient capture systems. These
ExPEC also survive by avoiding the host immune response, demonstrating resistance to killing by
complement and phagocytes due to their possession of capsule and lipopolysaccharides. Interaction of
ExPEC with macrophages may result in increased intracellular survival, pyroptosis, and increased
inflammatory response. ExPEC may be transported to distant organs via the blood stream resulting in
further localized infection (a) or septicemia (b) and subsequently shock and death (6). Production of toxins,
notably lipopolysaccharide, locally and in the blood stream contribute to localized and generalized disease.
Source: Courtesy of Aida Minguez Menendez, Faculty of Veterinary Medicine, University of Montreal.

confers resistance to serum and to phagocyto-
sis by PMN leukocytes. The presence of HPI in
pathogenic E. coli may also be associated with
the induction of pyroptosis of macrophages.

Septicemic E. coli in Calves
The predominant serogroups and virulence
factors associated with septicemia in calves
are shown in Table 7.5. Bovine SEPEC often
carry the P, F17, AfaE-VIII, or CS31A adhesins,
which may promote mucosal adherence and
allow these bacteria to compete at the mucosal
surface favoring host invasion and entry into
the blood. These adhesins are frequently
present on E. coli isolates from the blood of

bacteremic calves, although their presence
is not always associated with calf mortal-
ity. Hence, these factors could contribute to
the ability of SEPEC to translocate from the
intestine and survive in the blood in certain
circumstances, but may not be sufficient to
induce septicemia and death.

Avian Pathogenic E. coli

The most studied form of colibacillosis in poul-
try is the colisepticemia following respiratory
tract infection (Guabiraba and Schouler 2015).
APEC respiratory tract infection occurs via
inhalation of feces-contaminated dust. It is
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secondary to infection with one or more of
the respiratory tract agents Newcastle dis-
ease virus, infectious bronchitis virus, and
Mycoplasma gallisepticum. Susceptibility
of birds to APEC infection is increased by
impaired immune response and deciliation of
the epithelial cells of the upper respiratory tract
following exposure to ammonia and dust in the
environment. Dominant O serogroups among
APEC worldwide are O1, O2, O78 although
there is a wide range of serogroups and other
serogroups may also dominate depending on
the geographical region (Table 7.7).

The mechanisms of APEC virulence have
not been completely defined. See Section Vir-
ulence Factors of Pathogenic E. coli for more
information on known APEC virulence factors.
In addition, validated virulence factors have
been summarized elsewhere (Guabiraba and
Schouler 2015). APEC adhere to epithelium of
the respiratory tract by means of adhesins such
as fimbriae, Stg, Tsh, and Yqi and enter the
blood stream via the lungs and air sacs to reach
internal organs. Type 1 fimbriae are mostly
expressed by bacteria colonizing the trachea,
lungs, and air sacs, but not those colonizing
deeper tissues or blood. On the other hand, P
fimbriae of serotype F11, produced by some
APEC strains, are expressed by bacteria colo-
nizing the air sacs, lungs, and internal organs,
but are not expressed by those colonizing the
trachea, suggesting an involvement in bacterial
attachment in deeper tissues.

Stg fimbriae appear to be involved in col-
onization of air sacs. Curli promote binding
to the major histocompatibility complex class
I (MHC-I), extracellular matrix and serum
proteins, and avian intestinal cells, suggesting
that they may contribute to APEC infection.
Tsh is associated with APEC and appears to
have a role in the early stages of respiratory
infection.

Iron-acquisition systems are important
for bacterial growth of APEC in blood and
other host biological fluids, in which iron is
poorly available. These include the aerobactin,
salmochelin, yersiniabactin siderophore

systems, and the Sit, Chu and Hma transport
systems.

Protectins including K1 capsule, Iss, and
O78 LPS allow APEC to survive in the blood by
evading or subverting the host innate immune
defense. Resistance to the bactericidal effects
of complement has been associated with APEC
isolates, particularly those originating from
septicemic birds.

Avian air sacs have no resident cellu-
lar defense mechanisms and must rely on
an inflammatory influx of heterophils in
response to local proinflammatory cytokine
and chemokine production, as the first line
of cellular defense, followed by macrophages
(Guabiraba and Schouler 2015). APEC may
be present in macrophages, but occasionally
also free in the air sac lumen and interstitium
of infected chickens. Resistance to phago-
cytosis may be an important mechanism in
the development of avian septicemia. Type 1
fimbriae play an important role in the pro-
motion of initial phagocytosis, but also in
the protection of bacteria from subsequent
killing, at least in heterophils. K1 capsule,
O78 antigen, and P fimbriae participate in
initial avoidance of phagocytosis. In addition,
O78 antigen and P fimbriae contribute to
subsequent protection against the bactericidal
effects of phagocytes after bacterial association
has occurred. The importance of intracellular
survival of APEC bacteria in macrophages is
still unclear, as APEC are facultative intracellu-
lar pathogens (Alber et al. 2021). The RstA and
PhoP/PhoQ-HlyF TCSs appear to be important
for APEC persistence in chicken macrophages
and the role of these and other signal transduc-
tion networks in APEC pathogenesis is being
investigated (Breland et al. 2017).

Cellulitis does not seem to affect the growth
of the chicken but results in complete or partial
condemnation of the carcass at processing. The
lesion is initiated by a break in the integument,
in some cases due to a scratch from another
bird, followed by bacterial contamination.
Bacterial adherence to the deeper and super-
ficial tissue layers of the skin appears to be
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important in the development of lesions and
may be promoted by type 1 fimbriae. Cellulitis
has been reported to be characterized by sea-
sonal variation, and some climatic conditions
may be predisposing factors.

Uropathogenic E. coli

There are many studies on virulence factors of
canine UPEC, but very few on pathogenesis.
However, remarkable similarities between
the virulence-associated genes in canine and
human UPEC suggest that major aspects of
pathogenesis are similar between UPEC of
these host species. Indeed, several studies sup-
port the conclusion that dogs may be a source
of UPEC that cause UTI in humans (Thompson
et al. 2011). Most dog UPEC isolates belong
to the B2 phylogenetic group and certain
heat-stable toxins, in particular dog-specific
ST372, are dominant (Flament-Simon et al.
2020).

Overall, UPEC usually cause ascending
infections, entering the urinary tract through
the urethra (Breland et al. 2017). The major
steps in pathogenesis involve adherence of
UPEC to the bladder epithelium, colonization,
avoidance of host defense, and damage to
the host tissues. Urovirulent E. coli from the
feces initially colonize the periurethral area
then move up into the urethra. The normal
microbiota in these sites, including lactobacilli,
may compete with the UPEC for colonization.
Continued migration takes the UPEC into
the bladder, where they adhere to bladder
epithelial cells. Not surprisingly, motility is a
factor in the virulence of UPEC. Cytokines,
including IL-8, are produced by the host and
attract a strong neutrophil response. UPEC
employ systems that protect against oxidant
and osmotic stress and P fimbriae and the K1
and K5 capsules impart some resistance to
phagocytosis. Nevertheless, some UPEC are
phagocytosed and killed by neutrophils and
some ExPEC are able to survive in neutrophils.
Invasion of epithelial cells provides signif-
icant protection and longer-term survival.

Colonization requires recovery of iron from
the host and this is done through a variety of
siderophores. Damage to bladder epithelium is
largely the result of the inflammatory response
including the toxic products of the neutrophils,
but toxins produced by UPEC contribute as
well. Infection does not often ascend to the
kidneys.

E. coli that cause UTI typically originate
from the dog’s own intestinal tract and are
characterized by possession of a cluster of
virulence-related genes. Human UPEC strains
possess a genome that is 6–13% larger than the
E. coli K12 genome and many virulence-related
genes are encoded in PAIs. PAI-associated
genes implicated in virulence encode P and
S fimbriae, hemolysins, CNF1, protectins,
and iron-sequestering systems (Desvaux et al.
2020). Human UPEC may possess differ-
ent combinations of these virulence factors.
Canine UPEC have similar virulence gene
profiles (Valat et al. 2020).

The virulence-related factors play impor-
tant roles as adhesins that mediate adherence
to urinary tract epithelium, iron-scavenging
systems that enhance survival in low iron envi-
ronments, and cytotoxic proteins that damage
tissues. Pathogenesis involves a timely and
stepwise expression of these virulence factors
in hosts with formidable defense mechanisms
which include the mechanical barrier imposed
by the epithelium, flushing by frequent voiding
of urine, and the inflammatory response.

Adherence to the mucosa of the urinary tract
is an early step in pathogenesis and is often
mediated by type 1 fimbriae, which are present
on most E. coli and therefore not specifically
associated with UPEC. The FimH adhesin
at the tip of type 1 fimbriae binds a variety
of host structures including Tamm Horsfall
protein and uroplakins that are found on
the surface of the bladder. Binding is critical
to colonization of the bladder as it prevents
flushing of the bacteria. In contrast to type 1
fimbriae, P fimbriae are highly associated with
UPEC, compared with fecal E. coli. P fimbriae
are associated with pyelonephritic strains of
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human UPEC but canine UPEC isolates usu-
ally carry an adhesin of P fimbriae (PapGIII),
which is common among cystitis isolates and
mediates binding to globopentaosylceramide
(GbO5). The genes for both type 1 and P fim-
briae undergo phase variation, a reversible on
and off expression, but little is known about
the factors that affect their expression in vivo.
Adherence of P fimbriae to epithelial cells
involves a Galα (1–4)Galβ-containing glycol-
ipid receptor and Toll-like receptor (TLR) 4 as
co-receptor. Colonization of the bladder results
in an inflammatory response mediated by
IL-6, IL-8, and other cytokines. This response
is induced by TLR4 signaling pathways acti-
vated by adherence of type 1 and P fimbriae.
Interestingly, uroepithelial cells lack CD14 and
therefore respond poorly to LPS. Neutrophils
that are attracted to the site ingest and kill
UPEC. Little is known about the role of S
fimbriae in UTI.

Six iron-acquisition systems that have
been identified in UPEC likely play roles
in their survival and multiplication in the
iron-poor environment of the bladder. These
systems involve siderophores (enterobactin,
salmochelin, aerobactin, yersiniabactin), an
ABC iron–manganese transport system (Sit),
and a hemin uptake system. This arrangement
may provide redundancy and/or specialization
for a variety of environments. For example,
lipocalin 2 produced by activated neutrophils
can counteract the effects of enterobactin
by binding to it but is ineffective against
salmochelin, a variant of enterobactin.

Alpha-hemolysin modulates host signaling
pathways that may affect host cell cycling,
apoptosis, and inflammation. CNF1 has been
reported to induce uptake of bacteria by host
cells and apoptosis of epithelial cells in the
bladder, which could lead to exfoliation and
exposure of the underlying cells. CNF1 causes
inflammation and submucosal edema in the
bladder of experimentally infected mice. Vat
and Sat are serine proteases that are highly
cytotoxic. Little is known about the role of
Vat in pathogenesis of UPEC but Sat causes

severe kidney damage in the mouse model of
ascending UTI.

UPEC appear to be better equipped to grow
in urine than are non-UPEC strains. Factors
possessed by UPEC that might contribute
to survival in urine include resistance to
the bactericidal effect of complement which
is associated with certain types of capsule, O
polysaccharides, specific outer-membrane pro-
teins and aerobactin. Catheterization, abnor-
malities of the urinary tract that impair void-
ing, illnesses such as diabetes, and chemother-
apy predispose to infection with a wide variety
of opportunistic bacteria, including E. coli that
lack specific urovirulence factors.

Invasion of bladder epithelial cells by UPEC
is a major contributor to persistence of cystitis
(Breland et al. 2017). FimH adhesin at the
tip of type 1 fimbriae is critical for adherence
and subsequent invasion of bladder epithelial
cells by UPEC. FimH binds to integrins on the
cell surface, activating signaling cascades that
cause localized changes in the cell cytoskele-
ton, resulting in a zipper-like mechanism of
entry of the bacteria into the epithelial cell.
In the large terminally differentiated cells
lining the bladder the bacteria escape from the
vacuoles and replicate, leading to formation of
intracellular bacterial communities. In imma-
ture underlying epithelial cells, UPEC localize
in acidic membrane-bound vacuoles, assume
a quiescent state and are likely protected to
some degree from host immune surveillance
and from certain antibiotics. These infected
epithelial cells may persist for long periods and
be the source of recurrence of a clinical UTI.

Interestingly, UPEC use both adherence
and motility in the infection process. Flagella
appear to contribute to the ascent of UPEC
from the bladder to the kidneys, and P fimbriae
synthesis has been shown to regulate motility.

Infection is cleared by exfoliation of infected
bladder epithelial cells, which are primed
to exfoliate, and by host defense mecha-
nisms including neutrophils, reactive nitrogen
and oxygen species, and other antibacterial
compounds that are produced.
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TCSs are the main method by which bacteria
sense and respond to the many different envi-
ronments that they encounter (Breland et al.
2017). They consist of a membrane embedded
bacterial signaling receptor which transduces,
via a phosphorelay event, a signal to a cognate
partner protein referred to as the response reg-
ulator that will carry out the output response.
Several TCS have been shown experimen-
tally to be important for UPEC infections.
These include the Enz-OmpR, QseBC, and
BarA-UvrY systems which regulate UPEC bac-
terial virulence or survival in the bladder, and
the CpxAR, QseBC, and KguRS systems which
are involved in UPEC bacterial virulence in
the kidneys. Also, ArcA/B controls the switch
between anaerobic and aerobic respiration.
Many of the TCS are found in a wide range of
E. coli, whereas some, such as KguRS, are only
found in certain pathotypes.

Many hemolytic E. coli from dogs with diar-
rhea possess virulence gene profiles identical
with those associated with UTI and have been
suggested to function as agents of both diarrhea
and UTI. However, given that the intestine is
a reservoir for UPEC and that the UPEC iso-
late from a dog with cystitis is frequently the
same as the dominant fecal isolate, it will be
necessary to demonstrate that these E. coli
can indeed induce diarrhea in dogs. In cases
of granulomatous colitis, ExPEC-like E. coli
is almost always the sole bacterium invading
colonic mucosa and residing intracellularly
within colonic macrophages. Because this
disease is breed specific and rare, an autosomal
recessive genetic defect involving the immune
system that confers susceptibility to E. coli
invasion is suspected. Finally, ExPEC with
virulence profiles similar to those associated
with UTI are being increasingly implicated
as a cause of acute hemorrhagic pneumonia
in dogs.

Pyometra

Pyometra, a condition in which there is an
accumulation of pus in the uterus, is the most

common genital tract infection in bitches. The
pathogenesis of pyometra is not well under-
stood, but the disease appears to develop as
a sequel to a primary dysfunction involving
the effect of hormone on epithelial cells of the
uterus. Experimentally, bitches are most sus-
ceptible during the early stages of metestrus,
when serum progesterone levels are high. The
alterations in epithelial cells allow bacteria to
adhere and multiply. E. coli is the bacterium
most frequently implicated and is isolated from
58% to 88% of cases. The E. coli recovered from
the uterus of bitches with pyometra are usually
hemolytic and have the same characteristics
as UPEC; in some cases there is simultaneous
UTI and pyometra involving the same organ-
ism. These E. coli show a high prevalence of
urovirulence genes, notably pap, cnf1, hlyA,
fyuA, sfa, and fim (Maluta et al. 2014).

Pathogenic E. coli that reside in the intestine
contaminate the vagina and ascend through
the cervix into the uterus, where they adhere
and multiply if there is a receptive environ-
ment. Such an environment is present in
dogs in which cystic endometrial hyperplasia
has developed as a consequence of cycles
of exposure to estrogen and progesterone.
There is a strong purulent response to the
infection, a marked antibody response to the
high concentration of bacteria, and systemic
effects attributed to absorbed E. coli LPS.
Both direct effects of LPS in the blood and
antigen–antibody complexes in the kidney
glomeruli are considered to account for renal
damage and dysfunction seen in many cases
of pyometra. Thus, polyuria and polydipsia are
frequently seen in affected dogs.

Mastitis

The E. coli that are implicated in mastitis
are environmental. Some authors refer to
them as mastitis-associated E. coli or MAEC,
being facultative and opportunistic pathogens
recruited from the bovine gastrointestinal
microbiota (Leimbach et al. 2017). They may
possess virulence-associated genes implicated
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in mastitis, the primary function of which
would be to enhance fitness in the gastroin-
testinal tract. Other authors propose that
mastitis-associated strains form a pathotype
referred as mammary pathogenic E. coli
(MPEC; Keane 2019). A fec gene cluster encod-
ing the iron dicitrate use pathway was proposed
to be essential for MPEC, being required for
strains to cause intramammary infections.
Not surprisingly, host factors play a major
role in determining the nature of the mastitis
that develops in response to infection by this
environmental pathogen. These include nutri-
tional status, immune status, genetic makeup,
parity, and stage of lactation. However, recent
investigations indicate that some E. coli that
cause mastitis have attributes similar to those
of contagious mastitis pathogens, as indi-
cated by persistence in the gland, recurring
infections of the same quarter with the same
genotype of E. coli, and apparent transfer
of infection between quarters. Some E. coli
appear to have evolved to adapt to the bovine
mammary gland. One aspect of this adaptive
behavior is an ability to invade mammary cells
by an endocytic pathway that avoids lysosomal
degradation, thereby evading the immune sys-
tem and promoting persistence in the gland.
In addition, infection with strains from per-
sistent mastitis resulted in less upregulation
of immune response genes than with strains
from acute mastitis (Keane 2019).

Environmental E. coli that contaminate the
teat orifice make their way through the streak
canal into the gland lumen, where the host
response determines the clinical outcome.
Cows are most likely to become infected when
they lie in feces-contaminated bedding after
they have been milked and the teat orifices
remain open. Experimentally, as few as 60
bacteria are sufficient to cause mastitis. The
response to the presence of E. coli in the gland
varies remarkably depending on the stage
of lactation. During the dry period, a robust
defense often results in elimination of the
organism with little or no disease; this has
been attributed to iron limitation imposed by a

high concentration of the iron-binding protein
lactoferrin. By contrast, in the periparturient
period, the cows are in a state of immunosup-
pression, have a relatively low concentration
of lactoferrin, and mount a delayed PMN
leukocyte response. Other factors that have
been suggested to be responsible for the severe
clinical manifestations seen in early lactation
are a reduction of oxygen tension by bacterial
growth and a resulting decrease in killing of
the E. coli in phagolysosomes, and a rapid shift
from the PMN to a less effective mononuclear
leukocyte cell population in the udder. These
factors permit the E. coli to grow to large
numbers.

LPS appears to be the major bacterial factor
responsible for inducing the local inflamma-
tory response mediated by TLR4 signaling,
as well as a toxemia, which can be fatal. The
inflammatory response is accompanied by
substantial tissue damage as the short-lived
neutrophils die and release toxic oxidants
that kill bacteria and damage tissue. The
smooth configuration of LPS O polysac-
charides also enables MPEC to evade the
host innate immune response by reducing
inflammation and conferring resistance to
complement (Salamon et al. 2020). However,
factors other than LPS are important as masti-
tis can be induced in mice that have mutated
TLR4 and therefore do not respond to LPS.
Experimental infections have been useful in
allowing careful measurements of local and
systemic response to infection. Increases in
the concentrations of the acute phase pro-
teins haptoglobin and amyloid-A in serum
and milk have been reported and in severely
affected animals increases in serum TNFα and
nitrite/nitrate have been noted.

The response to invasion of the lumen of the
mammary gland by E. coli may be influenced
by the extent of adaptation of the E. coli strain,
the overall immune responsiveness of the host,
and the concentration of opsonizing antibod-
ies in the gland secretion. Adapted strains
may induce a mild response; cows that are
genetically programmed to be high immune
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responders may be more effective than low
responders in eliminating the bacteria; and the
presence of opsonizing antibodies promotes
phagocytosis and killing of the E. coli.

The following events occur in response
to infection of the mammary gland with
E. coli. Whole bacteria or LPS stimulate the
release of cytokines and other proinflamma-
tory mediators, notably TNFα, IL-1β, IL-8,
platelet-activating factor and intercellular
adhesion molecule 1, which result in the
migration of PMN through the connective
tissue into the lumen of the gland. An increase
in expression of CD44 on the PMN has been
reported but its role in disease is unclear. If
the PMN response is rapid the bacteria may
be quickly phagocytosed and destroyed. Cows
with ketosis have elevated serum and milk
levels of β-hydroxybutyrate, which may lead
to neutrophil dysfunction and more severe
mastitis. Failure to rapidly remove the E. coli
results in their growth and severe local reac-
tion and sometimes toxemia. Death may be
due to endotoxemia.

In peracute disease the animal may die with-
out any signs of illness, but commonly there is
severe toxemia as well as inflammation of the
mammary gland and agalactia. In acute and
subacute mastitis, there is severe to moderate
inflammation of the mammary gland.

Gaps in Knowledge
and Anticipated Directions

Host-bacteria interactions depend on the abil-
ity of E. coli to sense and respond to the local
milieu, but we know little about the sens-
ing mechanisms or the methods that ensure
an appropriate response. Whole-genome
sequencing has resulted in identification of
numerous virulence-related genes; however,
we have made slow progress in determining
how these genes are regulated and in iden-
tifying cross-talk between bacteria and host.
Pathogenesis is a complex, multistep, highly
coordinated process but we have insufficient

knowledge about how this is orchestrated in
the intestine and other organs. We speculate
about the apparent redundancy of pathogenic-
ity factors, but we lack understanding of the
roles of multiple factors with similar function.
For instance, recent research has advanced
our understanding of how certain pathogenic
E. coli such as EPEC, EHEC, and ExPEC
subvert innate immune pathways through
secretion systems or TCCs resulting in more
successful infection of and survival in the host
tissues. However, much of this research has
been carried out on particular factors in isola-
tion and in in vitro conditions. A major area for
future research is the integrated and holistic
study of the regulation of virulence factors in
the infected host in vivo. This will require the
use of animal models, experimental infections
in host species, and natural infections.

We also lack understanding of the basis
for hypervirulence of strains of E. coli, such
as the enteroaggregative E. coli–STEC hybrid
O104:H4 strain that caused a large food-
borne outbreak starting in Germany in 2011.
Host–bacteria interactions in the carrier state,
which is often the gateway to pathogene-
sis, is another area which requires further
investigation.

More research is needed on competition
between pathogenic E. coli and the gut micro-
biome. Products such as bacteriocins have
the potential to impact competitive flora but
their role in disease is unknown. Also, there
are indications that anaerobic metabolism in
E. coli may be important in its establishment
in the intestine, but details are sparse.

Some aspects of the environment, notably
diet, may be amenable to modifications
that would reduce colonization by enteric
pathogenic E. coli. More research is needed
in this field. Multiple drug resistance, which
often includes a plasmid-mediated element,
is increasingly observed in pathogenic E. coli.
This represents a formidable challenge, as
E. coli appears to have accumulated extra
DNA, which enhances its protection without
imposing a substantial fitness cost.
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Introduction

Salmonella are Gram-negative bacilli belong-
ing to the family Enterobacteriaceae. They are
motile, non-spore-formers and facultatively
anaerobic. There are two species: Salmonella
enterica and Salmonella bongori. S. enterica is
the type species, and is divided into six sub-
species. The most important, from the point of
view of human and animal disease, is S. enter-
ica subsp. enterica which includes over 2600
serotypes in the White–Kauffman–LeMinor
scheme.

A small number of serotypes/serovars typ-
ically produce typhoid-like infections in a
relatively narrow range of host species, includ-
ing S. enterica subsp. enterica Typhi (S. Typhi)
and S. Paratyphi in humans, S. Choleraesuis
in pigs, S. Dublin in cattle, S. Gallinarum and
S. Pullorum in poultry, S. Abortusovis in sheep
and S. Abortusequi in horses. The remaining
serovars are associated more with the produc-
tion of gastroenteritis in humans and young
livestock.

Characteristics of the Organism

Classification

The current classification of Salmonella is
extremely complex. Based on DNA–DNA
hybridization results, the genus Salmonella is
divided into two major species: S. enterica and

S. bongori. S. enterica is then further divided
into six distinct subspecies (I, II, IIIa, IIIb,
IV, and VI), based on biochemical differences
or genomic population structure, which is
indicative of novel subspecies (Figure 8.1).
The speciation history of the genus may
have involved speciation by hybridization or
multiway speciation events.

The Genome of Salmonella enterica

Isolates from many serovars, including
Typhimurium, Typhi, and Enteritidis, show
a conserved genomic signature and so
these serovars are considered monophyletic.
However, other Salmonella serovars show
significant genome variation between isolates,
and, despite being co-classified by serology,
the lineage is considered to be polyphyletic
in nature (i.e. not all of the isolates of the
same serovar show the same genomic signa-
ture). Serovars that appeared to be polyphyletic
include Dublin, Enteritidis, Infantis, Muenster,
Paratyphi B and Saint Paul (Langridge et al.
2015). Analysis has also confirmed previous
notions that there are close genetic relation-
ships between some serovars, such as between
S. Enteritidis and S. Dublin or S. Paratyphi C
and S. Choleraesuis Figure 8.1.

Features of the S. enterica subsp. enterica
serovar genomes, which were the first to be
sequenced, are shown in Table 8.1; the serovars
have similarly sized genomes and gene
numbers. Alignment of the whole-genome
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Salmonella Subspecies

subsp. arizonae(Illa)

subsp. arizonae(Illa) [116]

subsp. VII subsp. houtenae (IV)

subsp. houtenae (IV) [136]

novel subsp. A

0.05

subsp. diarizonae (IIIb)

subsp. diarizonae (IIIb) [187]

novel subsp. B

subsp. enterica (I)

subsp. enterica (I) [297]

subsp. salamae (II)

subsp. salamae (II) [116]

subsp. indica (VI)

subsp. indica (VI) [16]

subsp. (VII) [6]

novel subsp. C

novel subsp. A [3]

novel subsp. C [7]

novel subsp. B [6]

S. bongori
(prevlously subsp. V)

S. bongori / subsp. (V) [36]

Lincage III

Figure 8.1 Grape-tree representation of a maximum likelihood phylogeny of core single-nucleotide
polymorphisms from 926 representative genomes of Salmonella enterica plus Salmonella bongori. Source:
Alikhan et al. (2018) PLOS/CC BY 4.0.

sequences of these isolates shows that the
genomes are remarkably conserved, display-
ing a high degree of overall synteny; all the
genomes being essentially colinear except
for insertions and several large-scale rear-
rangements symmetrically around the origin
or terminus of replication. This is the most
common form of chromosomal rearrangement
separating related bacterial genomes. The
reciprocal inversion event seen in S. Typhi is
well documented and is the result of recombi-
nation between rRNA operons, which are the
most likely sites for recombination to occur
(Tillier and Collins 2000).

Interestingly, if the genomes of these
Salmonella serovars are aligned with E. coli
strain K12, for example, a high degree of
collinearity is still maintained even after a
separation estimated at 100–140 million years
(Doolittle et al. 1996). This is consistent with
the notion that the enteric genome archi-
tecture was fixed early in enteric evolution,
prior to the adaptation to different hosts
seen in Salmonella, and has been actively
maintained.

In whole-genome comparisons of S. Typhi
and S. Typhimurium, the core genome com-
prises around 87% of its coding capacity
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Table 8.1 General properties of Salmonella enterica subsp. enterica serovar genomes.

Serovar Typhimurium Typhi Choleraesuis Paratyphi A Enteritidis Gallinarum

Strain LT2 CT18 SC-B67 SARB42 P125109 287/91
Size (bps) 4 857 432 4 809 037 4 755 700 4 585 229 4 685 848 4 658 697
% G+C 52.22 52.09 52.11 53 52.17 52.2
CDS (n) 4451 4599 4445 4263 4318 4274
Coding density (%) 86.80 87.60 83.90 82.50 85.50 79.90
Average gene size (bps) 947 958 898 924 953 939
rRNA operons (n) 7 7 7 7 7 7
tRNA (n) 85 78 85 82 84 75
Pseudogenes (n) 25 204 151 173 113 309
Plasmids (n) 1 2 2 0 2 2

(McClelland et al. 2001; Parkhill et al. 2001).
The core genome is thought to encode essen-
tial metabolic and colonization functions that
facilitate the general enteric lifestyle. The core
regions are interspersed with regions that are
either unique to that isolate or of restricted
phylogenetic distribution, termed the acces-
sory genome, with these accessory regions
enriched for functions that could explain host
range and pathogenic potential of the different
Salmonellae.

Variation in the Genome of Different
Serovars

Much of the accessory genome is composed
of clusters of three genes or more. The largest
individual accessory gene clusters are repre-
sented by integrated prophage and Salmonella
pathogenicity islands (SPIs), which in S. Typhi
range from around 10 to 130 kb. However,
less visible are the large number of small
gene insertions/deletions. When comparing
S. Typhi with S. Typhimurium, there are 145
small insertions/deletions of 10 or fewer genes
compared with 12 events of 20 genes or more.
Interestingly, there are very few (42) single
gene insertions/deletions that are unique to
S. Typhi compared with S. Typhimurium.
Many of the smaller insertions/deletions of
fewer than 10 genes encode functions such as

toxins or adhesins, but more commonly these
regions encode chaperone–usher fimbrial
operons, sugar transport/metabolism systems,
and restriction-modification systems. The
genomes of S. Enteritidis, S. Gallinarum and
S. Pullorum resemble each other more than
they do S. Typhimurium in terms of shared
genes and pairwise sequence similarity. It was
postulated that this was because the common
S. Enteritidis strains isolated from animals
and humans were common ancestors for the
avian-adapted serovars. However, genomic
analysis has revealed important nuances in
our understanding of the evolutionary biology
of these and other Salmonellae. For example,
S. Gallinarum and S. Pullorum did not directly
evolve from contemporary S. Enteritidis, as
had been previously thought (Thomson et al.
2008). All three serovars are adapted lineages
that have emerged from a more ancient S.
Enteritidis-like predecessor, possibly under
anthropogenic pressures such as intensive
farming (see further speculation on this else-
where in this chapter), which, although rarely
isolated in humans or farmed animals, could
still be found in wild animals (Langridge
et al. 2015). Furthermore, the emergence
of invasive non-typhoid Salmonella (iNTS)
serovars Typhimurium and Enteritidis has
been observed. This recent phenomenon was
linked to spread within human populations
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immunocompromised by malnutrition, severe
malaria, or advanced HIV in sub-Saharan
Africa. These iNTS isolates tend to cause acute
febrile disease, are often multidrug resistant,
and are rarely associated with systemic disease
in immunocompetent individuals (Kingsley
et al. 2009).

Pangenome, Horizontal Genetic Transfer
and Gene Loss

Going back in evolutionary time, the major-
ity of the horizontally acquired genes in the
Salmonella genomes are likely to have been
acquired early in their evolution (see also
Chapter 2). S. enterica genes are shared among
most of the lineage; 60–70% of the putative
horizontally acquired genes, including many
key SPI, were inserted following the diver-
gence of Salmonella from the E. coli lineage
but prior to the divergence of the S. enterica
subspecies. For example, the cob operon of
S. enterica encoding vitamin B12 biosynthesis
was acquired horizontally in the Salmonella
lineage after divergence from E. coli (Lawrence
and Roth 1996). The cob genes are thought
to have been lost from the enterics early in
their evolution and to have been reacquired
by Salmonella around 71 million years ago
following the split of the S. arizonae and S.
enterica lineages (Lawrence and Roth 1996).
The difference in the extent of phage-related
functions in S. Typhi and S. Paratyphi A
from S. Typhimurium, S. Enteritidis, and S.
Gallinarum suggests that recent evolutionary
time has been dominated by the acquisition
of bacterial viruses (prophage) but that ear-
lier evolutionary events in Salmonella were
dominated by the acquisition of metabolic
and virulence functions (Vernikos et al.
2007).

Pathogenicity Islands
Horizontally acquired DNA sequences that
contain functionally related genes with lim-
ited phylogenetic distribution (i.e. present in
some bacterial genomes while being absent

from closely related ones) are often referred to
as pathogenicity islands or genomic islands.
These mobile elements are often inserted
alongside tRNA genes and have direct repeats
and mobility genes (e.g. integrase, trans-
posase), which has led to a definition of the
genomic island structure that includes these
features (see also Table 2.1; Hacker et al.
1997; Hacker and Kaper 2000; Schmidt and
Hensel 2004). Traditionally, genomic islands
in Salmonella that carry genes associated
with virulence are termed SPIs. SPIs are
predicted or known to encode a range of func-
tions including exopolysaccharide synthesis,
type III secretion systems (T3SS) and their
associated effector proteins, type four secre-
tion systems, and metal uptake systems. In
addition, proteins of unknown function are
encoded. It is apparent that most SPIs were
acquired early in the evolution of S. enter-
ica, being present in all sequenced isolates.
However, there are exceptions to this: SPI-7,
SPI-8 and SPI-15 appear to be more recent
acquisitions. SPI-7, for example, is restricted
to S. Typhi and some isolates of S. Paraty-
phi C and S. Dublin (Pickard et al. 2003).
Unusually, inserted within SPI-7 is a prophage
ΦSopEST (33.5 kb in size) encoding the SPI-1
effector protein, SopE, which is important
for Salmonella invasion (Wood et al. 1996;
Mirold et al. 1999; Friebel et al. 2001). This
prophage element probably represents an
independent horizontal gene transfer event in
S. Typhi, given that it is absent from SPI-7 in
S. Dublin and S. Paratyphi C (Pickard et al.
2003).

Many SPIs lack identifiable mobility genes
and repeat elements flanking their bound-
aries. These are probably mobile elements
that have stably integrated in the Salmonella
chromosome and may be ancient insertions
which have, over time, lost their ability to
mobilize.

Gene Rearrangements
Together with the acquisition of genes,
prophage, and genomic islands, gene loss
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has had, and continues to have, an important
role in the fluidity of the Salmonella genome
and resulting host adaptations. Pseudogenes
are defined as being untranslatable due to the
presence of stop codons, frameshifts, internal
deletions, or disruption following the insertion
of an insertion sequence. There are always
dangers to in silico prediction of pseudo-
genes and from assuming that a gene function
has been lost when a significant part of the
coding sequence has been deleted. The enrich-
ment of functionally significant mutations in
genes has been associated with a shift in the
pathogenic niche. Degradation of metabolic
pathways has been identified in S. Enteritidis
and Typhimurium lineages associated with
invasive disease in immunocompromised
humans and highly virulent bird-associated
S. Typhimurium strains (Langridge et al.
2015).

The dramatic expansion of insertion-
sequence element numbers and subsequent
recombination between these elements is
thought to be the result of a recent evolution-
ary bottleneck: conditions thought to increase
the fixation of mutations by genetic drift and
associated with a switch in lifestyle (Andersson
and Hughes 1996). These observations were
made for S. Typhi and have been suggested to
be a marker of host restriction and adaptation
to humans. Similar observations were made
for S. Gallinarum, which is closely related
to S. Enteritidis but is restricted to infecting
galliform birds following extensive degrada-
tion, including metabolic genes required for
survival in the intestine (Thomson et al. 2008;
Langridge et al. 2015). S. Gallinarum causes
a typhoid-like systemic infection in Galli-
formes, unlike S. Enteriditis, which is usually
associated with self-limiting enterocolitis.

Analysis of the S. Typhi genome revealed
over 200 pseudogenes, while S. Typhimurium
was predicted to contain only around 39
(McClelland et al. 2001; Parkhill et al. 2001).
Moreover, the pseudogenes in S. Typhi are
not spread randomly throughout the genome:
they are overrepresented in genes that are

Salmonella specific when S. Typhi is compared
with E. coli (59% of the pseudogenes lie in
the unique regions, compared with 33% of all
S. Typhi genes being unique). Many of the
pseudogenes in S. Typhi have intact counter-
parts in S. Typhimurium that are involved in
virulence and host interaction (Parkhill et al.
2001).

IS26-mediated deletions of genes in the fljAB
operon prevent phase switching and therefore
result in the S. Typhimurium monophasic
phenotype (Laorden et al. 2010; Boland et al.
2015). Rapid, continuing flux of chromoso-
mally encoded antimicrobial resistance genes
has also been observed among closely related
monophasic S. Typhimurium isolates with
deletions also mediated by IS26 elements
(Boland et al. 2015). Together with anthro-
pogenic pressures, the genetic context of heavy
metal resistance genes and antimicrobial resis-
tance genes among monophasic variants may
influence stability and co-selection (Mastror-
illi et al. 2018). Genes encoding resistance to
mercury, copper, and silver are chromosomally
encoded on Salmonella genomic island (SGI)-4
and are almost ubiquitous in an important
“European” monophasic S. Typhimurium
clone (Branchu et al. 2019). The copper resis-
tance, encoded by pco and sil operons, may
have contributed to the success of this clone
in pig herds, since copper has commonly been
used as a growth promoter in pig production.
In contrast, in other monophasic clones the
pco and sil operons are plasmid-encoded with
less consistent carriage, indicative of repeated
losses. IS26 elements have contributed to plas-
ticity in the multiple drug resistance region in
many variants of SGI1, which is an integrative
mobilizable element with a complex integron
in which antimicrobial resistance genes are
clustered.

Plasmids and Prophages
A wide variety of plasmids, other than
virulence-associated plasmids, are common to
multiple Salmonella serovars, many of which
encode for reduced antimicrobial and/or heavy
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metal susceptibility. Plasmids can be associated
with adaptation to host species niches, such
as ColV in S. Kentucky isolates from poultry
(Johnson et al. 2010). Additionally, plasmids
can confer fitness benefits in particular envi-
ronments such as ColE1 plasmids carried by
S. Heidelberg in poultry litter (Oladeinde et al.
2018).

All of the published Salmonella genomes
are polylysogenic, carrying between three to
five integrated bacteriophages (prophages) as
well as several prophage remnants. In addition
to contributing to the overall DNA diversity
differentiating both Salmonella lineages and
isolates, bacteriophage can also act as vectors
carrying “cargo genes,” which are not essential
for phage proliferation, but which can impinge
directly on the pathogenic potential of their
host. The phenomenon of lysogenic conver-
sion is well described within S. enterica subsp.
enterica serovars including S. Choleraesuis and
S. Typhimurium, which harbors several lyso-
genic bacteriophage: Gifsy-1, Gifsy-2, Fels-2,
and SopE (Figueroa-Bossi et al. 2001). The
genetic cargo of these prophages includes the
sopE gene, encoding a T3SS effector protein
shown to stimulate GDP/ GTP nucleotide
exchange in several Rho GTPases in vitro,
and sodCI, a Cu/Zn periplasmic superoxide
dismutase (SOD) that protects the host against
oxidative stress.

Many of the S. Typhimurium prophage
cargo genes have been shown to increase the
pathogenicity of S. Typhimurium in various
models including mice, cattle, and macrophage
(Figueroa-Bossi et al. 2001). For example, cur-
ing S. Typhimurium strains of Gifsy-2 results
in an around 100-fold attenuation of virulence
in a mouse model of disease. Genome analysis
has also shown evidence that prophages have
had a long-term role in Salmonella evolution.
Several Salmonella virulence determinants
such as the T3SS effector protein SspH2 and
the PhoPQ-activated genes pagKMO and
various lipopolysaccharide (LPS) modifica-
tion genes are surrounded by prophage gene
remnants.

Types of Disease and Pathologic
Changes

S. enterica subsp. enterica serovars are
pathogens of warm-blooded animals, which,
by their inability to ferment lactose, are
considered to have been associated with
intestinal colonization of reptiles and birds.
Their metabolic flexibility, which incorpo-
rates a degree of redundancy, enables them
to survive outside the host for periods of time
and to colonize a variety of host species. The
production of the variety of disease observed
is associated in some cases with specific
serovars.

S. enterica subsp. enterica remains a human
and animal pathogen of worldwide signifi-
cance, and it has remained at the center of
microbiology for several decades, with fre-
quent reviews of our scientific understanding
and practical significance (Neidhardt et al.
1996; Mastroeni and Maskell 2006; Barrow
and Methner 2013). Based on pathogenesis
and infection biology, Salmonella serovars can
be classified by production of at least three
distinct types of infection (pathovars).

Salmonella Pathovars
A small number of serovars are able to produce
severe systemic disease in immunologically
and physiologically normal, outbred, healthy
adult individuals of a narrow range of ani-
mal species. Transmission is generally via the
fecal–oral route, and bacterial multiplication is
widely considered to take place primarily in the
cells of the macrophage monocyte lineage. In
the target species, the alimentary tract becomes
involved pathologically only in the later stages
of the disease and, in the absence of disease,
little intestinal colonization takes place. Such
infections are associated with S. enterica subsp.
enterica serovar Typhi (S. Typhi) and Paratyphi
A and some strains of Paratyphi B, which
produce typhoid in humans, S. Gallinarum
in poultry and probably other birds, and S.
Choleraesuis in pigs.
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Another subgroup of serovars is associated
with systemic infections; infection frequently
involves the reproductive tract when animals
are pregnant (mammals) or in egg lay (birds).
These serovars may also be involved in enteri-
tis and more extensive systemic multiplication
in very young animals. These include S. Abor-
tusequi in horses, S. Abortusovis in sheep,
S. Dublin in cattle, and S. Pullorum in birds.
Most of these serovars show persistent infec-
tion after convalescence which is an important
aspect of the epidemiology.

The vast majority of the remaining serovars
are unable to produce systemic infections in
normal, healthy adult animals. They are, how-
ever, able to colonize the alimentary tract of a
range of animals and may cause acute enteritis
or subclinical infections. The molecular basis
of Salmonella-induced enteropathogenesis is
now better understood (see below). As a result
of intestinal colonization and high levels of
fecal shedding, particularly in food animals,
bacteria may enter the human food chain
causing gastroenteritis (food poisoning).

In addition, and as members of two
major pathovars, serovars S. Enteritidis and
S. Typhimurium are most frequently associated
with human infection and thus colonize the
alimentary tract of food-producing animals.
They are also capable of producing typical
typhoid infections, in this case in Slc11a1−/−

mice. They are also able to produce severe sys-
temic disease in very young animals, including
poultry younger than a few days and in calves
and pigs, which may have lower concentra-
tions of protective colostrum-derived specific
immunoglobulin G (IgG) in their blood. It
is interesting that other serovars, including
S. Abortusovis, S. Choleraesuis and S. Dublin
are also able to produce typhoid in mice.

A classification of Salmonella virulence
may also be made on the basis of host range,
although there is disagreement over the termi-
nology. In one school of thought, association
with host species is the basis for division into
three groups. Host-specific serovars typically
cause systemic disease in a limited number

of phylogenetically related species, as indi-
cated above. Thus, S. Typhi, S. Gallinarum,
and S. Abortusovis are almost exclusively
associated with systemic disease in humans,
fowl, and sheep, respectively. Host-restricted
strains, while primarily associated with one
or two closely related host species, may also
infrequently cause disease in other hosts. For
example, S. Dublin and S. Choleraesuis are
generally associated with severe systemic dis-
ease in ruminants and pigs, respectively, but
both can cause disease in calves and rodents.
In the United Kingdom, 99% of all S. Cholerae-
suis incidents are associated with pigs and 95%
of all S. Dublin incidents are associated with
cattle. In contrast, the ubiquitous serovars,
such as S. Typhimurium and S. Enteritidis are
able to induce gastroenteritis in a broad range
of unrelated host species.

Another school of thought divides the
serovars into the two main groups produc-
ing different infection and disease scenarios
(pathovars): those that typically produce sys-
temic disease and those that colonize the
intestine and produce enteritis. In this model,
the ability to produce typical typhoid-like
infections is restricted to those serovars
that produce disease either in mammals
(S. Dublin, S. Typhimurium, S. Enteritidis
in mice, S. Choleraesuis in a wide range of
mammalian species, and S. Typhi and Paraty-
phi, restricted to humans) or in avian species
(S. Gallinarum and its related serovar, S. Pul-
lorum). The experimental evidence tends to
support this classification, with some provisos.
Thus, the fact that typical typhoid may be
produced in mice by selected serovars suggests
an increased susceptibility in certain strains
of mice. S. Choleraesuis is highly virulent
and produces typhoid experimentally in mice,
rats, guinea pigs, rabbits, as well as in calves.
In contrast, S. Typhi and Paratyphi produce
typical infection only in humans. All these
serovars never produce typical infections in
adult birds. The contrary is also true, that S.
Gallinarum and S. Pullorum never produce
typical typhoid in mammals.
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There appears to be no clear host species
association based on ability to cause enteritis.
Strains of S. Typhimurium produce enteri-
tis in a variety of adult mammals including
humans. The situation with other serovars is
less clear, although a variety of serovars pro-
duce enteritis in the young of several species
including cattle, pigs, sheep, companion ani-
mals, and poultry. Age has an enormous effect
on disease susceptibility. Typically, very young
animals are highly susceptible to Salmonella
infections both as a result of a simple, non-
inhibitory intestinal flora which takes time
to mature, and immunological immaturity.
Variation in disease can be observed which
shows clearly that the age of the animal at
infection is important in development of dis-
ease. S. enterica infection of young chickens
of less than three days old can lead to severe
disease (Smith and Tucker 1980). In contrast,
no clinical signs are observed with infection
of healthy adult chickens (Barrow et al. 1988).
This is likely to be the result of increased neu-
trophil/heterophil granulocyte numbers and
maturity. Thus, depletion of mature chickens
of heterophils using 5-fluorouracil induces a
degree of susceptibility to systemic salmonel-
losis normally seen only in newly hatched
birds (Kogut et al. 1993). Some of the fac-
tors associated with age are poorly defined
and understood. Thus, genetic differences
in susceptibility to intestinal colonization of
chickens by Salmonella are clear when the
birds have a mature gut flora and are at least
six weeks of age, but these differences are
not expressed until the birds reach this age
(Barrow et al. 2003; Beal et al. 2006).

Salmonella Infections
in Different Major Farmed
Animal Species

Except where work is referenced specifically,
the following sections on the nature of the
disease in domestic animal species summa-
rizes the relevant sections in Stableforth and

Galloway (1959) and Barrow and Methner
(2013).

Salmonella Infections of Cattle

Salmonellosis in cattle occurs worldwide and is
associated primarily with serovars Dublin and
Typhimurium. During the past 20 years, the
next most frequently isolated 10 serovars other
than S. Dublin and S. Typhimurium accounted
for less than 10% of incidents in the United
Kingdom. S. Dublin and S. Typhimurium are
endemic in northern Europe, although the
distributions of these serovars differ. In the
United Kingdom, S. Typhimurium occurs in
all geographical regions, whereas S. Dublin
is predominately found in north- and south-
western England and Wales. In the United
States, S. Typhimurium is endemic in cattle
throughout the country. In contrast, S. Dublin,
which before the 1980s occurred only to the
west of the Rocky Mountains, has recently
spread eastwards to other states and north into
Canada, from where it had not previously been
isolated.

Salmonellosis reached a peak in the British
cattle industry in the 1960s, with over 4000 inci-
dents in 1969, most of these being associated
with infections in young calves, predomi-
nantly involving S. Dublin. More recently,
there has been a steep decline in the number
of Salmonella outbreaks, and over the past
five years there have been 400–500 incidents
per annum, with approximately equal num-
bers of incidents caused by S. Dublin and
S. Typhimurium or Montevideo. Epidemiolog-
ical analysis of S. Dublin by electrophoresis
indicated three phenotypes, one of which is
global in distribution and in which one, in the
United States, non-motile strains are common.
Vi-producing strains were restricted to one
of the taxa, isolated from the United King-
dom and France at that time. Phage typing of
S. Dublin also indicates that a small number of
types predominate. This, together with the fact
that most infections are limited within herds
may, to some extent account for the absence
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of multiple antibiotic resistance in S. Dublin
which is frequent in S. Typhimurium. In
S. Typhimurium, a small number of strains
also tend to predominate but these tend to be
multiresistant; PT29 in the 1960s, 204c in the
1990s, and DT104 until recently, although this
is now becoming less dominant with increas-
ing frequency of isolation of DT193 but with
low isolation of the mono-phasic variant.

Salmonellosis in Calves
In calves, clinical disease is most common
at two to six weeks of age. Clinical signs
vary, but typically the enteric form of dis-
ease predominates which is characterized by
pyrexia, dullness, and anorexia, followed by
diarrhea that may contain fibrin and mucous.
Pneumonia may also occur. The feces may
become blood stained and “stringy” due to
the presence of necrotic intestinal mucosa.
Calves rapidly become weak and dehydrated,
and unless treated, infected calves usually die
five to seven days after the onset of disease.
At this stage, the organism has become sys-
temic, probably largely as a result of reduced
innate immunity, and may be isolated from a
variety of tissues, including the blood. Calves
that recover from infection do not typically
remain carriers. Salmonellosis is very variable
and, in some animals, particularly the very
young, rapid multiplication occurs both in
the intestine and systemically, associated with
poor absorption of specific IgG from colostrum
or with calves receiving insufficient or no
colostrum. This may be accompanied by true
septicemia, although this has never been accu-
rately determined, and animals may die in a
comatose state after three to five days in the
absence of diarrhea, as a result of high levels
of systemic bacterial endotoxin. The breed
of animal can also affect the outcome with
some breeds, such as the Jersey, being far more
susceptible than Friesian and beef breeds.

Salmonellosis in Adult Cattle
In adult cattle, both acute and subacute forms
of disease are recognized, caused by S. Dublin

or, less frequently, S. Typhimurium or other
serovars, including S. Enteritidis. The onset
of the severe, acute form of disease is sud-
den and typically accompanied by pyrexia,
dullness, anorexia, and reduced milk yield.
Severe diarrhea follows, which may contain
blood, mucus, and necrotic intestinal mucosa.
Early in infection, Salmonella may be isolated
from blood and milk in addition to the feces.
Pregnant animals generally abort following
S. Dublin infection. High temperatures usu-
ally persist for several days and then fall just
prior to death (one to five days after infec-
tion). Abortion may occur, particularly with
S. Dublin infections. Experimental work in rats
has indicated that preinfection with parasites
such as Fasciola hepatica, Babesia or the nema-
tode Nippostrongylus brasiliensis increases
the severity of disease. Infected cattle may
excrete up to 108 colony forming units (CFU)
Salmonella/gram of feces, and environmen-
tal contamination is thus a potent source of
infection. Subclinical excretion of Salmonella
occurs in which cattle excrete Salmonella in
concentrations greater than 105 CFU/g of feces.
Active carriage is usually the sequel to clinical
enteritis or systemic infection, and infected
animals may occasionally excrete Salmonella
for years or even for life. In some animals,
known as “latent carriers,” Salmonella persists
subclinically in the tissues but are only inter-
mittently excreted in feces. Excretion may be
activated by stress, for example, at parturition
or following parasite infection.

Salmonella Infections of Sheep

Compared with bovine salmonellosis, the
general incidence of disease in sheep in most
countries is low, reflecting their generally less
intensive management. In many countries,
including Mediterranean countries, disease
caused by the host-adapted strain S. Abortuso-
vis remains an important economic problem.
In many other countries, it is a relatively
minor problem and other serovars, such as
S. Typhimurium, are predominant. S. Dublin
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may also produce disease in sheep. Currently,
the most frequently isolated serovars are
S. diarizonae (O61:k:1,5,7), S. Derby, S. Mon-
tevideo and S. Newport, but the list is by no
means restricted to these. S. Montevideo has
been associated with abortion in ewes for a
number of years. This is caused largely by a
single biotype, which is different from that
causing infections in man, cattle, and poultry.
In the United States, Canada, and some Euro-
pean countries, S. diarizonae is important. In
comparison with bovine salmonellosis, there is
much less information on the routes of trans-
mission. S. Abortusovis may be isolated from
the genitalia of both female and male sheep,
but the extent to which transmission occurs
by this route and is responsible for infection is
disputed. In the case of S. diarizonae, nasal car-
riage also appears to be an important aspect of
the epidemiology. As with S. Dublin infection
in cattle, other factors may precipitate disease
in carriers. These include Chlamydia infection,
chemoprophylaxis, nutritional factors includ-
ing drought, and other factors inducing stress,
such as cold and overcrowding.

The course of infection is similar with
S. Abortusovis and S. Montevideo, with mortal-
ity varying between 10% and 75%. In adult ani-
mals, signs are variable and may be few prior
to abortion. Profuse growth of S. Abortusovis
may be obtained from embryonic tissues. This
generally does not appear to affect the ewe
greatly which may lamb normally in the next
season and after abortion, excretion is short
lived. Lambs may also be stillborn and may
die soon after birth, or septicemia may occur
during the first few weeks of life, although
little is known of the pathogenesis of these
infections. In addition, S. Montevideo may
also be excreted in the feces without abortion.

Salmonella Infections of Pigs

The serovars of Salmonella associated with
clinical disease in pigs can be divided into two
groups: the host-restricted serovars typified by
S. Choleraesuis and the ubiquitous serovars

typified by S. Typhimurium. Since the 1960s,
the occurrence of S. Choleraesuis has fallen
dramatically in the United Kingdom and is
now only isolated sporadically, whereas it
remains a major threat to the pig industry in
the United States and in Asia. In recent years,
monophasic variants of S. Typhimurium,
mainly 4, 12:I,- and 4, 5, 12:i,- have become
increasingly important serotypes in pigs with
less frequent isolation from other host species.
These are monophasic variants of the pre-
dominant phage type (e.g. DT 193) and it is
interesting to speculate on whether and why
evolution is occurring in real time, given the
occurrence and advantage in systemic disease
of monophasic strains (Dublin and Enteritidis)
or nonmotile strains (Gallinarum and Pullo-
rum) elsewhere in food-producing animals
(see below). S. Derby and S. Bovismorbificans
are also isolated from pigs in the UK and other
countries although much less frequently than
Typhimurium and the monophasic derivatives.
fewer than 46% of healthy pigs in the United
Kingdom can have serological evidence of
Salmonella infection.

Oral ingestion is thought to be an important
route of infection as Salmonella are shed in
high numbers in the feces of clinically infected
pigs, although high doses of between 108

and 1011 CFU are required to cause disease
experimentally. Pneumonia is a common fea-
ture of S. Choleraesuis infections in pigs, and
several studies have shown that pigs can be
experimentally infected by intranasal inocula-
tion. The tonsils and lungs are thought to be
important sites of invasion.

Clinical salmonellosis in pigs generally takes
two forms: septicemia caused by host-restricted
serovars such as Choleraesuis, and enterocol-
itis caused by broad host-range serovars such
as S. Typhimurium. Not surprisingly, weaned
pigs that are intensively reared are most fre-
quently affected by Salmonella infections.
S. Choleraesuis has the capacity to cause dis-
ease in both young and older animals, whereas
S. Typhimurium typically causes disease in
pigs aged between 6 and 12 weeks, but rarely
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in adult animals. In older animals, subclinical
infections with S. Typhimurium are frequent,
leading to high transmission rates if active
carrier animals are not detected.

Pigs infected with S. Choleraesuis are
lethargic, pyrexic, and often with respiratory
symptoms, including coughing. Diarrhea may
or may not be present, and cyanosis of the
extremities is common. In most cases, mortal-
ity is high. S. Typhimurium typically causes
enterocolitis with a watery diarrhea. Pigs
become anorexic, lethargic, and febrile, but
mortality is typically low. Pigs are frequently
associated with subclinical infections caused
by other serovars of Salmonella. The different
forms of porcine salmonellosis can be repro-
duced experimentally. There is some evidence
that serovars Typhimurium and Cholerae-
suis may invade the intestinal mucosa by
distinct routes. Following oral infection,
S. Typhimurium shows low invasiveness for
the enteric mucosa and does not reveal any
tropism for a specific intestinal location. How-
ever, S. Choleraesuis can be found in the colon
and on the luminal surface of ileal M cells of
Peyer’s patches. More recently, it was reported
that serovars Choleraesuis and Typhimurium
invaded enterocytes, goblet cells, and M cells
in porcine ileal mucosa, but that Choleraesuis
was found more frequently within M cells than
S. Typhimurium. In addition, Choleraesuis
appears to induce less damage to the mucosa
than does Typhimurium, which is consistent
with the hypothesis that host-specific serovars
cause systemic disease by a strategy of stealth
(see below).

Infections of Domestic Fowl and Other
Avian Species

Global poultry production has undergone
many changes in the past 30 years, with
the center of gravity slowly moving away from
Europe and the United States to South America
and Asia (although broiler and layer numbers
have also increased in the United Kingdom
and some other countries in the past 10 years).

In several of the countries involved, there is
a mix of backyard flocks and large integrated
poultry production companies. In some cases,
large companies subcontract production to
smaller flocks, many of which will have cur-
rently limited understanding of the need for
strict biosecurity; regulation of antibiotic use
is also limited or nonexistent.

The prevalence of Salmonella serovars in
domestic fowl varies in different countries and
with time, with serovars emerging and then
disappearing with no obvious cause. In the
1950s, S. Agona was prevalent in UK poultry
industries, yet disappeared without any obvi-
ous intervention. Historically, S. Typhimurium
has been among the most prevalent serovars
isolated from poultry. In the United King-
dom, between the years 1968 and 1973, S.
Typhimurium accounted for over 40% of all
Salmonella isolations associated with poultry,
followed by S. Enteritidis (6%), S. Pullorum
(4%), and S. Gallinarum (3%). During this
time, S. Hadar became established in the UK
poultry industry, initially in turkeys and then
also in chickens. During the 1980s, S. Enteri-
tidis phage type 4 emerged as the predominant
serovar, exceeding the isolation rates of S.
Typhimurium. These two serovars remain
dominant although the phage type of enteritis
varied between countries, with phage types 8
and 13a also common in many countries. After
S. Typhimurium and S. Enteritidis, the most
commonly isolated serovars are a monopha-
sic variant of Typhimurium 1,4,[5],12:I;-,
Anatum, Infantis, Kentucky and Sofia, all
important in different parts of the world. The
continued high prevalence of S. Enteritidis, S.
Typhimurium, and other serovars in poultry
is reflected in many other parts of the world
where multiresistance to antibiotics may also
be a very common feature. There are some
exceptions; for example, S. Enteritidis has
been virtually absent from Australasia, likely
the result of strict controls on importation of
poultry. However, these countries have their
own epidemiological peculiarities, such as the
prevalence of S. enterica subsp. salamae ser.
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Sofia in broiler chickens. Interestingly, this is
not reflected in a high incidence of S. Sofia
infections in humans.

The poultry-specific typhoid serovars S. Gal-
linarum and S. Pullorum have largely been
eradicated from the poultry industries of
Europe and North America. However, in
regions of the world, especially those which
experience high ambient temperature and
limited biosecurity, these serovars still rep-
resent major threats to bird health, welfare,
and the local economy. Although chickens
are the most economically important hosts
for S. Gallinarum and S. Pullorum, natural
outbreaks caused by these serovars have been
described in turkeys, guinea fowl, and other
avian species. In addition, the increase in the
popularity of free-range rearing in northern
Europe has resulted in isolation of S. Pullorum
infection in poultry, presumably from wild
birds. The sources of infection in poultry are
many, including poultry themselves, feed, and
the environment and in the cases of S. Galli-
narum, S. Pullorum, and S. Enteritidis, vertical
transmission occurs.

Fowl typhoid is widely considered to be a
disease of adult birds and Pullorum disease a
disease of chicks and poults; however, S. Gal-
linarum infects both young and older birds.
Horizontal transmission of S. Gallinarum
is largely fecal–oral, and the organism col-
onizes the gut very poorly but multiplies in
the monocyte-macrophage cell lineage in the
spleen and liver. As a result of the ensuing
bacteremia they localize in the intestinal wall,
possibly in aggregates of lymphoid cells and
are shed into the intestine. Surviving birds
show large areas of sterile necrosis in the
myocardium, from which, unlike the case
with S. Enteritidis, it is not possible to isolate
viable bacteria. Older literature, involving
epidemiological studies, suggests that vertical
transmission of S. Gallinarum is an important
mode of spread. However, it is very difficult to
reproduce this experimentally.

The evolution of Gallinarum and Pullo-
rum is complex with the suggestion that they

originated in a serovar similar but not identical
to Enteritidis with gene loss occurring before
and after they both diverged from a common
ancestor (Langridge et al. 2015; Matthews et al.
2015). However, Pullorum is less virulent in
older birds than S. Gallinarum, with high mor-
tality occurring only when birds are infected
within a few days of hatching. In surviving
birds, the organism persists in the spleen and
despite high levels of circulating antibody, it
is not eliminated for months. When the hens
become sexually mature at 16–20 weeks, the
organism multiplies in the tissues again and
spreads to other sites, including the repro-
ductive tract, and particularly the ovaries,
from where eggs may become infected (Wigley
et al. 2001). The tropism of S. Pullorum for
the reproductive tract is much greater than is
the case for the ubiquitous serovars. S. Pul-
lorum readily infects the reproductive tract
and developing eggs following oral infection,
with particularly high numbers in the oviduct
at the point of lay (Wigley et al. 2001). The
molecular basis for this tissue tropism remains
unknown.

The capacity of serovars other than Gal-
linarum and Pullorum to cause disease is
relatively poorly understood. S. Typhimurium,
S. Enteritidis, and some strains of other
serovars are capable of producing clinical
salmonellosis in very young birds, probably by
a mechanism similar to that of S. Pullorum.
The reasons why serovars such as Heidel-
berg, Seftenberg, Infantis, Montevideo, and
Menston are apparently much less virulent
in chicks yet retain the capacity to colonize
the intestine and cause human food poison-
ing are not understood, although these latter
strains do not possess the virulence plasmid
(see below). Recent studies have shown that
during macrophage infection in vitro SPI-1
genes are not downregulated, as occurs with S.
Typhimurium and S. Enteritidis and it may be
significant that the SpiA protein in Salmonella,
truncated in some typhoid serovars including
Gallinarum, has immune suppressive abilities
suggesting that this may also account for the
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more persistent colonization of the alimentary
tract in comparison with Typhimurium and
Enteritidis. Mortality rates, which vary from
less than 10% to more than 80%, probably
result from a combination of endotoxicity and
dehydration.

Strains of S. Enteritidis, in addition to being
highly virulent for young chicks, can cause
asymptomatic and chronic infections in older
birds including commercial layers and broiler
breeders. Infection with this serovar soon after
hatching can result in infection persisting
until birds come into lay followed by vertical
transmission. The extent to which egg contam-
ination is a result of systemic bacteria reaching
ovules, or a result of contamination, either
in the oviduct or cloacae after egg formation
and the extent to which this is a characteris-
tic unique to S. Enteritidis, remain unclear.
The inner shell and the shell membranes are
frequently the main site of infection and egg
infection may continue after fecal excretion
ceases, suggesting that the lower reproductive
tract (isthmus and uterus) are the main sites of
colonization. S. Enteritidis colonization of the
preovulatory follicles and ability to attach to
ovarian granulosa cells has been demonstrated,
suggesting that infection of eggs may occur
as a result of systemic infection. S. Enteritidis
may also be able to colonize the reproductive
tract by virtue of its ability to bind to secretions
within the isthmus using type 1 fimbriae. How-
ever, all this latter work was carried out using
in vitro assays. It is thought that S. Enteritidis
expresses a number of antimicrobial peptide
resistance proteins which assist persistent and
silent colonization. Other serovars are also
occasionally able to colonize the reproductive
tract and, although the basis is unknown,
suppression of CD4 and CD8 lymphocytes has
been proposed to be involved.

Virulence Factors

Salmonella infections have been considered
to have several discrete stages, although

these are clearly interlinked: attachment,
invasion with enteropathogenesis, and the
systemic/intracellular phase.

Attachment

In addition to their role in intestinal coloniza-
tion, which may include association with the
mucosa (section above), fimbriae have been
implicated in attachment and invasion. Loss
of selected fimbriae in S. Typhimurium leads
to reduced epithelial invasion and virulence
(Bäumler et al. 1997; Van der Velden et al.
1998). In addition to adhesins, the type III
secretion system-1 (T3SS-1) also play a role in
enteric colonization suggesting some form of
cycling between lumen and mucosa (Morgan
et al. 2004).

Invasion and Enteropathogenic
Response

Invasion, the enteropathogenic response,
intracellular survival and other virulence
genes are tightly linked to genes encoded
on SPIs. Pathogenicity islands are discrete
inherited areas of the genome that vary in the
numbers of genes they contain and in their
role. Of the 23 SPIs described, five (SPI-1 to
SPI-5) appear to be common to all serovars
of S. enterica. The remainder are distributed
among different serovars.

Arguably, the two key SPIs are SPI-1 and
SPI-2, which contain the type three secre-
tion systems TTSS-1 and TTSS-2, respectively.
These two islands were initially reported as
being involved in invasion and intracellular
survival (see section below). However, other
genes and islands often encoding T3SS effector
proteins are involved in invasion and intracel-
lular survival. The T3SS promote the transfer
of effector proteins from bacteria in contact
with infected host cells membranes directly
into the host cell cytoplasm where they have
a range of effects. A number of transferred
effector proteins have been characterized in a
range of bacterial species.
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SPI-1 is approximately 40 kb in size, has
a lower GC content in comparison with the
rest of the genome, and is composed of two
main elements. The SPI-1 TTSS is encoded by
approximately 30 genes, whose products form
needle-like surface appendages that mediate
the delivery of effector proteins into the host
cell. A small second element sitABCD flank-
ing SPI-1 encodes an iron uptake system not
thought to be related to invasion and enteri-
tis. SPI-1 promotes invasion in a number of
Salmonella serotypes including Gallinarum,
Typhimurium, Pullorum, and Enteritidis,
and is also present in other serotypes which
do not generally produce systemic disease
but are associated with gastroenteritis, such
as Hadar and Infantis (www.sanger.ac.uk/
projects/microbes). A range of effector pro-
teins are found on other pathogenicity islands
associated with T3SS.

While SPIs play a key role in infection, other
critical factors are involved in disease. The
virulence plasmids are also vital for infection
to proceed and are found in most serovars
associated with systemic disease (see below).
Although these are known to be important
in the systemic phase of the disease, their
encoded fimbriae play a role in colonization
and invasion, as can be seen with S. Gallinarum
(Rychlik et al. 1998).

SPI-1 and Invasion

TTSS-1 is considered responsible for mediating
the intestinal invasive phase of Salmonella
infection. The genes are induced in vitro
under conditions including late log-phase
growth in rich media containing high levels
of salt and increased temperature, conditions
that are thought to replicate entry into the
environment of the small intestine. T3SS-1
genes are also expressed on contact with
host cells. Following attachment, Sip proteins
(Salmonella inner proteins) are translocated
into the cell and SipC localizes with the cell
membrane to facilitate the transfer of further
Salmonella effectors. Subsequent to this, at

least 20 other effectors are injected into host
cells.

SipA interacts with SipC to block actin
depolymerization factor, stabilizing F-actin
filaments at the site of bacterial attachment
(Hayward and Koronakis 1999; Jepson et al.
2001; McGhie et al. 2001). The effector proteins
SopE and SopE2, guanine exchange factors,
then promote filopodia extensions or mem-
brane ruffles (Bakshi et al. 2000; Stender et al.
2000). While SopB modifies phosphoinosi-
tide metabolism and indirectly activates Rho
GTPase leading to micropinocytosis through
activation of Wiskott–Aldrich syndrome pro-
tein (Hernandez et al. 2004). Together, these
processes promote bacterial envelopment. The
effector SptC has an essential role in antago-
nizing the function of the SopE/E2 effectors,
allowing for recovery of cellular architecture
post invasion (Fu and Galan 1999; Stebbins
and Galán 2000; Kubori and Galan 2003). The
effectors SopB, SopE and SopE2 show redun-
dancy and removal of all three is required
to make a strain non-invasive through the
T3SS-mechanism. Besides the promotion of
invasion, the T3SS-dependent effector proteins
have a range of effects on the host cells and
tissues.

SipB triggers the activation of intracellu-
lar caspase-1 within resident macrophages,
which induces apoptosis in the macrophage
facilitating escape of virulent bacteria (Kubori
and Galan 2003). In the intestines, T3SS effec-
tor activity leads to the enteropathogenic
response, stimulating increased secretion of
fluid and attraction of phagocytes into the
lumen and disrupting tight junction structure
and function (Wallis and Galyov 2000). In
addition to its role in invasion, SopB induces
a transient increase in concentration of inos-
itol(1,4,5,6)phosphate which antagonizes
the closure of chloride channels influencing
net electrolyte transport and fluid secretion.
The effectors, SopA and SopD, also con-
tribute to the enteropathogenic phenotype
(Jones et al. 1998). SopA has been shown to
stimulate innate immune responses via an

http://www.sanger.ac.uk/projects/microbes
http://www.sanger.ac.uk/projects/microbes
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interaction with host-cell tripartite motif lig-
ases (Kamanova et al. 2016) and has intrinsic
ubiquitin ligase activity triggering inflam-
mation (Zhang et al. 2006). Interestingly,
while SopD, SopB and SopA were proposed
to act in concert to induce enteritis (Jones
et al. 1998; Wallis et al. 1999) and knockouts
of SopB and SopD reduced enteropatho-
genesis in the ligated loop model (Wallis
et al. 1999), SopD appears to have a role in
downplaying the inflammatory responses by
inhibiting Rab8 signaling in cells (Lian et al.
2021).

Pathogenicity determinants lost by both
S. Typhi and S. Paratyphi A include genes
encoding the T3SS effector proteins: SopA,
SlrP, SopD2, and SseJ. Additionally, S. Paraty-
phi A carries mutations in sifB and sspH2,
while S. Typhi has lost a functional copy of
sopE2. These effectors are associated with
causing diarrhea or systemic disease in other
Salmonella serovars. Consequently, their loss
is consistent with S. Typhi and S. Paratyphi
A rarely causing diarrhea. The loss of these
virulence-associated proteins may prolong
and moderate the infection, thereby increas-
ing transmission. Other important functions
lost by S. Typhi and S. Paratyphi A include
components of multiple chaperone-usher
fimbrial systems and tar encoding a chemo-
taxis receptor protein, which if deleted in
S. Typhimurium leads to a hyperinvasive
phenotype.

The role of SPI-1 in systemic infection is less
clear, and T3SS-1 mutants in typhoid-causing
strains are still able to cause systemic infection
of the mouse and chicken. There are also
reports of S. Senftenberg isolates which lack
SPI-1 causing enteric disease in humans. It
has been proposed that M cells offer a route
through the mucosal barrier which is inde-
pendent of the SPI-1-mediated mechanisms
(Martinez-Argudo and Jepson 2008). In vitro,
a reduction of internalization can be achieved
by interfering with either actin using clathrin
or microtubules using cytochalasin-D. Inter-
estingly, these studies show a residual uptake,

suggesting that other mechanisms may pro-
mote internalization of bacteria albeit at a low
level (Green and Brown 2016). The primary
mechanism of T3SS-mediated internalization
appears to be independent of host species
as results looking at SPI-1 (internalization)
and SPI-2 (survival) are equivalent when
mutants of these are tested on enterocytes and
macrophages from the human, mouse, cow,
pig, and chicken.

T3SS-1 and its effectors play a role in the
interaction between Salmonella and phago-
cytic cells. Studies of macrophage invasion
show that SPI-1 directs cells away from the
complement-mediated pathways of engulf-
ment toward an SPI-1-mediated vacuolation
with reduced antimicrobial activity (Drecktrah
et al. 2006). The importance of the vacuole
environment is shown by the differences
in gene regulation between Salmonella
after complement or IgG opsonization or
SPI-1-promoted invasion suggesting that
Salmonella delivers itself into a more receptive
intracellular niche. Thus, T3SS-1 can function
to direct invasion during initial stages and
systemic disease in some serotypes.

Translocation

Either following enteritis or as a result of the
initial intestinal invasion/uptake stage in sys-
temic disease, bacteria enter the lamina propria
prior to entering the lymphatic/circulatory sys-
tem to reach the spleen, liver, and other major
sites of multiplication. It has been proposed
that Salmonella invasion of macrophages is
important in dissemination of the bacteria in
the host and that intracellular spread is medi-
ated by bacteria internalized in macrophage
cells. However, bovine infection studies with
S. Dublin, and also S. Gallinarum, suggest that,
during initial dissemination, the majority of
bacteria post-intestinal invasion can be found
free in efferent intestinal lymphatics of cattle
until they are removed from circulation by
macrophage-like cells within the spleen and
liver (Pullinger et al. 2007).
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Salmonella pathogenicity island 2, Other
Salmonella pathogenicity islands,
and Systemic Virulence

SPI-2 is vital for intracellular survival and mul-
tiplication within the tissues (spleen and liver)
and is associated with the ability to multiply
within intracellular vacuoles. SPI-2 is present
in S. enterica but not in the phylogenetically
older S. bongori and has thus been acquired
more recently than the division of these two
species. SPI-2 is thought to be associated with
the ability to produce disease in warm-blooded
animals, although the pathogenesis in reptiles
has not been determined in detail. In addition
to the TSSS-2, effector protein genes associated
with SPI-2 may be found outside the locus.
SPI-2 is 40 kb in size, is inserted next to the
tRNA gene valV , and is composed of two major
elements. A 25-kb portion with a low GC (43%)
and which is only found in S. enterica is essen-
tial for systemic virulence. SPI-2 containing
the genes for T3SS-2 and another element
is present in both Salmonella species that
contain genes encoding a tetrathionate reduc-
tase. All the components of this T3SS, several
effector proteins, and the two-component reg-
ulatory system (SsrAB) are encoded by SPI-2
and are induced in the intracellular environ-
ment. Mutations in SPI-2 or SsrAB attenuate
Salmonella strains for their ability to multiply
intracellularly.

T3SS-2 function is required to prevent
fusion of phagocytic oxidase with the phago-
some, and thereby prevents the antimicrobial
effects of reactive oxygen and nitrogen
species. Salmonella defective in the SPI-2
effector, SifA, are unable to maintain the
Salmonella-containing vacuole (Beuzon et al.
2000). A delayed caspase-1-dependent form
of apoptosis is associated with SPI-2 func-
tion (Monack et al. 2001). The presence of
tetrathionate reductase genes (three structural
genes plus the ttrSR two-component sys-
tem) are important in virulence and indicate
that redox conditions within the phagosome
are likely to be low, as also indicated by

studies in which mutations in genes encoding
components of NADH dehydrogenase II and
cytochrome d oxidase (as opposed to NADH
dh1 and cytochrome o oxidase) are also atten-
uating (Turner et al. 2003). Genes within and
outside the SPI-2 locus have been identified as
encoding effector proteins. The three proteins
SseBCD function as translocators of effector
proteins including SseFG, located within SPI-2.
SpiC, thought to be a component of the T3SS,
also functions by interference with intracel-
lular vacuolar traffic. Outside SPI-2, several
translocated effector proteins have been iden-
tified, encoded by genes scattered around the
chromosome, including SifA, SifB, SspH1,
SspH2, SlrP, and SseI which share structural
similarities in their N-terminal domain, and
also PipB, encoded by SPI-5, PipB2, and SopD2.
Some of the effector proteins outside SPI-2 are
encoded within bacteriophage elements, indi-
cating that evolution is taking place not within
the stable SPI-2 locus but by accumulation of
genes or mutations in genes outside SPI-2.

Although SPI-2 null mutations and dele-
tions induce profound attenuation in systemic
virulence, mutations of individual genes do
not confer the same level of attenuation. SifA
appears to be important for accumulation of
endosomal components in infected cells and
maintains the integrity of the phagosomal
membrane during infection (Beuzon et al.
2000). The SsrAB regulatory element is mod-
ulated by the OmpR/EnvZ two-component
regulatory system responsive to osmolarity.
The PhoPQ two-component system is also
thought to regulate SPI-2 gene expression
(Deiwick et al. 1999). It is thought that the
environmental elements that contribute to
the conditions within the infected phagosome
contribute to inducing gene expression within
SPI-2. These include low Mg2+ and P− con-
centration (Deiwick et al. 1999). Although
acidification occurs within the phagosome,
it is thought that this induces assembly of
the T3SS rather than expression of its genes.
SsrAB does not control ttr gene expression but
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is controlled by its own regulatory element,
TtrRS.

Salmonella Pathogenicity Island 3
A smaller SPI of 17 kb, SPI-3, encodes a num-
ber of genes which contribute to intracellular
survival involving resistance to antimicrobial
cellular mechanisms and the ability to cope
nutritionally with the poor nutritional con-
ditions found in the phagosome, including
Mg2+, amino acids, purines, and pyrimidines.
The high-affinity Mg2+ uptake system encoded
by the MgtCB system is important for sur-
vival and multiplication within macrophages
(Blanc-Potard and Groisman 1997). The pro-
teins are located in the cytoplasmic membrane.
A number of genes in SPI-3, including sugR
and misL, may be absent in some serovars such
as S. Choleraesuis, which typically produce
systemic disease. How far these differences
are related to host specificity remains to be
determined.

Salmonella Pathogenicity Islands 4–6
SPI-4 (23 kb) encodes a type I secretion appa-
ratus and its secreted effector SiiE (around
600 kDa), which contribute to intestinal col-
onization and virulence (Kiss et al. 2007).
There is some evidence for an association
with intestinal colonization in calves but not
chickens, which may reflect host-specific fac-
tors (mucosal scrapings; Morgan et al. 2004).
There was less attenuation in siiE mutants of S.
Enteritidis than of S. Typhimurium in studies
in mice (Kiss et al. 2007).

SPI-5 is largely associated with the abil-
ity to produce enteritis, but one gene, pipB,
encodes an effector protein translocated by
SPI-2, which contributes at least to survival
within murine macrophages and avian epithe-
lial cells and macrophage-like cells (Li et al.
2009).

SPI-6 contains the fimbrial saf locus, which
is thought to contribute to colonization
(Clayton et al. 2008), and uncharacter-
ized genes to intracellular survival within
macrophages.

Other Salmonella Pathogenicity Islands
Genes in SPI-7, 8 and 10 in S. Typhi con-
tribute to intracellular survival in human
macrophages. Apart from SPI-7 (133 kb), they
are all considerably smaller (7–33 kb). SPI-7
is restricted to S. Typhi and encodes the pro-
duction of the Vi antigen and a type IVB pilus.
Neither SPI-9 nor SPI-10 genes have been
characterized in terms of virulence. SPI-13, is
present in many S. enterica serovars including
Enteritidis, Typhimurium, Choleraesuis and
Gallinarum, but is replaced by SPI-8 in Typhi
and Paratyphi A.

Many Salmonella serovars contain autono-
mously replicating plasmids. Most serovars
that typically produce systemic disease contain
large (60–100 kb) plasmids that are generally
not self-transmissible, but which are essential
for the expression of systemic virulence (Gulig
et al. 1993). The exception is S. Typhi, which
does not contain a virulence plasmid. Variation
in pVIR size (50–100 kb) is mostly due to vari-
able deletions in the tra region, which encodes
conjugative machinery. The essential virulence
region is contained within an approximately
8-kb region containing spv (salmonella plas-
mid virulence) genes. Of these genes, spvB is
able to ADP ribosylate actin causing destabi-
lization of the cytoskeleton in host cells. The
plasmids are not essential for the production
of enteritis, but some plasmids contribute
to the initial intestinal attachment stage of
systemic disease (Rychlik et al. 1998; Clayton
et al. 2008). It may be that this region acts as
a switch, and the nature of any interaction
with genes in SPI-2 and other pathogenicity
islands would be interesting. The pVIR phy-
logeny mirrors the chromosomal phylogeny
apart from Enteritidis (Langridge et al. 2015).
Horizontal transfer of the S. Typhimurium
virulence plasmid (pSLT) among lineages
has not been observed in genomic stud-
ies of genetically diverse S. Typhimurium
from humans or food-production animals.
Hybrid pSLT-AMR plasmids also appear to
be restricted to individual lineages in human
invasive S. Typhimurium (ST313) strains in
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sub-Saharan Africa despite clear selective
pressure from antimicrobial use.

Pathogenesis

To induce enteric/gastrointestinal disease by
Salmonella serovars, intestinal colonization
remains the initial first step in the pathogenic
process, followed by an invasion process which
may be followed by sequestration within
macrophages for the typhoid serovars. A
schematic overview of the pathogenesis of
salmonellosis is shown in Figure 8.2.

Colonization of the Intestine

The pattern of intestinal colonization by
S. enterica serovars depends on the serovar
itself, the nature of the infection and host
factors. For the typhoid-producing serovars,
colonization is the initial stage of the disease
process and not only are attachment, invasion,
and intracellular survival important but also,
presumably, so is survival in the intestine for
long enough for these additional events to take
place and, in the later stages of the disease, to
be shed from the intestine. However, most of
the other serovars do not normally produce
clinical disease in adult food animals but colo-
nize the intestine and are shed in the feces for
several weeks.

It is well known that colonization of very
young animals is more extensive and pro-
longed than in adult animals, mainly due
to the absence of a complex gut flora in the
young. Its significance is indicated by the fact
that newly hatched chickens, which have a
very simple gut flora, are readily colonized
by E. coli K12 and S. Choleraesuis, neither of
which colonizes the adult gut (Barrow et al.
1988). This has led to the development of
gut flora-based preparations for oral adminis-
tration to newly hatched chickens to reduce
Salmonella colonization. The adult gut flora
inhibits colonization by several mechanisms
(Rogers et al. 2020), some of which are thought

to involve restriction of oxygen and other
electron acceptors (Olsan et al. 2017) and the
production of short chain fatty acids (Jacobson
et al. 2018).

Studies have shown that the host genetic
background can also exert considerable influ-
ences on the extent of intestinal colonization
and fecal shedding (Barrow et al. 2003). This
phenotype is being analyzed with identifica-
tion of quantitative trait loci (Fife et al. 2011).
Host stress responses (e.g. host neurotransmit-
ters; Green and Brown 2016) can also affect
colonization and may favor colonization of
sites like the cecum.

Salmonella Serovar and Colonization
The ability to colonize the intestine is not
equal among Salmonella serovars. The iden-
tification of microbial determinants involved
in colonization has used two separate criteria:
(i) isolation of the pathogen from the mucosa;
and (ii) isolation from the feces as an indi-
cation of shedding. Although a priori it may
be thought that: (i) would reflect the initial
stages of systemic infection/gastroenteritis;
and (ii) might reflect a number of stages in
the infection process, colonization may also
be disease-free in animals and man. In the
chicken, the cecal tonsil may play an impor-
tant role in controlling entry of bacteria,
including Salmonella, into the ceca, where,
since it empties a small number of times a day,
the bacteria presumably go through cycles of
logarithmic and stationary-phase growth. The
close proximity between bacteria and the ton-
sillar epithelial tissue also suggests that it may
play a role in colonization and immunological
control particularly since immunological con-
trol of intestinal (cecal) S. Typhimurium does
not require B cells, indicating a role for cellular
immunity in the intestine (Beal et al. 2006).
Entry into colonization sites such as the ceca in
the chicken has a degree of selection with this
site acting as a bottleneck. This is also thought
to occur with Campylobacter colonization (Lim
et al. 2014). How far the Peyer’s patches in pigs
and calves contribute to colonization remains
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Figure 8.2 Schematic overview of the different forms and stages of salmonellosis. Numbers correspond to
numbering on the figure. (1) Colonization of the intestinal lumen by Salmonella involving Salmonella
pathogenicity island-3, a raft of housekeeping genes and motility. (2) Interaction with enterocytes, delivery
of Sop proteins into cytoplasm via type-I secretion systems and Sip-dependent pathway. (3) Sip proteins,
SopE, and other Sops induce membrane ruffling inducing invasion. (4) Bacteria in intracellular
membrane-bound vesicles. (5) SopB affects inositol phosphate-related signaling events leading to
electrolyte transport and fluid secretion. (6) M cells take up Salmonella bacteria in the Peyer’s patch and
related areas of the intestine, with ingestion by dendritic cells and macrophages. Macrophages, dendritic
cells and lymphocytes in the basolateral pocket. (7) Infected epithelial cells secrete chemokines attracting
inflammatory cells to foci of infection. (8) Extrusion of infected enterocytes from villus surface leading to
villus blunting and reduced fluid absorption. Passage of granulocytes into lumen ingesting bacteria. (9)
Migration of infected macrophages and cell-free bacteria from enterocytes toward draining lymphatics. (10)
Free bacteria in lacteals transferring to tissues rich in monocyte–macrophage series cells, including lymph
nodes, liver, and spleen. (11) Presentation of antigen by dendritic cells and macrophages in lymph nodes,
liver, and spleen. Interaction dependent on Salmonella pathovar determining whether a Th1 or Th2
response is generated. (12) Absence of a rapid protective innate immune response may result in extensive
bacterial multiplication in macrophages with cell death, disease, and death of the host. (13) Most serovars
induce stimulation of Th1-related cytokines by infected macrophages and dendritic cells with production of
interferon γ (IFNγ) by T lymphocytes, which promotes bacterial killing by macrophages. (14) Salmonella
serovars which are associated with persistent infection induce M1 to M2 macrophage switching possibly
involving the SteE protein leading to production of anti-inflammatory cytokines by M2 macrophages, which
reduce IFNγ production by T lymphocytes reducing bacterial killing ability by macrophages. IL, interleukin;
Th, T helper.

to be seen. A close physical association with
the mucosa can be detected microbiologically
(Barrow et al. 1988) or by microscopy at the
chicken cecal tonsil, but the significance of this
remains to be determined. Studies with E. coli
in mice and Salmonella in chickens (Harvey
et al. 2011) suggest that most enterobacterial

growth takes place at the interface between
gut contents and mucosa where nutrients and
electron acceptor concentrations are likely
to be higher. The close interaction with the
host mucosa is also indicated by the results
of large-scale transposon mutant screening
indicating common roles for SPI1, SPI2, and
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SPI3, common to colonization of pigs, chick-
ens, and calves (Morgan et al. 2004; Chaudhuri
et al. 2013).

Studies where serovars are compared either
by their genome sequence or biology must be
interpreted with care, since it is important to
ensure that like is compared with like in terms
of the disease produced by the serovars under
study. Thus, comparisons of Typhimurium
with Gallinarum for colonization ability may
be complicated by other differences in host
specificity and virulence (Carnell et al. 2007).
However, comparisons between taxonomi-
cally more closely related serovars, such as
the group D serovars Dublin, Enteritidis,
Gallinarum, and Pullorum, are of greater
potential value. Genomic analysis (Thomson
et al. 2008; Langridge et al. 2015) revealed that
S. Gallinarum and S. Pullorum have many
more pseudogenes than S. Enteritidis and S.
Dublin. These may be the result of gradual
host adaptation

Like S. Paratyphi A and S. Typhi, S. Choler-
aesuis rarely causes diarrhea and, in common
with them, possesses pseudogenes involved
in shedding and colonization of the gut as
well as potential pathoadaptive mutations
in chemotaxis signal transduction pathways
that increase invasiveness. The large number of
pseudogenes (309) in S. Gallinarum bear a sim-
ilar relationship to S. Enteritidis (113) as Typhi
does to Typhimurium and include the same
types of genes affecting metabolism (glucarate,
hydrogenase, propanediol, and cobalamin,
glycogen, and amino acid catabolism and
biosynthesis; Thomson et al. 2008; Langridge
et al. 2015).

In contrast to other organisms containing
multiple pseudogenes, most of the pseudo-
genes in these Salmonellae are caused by a
single mutation, suggesting that they have
been inactivated relatively recently. This is
consistent with the fact that S. Typhi is clonal
and thought to have arisen as a serovar only
within the last 50 000 years (Kidgell et al.
2002).

S. Gallinarum has lost several catabolic
pathways, which are likely to narrow the spec-
trum of substrates available for use as carbon
and electron acceptor sources. These include
a periplasmic alpha-amylase (malS) required
for growth on long-chain maltodextrins, genes
affecting growth on D-glutarate, and a muta-
tion in the hyaF (hydrogenase I). In addition,
S. Gallinarum 287/91 has several mutations
in three operons required for the catabolism
of 1, 2-propanediol: ttr, cbi, and pdu operons
encoding respiration using tetrathionate as
an electron donor (ttr), cobalamin (vitamin
B12, cbi) biosynthesis, and 1,2-propanediol
degradation (pdu), as has S. Typhi CT18, also
regarded as a non-colonizer. Both S. Typhi
and S. Paratyphi A also possess mutations
in cobalamin biosynthesis, the propanediol
utilization pathway, hydrogenase 1, and the
fimbrial clusters bcf and saf (McClelland et al.
2001; Parkhill et al. 2001). S. Typhimurium
mutants unable to use 1,2-propanediol are
significantly attenuated in their ability to grow
in macrophages.

The inflammatory response to invasive
serovars such as Typhimurium is known to
release nutrients including 1,2-propanediol
and ethanolamine in addition to electron
acceptors such as tetrathionate all of which
enhance colonization (Winter et al. 2010).
Combined mutations of ttr and pdu reduce
colonization of S. Typhimurium in chicken
but there is an indication from the absolute
non-colonization of ack and pta mutants than
substrate-level phosphorylation may be more
important (Barrow et al. 2015). In addition
to the anaerobic utilization of tetrathion-
ate as a terminal electron acceptor, S. Typhi
CT18 is unable to use dimethyl sulfoxide with
mutations in dmsAB. S. Gallinarum 287/91
possesses pseudogenes in several amino acid
pathways including arginine degradation and
ornithine decarboxylation. S. Choleraesuis also
has a repertoire of pseudogenes more closely
resembling S. Typhi, with mutations in genes
encoding energy generation, carbohydrate, and
amino acid transport. Many of these genomic
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differences are indicative of traits important in
intestinal colonization. In these three serovars,
pseudogenes occur in SPI-3, known to encode
genes which affect colonization including
mutations in shdA, ratA (Gallinarum), sugR
and rhuM (Choleraesuis), and cigR, marT and
misL (Typhi). Mutations in shdA and misL
have been identified by signature-tagged trans-
poson mutagenesis to reduce the colonization
ability of S. Typhimurium in mice (Kingsley
et al. 2000) and chickens (Morgan et al. 2004).
A study with S. Typhimurium in mice found
that the misL gene product contributes to col-
onization and binds to fibronectin. The shdA
gene affected colonization of both the cecum
and Peyer’s patch, whereas ratA contributed
to cecal colonization only and sivH to Peyer’s
patch colonization. All except sivH affected
shedding in the feces.

More extensive mutation using transposon-
directed insertion site sequencing (TRaDIS)
has enabled screening of over 7000 mutants of
S. Typhimurium for their colonization ability
in chickens, pigs, and calves, bearing in mind
that the samples taken included gut contents
combined with mucosal tissue (Chaudhuri
et al. 2013). This showed that, in addition to
typical virulence genes, in vivo metabolism
was also important as were stress responses
to heat, low pH and oxidative stress, as found
earlier from screening transposon mutant
libraries (Turner et al. 1998; Morgan et al.
2004). Virulence genes of interest included
SP-1, 2, 4 and 5, marT, which is not functional
in S. Typhi, and several small regulatory RNAs.
Species differences were observed so that clpB,
-P, and -X were important in colonization of
the chicken but not pigs or calves.

Given that bacterial fimbriae facilitate
adhesion to a variety of surfaces and that
S. Enteritidis, for example, has 13 fimbrial
loci, it seems likely that at least some of
these may be involved in colonization, per-
haps through a physical association with the
mucosa, as suggested above. The differences in
the complement of fimbrial loci possessed by
colonizing (S. Typhimurium and S. Enteritidis)

and non-colonizing serovars (S. Gallinarum,
S. Typhi, and S. Choleraesuis) suggests that
the sti, fim, and lpf , and possibly stb and sth,
may encode candidates for colonization and
adhesion determinants (Clayton et al. 2008).
Mutations in stiA, lpf , and fimA had little
effect on colonization, whereas a deletion
in pegA (functional in Enteritidis but not in
Gallinarum and replaced in the other serovars
by the stc locus) produced a significant reduc-
tion in colonization in chicken. Screening
signature-tagged mutants of S. Typhimurium
indicated that SPI-6-encoded saf fimbriae
may be involved in ileal colonization in pigs
(Carnell et al. 2007), whereas the stbC, csgD,
pef , and sthB fimbrial genes may have been
involved in colonization of the avian gut (Mor-
gan et al. 2004). Chessa et al. (2009) found
that the std locus contributed to colonization
through binding to α(1,2) fucose residues in
the murine cecum. Std is also thought to be
closely involved in initiating inflammation
at the mucosa (Suwandi et al. 2019) as are
type-1 fimbriae (Kuzminska-Bajor et al. 2015).
The Tcf fimbriae found in S. Typhi are now
also known to be widespread in non-typhoid
serovars (Azriela et al. 2017) and serovars such
as S. Infantis are also beginning to be studied
in more depth (Aviv et al. 2017). A number of
fimbriae were considered to be important by
Chaudhuri et al. (2013).

The role of LPS in intestinal colonization
may be explained by its involvement in cell
envelope stability and associated resistance
to bile salts, cell surface hydrophobicity, and
the correct insertion and folding of membrane
proteins. The importance of other cell-surface
polysaccharides is suggested as mutants car-
rying insertions in colanic acid biosynthesis
(wcaE) and enterobacterial common anti-
gen biosynthesis (wecE) were attenuated
in both chicken and mammalian intestinal
colonization models (Morgan et al. 2004).

Genes present in the Gifsy-1 and Gifsy-2
prophages have also been found to be impor-
tant in the chicken but not the calf. A
number of unusual genes such as the gene
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for diguanylate cyclase were also important
to both host species, but the significance is
unknown (Morgan et al. 2004). Gifsy-1 phage
elements were also thought to be implicated
in a subtractive hybridization study between
S. Dublin and S. Gallinarum (Pullinger et al.
2008).

Harvey et al. (2011), analyzing gene tran-
scription by whole genome microarray in S.
Typhimurium organisms harvested directly
from the intestine of very young chickens,
suggested that the majority of the bacteria in
the lumen contents show very little bacterial
growth. Nevertheless, characteristic patterns
of gene expression can be observed, including
upregulation of a number of fimbrial genes and
operons associated with the use of propanediol.

The identification of colonization deter-
minants increases our understanding of the
basic infection biology of some of these closely
related but functionally different bacterial
pathogens. The data may also be used to
identify antigens that might be used for vac-
cination, alone or expressed by a vector, or
may be inactivated in a live vaccine such that
the vaccine would be shed less in the feces
compared with the wild-type strain, and may
therefore be more acceptable as a live, atten-
uated vaccine for use against a food-borne
pathogen to reduce the risk of entry into the
human food chain.

Introduction to the Intestinal Barrier

After oral acquisition by the host, Salmonella
pass through the stomach and enter the intesti-
nal tract. It is here that it first interacts with
the mucosa and this interaction will dictate
the outcome of infection. The mucosal surface
epithelial cells are sealed by tight junctions
forming a barrier to both macromolecules
and microorganisms. Cellular and physical
integrity of this barrier are essential for correct
intestinal function. Salmonella can attach to
and invade the enterocytes or be scavenged by
patrolling mucosal phagocytes. In addition,
the specialized follicle-associated epithelium

(FAE) contains M cells, which can take up
lumenal bacteria and antigens by phagocytosis
and transcytosis, delivering them to dendritic
cells. The M cells represent about 50% of the
FAE, with variation between species.

The infection of enterocytes can have a
number of effects including tissue thickening
and necrosis, inflammatory response and fluid
secretion. The term “enteropathogenic respon-
se” has been coined to cover the combination
of inflammatory and secretory responses often
directly linked to diarrhea in a number of
species. After attachment of Salmonella to the
enterocytes, there is a characteristic remodel-
ing of the membrane around the Salmonella
leading to lamellipodial extension and envel-
opment of the bacterium. The internalized
bacteria are maintained with a vacuole within
the enterocyte, but eventually the bacteria may
multiply and apoptosis-like cell death may
ensue (Mastroeni 2006).

Timing and Positioning of Salmonella
in the Intestine Prior to and During
Invasion

The timing and outcomes of infection are
dependent on several host and bacterial factors
including age, genetics, immune status, and
concurrent diseases. These factors may also
affect the development of qualitative or quan-
titative changes in the intestinal microflora so
causing bystander effects on infections. The
flow rate and lumenal environment through
which the bacteria pass to enter the intestines
differ between species and will have an impact
on colonization. Studies have focused on nat-
ural infections via the oral route in a number
of species, ligated intestinal loops and in vitro
cell infections. In vivo inflammatory responses
can be detected within three to six hours of
infection, demonstrating the rapidity of infec-
tion and host response. Studies infecting calf
intestinal ligated loops show invasion within
minutes of bacterial contact with the intestinal
mucosa (Frost et al. 1997), with a rapid host
response involving diapedesis of neutrophils
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into the intestinal lumen within 30 minutes of
exposure.

Systemic Disease

Salmonella infection can be regarded as
a paradigm of the infection biology for
intracellular bacterial pathogens. Although
intracellular multiplication is a major compo-
nent in enteritis and systemic disease and may
occur more extensively as animals become
increasingly sick, it is a critical stage in the
infection process in serovars that produce
typhoid-like diseases in man and animals. For
the typhoid-like disease-producing serovars
the systemic phase of infection is central to
explaining the infection biology and epidemi-
ology. Typhoid infections can, under certain
conditions, occur as a result of infection with
the remaining serovars which generally do not
produce systemic infection in normal, healthy
adult animals. Thus, infection of very young
animals such as chickens and pigs within
hours of birth or hatching may result in a
disease which closely resembles typhoid. This
occurs more frequently when no antibody is
present in the young animal either as a result
of no uptake of colostrum or no maternal
immunoglobulin Y, in the case of birds. The
majority of S. enterica serovars are also capable
of inducing enteritis in a number of species
of animals, including man, which may lead to
debilitation and dehydration itself, reducing
the capacity of the host to resist infection,
leading to a progressive systemic disease and
death.

Salmonella Serovars and Systemic Disease
The infection biology of the typhoid-producing
serovars is similar for all infections. These
serovars tend to produce disease in a small
number of species of hosts and are referred
to as host specific, host restricted, or host
adapted.

Host Specificity
The basis of host specificity in typhoid-like
infections is very poorly understood. It

has been suggested that the ability of spe-
cific serovars to persist within specific host
macrophages may correlate with serovar–host
specificity. For example, a comparison of
the uptake and persistence of serovar Typhi
in human and murine macrophages corre-
lates with the virulence of this serovar in
humans but not in mice (Alpuche-Aranda
et al. 1995). Furthermore, S. Typhimurium
persists in higher numbers than S. Typhi in
primary murine macrophages in vitro. Similar
results have been found with S. Typhimurium
and S. Gallinarum in murine and avian
macrophages. However, in contrast, there was
no correlation between the virulence of dif-
ferent Salmonella serovars for cattle and pigs
and factors such as bacterial uptake, intracel-
lular persistence, and killing or production of
cytokines in bovine or porcine macrophages in
vitro (Watson et al. 2000).

The role of Salmonella/macrophage inter-
actions in determining host range and the
severity of systemic disease remains unclear,
although this is manifest by the ability of
the host-specific serovar to persist and mul-
tiply in the organs (liver and spleen) rich in
macrophages. However, as discussed else-
where in this chapter, immune modulation
and or polarization of macrophages may play
a role in establishing a suitable immunolog-
ical environment for the bacteria to persist
systemically.

Evolutionary Value of Systemic Disease
The intestinal colonization and in situ replica-
tion of Salmonella strains allow shedding and
spread in the environment. It has been postu-
lated that induction of fluid secretion benefits
bacteria which are likely to be disseminated
more widely than if they were excreted in more
solid feces. Since most Salmonella serovars
produce no disease in birds and are readily iso-
lated from reptiles, it may be argued that these
animals are their natural hosts in evolutionary
terms and that infection of mammals could be
regarded as disadvantageous, with the result
that the pathogen induces enteritis to ensure
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rapid and widespread dissemination from the
mammal to increase the chance of infection of
a bird or reptile.

Those serovars that induce typhoid-like
infections have become adapted to their
particular host species or groups of closely
related species. Adaptation possibly occurred
in an environment where there were small
numbers of individual animals or groups of
animals that may have had little contact with
each other. This is certainly the case for the
progenitor of the domestic fowl, the jungle
fowl. Using human typhoid and avian typhoid
(S. Gallinarum and S. Pullorum) as models,
these organisms have adapted to survival
and multiplication within macrophages and
macrophage-like cells within the body. They
colonize the gut poorly, and the ID50 for S. Gal-
linarum in chickens is approximately 10 000
organisms by the oral route. In contrast, the
numbers in the spleen in the later stages of
disease may reach 106–107 CFU/g tissue. At
this stage, the bacteria break out from these
organs, enter the blood, and form areas of
necrosis, possibly around lymphoid tissue in
the gut from whence they are shed from the
intestine in semi-liquid feces. However, this
form of shedding may be relatively short term.
In addition, several of these serovars have
adapted to localization in the reproductive
tract resulting in abortion, with the produc-
tion of heavily infected animals at birth, or
in transfer to eggs with the production of
heavily infected but live progeny. This strategy
avoids the rather hit-and-miss approach of
infection associated with intestinal shedding
in relatively small numbers and where con-
tact between individuals may be infrequent.
It is also associated with a degree of attenu-
ation; S. Pullorum, which is taxonomically
closely related to S. Gallinarum, is less virulent
but demonstrates vertical transmission at a
much greater frequency. Another strategy
adopted by S. Typhi is persistent infection
involving the gall bladder, which results in
long-term shedding by convalescent animals.
The genes associated with these characteristics

are undefined but are thought to involve genes
in SPI-2, 3, or 4.

Multiplication in the Tissues
The mechanisms of survival and persistence
of Salmonella within the liver and spleen of
an infected host have received a great deal
of study, particularly in the murine model
of infection. Results from detailed histolog-
ical and microscopic studies suggest that
serovar Typhimurium is likely to reside within
murine splenic or hepatic polymorphonu-
clear leukocytes, hepatocytes, and/or Kupffer
cells during the early stages of disease and
within macrophages during the later stages
of the infectious process. Fluorescence micro-
scopical visualization of individual serovar
Typhimurium bacteria within the livers and
spleens of mice demonstrated that an increase
in bacterial load within an organ could be
attributed to the establishment of new foci
of infection, rather than increased numbers
of bacteria per phagocyte (Sheppard et al.
2003). This suggests that Salmonella are not
replicating freely within phagocytes in sys-
temic tissues and highlights how little we
know about the very fundamental aspects
of Salmonella behavior in vivo. A number
of antibacterial components, including the
products of the loci for Toll-like receptor-4,
Slc11a1 (Nramp1), NADPH (nicotinamide
adenine dinucleotide phosphate) oxidase,
and interferon γ (IFNγ), are important in
resistance to infection, and the ability of the
bacterium to combat these antibacterial effects
are important in survival and persistence.

In mice, resistance to salmonellosis is linked
to the presence of a functional Nramp1 gene
in macrophages a metal ion transporter that
contributes to the generation of bacterici-
dal hydroxyl ions within the phagolysosome
(Nevo and Nelson 2006). In chickens, Nramp1
(Slc11a) plays a significant albeit minor role in
resistance to systemic salmonellosis (Hu et al.
1997) in comparison with the autosomal domi-
nant SAL1 locus, which is a major determinant
of resistance/susceptibility to systemic disease,
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expressed through increased levels of oxida-
tive burst in macrophages in resistant lines.
Recent studies have now resolved the region
associated with resistance to just a handful of
genes and closely associated with AKT1 and
SIVA1, which encode proteins controlling host
processes affecting bacterial killing (Psifidi
et al. 2018). An unrelated gene(s) contributes
to differences in susceptibility in intestinal
infection in which resistance is also dominant,
autosomal, and not related to major histocom-
patibility complex (MHC) or Nramp1 (Barrow
et al. 2003). The role of Nramp1 in cattle is
somewhat confusing. Resistance to S. Dublin
and S. Typhimurium in cattle is not linked as
they are in mice (Qureshi et al. 1996), which
may reflect the similar disease produced in
mice by these serotypes, whereas in cattle
these serovars induce systemic and enteric
diseases respectively.

Interaction between microbial surface
ligands with macrophage receptors results
in internalization into a membrane-bound
phagosome. To avoid maturation of the
phagosome, which would result in increased
microbial killing, Salmonella inhibits fusion
of the phagosome with lysosomes through
the activity of SPI-2 gene functions. Phago-
somes containing S. enterica avoid fusions
with NADPH oxidase- and inducible nitric
oxide synthase (iNOS)-containing vesicles
(Chakravortty et al. 2002), whereas they may
acquire lysosomal-associated membrane gly-
coproteins, suggesting the ability to acquire
biomolecules in transit from the exocytic
pathway, presumably for nutritional purposes.
Although phagosomes acidify their contents
to a pH of less than 5, Salmonella slow the rate
of acidification (Alpuche-Aranda et al. 1995).
Acidification activates transcription and secre-
tion of SPI-2 effectors. Transcriptional profiling
of S. Typhimurium in murine and avian
macrophages suggest that phagosomes are
also low in phosphate, magnesium, and man-
ganese, with the bacteria using carbon sources
such as gluconate and 2-propanediol (Eriksson
et al. 2003). There is some Fe depletion, which

is also a result of Slc11a1 activity as a metal
ion symporter. Reduced divalent cation con-
centration also up-regulates SPI-2 expression
(Zaharik et al. 2002). The major macrophage
killing mechanisms include NADPH oxidase,
nitric oxide, and cationic antimicrobial pep-
tides (defensins). The importance of NADPH
oxidase is shown by the susceptibility to
salmonellosis of animals suffering from
chronic granulomatous disease in which
this activity is lacking and no respiratory burst
occurs as a result of phagocyte infection. SPI-2
effectors inhibit the fusion of the enzymatic
components with the phagosome, enhancing
bacterial survival. The generation of super-
oxide is highly toxic to Salmonella, largely
through its activity on the Fe-S clusters of
respiratory enzymes. The small amount that
persists may be inactivated by the periplasmic
Cu/Zn SOD encoded by the Gifsy-2 prophage
and the sspJ locus within SPI-2 (De Groote
et al. 1997; van der Straaten et al. 2001).

Nitric oxide and its oxidized derivatives,
N2O3 and NO2 and peroxynitrite, appear to
be associated with the later stages of infection
(Vazquez-Torres et al. 2000) and are induced by
LPS/TLR-4 and IFNγ signaling cascades. Per-
oxynitrite is highly antibacterial but is excluded
from the Salmonella-containing phagosome by
the same inhibition mechanism that prevents
fusion with the NADPH-containing vesicles
that also generate iNOS.

T3SS-2 is expressed by intracellular Salmo-
nella, and its secreted effectors are important
in modulating vesicular trafficking inside
Salmonella-infected cells. It is becoming
increasingly clear that SPI-2 is a major vir-
ulence factor during infection of animals
including mice, cattle and poultry.

Immunity to Infection and its
Manipulation by Salmonella

Early Immunological Response
and Disease

Specific proinflammatory markers have
been identified in Salmonella. Lipid-A, the
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major immunostimulatory component of
LPS, stimulates through Toll-like Receptor-4
(TLR-4), and flagellin, produced by most
Salmonella serotypes, is a strong agonist for
TLR-5 in a number of host species includ-
ing humans and poultry (Iqbal et al. 2005).
While some studies have indicated that active
invasion is vital for production of interleukin
(IL)-8, killed bacteria can still stimulate cells
in vitro. Some differences in this innate signal-
ing may be due to lack of initial stimulation,
and it has been noted that the avian specific
serotypes Gallinarum and Pullorum both lack
flagellin and are the major causative agents
of typhoid in poultry. In this case, it has been
suggested that TLR-5 is in some way dominant
to the avian immune response to bacterial
pathogens and the absence of flagella avoids
this initial immune trigger (Iqbal et al. 2005).
Alteration of LPS has also been observed by
S. Typhimurium leading to reduced ability
to stimulate TLR-4 and in human health the
Vi capsule of S. Typhi can also reduce TLR-4
signaling (Raffatellu et al. 2005).

The TLRs are not the only receptors impor-
tant in Salmonella infection. Terminal alpha
(1,2) fucose residues in the cecal mucosa act
as important mucosal receptors for Std fim-
briae (Chessa et al. 2009). Little is known
about variation in the receptors between
different host species. However, the intesti-
nal mucosa provides a barrier to prevent
non-specific stimulation of TLRs. The impor-
tance of the different TLRs in different host
species and the expression of antagonistic
pathogen-associated molecular patterns by the
different Salmonella serovars may be relevant
to the host response and to the ability to control
or restrict bacteria.

Studies of cellular responses during the
early stages of poultry infection have shown
induction of cytokine and chemokine response
involving the production of proinflammatory
cytokines IL-6 and IL-1 and members of the
CXC and macrophage inflammatory protein
chemokines (Kaiser et al. 2000; Withanage
et al. 2004, 2005). However, generalization

about the induction of immune responses can-
not be made, as there are differences between
serovars in their ability to induce different
responses (Kaiser et al. 2000; Tang et al. 2018;
Tang et al. 2020). The mechanism involved
in the strain-to-strain differences may corre-
late with differences in the effector systems
between Salmonella serotypes. In systemic
serovars such as S. Typhi, it has been noted
that SopA is a pseudogene suggesting that
loss of function can be as important as gain in
the balance of systemic infection. It appears
that to establish a stable colonization or car-
rier state S. enterica serotypes need a suitable
immunological environment.

A number of T3SS-2 effectors have been
shown to interact with and disrupt the nuclear
factor κB (NF-κB) and other immune signaling
pathways. These include GogB, a T3SS effector
that interacts with FBX022, disrupting IκBα
degradation to interfere with NF-κB signaling
(Pilar et al. 2007). AvrA of S. Typhimurium has
been demonstrated to inhibit NF-κB activation
by de-ubiquitination of IκBα (Ye et al. 2007)
and similarly SseL by inhibiting ubiquitination
of IκBα (Le Negrate et al. 2008). AvrA has been
shown to help maintain cell junction integrity
between enterocytes through interaction with
the beta catenin-activated signaling of the host
cell. This indirectly affects cell proliferation in
the villus, thereby increasing dissemination
from the gut. At the same time T3SS-2 effectors
SeeK1 2 and 3 interfere with TNFα induced
NF-κB activation (Günster et al. 2017).

This interference extends to other compo-
nents of the NF-κB pathway. The T3SS effector
SpvD interferes with the nuclear importing
system affecting p65 translocation in host
cells. (Grabe et al. 2016; Rolhion et al. 2016).
In addition, the stimulation of immunomod-
ulatory cytokines can further impact on
inflammation during infection, SpiC, found
in SPI-2, has been shown to induce sup-
pressors of cytokine signaling, IL-10 and
prostaglandin-E2 production (Uchiya and
Nikai 2005). There is a common theme form-
ing regarding Salmonella-induced immune
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modulation around studies on serotypes
Typhimurium in mice and Enteritidis, Galli-
narum and Pullorum in poultry (Kogut et al.
2016; Tang et al. 2018; Clay et al. 2020; Tang
et al. 2020; see Section on adaptive immune
response below).

Little is known about the interaction
between the different Salmonellae that
produce different forms of the disease (patho-
vars) and dendritic cells in food animals.
In cattle exposed to live S. Typhimurium,
bovine dendritic cells upregulate expres-
sion of MHC-I, MHC-II, CD40, CD80, and
CD86 molecules on their cell surface. In con-
trast, besides a marginal up-regulation of
CD40, macrophages do not exhibit detectable
changes in their expression of cell surface
molecules. Both macrophages and DC exposed
to S. Typhimurium upregulate mRNA tran-
scription of TNFα, IL-1β, IL-6, and iNOS.
Upregulation of mRNA transcripts for
granulocyte-macrophage colony-stimulating
factor and IL-12p40 occurs only in dendritic
cells, while only macrophages upregulate
IL-10. As expected, dendritic cells induced
stronger T cell responses than macrophages
(Norimatsu et al. 2003).

A central observation during Salmonella
infection in many species is the attraction
of neutrophil granulocytes (heterophils in
poultry) into the area of infection due to the
induction of chemokines and other chemo-
tactic signals, including IL-8, K60 (a CXC
chemokine), macrophage inflammatory pro-
tein 1α, and IL-1β (Withanage et al. 2004,
2005). A circulating dogma is that inflam-
matory responses attracting macrophages
always lead to inflammatory mucosal damage
with associated pathology. However, there
is evidence that a protective polarization of
macrophages can protect against pathology
from infection. Studies with Lactobacillus that
polarize to M1 cells demonstrate protection
against subsequent Salmonella infection in
mice (Duan et al. 2021). Similar protective,
neutrophil-dependent, responses are asso-
ciated with pretreatment with S. Infantis

in gnotobiotic pigs against damage from
subsequent Salmonella infection (Foster et al.
2003).

These studies repeat a theme where the
timing and nature of the early inflammatory
response dictates the outcome of infection.
Therefore, therapeutic interference, with the
Salmonella-induced Th shift or the polarizing
of macrophages could provide a route to man-
age Salmonella pathology and carriage. While
a picture of a common approach for establish-
ment of carriage between species is forming
the full differences reflecting host-specific
immunobiology still need dissecting.

Adaptive Immunity to Salmonella

The following is a brief overview of adaptive
immunity to Salmonella infections. The use of
the mouse as a model host for studying immu-
nity to typhoid Salmonella infections (but not
necessarily intestinal infections) but also as
a paradigm of an intracellular pathogen, has
provided valuable insights into the cellular
and humoral interactions that form the basis
of innate and adaptive protection. The unique
aspects to infection in other host species sug-
gest that the mouse may form a generic model
against which particular aspects of immunity
in other species can be compared. Compre-
hensive reviews of immunity to Salmonella
and other species can be found in Mastroeni
(2006), Dougan et al. (2011), Foster and Berndt
(2013) and Foster et al. (2021).

The response to the pathogen is charac-
terized by an initial innate response, which
involves interaction between bacterial compo-
nents and epithelial cells and M cells, usually
in the gut. In the usual model studied, namely
S. Typhimurium infection in mice or chickens,
these interactions result in the production of
strong proinflammatory chemokines, partic-
ularly IL-1, IL-6, and IL-8 or the equivalents.
The early innate response is covered in detail
above.

Murine studies with Typhimurium have
demonstrated a role for regulatory T cells in
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polarization of the CD4 T cell population post
infection shifting away from Th17 and then
over time toward a Th1 response (Clay et al.
2020).

While a shift to Th2 for S. Gallinarum may
reflect a more autonomous typhoid-like car-
riage like that of S. Typhimurium in mice the
Th bias in Typhimurium in mice is different
(Bravo-Blas et al. 2019). The contribution of
cellular and humoral immunity toward con-
trol of established Salmonella infections in
mice has been discussed in detail elsewhere
(Mastroeni 2006). The relative roles of cellular
and humoral immunity in other animals have
not been established. Antibody responses are
detectable in chickens, pigs, and cattle, and
are frequently used for herd and flock moni-
toring. The role of antibodies in gut clearance
is unclear. It might be thought that they would
be essential through the effects of specific
secretory mucosal IgA. However, surgical
bursectomy of embryonic chickens results in
birds hatching which are unable to produce
antibodies. Such birds clear S. Typhimurium
infections from their intestines at the same
rate as birds which can produce antibody
(Beal et al. 2006). Either intestinal clearance
is a cellular function or specific antibody is
required for T cell activity and mediating the
antibacterial effects of macrophages. Either
way, this result is fascinating. Chemical bur-
sectomy, which affects several different cell
types including T cell maturation, results in
inability to clear infection from the gut.

Infections with virulent and attenuated
strains of S. Enteritidis in young chicks lead to
an influx of T lymphocytes into the ileum and
the ceca around 20–24 hours post-infection,
with a later influx of B lymphocytes (Van
Immerseel et al. 2002). Reproductive tract
infection by S. Enteritidis leads to a surge in T
lymphocytes in the ovaries and oviduct, reach-
ing a peak at 10 days post infection, while a
peak in B cells occurs at 14 days post infection.
Increased percentages of CD4+ and TCR1+
CD8+T cells were observed in peripheral blood
during infection of one-day-old chicks with

S. Typhimurium. T lymphocyte proliferation
can be detected in cells isolated from the spleen
following infection with S. Typhimurium or
following vaccination with killed or live vac-
cines. The highest levels of proliferation are
found around three weeks post-infection, a
time that correlates with clearance from the
gut and of the transient systemic infection
found with the invasive S. Typhimurium strain
used in that study. Inoculation of cattle with
live attenuated S. Dublin or S. Typhimurium
induces the development of antigen-specific
cell-mediated immune responses that can be
detected in peripheral blood (Villarreal-Ramos
et al. 1998). These responses are assumed
to be mainly from CD4+ T cells, due to the
exogenous nature of the antigens used for in
vitro stimulation. The role of CD8+ T cells
in immunity to Salmonella is largely unstud-
ied in domestic species. In mice, protective
immune responses elicited by vaccination
are dependent on the presence of CD4+ and
CD8+ T cells, and depletion of any of these
cell subsets prior to challenge results in an
increased susceptibility to challenge with vir-
ulent S. Typhimurium. Protection of cattle
against challenge seems to be dependent on
CD4+ T cells, which presumably are able to
provide help to B cells to synthesize antibodies.

The timing of IFNγ production together
with antigen-specific T cell proliferation
and the appearance of specific antibody in
chickens which are beginning to clear sys-
temic infection suggests that this involves
primarily a Th1-type response. The basis for
the absence of immune clearance in ani-
mals which show persistent infection is not
known. This is seen with S. Typhi in man and
S. Pullorum in poultry, although S. Dublin
is also thought to enter the carrier state.
Recent studies (Tang et al. 2018) compared the
non-persistent S. Enteritidis separately with
S. Gallinarum and S. Pullorum. S. Enteritidis
in vivo and in vitro stimulates production of
IL-12, IL-17 and IL-18 in macrophages and
IFNg in CD4+ T lymphocytes. In contrast, S.
Gallinarum stimulates higher concentrations
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of anti-inflammatory IL-10 in the spleen (Tang
et al. 2020). S. Pullorum stimulates lower
concentrations of IL-12 and IL-18 leading
toward a Th2-type immune response (Tang
et al. 2018), which leads to poor cell immunity
and persistence. In mice where persistence
can be observed with S. Typhimurium infec-
tion in Slc11a+/+ mice, infection of M2
macrophages occurs but why and how the
switch from M1 to M2 happens is not clear,
although the bacterial SteE protein is thought
to be involved (Eisele et al. 2013; Pham et al.
2020). The bacterial characteristics and their
kinetics that are associated with this phe-
nomenon are relatively unknown. Mutants
of S. Pullorum with defective SPI-2 function
do not enter the carrier state, but they are in
fact unlikely to persist within macrophages
long enough to be able to. Nonetheless, it
seems likely that persistent intracellular infec-
tion is related directly or indirectly to SPI-2
function.

Polarization of attracted macrophages to
M1 is associated with protection against
phagocytosed bacteria. M1 macrophages show
increased levels of nitric oxide synthase, nitric
oxide, co-stimulatory molecules CD80 and
CD86 and key proinflammatory cytokines
including TNFα, IL-1β, IL-6, and IL-12. (Wang
et al. 2014). Whether this happens in chick-
ens is also unclear but the modulation of the
cytokine response by S. Pullorum suggests
that this is associated with M2 polarization of
macrophages, with a role in tissue remodeling
and homeostasis.

The persistence of small numbers of bacteria
in the spleen of carrier chickens changes at
the onset of sexual maturity. This is associ-
ated with the increase in concentrations of
circulating sex hormones. It results in sup-
pression of general and antigen-specific T cell
responsiveness accompanied by bacterial mul-
tiplication in the spleen with spread to other
organs, especially the reproductive organs and
ovaries, from whence they are transmitted to
the next generation via the egg (Wigley et al.
2005). This occurs in females but not in males.

S. Dublin produces a similar effect through
infection of the fetus, which can result in fetal
death and abortion. Whether the overall T
cell response is affected as suggested above
in all carrier animals or whether the intra-
cellular bacteria are invisible to T cells as a
result of downregulation of MHC expression
is unclear. There is, however, clearly potential
here for immune manipulation to increase
clearance.

A number of live, attenuated vaccines are
available for the major serovars, S. Typhi,
S. Paratyphi (Levine et al. 2007), S. Gallinarum
(Smith 1956), S. Dublin (Smith 1965), and
S. Abortusovis (Pardon et al. 1990). Subunit
Vi vaccines are also available for S. Typhi
(http://www.who.int/research/development/
typhoid/en) but not for the other serovars.
Vaccination against S. Typhimurium and
S. Enteritidis in poultry is also possible because
these serovars are invasive and generate strong
protective immune responses (Barrow et al.
1990a, 1990b). This is not the case for serovars
such as S. Infantis and S. Montevideo in poul-
try, and much remains to be learned about the
nature and basis of the immune response of
the many serovars that cause food poisoning.

Antimicrobial Resistance

Antimicrobial resistance (AMR) is a major
problem in all enteric bacteria, including
Salmonella. Historically, the use of peni-
cillins and tetracycline for growth-promotion
purposes and prophylaxis, especially in the
calf-rearing industry in the 1960s, led to
large outbreaks of infection in calves and
humans with a multiresistant phage type
29 S. Typhimurium strain (Anderson 1968).
Although antibiotics were withdrawn from use
as growth promoters in the Europaen Union
in the early 1970s, they remain available for
veterinary medicinal use, and have been freely
available without veterinary prescription else-
where in the world. This has resulted in the
regular isolation of strains of Salmonella,

http://www.who.int/research
http://www.who.int/research
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especially S. Typhimurium, but also including
S. Gallinarum and other serovars that are
resistant to several antimicrobials (Barrow and
Freitas Neto 2011).

Resistance has been largely plasmid medi-
ated and thus frequently self-transmissible.
This is important, since the main AMR reser-
voir for Salmonella is enteric commensal
Escherichia coli, which is exposed to all antibi-
otics used in the animals, and which is able
to transmit to Salmonella in vivo. Resistance
to quinolones and polymyxins has historically
been chromosomally mediated so that, apart
from transduction by bacteriophage, these
genes are not freely transmissible. However,
quinolone resistance is now also frequently
plasmid mediated, and self-transmissible resis-
tance to colistin was discovered in China and
which has now spread to other parts of the
world. This latter development is extremely
serious as polymyxins are one of the criti-
cally important antibiotics (World Health
Organization 2018) reserved for treatment of
infections caused by multiresistant bacterial
strains in humans. AMR is considered now
to be a major threat to humanity claiming an
estimated 50 000 lives across Europe and the
United States and the annual economic costs
amounting to between 2% and 3.5% of gross
domestic product.

International institutions and organizations
understand the seriousness and tightening
regulation and using alternatives is sug-
gested to be the best approach to counter this
threat, which is likely to remain serious for
many decades given the persistent nature
of plasmid-mediated resistance even in the
absence of pressure from antimicrobial use.

Gaps in Knowledge
and Anticipated Directions

The bacterial and host-factor basis of the infec-
tion biology of this genus has been studied
intensively for several decades as a result of
the economic and public health importance

of Salmonella infections. Despite the accu-
mulation of vast amounts of information
on the role of bacterial genes/proteins in
the various stages of the infection and dis-
ease process, compounded more recently by
the exponentially expanding information on
genome organization, which will, itself, gen-
erate further information, much remains to be
determined about virulence, immunity, and
mechanisms to control these infections.

It is clear from the genome sequences that
are available that not only are there great
differences between serovars, which express
different forms of disease and pathology, but
that significant differences also exist between
strains of the same serovar. Further sequenc-
ing, together with comprehensive analysis
of strains within serovars and pathological
types (pathovars) has begun to assist in under-
standing the population structure of these
types and of the whole genus. This, linked
to further mass mutation systems such as
transposon-mediated differential hybridiza-
tion as carried out by Chaudhuri et al. (2009),
in vivo gene expression analysis (Heithoff
et al. 1997), Transposon-directed insertion site
sequencing (Chaudhuri et al. 2013) and deep
sequencing or microarray analysis will also
assist in identifying potential virulence genes
and surface antigens which may be used as
vaccine candidates or as serological markers
that could be deleted in a live vaccine.

Many questions remain relating to virulence
genes. The complex role of fimbriae in colo-
nization and the attachment process remains
to be determined. Much has now been done
to identify a role for pathogenicity islands and
individual genes in systemic and intestinal
disease. It is clear that, although parallels exist,
many differences can be found and the mouse
model should be seen as a model of typhoid
against which other studies of infection biology
can be compared. However, it is not necessarily
the best model for studying intestinal coloniza-
tion and gastroenteritis where infections of
food-producing animals have been more pro-
ductive. Although the genetic interactions of
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the spv genes on the virulence plasmids have
been determined, their exact role is unclear
and the nature of the interaction with genes on
pathogenicity islands which are important for
systemic disease is intriguing. Similarly, the
murine model of S. Typhimurium infection
has contributed enormously to understand-
ing systemic salmonellosis and immunity in
general, and increasingly this is happening
with food-producing animals. The nature
of the carrier state can possibly be most
clearly determined using mice and poultry
as a model, and approaches to clearance of
persistent infections would be a great advance

in disease control. Although one could argue
that in many cases of human and animal
salmonellosis, a combination of hygiene and
herd/flock management advocated by many
government departments and international
organizations, can go a long way toward
preventing Salmonella infections, they are
unable to prevent all aspects of the disease.
New information undoubtedly generates the
potential for new approaches to limiting
infection and disease, and both approaches
must be adopted to ensure that this peren-
nial and ubiquitous pathogen remains under
control.
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Yersinia
Anne-Sophie Le Guern and Javier Pizarro-Cerdá

Introduction

Yersinia was named after Alexandre Yersin,
who first described the plague bacillus in Hong
Kong in 1894. Considered as Pasteurella for
many years, the genus Yersinia was proposed
in 1944 but was established only in 1974 and
classified within the Enterobacteriaceae family
(Bottone et al. 2015). Since 2016, the genus
Yersinia has been reclassified into the Yersini-
aceae family within the Enterobacterales order
(Adeolu et al. 2016). Because of its importance
as the agent of human plague, and potentially
also as an agent of biological warfare, there
is a considerable amount known about the
pathogenesis of Yersinia pestis and the related
highly pathogenic Yersinia.

Characteristics of the Organism

Yersinia are facultative anaerobes, oxidase-
negative, and Gram-negative rods or coc-
cobacilli that ferment glucose. They grow
slowly and form single colonies after growth
for 48 hours at 25–30∘C. They are psychotropic
bacteria and may grow at 4∘C. Phenotypic
characteristics for species identification are
often temperature dependent and usually more
expressed by cultures incubated at 25–30∘C
(Bottone et al. 2015).

Pathogenic Species

Yersinia are widely distributed in nature
and some species are adapted to specific
animal hosts and humans. Five species are
well-known pathogens for humans and/or
animals: Y. pestis, Y. pseudotuberculosis, Y. ente-
rocolitica, Y. ruckeri and Y. entomophaga.
Y. pestis is the causative agent of plague,
a zoonotic disease usually transmitted by
flea bite from rodents to rodents or acciden-
tally from rodents to humans, resulting in a
bubonic plague. A secondary pneumonic form
may occur in infected animals or humans,
and infected droplets may be transmitted by
aerosolization to other animal or human,
resulting in an often-fatal primary pneumonia.
The septicemic form may occur when the
bacteria are directly inoculated in a blood ves-
sel. Y. pseudotuberculosis and Y. enterocolitica
are enteropathogens, responsible for enteric
yersiniosis in humans and in a large variety
of mammals and birds, causing syndromes
ranging to mild diarrhea to systemic infection.
Transmission generally occurs after ingestion
of water or food contaminated by infected
fecal matter. Y. ruckeri is a fish pathogen,
the causal agent of the enteric redmouth
disease in rainbow trout and other cultured
salmonids. Bacteria enter the fish by infect-
ing the secondary gill lamellae and spread

Pathogenesis of Bacterial Infections in Animals, Fifth Edition.
Edited by John F. Prescott, Janet I. MacInnes, Filip Van Immerseel, John D. Boyce, Andrew N. Rycroft, and José A. Vázquez-Boland.
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Figure 9.1 Schematic representation of the basic pathogenesis of Yersinia infections. (Upper left) Yersinia
pestis: fleas are infected upon a blood meal on contaminated rodents, and transmit Y. pestis to new
mammalian hosts (including humans) by inoculating bacteria in the skin. Y. pestis migrates to draining
lymph nodes, which swell (bubos) upon bacterial proliferation and infiltration of immune cells (bubonic
plague). Bacteria may disseminate via the blood stream to organs such as the spleen and the liver leading
to septicemia, and to the lungs leading to secondary pneumonic plague. Aerosols generated during
coughing by infected mammalian hosts may lead to direct transmission of Y. pestis to new hosts, leading to
the development of primary pneumonic plague. (Upper right) Yersinia pseudotuberculosis and Yersinia
enterocolitica: bacteria contaminating food products are ingested and colonize the intestine leading to
enteritis, then cross the intestinal barrier and migrate to the mesenteric lymph nodes provoking a
mesenteric adenitis. Bacteria may disseminate via the blood stream resulting in granulomatous yersiniosis
or in septicemia. (Lower left) Yersinia ruckeri: bacteria contaminating the water enter fishes generally
through the gills and provoke septicemia. (Lower right) Yersinia entomophaga: bacteria are ingested by
insect larvae, cross the intestinal barrier and induce septicemia. Source: Created with
http://BioRender.com.

to blood system. Y. entomophaga is an insect
pathogen that kills larvae of coleoptera and is
being studied for biological control of insect
pests.

A summary of the essential features of dis-
ease caused by these organisms is given in
Figure 9.1. The non-pathogenic species are
Y. aldovae, Y. aleksiciae, Y. alsatica, Y. arte-
siana, Y. bercovieri, Y. canariae, Y. frederiksenii,
Y. hibernica, Y. intermedia, Y. kristensenii,
Y. massiliensis, Y. mollaretii, Y. nurmii, Y. occ-
itanica, Y. pekkanenii, Y. proxima, Y. rohdei,
Y. thracica and Y. vastinensis (Le Guern et al.
2020).

Taxonomy

A recent phylogenetic analysis of representa-
tive Yersinia strains, based on 500 core genes,
led to update the taxonomy of the Yersinia
genus with a total of 26 species (Figure 9.2; Bot-
tone et al. 2015; Savin et al. 2019). Four genet-
ically close species comprised the Y. pseudotu-
berculosis complex (Savin et al. 2014; Adeolu
et al. 2016): Y. similis, Y. wautersii, Y. pseudotu-
berculosis and Y. pestis. Y. pseudotuberculosis,
and Y. pestis are well-known pathogens of
humans and animals. Y. pseudotuberculosis
is divided into at least 32 lineages based on

http://biorender.com/
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Figure 9.2 Phylogeny of the 26 species within the genus Yersinia. Maximum-likelihood phylogenetic tree of
the genus Yersinia based on 500 concatenated multiple sequence alignments from 242 strains. The most
recently described species are highlighted in color. Yersinia pestis (represented by the strain CO92) clusters
within the genus Yersinia pseudotuberculosis.

phylogenetic analysis, into 6 serotypes based
on the immunoreactivity of its O antigens, and
into 21 genoserotypes based on the presence
of specific O-antigen genes (Bogdanovich et al.

2003; Bottone et al. 2015). Strains that are
considered highly pathogenic host the Yersinia
virulence plasmid (pYV) and harbor a high
pathogenic island (HPI; see below).
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Y. pestis is a particular lineage of Y. pseudo-
tuberculosis that diverged around 20 000 years
ago from the enteropathogen Y. pseudotu-
berculosis through events of gain of genes
as well as gene and genome reduction. The
denomination “Y. pestis” is still used because
of the drastic differences in severity of the dis-
ease and mode of transmission, together with
the presence of distinctive virulence factors.
Y. pestis strains may be classified into four
biovars (antiqua, medievalis, microtus, orien-
talis) based on glycerol acidification and nitrate
reduction. Yersinia wautersii can be considered
as a pathogen despite the absence of the pYV
plasmid (which was probably lost during lab-
oratory subcultures of the type strain), since
these bacteria are pyrazinamidase negative, a
phenotypic characteristic of Yersinia strains
pathogenic for humans (Savin et al. 2014).
Y. similis is found in the environment and can
be isolated from animals but is not associated
with clinical disease.

Y. enterocolitica is divided into 13 lin-
eages based on phylogenetic analysis, into 6
biogroups (1A, 1B, and 2–5) based on biochem-
ical characteristics and into approximatively
60 serogroups based on the immunoreactiv-
ity of its O antigens (Bottone 1999). Strains
belonging to biotype (BT) 1A are consid-
ered non-pathogenic since they lack the pYV
plasmid. BT1A strains, which may belong to
various serotypes, are abundant in the envi-
ronment, including soil and water. Biotypes
1B, 2, 3, 4 and 5 contain pathogenic strains
harboring the pYV plasmid. Pathogenic bio-
types are associated with certain serotypes: the
most common bioserogroups in humans and
animals are BT4/O:3, BT2/O:9, BT2/O:5,27
and BT3/O:3. BT1B is often associated with
serogroups O:8, O:16, or O:21, and is con-
sidered highly pathogenic since the strains
possess the HPI (see Section below).

Two Yersinia species are specific animal
pathogens. Y. ruckeri is a fish pathogen divided
into eight serotypes based on the immunore-
activity of its O antigen and two biotypes
based on motility and lipase activity. Most fish

outbreaks are caused by strains belonging to
serotype O:1 biotype 1. Y. entomophaga is an
insect pathogen, which is currently studied for
its use as biological pesticide.

Aspects of the evolution of pathogenic of
Yersinia are given in a description of the
individual pathogenic species. Sources of
infection, epidemiology, and types of disease
are discussed with the individual pathogenic
species.

Major Virulence Factors of the
Highly Pathogenic Yersinia

The highly pathogenic Yersinia possess two
critical virulence factors.

Type 3 Secretion System

A major molecular virulence factor of Y. ente-
rocolitica (all biotypes except BT1A), Y. pseudo-
tuberculosis and Y. pestis is a type III secretion
system (T3SS) encoded in the pYV plasmid
(known also as pCD1 in Y. pestis). This system
is composed of an injectisome, a nanomachine
that spans the bacterial cell wall and allows
the injection of bacterial effectors (known as
Yersinia outer proteins or Yops) directly into
the cytoplasm of host cells. Expression of the
system is activated at 37∘C and depends on
RNA-based thermoregulation of the virulence
regulator LcrF, since its mRNA displays a
hairpin structure that is occluded at environ-
mental temperatures and is only accessible
to ribosomes at mammal host temperatures
(Böhme et al. 2012). Upon bacterial con-
tact with host cells, a decrease in calcium
triggers translocation of Yops into host cells
(Figure 9.3).

Yops have been shown to interfere with
several host signaling cascades, inhibiting
in particular phagocytosis and activation of
immune responses, and promoting cell death.
Phagocytosis inhibition is promoted by inac-
tivation or downregulation of host cell Rho
GTPases, which are master regulators of actin
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β β

Figure 9.3 Host–pathogen interactions at the cell surface. Adhesins Invasin and YadA in Yersinia
pseudotuberculosis and Yersinia enterocolitica, and YadB and YadC in Yersinia pestis bind tightly to the host
cell receptors β1-integrins ensuring a close association between the bacterium and host cells. T3SS forms a
pore across the host cell membrane resulting in the delivery of Yersinia outer proteins (Yops) into the host
cell. The Yop effector proteins induce the inhibition of phagocytosis and the down-regulation of immune
system. Source: Created with http://BioRender.com.

cytoskeleton polymerization. For example,
YopT is a cysteine protease that inactivates
RhoGTPases such as RhoA, Cdc42 and Rac
by removing post-translational modifica-
tions that are required for the membrane

attachment and function of these host-cell
enzymes (Shao et al. 2003). YopE mimics
GTPase activating proteins (GAPs), increasing
the hydrolytic activity of RhoGTPases which
leads to their inactivation upon hydrolysis of

http://biorender.com/
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GTP to GDP (Von Pawel-Rammingen et al.
2000). YopO (also known as YpkA) displays
a guanine nucleotide dissociation inhibitor
domain which allows to sequester inactive
GDP-bound RhoGTPases (Prehna et al. 2006).
Interestingly, YopO can also use actin as a
bait and through a serine/threonine kinase
domain it can phosphorylate/inactivate mul-
tiple actin binding proteins (Lee et al. 2015).
Inactivation of immune responses is achieved
by molecules such as YopH, a phosphatase that
dephosphorylates critical proteins required for
T-cell receptor signaling (Gerke et al. 2005),
or YopJ (named YopP in Y. enterocolitica), an
acetyltransferase that blocks mitogen-activated
protein kinase and nuclear factor-κB (NF-κB)
signaling by inhibit their phosphorylation
(Orth et al. 2000). Host cell death is promoted
by YopM, which displays E3 ubiquitin ligase
activity targeting NLRP3. YopK, a protein
with no sequence homology to any protein
outside pathogenic Yersinia species, functions
not by interacting with host proteins but by
preventing recognition of the T3SS by the host
cell by associating/masking the YopB/YopD
proteins, which constitute tip of the T3SS
needle (Brodsky et al. 2010).

It is important to note that LcrV, which is
also localized at the tip of the injectisome and
is essential for the assembly of a functional
translocation pore formed by YopB and YopD,
is highly immunogenic and has been exten-
sively used as a target for vaccination against
pathogenic Yersinia, and particularly Y. pestis.

Iron-Sequestering Systems

The most highly pathogenic Yersinia are char-
acterized by the presence of a mobile element,
the HPI, which encodes the yersiniabactin-
based iron acquisition system (Carniel 2001).
Genes responsible for the biosynthesis, trans-
port and regulation of yersiniabactin (Ybt) are
repressed by the iron-loaded ferric uptake reg-
ulator (Fur) and are activated by the AraC-type
YbtA transcriptional activator. Inactivation of
the Ybt biosynthetic and/or transport genes

results in significant virulence attenuation
of highly pathogenic Yersinia (Rakin et al.
2012). Interestingly, some pathogenic Y. pseu-
dotuberculosis strains have been shown to be
devoid of the HPI, suggesting the presence
of other iron-sequestering systems. Indeed,
the pseudochelin (also known as Yersinia
non-ribosomal peptide, Ynp) and the yersini-
achelin (Ych, encoded by the ysu gene cluster)
have been subsequently identified in Y. pestis
and Y. pseudotuberculosis, but not in Y. ente-
rocolitica. Functional studies are currently
lacking to fully understand the contribu-
tion of these alternative iron-sequestering
system to the pathogenicity of Y. pestis and
Y. pseudotuberculosis.

Yersinia pestis

Y. pestis is the agent of plague, a disease of
enormous importance in human history as the
cause of devastating pandemics; the “Black
Death” in Europe killed one third of the popu-
lation between 1346 and 1353. It is a zoonotic
infection acquired by people mostly through
bites by fleas but also by direct contact with
infected animals including their carcasses
and meat.

Source of Infection: Evolution, Ecology
and Epidemiology

Y. pestis evolved less than 20 000 years ago
from its ancestor Y. pseudotuberculosis. Both
gene gain and gene inactivation events played
an important role in the evolution from
the mildly pathogenic, foodborne ances-
tor Y. pseudotuberculosis toward the highly
pathogenic, vector-borne, Y. pestis. Besides the
virulence plasmid pYV/pCD1, present also
in Y. pseudotuberculosis and Y. enterocolitica,
Y. pestis harbors two additional plasmids,
pFra and pPla (also known as pMT1 and
pPCP1, respectively), which play important
roles in adaptation to the flea vectors and in
pathogenesis in mammalian hosts.
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A key step in the adaptation of Y. pestis to its
flea vector was the silencing of urease activity
through mutation of the ureD gene, which
reduces significantly the bacterial oral toxicity
(Chouikha and Hinnebusch 2014). Another
important adaptive step was the formation of a
bacterial biofilm that blocks the flea’s proven-
triculus (the valve connecting the esophagus to
the midgut), inhibiting the arrival of the blood
meal to the midgut. Starving infected fleas bite
their mammalian hosts with high frequency in
their attempt to feed, and Y. pestis released from
the biofilm and regurgitated at the feeding site
can transmit plague. The biofilm is enveloped
in a beta-1,6-N-acetyl-D-glucosamine poly-
mer and its production by the HmsHFRS
complex is favored through inactivation in
Y. pestis of the rcsA gene, whose product RcsA
forms a dimer with RcsB that transcriptionally
represses the hmsHFRS operon (Sun et al.
2014). Cyclic di-GMP activates biofilm forma-
tion in Y. pestis, and inactivation of the genes
rtn and y3389, which encode two phospho-
diesterases that degrade cyclic di-GMP, also
contributes to increased biofilm formation in
the flea (Sun et al. 2014). Two additional genes
which participate to Y. pestis resistance to toxic
compounds encountered in the flea gut, and
which also contribute directly or indirectly
to biofilm formation, are the ancestral gene
rpiA, which encodes for a ribose-5 phosphate
isomerase, and the recently acquired gene ymt
(present in the pFra plasmid), which encodes
a phospholipase (Dewitte et al. 2020).

Y. pestis is endemically present in diverse
sylvatic and periurban mammal populations
in the Americas, in Africa and in Asia. Rodents
(279 species) are the main reservoirs, but carni-
vores (31 species), and lagomorphs (14 species)
have been also reported as reservoirs (Mah-
moudi et al. 2020). In North America (mainly
the United States), for example, reservoir
species include prairie dogs (genus Cynomys),
California voles (Microtus californicus) and
deer mice (genus Peromycus; Mahmoudi et al.
2020). In South America (mainly Brazil and
Peru), mammals found to harbor Y. pestis

include hairy-tailed bolo mice (Necromys lasi-
urus), common yellow-toothed cavy (genus
Galea), and also the lagomorph tapeti (Sylvila-
gus brasiliensis) (Bonvicino). In Africa (mainly
Democratic Republic of Congo and Mada-
gascar), black rats (Rattus rattus), brown rats
(Rattus norvegicus), Southern African vlei
rats (Otomys irroratus), and the house shrew
(Suncus murinus) have been reported as reser-
voirs. In Asia (China, Mongolia, former Soviet
Union, Iran), reservoirs include many different
species, including meriones and gerbils (genus
Meriones), great gerbils (Rhombomys opimus),
marmots (genus Marmotta), and ground squir-
rels (genus Spermophilus) (Mahmoudi et al.
2020). It is proposed that in animal reservoirs,
Y. pestis can silently persist during long periods
in enzootic cycles within plague-resistant wild
rodents, and that transmission to susceptible
hosts (such as periurban rodents) leads to
epizootic cycles, in which high host mortality
is observed. The organism can also survive in
soil, such as in the burrows of rodents, allow-
ing contamination of animals that circulate in
these environments.

Plague can be transmitted through the bite
of fleas infected with Y. pestis (Figure 9.3).
Fleas can be infected upon feeding on sep-
ticemic mammalian hosts. Fleas species are
often specific to individual mammalian hosts
species and, since the mammalian reservoirs
of Y. pestis are diverse as described above,
many flea species can be potentially involved
in plague transmission. Y. pestis infection of its
flea vector has been particularly well studied
in the species Oropsylla montana (associated
with ground squirrels in North America), the
Oriental rat flea Xenopsylla cheopsis, and the
cat flea Ctenocephalides felis. Y. pseudotuber-
culosis, the ancestor of Y. pestis, is orally toxic
to fleas due to the expression of urease, which
leads to insect diarrhea, immobility and up
to 40% mortality of infected insects (Erickson
et al. 2007).

In the case of pulmonary plague, Y. pestis
can be transmitted via aerosols produced upon
coughing. Airborne plague transmission from
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animals to humans has been reported (Doll
et al. 1994).

Types of Disease and Pathogenesis

There are three presentations of plague in
animals and in humans: bubonic, the most
common form, associated with lymph-node
swelling with abscessation, called buboes,
and fatal febrile illness; pneumonic plague,
associated with fatal pneumonic disease; and
septicemic plague, characterized by septic
shock and death.

Plague primarily affects wild and domestic
rodents, although felines are also very sus-
ceptible. Disease in rodents can vary from
subacute and mild to acute, severe, and fatal.
In acute disease, rodents die within a few days
with hemorrhagic buboes and splenomegaly,
whereas in subacute disease, rodents develop
necrotic and suppurative lymph nodes and
similar lesions in the liver, lung, spleen, and
other organs; some animals may recover.
Secondary pneumonic plague characterized
by severe hemorrhagic pneumonia develops
in a small proportion of subacutely infected
animals. Cats (and other felines) develop
typical bubonic plague, with abscesses and
lymphadenopathy, often of the cervical and
submandibular lymph nodes, spread of infec-
tion to and development of lesions in the
liver and spleen, and secondary suppurative
pneumonia. Cats may also develop septicemic
illness without buboes. Disease occurs uncom-
monly in dogs and has been rarely reported
in species such as mule deer and antelope,
but does not occur in cattle, horses, sheep,
and pigs.

Infection in humans usually follows a flea
bite, with sudden onset of severe systemic
illness and development of a bubo in the local
draining lymph node, and subsequent spread
to other lymph nodes in the body; patients
go on to develop septicemia and multiple
organ failure (including lung collapse during
pneumonic plague). The name “black death”
comes from the gangrene associated with

the coagulopathy characteristic of septic or
endotoxic shock.

Bubonic Plague
The most common form of plague in humans
is bubonic plague, which arises upon intrader-
mal inoculation of Y. pestis by fleas. Bacteria
disseminate to locally draining lymph nodes,
which swell upon bacterial replication and
migration of immune cells and are named
buboes. Y. pestis then reach the bloodstream,
resulting in systemic spread and host death
caused by septicemia (see below). Early stages
of bubonic plague are characterized by Y. pestis
replication in the dermis and by the recruit-
ment of neutrophils which play an important
role in controlling bacterial proliferation
(Shannon et al. 2013; Gonzalez et al. 2015).
Macrophages and dendritic cells also migrate
toward flea bite sites containing Y. pestis, but
these cell populations interact less actively
with bacteria compared to neutrophils (Shan-
non et al. 2015). The plasmid pYV, which
encodes the T3SS, plays an important role in
Y. pestis escape from neutrophil control (Shan-
non et al. 2015). Bacteria can be found in local
draining lymph nodes less than an hour after
intradermal inoculation (Gonzalez et al. 2015;
Shannon et al. 2015), indicating that Y. pestis
can reach lymph nodes with the flow of the
lymph, and do not need to be intracellularly
associated to immune cells to reach the local
draining lymph nodes (Gonzalez et al. 2015).

In a rat model of bubonic plague, Y. pestis
first proliferates in the lymph node marginal
sinus within 24 hours of infection, before
expanding toward the lymph node cortex by
36 hours post-infection. Late in the infection,
bacteria completely colonize the whole organ
and are mixed with abundant cellular debris
and necrotic neutrophils (Sebbane et al. 2005).
The T3SS plays a critical role in inhibiting bac-
terial phagocytosis, in blocking host immune
responses and in promoting death of immune
cells. Extracellularly proliferating Y. pestis are
exposed to nitric oxide-derived reactive nitro-
gen species as well as to iron limitation, and
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bacteria activate genes involved in nitric oxide
detoxification, and iron or heme transport
systems (Sebbane et al. 2006b).

A major bacterial factor required for
bubonic plague is the broad-spectrum, outer
membrane protease Pla, encoded in the
Y. pestis-specific plasmid pPla/pPCP1. Pla
(plasminogen activator) was initially identi-
fied as an enzyme responsible for fibrinolytic
and plasma-coagulase activities in Y. pestis.
It had been proposed that the Pla proteolytic
activity was required for digestion of the fib-
rin clot formed during the flea bite at the
inoculation site, as well as for degradation of
the surrounding connective tissue. However,
it was subsequently found the pla-negative
Y. pestis is able to reach lymph nodes, but
cannot induce bubonic plague (Sebbane et al.
2006a). It had been also hypothesized that the
broad protease activity of Pla might have a role
in infiltration and destruction of the draining
lymph node, but it was recently shown that
this is not the case and that Pla instead plays
a role in bacterial survival and replication in
this organ (Guinet et al. 2015). Despite an
important number of host protein substrates
which have been identified in vitro for Pla,
very few have been validated in vivo. Interest-
ingly, Pla cleaves the Y. pestis autotransporter
YapE, and a yapE-negative Y. pestis displays a
similar dissemination defect to a pla-negative
mutant after bacterial subcutaneous inocula-
tion (Lawrenz et al. 2009). Therefore, it has
been postulated that Y. pestis may use Pla to
cleave its own rather than host proteins to
produce bubonic plague (Sebbane et al. 2020).

In the mammalian host, Y. pestis also
expresses a pseudocapsule, composed of
the antigen fraction 1 (F1) encoded by the
caf1 gene located in the pFra/pMT1 plasmid,
which inhibits phagocytosis (Du et al. 2002).
A role for the F1 pseudocapsule has been
reported in bubonic plague (Sha et al. 2011),
but the importance of F1 in the pathogenesis of
Y. pestis in the lymph node seems to depend on
the genetic background of the infected animal
models (Weening et al. 2011).

Pneumonic Plague
Y. pestis can efficiently proliferate in the lungs
of mammalian hosts, leading to the form of the
disease known as pneumonic plague, which
is almost always fatal. Bacteria can reach the
lungs via the bloodstream upon dissemination
from primary infected lymph nodes, giving
rise to secondary pneumonic plague. Primary
pneumonic plague can occur upon inhalation
of aerosols produced by a person (or animal)
infected with pneumonic plague. In humans,
acute pneumonia, intra-alveolar hemorrhage
and edema follow Y. pestis replication in the
alveoli, leading to collapse of pulmonary func-
tions and death (Smith 1959). In a mouse
model of pneumonic plague, the disease is
characterized by a biphasic syndrome in which
the infection first progresses in the absence of
measurable host immune responses between
24 and 36 hours after intranasal infection,
and then by 48 hours post-infection a high
proinflammatory state is reached, followed
by death (Pechous et al. 2013). Indeed, while
bacteria are initially undetectable in lung
sections at 24 hours post-infection, by 48 hours
Y. pestis is visible within alveoli and small
bronchioles, surrounded by neutrophils and
correlating with a decrease in the number of
alveolar macrophages (Lathem et al. 2005). At
72 hours, mice develop a purulent multifocal
severe exudative bronchopneumonia, entire
lobes of the lungs lose their recognizable archi-
tecture and appear filled with bacteria, and
extensive hemorrhage is observed (Lathem
et al. 2005). Depletion of murine neutrophils
prior to inoculation with Y. pestis attenuates
the formation of inflammatory lesions, sug-
gesting that neutrophils are responsible for
much of the inflammatory damage in the lung
(Pechous et al. 2013).

Y. pestis lacking the pYV/pCD1 are totally
avirulent during pneumonic plague (Lathem
et al. 2005), highlighting the critical role of
the T3SS for bacterial proliferation in the lung
environment. While the T3SS effector YopK
promotes early apoptosis of macrophages
(Peters et al. 2013), YopM has been shown to
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inhibit neutrophil apoptosis, probably inter-
fering with critical bactericidal functions such
as degranulation and neutrophil extracellular
traps release (Stasulli et al. 2015). YopH, on the
other hand, inhibits early proinflammatory
cytokine responses during pneumonic plague
(Cantwell et al. 2010).

The protease Pla has also been shown to
be required for Y. pestis proliferation in the
lungs (Lathem et al. 2007). By degrading the
Fas ligand, Pla participates to the inhibition of
early apoptosis and inflammation (Caulfield
and Lathem 2014). It has been proposed that
consumption of available glucose in the lungs
by Y. pestis triggers catabolite repression that
leads to activation of Pla (Ritzert and Lathem
2018). Genes putatively involved in sugar
transportation (rbsA) and in T6SS biogenesis
(vasK) have been also reported to promote
pneumonic plague (Ponnusamy et al. 2015).

Septicemic Plague
Y. pestis proliferation in the blood can occur
following bubonic or pulmonary plague. Pri-
mary septicemic plague has been also reported,
in which fleas directly inoculate Y. pestis into
the bloodstream. Death is associated to sep-
tic shock, with bacterial dissemination and
replication in diverse inner organs (such as
liver and spleen). Very few studies have been
devoted to specifically investigate the molec-
ular events associated to Y. pestis replication
in blood (or plasma). In a non-human primate
model of primary pneumonic plague, tran-
scriptomic profiles of blood showed early onset
of apoptosis, early inhibition of natural killer
cell signaling networks and recruitment of
inflammatory leukocytes (Hammamieh et al.
2016). In a mouse model of primary septicemic
plague, deletion of the gene coding for the
protease Pla did not inhibit the development
of fatal septicemia (Sebbane et al. 2006a).
In vitro transcriptomic analyses of Y. pestis
grown in human plasma at 28∘C compared
with 37∘C showed that iron acquisition and
storage systems are specifically induced in
plasma, together with genes involved in the

synthesis of fimbrial-like structures and also
involved in purine/pyrimidine metabolism
(Chauvaux et al. 2007). A subsequent study
comparing expression of Y. pestis and Y. pseu-
dotuberculosis genes in similar experimental
conditions indicate that well established vir-
ulence determinants such as the pYV/pCD,
the chromosome-borne HPI and the ail locus,
which are conserved in the two species, are
significantly more expressed in the plague
bacillus (Chauvaux et al. 2011).

Yersinia pseudotuberculosis
and Yersinia enterocolitica

Infection of humans and animals caused by
these two pathogens is known as yersiniosis.

Source of Infection: Ecology
and Epidemiology

Y. pseudotuberculosis is a common inhabitant
of the gastrointestinal tract of a wide range
of mammals including livestock (buffaloes,
cows, reindeer, sheep, goats, deer, pigs), pets
(cats and dogs), wild (wild mice, moles, deer,
martens, foxes, hares, racoon dogs) and zoo
animals (monkeys, elephants), as well as birds
(pigeons, doves, ducks, turkeys, hens, grouses)
in most countries with cold climates. The
bacterium is widely spread in the environment
(soil, water, vegetables) contaminated by feces
of infected wild animals where it can survive
for long periods of time (Carniel et al. 2006).

Y. enterocolitica is widely distributed in the
environment and animals. Strains belonging
to the non-pathogenic biotype 1A are abun-
dant in environment. They are ingested by
animals with contaminated water or food and
excreted in their feces. Pathogenic Y. ente-
rocolitica of biotypes 1B, 2, 3, 4, and 5 are
mainly isolated from animals (Bottone 1999).
Pigs and wild boars are the main reservoirs of
pathogenic Y. enterocolitica strains. They host
Y. enterocolitica in their oral cavity, orophar-
ynx, nasopharynx, and intestines, and excrete
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the bacterium in their feces. Pigs can carry
these pathogens for long time periods with-
out clinical signs, leading to a prevalence of
35–70% in fattening pig herds (Schaake et al.
2014). The environment of pig farms is com-
monly contaminated by the feces of infected
animals. Biotypes display differences in their
epidemiological characteristics since BT4/O:3
predominates in pigs in many European
countries and in the United States, whereas
BT2/O:9 predominates in pigs in the United
Kingdom and BT3/O:3 is the most commonly
identified biotype in China and Asia. BT1B
was predominant in pigs in the United States a
few decades ago and caused large outbreaks in
humans. Nowadays, BT1B has been replaced
by BT4/O:3 in pigs in the United States. Pigs
and wild boars are healthy carriers and are
an important source of contamination for
humans. Cattle, sheep and goats may also be
infected; BT2/O:9 and BT2/O:5,27 predomi-
nate in these ruminants. Infected ruminants in
general are asymptomatic. They host the bac-
terium in their intestines and excrete it in their
feces. Fresh milk may be contaminated during
the cow milking if bacteria are on the teat.
Contamination of milk may also occur during
the storage after the milking and before the
pasteurization. Pets living in the pig farms and
rodents circulating within the farms may also
be infected. Y. enterocolitica strains belonging
to BT3, BT4, and BT5 have been isolated in
hares. BT5 is not adapted to humans and seems
to be mostly associated with hares.

In general, animals become infected by
ingestion of contaminated water or grass and
in turn spread the bacterium throughout the
environment. Clinical infections due to Y. pseu-
dotuberculosis are more prevalent during the
cold season because the bacterium survives
better in the environment at low tempera-
ture, and because healthy carriers become ill
after stresses such as cold weather and starva-
tion and excrete more bacteria, resulting in a
higher abundance of Y. pseudotuberculosis in
the environment. Pets are infected directly by
rodents and birds and may thus constitute a

link between the natural reservoirs and man.
Transmission to humans mostly occurs by
oral infection following consumption of raw
contaminated vegetables or direct contact with
infected animals. Almost all animal species
are potential carriers of Y. pseudotuberculosis.
Pseudotuberculosis mainly affects birds and
mammals. However, a few species such as cats,
dogs, swine, and hoofed livestock are often
asymptomatic healthy carriers but may be a
source of contamination for other animals and
humans.

Y. enterocolitica is transmitted to animals by
ingestion of water or food contaminated by the
feces of infected animals. Pets in contact with
farm animals may be infected, and rodents
circulating from farm to farm may also be
transient reservoir of pathogenic Y. enterocol-
itica and contribute to spread the bacterium.
Contamination of humans mainly occur by
ingestion of undercooked pork meat. In gen-
eral, swine carcasses are contaminated at
slaughterhouse during the evisceration of pigs
by infected tissues such as tonsils, submaxillary
and mesenteric lymph nodes, and intestinal
content. Slaughter practices are being adjusted
to prevent the risk of carcasses contamination
with cleaning of knives, removal of tonsils,
splitting of the carcass without the head, using
a plastic bag to enclose the rectum immedi-
ately after loosening. Cheek muscles are more
often contaminated than pork cuts for minced
meat and represent an important source of
contamination for humans. Y. enterocolitica
on cheek muscles can grow to high numbers
during storage (> 4 log10 CFU/g) and may pose
a greater risk for public health than meat cuts
from other areas (Van Damme et al. 2015).
Human infections occur to a lesser extent by
ingestion of contaminated food such as veg-
etables and raw milk, or by direct contact with
infected animals (pets and farm animals).

Types of Disease and Pathologic Changes

Y. pseudotuberculosis and Y. enterocolitica are
enteropathogens, with a marked tropism for
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lymph nodes, causing both diarrheal illness
and mesenteric lymphadenitis.

Pseudotuberculosis in animals can range
from mild to very severe infections. In rumi-
nants, most disease is an enterocolitis with
chronic diarrhea and mesenteric lymphadeni-
tis. In cattle, more severe infections with
profuse diarrhea and hemorrhagic and fetid
feces may occur (Warth et al. 2012). Y. pseu-
dotuberculosis outbreaks are often reported
in Merino weaners in Australia during the
cold season: animals present with persistent
diarrhea, are lethargic and rapidly dehydrate.
Sheep less than 16 months of age are most
commonly affected, and the prevalence of
mortalities can exceed 10% (Stanger et al.
2018). Occasionally in goats, Y. pseudotubercu-
losis causes abortion, neonatal death, mastitis,
septicemia and ocular disease (Giannitti et al.
2014). Pseudotuberculosis is one of the most
important causes of death in wild hares, and
has resulted in large epizootics with high rates
of mortality in Europe (Frölich et al. 2003).
Y. pseudotuberculosis infections have been
reported worldwide in zoo animals: mara,
pudu, kangaroo, ocelot, rodents, primates, and
birds. Clinical signs in birds are lethargy, ruf-
fled feathers, bright green feces, and diarrhea
(Galosi et al. 2015).

Infections in humans are much less common
than in animals. The main clinical manifesta-
tions of human infections are fever, abdominal
pain, followed by diarrhea and vomiting,
mimicking a pseudoappendicular syndrome.
Septicemic forms are rare and occur in patients
with underlying conditions such as diabetes,
hepatic cirrhosis, or iron overload. A partic-
ular form (“Far East scarlet-like fever”) is
reported in far-east Russia, Japan and Korea
where symptoms are not only gastrointesti-
nal outcomes but also a variety of systemic
manifestations such as fever, scarlatina-like
rash, desquamation, erythema nodosum, and
arthritis.

Y. enterocolitica infections are much less
common in animals than pseudotuberculosis
and the clinical presentation are less severe.

Many animals are asymptomatic. In clinical
cases, animals present with acute or chronic
diarrhea, sometimes with dysentery, partic-
ularly in young animals for which the acute
enteritis is often fatal. Dogs may be affected
by enteritis and develop symptoms such as
weakness, inappetence, bloody diarrhea, and
vomiting. Severe infections in dogs are rare but
may lead to death (Bancerz-Kisiel and Szweda
2015). Gastrointestinal disorders have also
been reported in cats.

In humans, Y. enterocolitica is a major food-
borne pathogen. Europe reports about 7000
confirmed cases of enteric yersiniosis per year.
This is the fourth most reported zoonosis
in Europe. The Centers for Disease Control
and Prevention estimate that Y. enterocolitica
causes almost 117 000 illnesses every year
in the United States. The clinical manifes-
tations of human infections are diarrhea,
abdominal pain, vomiting, and low-grade
fever, mainly observed in children under
five years of age. The diarrhea is persistent
and sometimes with bloody feces. Compli-
cations can occur in adults predisposed by
diabetes, hepatic cirrhosis or iron overload,
and include pseudoappendicular syndrome,
mycotic aneurysms, and septicemia. Rare fatal
reactions of disseminated intravascular coag-
ulation after the transfusion of contaminated
blood are unfortunately reported every year.

The gross lesions resulting from the colo-
nization of the small intestine are increased
fluid of intestinal contents, small nodules on
the mucosal surface, erosions, ulcerations and
fibrinous exudate in which enteric Yersinia
multiply at high rates. Bacteria cross the
intestinal barrier via M cells at the ileocecal
junction and replicate in Peyer’s patches where
phagocytosis is inhibited by the translocated
Yops. The extracellular environment of Peyer’s
patches is rich in serum proteins including
complement. Resistance to the bactericidal
action of serum is mediated by Ail, allowing
pathogenic Yersinia to reach the mesenteric
lymph nodes. Bacteria spread via the lym-
phatic vessels to the distal lymph nodes and
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invade the spleen and the liver. Histology of
affected nodes and organs shows granulo-
mas with central necrosis and microabcess
formation. Infection with strains of Y. pseu-
dotuberculosis genoserotype O:1a, O:1b, and
O:1c, and Y. enterocolitica biotype 1B cause
more often deep localizations or dissemination
since these bacteria produce the siderophore
yersiniabactin, which allows the uptake of iron
and enhances the survival and the dissemina-
tion of the bacterium. Rapid invasion of the
bloodstream leads to septicemia and death of
the host.

Pathogenesis
Y. pseudotuberculosis and pathogenic biotypes
of Y. enterocolitica possess the plasmid of
Yersinia virulence (pYV) necessary to migrate
to the mesenteric lymph nodes. In addition,
Y. enterocolitica of biotype 1B and Y. pseu-
dotuberculosis of genoserotype O:1a, O:1b
and O:1c carry the chromosomal HPI which
facilitates the uptake and utilization of iron
and promotes the growth of Yersinia under
iron-limiting conditions and its systemic
dissemination.

In pigs, after oral ingestion of contami-
nated food or water, enteric Yersinia colonizes
the palatine tonsils where they multiply and
persist. In other mammals and humans,
the bacteria pass through the stomach and
must penetrate the layer of gastrointestinal
mucus, which is secreted by goblet cells.
Enteropathogenic Yersinia adhere to mucin,
a component of mucus. Lipopolysaccharide,
an integral component of the external cell
membrane forms complex structures with
mucus and protects bacterial cells against
bile and complement system components.
Enteropathogenic Yersinia are able to multi-
ply at high rates within mucus. Bacteria pass
through the small intestinal mucus and adhere
to intestinal epithelial cells. Invasin, a chromo-
somally encoded protein, mediates attachment
to and entry into host cells. The invasin gene
is maximally expressed at 26∘C. This maxi-
mal expression at ambient temperature could

prepare the bacteria for infection following
ingestion and promote rapid transcytosis
through the epithelia (Atkinson and Williams
2016). Invasin binds to ß1-integrins, the recep-
tors present on host cell surfaces, resulting
in rearrangement of the host cell cytoskele-
ton which promotes phagocytosis of the
bacteria into the epithelial cells. The strong
invasin-ß1-integrins association allows the
efficient delivery of Yops in host cells. It seems
that invasin plays an essential role for colo-
nization and persistence of Y. enterocolitica
O:3 in its natural reservoir, the pig, since the
deletion of invA gene abolishes long-term col-
onization in the pigs (Schaake et al. 2014). In
fact, invA gene of O:3 strains is still expressed
at 37 ∘C because of the presence of an addi-
tional promoter in the invA promoter region
resulting in a better ability to invade intestinal
cells. Two regulators are important for invasin
expression: RovA, required for the positive
regulation and YmoA, required for negative
regulation.

The increase in temperature within the host
induces the expression of the virulence factors
(Galindo et al. 2011). Ail (Attachment inva-
sion locus), a chromosomally encoded protein,
maximally expressed at 37∘C, enhances epithe-
lial cell invasion in Y. enterocolitica. As with
invasin, Ail-mediated tight attachment to host
cells presumably ensures rapid and efficient
Yop delivery. Ail also confers resistance to
serum killing by binding C4bp, a complement
component, which inactivates C3 convertase
and destabilizes the formation of active attack
complexes on the bacterial membrane. The
adhesin YadA is encoded by the gene yadA,
located on the pYV plasmid. YadA expression
is induced at or above 37∘C. YadA forms fibri-
nous lollipop-like structures on the cell surface
which mediate binding to epithelial cells as
well as microvilli of the intestinal brush bor-
der. YadA mediates mucus and epithelial cell
attachment and, in concert with invasion, pro-
motes cell invasion. However, the contribution
of YadA to virulence is greater for Y. enteroco-
litica than for Y. pseudotuberculosis in which
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YadA confers merely an adhesive phenotype.
YadA from Y. enterocolitica and Y. pseudotu-
berculosis binds fibronectin, collagen I, II, and
IV, and laminin. Interaction with collagen has
been proposed to contribute to chronic yersin-
iosis infection such as development of reactive
arthritis. YadA also induces an inflammatory
response in epithelial cells resulting in an
intestinal inflammatory cascade. The T3SS is
also expressed at 37∘C.

Yersinia ruckeri

Y. ruckeri is an important pathogen of farmed
fish which lacks the critical virulence deter-
minants of the highly pathogenic Yersinia
described above.

Source of Infection: Ecology
and Epidemiology

Y. ruckeri infects fish and is particularly known
as the agent of enteric redmouth disease in
salmonids. It was first isolated from the kidney
of the rainbow trout in the Hagerman Valley
in Idaho in the 1950s (Ross et al. 1966). The
bacterium was then identified in several US
western states, and from there it spread to
other parts of the world, possibly through
transport of live farmed fish (Gulla et al. 2018).
Y. ruckeri has been isolated from a varied range
of wild and farmed fishes, including rainbow
trout (Oncorhynchus mykiss), Atlantic salmon
(Salmo salar), sturgeon (Acipenser baeri), and
coalfish (Pollachius virens); it has been also
isolated from non-fish species including the
muskrat (Ondatra zibethica), the Eurasian otter
(Lutra lutra), birds (Falco spp.), and humans
(Wrobel et al. 2019). A carrier state has been
demonstrated for Y. ruckeri in the rainbow
trout, where up to 25% of the population can
carry the bacteria in the lower intestine, and
can be released when fish become stressed
(Busch and Lingg 1975). Aquatic inverte-
brates and birds have been also highlighted as
potential reservoirs for Y. ruckeri (Willumsen
1989).

Pathogenesis

The gills are a preferential entry route (Tob-
back et al. 2009), from where bacteria spread
to the blood and to organs such as liver, spleen,
brain and heart (Ohtani et al. 2014). The diges-
tive tract and the lateral line have been also
described as potential entry routes (Khim-
makthong et al. 2013; Méndez and Guijarro
2013). Enteric redmouth is characterized by
hemorrhages in the liver, pancreas, swim blad-
der, lateral muscles, and particularly in and
around the mouth and throat, which give the
disease its name (Kumar et al. 2015). General
septicemia is accompanied by inflammation
in most organs, focal areas of necrosis in
the spleen, kidney and liver, together with
darkening of the skin and exophthalmia (pro-
trusion of the eyeballs). The virulence of
Y. ruckeri is influenced by iron availability,
temperature, pH and osmolarity (Guijarro
et al. 2018). Several secreted virulence factors
have been identified to date, among them the
protease Yrp1, the peptidases YrpA and YrpB,
the hemolysin YhlA, a phospholipase, and
the siderophore rukerbactin (Wrobel et al.
2019). Several secretion systems (T3SS, T4SS
and T5SS) have been identified in different
Y. ruckeri strains, but their specific contribu-
tion to virulence remains to be determined.
Perhaps because of the efficacy of vaccination,
a detailed and integrated understanding of
pathogenesis is the subject of ongoing research
(Guijarro et al. 2018).

Yersinia entomophaga

Source of Infection: Ecology
and Epidemiology

The insect pathogen Y. entomophaga was
described by Hurst in 2011. The type strain
MH96 was isolated from a diseased larva
of the New Zealand grass grub, Costelytra
zealandica (Hurst et al. 2011a). The reservoir
of Y. entomophaga strains remains unclear
as few isolates have been reported until now.
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Besides the type strain MH96, which was
isolated in 1996 in New Zealand, another
isolate was recovered in 2015 from the urinary
catheter of an 85-year-old hospitalized man
(Le Guern et al. 2018), and the case was con-
sidered a catheter-associated asymptomatic
bacteriuria. By contrast, in a variety of insects,
the pathogenicity of Y. entomophaga is obvi-
ous since it causes septicemia and death of
the host in two to five days post-ingestion.
Although not all insects are susceptible, a
wide range of coleopteran, lepidopteran and
orthopteran species may be affected, including
internationally economically pest species such
as the cotton bollworm, Helicoverpa armigera,
the diamondback moth, Plutella xylostella,
the small white butterfly, Pieris rapae, and
the African black beetle, Heteronychus arator.
Because of its broad range of insecticidal activ-
ities, Y. entomophaga MH96 is currently under
development as a microbial pesticide against
various pasture and crop pests (Hurst et al.
2019).

Pathogenesis

Y. entomophaga does not harbor the pYV
plasmid nor the HPI which are required for
virulence in humans and mammals, and is
therefore not considered a human pathogen.
The main virulence determinant of Y. ento-
mophaga is a toxin complex, Yen-Tc which
has insecticidal activities (Landsberg et al.
2011). Yen-Tc is composed of three subunits
A, B and C, and of two chitinase enzymes.
This toxin complex has a high endochiti-
nase activity which results in degradation of
chitin in the peritrophic membrane. Infection
of Plutella xylostella by ingestion of Y. ento-
mophaga shows a progressive disintegration
of the midgut, characterized by a rapid break-
down of the peritrophic membrane followed
by the breakdown of the basement membrane,
the disappearance of the columnar cells, the
presence of enlarged goblet cells, and the
absence of microvilli from the luminal surface
of the gut epithelium (Hurst et al. 2011b).

These lesions allow the systemic dissemina-
tion of Y. entomophaga and lead to death of the
insect host.

Control of Yersinia Infections

Pathogenic Yersinia are usually susceptible
to all antibiotics used against Gram-negative
bacteria. Fluoroquinolones, for example, have
been shown to be efficient in clinical settings.
However, rare antibiotic resistances includ-
ing multiresistance have been described for
Y. pseudotuberculosis (Cabanel et al. 2017).
More worrying are resistances described in
Y. pestis, including multidrug resistance to
all antibiotics recommended for therapy and
prophylaxis (Galimand et al. 1997). Therefore,
efforts have continued to investigate poten-
tial vaccines against Y. pestis and particularly
against pneumonic plague, a form of the dis-
ease that could be exploited by bioterrorists.
Vaccines developed using the F1 capsule or the
LcrV antigen of the T3SS have been explored,
but their reliable protection has not been fully
demonstrated. A live attenuated vaccine using
Y. pseudotuberculosis as backbone displaying
the F1 capsular antigen appears as a potential
promising vaccine candidate (Demeure et al.
2019). Two commercial vaccines are available
to protect against Y. ruckeri biotypes 1 and 2
infection and enteric redmouth (Deshmukh
et al. 2012).

Gaps in Knowledge
and Anticipated Directions

As described in this chapter, the genus Yersinia
comprises pathogenic bacteria that display
elegant adaptations to infect very diverse ani-
mal hosts. The impressive improvements in
molecular biology and in imaging approaches
over the past 15 years have led to a much
better understanding of the biology and
pathogenesis of Yersinia. Genomics have
allowed identification of novel species and
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have provided diagnostic tools to better dis-
criminate among diverse biotypes in complex
species such as Y. enterocolitica. Transcrip-
tomics and proteomics have been critical in
identifying bacterial virulence factors acti-
vated during infection, as well as immune
signaling networks activated as host responses
to counterbalance infection. Furthermore,
improvements in imaging techniques currently
allow more precise tracking of the spatiotem-
poral dynamics of bacterial progression during
in vivo infections.

The continuing application of the powerful
modern techniques of genomics, proteomics,
gene mutation and replacement, among oth-
ers, will improve understanding of these
aspects. Study of Yersinia will continue to
increase understanding of pathogen evolution
within the bacterial world.

As we better understand the diversity within
the genus Yersinia, we need to better character-
ize how pathogenic bacteria circulate between
animal reservoirs and human populations.
For example, Y. enterocolitica BT4 has been
mostly associated with pigs while BT2 has
been mostly associated with cattle, but we do
not know whether all the bacterial populations

of these two biotypes present in the animal
reservoirs have the capacity to be transmitted
to humans, or whether only certain genotypes
within each biotype are more prone to infect
humans. Similarly, for Y. pseudotuberculo-
sis, we need to better assess how its diverse
clades circulate between animal and human
populations, and to identify whether specific
genotypes are more pathogenic for humans.
This information can be particularly enlight-
ening from an evolutionary perspective since
Y. pestis is a recently derived clone from Y. pseu-
dotuberculosis. Indeed, identifying particularly
pathogenic genotypes in Y. pseudotuberculosis
could allow to better understand the evolution
of hyperpathogenicity in Y. pestis.

We need also to improve understanding of
the ecology of plague: at present, the factors
that determine susceptibility or resistance to
plague have not been fully explored in animal
species suspected as reservoirs for Y. pestis,
and therefore the dynamics of enzootic and
epizootic cycles in plague endemic regions
are not fully understood. How diverse flea
populations contribute to the circulation and
maintenance of Y. pestis deserves further
investigation.
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Pasteurella
Marina Harper, Thomas R. Smallman, and John D. Boyce

Introduction

Bacteria from the genus Pasteurella are com-
mon mucosal commensals present in the
upper respiratory tract (URT) of a range of ani-
mals. However, many of these organisms can
also act as primary or secondary pathogens.
The type strain of the genus, and the species
most often identified as a primary pathogen,
is Pasteurella multocida. The name “multo-
cida” means “many killing” and this species
is indeed a pathogen of many animal species
with disease presentations that include hem-
orrhagic septicemia (HS) in ungulates, fowl
cholera (FC) in birds, progressive atrophic
rhinitis (AR) in pigs and rabbits, upper (URT)
and lower (LRT) respiratory tract infections,
and bite wound-associated local and systemic
infections in many species, including humans
(Wilson and Ho 2013). P. multocida infections
have a significant economic and ecological
impact. Many hosts are important livestock
animals and waterfowl are especially suscepti-
ble to large, fatal outbreaks of disease (Wobeser
1992). Outbreaks also regularly occur in wild
ungulate species, including mass die-off of
saiga antelope due to HS (Kock et al. 2018).
Recently P. multocida caused an outbreak of
disease that killed thousands of wild rodents
in southwestern China (Du et al., 2020).

Characteristics of the Organism

Organisms belonging to the genus Pasteurella
are Gram-negative, non-spore-forming,
coccobacillus-shaped bacteria (0.3–1.0 μm
in diameter, 1.0–2.0 μm in length) that are
facultatively anaerobic and catalase- and
oxidase-positive. Optimum growth temper-
ature is generally considered to be 37∘C,
although many strains grow well at 40∘C (the
approximate body temperature of birds). They
are unable to use citrate and all but Pasteurella
oralis are unable to ferment lactose. Colonies
are non-hemolytic and generally pale gray
in color with a characteristic “mousy” odor.
Many P. multocida strains are capsulated and
produce mucoid colonies that have a “blue
hue” halo when illuminated with oblique
light.

Pathogenic Species

Taxonomic revision of the Pasteurellaceae
family is in progress. Currently, there are
13 validly named species within the genus
Pasteurella (Table 10.1). However, 16S rRNA
alignments and whole proteome analyses
have defined Pasteurella sensu stricto as Pas-
teurella canis, Pasteurella dagmatis, P. oralis,
Pasteurella stomatis, and P. multocida, which
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Table 10.1 Pasteurella species, hosts, diseases, or location.

Species Hosts Disease or isolation site References

Pasteurella sensu stricto
P. canis Normal flora in dogs Bite wound infections (Mutters et al. 1985)
P. dagmatis Normal flora in dogs Bite wound infections (Mutters et al. 1985)
P. multocida Pathogen of many

mammals and birds.
Normal flora in cats,
dogs and other species

Fowl cholera, hemorrhagic
septicemia, atrophic rhinitis,
respiratory infections, bite
wound-associated infections

(Rosenbusch and
Merchant 1939)

P. oralis Normal flora in cats,
dogs, bats, and ferrets

Bite wound infections
(limited reports)

(Christensen et al. 2012)

P. stomatis Normal flora in dogs Bite wound infections (Mutters et al. 1985)

Current validly named members of the genus but not assigned to Pasteurella sensu stricto
[P.] aerogenes Pigs, humans Pig and hamster bite-wounds,

asymptomatic bacteriuria,
swine abortion

(Christensen et al. 2005)

[P.] bettyae Humans Genitourinary infections and
bacteremia

(Sneath and Stevens 1990)

[P.] caballi Horses, pigs, humans
(horse-bites)

Respiratory infections and
bite wound infections

(Schlater et al. 1989)

[P.] caecimuris Mice Abscesses (Lagkouvardos et al. 2016)
[P.] langaaensis Chickens Respiratory tract, possible

commensal
(Mutters et al. 1985)

[P.] mairii Pigs Reproductive and intestinal
tract of swine, spontaneous
abortions

(Sneath and Stevens 1990;
Christensen et al. 2005)

[P.] skyensis Salmon Gill infections, associated
with significant mortality

(Birkbeck et al. 2002)

[P.] testudinis Tortoises Respiratory, oral, and
reproductive tract; healthy
and diseased animals

(Snipes and Biberstein
1982)

has three recognized subspecies, multocida,
gallicida, and septica (Christensen and Bis-
gaard 2018). P. multocida strains can be
further differentiated based on their cap-
sule and lipopolysaccharide (LPS) surface
antigens. Classically, strains have been typed
using serological methods that identify these
polysaccharides, but now multiplex poly-
merase chain reactions (mPCR) are available
that target unique genes in the capsule and
LPS biosynthetic loci (Townsend et al. 2001;
Harper and Boyce 2017). Five different capsule
serogroups (A, B, D, E, and F) are known to cor-
relate with five distinct structures. Heddleston

LPS serotyping recognizes 16 serologically
distinct types (Heddleston et al. 1972), but
the species is known to produce many more
differentiable LPS structures (> 20). There are
a total of eight unique LPS biosynthetic loci
(L1–L8) that collectively are responsible for all
known P. multocida LPS structures (Harper
and Boyce 2017).

Analysis of the 16S rRNA sequences
obtained from other current members of
the genus suggests that [Pasteurella] aero-
genes and [Pasteurella] mairii are the most
closely related to, but clearly separate from,
the species within Pasteurella sensu stricto. In
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contrast, [Pasteurella] bettyae and [Pasteurella]
caballi cluster close to Bibersteinia trehalosi;
[Pasteurella] caecimuris clusters with Roden-
tibacter spp.; [Pasteurella] langaaensis clusters
close to Gallibacterium spp.; [Pasteurella]
skyensis clusters with Cavibacterium pharyn-
gocola, and [Pasteurella] testudinis clusters
with Chelonobacter oris.

All five species within Pasteurella sensu
stricto can cause disease. However, this chapter
focuses on P. multocida, as this species is the
most problematic with respect to disease in
production animals and has been the most
widely studied (Table 10.1).

Source of Infection: Ecology,
Evolution, and Epidemiology

The genus Pasteurella lies within the fam-
ily Pasteurellaceae, which contains several
other genera that contain human and animal
pathogens, including Haemophilus, Acti-
nobacillus, Aggregatibacter, Avibacterium, and
Mannheimia. A comparison of the first com-
plete P. multocida genome (strain Pm70) with
genomes representing Haemophilus influenzae
and Escherichia coli, all within the Gammapro-
teobacteria, indicated that species within the
Pasteurella diverged from Haemophilus spp.
approximately 270 million years ago and from
Escherichia spp. and the Enterobacteriaceae
family approximately 680 million years ago
(May et al. 2001).

Pasteurella spp. reside harmlessly in the
URT and gastrointestinal tracts of many birds,
mammals, and reptiles. P. multocida has been
isolated from healthy dogs and cats, waterfowl,
mammals (including marsupials and marine
mammals), and reptiles, including Komodo
dragons (Wilson and Ho 2013). P. multocida
can also be isolated from healthy livestock ani-
mals including chickens, turkeys, cattle, swine,
sheep, and goats. Carriage rates vary widely
between species and between subpopulations
within species, with many individuals having
no evidence of P. multocida carriage.

Animals harboring P. multocida can act as
a reservoir for transmission to naïve animals.
P. multocida within saliva and respiratory
secretions can be inhaled or introduced into
bites or open wounds (Wilson and Ho 2013).
The bacterium may also be introduced into
the URT of naïve animals by direct contact
with contaminated feces or carcasses. P. mul-
tocida can also contaminate soil and water
sources and levels of the bacterium can be
very high during large outbreaks of disease.
However, these environmental niches provide
only a temporary reservoir for P. multocida
(Blanchong et al. 2006).

Healthy carriers of P. multocida are predicted
to shed the bacterium only intermittently from
the URT, unless the immune system of the
carrier is compromised, as demonstrated
by dexamethasone treatment of carrier buf-
falo which induced shedding of P. multocida
from the URT and ureters (De Alwis 1992).
Overcrowding and environmental stressors
have also been associated with increased
transmission and carriage of P. multocida.
Large outbreaks of HS in saiga antelope are
associated with periods of unusually high
temperatures and humidity (Kock et al. 2018).
A high population density is also an important
contributor to P. multocida transmission and
disease, as can occur during live export ship-
ping, in feedlots, and in commercial poultry
farms.

Types of Disease and Pathologic
Changes

P. multocida has the exceptional ability to
cause disease with multiple presentations in
a wide range of animal species. Toxigenic
P. multocida are a unique subset of strains
that produce a toxin called PMT (Pasteurella
multocida Toxin), which is the causative
agent of AR in pigs and rabbits. All other
disease presentations are typically caused by
P. multocida strains that do not produce toxin.
These include FC in birds, HS in ungulates,
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and a range of respiratory disease in other
animals (Wilkie et al. 2012). Diseases range
from self-limiting/chronic URT infections,
which have little effect on the overall health
of the host, to acute LRT or systemic infec-
tions that can cause severe morbidity or be
rapidly fatal. P. multocida can also be part
of multispecies infections that include other
bacteria and/or respiratory viruses. Disease
presentation and host range in some instances
correlates with specific surface carbohydrates.
For example, porcine AR isolates typically
produce a serogroup D capsule and bovine
HS isolates all belong to LPS genotype L2 and
produce a serogroup B capsule or the closely
related serogroup E capsule.

Fowl Cholera

FC can present as an acute or chronic disease
in all bird species but is most problematic in
poultry and waterfowl. Avian cholera isolates
typically belong to capsule serogroup A, F, or D
(Smith et al. 2021). In both chronic and acute
FC, clinical signs include ruffled feathers,
lethargy, depression, fever, sneezing, and nasal
discharge. Acute FC is typically of short dura-
tion (one to three days) and can be fatal before
any signs of disease become apparent (Wilkie
et al. 2012). In chronic FC, swelling of wattles
and combs can occur but after approximately
14 days of disease clinical signs start to reduce
in severity. However, the bacterium can persist
in the URT, LRT, liver, and lymphatic system,
providing a reservoir for future outbreaks of
disease (Mbuthia et al. 2011).

The severity of FC disease can vary greatly
and is dependent on the infecting strain,
infectious dose, host species, and individual
immune response. Turkeys, pheasants, and
partridges inoculated with the same virulent
FC strain were reported to be more susceptible
than chickens (Petersen et al. 2001). A strong
immune response, led by the recruitment
of heterophils, can lead to hemorrhage and
necrosis in birds infected with P. multocida
(Bojesen et al. 2004; Mbuthia et al. 2011).

Hemorrhagic Septicemia

HS is an acute systemic disease that affects buf-
falo, cattle, and wild populations of ungulates
in regions of Africa and Asia. Large outbreaks
in Asia cause significant livestock losses each
year (De Alwis 1992). P. multocida strains that
cause HS exclusively belong to the closely
related serogroups B and E (Asian and African
isolates, respectively) and LPS genotype L2
(Harper and Boyce 2017). The URT of suscep-
tible animals is colonized before the bacterium
invades the mucosa at the tonsils and migrates
to nearby lymph nodes, most likely inside
macrophages (Annas et al. 2014). P. multocida
then disseminates throughout the host, caus-
ing an overwhelming systemic infection and
death. Peracute HS infections develop rapidly
(4–12 hours) and death can occur suddenly
without prior signs of disease (De Alwis 1992).
The lipid A component of LPS, known as
endotoxin, is the main driver of severe septic
shock observed in peracute cases of HS. In
acute HS, the levels of endotoxin rise more
slowly, and the disease can last up to five days
(Horadagoda et al. 2001). Animals will have
a fever, depression/apathy, loss of appetite,
and nasal discharge. Late signs of infection
include labored breathing, increased respira-
tion rate, a mucopurulent nasal discharge, and
swelling of salivary glands, the lower chest,
and forelegs. Death is almost certain once the
animal becomes recumbent and develops clear
signs of septicemia and septic shock. Animals
that have survived HS shed P. multocida and
some become chronic carriers and may act as
a source of future outbreaks (De Alwis 1992).

Atrophic Rhinitis

AR is a chronic disease that primarily affects
the nasal cavities of pigs and rabbits. Clini-
cal signs of infection and turbinate damage
include nasal discharge, sneezing, and snuf-
fling (Wilkie et al. 2012). Mild, non-progressive
AR is caused by Bordetella bronchiseptica
strains that produce dermonecrotic toxin
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(DNT). However, a more severe, progres-
sive AR is caused by P. multocida strains
that also produce a dermonecrotic toxin,
called PMT, and typically belong to capsule
serogroup D (Horiguchi 2012). AR starts with
colonization of the host URT by toxigenic
P. multocida strains, often facilitated by a
pre-existing infection with B. bronchiseptica.
P. multocida AR strains colonize the tonsils
and continually release PMT that modifies
the activity of host G proteins resulting in
widespread activation of signaling pathways
(for more on PMT see below). In response to
this perturbation, osteoclasts disproportionally
increase in the nasal cavity, resulting in bone
resorption, atrophy of the nasal turbinates,
deviation of the nasal septum, and ultimately
permanent distortion and twisting of the snout.
Untreated animals have an increased chance
of later developing LRT infections (Horiguchi
2012).

Lower Respiratory Tract Infections

P. multocida LRT infections can occur in many
animal species and are especially common in
cattle and other ungulates. Infections range
from peracute/acute fulminating pneumo-
nia observed in cattle, to more chronic and
localized pneumonia often observed in pigs
and sheep. Colonization and persistence of
P. multocida in the lungs can occur alone,
or more commonly together with a virus or
another bacterial species such as Mannheimia
haemolytica or Histophilus somni (Wilkie et al.
2012). Clinical signs of Pasteurella pneumonia
include inflammation of the nasal mucosa,
increased nasal secretions, sneezing, fever,
labored breathing, and frothing at the mouth.
In severe cases, death occurs from respiratory
failure (Wilkie et al. 2012).

Zoonotic Infections in Humans

Pasteurella species can cause a wide range of
zoonotic infections in humans, often following
a cat or dog bite. Most are caused by P. mul-
tocida capsule serogroup A strains, although

serogroup F strains have also been isolated
(Ujvari et al. 2019; Smith et al. 2021). Data
from one extensive study on domestic animal
bites found that P. multocida was present in
12% of infected dog-bite wounds and 62%
and infected cat-bite wounds. Of the other
Pasteurella species, P. canis, P. stomatis, and
P. dagmatis were present in 13%, 6%, and 2% of
infected dog bite wounds, and in 1.5%, 3%, and
5.3% of infected cat bite wounds, respectively
(Talan et al. 1999). Edema, cellulitis, and puru-
lent exudate are often present at the site of the
wound infection and untreated the infection
may lead to necrotizing fasciitis. Cases of bac-
teremia, meningitis, peritonitis, pneumonia,
or septicemia caused by P. multocida have also
been reported (Wilson and Ho 2013). Recent
bioinformatic analysis has shown strains of
P. multocida isolated from human infections
share similarities with isolates from commen-
sal strains isolated from domestic animals but
are genetically distinct from strains that cause
most animal infections, indicating possible
human-specific virulence factors (Smith et al.
2021; our unpublished data).

Virulence Factors and
Pathogenomics

Capsule

The polysaccharide capsule is a primary vir-
ulence factor and can be used to classify
strains using serology or mPCR into five
serogroups, A, B, D, E, and F (Boyce et al.
2000). Capsules of type A, D, and F strains are
closely related and are composed of hyaluronic
acid, heparin, and chondroitin, respectively
(Figure 10.1). These polymers are also found
in the eukaryotic extracellular matrix and are
predicted to “mask” the surface components
of the bacterium from the host innate immune
response. The serogroup B and E main chain
disaccharide repeat units both consist of a
mannosaminuronic acid derivative linked to
an N-acetylglucosamine but differ with respect
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Figure 10.1 Overview of Pasteurella multocida virulence factors and important cellular components.
P. multocida strains express multiple adhesins including filamentous hemagglutinin (up to two), ComE1 (also
binds DNA), OmpA and the tight adherence pilus (Tad) and the type IV pilus. Toxigenic strains of P. multocida
release a toxin called PMT, which alters host cell signaling pathways through deamidation of heterotrimeric
G proteins. Sialic acid (Neu5Ac) uptake from host sources, for catabolism or possible addition to surface
structures such as lipopolysaccharide (LPS), requires surface sialidases (e.g. NanH and NanB) and a sialic
acid transport system. Iron uptake is crucial for P. multocida in vivo survival; outer-membrane receptors
including HemR, HgbA, and HasR interact with the ExbB/ExbD/TonB transport system. The ferric uptake
regulator (Fur) generally represses expression of certain outer membrane proteins in the presence of excess
iron. Fur, Hfq (and associated sRNAs), and factor for inversion stimulation (Fis) are important regulators of
virulence factors including capsule biosynthesis. Expression of capsule biosynthesis genes is
downregulated in late exponential phase, probably due to reduced levels of Fis and activation of the
stringent response, which increases cellular levels of the nucleotides guanosine
pentaphosphate and guanosine tetraphosphate, collectively named (p)ppGpp. Both Fis and Hfq activate
filamentous hemagglutinin expression and Hfq stimulates PlpE expression. Antibodies to LPS, OmpH and
PlpE are protective. The capsule (blue) is composed of one of five polysaccharides, the A, B, D, E, and F
structures representing the five different capsular serogroups are shown lower right. The serogroup A
capsule biosynthetic pathway and associated genes are shown within the cell; UDP-N-Acetylglucosamine is
also used for peptidoglycan synthesis and LPS biosynthesis (not shown). LPS (represented by black wavey
lines on cell surface) is an important virulence factor and a strong stimulator of the host immune response.
The LPS outer core structures produced by the 16 Heddleston LPS serotypes are structurally distinct
(schematic of outer core structures shown upper right). Serotypes 2 and 5 LPS are serologically distinct but
structurally they differ only by the presence/absence of a phosphoethanolamine on an inner core sugar (not
shown). Additional LPS outer core structures have now been identified and collectively all are generated
from only eight distinct LPS biosynthetic loci (L1 to L8; top right). Truncated outer core structures typically
occur by way of mutations in sugar transferase gene/s within a particular LPS locus that result in arrest of
LPS assembly. Sugars present in capsule and LPS structures are; glucose (blue circle); galactose (yellow
circle); fructose (dark red pentagon); heptose (pink hexagon); rhamnose (grey triangle);
N-acetyl-galactosamine (yellow square); N-acetyl-glucosamine (blue square); phosphocholine (red
hexagon); phosphoethanolamine (black hexagon); (1S)-2-acetamido-2-deoxy-D-galactose (Yellow
rectangle); 1-((4-aminobutyl)amino)-3-hydroxy-1-oxopropan-2-yl hydrogen phosphate (pink rectangle);
3-acetamido-3,6-dideoxy-α-D-glucose (green square); glucuronic acid (white and blue triangle);
mannosaminuronic acid (green and blue trangle).



�

� �

�

Virulence Factors and Pathogenomics 227

Figure 10.2 Schematic representation of the capsular polysaccharide biosynthesis loci representing
serogroups A, D, F, B, and E (left) and structures of the corresponding polysaccharides (right). Genes of the
same color encode proteins with > 90% amino acid identity, genes of the same shade of gray encode
proteins with between 70% and 89% identity, and unfilled genes encode proteins with < 70% identity.
Horizontal lines below each locus indicate the position of the amplicons produced using the capsule
type-specific multiplex polymerase chain reaction (Townsend et al. 2001). Vertical dotted lines separate the
loci into regions involved in ATP-dependent capsule export (region 1), type-specific polysaccharide
biosynthesis (region 2) and lipidation and membrane anchoring (region 3, shaded gray). Note that in
serogroups B and E the lipA gene (encoding a PhyA homolog and predicted to be a region 3 lipidation gene)
is contiguous with the region 1 genes. Sugar abbreviations; GlcNAc, N-acetyl-glucosamine; GlcA, Glucuronic
acid, GalNac; N-acetyl-galactosamine; ManNAc, Mannosaminuronic acid; Gly, Glycine; Fru, Fructose; Fruf ,
Fructofuranose. Source: Based on Townsend et al. (2001).

to the linkage of the side-branch fructose and
the addition of glycine onto the serogroup B
structure (Michael et al. 2021; Figure 10.1).

The P. multocida capsule biosynthesis loci
are typical group II-type capsule biosynthe-
sis loci with three distinct regions (Boyce
et al. 2000). Region 1 is highly conserved in
all P. multocida capsule loci and contains
the genes required for the ATP-binding cas-
sette (ABC) transport system responsible for
exporting the polysaccharide to the bacte-
rial surface. Region 2 genes differ between
serogroups and encode proteins required for
the synthesis of each type-specific polysac-
charide. This includes the specific synthase
required to add the sugar monomers to the
growing polymer. In serogroup A, D, and F,
these synthases are HyaD, DcbF, and FcbD,
respectively (Figure 10.2). The precise function
of each gene within region 2 in serogroup B
and E is currently unknown. Primers used
in the capsule multiplex mPCR anneal to
unique sequences within region 2 of each
locus (Townsend et al. 2001). Region 3 genes
encode proteins predicted to be required for
the lipidation and membrane anchoring of the

capsular polysaccharide (i.e. PhyA and PhyB
in serogroups A, D, and F and LipA and LipB
in serogroups B and E). The genes encoding
these proteins are co-located, except for the
serogroup B and E lipA and lipB which flank
the region 2 genes (Figure 10.2; Townsend
et al. 2001).

The first definitive evidence that P. mul-
tocida capsule was a major virulence factor
came from experiments that showed a cexA
capsule export mutant was strongly atten-
uated for virulence in mice compared with
the highly virulent serogroup B parent strain
M1404. Murine peritoneal macrophages could
also readily phagocytose the M1404 cexA
mutant but not the wild-type parent (Boyce
and Adler 2000). Similar experiments using the
serogroup A FC isolate X-73 and an isogenic
capsule (hexA) mutant showed the capsule
mutant was strongly attenuated for disease
in both mice and chickens and was highly
sensitive to complement-mediated killing
(Chung et al. 2001). Taken together, these data
support the critical role of capsule in virulence
and avoidance of the host innate immune
response.
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Lipopolysaccharide

Like most Gram-negative bacteria, the external
surface of the P. multocida outer membrane is
predominantly comprised of LPS molecules,
the lipid A component of which is a potent
endotoxin (Horadagoda et al. 2001). Each LPS
molecule consists of a hydrophobic lipid A
membrane anchor, a conserved inner core
oligosaccharide, and a highly variable outer
core oligosaccharide. The lipid A structure of
the LPS from a P. multocida HS isolate has
recently been reported (Tawab et al. 2020)
but it is not known whether this structure is
conserved across the species. The complete
repertoire of inner and outer core oligosaccha-
ride structures produced by P. multocida has
also been determined (Harper and Boyce 2017;
Figure 10.1). Strains are classified into eight
LPS genotypes (L1 to L8) using mPCR analysis
with primers that anneal to unique regions
within each LPS outer core biosynthetic locus
(Harper and Boyce 2017). Each outer core locus
contains a range of genes, the majority of which
encode sugar transferases, each responsible for
the transfer of a specific sugar to a specific posi-
tion on the LPS structure (Harper and Boyce
2017). The LPS produced by each P. multocida
strain initiates a specific antibody response that
historically was used to serologically classify
strains into 16 Heddleston LPS serotypes (Hed-
dleston et al. 1972). However, many more LPS
types exist due to the existence of truncated
LPS structures in addition to the full-length
“parent” structures. Truncated LPS structures
typically result from inactivating mutations
within sugar transferase genes, resulting in the
arrest of LPS assembly and truncation of the
full-length structure (Harper and Boyce 2017).

Virulence studies have shown that a
full-length LPS structure is required for the
P. multocida A:L1 strain VP161 to cause sys-
temic disease in chickens. However, some
VP161 mutants expressing truncated LPS
molecules can persist at the site of intramus-
cular injection but not in the blood (Harper
and Boyce 2017). Many isolates recovered from

natural infections have mutations within the
LPS loci and express shortened LPS structures,
suggesting that strains lacking full-length LPS
may reside naturally in tissues other than
blood, such as the tonsils or other niches
within the URT. Interestingly, some LPS
mutants are highly attenuated for systemic
disease in chickens but can still cause systemic
disease in mice, demonstrating that different
animal species respond differently to this
important component of the P. multocida cell
surface (Harper and Boyce 2017).

Pasteurella multocida Toxin

The P. multocida dermonecrotic toxin PMT
is encoded by toxA, a gene located within a
lysogenic bacteriophage that is integrated into
the genome of P. multocida AR isolates that
typically belong to capsular serogroup D or A
(Pullinger et al. 2004). The toxin is passively
released from P. multocida cells colonizing
the URT, especially within the turbinates.
It belongs to the A-B family of toxins; the B
domain facilitates binding to the host cells
while the A domain exerts a toxic effect on the
heterotrimeric G class of GTPases following
transport of the toxin into the cytosol (Wilson
and Ho 2012). The eukaryotic heterotrimeric
GTPases regulate the amount of available
GTP to control multiple cell-signaling path-
ways. In the inactive state, the G protein
complex consists of GDP-bound alpha, beta,
and gamma subunits. When GTP displaces
GDP, the trimer dissociates into two active
effectors, GTP-bound alpha G protein and the
beta/gamma complex (Wilson and Ho 2012).
At the molecular level, PMT deamidates a
specific glutamine on the alpha subunit of the
G protein subunits Gαq, Gαi, and Gα12/13
(Orth et al. 2013). This stops the conversion
of the active GTP-bound Gα protein to the
GDP-bound inactive state, which subsequently
results in accumulation of the active GTP-Gα
protein and the beta/gamma G protein com-
plex. The abundance of activated Gα protein
affects many cell-signaling pathways and
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results in increased levels of inflammatory
cytokines. One of the most profound effects of
PMT is the proliferation of osteoclasts, respon-
sible for bone remodeling/degradation and
resorption, and a deficiency of bone-forming
osteoblasts (Wilson and Ho 2012). This imbal-
ance leads to the distortion of the nasal
turbinate bones, as observed in animals with
AR disease. PMT permanently activates the
Gαq proteins, which ultimately affects the
expression of genes involved in osteoblast
formation (Siegert et al. 2013). Normal osteo-
clastogenesis is also affected. Unlike the
normal process, PMT-induced osteoclast for-
mation is receptor activator of nuclear factor
κB ligand-independent and leads to an increase
in the master transcription factor that controls
osteoclast differentiation (Chakraborty et al.
2017). Osteocytes (derived from osteoblasts)
are the main cells within mature bone and are
also affected by the toxin (Heni et al. 2018).
Thus, PMT exerts its effect on the cells within
the nasal turbinates in a myriad of ways. Cur-
rent data indicates the toxA gene has been
identified in only a few genomes representing
strains isolated from other ungulates (goat,
sheep, alpaca) and studies on the in vivo tar-
gets of PMT have shown some interaction
with host tissues other than those in the URT
(Banu et al. 2020). However, there is no defini-
tive evidence that PMT plays a major role in
P. multocida disease other than AR.

Adhesins

Filamentous Hemagglutinins
The P. multocida filamentous hemagglutinins
contribute to the virulence of strains in mice
(Fuller et al. 2000) and to a lesser extent in
turkeys (Tatum et al. 2005). Many P. multo-
cida genomes contain up to two filamentous
haemagglutinin genes, pfhB1 and pfhB2, but
in HS isolates, one or both genes are absent
from the genome or are defective (Smith et al.
2021; our unpublished data). The encoded
filamentous hemagglutinin proteins, PfhB1
and PfhB2, share a high level of identity with

the FhaB family of proteins. In other bacte-
rial species, these proteins have been shown
to bind to host cells, and in some instances
display anti-phagocytic activity (Dodd et al.
2014; Melvin et al. 2015). The secretion and
presentation of filamentous hemagglutinin
proteins on the cell surface requires translo-
cation through a cognate secretion partner,
FhaC (known as LspB in P. multocida). The
expression of the operon encoding pfhB2 and
lspB2 is predicted to be under the control of
riboregulation as well as the global regulator
Fis (Megroz et al. 2016; Steen et al. 2010).

Pili
Most P. multocida genomes contain genes
required for production of type IVA pili and
tight adherence (Tad) pili, which both belong
to the type IV filament superfamily. Pili have
been observed on P. multocida and type IVA
pilin subunits have been purified from in vitro
grown cells, though their exact role in the
disease process is unclear (Ruffolo et al. 1997).
However, two separate mutagenesis studies
have shown that Tad pili are important for
virulence in both mice and chickens (Fuller
et al. 2000; Harper et al. 2003). Little is known
about the Tad system in P. multocida but in
other pathogens this system is important for
host colonization and for biofilm formation
(Tomich et al. 2007).

Outer-Membrane Proteins

OmpA is the major P. multocida outer-
membrane protein (OMP) and is a homolog
of the OmpA/P5 proteins produced by many
other Gram-negative species, including other
members of the Pasteurellaceae family. The role
of OmpA is multifaceted; it is an important ion
channel, contributes to the structural integrity
of the cell via its predicted interaction with
peptidoglycan, and is an important adhesin.
OmpA facilitates binding of P. multocida to
components of the extracellular matrix of host
cells and has a role in resisting the bactericidal
effects of serum (Confer and Ayalew 2013).
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ComE1 is another important protein pro-
duced by P. multocida and other members
of the Pasteurellaceae family as it acts as a
host cell adhesin by binding fibronectin, a
major glycoprotein of the extracellular matrix
(Mullen et al. 2008). Moreover, ComE also has
double-stranded DNA binding capabilities. In
Bacillus subtilis, ComE homologs are involved
in the uptake of extracellular DNA for use as
a nutrient or for potential integration into the
genome. However, this attribute could not be
demonstrated for P. multocida ComE1 (Mullen
et al. 2008).

In addition to the OMPs that facilitate adhe-
sion, several other OMPs have been shown to
be associated with virulence due to their role
in the acquisition of nutrients/solutes during
infection in animals. These include OMPs
involved in the uptake of long-chain fatty
acids (FadL/P1; Harper et al. 2003) and L and
D-methionine (PlpB/MetQ; Hatfaludi 2009).
The role of the highly conserved lipoprotein
PM0442 (PM70 annotation) in the disease pro-
cess is uncertain. A recent TraDIS study using
serogroup A strain VP161 showed that this
gene (PmVP161_0424) is essential for growth
in vitro in rich media (Smallman 2021). How-
ever, a pm0442 mutant was successfully con-
structed in a serogroup A bovine lung isolate
and was reported to grow at wild-type levels
in vitro but was attenuated for growth in mice
and had a wide range of virulence-associated
gene expression changes (He et al. 2020).

Iron-Regulated and Iron-Acquisition
Proteins

Iron is an essential element for almost all living
cells and therefore iron-acquisition is consid-
ered critical for virulence. Iron in its free form
is largely insoluble at physiological pH so cells
must capture and store iron within proteins.
P. multocida sequesters iron from the host
using several mechanisms, including the use of
iron chelators called siderophores that compete
with specific host proteins to bind available fer-
ric iron. Once iron-bound, these siderophores

interact with a specific receptor on the P. mul-
tocida outer membrane associated with the
TonB, ExbB, ExbD iron transporter complex
(Dabo et al. 2007; Figure 10.1). This com-
plex spans the P. multocida periplasmic space
and facilitates the transfer of iron molecules
through the inner membrane and into the
cytoplasm. The TonB membrane-spanning
complex in P. multocida is essential for cell
survival as it associates with a range of recep-
tors (e.g. HasR, HemR, and HgbA; Figure 10.1)
present on the outer membrane surface that
bind and capture iron-containing host pro-
teins (Dabo et al. 2007). Importantly, there
is redundancy in the system to ensure that
there is always available iron. Studies using
a FC isolate have shown that all but two
iron-acquisition protein receptors have a dual
function and can bind hemoglobin or hemin
(Bosch et al. 2004). In addition, most P. multo-
cida bovine isolates encode an additional iron
receptor called TbpA that exclusively binds
host transferrin (Dabo et al. 2007).

Sialic Acid Metabolism

Sialic acids are 9-carbon amino sugars that
are added to the terminal end of cell-surface
glycoconjugates in eukaryotes. Numerous
bacterial pathogens, including P. multocida,
scavenge sialic acids from the host environ-
ment to use on their own surface structures
(e.g. LPS or capsule) and/or for catabolism
to generate important molecules or energy
(Steenbergen et al. 2005). The decoration of
surface structures on other pathogens (e.g.
Neisseria and Haemophilus spp.) has been
implicated in molecular mimicry as it may
“mask” the bacterium to avoid detection by
the innate immune system.

P. multocida cannot synthesize sialic acid
(Steenbergen et al. 2005) and all genomes that
currently represent Pasteurella sensu stricto
lack the genes required for the first two steps in
de novo synthesis of sialic acid (neuB and neuC;
our unpublished data). However, P. multocida
produces the sialidase NanB, which displays
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2–3′ and 2–6′ lactose sialidase activity, allow-
ing the species to cleave sialic acid off host
glycoproteins. In addition, most P. multocida
genomes (approx. 80%) have nanH encoding
a 2–3′ sialyl-lactose sialidase. Following cleav-
age from the host cell, exogenous sialic acid
is taken up into the bacterium via a tripartite
ATP independent periplasmic (TRAP) trans-
port system (Figure 10.1). The TRAP genes are
present in all P. multocida genomes but are
absent from many other Pasteurella species.

Sialic acid uptake has been shown to be
important for an FC isolate with a serogroup
A capsule and an L3 LPS structure to grow
systemically in mice and turkeys (Steenber-
gen et al. 2005; Tatum et al. 2009). However,
inactivation of nanA, required only for the
sialic acid catabolism (Figure 10.1), had no
effect on virulence. These data are consistent
with the notion that sialic acid addition to
cell structure/s was crucial for full virulence.
The structure involved was predicted to be
the L3 LPS, based on electrophoresis experi-
ments using radioactively labeled sialic acid
(Steenbergen et al. 2005; Tatum et al. 2009).
Interestingly, extensive LPS structural analyses
has so far failed to detect the presence of sialic
acid on any of the LPS structures (Harper and
Boyce 2017). Sialic acid addition to specific
sites on the LPS structure may be uncommon
in P. multocida or, when grown in vitro, it may
only occur when laboratory media is supple-
mented with sialic acid. Alternatively, sialic
acid may be lost from the structure during LPS
purification steps.

Pathogenomics

Comparative Genome Analyses
The first complete Pasteurella genome
sequence was that of P. multocida strain Pm70
(May et al. 2001). The genome encodes an
estimated 2100 genes, including 2013 protein
coding sequences, 57 tRNAs, 19 RNA genes
and at least 3 pseudogenes (defective). Glycol-
ysis, trichloroacetic acid, Entner–Doudoroff
and oxidative pentose phosphate metabolic

pathways are complete, as are the biosynthesis
pathways for 20 amino acids and for purine
and pyrimidine nucleotides. Genes involved in
iron acquisition represent more than 9% of the
genome and more than a hundred genes were
predicted to be virulence-associated (May et al.
2001).

Comparative genome analysis is a powerful
tool for examining P. multocida strains, espe-
cially given the wide range of host species and
disease presentations. As of 2021, there were
approximately 90 complete and more than
400 draft publicly available genome sequences
publicly available (National Center for Biotech-
nology Information) representing P. multocida
isolated from over 18 mammal species and
five bird species. Global analysis of the current
complete genomes indicates P. multocida has
an average chromosome length of 2.33 Mb
and a G+C% content of 40.4%. There are cur-
rently no genome sequences publicly available
that represent serogroup E strains and genome
sequences representing pig AR isolates are still
underrepresented (our unpublished data).

A comprehensive P. multocida genome phy-
logeny study has confirmed there is often a
clear correlation between strain phylogenetic
relationship and host species or disease type
(Smith et al. 2021). Strains that primarily cause
bovine infections separate phylogenetically
from other strains and fall into two distinct
clades. One clade contains serogroup B HS
isolates (Moustafa et al. 2015) and the other
contains serogroup A strains that are associ-
ated with bovine LRT infections (Smith et al.
2021). A small number of pig isolates also
cluster within the latter clade. Furthermore, 13
of the 16 genomes representing human isolates
included in the study were closely related
to each other and separated into a clearly
divergent and deeply rooted clade that also
contained a limited number of avian, feline,
canine, and murine isolates (Smith et al. 2021).

Overall, 79% of the P. multocida genomes
examined encoded a type A capsule locus.
These genomes were spread across the phylo-
genetic tree and represented strains isolated
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from a wide range of animals (Smith et al.
2021). In contrast, strains representing capsule
serogroups D, isolated from pigs, and F, iso-
lated from rabbits and birds, represented only
14% of the sequenced genomes.

Mobile Genetic Elements
Mobile genetic elements include plasmids,
insertion sequences, transposons, integrative
and conjugative elements (ICEs), integrons,
introns, and bacteriophages. All are impor-
tant drivers of bacterial evolution and are
often primary mediators of bacterial virulence,
environmental survival, and antibiotic resis-
tance. These elements can move between cells
(including between different bacterial genera)
and often within the same genome. Compara-
tive genomics can be used to identify genomic
islands harboring integrated mobile elements
by identifying regions with variable gene con-
tent, relative to closely related genomes, or
regions with altered G+C nucleotide content.
Some may lose their mobility due to mutations
within the element.

There have been more than 20 plasmids
identified in P. multocida strains isolated from
a range of production animals. These plasmids
range from 5 to 13 kbp in size and contain
up to four genes that can provide resistance
to a range of antibiotic classes including
tetracyclines, sulfonamides, aminoglycosides,
beta-lactams, chloramphenicols, and trimetho-
prim (Michael et al. 2018). Importantly, these
plasmids can be horizontally acquired from
other strains and species. Indeed, a major
comparative genome study found that IncQ1
plasmids in poultry isolates were nearly iden-
tical to those found in Salmonella spp. and
encoded spectinomycin, sulfonamide, and/or
tetracycline resistance proteins (Smith et al.
2021). A range of plasmids containing multiple
resistance genes have also been identified
in P. multocida isolated from pigs and cattle
(reviewed in Boyce et al. 2012).

ICEs have been identified in many P. mul-
tocida bovine pneumonia isolates and some
HS isolates (Moustafa et al. 2015). These

elements carry genes that give a fitness
advantage under certain conditions and use
self-encoded site-specific recombinases to
integrate and excise with high site-specificity
into the genome, often into transfer RNA
genes. Most ICEs found in P. multocida are
related to ICEPmu1, a large complex element
containing regions likely derived from plas-
mids, insertion sequences, and gene cassettes.
Importantly, ICEPmu1 is capable of transfer
into other species and can encode up to 12
antibiotic resistance genes. ICEs have also
been identified in a small number of P. multo-
cida isolates from poultry and from pigs with
LRT (non-AR) infections (Smith et al. 2021;
Michael et al. 2018). Given that ICEs mediate
much of the horizontal transfer of antibi-
otic resistance, and most are associated with
bovine isolates, it is predicted that P. multocida
antibiotic resistance in the cattle industry will
continue to be an issue.

Many P. multocida strains harbor lysogenic
bacteriophage. To identify these genetic ele-
ments, a DNA damaging agent (mitomycin C)
was used to induce the lytic cycle of integrated
phage in 47 P. multocida serogroup A, D,
and F strains isolated from a range of hosts
(Abdulrahman and Davies 2021). Ten different
types of phage were isolated, representing
the Siphoviridae and Myoviridae families,
although complete genome sequences of the
phage were not determined. Some strains
released more than one phage type, and some
porcine and ovine isolates released phage
encoding PMT (Abdulrahman and Davies
2021). AR-associated PMT is encoded on a
lysogenic bacteriophage of the Siphoviridae
family and is passively released by P. multocida
cells during the phage lytic cycle (Pullinger
et al. 2004).

Functional Genomics Studies
Since the completion of the first P. multo-
cida genome sequence, a range of functional
genomic studies have been conducted includ-
ing whole transcriptome, proteomic, and
random mutagenesis studies (Paustian et al.
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2001; Paustian et al. 2002a; Paustian et al.
2002b; Boyce et al. 2012; Megroz et al. 2016;
Gulliver et al. 2018). Two signature-tagged
mutagenesis (STM) studies successfully iden-
tified genes important for infection in mice
and chickens (Fuller et al. 2000; Harper et al.
2003). STM using a bovine pneumonia isolate
in a mouse septicemic model identified more
than 20 genes that were important for disease
including those encoding the filamentous
hemagglutinins as well as genes required for
the biosynthesis of capsule, LPS, Tad pili,
purine and guanine and for iron uptake (Fuller
et al. 2000). A smaller STM study using an
avian isolate and a natural model of systemic
infection (chickens) identified genes involved
in the assembly of LPS, Tad pili, peptidogly-
can, and the biosynthesis of some nucleotides
(Harper et al. 2003).

To identify gene expression changes in vivo,
whole-genome transcriptomic analysis has
been performed on P. multocida isolated from
the liver and blood of chickens in the late
stages of FC. Overall, the data revealed that the
expression of amino acid biosynthesis genes
and genes involved in anaerobic metabolism
were increased in P. multocida during the late
stages of infection, compared to growth in vitro
in a rich medium (Boyce et al. 2012).

Regulation of Virulence

P. multocida encounters a wide range of niches
and stresses during infection and this requires
precise regulation of virulence factors, nutri-
ent acquisition processes, and stress responses.
Several regulators have been identified in
P. multocida including the transcriptional
regulators Fur (ferric uptake regulator) and
Fis (factor for inversion stimulation), the RNA
chaperone Hfq, and the associated small RNA
GcvB (Figure 10.1).

Ferric Uptake Regulator

The global regulatory protein Fur is produced
by P. multocida and many other bacterial

species and plays a major role in control-
ling access and release of iron from storage
proteins (Bosch et al. 2001). Fur contains a
DNA-binding domain, metal-binding sites,
and a C-terminal dimer interface domain
that allows the protein to form a dimer when
bound to ferrous iron (Fe2+), the latter acting
as a co-repressor. When iron is abundant,
Fur normally represses expression of multiple
genes by binding to palindromic sequences
(Fur boxes) in the promoter region. Studies in
other bacteria have shown that iron-bound Fur
activates expression of certain genes by binding
near the promotor region and recruiting RNA
polymerase or by physically blocking the bind-
ing of other repressors to the promoter region.
In P. multocida, genes regulated by Fur include
those that encode iron acquisition proteins
as well as a range of OMPs including OmpH,
which is a major P. multocida immunogen
(Bosch et al. 2001). In environments where
free iron is limited, including niches within
the host, Fur is released from each promoter
region and gene expression is initiated. DNA
microarray analysis of P. multocida grown in
vitro under iron-limited conditions showed
that there was reduced expression of energy
metabolism genes and increased expres-
sion of genes involved in iron-receptor and
iron-specific ABC-transport systems and the
associated TonB energy transduction system.
Also increased was the expression of stress
response genes and cell membrane biosynthe-
sis genes (Paustian et al. 2001). Fur is therefore
directly or indirectly responsible for many reg-
ulatory changes in response to iron limitation
in P. multocida.

Factor for Inversion Stimulation

Fis is a nucleoid-associated protein that influ-
ences the topology of genomic DNA and can
regulate the transcription of a wide range of
target genes. Fis binds to regions containing
A6-tracts and AT-rich sequences and alters
the secondary structure of the DNA. Depend-
ing on the binding region, Fis can inhibit
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RNA polymerase binding and transcription
initiation, or it can directly interact with
RNA polymerase to stimulate transcription.
Fis can also act remotely to bend and open
downstream promoter regions to allow tran-
scription. Fis regulates its own expression
as well as that of many other genes during
exponential growth and is negatively regu-
lated by the stringent response (Duprey et al.
2014).

A comparative transcriptomic study iden-
tified a range of genes directly or indirectly
regulated by Fis including those involved in
HA capsule production, iron acquisition, and
genes encoding other virulence-associated fac-
tors including the filamentous haemagglutinin
PfhB2 and its secretion partner, an LPS-specific
phosphoethanolamine transferase, and the
cross-protective lipoprotein PlpE (Steen et al.
2010). Additional experiments confirmed that
the fis mutant produced no capsule and could
not cause disease in chickens, demonstrating
the importance of this global regulator (Steen
et al. 2010; our unpublished data).

Riboregulation

Hfq is an RNA-binding chaperone that many
bacteria use to rapidly fine tune protein pro-
duction in response to changing environmental
conditions. Hfq facilitates interaction between
regulatory small RNA (sRNA) molecules
and their messenger RNA (mRNA) targets
by binding (usually via imperfect base pair-
ing) to adenylate-uridylate-rich sequences
within each RNA molecule. Most commonly,
Hfq-associated sRNAs decrease protein pro-
duction by blocking access of the ribosome to
the ribosome-binding site of target mRNAs, by
recruiting RNAse E to degrade the mRNAs,
or by recruiting polyA polymerase to add a
polyA tail onto target mRNAs, thus making
them vulnerable to ribonuclease degradation.
Conversely, Hfq-facilitated sRNA-mRNA bind-
ing can increase production of the encoded
protein by alleviating natural secondary
structures blocking ribosome access to the

ribosome-binding site or by blocking ribonu-
clease access to mRNA polyA tails. In some
instances, Hfq can directly bind mRNAs and
affect their translation (Santiago-Frangos and
Woodson 2018).

In P. multocida, Hfq has been shown to be
important for HA capsule production and hfq
mutants show reduced fitness in mice (Megroz
et al. 2016). Transcriptomic and proteomic
analysis of a hfq mutant grown in vitro iden-
tified 38 genes with increased production in
the hfq mutant and 12 genes with decreased
production compared with expression in the
wild-type parent. Genes directly or indirectly
negatively regulated by Hfq and associated
sRNAs include those encoding LPS-specific
phosphocholine and phosphoethanolamine
transferases and OMPs including PlpE. In
contrast, Hfq-associated riboregulation acts
to positively regulate capsule biosynthesis
proteins and the filamentous haemagglutinin
PfhB_2 and its secretion partner. Further work
using a range of techniques and growth con-
ditions showed that over 50 putative sRNAs
are encoded on the P. multocida genome
(serogroup A strain VP161; Megroz 2020) but
only a few share identity with sRNAs in other
Gram-negative bacteria, including HrrF and
GcvB. GcvB is expressed by P. multocida dur-
ing early and mid-exponential phase growth
and negatively regulates the expression of
several amino acid biosynthesis and transport
genes (Gulliver et al. 2018). GcvB is involved
the tight regulation of bacterial intracellu-
lar glycine levels, an important amino acid
required for a range of biosynthetic pathways
during exponential growth including peptido-
glycan biosynthesis. The mRNA targets of the
P. multocida GcvB were found to be similar to
those in E. coli and Salmonella enterica serovar
Typhimurium.

The Stringent Response

The stringent response is a stress response
activated by nutrient starvation and is used
by many pathogenic bacterial species when
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establishing a persistent/chronic infection and
may play an important role in maintaining
P. multocida during chronic forms of FC, AR,
and HS disease. The stringent response is
mediated by levels of guanosine tetraphos-
phate and guanosine pentaphosphate. These
alarmones are synthesized by RelA, SpoT, and
small alarmone synthetase (SAS) proteins and
can be hydrolyzed (degraded) by SpoT (Irving
et al. 2021). RelA, SpoT, and SAS proteins
respond to starvation by increasing alarmone
concentration. Guanosine alarmones bind to
and inhibit proteins involved in DNA repli-
cation and translation, effectively halting cell
growth until conditions are more favorable
(Irving et al. 2021). Alarmones also bind to
RNA polymerase to change its affinity for
target promoters. These actions result in
genome-wide regulatory changes that affect
DNA replication, transcription and translation,
and amino acid biosynthesis. A recent TraDIS
investigation of P. multocida strain VP161 has
identified that inactivation of the regulatory
domains in relA and spoT results in reduced
HA capsule production indicating that SR
plays a major regulatory role in P. multocida
(Smallman et al. 2022).

Pathogenesis

P. multocida can enter the host via inhalation,
ingestion, or skin breaches. AR in pigs is a
chronic infection and following colonization,
disease progression is driven primarily by
PMT. However, with most other P. multocida
diseases, the type of strain and the route of
infection will dictate which virulence factors
are crucial for pathogenesis. P. multocida
entering via a wound may initially require a
different set of virulence factors compared to
infections initiated via inhalation or inges-
tion. During colonization of the URT or LRT
epithelia, the amount of capsule may need to
be reduced to allow for the action of adhesion
proteins. Virulence factors expressed at dif-
ferent host sites likely depend on numerous

factors including the specific immune response
that occurs, nutrient availability, and the rate
of bacterial growth. P. multocida growth in
the blood is predicted to require capsule for
protection against complement factors and
engulfment by phagocytes, the presence of
phosphoethanolamine and phosphocholine
at critical positions on the LPS to protect
against host antimicrobial peptides, and pro-
duction of a range of metabolic and transport
proteins to address low free iron and amino
acid availability. Capsule and LPS are critical
structures and molecular mimicry likely plays
an important role in the disease as most cap-
sule polysaccharides and LPS structures are
similar to the structure of molecules found in
the host (Harper and Boyce 2017). However,
self-limiting infections may not require these
host-like structures. Indeed, many animal
isolates do not have a complete LPS structure
(Harper and Boyce 2017) and poorly capsu-
lated strains may be able to survive in certain
niches and cause self-limiting disease.

Severity of disease depends on the attributes
of the infecting strain and the host response.
Following URT colonization, most damage
caused by AR strains occurs in the nasal
turbinates and is mediated by PMT. The wide
array of pathological changes caused by PMT
is well understood (Wilson and Ho 2012;
Kubatzky 2012) and is briefly summarized
above. In FC disease, P. multocida is predicted
to first colonize the URT before disseminating
to the LRT and into the bloodstream. The
lesions caused by the colonization process in
the URT and LRT likely facilitate P. multo-
cida entry into the bloodstream. Some cases
of acute FC disease occur without respiratory
tract involvement and the bacterium likely
enters via skin wounds (Wilkie et al. 2012). In
acute FC, P. multocida and associated host cell
damage can routinely be identified in the liver
and spleen (Wilkie et al. 2012). Systemic infec-
tion stimulates a strong host immune response
that results in widespread hemorrhage and
necrosis. Heterophils play a critical role in the
host response and are sometimes able to clear
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the infection, but much of the host damage
is driven by these immune cells. Experiments
involving chickens chemically depleted of
heterophils showed they had reduced clinical
signs of FC compared with untreated chickens
infected with the same strain (Mbuthia et al.
2011).

HS disease also begins with colonization
of the URT, specifically the tonsils, before
P. multocida disseminates throughout the
host via the lymphatic and circulatory system,
colonizing distal lymph nodes, organs, and
the vessels within subcutaneous tissue (Wilkie
et al. 2012). Early experiments indicated that
P. multocida HS strains can be directly traf-
ficked from the mucosa into the spleen and
other tissues via macrophages (Matsumoto
et al. 1991). The overwhelming systemic infec-
tion results in widespread tissue necrosis and
hemorrhaging in the mucosal layer of the res-
piratory, urinary, and gastrointestinal tract, as
well as subcutaneous edemas (De Alwis 1992;
Annas et al. 2014). P. multocida HS strains
can invade and survive within embryonic
bovine lung and bovine aortic endothelial cells
(Galdiero et al. 2001; Othman et al. 2012) and
this trait likely contributes to pathogenesis
by allowing P. multocida to evade much of
the host immune response. Endotoxic shock
occurs due to an uncontrolled inflammatory
cascade, triggered by extreme levels of P. mul-
tocida lipid A. In animals that have recovered
from HS, P. multocida can persist in the URT,
gastrointestinal tract and ureter (Annas et al.
2014).

During LRT infections in ungulates, lesions
and inflammation occur, and damage appears
to be largely due to the host response to
infection (Wilkie et al. 2012). It is predicted
that P. multocida initially colonizes the URT,
sometimes causing rhinitis, before dissem-
inating to the LRT. The presence of the
bacterium in the LRT leads to an increase
in neutrophils at the site of infection, but due
to the capsulated nature of P. multocida the
function of the pulmonary macrophages is
disrupted, and the host is unable to clear

the bacteria from the lungs. Necrosis and
hemorrhaging in the lungs follow, with fibrin
deposits occurring around lung lobes (Wilkie
et al. 2012).

Immunity

As Pasteurella species and strains can cause
many different diseases in different hosts,
the course of the infection is highly variable.
Thus, the host response to infection will also
vary accordingly. The most well understood
immune responses are those associated with
AR and FC disease.

The immediate host response to an invading
Gram-negative extracellular pathogen usually
involves the action of phagocytic cells, the
upregulation of inflammatory cytokines and
the production of antimicrobial peptides, and
stimulation of the alternative complement
pathway (Kubatzky 2012). Recent transcrip-
tomic studies using P. multocida infected
lung tissue from chickens and mice have
shown that a range of macrophage and
inflammatory cytokine genes are increased
in the response to infection (Wu et al. 2017;
Li et al. 2020). However, P. multocida has
strategies to defend against these host fac-
tors. Firstly, most strains produce a capsule
that prevents the engulfment of the cell by
phagocytic cells and also allows it to resist
the action of complement (Boyce and Adler
2000; Chung et al. 2001). Secondly, to pre-
vent cationic antimicrobial peptides binding
and causing membrane disruption, the neg-
ative charge of the lipid A component is
neutralized by the addition of positively
charged moieties. In FC strains with an
L1 LPS structure, this is done by the addi-
tion of phosphoethanolamine directly onto
the target molecule lipid A and onto the
3-deoxy-d-manno-octulosonic acid (Kdo)
molecule adjacent to lipid A (Harper et al.
2017). Phosphocholine molecules added to
the terminal galactose sugars on the L1 LPS
molecule are also critically important to resist
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the action of cationic antimicrobials (Harper
and Boyce 2017).

PMT produced by AR strains is well known
for its toxic effect on bone remodeling cells
within the turbinates and it can also interfere
with the T cell mediated immune response
to the bacterium. In vitro experiments using
recombinant PMT showed that the toxin can
indirectly suppress T cell activation by altering
how monocytes respond to P. multocida. It
can also directly interact with CD4-positive
T helper cells and alter the balance of sub-
classes produced in response to toxin exposure
(Hildebrand et al. 2015).

There is strong evidence that protection
against FC and HS disease is antibody medi-
ated (Wijewardana et al. 1990; Ramdani and
Adler 1991). However, with the exception of
disease caused by PMT, the role of cellular
immunity in P. multocida disease is not well
understood. One study showed that adoptive
transfer of splenocytes from vaccinated birds to
naïve birds protected them against FC disease,
indicating that cellular immunity was involved
in the response to P. multocida infection (Baba
1984).

P. multocida type A and B capsule mutants
have been shown to offer good protection when
given as live-attenuated vaccines. Although
high inoculums were required to overcome
the increased phagocytosis of the P. multo-
cida capsule mutant, 90% of mice given the live
serotype B capsule mutant were protected from
a lethal wild-type challenge (Boyce and Adler
2001). Similarly, mice and chickens vaccinated
with the live serogroup A capsule mutant were
100% protected against P. multocida serogroup
A infection (Chung et al. 2005). Thus, although
requiring large inoculums, protective immu-
nity can be elicited by live-attenuated strains
lacking capsule supporting the notion that
protection against disease is driven primarily
by an immune response to LPS and surface
proteins.

Studies in chickens have shown that anti-
bodies raised against killed P. multocida are
specific for the LPS structure on the cells

used to prepare the vaccine. These bacterin
vaccines protect against disease caused by
strains with the same LPS structure but offer
little or no protection against disease caused
by strains producing a different LPS structure
(Harper and Boyce 2017). In contrast, vacci-
nation with live-attenuated P. multocida can
provide both homologous protective immunity
and heterologous protection, i.e. immunity
against strains expressing different LPS struc-
tures. These findings indicate that vaccination
with live-attenuated cells elicits a protective
immune response to other (likely protein)
components of the P. multocida cell (Harper
and Boyce 2017).

By their very nature, proteins presented
on the bacterial outer membrane are highly
exposed to the immune system and are there-
fore considered good vaccine candidates. PlpE
is a surface lipoprotein of unknown function.
Vaccination with PlpE purified from P. mul-
tocida, or recombinant PlpE purified from
E. coli, provides protection against disease in
mice and chickens (Wu et al. 2007). The plpE
gene or its homolog, plpP, are present in all
genomes representing serogroups A, F, and D
(Smith et al. 2021), although in some strains
it is a pseudogene. Moreover, plpE is consis-
tently absent from genomes representing HS
isolates encoding a type B capsule locus (our
unpublished data). Therefore, although PlpE
is considered a protective antigen, the anti-
bodies raised against this protein are unlikely
to protect against all forms of P. multocida
disease.

The host response to the OmpH1 protein
is also predicted to be protective. Early exper-
iments showed that OmpH1 monoclonal
antibodies could protect mice against disease
(Vasfi Marandi and Mittal 1997) and chickens
vaccinated with OmpH purified from P. mul-
tocida were protected from disease, but the
recombinant version of OmpH1 was unable to
elicit a protective immune response (Luo et al.
1997). OmpH1, is a major outer membrane
porin belonging to a family of proteins that
facilitate the transport of small hydrophilic
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molecules (Clusters of Orthologous Group
COG3203). Expression of OmpH1 is regulated
by Fur and repressed by the stringent response
(Bosch et al. 2001). Two ompH orthologs
(ompH1 and ompH2) are encoded in tandem
in over 90% of P. multocida genomes but in
approximately 15% of these genomes ompH2
is non-functional (our unpublished data).

A large-scale reverse vaccinology project
assessed the ability of 71 P. multocida proteins
to individually protect against FC in chick-
ens (Hatfaludi et al. 2012). All were E. coli
recombinant proteins purified in a soluble
or an insoluble form. Included in the study
were recombinant versions of PlpE, OmpH1,
and OmpH2. However, of the 71 recombinant
proteins tested, only PlpE was able to elicit
protection against FC disease in chickens
(Hatfaludi et al. 2012).

Control

Maintaining the overall health of produc-
tion animals via good animal husbandry is
essential to prevent P. multocida infection and
subsequent transmission. Where possible, this
should be combined with a high-quality vacci-
nation program and a high level of biosecurity.
Numerous P. multocida killed whole-cell (bac-
terin) and live-attenuated vaccines of variable
efficacy are available for protection against
certain diseases. Live-attenuated P. multo-
cida vaccines elicit better cross-protective
immunity than killed whole-cell formula-
tions (Harper and Boyce 2017). This may be
partly because they are viable for some time
in vivo, which allows time for the bacterial
cells to respond to the host environment and
express the natural repertoire of surface anti-
gens. In turn, this may induce an increased
immune response to surface antigens other
than LPS (e.g. OmpH and PlpE). Recent
studies comparing the immune response to
live-attenuated and heat-killed E. coli indicates
that the host can determine bacterial viability
via recognition of bacterial RNA and alter the

immune response accordingly (Ugolini et al.
2018).

For prevention of AR, available vaccines
include bacterins containing killed toxigenic
strains, toxoids (inactivated toxin), and com-
bination vaccines. For prevention of FC, both
bacterins and live vaccines are available, but
these display variable efficacy. Some producers
use a vaccination strategy that involves a bac-
terin first dose followed by a live-attenuated
vaccine second dose, though there is no pub-
lished experimental data to indicate if this
vaccine strategy is more effective than the
use of a single vaccine type. For respiratory
disease involving P. multocida in cattle and
other ungulates, combination bacterin vac-
cines are available that include P. multocida,
M. haemolytica, and in some cases H. somni.
Protection against HS during outbreaks can
be provided by vaccination with autologous
bacterins (killed cells of causative serogroup
B and E strains with adjuvant) but many such
vaccines elicit only short-term protection. An
experimental live-attenuated vaccine for HS
was developed (Dagleish et al. 2007) but it is
not clear if any live attenuated HS vaccines
are in routine commercial use.

Treatment of disease caused by P. multocida
depends on the animal species, the number
of infected animals, and the housing density.
FC outbreaks may require depopulation and
full disinfection of the facilities if eradication
is to be achieved. If antibiotic treatment of the
flock is preferred, antibiotic sensitivity of the
causative strain should first be determined.
However, the emergence of chronic disease
and/or carriers following treatment is com-
mon. AR disease in pigs can persist within
enclosed herds and improvements in housing
and long-term antimicrobial strategies are
often implemented to keep levels of disease
low. For treatment of P. multocida URT or LRT
disease in ungulates, appropriate antibiotic
treatment should commence at the first signs
of disease. Owing to the rapid nature of bovine
HS, antibiotic treatment often occurs too late
to save the animal.
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Gaps in Knowledge
and Anticipated Directions

We now have detailed molecular under-
standing of many P. multocida virulence
factors and insights into how they cause
host damage and allow the bacteria to evade
immune clearance. However, a complete
understanding of the disease process from
initial colonization to fulminant disease is

still lacking for species within the genus
Pasteurella. The application of comparative
genomics and whole-genome mutagenesis
methods to the in vivo disease process, includ-
ing detailed analysis of the host response, will,
we hope, allow us to fully understand the
disease dynamics and identify host-specific
virulence factors. This in turn should allow
development of more effective vaccination
strategies.
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Mannheimia and Bibersteinia
Jeff L. Caswell and Charles J. Czuprynski

Introduction

The genera Mannheimia and Bibersteinia
contain mucosal commensals and pathogens
for domestic and wild ruminants and other
species. The genus Mannheimia contains
seven validly published species (Kuhnert et al.
2021), with Mannheimia haemolytica being
of the greatest importance. The genus Biber-
steinia contains a single species, Bibersteinia
trehalosi, which previously was designated
biotype T (trehalose fermentation) of Pas-
teurella haemolytica. M. haemolytica and B.
trehalosi are important members of the respi-
ratory disease complex of cattle and domestic
sheep, often in combination with other viral
and bacterial respiratory pathogens.

Characteristics of the Organism

The genus Mannheimia consists of Gram-
negative non-motile bacilli that are somewhat
variable in morphology (rods and coccobacilli)
and gram-staining characteristics (i.e. bipo-
lar staining). M. haemolytica produces small
grayish colonies on blood agar that are weakly
hemolytic (sometimes more easily recognized
after the colony is removed). Historically, these
organisms were included in the genus Pas-
teurella (e.g. Pasteurella haemolytica), together

with Pasteurella multocida. The development
of molecular tools revealed that these two
species were quite distinct and led to estab-
lishment of the genus Mannheimia (Angen
et al. 1999). Traditionally, M. haemolytica
isolates were divided into 16 serotypes using
typing sera for surface polysaccharide anti-
gens. More recently a multiplex polymerase
chain reaction assay has been developed that
makes serotyping of the most common bovine
serotypes 1, 2, and 6 more widely available
and not dependent on typing sera (Klima et al.
2017). Sequence analysis can be used to divide
M. haemolytica isolates into genotypes 1 and
2 (Clawson et al. 2016). Matrix-assisted laser
desorption ionization–time of flight mass spec-
trometry can be used to designate genotype
at the time colonies are identified (Loy and
Clawson 2017).

Serotype and genotype are related to
pathogenesis. Serotype 1 is most frequently
associated with pneumonia, and most serotype
1 isolates are genotype 2. Serotype 2 is
thought to be mainly an upper respiratory
tract commensal infrequently associated with
pneumonia, and most serotype 2 isolates
are genotype 1. These relationships raise
the possibility that if a genotype 1 (serotype 2)
M. haemolytica is isolated from a case of bovine
pneumonia, there might be another pathogen
involved.
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Pathogenic Species

The genus Mannheimia contains seven
validated species (M. haemolytica, Mannheimia
granulomatis, Mannheimia glucosida, Mannhe-
imia ruminalis, Mannheimia varigena, Mann-
heimia caviae, and Mannheimia pernigra) of
which M. haemolytica has by far the greatest
impact. Formerly M. haemolytica was named
P. haemolytica which contained 2 biotypes
based on fermentation of arabinose or tre-
halose (A and T, respectively) and 16 serotypes
based on surface polysaccharide antigens.
What was previously known as P. haemolytica
biotype T and its associated serotypes (3, 4,
and 10) was moved to a new genus and species
Bibersteinia trehalosi (Blackall et al. 2007).
Separately, serotype 11 M. haemolytica was
moved to a new species, M. glucosida, a signif-
icant cause of ovine mastitis (Omaleki et al.
2012). This chapter focuses on M. haemolytica
and, to a lesser extent, B. trehalosi.

Source of Infection: Ecology,
Evolution, and Epidemiology

M. haemolytica is generally considered to be a
commensal of the nasal cavity and nasophar-
ynx of ruminants such as cattle and sheep,
and an opportunistic pathogen with the
potential to cause pneumonia as part of the
bovine respiratory disease (BRD) complex
(Figure 11.1). These bacteria are not thought
to cause disease on their own in immuno-
competent hosts. Recent assessments of the
microbiota of healthy and diseased calves
have provided new insights into the com-
mensal status of M. haemolytica. 16S rRNA
gene microarray analysis of a relatively small
number of feedlot cattle revealed differences
in the nasopharyngeal microbiota between
feedlot cattle that remained healthy and those
that developed BRD (Holman et al. 2015).
Some of the former and all of the latter were
positive for Mannheimia. Analysis of deep
nasal swabs and transtracheal aspirate samples

from feedlot cattle in western Canada revealed
lower bacterial diversity in the nasopharynx
and trachea of steers with BRD than healthy
animals (Timsit et al. 2018). The former also
were more likely to have a nasopharyngeal
microbiota that included Mannheimia. This
study revealed that a microbiota contain-
ing Gram-positive lactic acid bacteria was
associated with healthy animals and was
inhibitory to M. haemolytica in vitro (Amat
et al. 2019). Nasal administration of these
probiotic bacteria to Holstein bull calves pro-
tected them against nasal colonization with
M. haemolytica. Results vary somewhat among
microbiota studies. One analysis of nasopha-
ryngeal and bronchoalveolar lavage samples
from feedlot cattle reveal the more frequent
presence of Bibersteinia than Mannheimia
(Zeineldin et al. 2017).

Under certain conditions (stress, viral
infection) M. haemolytica descends into the
lower respiratory tract, where it can cause a
severe fibrinous pneumonia (Caswell 2014).
Illness occurs following exposure to predis-
posing causes and recognizing and controlling
these risk factors are a basis for disease preven-
tion. In beef cattle, shipping fever pneumonia
typically occurs after calves are weaned, trans-
ported, castrated, dehorned, comingled with
cattle from other sources (such as in auction
barns), transiently deprived of feed and water,
castrated, handled, or experience other risk
factors including change in weather, abrupt
change to high-energy diet, or infection with
viruses such as bovine respiratory syncy-
tial virus (BRSV/bovine orthopneumovirus),
bovine alphaherpesvirus 1 (BHV-1/infectious
bovine rhinotracheitis virus), bovine parain-
fluenza virus 3 (BPIV/bovine respirovirus 3),
bovine coronavirus, or bovine viral diarrhea
virus (BVDV).

In addition to weaned beef calves, M. haemo-
lytica and B. trehalosi are important causes of
illness and death in preweaned and weaned
dairy and veal calves, lambs, and goat kids.
Some predisposing causes are comparable to
those above – comingling with animals from
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Figure 11.1 Mannheimia haemolytica virulence factors and the pathogenesis of bovine respiratory disease
(BRD). (a) Virulence factors include the polysaccharide capsule, leukotoxin (Lkt), lipopolysaccharide (LPS),
adhesins, and O-sialoglycoprotease. Furthermore, the ability of M. haemolytica to interact with the
microbiome of the upper respiratory tract, form a biofilm, and invade bronchial epithelial cells may
contribute to pathogenesis. (b) Ruminants are typically infected by direct contact with infected animals.
(c) Serotype 2 (and genotype 1) bacteria colonize the upper respiratory tract but do not typically cause
disease. (d) Serotype 1 (and genotype 2) bacteria also colonize the upper respiratory tract of healthy
animals but have greater potential to cause disease. (e) BRD risk factors and predisposing causes lead to
bacterial proliferation in the nasal cavity, impairment of respiratory defenses, and inflammation in the
respiratory tract. (f) Thus, these predisposing factors as well as the bacterial virulence attributes allow
M. haemolytica to colonize the lower respiratory tract. (g) There, the LPS, leukotoxin, and other bacterial
components incite an inflammatory response, resulting in edema and fibrin exudation, leukocyte infiltration,
and development of sepsis. Ig, immunoglobulin; NET, neutrophil extracellular trap; NO, nitric oxide; ROS,
reactive oxygen species; RTX, repeats in the structural toxin.

other sources, and infection with respiratory
viruses or BVDV – but additional important
risk factors include failure to receive adequate
colostrum, reduced air quality in barns with
suboptimal ventilation or high stocking den-
sity, shared housing with older animals, prior
illness, inadequate plane of nutrition, and (for
lambs) Mycoplasma ovipneumoniae infection.
Finally, M. haemolytica causes pneumonia
in dairy cows as outbreaks or sporadic cases
(Biesheuvel et al. 2021), where the presumed
risk factors include new animals entering

the herd, recent calving, concurrent disease,
and the factors mentioned above. Although
M. haemolytica and B. trehalosi spread from
animal to animal within a group, the disease is
not considered contagious. Rather, outbreaks
of pneumonia reflect a group of animals that
experienced the same risk factors.

The severity of disease varies considerably
and does not always correlate with bacterial
burden (Bassel et al. 2020). Serotypes 1 and
6 are more frequently isolated from cattle
with respiratory disease, whereas serotype 2
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and others are more commonly isolated from
healthy cattle. In contrast, serotype 2 is more
commonly associated with respiratory disease
in sheep. Bovine non-clinical nasopharyn-
geal isolates are more commonly genotype 1,
whereas lung isolates associated with respira-
tory disease are more commonly genotype 2
(Clawson et al. 2016). The latter are also more
likely to contain antibiotic resistance elements.

Mastitis in sheep due to M. haemolytica is
thought to arise largely from bite wounds and
transfer of the oral microbiota from suckling
lambs to ewes (Fragkou et al. 2011).

M. haemolytica can also play a part in
the devastating polymicrobial pneumo-
nia that occurs in bighorn sheep infected
with M. ovipneumoniae (Besser et al. 2013).
Bighorn sheep are not naturally colonized with
M. haemolytica serotype 1, which is found in
but is generally not pathogenic for domestic
sheep (Subramaniam et al. 2014; Glendinning
et al., 2017). Transmission from both domestic
sheep and cattle to bighorn sheep has been
reported (Foreyt and Jessup 1982; Wolfe et al.
2010). Bighorn sheep neutrophils are excep-
tionally responsive to the inflammatory effects
of leukotoxins (LKT) (Silflow and Foreyt
1994), consistent with the severe pneumonia
that occurs in bighorn sheep.

Types of Disease and Pathologic
Changes

Acute pneumonia is the best recognized man-
ifestation of Mannheimia or Bibersteinia
infection. Affected animals typically are
depressed, which manifests as reduced feed
intake, reluctance to move, and ear droop.
This is often accompanied by increased respi-
ratory rate and effort, cough, nasal discharge,
increased body temperature, and increased
lung sounds on auscultation. Demonstrating
elevated serum haptoglobin or plasma fib-
rinogen levels supports the clinical diagnosis.
Although the diagnosis is generally based on
clinical signs, it is well-recognized that clinical

signs are neither sensitive nor specific for
diagnosis of pneumonia: about two thirds of
animals with lung lesions at slaughter were
never diagnosed and treated during life. Inno-
vations in clinical diagnosis of pneumonia
include the use of thoracic ultrasound to detect
lung consolidation or pleuritis, and cytologic
analysis of bronchoalveolar lavage fluid to
detect increased proportions of neutrophils.
Once a clinical diagnosis of pneumonia is
established, samples of nasal swabs, transtra-
cheal wash, or bronchoalveolar lavage fluid
from multiple animals prior to antibiotic ther-
apy can be used for culture, to identify the
specific pathogen and determine antimicrobial
resistance patterns.

The postmortem lesions of M. haemolytica
and B. trehalosi are indistinguishable. The
typical lesion is bronchopneumonia resulting
in consolidation of the cranioventral areas of
the lung (Figure 11.2a). Fulminant lesions
affect an entire lobe (often the right middle
lobe), and are very firm, purple-black, covered
by fibrin, and cut crisply (Figure 11.2b). Micro-
scopically, alveoli and bronchioles are filled
with fibrin, neutrophils, and macrophages,
and often large numbers of bacteria. The neu-
trophils and macrophages often appear as “oat
cells” (Figure 11.2c), a morphologically unique
form of cell death with formation of stream-
ing basophilic chromatin (Ackermann et al.
1994). Well-demarcated irregularly shaped
foci of coagulation necrosis are often present,
surrounded by thick bands of dead leukocytes
with streaming chromatin, and fibrin thrombi
are occasionally present in these necrotic
foci or in adjacent viable lung tissue. Lesions
with more gradual onset are symmetrically
distributed, red-tan or red-purple, firmer than
normal, and have a clear demarcation between
consolidated lobules and adjacent normal lob-
ules. Histologically, neutrophils, macrophages
and edema fill the alveoli and bronchioles.

Although most animals respond well to
early antimicrobial therapy, others develop
chronic pneumonia that manifests as poor
response to therapy or relapses after antibiotics
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(a)

(b)

(c)

Figure 11.2 Mannheimia
haemolytica pneumonia. (a) Gross
lesions in a colostrum-deprived
calf challenged by aerosol with
M. haemolytica serotype 1,
genotype 2. The cranioventral
portion of the lung is red-purple
and firmer than normal, and
fibrin covers the pleural surface
of the lung and pericardial sac.
(b) The focal lesion within the
lung has coagulation necrosis in
the center, surrounded by a
basophilic rim of dead
leukocytes. The adjacent lung is
partially aerated, extending to
the pleura at the right. Lung
tissue at left is effaced by fibrous
tissue reflecting chronicity.
(c) An area of necrosis is at the
left, and inflamed viable tissue is
at right. The center contains
many dead leukocytes with
condensed streaming chromatin,
typical of “oat cells”.

are discontinued. These animals may or may
not be febrile, and often have chronic cough,
reluctance to move, and increased respira-
tory rate and effort. Although Mannheimia
or Bibersteinia can sometimes be isolated
from the lung in the chronic stages, these
lesions usually involve multiple bacterial

pathogens. The lesions in chronic cases
include bronchopneumonia with abscesses,
sequestrum formation, bronchiectasis, or
development of Mycoplasma bovis pneumonia.

Septicemia is the second major disease man-
ifestation of M. haemolytica and B. trehalosi
infections. B. trehalosi is a well-recognized
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cause of septicemia in weaned lambs. This
usually occurs as a sporadic disease in which
one or a few lambs are found dead, and
the postmortem lesions include widespread
petechial hemorrhages and pulmonary edema.
Ulcers of the upper alimentary tract are often
present and thought to be a portal by which the
bacteria enter the blood. Histologically, blood
vessels in lung and other tissues are stuffed
with innumerable bacteria. M. haemolytica
can also cause septicemia in veal calves,
with lesions of fibrinous pleuritis, pericardi-
tis and peritonitis (Biesheuvel et al. 2021).
Finally, in neonatal lambs or calves with acute
bronchopneumonia caused by M. haemolytica
or B. trehalosi, the bacteria can invade from
the lung into the systemic circulation to cause
fatal septicemia (Brown et al. 2021).

M. haemolytica can cause otitis media in
dairy and beef calves, although M. bovis is a
more well-recognized cause. M. haemolytica
causes acute gangrenous mastitis in sheep.
Mannheimia granulomatis causes granuloma-
tous lesions in subcutaneous tissues of cattle
and deer and is occasionally identified in lungs
with pneumonia.

Virulence Factors
and Pathogenomics

M. haemolytica produces several products that
allow it to act as an opportunistic pathogen.
These include capsular polysaccharide (Adlam
et al. 1984; Morck et al. 1989), fimbriae and
outer membrane proteins that can aid attach-
ment to host cells (Morck et al. 1987; De la
Mora et al. 2006; Morton et al. 1996; Nardini
et al. 1998; Mahasreshti et al. 1997; Clarke
et al. 2001; Kisiela and Czuprynski 2009),
lipopolysaccharide (Ali et al. 1992), various
proteases and other enzymes (Lee et al. 1994;
Rico et al., 2017; Ayalew et al. 2019), and a
potent exotoxin, LKT (Shewen and Wilkie,
1982). LKT is regarded as the most impor-
tant virulence molecule, as mutants that
lack it are diminished in their virulence in

experimental infections (Highlander et al.
2000), and natural infections are usually
associated with LKT-positive strains of
M. haemolytica (Klima et al. 2014). Expression
of lkt increased during the early stages of exper-
imental infection in calves (Sathiamoorthy
et al. 2011).

LKT is a 104 kDa toxin produced during
logarithmic growth (Shewen and Wilkie 1985)
that is part of the repeats in the structural toxin
(RTX) family of exotoxins produced by a wide
array of Gram-negative bacteria (Lo 1990). Its
cytotoxic activity for ruminant leukocytes, but
not those of other species, was first demon-
strated in the 1980s (Shewen and Wilkie, 1982).
Over time, it became clear that the biological
effects of the LKT are time and concentration
dependent (Figure 11.3). Like other RTX tox-
ins, LKT can trigger release of inflammatory
mediators and cause cell death by necrosis and
caspase-dependent mechanisms that resemble
apoptosis (Ristow and Welch 2019). Neutral-
izing antibodies can block the effects of LKT
in vitro, and provide partial protection in vivo
(Shewen and Wilkie 1988; Confer et al. 1998).

Seminal work by several laboratories demon-
strated that LKT binds to CD18 on ruminant
leukocytes (Li et al., 1999; Jeyaseelan et al.
2000; Deshpande et al. 2002; Figure 11.3). The
species-restricted binding reflects the presence
of a signal peptide sequence on ruminant
CD18 that is cleaved from CD18 on leuko-
cytes from other species (Shanthalingam and
Srikumaran, 2009). LKT can exert its effects
both at the surface membrane of leukocytes
and following internalization and transport to
the outer membrane of mitochondria, where
it disrupts mitochondrial function (Atapattu
et al. 2008). It has been suggested that bovine
CD18 alleles might differ in LKT binding and,
by so doing, influence disease severity in cattle
(Workman et al. 2018). The LKT operon is
related in M. haemolytica, M. glucosida, and
B. trehalosi, suggesting a common ancestry
(Davies et al. 2002). The B. trehalosi LKT
exhibits epitope differences that render it resis-
tant to a potent neutralizing antibody against
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Figure 11.3 Role of leukotoxin (LKT) and lipopolysaccharide (LPS) in virulence. Mannheimia haemolytica
adheres to respiratory epithelial cells. LPS released from the outer membrane binds to CD14/Toll-like
receptor 4 on macrophages and neutrophils. This activates these cells, resulting in procoagulant activity
with cleavage of fibrinogen to fibrin, and greater expression of CD18, the cellular receptor for LKT. Thus,
inflammation sensitizes leukocytes to the effects of leukotoxin. Lower concentrations of leukotoxin lead to
leukocyte activation and degranulation, and greater concentrations lead to death by necrosis, NETosis or
apoptosis. IL, interleukin; NET, neutrophil extracellular trap; TNF, tumor necrosis factor. Created with http://
BioRender.com.

M. haemolytica LKT (Murugananthan et al.
2018).

There are structural differences in the
lipopolysaccharide produced by the vari-
ous M. haemolytica serotypes (Davies and
Donachie 1996), although they have sim-
ilar biological activities to LPS from other
Gram-negative bacteria. These include stimu-
lating release of cytokines and other mediators
from leukocytes and altering epithelial cells
that come into contact with M. haemolytica
cells or its LPS (Cai et al. 2020). In fulminant
infections, LPS likely drives the production of
various mediators that exacerbate inflamma-
tion and lead to the characteristic fibrinous
pleuropneumonia (Whiteley et al. 1992).

M. haemolytica produces several other
molecules that play a role in pathogenesis
or elicit an immune response during infec-
tion. These include an O-sialoglyprotease,
which cleaves O-linked but not N-linked or
non-glycosylated proteins (Abdullah et al.

1992; Watt et al. 1997). Although its specific
role in pathogenesis is unclear, it can cleave
bovine immunoglobulin G1 (Lee and Shewen
1996), alter surface proteins on platelets
and lymphocytes (Sutherland et al. 1996;
Nyarko et al. 1998), and elicit an antibody
response after immunization or infection with
M. haemolytica (Lee et al. 1994).

Iron acquisition is a key step in bacterial
virulence. M. haemolytica can obtain iron
from bovine transferrin via transferrin-binding
proteins A and B (Ogunnariwo and Schryvers
1990). Immunization against transferrin-
binding proteins A and B conferred partial
protection against experimental infection with
M. haemolytica (Potter et al. 1999).

Regulation of Virulence

We have a limited understanding of viru-
lence regulation in M. haemolytica and related

http://biorender.com/
http://biorender.com/
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species. Iron in the growth medium affects pro-
duction of leukotoxin and capsule (Gatewood
et al. 1994; Avalos-Gómez et al. 2020). Phage
and prophage are common in the M. haemolyt-
ica genome and differ somewhat from phage
in B. trehalosi or other Mannheimia species
(Highlander et al. 2006; Klima et al. 2016).
The role of phage in colonization or patho-
genesis is not clear at this time (Hsu et al.
2013). M. haemolytica and B. trehalosi have
a two-component quorum sensing system
(Malott and Lo 2002; van der Vinne et al.,
2005); these are important for regulation of
virulence in other bacterial species, but there
is little information regarding M. haemolyt-
ica. Serotype 1 and 6 M. haemolytica have a
type I-C clustered regularly interspaced short
palindromic repeats-associated system that
has been hypothesized to influence patho-
genesis (Klima et al. 2016). Genomic studies
identified antimicrobial gene resistance cas-
settes in M. haemolytica isolates (Klima et al.
2016). Nucleotide polymorphisms divide
M. haemolytica into two major genotypes (1
and 2), with genotype 2 being associated with
pulmonary disease and possessing an integra-
tive and conjugative element for antimicrobial
resistance (Clawson et al. 2017).

Pathogenesis
Host Association

The pathogenesis of M. haemolytica pneumo-
nia involves a progression of infection from
the upper respiratory tract to the lungs, and
disease results from the interplay between
bacterial factors and host responses. Trans-
mission is generally by direct contact with
respiratory secretions from an infected ani-
mal. Examples include nose-to-nose contact
with an infected individual, or close con-
tact of neonates with their dam. However,
transmission may also occur via fomites such
as contaminated equipment for feeding or
watering, whereas there is no clear evidence
of aerosol transmission. It is important to
recognize that infection with M. haemolytica
is contagious but the disease is not; that is,

the bacteria are transmitted from one ani-
mal to another, but episodes of disease are
thought to occur only when already-infected
animals are exposed to risk factors for the
disease (Timsit et al. 2013). Nonetheless,
calves with detectable M. haemolytica in
nasal swabs have about twice the risk of later
developing pneumonia than those in which it
is not detectable (Noyes et al. 2015).

M. haemolytica infection of the upper
respiratory tract is common, and it is generally
considered that most groups of cattle will have
some infected individuals. Infected animals
often show no clinical signs in the absence
of other risk factors. Infection of the upper
respiratory tract is usually uniform throughout
the nasal cavity, nasopharynx and tonsil (Pass
and Thompson 1971), although tonsils may be
a reservoir in calves with no detectable nasal
colonization. Adhesion to epithelial cells –
the first step in colonization and pathogen-
esis of mucosal pathogens – is mediated by
OmpA that has fibronectin-binding activ-
ity, the 68-kDa adhesin Ma, Lpp1, and
the collagen-binding Ahs proteins (Lo and
Sorensen, 2007; Hounsome et al. 2011). Recent
studies suggest that M. haemolytica might
also invade epithelial cells, which may further
increase its ability to colonize the respira-
tory tract and cause disease (Cozens et al.,
2019). There is limited in vivo evidence that
M. haemolytica can form biofilms on bovine
epithelial cells (Morck et al. 1989) and in
vitro evidence that this occurs and might be
enhanced by BHV-1 infection (Boukahil and
Czuprynski 2016). Research with other bacte-
rial species suggest biofilm cells might be both
physically protected from host defense mecha-
nisms, and phenotypically altered in ways that
make them more resistant to antimicrobial
drugs. If this occurs during natural infection
with M. haemolytica, it could contribute to
pathogenesis.

Most cases of bacterial pneumonia in
ruminants involve polymicrobial infections
that may involve M. haemolytica, Histophilus
somni, P. multocida, M. bovis, Trueperella
pyogenes and frequently other bacteria that



�

� �

�

252 11 Mannheimia and Bibersteinia

are thought to be minimally pathogenic on
their own (Gagea et al. 2006). Whether and
how these various agents cooperate to colonize
the respiratory tract and cause damage is not
known.

Multiplication

BRD risk factors increase the number of
pathogenic M. haemolytica serotype 1 in the
nasal cavity. Calves not exposed to these
risk factors are predominantly colonized by
M. haemolytica serotype 2, whereas weaning,
transportation, or infection with respiratory
viruses leads to an increase in the overall
number of M. haemolytica due to increased
numbers of serotype 1 and loss of serotype
2 bacteria (Frank et al. 1987). The reasons
that M. haemolytica serotype 1 proliferates
in the respiratory tract following exposure to
these risk factors is largely unknown. In one
study, a serotype 1 isolate was shown to invade
and proliferate in bronchial epithelial cells
whereas a serotype 2 isolate did not (Cozens
et al. 2019), but whether this is generally true
of serotype 1 isolates and relevant in vivo is
not known. Based on in vitro findings, stress
hormones are proposed to trigger dispersal
of M. haemolytica from a biofilm. The shift
in M. haemolytica numbers and serotype is
associated with other changes in the micro-
biome, and this seems a promising area for
further study. Thus, although the mechanisms
are not known with certainty, proliferation of
M. haemolytica serotype 1 in the upper respi-
ratory tract is thought to be an important step
in development of disease.

Evasion of Host Defenses

Risk factors for bovine respiratory disease
can compromise host defenses (Caswell
2014). For example, mucociliary clearance
is impeded by viral or mycoplasmal infections
or by reduced air quality, and bactericidal
functions of macrophages and secretion of
antimicrobial peptides by airway epithelial
cells are both inhibited by glucocorticoids
and virus infection. After some of the host

defenses are impaired by the above risk
factors, M. haemolytica is well equipped to
evade other remaining host defenses. The
most studied virulence factor is leukotoxin,
which in high concentrations kills neutrophils
and macrophages and thus allows the bac-
terium to evade these important aspects of
the host defenses. Mannheimia has a capsule
formed of N-acetyl-D-mannose uronic acid
and N-acetyl-D-mannosamine, which con-
fers resistance to serum-mediated killing and
phagocytosis. M. haemolytica also secretes a
sialoglyprotease that cleaves immunoglobulins
G1 and G2 in vitro and thus might pre-
vent opsonization and thereby phagocytosis.
Finally, M. haemolytica is capable of forming
a biofilm in vitro, which could allow the bac-
teria to hide from antibody, complement and
leukocytes.

Damage

M. haemolytica bacteria enter the lung within
droplets inhaled from the upper respiratory
tract. The microenvironment of the healthy
lung is inherently non-inflammatory, and low
numbers of inhaled bacteria can be eliminated
by mucociliary clearance or phagocytosis
without inflammation. However, if there are
larger numbers of bacteria in the lung or if
coinfections and other risk factors create a
tendency to inflammation, the bacteria incite
an inflammatory response. An important prin-
ciple is that the inflammatory response – both
within the lung and systemically – is mainly
responsible for the clinical signs of disease.

Several mechanisms may drive this initial
inflammatory response. Bacterial pathogen-
associated molecular patterns, including LPS,
activate the complement system and stim-
ulate pattern recognition receptors on the
surface of leukocytes and epithelial cells. In
addition, low concentrations of LKT secreted
from the bacteria can activate leukocytes
and enhance their response to LPS. Fur-
thermore, bacteria may be opsonized by
antibodies or innate immune proteins, which
enhances phagocytosis of the bacteria by
resident alveolar macrophages (or by newly
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recruited monocyte-derived macrophages and
neutrophils). Together, these responses lead to
production of inflammatory mediators by host
cells and by activation of complement.

A rapid consequence of this inflamma-
tory response is increased permeability of
the blood–air barrier within the lung, which
leads to flooding of the alveoli and bronchi-
oles with fluid (edema) and plasma proteins.
Neutrophils invade the distal bronchioles and
adjacent alveoli within three hours of exper-
imental infection, presumably attracted to
the lung by chemokines (e.g., interleukin [IL]
8) or eicosanoids (e.g., leukotriene B4) pro-
duced by alveolar macrophages or epithelial
cells, or as a result of complement activation
leading to release of C5a. This initial inflam-
matory response recruits additional leukocytes
that amplify the inflammatory response. The
physical presence of edema, plasma pro-
teins, neutrophils, and macrophages directly
reduce ventilation and gas exchange within the
affected area of lung. This is a major reason that
affected animals develop increased respiratory
rate and effort. In addition, activated neu-
trophils and monocyte-derived macrophages
secrete oxygen and nitrogen radicals, pro-
teases, and lipases that contribute to lung
tissue injury. Finally, the intense inflammatory
response can lead to tissue factor expression on
cell surfaces and activate platelets. The result-
ing procoagulant state can lead to formation
of thrombi within pulmonary venules. These
thrombi along with damaging substances
released from activated leukocytes are thought
to cause the foci of coagulation necrosis that
are typical of this disease.

Production of leukotoxin fundamentally
alters the host inflammatory response to
Mannheimia and Bibersteinia compared with
the response to other bacterial causes of pneu-
monia. At high concentrations, the membrane
damage that leukotoxin inflicts on leukocytes
reduces their ability to phagocytose and kill
the bacteria, and release of their intracellular
constituents may further augment the inflam-
matory response and damage the lung tissue.
Mannheimia leukotoxin induces neutrophils to

die by NETosis, with extrusion of chromatin to
form neutrophil extracellular traps (NETs) that
probably correspond to the dead neutrophils
and macrophages with streaming chromatin
(oat cells) that are a characteristic histologic
finding (Aulik et al., 2012). Although NETs
have antibacterial functions because they are
covered by antimicrobial peptides released
from the dying neutrophils, the NETs may also
contribute to development of airway obstruc-
tion, sepsis and disseminated intravascular
coagulation. Finally, LKT-induced lysis of
platelets may contribute to activation of coag-
ulation and thrombus formation. Thus, LKT
promotes both the inflammation and the cell
damage that result from infection with these
bacteria.

Other clinical signs are a consequence of
sepsis, including the profound depression,
reduced appetite, and lethargy characteris-
tic of animals with fulminant pneumonia.
These are thought to result from release of
inflammatory mediators from the lung into
the systemic circulation (Bassel et al. 2020)
rather than systemic distribution of LPS and
other bacterial toxins. Proposed mediators of
sepsis include IL-1 and IL-6, tumor necrosis
factor alpha, NETs, and high-mobility group
box protein 1. Together, these have effects in
the hypothalamus to induce fever, in the bone
marrow to cause blood neutrophilia with left
shift, in the liver to stimulate acute phase
protein production, and systemically to cause
hypotension and consumptive coagulopathy
in severe cases.

Despite these severe outcomes of infection,
some calves show no clinical signs despite
having M. haemolytica in their lungs (Bassel
et al. 2020). This may result from a state of
“tolerance” in which inflammatory responses
are minimal despite the presence of bacterial
cells and products, or from infection with
low numbers of bacteria that are controlled
by phagocytosis and mucociliary clearance.
Finally, calves with subacute or chronic pneu-
monia may show no or minimal clinical signs
if the unaffected healthy lung can maintain
respiratory function.



�

� �

�

254 11 Mannheimia and Bibersteinia

Immunity

Host defense against M. haemolytica has
mainly focused on innate immune mecha-
nisms. Bovine tracheal epithelial cells produce
an antimicrobial peptide with bactericidal
activity in vitro; however, physiologic salt
concentrations seem to limit its in vivo efficacy
(Vulikh et al. 2019). Once M. haemolytica
cells make their way into the lower respira-
tory tract they encounter resident alveolar
macrophages and inflammatory neutrophils
and macrophages that are attracted to the site
of infection. Bovine alveolar macrophages and
neutrophils have limited ability to ingest and
kill M. haemolytica cells, but in turn can be
damaged or killed by the LKT (Markham and
Wilkie 1980; Berggren et al. 1981; Czuprynski
et al. 1987; McGill and Sacco 2020). Fail-
ure to control the organism at this point
allows the bacterial cells to multiply and
release molecules (LKT, LPS) that initiate local
inflammation that can result in tissue damage.
In addition to phagocytosis of bacteria by
macrophages and neutrophils, M. haemolytica
and its leukotoxin can trigger neutrophils and
macrophages to release extracellular traps
that are composed of antimicrobial peptides
enmeshed in a network of DNA fibrils (Aulik
et al., 2012). These traps have some antimi-
crobial activity that might contribute to host
defense. However, the trapped M. haemolytica
cells might also release bacterial products
(LPS, LKT) that exacerbate local inflamma-
tion and contribute to the intense pneumonia
that can arise. A limited study of cattle upon
arrival at a feedlot indicated differences in gene
expression patterns in whole blood by animals
that developed respiratory disease versus those
that did not (Scott et al., 2020). In particular,
resistant animals had greater expression of
genes associated with production of certain
omega-3 fatty acid metabolites, and genes
associated with angiotensin II conversion.

There has been limited investigation of the
adaptive immune response to M. haemolytica.
Commercial vaccines stimulate produc-
tion of antibodies that prevent attachment

of M. haemolytica cells to the respiratory
epithelium, opsonize the bacterial cells for
more efficient phagocytosis and killing by
neutrophils and macrophages, and induce
production of anti-LKT antibodies that negate
its adverse effects (Shewen and Wilkie 1988;
Confer et al. 1998). There has been little investi-
gation of cellular immunity to M. haemolytica.
Older literature reported that LKT inhibits
mitogen-stimulated lymphocyte proliferation,
perhaps via impairing release of IL-1 and IL-2
(Majury and Shewen 1991). Lymphocyte pro-
liferation and interferon-γ (IFN-γ) production
are detected in lymph node cells, but not in
peripheral blood cells, from calves vaccinated
with a live commercial M. haemolytica vac-
cine, or infected intratracheally with virulent
M. haemolytica. Protection against lung lesions
is more closely correlated with anti-LKT anti-
body responses than lymphocyte proliferation
or IFN-γ production (DeBey et al. 1996). Major
histocompatibility class II antigen expression
by bovine monocytes is reduced by exposure
to M. haemolytica LKT (Hughes et al. 1994).
This effect is blocked by monocyte activation
with IFN-γ. A recent report suggested that
prior immunization leads to a TH17 immune
response by gamma delta T cells that is con-
sistent with the inflammation seen during
natural infection with M. haemolytica (McGill
et al. 2016).

Control

Prevention of bovine respiratory disease
focuses on avoiding risk factors, stimulating
pathogen-specific immunity, and control-
ling bacterial infection. However, each of
these strategies have costs and benefits. Risk
factors may be avoided by: not comingling
animals from different sources or of differ-
ent ages; weaning, castrating, dehorning
and vaccinating animals and acclimatiz-
ing them to solid feed for 30–45 days prior
to assembly into larger groups (i.e., “pre-
conditioning”); ensuring that neonates receive
adequate colostrum; and attention to good hus-
bandry, handling, nutrition, and air quality.
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To stimulate pathogen-specific immunity,
vaccines are available against M. haemolytica
and most often comprise an anti-leukotoxin
toxoid and/or a killed bacterin. Vaccination
may also target the viral infections that predis-
pose to M. haemolytica pneumonia, including
BHV-1, BRSV, BPIV and BVDV. For animals
at high risk of disease in which many can
be presumed to be infected, metaphylaxis or
mass medication with antibiotics is effective
in reducing the incidence of disease resulting
from Mannheimia or Bibersteinia.

Effective therapy depends on early detec-
tion of ill animals and accurate diagnosis.
Injectable antibiotics are the mainstay of
treatment for animals with M. haemolytica
or B. trehalosi pneumonia or septicemia.
Non-steroidal anti-inflammatory drugs or glu-
cocorticoids may improve the clinical response
to antibiotic therapy. Most sick animals appro-
priately treated at an early stage of disease
are expected to recover, but some progress to
chronic or relapsing pneumonia. Furthermore,
the impact on development of antimicrobial
resistance as well as the cost and labor of treat-
ing large numbers of animals with antibiotics
emphasizes the value of effective prevention of
this disease.

In the past, M. haemolytica was uniformly
susceptible to several frontline antibiotics.
Recent evidence shows that a growing pro-
portion of isolates are resistant to one or
more antibiotics (Credille 2020), a finding
that threatens our ability to treat active infec-
tions. There are likely several mechanisms to
explain this rise in resistance. These include
acquisition of resistant strains earlier in life
(e.g., cow–calf operations), and the greater use
of antibiotics as a preventive measure (meta-
phylaxis) when animals are brought together
in stocker or feedlot operations. Alternatives
to conventional antibiotic therapy have been
explored. Evidence that M. haemolytica growth
is inhibited by other bacterial pathogens
(P. multocida, B. trehalosi) in the respiratory
tract (Dassanayake et al. 2010; Bavanantha-
sivam et al. 2012) led to investigations of the
oral and nasopharyngeal microbiota in healthy

and pneumonic cattle. These studies revealed
a number of gram-positive lactic acid bacteria
with potent inhibitory activity in vitro. Prelim-
inary exploration of the use of these strains as
probiotics that decrease colonization of the res-
piratory tract with M. haemolytica have been
conducted and suggest this may be worthy of
further investigation (Amat et al. 2019).

Gaps in Knowledge
and Anticipated Directions

What host and bacterial factors are responsi-
ble for the loss of serotype 2 from the upper
respiratory tract and extension of serotype
1 M. haemolytica into the lower respiratory
tract? Future investigations could examine
in greater detail the relationship between
serotype/genotype and ability to adhere to
respiratory epithelial cells and colonize the
lower respiratory tract in cattle and sheep. Fur-
thermore, this may be altered by exposure of
the epithelial cells to the viruses and mycoplas-
mas that predispose to bacterial pneumonia.
It would also be of interest to learn whether
genotypes 1 and 2 differ in production or reg-
ulation of leukotoxin secretion. Does quorum
sensing influence any of the above activities in
M. haemolytica?

What impact does the microbiota of the
upper respiratory tract have on colonization
and multiplication of M. haemolytica and B. tre-
halosi? Can a “protective” microbiota be iden-
tified that will reduce or prevent colonization
by M. haemolytica? Is this associated with the
propensity for genotype 2 M. haemolytica to
cause pneumonia? Can calves be colonized
with a microbiota that will be sustained and
provide protection against M. haemolytica in
later life, and by so doing reduce the need for
and use of antibiotics to prevent or treat BRD
in dairy, veal and beef cattle?

What are the mechanisms by which BRD risk
factors (e.g., stress, viral infection) predispose
animals to pneumonia caused by M. haemolyt-
ica and B. trehalosi? Despite decades of investi-
gation, we have an incomplete understanding
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of how risk factors greatly increase the inci-
dence and severity of pneumonia and how
their effects can be mitigated. Investiga-
tion is needed to dissect which risk factors
enhance bacterial attachment, multiplication,

and release of virulence determinants.
Conversely, we lack an integrated understand-
ing of how these risk factors might impair host
defense mechanisms and lead to pneumonia.
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Introduction

Members of the genus Actinobacillus are small,
non-flagellated, Gram-negative, pleomorphic,
coccobacillary rods. They are facultatively
anaerobic, benefiting from addition of 5%
CO2 for optimal growth at 37∘C. All species
have complex nutritional requirements, but
most, apart from Actinobacillus pleurop-
neumoniae and some Actinobacillus suis
isolates will grow on MacConkey’s agar as tiny
lactose-fermenting colonies. Characteristic
phenotypes of the genus include positive
urease and β-galactosidase activities, negative
indole reaction, and reduction of nitrates.

Actinobacilli are associated with mucous
membranes of animals, typically with limited
host range. Many species infect farm animals,
whereas Actinobacillus hominis and Acti-
nobacillus ureae are opportunistic pathogens
of man. Species classification based on phe-
notypes such as nutritional requirements, or
by serological typing, has resulted in some
misclassifications. Sequence-based phylo-
genies, especially using multiple genes or
whole genomes, are helping clarify the taxon-
omy of Pasteurellaceae species, though many
remain to be formally reclassified. There are
currently 10 species within the genus Acti-
nobacillus sensu stricto (Blackall and Turni
2020), eight of which infect animals other
than humans, including the recently iden-
tified Actinobacillus vicugnae, isolated from

alpaca. Other Actinobacillus species with valid
names standing in nomenclature (https://
lpsn.dsmz.de/genus/actinobacillus) are not
Actinobacillus sensu stricto but have yet to be
reclassified. Recent whole-genome sequencing
supports recognition of the non-pathogenic
swine commensal “[Actinobacillus] porcitonsil-
larum” as a novel species (Donà and Perreten
2018). It is phenotypically very similar to
A. pleuropneumoniae, but it is most closely
related to [Actinobacillus] minor. A summary
of important Actinobacillus and Actinobacil-
lus-like species found in animals is presented
in Table 12.1 and those of particular interest
are discussed in more detail in subsequent
sections.

Actinobacillus pleuropneumoniae

Source of Infection: Ecology
and Epidemiology

Animals belonging to the species Sus scrofa
(i.e. wild boar, domestic and feral pigs) are
the natural hosts of A. pleuropneumoniae.
Wild boar populations in Europe and North
America carry A. pleuropneumoniae, but it
is not known whether they are a source of
infection for commercial swine (Sassu et al.
2018). Reports of A. pleuropneumoniae isola-
tion from chickens (Pérez Márquez et al. 2014)
and horses (Layman et al. 2014; Uchida-Fujii
et al. 2019) lack confirmation. Two recent
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Table 12.1 Actinobacillus sensu stricto and Actinobacillus-like species isolated from animals.

Animal host Actinobacillus spp. or related taxaa Diseaseb

Horses A. arthritidis Septicemia, arthritis
A. equuli subsp. equuli Septicemia in foals (sleepy foal disease),

respiratory infections, abortion, metritis, mastitis,
arthritis, pericarditis, meningitis, cellulitis,
peritonitis

A. equuli subsp. haemolyticus Respiratory infections, septicemia, abortion,
metritis, mastitis, arthritis, pericarditis,
meningitis, cellulitis, peritonitis

A. genomospecies 1c Stomatitis
A. genomospecies 2 d Septicemia

Pigs A. pleuropneumoniae Fibrinohemorrhagic pneumonia, pleurisy
A. suis Septicemia, pneumonia, arthritis, enteritis
A. equuli subsp. equuli Septicemia, abortion, polyarthritis
“A. porcitonsillarum” Commensal
[A.] indolicus Commensal, possible opportunist
[A.] minor Commensal, possible opportunist
[A.] porcinus Commensal, possible opportunist
[A.] rosii Abortion, metritis

Ruminants A. lignieresii Pyogranulomatous lesions (“wooden tongue”)
Cattle [A.] succinogenes Commensal
Sheep [A.] seminis Epididymitis, orchitis
Ducks A. anseriformium Sinusitis, conjunctivitis, septicemia
Alpaca A. vicugnae Septicemia

Rabbits, hares A. capsulatus Septicemia, arthritis

Guinea pigs Bisgaard taxon 8 Commensal

Rodents [A.] muris Commensal

Cetacea [A.] scotia Commensal
[A.] delphinicola Commensal

a) Actinobacillus-like species, not belonging to Actinobacillus sensu stricto, are shown with square brackets around
the abbreviated genus designation, i.e. [A.].

b) Most Actinobacillus and Actinobacillus-like species are commensals of the alimentary, respiratory, or urogenital
tract, but some are opportunistic pathogens causing sporadic cases of the diseases shown. Only
A. pleuropneumoniae is considered a primary pathogen, though may behave as a commensal.

c) Equine strains previously classified as A. lignieresii, that are genetically most closely related to A. equuli subsp.
haemolyticus, have been designated Actinobacillus genomospecies 1.

d) Sorbitol negative isolates of A. arthritidis have been designated as Actinobacillus genomospecies 2.

horse isolates were positive for the A. pleu-
ropneumoniae species-specific apxIV gene
by polymerase chain reaction (PCR), but the
16S rRNA sequences showed highest identity

(98.6–98.9%) with Actinobacillus lignieresii
(Uchida-Fujii et al. 2019).

Pleuropneumonia can occur in pigs of all
ages, with the source of infection originating
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Figure 12.1 Overview of A. pleuropneumoniae (APP) transmission and development of disease. Adapted with
permission from Sassu et al. (2018). See main text for further details.

outside or within a herd (Figure 12.1).
Mixing infected with uninfected pigs, or
those carrying different serovars, can precip-
itate disease. However, in herds with many
asymptomatic animals, outbreaks of disease
may be very rapid suggesting environmental
triggers (including stress and/or coinfection
with other bacteria or viruses) may play a
significant role in transmission (Klinkenberg
et al. 2014). A. pleuropneumoniae is considered
a parasite of the porcine respiratory tract,
mainly found in the tonsils of asymptomatic
carriers, and most large swine production
units are endemically infected (Sassu et al.
2018). More than one serovar can be found in
a herd (even in individual pigs) and serolog-
ical testing of subclinically infected animals
may reveal the presence of serovar(s) that are
different from those recovered from clinical
lung samples from the same herd. Vertical
transmission from infected sows to some
piglets prior to weaning is followed by hori-
zontal transfer to a larger number of piglets
post-weaning when maternal antibodies are
depleted (Tobias et al. 2014). A. pleuropneu-
moniae is transmitted by direct pig-to-pig
contact or aerosols. Poor survival outside of
the host, especially in hot/dry climates, may
be mitigated by the presence of mucus or
other organic matter (Assavacheep and Rycroft
2013). Detection of A. pleuropneumoniae in
biofilms from drinking taps on pig farms in

Mexico was reported (Loera-Muro et al., 2013),
with incorporation into multispecies biofilms
suggested to provide key nutrients such as
NAD (Loera-Muro et al., 2016; Wang et al.,
2020), normally lacking outside the host.

A. pleuropneumoniae isolates can be dif-
ferentiated into two biovars, with the less
prevalent biovar 2 isolates carrying an
intact nadV gene that enables synthesis of
nicotinamide adenine dinucleotide (NAD)
from specific pyridine nucleotides or their
precursors. Biovar 1 isolates have a truncated
nadV and require exogenous NAD for growth.
Although some serovars may be either biovar,
serovars 1–12, and 15–19 are generally biovar
1; whereas most serovar 13 and 14 isolates
are biovar 2 (Table 12.2). Identification of
A. pleuropneumoniae serovars has tradition-
ally been performed using serological methods
that employ specific antisera for detection of
surface polysaccharide antigens. Specificity
has been ascribed to capsular polysaccha-
ride (CPS or K antigen), whereas common
lipopolysaccharide (LPS) O-chain antigens
(O-Ags) present in subsets of serovars (1/9/11;
3/6/8/15/17/19; 4/7/18) may contribute to
serological cross-reactivity. In addition to
cross-reactivity issues, difficulties in standard-
izing sets of reference antisera have resulted
in a shift to molecular typing methods based
on detection of specific CPS biosynthesis (cps)
genes. With the recent identification of serovar
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Table 12.2 Properties and distribution of A. pleuropneumoniae serovars.

Serovar
(K-Ag) Biovar cps typea O-Ag/groupb Toxinsc Virulence Country/region

1 1 II 1/9/11 ApxI ApxII High Widespread
2 1 I 2 ApxII ApxIII Moderate – high Widespread
2 2 I 2 ApxII Low – moderate Europe
3 1 I 3/6/8/15/17/19 ApxII ApxIII Low – moderate China,

Europe
4 1 II 4/7/13/18 ApxII ApxIII Low – moderate Europe,

Chile
4 2 II 4/7/13/18 ApxII Low – moderate Europe
5a/5b 1 III 5/16 ApxI ApxII High Widespread
6 1 I 3/6/8/15/17/19 ApxII ApxIII Low – moderate Widespread
7 1 I 4/7/13/18 ApxII Low – moderate Widespread
7 2 I 4/7/13/18 ApxII Low – moderate Europe
8 1 I 3/6/8/15/17/19 ApxII ApxIII Low – moderate Widespread
9 1 I 1/9/11 ApxI ApxII High Europe
9 2 I 1/9/11 ApxI ApxII High Europe
10 1 III 10 ApxI Low Europe
11 1 I 1/9/11 ApxI ApxII High Europe
11 2 I 1/9/11 ApxII moderate Europe
12 1 II 12 ApxII Low – moderate Europe, N.

America
13 1 I 10 ApxI Low – moderate N. America
13 2 I 13 ApxII Low – moderate Europe
14 2 II 14 ApxI Low Europe
15 1 II 3/6/8/15/17/19 ApxII ApxIII Low – moderate Widespread
16 1 IV 5/16 ApxI ApxII High Europe
17 1 I 3/6/8/15/17/19 ApxII Low – moderate Europe
17 2 I 3/6/8/15/17/19 ApxII Low – moderate N. America
18 1 II 4/7/13/18 ApxII Low – moderate Europe
19 1 II 3/6/8/15/17/19 ApxII Low – moderate Europe
19 1 II 4/7/13/18 ApxII Low – moderate N. America

a) cps type refers to genetic classification of the capsule biosynthetic loci (Bossé et al. 2018).
b) The O-Ag/groups indicated are those typically associated with the specified serovars. Some exceptions have

been described (Sassu et al. 2018).
c) The Apx toxin profiles indicated are those typically associated with the specified serovars. Some exceptions have

been described (Sassu et al. 2018).

19 (Stringer et al. 2021), a set of two multiplex
PCRs has been described for typing of all
known serovars.

Based on common core genes, there are
four types of cps loci in A. pleuropneumoniae.
Type I cps loci (in serovars 2, 3, 6–9, 11, 13,

and 17) produce teichoic acid polymers joined
with phosphodiester linkages; type II loci (in
serovars 1, 4, 12, 14, 15, 18, 19) produce repeat-
ing oligosaccharide polymers with phosphate
linkages; and type III loci (in serovars 5 and 10)
produce glycosidically linked oligosaccharides.
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The serovar 16 CPS structure has not yet been
determined and the locus has been desig-
nated as type IV (Bossé et al. 2018). Although
subtypes (a and b) of serovars 1 and 5 have
been described based on minor differences in
the CPS structure, these are not discriminated
by molecular typing PCRs. Also, despite sep-
arate designations for serovars 9 and 11, they
have very similar CPS and identical O—Ag
structures, making them serologically highly
cross-reactive. Furthermore, with only a single
bp difference in their cps loci, they cannot be
differentiated by PCR and can be considered a
hybrid 9/11 serovar (Stringer et al. 2021).

Within serovars, isolates of A. pleuropneu-
moniae are fairly clonal and specific K antigens
are normally associated with particular O-Ags
(Table 12.2), although exceptions have been
described (Gottschalk and Broes 2019; Stringer
et al. 2021). Apx toxin profiles also tend to be
serovar-specific, although, again, exceptions
have been reported, most notably between
different biovar isolates of the same serovar
(Sassu et al. 2018). Diagnostic multiplex PCRs
detecting serovar-specific cps sequences will
not identify isolates with atypical O-Ag or
Apx toxin genes. As the Apx toxin profile is
related to virulence, an mPCR for detection of
genes required for production and secretion of
ApxI–III (see Section Damage to host tissues,
below) can be run alongside serovar typing
multiplex PCRs.

Diagnostic typing is important for epidemi-
ological tracking of disease-related isolates
as changes in geographic distribution over
time may indicate emergence of new serovars
or local changes in host/pathogen dynamics
affecting disease control. Moreover, detailed
knowledge of serovar prevalence and related
Apx toxin profiles informs choice of vacci-
nation strategy, but in many countries these
data are not available. Establishment of an
international epidemiological database has
been recommended (Sassu et al. 2018) to track
these details, together with relevant clinical
metadata and antimicrobial resistance profiles,
but this has not yet been implemented.

Types of Disease and Pathologic Changes

Pleuropneumonia can range from peracute to
chronic, depending on the immune status of
the host, as well as concentration and serovar
of bacteria reaching the lung. During pera-
cute/acute disease, pigs may exhibit some/all
of the following clinical signs: high fever,
increased respiratory rate, coughing, sneezing,
dyspnea, anorexia, ataxia, vomiting, diarrhea,
and severe respiratory distress with cyanosis.
Lung infections during acute/peracute disease,
characterized by severe edema, inflammation,
hemorrhage, and necrosis, are associated with
increased numbers of the bacterium in lung
exudates and nasal secretions, facilitating
transmission.

Histologically, marked polymorphonuclear
leukocyte (PMN) infiltration, edema, and fib-
rinous exudate are apparent in the early stages
of lung infection. As the disease progresses,
macrophage infiltration increases, dense bands
of degenerating leukocytes surround necrotic
foci, and severe necrotizing vasculitis leads to
hemorrhage in the lung. A. pleuropneumoniae
can be found within alveolar and interlobular
fluid and may spread from the parenchyma
to the pleura via lymph vessels. The thoracic
cavity is often filled with serosanguinous fluid
and fibrin clots, and diffuse fibrinous pleuritis
and pericarditis are common. Although sys-
temic disease is rarely reported, recent studies
have indicated multiorgan spreading may be
common when lung infection is extensive
(Hoeltig et al. 2018a). Complete resolution of
lesions may occur upon recovery from acute
pleuropneumonia. Alternatively, focal necrotic
sequestra and/or well-encapsulated abscesses,
as well as fibrinous pleuritis, may persist.

Pathogenesis

The pathogenesis of acute pleuropneumonia
involves colonization of the respiratory tract
mucosa, evasion of host clearance mecha-
nisms, and damage of variable severity to
host tissues. Over the past decade, advances
in genomic and transcriptomic analysis
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Figure 12.2 Overview of A. pleuropneumoniae pathogenesis. Although adherence to host cells and nutrient
acquisition are both part of colonization, they are shown separately here to indicate the various bacterial
components which contribute to these functions. Conversely, evasion of host defenses and damage to host,
although discussed as separate stages of pathogenesis in the main text, are shown together here, as Apx
toxins and lipopolysaccharide (LPS) contribute to both functions, as can TolC. Although shown here as part
of the Apx toxin secretion system, TolC (of which there are two orthologues in A. pleuropneumoniae) is also
involved in efflux of toxic compounds. Some bacterial components (e.g. LPS) have been implicated in all of
the stages, while other less obvious overlaps also exist, for example type 4 pili (Tfp), are important in
adherence and also in uptake of DNA that can be used as a nutrient source. Similarly, ammonia (NH3)
produced by urease activity can be used as a source of nitrogen and, when released from the bacterium, is
also toxic for host cells. The activities of Apx toxins include release of heme compounds (iron sources) from
red blood cells (RBCs), activation of macrophages and neutrophils which release cytokines
(anti-inflammatory or proinflammatory depending on dose of toxin/stage of infection), killing of these cells,
with release of toxic metabolites (including reactive oxygen species that can damage both bacterial and
host cells), and direct cytotoxicity for epithelial cells. The poly-N-acetyl-glucosamine (PGA) matrix serves as
both an adhesin and as a protective barrier to host immune defenses. For simplicity, a generic nutrient
acquisition system including an outer-membrane transport (OMT) protein and an ATP-binding cassette
(ABC)-type transport system (AbcABC) is shown in addition to the TonB-dependent (i.e., requiring energy
from TonB-ExbB-ExbD) transferrin-binding receptor (TbpA/TbpB) and the AfuABC proteins, representing one
of the iron uptake systems. The trimeric autotransporter adhesins (TAAs) and Flp/Tad pili are not found in all
serovars/isolates of A. pleuropneumoniae, but where present, may contribute to adherence. CM, cytoplasmic
membrane; LP, lipoprotein; OMP, outer-membrane protein; PMN, polymorphonuclear leukocytes.

techniques have markedly increased our
understanding of both pathogen virulence
factors and host factors involved in each stage,
as discussed in detail below. An overview of
key elements in pathogenesis is shown in
Figure 12.2.

Colonization
The ability of a pathogen to adhere to host
cells/surfaces, and to multiply following
acquisition of nutrients, is a prerequisite to
production of disease (Chapter 1). For A. pleu-
ropneumoniae, pulmonary disease may occur

with or without prior tonsil colonization,
as inhaled aerosols may directly penetrate
the lower respiratory tract. Adherence of
A. pleuropneumoniae to epithelial cells and
extracellular matrix (ECM) components is
likely a complex multifactorial process involv-
ing a variety of surface-exposed proteins and
carbohydrates. Adherence assays often employ
cultured cell lines, such as St Jude Porcine
Lung (SJPL) or A549 human alveolar basal
epithelial cells, which although not porcine
in origin, appear to be suitable models for
detecting differences in adhesion between
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different A. pleuropneumoniae serovars and/or
mutant strains.

Among proteinaceous adhesins, surface
appendages including a type IV pilus (Tfp),
tight-adherence (Flp/Tad) pilus, and trimeric
autotransporter adhesins (TAAs) have been
described. Genes encoding Tfp, well conserved
in all isolates, are upregulated in vivo and by
contact with epithelial cells (Auger et al. 2009;
Klitgaard et al. 2012; Deslandes et al. 2010),
supporting a role in adherence. The major
pilin protein, ApfA, also contributes to host cell
adhesion, and recombinant ApfA may improve
efficacy of subunit vaccines (Sadílková et al.
2012; Zhou et al. 2013). The genes encoding
the Flp/Tad pilus and TAAs are intact only in
some serovars/isolates. Although studies with
isolates producing these structures have indi-
cated roles in adherence to cultured SJPL cells
(T. Li et al. 2012b; Wang et al. 2015a), their rel-
ative contributions to virulence differences has
not been investigated. The large TAA proteins
have ECM-binding motifs and the Apa1 TAA
has been shown to mediate auto-aggregation,
which may facilitate biofilm formation. TAAs
contain multiple N-X-(S/T) sequons, which
are targets of an N-linked glycosylation system
encoded by A. pleuropneumoniae. Deletion of
the N-glycosylation genes reduced adherence
of a serovar 15 strain to cultured A549 cells,
and it was suggested that N-glycosylation may
stabilize TAA proteins (Cuccui et al. 2017).

In addition to protein appendages, surface-
located proteins, including outer-membrane
proteins (OMPs), lipoproteins, and so-called
“moonlighting” proteins (typically cytoplas-
mic proteins that can also be found on the cell
surface) have been implicated in adherence of
A. pleuropneumoniae (Chiers et al. 2010; Liu
et al. 2018). With availability of genome
sequences, the NAD-restriction-induced
55 kDa OMP associated with adherence has
now been identified as AldA, a cytoplasmic
aldehyde dehydrogenase, and its identification
might reveal other roles for this protein in
adherence. The identity of a putative 60 kDa
collagen-binding OMP is still unknown, as

no sequence was determined for the purified
protein, and detection of flagella on the bacte-
ria used in the study (Enríquez-Verdugo et al.
2004) calls into question the results, as no
A. pleuropneumoniae isolate has been found to
encode flagella.

The main surface carbohydrate involved
in A. pleuropneumoniae adherence is the
biofilm matrix, poly-N-acetyl-glucosamine
(PGA), is encoded by the pgaABCD operon
(Hathroubi et al. 2018). Expression of PGA
involves numerous global regulators including
the extracytoplasmic stress sigma factor RpoE,
as well as H-NS, Hfq, (p)ppGpp, and CpxRA.
The latter indirectly regulates PGA expression
via activation of RpoE, which may also be true
for at least some of the OMPs/lipoproteins
and LPS membrane components shown to
affect biofilm formation. Although best stud-
ied in vitro, formation of A. pleuropneumoniae
aggregates in the lungs of infected pigs is
indicative of biofilm formation in vivo, and
initial cultures of most clinical isolates have
a biofilm phenotype. Less is known about
adhesion in the tonsils where various bacteria
co-exist, and it is not yet known if formation
of mixed species biofilms including A. pleurop-
neumoniae is a factor in tonsil colonization.
Clinical lung isolates were recently shown
to form biofilms in vitro as frequently as
tonsil isolates, with serovar of the isolate more
associated with this phenotype than site of
isolation (Aper et al. 2020).

In contrast to PGA, which is common
to all A. pleuropneumoniae, the CPS and
O-Ag surface polysaccharides differ among
serovars/isolates. Expression of thick CPS is
associated with decreased adherence, likely
due to masking of adhesins on the bacterial
surface, whereas the role of O-Ag is less clear.
Initially, O-Ag and not the more conserved LPS
core was thought to be the main component
mediating A. pleuropneumoniae adherence to
frozen porcine tracheal sections, whereas the
converse was later shown to be true (Jeannotte
et al. 2003). A study of serovar 1 isogenic LPS
core and O-Ag mutants further supported a
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role for O-Ag, but not core, in binding to PE,
whereas binding to gangliotriaosylceramide
(GgO3) and gangliotetraosylceramide (GgO4)
was suggested to be mediated by core compo-
nents, though not via the Gal I-Hep IV region
previously implicated in adhesion to porcine
tracheal sections. Recently, one of the serovar
1 O-Ag mutants showed reduced biofilm for-
mation, with downregulation of cpxRA and
pgaA, indicating possible indirect effects of
O-Ag on adhesion (Hathroubi et al. 2018).

Following adherence, bacteria need to
acquire the necessary nutrients to proliferate
and to establish and to maintain coloniza-
tion/cause disease. Nutrient availability in
the lungs is generally low compared with
other host niches, necessitating uptake sys-
tems for the most limited factors. However,
inflammation and tissue injury induced by
A. pleuropneumoniae growth and toxin secre-
tion (see below) leads to vascular permeability
as well as production of catecholamines,
mucus, and neutrophil extracellular traps
(NETs), greatly altering the availability of
nutrients, as well as generating regions of
anoxia and elevated temperature.

Mutagenesis and transcriptomic studies
indicate the importance of anaerobic respi-
ration in A. pleuropneumoniae, which lacks
certain enzymes in the oxidative branch of
the tricarboxylic acid cycle. Genes for uptake
and metabolism of various carbon sources
have been described, with glycerol, ascor-
bate and maltose suggested to be important
for anaerobic growth during lung infection
(Klitgaard et al. 2012). Mutation of the tran-
scriptional regulator, malT, induced the
stringent response (SR) associated with nutri-
tional starvation, further supporting a key
role for maltose/maltodextrins (Lone et al.
2009). Genes upregulated in the malT mutant
include those involved in DNA transforma-
tion. Extracellular DNA can serve as a source
of nutrients (carbon, phosphate, nitrogen,
NAD, and purine nucleotides) as well as trans-
forming genetic material. Although only a
few naturally transformable isolates have been

described, all A. pleuropneumoniae isolates
possess the genes required for DNA uptake,
and it was recently shown that the presence
of NETs (consisting of DNA fibers decorated
with antimicrobial proteins), when degraded
by host nucleases, enhance growth of A. pleu-
ropneumoniae (de Buhr et al. 2019). Sialic
acid (abundant on host mucosal surfaces) may
be another important carbon source during
acute infection. The coregulated metabolic
operon (neuA to nagA) and homologs of the
Haemophilus ducreyi sialic acid ABC transport
system are reported to be highly expressed
early in lung infection (Klitgaard et al. 2012).
Konze et al. (2019) have also reported that
A. pleuropneumoniae can heterotrophically fix
carbon (with the enzymes encoded by pepC
and oadA), thus CO2/bicarbonate, abundant
in the lung, may represent another important
nutrient source.

The availability of both branched-chain
amino acids (BCAAs; isoleucine, leucine, and
valine) and aromatic amino acids (trypto-
phan tyrosine and phenylalanine) is low in
the host and genes required for their syn-
thesis from precursors are important for
viability of A. pleuropneumoniae. All A. pleu-
ropneumoniae genomes encode a putative
tryptophan/aromatic amino acid permease
gene (tnaB; WP_005612942.1) although the
function/importance of this gene has not
been explored. Recently, de novo synthesis of
vitamin B6 by pyridoxal phosphate synthases
PdxS/PdxT was shown to be important for
A. pleuropneumoniae survival in a mouse
model of infection, suggesting this may also be
a limiting nutrient in vivo (Xie et al. 2017a).

Trace metals are important cofactors for
various metabolic enzymes, but high levels
can be toxic so uptake and/or efflux systems
are required by bacteria to maintain home-
ostasis. In the host, free iron concentrations
are very low, with most tightly bound by
molecules such as transferrin, lactoferrin,
haptoglobin, and hemoglobin. The hemolytic
activity of Apx toxins (see below) increases
the availability of heme compounds (free
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heme, hemin, hematin, and hemoglobin).
A. pleuropneumoniae has acquisition systems
for these molecules, as well as for porcine
transferrin and siderophores, but not lacto-
ferrin. High-affinity binding proteins on the
outer membrane, with/without associated
surface lipoproteins, capture the iron sources,
with energy supplied by TonB2-ExbB2-ExbD2
(the TonB1-ExbB1-ExbD1 system appears less
essential) driving uptake into the periplasm.
Transport of iron into the cytoplasm is via ABC
transport systems (FhuBCD, two AfuABC sys-
tems, and a system encoded by WP_0397096
73/WP_039709399/WP_009875143). The im-
portance of iron acquisition from porcine
transferrin (suggested to contribute to host
specificity) is demonstrated by attenuation
of mutants lacking one or both of the tbpAB
genes. Furthermore, catecholamine-enhanced
growth of A. pleuropneumoniae was shown
to be mediated via iron acquisition from
transferrin (Li et al. 2015).

High-affinity ABC transport systems for
uptake of nickel (CbiKLMQO) and zinc
(ZnuABC) contribute to establishment of
A. pleuropneumoniae infection. Nickel is a
cofactor for urease (which produces ammonia,
a preferred nitrogen source for many bacteria)
and possibly other enzymes. A. pleuropneumo-
niae genomes encode a number of predicted
zinc metalloproteases including the conserved
45 kDa EnvC OMP (WP_005601129), which is
a predicted murein hydrolase. There have also
been reports of secreted proteases, including a
200 kDa protein (suggested to be a multimer
of a 45–47 kDa protein) capable of degrading
porcine gelatin and immunoglobulins (Ig),
but the gene(s) responsible have not been
identified.

Evasion of Host Clearance Mechanisms
Both non-specific and specific components
of the respiratory immune system must be
overcome to establish infection. There is no
direct evidence that A. pleuropneumoniae
impairs mucociliary activity, but cytotoxic-
ity mediated by Apx toxins and ammonia

(produced by urease activity) could dam-
age ciliated epithelial cells. Bacteria not
cleared by normal mucociliary function must
avoid elimination by phagocytes (initially
macrophages, with increasing numbers of
PMNs as the infection progresses). At sub-lytic
doses, the Apx toxins reduce chemotactic
and phagocytic activities of macrophages
while promoting oxidative metabolism in both
macrophages and PMNs. Surface polysaccha-
rides (CPS, O-Ag, and likely PGA) contribute
to antiphagocytic effects and protect cells from
complement-mediated lysis via deposition of
complement away from the outer membrane.
Following phagocytosis, A. pleuropneumoniae
can survive over 90 minutes in macrophages,
during which time generation of Apx toxins
can lead to apoptosis and the subsequent
release of both bacteria and host lytic metabo-
lites that can further lead to tissue damage
(see below). Contributing to A. pleuropneu-
moniae survival in phagocytes, CPS and O-Ag
can scavenge free toxic oxygen radicals while
intracellular polyamines (maintained by the
PotABCD transport system) may be impor-
tant for removing reactive oxygen radicals
(Zhu et al. 2017). In addition, two superox-
ide dismutases (SodA and SodC), catalase,
and two TolC-dependent efflux systems (see
below) can also detoxify or eliminate toxic oxy-
gen radicals. Urease-generated ammonia may
impair phagosome–lysosome fusion and buffer
acid hydrolase activity, and stress–response
proteins (discussed below) can mitigate dam-
age. Although transcriptional profiling of
A. pleuropneumoniae during macrophage
infection indicates upregulation of genes
for production of ApxI, LPS and CPS, the
genes encoding urease, catalase, and cer-
tain stress-response and DNA repair proteins
(LonA, ClpB, HtpX, RadA) are, surprisingly,
downregulated (Wang et al. 2015b).

Cationic antimicrobial peptides (catheli-
cidins), particularly abundant in pigs, are
important in innate immunity. Studies with
the porcine cathelicidin, PR-39, indicate a
putative peptide transport system (encoded
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by the sap operon), upregulated in the pres-
ence of this peptide and in bronchoalveolar
fluid, is important for A. pleuropneumo-
niae resistance, as a sapA mutant showed
increased sensitivity to PR-39 in vitro and was
attenuated for virulence in mice (Xie et al.
2017b). It is also possible that deacetylation
of PGA (by PgaB), which renders the biofilm
exopolysaccharide cationic (Hanna Ostapska
et al. 2018), contributes to A. pleuropneumo-
niae resistance to cathelicidins, as well as to
the observed resistance to cationic antimicro-
bial proteins found on NETs (de Buhr et al.
2019).

Oxidative, thermal, acid, and hyperos-
motic stress conditions may be considered
non-specific immune mechanisms that deter
infection. Numerous studies have indicated
the importance of stress-response proteins for
A. pleuropneumoniae survival in the host. For
example, the extracytoplasmic stress-response
sigma factor, RpoE, activated via membrane
damage, stimulates expression of a variety
of proteases, peptidyl-prolyl cis-trans iso-
merases, and other proteins required to repair
membrane damage, as well as increasing pro-
duction of the protective biofilm matrix (Bossé
et al. 2010). Deletion of the VacJ lipoprotein,
associated with decreases in both biofilm
production and outer-membrane stability,
increased sensitivity to osmotic stress and
serum killing (Xie et al. 2016a). Of the two Lon
proteases, LonA, but not LonC, was shown to
be required for stress tolerance and virulence
of A. pleuropneumoniae (Xie et al. 2016b).
A. pleuropneumoniae also encodes two TolC
outer-membrane type 1 secretion proteins.
Deletion of TolC1 significantly increases sen-
sitivity to osmotic, oxidative and acid stress (Li
et al. 2019), whereas deletion of TolC2 does
not affect osmotic tolerance, but increases
sensitivity to heat and oxidative stress (Li
et al. 2017). TolC mutants are attenuated in
mice, with tolC2 mutants showing increased
serum killing and phagocytosis, whereas
tolC1 mutants lack secretion of ApxII and an
ApxIV-like protein.

Passive transfer of A. pleuropneumo-
niae-specific serum antibodies is sufficient
for protection against disease, indicating a
greater role for effective antibody production
compared with cell-mediated immunity in
specific responses to this bacterium. Both
pulmonary and systemic antibodies specific
for various antigens (CPS, LPS, OMPs, Apx
toxins) can be detected following experimen-
tal infection. Of these, IgGl-anti-Apx toxin
antibodies are considered the most impor-
tant for protection against lesions, although
other antibodies may be required to block
infection. A recent mucosal vaccination study
using a modified TbpB protein antigen from
the related porcine Pasteurellaceae species,
Glaesserella parasuis, showed complete pro-
tection against subsequent intranasal infection
and elimination of natural colonization (Fran-
doloso et al. 2020). The authors suggested that
it may be possible to achieve similar results
for A. pleuropneumoniae with a TbpB-based
vaccine.

A role for cell-mediated immunity in protec-
tion against pleuropneumonia was suggested
by a correlation between delayed-type hyper-
sensitivity reactions to Apx toxins, increased
antibody response to Apx toxins, and pro-
tection induced by low-dose infection.
Delayed-type hypersensitivity is a measure
of CD4+ T cell activity, and an increased
CD4 : CD8 ratio was also found to correlate
with protection against pleuropneumonia
(Appleyard et al. 2002). More recently, Th17
cells (CD4+ and γδ T cells producing the
interleukin, IL-17), were shown to be part of
the immune response to A. pleuropneumo-
niae in chronically infected animals (Sassu
et al. 2017a), although it is not yet clear
if this response contributes to protection
or enhanced pathology. Furthermore, pro-
duction of the anti-inflammatory cytokine,
IL-10, has been detected in tonsils of pigs
infected with A. pleuropneumoniae, and it
was suggested that CD4+ T cells are likely
the most relevant source (Müllebner et al.
2018). Indeed, a strong reciprocal correlation
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was seen between inflammatory IL-17A
and the anti-inflammatory IL-10 responses,
supporting the possibility that highly asso-
ciated but reciprocally primed cell types are
responsible.

Changes to lipid A structure and abun-
dance are associated with lower expression
of proinflammatory genes in porcine alveolar
macrophages exposed to biofilm versus plank-
tonic A. pleuropneumoniae cells (Hathroubi
et al. 2016a). The exact lipid A modifications
in the biofilm cells has not been determined,
but alterations to acylation and/or phospho-
rylation are known reduce TLR4-mediated
induction of a proinflammatory response,
facilitating immune evasion (Simpson and
Trent 2019). This may explain the observa-
tion that biofilm production by clinical lung
isolates is negatively correlated to lung lesion
scores (Aper et al. 2020). Also, following exper-
imental inoculation, inflammatory cytokine
and acute phase responses were detected in
the lung and salivary gland but not the ton-
sils of infected pigs, and Fourier transform
infrared spectroscopy revealed organ-specific
bacterial metabolic adaptation (Sassu et al.
2017b). Although the results indicated reduced
polysaccharide production by A. pleuropneu-
moniae recovered from tonsils versus lungs,
this may reflect down-regulation of CPS and/or
O-Ag (which may be more important for serum
resistance in the lung during acute infection)
and does not rule out a role for biofilm and/or
alterations to lipid A in persistence in the
tonsils.

Damage to Host Tissues
In susceptible animals, A. pleuropneumoniae
can cause tissue damage directly via cytotoxic
factors, and indirectly via an uncontrolled
pulmonary inflammatory response. Even at a
low infection dose, A. pleuropneumoniae can
damage tight-junction proteins and provoke
inflammatory cytokine production by tracheal
epithelial cells, leading to breakdown of bar-
rier integrity (Bercier et al. 2019). In addition,
A. pleuropneumoniae can increase levels of

host-produced hyaluronidase in bronchial
alveolar lavage fluid (Kahlisch et al. 2009),
further facilitating degradation of interstitial
barriers, which can enhance infiltration of
PMNs as well as allow bacterial invasion.

The main cytotoxic factors produced by
A. pleuropneumoniae are the ApxI–III tox-
ins, as reproduction of typical lesions was
confirmed using recombinant proteins for
each. ApxI is strongly hemolytic and cytotoxic;
ApxII is weakly hemolytic and moderately
cytotoxic; and ApxIII is non-hemolytic, but
strongly cytotoxic, particularly for porcine
leukocytes where CD18 serves as the receptor
mediating leukolysis (Vanden Bergh et al.
2009). The ApxI–III proteins belong to the
pore-forming type of RTX toxins, whereas
ApxIV is more similar to the Neisserial FrpC
“clip-and-link” toxin, which has recently
been suggested may act as a novel host-cell
adhesin (Kuban et al. 2020). Deletion of the
calcium-dependent self-processing module of
ApxIVA in a serovar 9 isolate reduced necro-
tizing lesions in pigs following low- but not
high-dose infection (Kuban et al. 2020), con-
firming a role in virulence for this protein.
Recently, a gene encoding a second apxIV -like
sequence has been identified downstream of
apxIV in the genomes of serovar 7, 8, and 10
isolates (Li et al. 2019). Unlike the original
ApxIV, which is considered in vivo induced,
the shorter ApxIV-S protein (which shares a
highly conserved C-terminus with ApxIV) is
produced in vitro. The ApxI and III toxins are
encoded by typical repeats in the structural
toxin (RTX) operons, where a C gene encodes
an acyl-transferase that post-transcriptionally
activates the protoxin encoded by the A gene,
and linked B and D genes encode a type I trans-
port system that secretes the activated toxin in
conjunction with a transcriptionally unlinked
TolC porin. There are no transport genes
transcriptionally linked to the apxIICA genes,
but rather, the ApxII toxin is transported
by BD proteins encoded by an incomplete
apxI operon. No transport genes are linked
to apxIVA or apxIVA-S (though transport of
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at least the latter has been shown to involve
TolC1), and the function of the protein encoded
by the upstream apxIVC (also called orf1) gene
is unknown.

Not all pathological changes of porcine
pleuropneumonia are caused directly by Apx
toxins. Interaction of the GalNAc-GalII-GalI
region of the LPS outer core with ApxI and
ApxII enhances hemolytic and cytotoxic activ-
ities (Ramjeet et al. 2008). LPS can also activate
factor XII to initiate the coagulation, fibrinol-
ysis, and kinin systems, resulting in platelet
activation and formation of microthrombi,
localized ischemia, and subsequent necro-
sis, typical of pleuropneumonia. Furthermore,
activation of porcine alveolar macrophages, as
well as intravascular macrophages, largely by
LPS and Apx toxins, leads to the release of toxic
oxygen metabolites and proteolytic enzymes,
as well as proinflammatory cytokines, which
can all contribute to acute lung injury. In pigs
infected with A. pleuropneumoniae, there is
rapid local production in the lung of the proin-
flammatory cytokines, including IL-1, IL-6,
IL-8, IL-12, IL-17, IL-18, tumor necrosis factor
alpha (TNFα) and interferon alpha (INF-α),
as well as the anti-inflammatory cytokine,
IL-10 (Zuo et al. 2013; Brogaard et al. 2015).
Addition of purified LPS to cultured porcine
alveolar macrophages elicits production of
TNFα, IL-1β, and IL-6 via interaction with the
toll-like receptor 4 (TLR4) receptor trigger-
ing the nuclear factor κB (NF-κB) pathway
(B. Li et al. 2018a). Whereas ApxI stimulates
porcine alveolar macrophage production of
proinflammatory cytokines (TNFα, IL-1β, and
IL-8, but not IL-6) via complementary determi-
nant (CD) 18-dependent activation the NF-κB
pathway involving the mitogen-activated
protein kinases (MAPKs), c-Jun N-terminal
kinase (JNK) and p38 (Chen et al. 2011; Hsu
et al. 2016). In addition to LPS and the Apx
toxins, galactose-1-phosphate uridyltrans-
ferase (GalT), an in vivo induced antigen of
A. pleuropneumoniae, was recently shown to
induce TLR2- and TLR4-dependent proin-
flammatory activity in mouse macrophages

through P38, extracellular-signal-regulated
kinase (ERK)1/2, and JNK MAPKs pathways
(F. Zhang et al. 2018a). Although meant to limit
bacterial infection, uncontrolled/excessive
production of proinflammatory cytokines
in the lungs contributes to exacerbation
of tissue damage, characteristic of porcine
pleuropneumonia.

A. pleuropneumoniae can also activate
macrophages to produce anti-inflammatory
mediators which, although designed to aid in
healing, can contribute to immune evasion. In
a recent transcriptomic analysis of an immor-
talized porcine alveolar macrophage cell line
stimulated with recombinant antigenic epi-
topes of ApxI, ApxII, and ApxIV, all of the
tested epitopes stimulated differentiation to
M2 macrophages (the activation state asso-
ciated with production of anti-inflammatory
cytokines) and apoptosis, while suppressing
genes related to both humoral and cellu-
lar immune responses (Kim et al. 2019).
iTRAQ-based quantitative proteomic analysis
of peripheral blood serum in piglets infected
with A. pleuropneumoniae also showed delayed
host inflammatory responses early in infec-
tion, followed by activation of complement and
coagulation cascades along with inflamma-
tory responses; markers of adaptive immunity
appeared later (Zhu et al. 2020).

Although these studies used different infec-
tion models at various infection stages, it
appears that A. pleuropneumoniae can delay
the host immune response at an early stage,
allowing time for bacterial replication and
production of virulence factors. Host dam-
age results from proinflammatory responses
in the lung in early stages of infection. An
anti-inflammatory response becomes domi-
nant during the later (persistence) stage, when
the virulence genes of the pathogen are mainly
repressed to facilitate immune evasion.

Regulation of Virulence

The ability of bacteria to rapidly and contin-
ually adapt to changes in their environment
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is facilitated by activities of various tran-
scriptional regulatory elements operating at
different levels in a complex interconnected
network. In addition to the “housekeeping”
sigma-70/RpoD, which is responsible for tran-
scription of the majority of genes, A. pleurop-
neumoniae encodes sigma-24/RpoE (directing
expression of genes in response to extracy-
toplasmic stress), sigma-32/RpoH (putatively
directing heat-shock response), and an unchar-
acterized sigma factor (WP_005606496). A
putative nitrogen-responsive RpoN sigma-54
modulation protein is more frequently anno-
tated as raiA (ribosome-associated translation
inhibitor; WP_005597433) and no homolog
of rpoN has been identified. There is also
no evidence of a homolog of RpoS (impor-
tant for regulating responses to various
stresses and transition to stationary phase
in Enterobacteriaceae) in A. pleuropneumo-
niae. Genes belonging to the RpoE regulon
have been identified (Bossé et al. 2010), and
several have been shown to be important
for virulence, as discussed above. The genes
regulated by RpoH and the uncharacter-
ized sigma factor, as well as the promoter
consensus sequences that they recognize,
have yet to be determined. Although a com-
prehensive analysis of promoter sequences
remains to be done in A. pleuropneumo-
niae, sequences for RpoD and RpoE are
very similar to those in Escherichia coli, i.e.
TTGACA-n17(±2)-TATAAT and GAACTT-
n16-TCTAA, respectively.

In A. pleuropneumoniae, a number of global
TFs have been identified, including five sets
of two-component systems (TCS): ArcA/B,
CpxA/R, NarP/Q, PhoB/R, and QseC/B.
Regulation of genes in response to oxygen
limitation in A. pleuropneumoniae involves
multiple TFs, including HlyX (homolog of
the E. coli fumarate and nitrate reduction
regulator) and two TCS: ArcA/B and NarP/Q.
Both ArcA and HlyX have been shown to
be important for full virulence of A. pleu-
ropneumoniae. Overall, HlyX is a positive
regulator, most notably of genes for anaerobic

metabolism encoding alternative terminal
reductases and hydrogenases (Buettner et al.
2009), whereas ArcA mainly functions as
a repressor of numerous central metabolic
genes, while upregulating those involved
in energy production via fumarate respira-
tion (Buettner et al. 2008). NarP interacts
with the promoter regions of over 130 genes
and, for example, represses expression of
dmsA, cstA, and ushA (important for anaer-
obic respiration, carbon-starvation response,
and use of extracellular nucleotides, respec-
tively), as well as pgaA and ftpA (involved
in biofilm formation and DNA protection,
respectively) in the presence of nitrate (Zhang
et al. 2020).

Some genes involved in iron uptake/
metabolism are regulated via the oxygen-
responsive transcription factors, as oxidation
of iron changes it from soluble ferrous (Fe2+)
to insoluble ferric (Fe3+) iron. However, the
main iron-responsive transcription factor is
the ferric uptake regulator (Fur), which has
been shown to be necessary for growth of
A. pleuropneumoniae in pigs. Although the
Fur-regulon of A. pleuropneumoniae has not
been fully elucidated using a fur mutant,
studies of the transcriptional response to iron
limitation have demonstrated a large number
of differentially expressed genes (Deslandes
et al. 2007; Klitgaard et al. 2010). The presence
of sequences resembling the E. coli Fur-box
(consensus GATAATGATAATCATTATC)
can be seen upstream of a number of these
genes, indicating a likely role for Fur in their
transcriptional regulation.

In E. coli, two TCS, QseC/B and QseE/F,
regulate transcription of genes in response
to catecholamines, but in A. pleuropneumo-
niae, which only has homologs of the QseC/B
system, deletion of qseC/B does not affect
catecholamine-induced growth. Furthermore,
only three genes identified as part of the
QseC/B regulon are similarly regulated by
catecholamines, whereas 13 genes are also
regulated by LuxS, the auto-inducer 2 (AI-2)
sensing transcription factor (Liu et al. 2015; L.



�

� �

�

Actinobacillus pleuropneumoniae 275

Li et al. 2012a; Li et al. 2011). Thus, it remains
unclear to which stimulus/stimuli the QseC/B
system is responding in A. pleuropneumo-
niae. Of the 44 differentially expressed genes
identified in this regulon, 17 are down- and
27 are upregulated in the absence of qseC/B.
Electrophoretic mobility shift assays (EMSAs)
confirmed direct binding of QseB to the pilM
promoter, but not to the promoters of glpK or
hugZ, indicating that some of the differentially
expressed genes may be indirectly regulated in
the qseC/B mutant.

Similar to the RpoE sigma factor, the CpxA/R
TCS regulates responses to extracellular
stresses which cause membrane damage.
Mutation of cpxA/R has been shown to affect
growth, stress resistance and virulence of
A. pleuropneumoniae. Though the complete
CpxA/R regulon has not been determined,
EMSAs suggest that CpxR binds to promoters
of rpoE and wecA, with a recognition sequence,
GTAAA-(N)4−8-GTAAA (or its inverse), sim-
ilar to that seen in other bacteria (H. Li et al.
2018b; Yan et al. 2020). Regulation of biofilm
(pga operon) expression by CpxA/R is thus
via RpoE (H. Li et al. 2018b; Hathroubi et al.
2016b).The wecA gene, encoding undecaprenyl
phosphate GlcNAc-1-phosphate transferase,
though stated to be involved in O-Ag pro-
duction (Yan et al. 2020), is the first gene in
a cluster that is common to all A. pleurop-
neumoniae serovars, with 10 of the 12 genes
homologous to those encoding the enterobac-
terial common antigen, which, like LPS, is
an important structural component of the
outer membrane in Enterobacterales (Rai and
Mitchell 2020).

In addition to specific DNA-binding tran-
scription factors, nucleoid-associated proteins
(NAPs), which are involved in genome restruc-
turing, can also have global gene regulatory
effects by trapping or excluding the RNA
polymerase (RNAP). Of the NAPs encoded
by A. pleuropneumoniae, that is heat-unstable
nucleoid protein (HU), integration host factor
(IHF), leucine-responsive regulatory pro-
tein (Lrp), factor for inversion stimulation

(Fis), and histone-like nucleoid structuring
protein (H-NS), only the latter has so far been
investigated for its role in gene regulation.
In E. coli and other Enterobacteriaceae, H-NS
(which binds AT-rich sequences) regulates
transcription of a large number of genes, espe-
cially repressing those acquired by horizontal
transfer that tend to have abnormally low GC
content. In contrast, only the genes of the pga
operon are significantly upregulated in an hns
mutant of A. pleuropneumoniae (Bossé et al.
2010), indicating that H-NS is not a global
regulator in this bacterium.

Small molecule ligands that can directly
interact with RNAP provide another mech-
anism of rapid transcriptional control in
changing environments. Nutrient starva-
tion leads to accumulation of the alarmone,
(p)ppGpp, through the actions of enzymes
RelA and SpoT. Production of (p)ppGpp con-
sumes GTP, leading to decreased levels of this
nucleotide that in turn can affect expression
of genes with guanine transcriptional start
sites. Furthermore, the alarmone can interact
directly with RNAP causing inhibition of tran-
scription from SR promoters. Deletion of the
relA gene (encoding the ppGpp synthesizing
enzyme) confirms that (p)ppGpp signaling
(directly or indirectly) regulates the viability,
morphology, biofilm formation, metabolism,
and virulence of A. pleuropneumoniae under
starvation conditions (Li et al. 2015). Deletion
of both relA and spoT confirm that de novo
purine biosynthesis is repressed, and antiox-
idant pathways are activated, by (p)ppGpp
in A. pleuropneumoniae. However, unlike in
E. coli, absence of BCAAs is not sufficient to
trigger the SR in A. pleuropneumoniae (Li et al.
2020).

The contribution of small RNAs to gene reg-
ulation in A. pleuropneumoniae is beginning to
be explored. In-silico analysis and deep RNA
sequencing have been used to predict sRNAs
in this bacterium (Rossi et al. 2016; Su et al.
2016). Among them, 17 candidates, including
the known sRNAs, GcvB and 6S, as well as
two putative riboswitches, three housekeeping
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regulatory RNAs, and 10 novel trans-acting
sRNAs, have been validated by Northern
blotting, RT-PCR and/or RNA sequencing
(Rossi et al. 2016). The potential mRNA tar-
gets (involved in virulence, stress resistance,
and metabolism) predicted for the putative
trans-acting sRNAs need further validation
to fully understand the regulatory roles of
these sRNAs. Furthermore, trans-acting
sRNAs often require interaction with Hfq,
an RNA chaperone conserved in pathogenic
bacteria, to exert their regulatory effects. In
A. pleuropneumoniae, deletion of hfq has
been shown to attenuate virulence in both
a Galleria mellonella (greater wax moth)
model and in pigs (Subashchandrabose et al.
2013; Pereira et al. 2015), with pleiotropic
effects on biofilm formation, adherence, and
resistance to various stressors shown to vary
between different serovars (Crispim et al.
2020). Serovar-dependent results seen for hfq
mutants highlight the importance of testing
multiple isolates/serovars when determining
contributions of global regulators to spe-
cific phenotypes, as some components of the
complex regulatory networks involved may
differ.

Control

Proper management practices (including
the maintenance of healthy air quality and
appropriate temperature, avoiding overcrowd-
ing, and following a strict “all-in/all-out”
production principle with thorough clean-
ing between groups) are essential to control
A. pleuropneumoniae. Obtaining pigs only
from herds with a similar or higher health
status (certified by use of sensitive diagnostic
tests) is critically important for maintaining
herds free of A. pleuropneumoniae, while
reducing stresses can decrease the morbidity
and alleviate clinical symptoms of infection
where the bacterium is present. Depopu-
lation/repopulation, as well as medicated
early weaning schemes can help to reduce or
eliminate the pathogen.

In the event of infection, treatment of pigs
with acute pleuropneumonia requires direct
injection of an efficacious antibiotic (ideally
selected after antibiotic susceptibility testing of
the isolated strain). However, this is laborious,
expensive, and can be of limited use due to
the rapid progression of the disease. A wide
range of antibiotics have been successfully
used to control A. pleuropneumoniae infec-
tion, but in many countries an increase in
resistance to traditionally used antimicrobials,
including tetracycline, penicillin, sulfonamide,
trimethoprim, and (more recently) florfenicol
have been observed (Sassu et al. 2018). Most
resistance genes are carried on small, mobi-
lizable plasmids (Michael et al. 2018), with
transfer between A. pleuropneumoniae iso-
lates and/or other co-resident bacterial species
dependent on the conjugation machinery pro-
vided by chromosomally encoded integrative
conjugative elements (Bossé et al. 2016; Y. Li
et al. 2018c; Beker et al. 2018). New genera-
tion cephalosporins (ceftiofur, cefquinome),
macrolides (tildipirosin, gamithromycin), and
fluoroquinolones (marbofloxacin) have been
described as effective against A. pleuropneu-
moniae infection (L. Zhang et al. 2018b; Sun
et al. 2020; Hoeltig et al. 2018b; Rose et al.
2013; Xiao et al. 2020), and judicious use of
these should limit development/spread of
resistance. To this end, there is a move to
reduce use of antimicrobial agents in ani-
mal husbandry, therefore necessitating other
means of infection control.

Vaccination can be a feasible strategy to
prevent A. pleuropneumoniae infection. Cur-
rent commercially available vaccines include
inactivated bacterins consisting of locally
prevalent serovars, as well as subunit vaccines
containing recombinant toxins together with
OMPs. However, these vaccines do not pro-
vide efficient cross-protection. Recombinant
proteins (e.g. RTX toxins, OMPs, lipopro-
teins, adhesins, and pili) have been tested
individually or as mixed antigens in pigs or
mice and show various degrees of efficacy
(Loera Muro and Angulo 2018). There has also
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been a growing interest in the development
of live attenuated vaccines, such as those
lacking capsule, the activator gene(s) of Apx
toxins, and/or other essential virulence genes
(ompP2, znuA). However, given the strict
regulation of genetically modified organisms
in many countries, these vaccines have not
been licensed yet. DNA vaccines, genetically
inactivated ghost vaccines, epitope-based
vaccines, glycoengineering-based glycocon-
jugate vaccines, and immunogenic proteins
delivered by outer-membrane vesicles have
also been described (Loera Muro and Angulo
2018), but further investigations are required
before commercialization of these novel
vaccines.

Selectively breeding pigs resistant to pleu-
ropneumonia is another approach to control
currently being explored. It has been known
for some time that host genetic variability
plays a role in susceptibility to respiratory
infection. Genome sequencing is now facili-
tating detection of porcine quantitative trait
loci associated with both innate and acquired
immune responses to A. pleuropneumoniae
(Reiner et al. 2014a; Reiner et al. 2014b;
Gregersen et al. 2010; Nietfeld et al. 2020).
In particular, candidate genes mapped to S.
scrofa chromosome (SSC) 2, SSC12, and SSC15
have been identified as markers of resistance
to pleuropneumonia (Nietfeld et al. 2020).
Although this approach appears promising,
it will be necessary to determine the effects
of selecting for specific pleuropneumonia
resistance traits to be sure that there are no
unexpected consequences regarding overall
health and production performance of pigs, or
susceptibility to other (e.g. viral) pathogens.

Actinobacillus lignieresii

Source of Infection: Ecology
and Epidemiology

A. lignieresii is a common resident of the
oral cavity, pharynx, and rumen of healthy
sheep and cattle. It is the causative agent of

wooden tongue, a chronic disease in cattle.
The organism has a worldwide geographic
distribution, but clinical cases are generally
sporadic (Relun et al. 2019). Subclinical cases
may be overlooked so its distribution and
importance may be underestimated. Equine
strains of “A. lignieresii” are genetically most
closely related to Bisgaard taxon 11 and
Actinobacillus equuli subsp. haemolyticus and
have been designated Actinobacillus genomo-
species 1. Six serotypes of A. lignieresii have
been described and autoagglutinating isolates
are common. There have been no reports
of the use of serotyping in epidemiologi-
cal studies, but such a study would be of
interest as there is evidence that some iso-
lates of A. lignieresii are more virulent than
others.

Types of Disease and Pathologic Changes

Resident A. lignieresii from the oropharynx
or rumen may cause disease via damage to
mucous membranes. The disease, which pro-
gresses very slowly, is normally limited to the
soft tissues of the head and neck. Multiple
abscesses can occur on the head and under
the jaw and throat region and small, hard,
pus-filled ulcers may be present on the tongue.
As the disease progresses, the throat region
(often including the lymphatic glands of the
head and neck) becomes involved and the ani-
mal cannot retract its tongue. The lesions in the
mouth can eventually lead to starvation and
cachexia or pressure on the trachea may lead
to asphyxiation (Relun et al. 2019; Caffarena
et al. 2018). Occasionally, A. lignieresii affects
tissues other than the tongue, head, and neck,
with swelling in a hind limb also observed
(Relun et al. 2019). In addition, pneumonia
has been detected (possibly due to spread of
the pathogen from cutaneous tissues through
the lymphatics) and chronic, diffuse, severe
pyogranulomatous dermatitis associated with
Splendore–Hoeppli phenomenon can be seen
in skin and lung biopsy specimens (Relun et al.
2019). Abscesses around the entrance to the
rumen may cause chronic bloating and other
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digestive disturbances. Although animals
mount a detectable humoral immune response
to A. lignieresii, antibodies do not seem to be
protective.

Pathogenesis

The virulence factors of A. lignieresii are
unknown. Despite the fact that A. lignieresii
and A. pleuropneumoniae share almost 70%
DNA–DNA homology and it is not possible
to differentiate between these two species by
a variety of molecular and phenotypic meth-
ods, the diseases caused by these species (and
presumably their virulence factors) are very
different. A. lignieresii carries homologs of
the A. pleuropneumoniae apxICABD genes,
but without an obvious promoter sequence
and ApxI toxin does not appear to be pro-
duced. In some A. lignieresii strains, apxIA
or apxID is truncated (Turni et al. 2019).
Although few genome sequences are avail-
able and little is known about the serotypic
variability, cross-reactivity has been reported
between some A. lignieresii isolates used in
validation of serological and molecular typing
assays for detection of A. pleuropneumo-
niae CPS and O-Ags, suggesting that some
genes and/or complete operons (e.g. serovars
1 and 7 cps genes; serovar 7 O-Ag) may be
shared by these highly related species. Most
likely, cell surface polysaccharides play an
important role in the persistence of A. lig-
nieresii in the host, but much more work is
needed before their role in pathogenesis can be
understood. Agglutinating antibodies against
heat-stable A. lignieresii antigens, common
in apparently healthy adult animals, are ele-
vated in diseased animals. Antibody levels in
young animals are typically low and do not
reach adult levels until approximately one
year of age. Given the granulomatous nature
of the lesions associated with A. lignieresii
disease, it is likely that cell-mediated immu-
nity is involved, but its precise role in host
protection and pathogenesis has not been
described.

Control

Because of its limited occurrence, there are
no commercially available vaccines for A. lig-
nieresii. However, in the absence of acquired
antibiotic resistance, it is likely that antibiotics
used to treat other Actinobacillus spp. would be
effective against A. lignieresii. In one case study,
an isolate was resistant to penicillin but sus-
ceptible to imipenem, ofloxacin, norfloxacin,
kanamycin, sulfamethoxazole-trimethoprim,
and chloramphenicol (Kasuya et al. 2017).
Prompt and prolonged antimicrobial treat-
ment (at least six days) using long-acting
antibiotics has been suggested to successfully
treat this disease (Relun et al. 2019). Iodine
solutions, such as those used to treat actino-
mycosis, are also reported to be effective in
the treatment of A. lignieresii (Caffarena et al.
2018). In the case of very valuable animals,
surgery may also be an option.

Actinobacillus equuli

Source of Infection: Ecology
and Epidemiology

A. equuli is a common resident of the
upper respiratory and alimentary tracts
of healthy adult horses and has occasion-
ally been recovered from feces. A. equuli
is subdivided into subspecies haemolyticus,
comprising β-hemolytic and cyclic adenosine
monophosphate (cAMP)-positive strains, and
subsp. equuli, which are nonhemolytic and
cAMP-negative. In the past, A. equuli was
frequently misidentified as A. suis, variants
of A. equuli, or Bisgaard taxon 11, but it can
be differentiated by its acid-production from
mannitol, the fact that it does not hydrolyze
esculin, and in the case of subsp. haemolyticus,
production of the AqxA hemolysin. A. equuli
subsp. equuli infects equine and porcine hosts,
while subsp. haemolyticus is only found in
horses, although infections in humans and
rabbits have been rarely reported, usually
after contact with horses (Benavente and
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Fuentealba 2012). Ribotyping suggests the
species A. equuli is heterogeneous. Indeed, it
is not possible to distinguish between clinical
isolates and normal flora. Phylogenetically,
A. suis and A. equuli are closely related but
distinct species (Bujold et al. 2019; Huang et al.
2015), which can be differentiated by toxin
genotyping.

Types of Disease and Pathologic Changes

Only A. equuli subsp. equuli causes sleepy
foal disease, a rare but often fatal septicemia
seen in foals worldwide, which can progress
to a chronic polyarthritis known as “joint-ill”
disease (Benavente and Fuentealba 2012). In
foals under one month, A. equuli septicemia is
frequently associated with suppurative nephri-
tis, arthritis, pneumonia, pleuritis, or enteritis.
Less commonly, A. equuli can cause more
localized disease in adult horses, presenting
as endocarditis, arthritis, abortion, nephritis,
pneumonia, or orchitis, and only rarely causes
septicemia and peritonitis (Benavente and
Fuentealba 2012). A. equuli can be transmitted
from mares, which may carry multiple strains,
to foals via the oral, respiratory, or umbilical
routes at/following birth, and perhaps even
in utero. In pigs, A. equuli has occasionally
been associated with endocarditis, metritis,
and high mortality in young piglets (Benavente
and Fuentealba 2012).

Pathogenesis

Little is known about the virulence mech-
anisms of A. equuli. The aqxCABD operon,
encoding an RTX toxin unique to the species,
is expressed by all hemolytic strains. Though
the operon is present in nonhemolytic iso-
lates, point mutations and large deletions in
aqxA eliminate toxin expression in A. equ-
uli subsp. equuli (Huang et al. 2015). In
hemolytic strains, the AqxA hemolysin is
toxic to horse lymphocytes and linked to
pulmonary hemorrhage and endothelial dam-
age in adult horses (Pusterla et al. 2008).

Several putative virulence-associated genes
have been identified by bioinformatics,
including autotransporters (ATs), Tfp, fila-
mentous hemagglutinin, an IgA protease,
iron-acquisition systems (e.g. siderophores,
hemoglobin- and transferrin-binding pro-
teins), and genes for LPS, CPS, and sialic acid
metabolism (Bujold et al. 2019; Huang et al.
2015), but their roles in pathogenesis have yet
to be validated experimentally.

Control

As all A. equuli are thought to have pathogenic
potential, immune status likely plays a deter-
mining role in most infections. Mares can
produce antibodies to resident A. equuli that
can be passed to foals through colostrum to
confer passive immunity. When mares with
naturally acquired pre-existing antibodies are
vaccinated with OMPs and recombinant AqxA,
antibody production is enhanced (Skaggs et al.
2011), which suggests development of com-
mercial vaccine, at least against hemolytic
isolates may be possible. In one clinical out-
break of A. equuli subsp. equuli, an autogenous
killed vaccine was developed and used to treat
a sow herd, but its efficacy was not reported
(Thompson et al. 2010). While there have
been no recent reports of antibiotic sensitivity,
A. equuli isolates are usually susceptible to
most antibiotics, though resistance to some
(e.g. tetracycline) has been detected after pro-
longed use (Thompson et al. 2010). However,
rapid onset of septicemia can make antibiotic
treatment impractical.

Actinobacillus suis

Source of Infection: Ecology
and Epidemiology

A. suis is a common colonizer of the tonsils
and nasal passages of swine of all ages and
occasionally the vagina of healthy sows. How-
ever, under poorly understood conditions, it
can cause septicemia, and sequelae such as
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arthritis, meningitis, and pneumonia. In con-
ventionally reared swine, A. suis is a common
commensal and opportunistic pathogen, but
in high health status herds, A. suis may not be
present and these animals can develop severe
disease if A. suis is introduced. Once herd
immunity has been established, outbreaks
decrease. Since the early l990s, there have
been severe disease outbreaks in Canada, the
United States, Australia, and parts of Europe
in pigs of all ages (Benavente and Fuentealba
2012). While swine are the natural host, spo-
radic cases of A. suis or A. suis-like disease
have been reported in various birds and mam-
mals, but many early reports of isolates from
non-porcine sources were likely not A. suis
sensu stricto (Jeannotte et al. 2002).

A. suis strains are genetically similar and
early studies of A. suis population structure
found little genotypic or phenotypic hetero-
geneity among isolates from healthy and
diseased swine. Most differences are associ-
ated with horizontally transferred elements
containing CPS and LPS biosynthesis genes
(Bujold et al. 2019). Two O types and three
K types have been identified in A. suis to
date. Serotype O1/K1 is low/no virulence,
O2/K3 strains have an intermediate level
of virulence, while O2/K2 strains are the
most virulent. CPS rather than the LPS may
be a more important determinant of patho-
genesis. Chemical characterization revealed
that the O1 antigen is (1–6)-β-D-glucan and
the O2 antigen is a (Glc, Gal2, GlcNAc)
branched tetrasaccharide. The Kl capsule is
also (l-6)-β-D-glucan while the K2 capsule
is composed of an O-acetylated diglycosyl
phosphate repeat decorated with fructose.
The O2 LPS O-chain and K3 capsules contain
sialic acid, known to promote host evasion
(Deutschmann et al. 2010). The LPS of an
O1/K1 isolate and an untypable strain of
A. suis contain a conserved core that is shared
by several A. pleuropneumoniae core types
(Ganeshapillai et al. 2011) and likely accounts
for serological cross-reactivity. A common
sialylated glycan, unique among sequenced

Actinobacillus spp., has been identified in K1
and K2 strains (Deutschmann et al. 2010)
but not K3 strains (Bujold et al. 2019). This,
and other common cross-reactive environ-
mental antigens, have thwarted attempts to
develop a serotyping system for A. suis. A
multiplexing liquid array to detect Apx toxins
(Giménez-Lirola et al. 2013) and a real-time
PCR (Kariyawasam et al. 2011) can be used
to detect A. suis, but neither can discriminate
beyond species level. Whole genome sequenc-
ing may prove useful for development of new
diagnostic tools.

A. suis transmission generally occurs via
aerosol or close contact, though it may also
enter through breaks in the skin (e.g. castra-
tion, bite wounds). It rapidly loses viability in
pathological samples and following culture,
thus is unlikely to survive in the environ-
ment for any appreciable time. In neonates
and suckling pigs, A. suis can cause acute
and rapidly fatal septicemia, where death
occurs within 15 hours, with signs such as
cyanosis, petechial hemorrhage, fever, res-
piratory distress, neurological disturbances,
and polyarthritis (Benavente and Fuentealba
2012). In older pigs, the disease is less severe,
with much lower mortality, and animals
may present with fever, anorexia, persistent
cough, and general poor health. In mature
animals, A. suis infection can be confused
with erysipelas and may have erythematous
skin lesions, fever, and inappetence; abor-
tion, metritis, and meningitis have also been
reported in sows with vaginal colonization.
Once in the bloodstream, A. suis can form
microcolonies on vessel walls, leading to
rapid spread throughout the body, regional
hemorrhage, and necrosis. Gross lesions
are often seen in the lungs, kidney, heart,
spleen, intestines, and skin. Lungs may also
fill with serous or serofibrinous exudate and
superficially resemble pleuropneumonia.
Occasionally, animals are seen with an acute
necrotizing myocarditis that is reminiscent of
mulberry heart disease.
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Pathogenesis

Relatively little is known about the pathogen-
esis of A. suis, although a mouse challenge
system for future investigations has been
described (Ojha et al. 2007). Several metabolic
and putative surface-expressed proteins were
found to be essential for colonization. Of
these, the OmpA protein of A. suis, but not
A. pleuropneumoniae, adheres to porcine
brain microvascular endothelial cells in vitro
(Ojha et al. 2010), which likely contributes
to their differences in tissue tropism. Bioin-
formatic analysis of several A. suis genomes
identified 24 putative adhesins, including
ATs, OMPs, filamentous hemagglutinins,
fibronectin-binding protein ComE1, Tfp and
Flp/Tad pili, and biofilm biosynthesis genes
(Bujold and MacInnes 2015; Bujold et al.
2019). Of these, OmpA, ComE1, and the Flp1
pilin are important for biofilm formation and
attachment to ECM components (Bujold and
MacInnes 2016), while several other adhesins
are proposed to participate in persistence in
swine tonsils (Bujold et al. 2016). As with
A. pleuropneumoniae, LPS could play a role in
attachment, but this remains to be established.
Modifications, particularly sialic acid decora-
tion, of CPS, LPS, and common polysaccharide
of virulent A. suis isolates may contribute to
host evasion and survival in the bloodstream
(Bujold et al. 2019). Regardless of O/K types,
all A. suis isolates are serum-resistant and, in
fact, grow better in the presence of fresh rather
than heat-inactivated serum.

A. suis possesses iron acquisition genes
including hemoglobin-binding, transferrin-
binding, ferrichrome- and enterobactin-bin-
ding, use of heme, two TonB-ExbDB systems,
and periplasmic binding protein-dependent
iron transport systems (Bujold et al. 2019).
Functionality has only been validated for
some, which show host specificity. A. suis, like
A. pleuropneumoniae, is urease-positive, which
may aid in acquiring nitrogen and impairing
local immune response, though these roles are
unconfirmed.

A. suis RTX toxins, ApxI and ApxII, are
virtually identical to those of A. pleuropneumo-
niae but are expressed at lower levels, which
may facilitate invasion via tonsillar lympho-
cytes, though this remains to be demonstrated.
A. suis produces a metalloprotease that cleaves
pig and bovine IgG. Bioinformatics identified
two IgA1 proteases in A. suis isolates, and an
opacity associated protein, OapA, is present in
invasive Actinobacillus spp. only (Bujold et al.
2019), which may be important for coloniza-
tion and invasion, though these proteins have
not been studied yet.

Control

As with A. pleuropneumoniae, good man-
agement practices are key to disease control.
There are currently no commercial vaccines
for A. suis, but autogenous bacterins have been
useful. Theoretically, A. pleuropneumoniae
vaccines, especially those with Apx toxins and
OMPs, could provide some cross-protection.
A. suis isolates are usually sensitive to antibi-
otic therapy (Hayer et al. 2020), but this is often
impractical, given the sudden onset of disease.
Furthermore, antibiotic resistance has been
detected in some isolates and may be plasmid
mediated, with genetically similar isolates
carrying different resistance genes (Benavente
and Fuentealba 2012).

Gaps in Knowledge and Future
Directions

In the decade since the previous edition of
this book, a wealth of knowledge has been
gained regarding Actinobacillus species. This
almost logarithmic expansion of data has been
driven by the affordability of whole-genome
DNA and RNA, sequencing, of not only the
bacterial species but also the host. Com-
bined with development/improvement of
genetic tools for generation of directed and
genome-wide mutations, the functions of many
genes have been determined, including their
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contributions to virulence. However, most of
these advances have been made for the main
pathogenic species, A. pleuropneumoniae.
More whole-genome sequences and functional
genetic studies of the other Actinobacillus
spp. would facilitate comparative analysis of
isolates (both within and between species) to
identify potential species-specific genes con-
tributing to differences in virulence, as well
as shared genes that may give cross-reactive
diagnostic results between species (especially
those found in the same host animal). Fur-
thermore, increased numbers of genomes
for specific pathogenic species will allow
analysis of conservation of genes encoding
potential vaccine candidates. Species-specific
databases of whole genome sequences, with
relevant metadata, as recommended by Sassu
et al. (2018), would be helpful for epidemi-
ological purposes (much like the multilocus
sequence typing databases that exist for a
number of pathogens), and would facilitate
meaningful comparative genomic studies,
including analysis of distribution/spread of
antimicrobial resistance genes among related
species.

A major challenge in the future will be
data management. With many draft genome
sequences being automatically annotated,
there are often inconsistencies in annotation
and genes may be assigned names (imply-
ing functions) that are misleading. In older
studies, where only genome-specific locus
tags had been assigned, along with a general
description, it can be easy to miss the rele-
vance of reported gene function. For example,
the A. pleuropneumoniae serovar 5 homologs
(APL_0848 to APL_0851) of the H. ducreyi
sialic acid ABC transport system that were
upregulated in the in vivo transcriptomic
study by Klitgaard et al. (2012), were merely
described as components of an ABC trans-
port system. In even older studies, where
proteins associated with specific phenotypes
have only been described by their molec-
ular weight and likely subcellular location
(with partial protein sequences in the best

cases), these characteristics can be used to
determine the (likely) identity of the genes
involved (e.g. aldA in A. pleuropneumoniae
encoding the 55 kDa NAD-restriction induced
adhesion-associated protein), which will allow
validation of predicted function via targeted
mutation studies.

Equally, whole genome analysis can
facilitate the correction of historic errors.
For example, no A. pleuropneumoniae genome
has been found to encode any flagellar genes,
suggesting some other species was analyzed in
error when describing the presence of flagella
and motility in A. pleuropneumoniae. Sim-
ilarly, incorrect isolates have been used for
generation of some published A. pleuropneu-
moniae genome sequences. For example,
the draft genomes AACK00000000 and
ADOM00000000 are reported to be for the
reference strains of A. pleuropneumoniae
serovars 1 (4074) and 13 (N-273), respectively.
However, the encoded cps loci indicate that
the DNA samples used were from isolates of
serovars 5 and 7, respectively. These errors
need to be acknowledged and/or corrected
to avoid further mistakes in comparative
genotypic analyses.

Despite the rapid pace of research over
the last decade, many genes remain to be
characterized phenotypically and understand-
ing of the nature and contribution of sRNAs
to virulence in Actinobacillus spp. is in its
infancy. The complexities of gene regulatory
networks can make it challenging to determine
direct versus indirect effects of mutations on
specific phenotypes, and transcriptomic data
must be interpreted with caution, especially
when only one or few time points are tested for
a single isolate/serovar. However, continued
refinements to RNA sequencing methods are
helping to unravel specific pathways, in addi-
tion to identifying further layers of complexity
that remain to be explored.

Recent application of the Casadevall and
Pirofski (2018) MISTEACHING (microbiome,
immunity, sex, temperature, environment, age,
chance, history, inoculum, nutrition, genetics)
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disease susceptibility framework, with expan-
sion to include a ‘strain’ category (to make
it MISTEACHINGS) to A. pleuropneumoniae
has identified research gaps that remain to be
addressed for each category, with examples of

suggested hypotheses provided to stimulate
further research (Langford et al. 2021). Similar
application of this framework to the other
Actinobacillus species will greatly enhance our
knowledge of this important genus.

References

Aper, D., Frömbling, J., Bağc𝚤oğlu, M. et al.
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Other Pasteurellaceae: Avibacterium, Bibersteinia, Gallibacterium,
Glaesserella, and Histophilus
Anders M. Bojesen, Virginia Aragon, and Pat J. Blackall

Introduction

In addition to Pasteurella (Chapter 10),
Mannheimia (Chapter 11), and Actinobacillus
(Chapter 12) there are several other genera
belonging to the family Pasteurellaceae that
cause important animal diseases. These “other
Pasteurellaceae” (Avibacterium, Bibersteinia,
Gallibacterium, Glaesserella, and Histophilus)
described in this chapter are generally less
well studied so there are more gaps in our
understanding of their mechanisms of patho-
genesis. Nevertheless, these genera continue
to cause economically significant diseases in
many countries and are worthy of study.

Avibacterium

The genus Avibacterium consists of bacteria
previously regarded as either Haemophilus
or Pasteurella and includes five species:
Avibacterium avium, Avibacterium endocardi-
tidis, Avibacterium gallinarum, Avibacterium
paragallinarum and Avibacterium volantium
(Blackall and Soriano-Vargas 2020). Members
of the genus Avibacterium are Gram-negative
non-motile bacteria. Most isolates of A. avium,
A. paragallinarum and A. volantium require
nicotinamide adenine dinucleotide (NAD) for
in vitro growth. A. paragallinarum isolates
typically require an atmosphere of 5–10%
carbon dioxide. Members of the genus are
grown at 37–38∘C. Three species have been

linked with disease: A. endocarditidis, A. para-
gallinarum and A. gallinarum (Blackall and
Soriano-Vargas 2020). The genus is associated
with birds, with carrier birds being the main
reservoir of A. paragallinarum.

Types of Disease and Pathologic Changes

A. paragallinarum causes infectious coryza of
poultry, an acute inflammation of the upper
respiratory tract involving the nasal passage
and sinuses with a serous to mucoid nasal
discharge, facial edema, and conjunctivitis
(Blackall and Soriano-Vargas 2020). Infectious
coryza causes a marked drop in egg production
(10–40%) (Blackall and Soriano-Vargas 2020).
A. gallinarum has been associated acute res-
piratory disease, coughing and sneezing, with
some outbreaks involving periorbital swelling
and keratoconjunctivitis, and swollen wattles.
A. endocarditidis causes valvular endocarditis
in broiler breeders.

Virulence Factors and Pathogenomics

The virulence factors that have been iden-
tified as playing a role in infectious coryza
include: (i) capsule, based on evidence that
isogenic acapsular mutants are less viru-
lent in chickens than the parent strain (Tu
et al. 2015); (ii) a trimeric autotransporter
that has hemagglutination activity (termed
HMTp210) and which when not expressed
results in reduced virulence (Wang et al. 2014);
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Figure 13.1 Mechanisms of pathogenesis of Avibacterium paragallinarum, illustrating the four key stages of
the disease process: colonization, multiplication, evasion of host defenses, and host tissue damage. Some
virulence factors play a role in multiple areas; for example, lipopolysaccharide (LPS) may play a role in
colonization by aiding attachment, and LPS that is decorated with phosphorylcholine (ChoP) has decreased
susceptibility to the chicken antimicrobial peptide fowlicidin-1. The photographs show the typical clinical
signs of a mild case of infectious coryza with mildly swollen sinus (bottom) and more advanced disease
with clear sinus swelling (top). AvxA, bivalent serine-protease repeats in the structural toxin; CDT, cytolethal
distending toxin; FlfA, fimbrial protein; HMTp210, trimeric autotransporter; IgA, immunoglobulin A; TbpA,
transferrin-binding protein A; TbpB, transferrin binding protein B. Source: Photographs provided by Dr.
Alejandro García Flores, Laboratorios Avilab, Mexico.

(iii) lipopolysaccharide (LPS; Chiang et al.
2013); (iv) fimbrial protein FlfA (mutants
lacking this protein are less virulent than the
parent strains; Liu et al. 2016a); (v) a bivalent
serine-protease repeats in the structural toxin
(RTX) termed Avx, which has the classic RTX
operon structure (activator gene avxC, struc-
tural gene avxA, and the genes for a type 1
secretion system avxBD) and is cytotoxic for
an avian macrophage-like cell line (HD11;
Küng and Frey 2013); (vi) an apparent cyto-
lethal distending toxin (CDT), which causes
typical CDT activity (cell-cycle arrest and
apoptosis) when HeLa cells or chick embryo
fibroblast cells are exposed to filter-sterilized
lysates of A. paragallinarum (Chen et al.
2014); (vii) a metalloprotease which can par-
tially degrade chicken immunoglobulin (Ig) G
(Rivero-García et al. 2005); and (viii) hemocin;
the locus containing the hemocin structural
gene also has an immunity gene (Terry

et al. 2003; Hsu et al. 2007). Phase-variable
expression of ChoP, which controls expression
of phosphorylcholine on lipopolysaccharide;
Chiang et al. 2013 and FlfA have been reported
(Liu et al. 2016a). Epigenetic regulation of
virulence by random switching of DNA methy-
lation patterns appears to be a feature in
A. paragallinarum (Atack et al. 2020).

Pathogenesis

The upper respiratory tract is the primary
site of colonization of A. paragallinarum with
HMTp210 activity (Wang et al. 2014) and
FlfA (Liu et al. 2016a) playing a role in this
process (Figure 13.1). The ability to multi-
ply and survive appears to be aided by two
outer-membrane protein (OMP) in A. para-
gallinarum that are specific receptors for
chicken and turkey ovotransferrin (Ogun-
nariwo and Schryvers 1992). The capsule of
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A. paragallinarum appears to play a role in
evasion of host defenses, as acapsular mutants
are less virulent. The addition of ChoP to
LPS decreases the susceptibility of A. para-
gallinarum to fowlicidin-1 (Chiang et al.
2013). The RTX toxin produced by A. para-
gallinarum (AvxA) is cytotoxic for an avian
macrophage-like cell line (Küng and Frey
2013). The ability of a metalloprotease to par-
tially degrade chicken IgG (Rivero-García et al.
2005) may also contribute to an evasion of
host defenses. Comparison of acapsular and
capsulated variants has shown that capsule
causes cilia and microvilli loss, infiltration of
leucocytes, and deposition of mucopurulent
substances. A CDT may also contribute to
host-cell damage (Chen et al. 2014).

Immunity

In the individual bird and in the absence of
a concurrent infection, the clinical signs of
coryza typically resolve within two to three
weeks (Blackall and Soriano-Vargas 2020).
Pullets that have suffered an infectious coryza
outbreak during their growing stage are typi-
cally protected against egg drops in later coryza
challenges (Blackall and Soriano-Vargas 2020).
Artificial challenge produces resistance to rein-
fection as early as two weeks post-exposure.
The resistance associated with infection is
effective across the three recognized Page
serovars unlike the protection provided with
killed vaccines (see Section 13.2.5).

Control

Inactivated whole cell vaccines, if prepared
adequately, are typically able to provide effec-
tive protection against infectious coryza
(Blackall and Soriano-Vargas 2020). Unlike
natural infection, vaccination with killed
coryza vaccines is Page serovar specific (e.g.
chickens vaccinated with Page serovar A
are protected against challenge from Page
serovar A but not Page serovars B or C). More
recent studies have challenged this picture and
have suggested that there may only be partial
protection within Page serovars.

Various sulfonamides and antibiotics, partic-
ularly tetracycline, have been used to reduce
the severity and course of an infectious coryza
outbreak (Blackall and Soriano-Vargas 2020).
However, both relapses after treatment and the
inability to eliminate the carrier state have long
been recognized. As well, antibiotic resistance
and the occurrence of plasmid-associated mul-
tidrug resistance have been reported (Hsu et al.
2007).

Gaps in Knowledge and Anticipated
Directions

There is still a lack of understanding of the
full range of virulence factors of A. paragal-
linarum. Perhaps, the most puzzling feature
that has received little attention to date is the
process by which an upper respiratory infec-
tion drives a marked, prolonged, egg drop.
Another key issue is why the natural infec-
tion produces cross-serovar protection, but a
killed vaccine provides only serovar-specific
protection at best.

Bibersteinia

The genus Bibersteinia consists of a single
species, Bibersteinia trehalosi, an organism
previously called Pasteurella haemolytica
biovar T (for trehalose fermenting) and Pas-
teurella trehalosi Blackall et al. 2007; see
also Chapter 11. Members of this genus are
Gram-negative, non-motile, rod-shaped, or
pleomorphic cells. Bibersteinia trehalosi is a
facultative anaerobe and is typically grown at
37∘C. Hemolysis of sheep red blood cells and
a positive cyclic adenosine monophosphate
(cAMP) reaction are common. Variable reac-
tions have been reported for the catalase and
oxidase tests.

Source of Infection

B. trehalosi is present in the upper respiratory
tract and/or tonsils of ruminants including
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sheep, cattle, goats, and wild ruminants: bison
(Bison bison), chamois (Rupicapra rupicapra)
and bighorn sheep (Ovis canadensis).

The occurrence of B. trehalosi in domestic
livestock and wildlife species has raised con-
cerns about the potential movement of the
organism between these species. A study of
domestic and wild ruminants in the French
Alps found no evidence of such movement
(Villard et al. 2006). However, in-contact move-
ment of both B. trehalosi and Mannheimia
haemolytica from domestic sheep to bighorn
sheep, resulting in a severe pneumonia, has
been reported (Onderka and Wishart 1988).

Types of Disease and Pathologic Changes

B. trehalosi is an important pathogen of sheep,
causing septicemia in lambs and pneumonia
in adult sheep. In cattle, there is a view that the
organism is not a primary respiratory pathogen
of calves. However, B. trehalosi was the sole
pathogen in 18 of 65 cattle with pneumonia
(Collins 2011) and was reported as the causal
agent of necrotizing pleuropneumonia and
septicemia in 15 dairy calves (Brown et al.
2021).

A controversial topic has been the role of
B. trehalosi in the decline of bighorn sheep
in North America. The fact that over 85% of
B. trehalosi isolates from bighorn sheep lack
the ability to produce a key virulence factor,
a leukotoxin, caused the suggestion that the
organism is simply part of normal microbiota.
However, leukotoxin-producing B. trehalosi do
occur in bighorn sheep and have been linked
with respiratory disease in both adults and
young (Wood et al. 2017).

Virulence Factors and Pathogenomics

The virulence factors that have been identified
or suggested as having a role to play in the
development of the various disease mani-
festations associated with B. trehalosi are as
follows: (i) capsule, which may be involved
with host-cell attachment, although there is

also the suggestion that the capsule serovar T3
may have a reduced virulence in sheep (Davies
and Quirie 1996); (ii) collagenase activity,
which has been demonstrated in a B. trehalosi
capsule serovar T10 isolate (McNeil et al. 2003);
(iii) fibrinogen-binding proteins, which may
contribute to the characteristic fibrinous pneu-
monia associated with B. trehalosi and may
assist in adhesion and help block phagocytic
activity (McNeil et al. 2002); (iv) leukotoxin
(Lkt), an exotoxin that belongs to the family of
RTX and which shares considerable homology
with the Lkt of M. haemolytica (Muruganan-
than et al. 2018). The observation that disease
in bighorn sheep is typically caused by Lkt pro-
ducing B. trehalosi (Wood et al. 2017) and the
experimental infection work showing that an
Lkt positive B. trehalosi isolate caused severe
pneumonia in all four bighorn sheep, while an
Lkt negative isolate did not cause pneumonia
(Dassanayake et al. 2013) support the role of
Lkt; (v) neuraminidase, although the activity
is typically lower than that of M. haemolytica
(Straus et al. 1993); and (vi) superoxide dis-
mutase, which protects aerobic bacteria from
reactive oxygen species such as superoxide
anion (O2

–) and H2O2, has been detected in
the periplasm of B. trehalosi capsule serovar
T10 and presumably explains why exogenous
superoxide does not reduce the viability of
this strain (Rowe et al. 1997). There is a lack
of knowledge on the regulation of virulence
in B. trehalosi and while a range of disease
conditions and hosts are associated with B. tre-
halosi, our best understanding occurs in the
septicemic disease seen in lambs.

Pathogenesis

The basic pathogenic process appears to
involve colonization of the upper respiratory
tract and tonsillar mucosal epithelia, entry into
the blood stream from which the organism may
cause septic shock in young lambs or reaches
the lungs where the destruction of phagocytes
by the Lkt allows uncontrolled proliferation
of the organism and acute inflammation
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through the effect of LPS release of inflam-
matory mediators. Details of pathogenesis are
not as well described as for M. haemolytica
(Chapter 11) but the basis of pneumonia is
likely very similar. Disease may be predisposed
to by other pathogens, notably Mycoplasma
ovipneumniae.

Multiplication
B. trehalosi is a common inhabitant of the
upper respiratory tract and tonsils of healthy
ruminants. In sheep, a period of stress has been
suggested to cause a corticosteroid-dependent
bacterial proliferation in the tonsillar region
(Dyson et al. 1981) and ulceration of the ali-
mentary tract (Suarez-Guemes et al. 1985).
These injured mucosal surfaces serve as por-
tals of entry for B. trehalosi derived from the
tonsils. After gaining access to the blood,
the B. trehalosi cells gain access to the lungs
and the hepatic sinusoids causing embolic
lesions where further multiplication occurs
and spread to other organs is possible (Dyson
et al. 1981; Suarez-Guemes et al. 1985).

Evasion of Host Defenses
The Lkt toxin of B. trehalosi is cytolytic for all
subsets of ruminant leukocytes (Subramaniam
et al. 2014) and plays a key role in overcoming
host defenses. The fibrinogen-binding proteins
produced by B. trehalosi may block phagocyto-
sis (McNeil et al. 2002).

Damage
Polymorphonuclear leukocytes (PMN) are
the subset of leukocytes that are most sus-
ceptible to Lkt-mediated lysis. The PMNs of
bighorn sheep are three to seven times more
susceptible to B. trehalosi Lkt-induced cytoly-
sis than domestic sheep (Silflow et al. 1993),
possibly explaining the role of B. trehalosi in
pneumonia in bighorn sheep. PMN lysis and
degranulation has been suggested as the main
cause of acute inflammation and lung damage
in respiratory infections due to Lkt-positive
bacteria. The fibrinogen-binding activity of
B. trehalosi may initiate a clotting cascade and

culminate in fibrin deposition (McNeil et al.
2002). Collagenase activity in B. trehalosi might
be contributing to destruction of lung tissue
allowing deeper colonization and enhanced
inflammation (McNeil et al. 2003). In the
septicemic disease seen in lambs, death is
attributed to endotoxemia (Dyson et al. 1981;
Suarez-Guemes et al. 1985).

Immunity
As Lkt-neutralizing antibodies protect against
challenge from M. haemolytica, the same
scenario has been assumed to apply for B. tre-
halosi. This is supported by the finding that
a M. haemolytica toxoid (when used in a
multivalent viral vaccine) provides signifi-
cant protection against clinical signs, lesions,
and mortality associated with a B. trehalosi
challenge in cattle (Bowersock et al. 2014).
The ability to produce neutralizing antibodies
to the collagenase of B. trehalosi has been
correlated with reduced level of pneumonic
lung tissue in bighorn sheep (McNeil et al.
2003).

Control

In some regions, B. trehalosi-based vaccines
for sheep and goats are available, either as a
stand-alone vaccine or as part of clostridial
disease vaccines. As noted above, in cattle, a
five-agent vaccine that contains a M. haemolyt-
ica toxoid provides significant protection
against challenge with B. trehalosi. As stress
can initiate disease, livestock management
strategies that minimize stress from environ-
ment and nutrition changes are important.
There is potential for movement of B. trehalosi
from domestic livestock to wildlife ruminants
so the mixing of these species should be
avoided. Antimicrobial treatment is possible
although in sheep the disease progresses so
rapidly that animals are rarely seen in the early
stage of the disease. Antimicrobial resistance
genes linked to a plasmid have been reported
in a calf isolate of B. trehalosi (Kehrenberg
et al. 2006).
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Gaps in Knowledge and Anticipated
Directions

Our understanding of the virulence fac-
tors of B. trehalosi has been hampered by
early uncertainty in the identification of this
species. In some reports, it was not clear if
the study involved B. trehalosi as terms such
as “P. haemolytica” and M. haemolytica were
used. Now that rapid and specific assays have
been developed to identify B. trehalosi this
confusion should be at end, and it should be
possible to, for example, clarify the role of
Lkt-positive B. trehalosi in diseases of cattle
and bighorn sheep.

Gallibacterium

The genus Gallibacterium is a member of
the family Pasteurellaceae (Christensen et al.
2003) that is associated with a range of avian
host species. One species, Gallibacterium
anatis biovar haemolytica, is commonly
associated lesions in the reproductive tract
of farmed chickens around the world. The
genus has four named species: G. anatis,
Gallibacterium melopsittaci, Gallibacterium
trehalosifermentans, and Gallibacterium salp-
ingitidis, and three genomospecies (Bisgaard
et al. 2009). G. anatis can be further subdi-
vided into two phenotypically distinct biovars:
biovar haemolytica and the non-hemolytic
biovar anatis. Colonies of Gallibacterium
are 1–2 mm, grayish, smooth, semitrans-
parent, slightly raised, and circular with an
entire margin when incubated for 24 hours
at 37∘C on nutrient-rich plates containing
blood. G. anatis biovar haemolytica induces
β-hemolysis (1–2 mm) on agar plates with
blood from calf, horse, swine, sheep, rabbit, or
chicken.

Pathogenic Species

G. anatis is commonly isolated from healthy
chickens but has also been reported from a
wide range of both domestic and non-domestic

birds including turkeys, geese, ducks, pheas-
ants, partridges, caged birds, and wild birds. In
egg-laying chickens it is among the most com-
mon causes of salpingitis and peritonitis. The
significance of G. melopsittaci, G. trehalosifer-
mentans, and G. salpingitidis in relation to
disease is much less certain although all three
species have been isolated from lesions in
psittacine and web-footed birds, respectively.

Source of Infection: Ecology, Evolution,
and Epidemiology

In flocks of chickens colonized with G. anatis
practically all individuals carry the bacterium
in the upper respiratory tract and the lower
reproductive tract. Only in premises observing
very high levels of biosecurity are birds not
colonized (Bojesen et al. 2003a). Horizontal
transmission is the main mode of transmission
within a flock; however, the initial establish-
ment of infection appears less certain. Low
frequency of vertical transfer between par-
ent and offspring flocks followed by effective
horizontal spreading within a flock has been
proposed. The within-flock genetic diversity is
typically very low, corresponding to a presence
of one to three genetically similar clonal lin-
eages per epidemiological unit, which could
indicate a very efficient within-flock trans-
mission following introduction (Bojesen et al.
2003b).

Types of Disease and Pathologic Changes

In chickens, G. anatis frequently colonizes
the upper respiratory tract and lower genital
tract of healthy animals. In diseased chick-
ens, it has been associated with a wide range
of lesions including septicemia, pericarditis,
hepatitis, oophoritis, follicle degeneration,
enteritis, upper respiratory tract lesions, salp-
ingitis, epididymitis, and peritonitis. Indeed,
G. anatis is reported to be one of the most com-
mon bacterial species isolated from egg-laying
chickens with reproductive tract disorders
(Mirle et al. 1991; Neubauer et al. 2009). In
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cockerels, G. anatis can colonize the testicle
and epididymis and cause inflammation and
lowered semen quality (Paudel et al. 2014a).

Virulence Factors and Pathogenomics

Repeats in the Structural Toxin-like Toxin
GtxA
One of the main characteristics of G. anatis bio-
var haemolytica is the β-hemolytic zone around
the colonies on blood agar plates. The protein
responsible is the secreted toxin named GtxA
(Gallibacterium toxin A; Kristensen et al. 2010;
Tang et al. 2020). GtxA exhibits hemolytic
activity against erythrocytes from a wide vari-
ety of hosts and leukotoxic activity against the
chicken macrophage cell line, HD11 (Tang and
Bojesen 2020). Immune cells are considered
the main target of the toxin.

RTX are pore-forming exoproteins secreted
via a type I secretion system (T1SS) in
Gram-negative bacteria. Common to these
toxins is a series of Ca2+ binding glycine-rich
nonapeptide repeats (repeats in the structural
toxin) in the carboxyl terminal of the protein.
RTX are expressed by several members of the
family Pasteurellaceae, where they may be
responsible for the hemolytic and/or leuko-
toxic phenotype (Frey 2019). RTX toxins are
usually transcribed from a four-gene operon
comprised of rtxC, rtxA, rtxB and rtxD (in order
of transcription). The gtx locus, however, has
an atypical genetic organization with gtxA and
gtxC located together and the gtxB, gtxD and
gtxE (a tolC homolog) genes located elsewhere
in the genome. In G. anatis, gtxC encodes an
activation protein that acetylates the effector
(toxin), encoded by gtxA. GtxA is unusually
large and, with a size of 2038 amino acids, it is
almost twice as large as HlyA, the archetypal
RTX expressed by some Escherichia coli. The
gtxB and gtxD genes encode transport proteins,
which together with the outer-membrane
protein (OMP) TolC, comprise the T1SS
responsible for export of the activated GtxA
toxin. GtxA has two domains: a C-terminal
domain homologous to that found in other

RTXs, which is responsible for the hemolytic
function, and an N-terminal domain of approx-
imately 950 amino acids, which is of unknown
function and which has no obvious homologs.
The N-terminus is required for full hemolytic
activity and the leukotoxic activity of the
toxin (Kristensen et al. 2010). This part of
GtxA shows some sequence similarity to the
eukaryotic cytoskeletal proteins Talin-A/B
from the amoeba Dictyostelium discoideum
and hence may have the capacity to bind to
actin, vinculin, and/or integrins. A similar
structure is seen in the 238 kDa RTX-like toxin
named AvxA in A. paragallinarum. In AvxA,
only the C-terminal part of the protein shows
homology to other RTX toxins whereas the
N-terminal acts as a serine protease (Küng and
Frey 2013).

GtxA is thought to play a crucial role in
pathogenesis and gtxA deletion mutants are
severely attenuated both in vitro and in vivo
(Kristensen et al. 2010; Tang et al. 2020). The
hemolytic activity is seen against a wide range
of blood cells, including erythrocytes of bovine,
ovine, porcine, equine, leporine, and galliform
origin. The N-terminus of GtxA contains a
domain with weak homology to Talin, a pro-
tein involved in the linkage of the cytoplasmic
portion of integrins to the actin cytoskeleton
by interaction with vinculin and alpha-actinin.
Actin has many physiologically important roles
in the cell, including regulation of immune cell
recognition and adherence, production and
release of immune cell signaling molecules
and phagocytosis. Several classes of bacterial
toxins target the actin cytoskeleton of the host
cells as an immune evasion strategy. Some
high molecular weight toxins belonging to the
RTX family, called MARTX (multifunctional
autoprocessing RTX), have been shown to bind
to and modulate actin. Based on the above it is
likely that GtxA mediates immune evasion.

Fimbriae
An important initial step of the pathogenesis is
the ability to adhere to and traverse a host bar-
rier. G. anatis can adhere to chicken epithelial
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cells and surface expressed fimbria-like struc-
tures have been observed (Bager et al. 2013a).
In G. anatis, several F-17 like fimbriae clusters
have been identified (Kudirkiene et al. 2014).
F-17 like fimbriae belong to a group of fimbriae
that bind N-acetyl-D-glucosamine (Glc-NAc)
containing cell receptors on mucosal surfaces
in the host. F-17 type fimbria are expressed by
several pathogenic strains of E. coli affecting
poultry (Le Bouguénec and Bertin 1999). In
G. anatis, F17-like fimbria production is asso-
ciated with a four-gene cluster comprised of
genes encoding a chaperone(flfD), an usher
protein (flfC), an adhesion protein (flfG), and
the structural subunit protein (flfA). Assembly
and secretion of the structural protein is facili-
tated by the chaperone and the usher proteins.
The adhesion, located at the tip of the fimbrial
structure, is responsible for receptor recogni-
tion and binding. In the studies by Kudirkiene
et al. (2014), fimbrial genes were detected in
the genomes of 22 G. anatis strains. F17-like
fimbriae were very common and that most
strains carried one to three different fimbrial
clusters (Kudirkiene et al. 2014). The clusters
grouped into five phylogenetic lineages (Flf,
Flf1-4), with Flf1 being the most common,
present in 74% of the genomes investigated.
The Flf1 type of fimbriae appeared only to
be expressed in vivo, whereas the Flf cluster,
represented by the 20.5 kDa protein FlfA, was
encoded by 65% of the strains investigated and
was expressed in vitro by 79% of these strains
tested (Kudirkiene et al. 2014).

The genetic variation among the structural
fimbrial genes and the adhesion is consid-
erable (Kudirkiene et al. 2014). Polyclonal
antibodies raised against the three most com-
mon types of the structural subunit proteins
do not cross-react with the other Flf-types.
This is likely a result of selective pressure
driven by immune recognition and could
indicate the importance of fimbriae during
the pathogenesis of G. anatis. FlfA is impor-
tant for virulence in vivo, as a flfA deletion
mutant was significantly attenuated in exper-
imentally infected chickens (Bager et al.

2013a). The investigation also indicated that
fimbrial expression may govern the tissue
tropism observed for G. anatis. The presence
of several fimbrial types could indicate an
immune-derived selection pressure toward
increased affinity for different targets in the
host tissue and/or represent a functional
diversity, where different types of fimbriae
play a role at different time points during the
infection process.

Hemagglutination
Some strains of G. anatis are capable of agglu-
tinating avian erythrocytes (Zepeda et al.
2009; Ramirez-Apolinar et al. 2012). Hemag-
glutination is linked with the expression of
hemagglutinins or adhesins capable of binding
receptors on the surface of red blood cells.
Genome analyses indicate the presence of
several putative hemagglutinins, one of which
that has been localized in outer-membrane
vesicles (OMVs) released from G. anatis. No
direct link has been established between pres-
ence of hemagglutinins and ability to induce
hemagglutination, yet hemagglutinating activ-
ity have been shown to be important for other
poultry pathogens, such as A. paragallinarum.

Outer-Membrane Vesicles
Most Gram-negative bacteria release OMVs
in a process where the outer membrane
detaches and eventually buds off leading to
a release of spherical, bilayered membrane
structures, which have been associated with a
tremendous functional diversity. OMVs mainly
consist of outer-membrane components, such
as membrane-associated proteins and LPS,
but can also contain periplasmic components
and even compounds of cytoplasmic origin
such as DNA. G. anatis produces OMVs with
a protein content that varies according to
growth condition and growth phase (Bager
et al. 2013b). OMVs have been hypothesized
involved in multiple processes including
coping with changing environments (e.g. in
the host). To study the formation of OMVs,
an OMV-overproducing mutant of G. anatis
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was created by deleting the tolR gene, which
encodes a protein in the Tol-Pal system that
anchors the outer membrane to the inner
membrane and thus, is important for mem-
brane stability and integrity (Lloubès et al.
2001).

The specific functions of Gallibacterium
OMVs have not been determined. OMVs may
facilitate elimination of misfolded or excess
proteins or may enable replacement of lipids
in the outer membrane during growth. The
presence of specific contents, including pro-
teins, lipids, or polysaccharides, depends on
the growth conditions; however, indicating an
active role of the OMVs. The hypervesiculating
G. anatis ΔtolR mutant produces OMVs that
are much more uniform and less affected by
environmental changes compared to wild-type
OMVs (Antenucci et al. 2020). OMVs have also
been suggested a role in preserving proteins
sensitive to environmental degradation during
delivery to the end destination. Transport
of proteases and hemolysins by OMVs has
been shown for the related Actinobacillus
pleuropneumoniae and A. paragallinarum.
However, vesicles from G. anatis do not seem
to be involved in either hemolysis or proteol-
ysis. A few proteins have been identified as
being a part of the OMVs, including a possible
hemagglutinin with sequence similarity to the
filamentous hemagglutinin protein precursor
FhaB from Bordetella pertussis, which is known
to be important for colonization of the host
mucosa. Another OMV associated protein in
G. anatis is MDN1, an AAA ATPase containing
a vWA domain, which has been suggested to be
important for the bacterial stress response, cell
adhesion, and/or biofilm formation in other
species. G. anatis OMVs could indirectly act
as virulence-mediating factors important for
survival in the host including modulation of
the host immune response, acting as target for
phages, or being involved in the binding and
removal of anti-bacterial substances includ-
ing different antibiotics. As the production
and content of OMVs seem affected by the
surrounding environment, it is likely that

additional host factors, such as those found in
serum play a role in regulation and function of
the OMVs. The number of OMVs produced as
well as the protein profile dramatically changes
when G. anatis is incubated in the presence
of serum, supporting the hypothesis that the
OMVs might play a role in the bacterium’s
interaction with its natural host.

Capsule
Bacterial capsules composed of extracellu-
lar polysaccharides are expressed by a broad
range of Gram-negative and Gram-positive
pathogens. Capsule expression affects adhe-
sion, cell–cell interactions, and immune
evasion. The presence of a thin capsule on the
surface of G. anatis was observed by transmis-
sion electron microscopy but it disappeared
after subcultivation. The function of the cap-
sule of Gallibacterium has not been determined
in detail. Interestingly, a capsule-knockout
mutant (ΔgexD) proved to be more virulent
than its wild-type counterpart (Bojesen et al.
2011a). Although further studies are needed to
understand that finding, removal of the cap-
sule may have led to the exposure of virulence
factors such as adhesins.

Metalloproteases
Proteases are enzymes that catalyze the cleav-
age of peptide bonds in proteins or peptides.
Proteases catalyze essential functions of
pathogenic bacteria and metalloproteases
are one class of proteases that play important
functions in virulence during colonization,
nutrient acquisition, immune evasion, and
bacterial invasion into the systemic cir-
culation. Modulation of the host immune
response may be facilitated by enzymes acting
on serum components such as Ig and pro-
teins of the complement system. G. anatis
expresses metalloproteases capable of degrad-
ing avian IgG (Garcia-Gomez et al. 2005),
which may promote immune evasion. The
exact roles of IgG-degrading metalloproteases
are not known, but it has been speculated
that these proteins could be responsible for
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the host-specific pathogenicity observed for
some strains. Several additional metallopro-
teases, including an extracellular protein with
a metal-dependent endonuclease domain, a
zinc metalloprotease, and an ATP-dependent
metalloprotease have been identified in the
genomes of G. anatis.

Biofilm Formation
Bacterial biofilms are structured cell com-
munities embedded in a polymeric matrix
that adhere to inert surfaces and live tissue.
Clinically, biofilm formation is associated with
persistent and chronic infections and increased
resistance to antimicrobials. G. anatis is capa-
ble of binding to inert surfaces, which is
regarded as a first step toward biofilm forma-
tion (Vaca et al. 2011). The biofilm forming
ability varies between isolates of G. anatis.
No clear correlation appears to exist between
formation of biofilm and pathogenicity.

Regulation of Virulence

With the GtxA toxin considered a major vir-
ulence factor the regulation of virulence has
mainly focused on the regulation of expression
of this protein. In in vitro experiments, GtxA
was shown to be expressed in a growth phase
dependent manner. The expression of the gtxA
gene, as assessed by Northern blotting, was
detected during the entire exponential growth
and early stationary phases with a transcrip-
tional peak during the late exponential phase.
No expression was detected during the sta-
tionary phase. The amount of secreted toxin
protein appeared to follow the transcription
pattern closely. Secreted GtxA appeared to get
degraded quickly and no accumulation was
observed (Kristensen et al. 2010). A similar
expression pattern was demonstrated in a
collection of vastly different G. anatis strains
(Kristensen et al. 2011).

Pathogenesis

In healthy animals, G. anatis can colonize
the upper respiratory tract and the lower

reproductive tract without causing immediate
lesions or clinical signs. In diseased birds, the
organism causes severe lesions in the repro-
ductive tract (Bojesen et al. 2004; Paudel et al.
2013, 2014b). In hens, this typically includes
regression of the ovarian follicles some of
which may develop a lightly yellow color and
a shape like a prune (Figure 13.2). The GtxA
toxin appears to be specifically involved in the
ovarian disease process as hens infected with
a gtxA deletion mutant only develop minute
follicular changes compared with wild-type
infected birds. Also, the F17-like fimbriae
seem to take part in the ovarian tropism as an
flfA deletion mutant induced far less lesion in
the ovarian tissue than the wild type (Bager
et al. 2013a). The apparent reproductive tract
tropism is supported by experiments demon-
strating an increased expression levels of the
proinflammatory cytokines interleukin (IL)-4
and tumour necrosis factor α (TNFα) in the
ovary tissue following experimental infec-
tion with a GtxA-producing G. anatis strain
and its isogenic deletion mutant (Tang et al.
2020).

In males, G. anatis also seem to have a
predilection for the reproductive tissues. Inter-
estingly, cockerels experimentally infected by
intranasal inoculation turned culture-positive
in the testis and epididymis within a week
post-infection. The infection established in
the epididymis and affected the semen quality
significantly by inducing lowered sperm den-
sity, decreased motility, and reduced sperm
membrane integrity (Paudel et al. 2014a). No
specific bacterial factors were investigated
in association to disease development yet, in
both male and female chickens, the role of
G. anatis is likely as an opportunistic pathogen
if given the right circumstances to cause
disease. Predisposing factors such as simulta-
neous infection with other microorganisms,
hormonal influences, age, seasonal changes,
impaired immunological response, and host
genetic predisposition appear to influence
the disease development in naturally infected
chickens.
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Figure 13.2 (a) Gallibacterium anatis is a common inhabitant of the upper respiratory tract and the lower
reproductive tract in galliform birds. During disease, lesions typically develop in the ovarian follicles
(females) and testicles (males). (b) Ovarian follicles often regress and become light-yellow and
prune-shaped Source: Image courtesy of I. Thøfner. (c) The main virulence factors known are the repeats in
the structural toxin Gallibacterium toxin A (GtxA) and the F17-like fimbriae. GtxA is a pore-forming toxin,
which can induce hemolysis of erythrocytes and necrosis or apoptosis of immune cells like macrophages.
Upon immune cell activation, secretion of proinflammatory cytokines including interleukin 4 (IL-4) and
tumor necrosis factor α (TNFα) induce a T helper 2-like immune response. Created with Biorender.

Immunity

Healthy carriers of G. anatis do not seem to
mount a protective immune response against
virulence factors like the FlfA fimbrial protein
or the GtxA toxin. The bacterium may thus
stay undetected on the mucosal surfaces dur-
ing natural colonization (Pedersen et al. 2015;
Pors et al. 2016). Experimental exposure to the
same proteins, however, induces protective
immunity, which in the case of recombinant
GtxA-N (N-terminal part of GtxA), results
in cross-serotype protection. Little is known
about the G. anatis–chicken interaction with
respect to immunity. Experimental infec-
tion with a gtxA deletion mutant induced
significantly lower levels of IL-4 and TNFα
in ovary tissue and IL-4 in the spleen tissue

(Tang et al. 2020). Based on these findings
GtxA appears to play a key role in an acute
cytokine-mediated T helper 2-like response
against G. anatis infection and a primary role
in inducing proinflammatory immunity.

Control

The most common way to address infections
by G. anatis seems to be by antimicrobial
treatment. However, there have been several
reports of antimicrobial resistance genes
and lowered sensibility toward a broad
array of antimicrobial drugs. Most notably,
resistance toward tetracycline, trimetho-
prim/sulfamethoxazole and enrofloxacin
appears to be common (Bojesen et al. 2011b;



�

� �

�

Glaesserella parasuis 301

Allahghadry et al. 2021). Consequently, farm-
ers mainly employ preventive measures
including increased biosecurity and vacci-
nation. Vaccines based on inactivated whole
cells (bacterins) are commercially avail-
able in some regions yet more commonly,
farmers rely on autogenous vaccines, which
allow them to account for the vast antigenic
diversity existing among different strains of
G. anatis. Vaccines based on recombinant
GtxA, FlfA, and OMV have been shown able
of inducing cross-serotype protection, yet
none are commercially available product as of
2021. (Pedersen et al. 2015; Pors et al. 2016;
Antenucci et al. 2020).

Gaps in Knowledge and Anticipated
Directions

The transmission of G. anatis from one gen-
eration to the next is still an area where
uncertainties remain. While horizontal trans-
mission seems to occur very efficiently, little
evidence has convincingly demonstrated
transmission between otherwise completely
separate birds. Given the tropism for the repro-
ductive tract tissue a likely explanation could
be vertical transmission. If this is the case it
probably takes place at a very low frequency.
Ability to halt the transmission could be a
highly efficient preventive measure. Further
knowledge into the pathogenesis and host fac-
tors determining the transition from healthy
carriage to development of disease is another
area where additional insight would help
understanding the bacteria-host interaction
and eventually allow more rational disease
prevention.

Glaesserella parasuis

Glaesserella parasuis has been identified as the
etiological agent of Glässer’s disease. In addi-
tion, it is a commensal of pigs and many strains
can be isolated from the upper respiratory tract
of healthy animals. Domestic and wild pigs

are the only known host of this bacterium. As
a host-specific bacterium, sows are the main
source of the bacterium for their offspring.
Disease, in many cases, is a result of multiple
factors, including virulence of the G. parasuis
strains, co-infections, immune status, and
various stressors.

Characteristics of the Organism

G. parasuis is the best characterized species in
the genus Glaesserella. The bacterium was iso-
lated as the cause of Glässer’s disease and was
originally classified as Haemophilus influenzae
variety suis, renamed later Haemophilus para-
suis, and finally received the current standing
name G. parasuis (Dickerman et al. 2020; Oren
and Garrity 2020).

G. parasuis is a Gram-negative pleomorphic
(from coccobacilli to filaments) bacterium.
It is a facultative anaerobe, oxidase-positive,
catalase-positive, does not produce indole
or urease and requires NAD or V factor for
growth. Chocolate agar is a suitable solid
growth medium for G. parasuis. Colonies
are small (about 1–2 mm), circular, grayish,
semitranslucent, flattened and with a sharp
contour. Complex media supplemented with
NAD can be used for liquid culture.

G. parasuis is found as commensal in the
swine upper respiratory tract, but some strains
can disseminate and cause pneumonia or
severe systemic disease. Capsule has been
detected in some strains, and, together with
the lipooligosaccharide (LOS), determines
the classification of this species into 15
serovars.

Recently, a new species, Glaesserella aus-
tralis, isolated from the lungs of pigs in
Australia was described (Turni et al. 2020).
Glaesserella sp. isolates, obtained from the
same farm and at the same time as the G. aus-
tralis isolates described by Turni et al. (2020),
showed homology to G. parasuis, but con-
tained genes, including virulence factors, that
seemed to have been acquired from other
Pasteurellaceae (Watt et al. 2018).
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Source of Infection: Ecology, Evolution,
and Epidemiology

Similar to closely related Haemophilus species,
G. parasuis shows host specificity. The only
known host for this bacterium is the pig. The
survival of this bacterium in the environment
is limited and the main route of transmission is
the direct contact with carrier pigs. G. parasuis
has also been detected in wild boars, although
the incidence of the disease seems to be
extremely low in this animal. The role of this
wild species in the epidemiology of the disease
has not been studied but is thought to have a
minor impact and Glässer’s disease is probably
restricted to intensive pig production units.
G. parasuis colonizes the mucosal surfaces of
the upper respiratory tract and is initially trans-
mitted by direct contact between the dams and
their offspring after birth. Colonization of the
newborn piglets occurs while the piglets nurse
and receive maternal immunity. Thus, contact
with the mother and colostrum intake create a
balance between colonization and immunity.
Colonization of piglets by G. parasuis reaches
a maximum at around six to eight weeks of age
and is widespread in commercial pig farms.
Different factors affect disease development,
including the virulence of the G. parasuis
strains, poor immunity, and stress.

G. parasuis strains are heterogeneous and
may have different degrees of virulence.
During their lifespan, pigs are colonized by
multiple strains that differ in antigenic and
virulence characteristics. Strains of low viru-
lence are restricted to the upper respiratory
microbiota by the host defenses and under
normal circumstances are not able to invade
and produce disease. Colonization by virulent
strains increases the risk for Glässer’s disease,
as these strains can disseminate in the host.
Healthy piglets colonized by non-virulent
strains can be protected against infection by
virulent strains, while asymptomatic piglets
colonized by virulent strains are a source of
infection for susceptible piglets (Brockmeier
et al. 2013).

Glässer’s disease is observed more frequently
in young pigs after weaning when maternal
antibodies have fallen to low levels. In these
cases, G. parasuis reaches the lower respi-
ratory tract, where it survives host defenses
and often invades systemic organs including
the central nervous system. This invasion is
associated with virulence factors of the strains
but also with a compromised host immune
response, which may occur from concomi-
tant infections by other pathogens (frequently
immunosuppressant viruses), or stressful man-
agement practices linked to intensification of
production.

Types of Disease and Pathological
Changes

Clinical signs are more often observed in four
to eight-week-old pigs, but other ages can
also be affected. Typical signs of Glässer’s
disease include fever, abdominal breathing,
swollen joints, and central nervous signs. In
postmortem examinations, lesions of fibri-
nous polyserositis and arthritis are usually
observed in animals showing these clinical
signs. Catarrhal, purulent bronchopneumonia
can also be found in piglets with respiratory
signs. Piglets affected with mild to moderate
clinical signs can recover from the infection
but develop a chronic condition characterized
by a rough hair coat, reduced growth rate,
and lameness. At postmortem, fibrous tissue
can be found in the affected organs together
with chronic arthritis. Sudden death without
the characteristic lesions of the acute disease
can also be observed in peracute cases. In
these events, postmortem examination can
reveal petechial hemorrhages in some tissues.
Clinical signs and lesions are not pathog-
nomonic, and diagnosis of the disease needs to
be confirmed in the laboratory by detection of
G. parasuis in the lesions.

Virulence Factors and Pathogenomics

G. parasuis strains have different levels of vir-
ulence and comparison of their genomes has
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been attempted for the identification of puta-
tive virulence factors. However, strain-specific
genes seem to be usual in G. parasuis (i.e.
strains are heterogenous) and many studies
have compared only a limited number of
strains, making it difficult to identify actual
virulence factors. Genomic studies with exten-
sive strain collections have shown that most
of the putative virulence factors from the
literature are present in all the strains inde-
pendent of their clinical origin. However,
some genes were associated with strains from
lesions including those for trimeric autotrans-
porters (VtaA), CDT, EspP2 serine protease
and iron-acquisition TonB genes, appear be
true virulence factors (Howell et al. 2014).
Moreover, comparison of strains from different
clinical origins has led to advances in diagnos-
tics for the prediction of the virulence of the
strains by PCR (Macedo et al. 2021).

Lipooligosaccharide
G. parasuis produces an LPS devoid of the
repeating O-antigen subunits (i.e. LOS).
G. parasuis LOS induces the release of IL-6
and IL-8 from epithelial and endothelial
cells and stimulates the production of TNFα,
IL-1α, IL-1β, IL-6 and IL-8 in porcine alve-
olar macrophages by regulating the nuclear
factor κB (NF-κB) and the mitogen-activated
protein kinase (MAPK) signaling pathways.
Truncation of the LOS molecule by deletion
of lgtF (glucosyltransferase responsible for
adding a glucose to heptose I) and dele-
tion of rfaD or rfaF (heptose epimerase
and heptosyltransferase required for trans-
ferring heptose II) significantly reduce the
induction of proinflammatory cytokines in
macrophages.

A complete LOS is essential not only for
induction of proinflammatory responses but
also for adhesion and invasion of cells and
serum resistance. Mutants of opsX (respon-
sible for incorporation of heptose I to KDO),
rfaF (responsible for incorporation of heptose
II) or rfaE (involved in the biosynthesis of hep-
toses) produce a truncated heptose-deficient

LOS, which is deficient in cell adhesion and
invasion and in serum resistance. On the
other hand, mutation of waaQ (responsible for
incorporation of heptose III) produces a LOS
with no evident truncation seen in gels nor is
there attenuation of cell adhesion or invasion,
but waaQ mutants have a reduction in serum
resistance. Deletion of other genes that result
in a truncated LOS including phosphoglu-
comutase for synthesis of glucose-1P from
glucose-6P, synthesis of uridine diphosphate
(UDP)-glucose (galU); UDP-glucose glycosyl-
transferase (lgtB); synthesis of UDP-galactose
(galE); and UDP-galactose glycosyltransferase
(lex-1) cause defects in adhesion, invasion, and
serum resistance, confirming the role of LOS
in these functions (Feng et al. 2020).

Modification of the G. parasuis LOS with
sialic acid has been detected and correlated
with virulence, while modification with phos-
phorylcholine has not been detected. Bacterial
neuraminidases scavenge sialic acid from the
host to be used as a source of carbon and
nitrogen or to sialylate surface molecules
for molecular mimicry and evasion of the
immune system. Neuraminidase activity is
common among G. parasuis strains, while the
LsgB sialyltransferase, which is responsible for
addition of sialic acid to the LOS, seems to be
restricted to virulent isolates and is associated
with cell adhesion and invasion, serum resis-
tance, and bacterial survival in vivo. However,
sialylation may be dispensable in pathogenesis
since some virulent strains lack this capacity.

Capsule
Capsule is essential for nasal colonization and
virulence of G. parasuis (Eberle et al. 2020).
Sialylation of the G. parasuis capsule can pro-
vide molecular mimicry to prevent detection by
the host immune system. A capsule-deficient
mutant showed increased serum and phagocy-
tosis susceptibility and was not able to colonize
or produce disease in piglets (Eberle et al.
2020).

Surface polysaccharides and, more recently,
capsule genes have been used for the
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classification of G. parasuis into 15 serovars.
Some are classified as highly virulent (serovars
1, 5, 10, 12, 13, and 14), others moderately
virulent (serovars 2, 4 and 15), while some
(serovars 3, 6, 7, 8, 9, and 11) are thought to
be non-virulent. Serovars 4, 5, 1 and 13 are the
most prevalent in clinical samples, and serovar
7, initially classified as non-virulent, has been
recently recognized as a pathogenic serovar
(Macedo et al. 2021).

Cytolethal Distending Toxin
G. parasuis CDT presents the characteristic
structure of other CDT, with three subunits
(CdtABC) and toxicity by cell cycle arrest at
G2, cell distension, and death (Costa-Hurtado
and Aragon 2013). Subunit CdtB is a DNAase
involved in cell cycle arrest and cell apoptosis
which is p53-dependent. Toxicity of CdtB is
enhanced by CdtA and CdtC, which contribute
to the interaction with target cells and deliv-
ery of the toxin. CdtC contains a cholesterol
recognition domain for binding to the cell
membrane. The role of CDT in pathogenesis is
not totally understood, but mutants defective
in CDT production show increased sensitivity
to serum and reduced adherence and invasion
of cells.

Autotransporter Proteins
Bacterial autotransporters have a characteris-
tic structure that includes a N-terminal signal
peptide for Sec-dependent export across the
cytoplasmic membrane, a passenger domain
that contains the specific functional domains
of the protein, and a C-terminal transloca-
tor domain for transport of the passenger
domain across the outer membrane. Several
monomeric and trimeric autotransporters have
been described in G. parasuis (Costa-Hurtado
and Aragon 2013).

Virulence-Associated Trimeric
Autotransporters VtaAs
G. parasuis possesses a family of virulence-
associated trimeric autotransporters (vtaA)
genes, with differential distribution depending

on the virulence of the strain. VtaAs are mod-
ular proteins with characteristic domains of
bacterial adhesins and invasins, but also have
unique collagen triple helix repeat domains.
The number of these genes in each strain
is variable; for example, the highly virulent
strain Nagasaki has 13 vtaA genes while the
non-virulent strain D74 has only 3. VtaAs
found in non-invasive strains are different
from those found in virulent strains, and
lack or have a reduced number of collagen
domains. The extended leader sequence is also
different in strains from different clinical ori-
gins which has allowed for the design of PCR
assays for virulence prediction (Macedo et al.
2021). The role of these proteins in virulence
has been confirmed for only few of them. For
example, VtaA8 and 9 were shown to partici-
pate in phagocytosis resistance and VtaA2 in
adhesion to extracellular matrix proteins, espe-
cially to collagen through collagen–collagen
interaction (Costa-Hurtado and Aragon 2013;
Costa-Hurtado et al. 2019). While the VtaAs
are poorly expressed in vitro, vtaA genes are
upregulated during infection and antibodies
against these proteins are found in convales-
cent sera, indicating that they are antigenic
proteins expressed in vivo. Antibodies against
VtaAs are opsonizing and promote phagocy-
tosis by alveolar macrophages. An exposed
epitope shared by all VtaAs from virulent
strains has been suggested as vaccination tar-
get that might prevent immune evasion by the
switching of different copies of vtaAs.

Monomeric Autotransporters
Six beta-barrel monomeric autotransporters,
bmaA, have been identified in G. parasuis,
although some of them may be pseudogenes.
BmaA1, 4, 5 and 6 in the Nagasaki strain are
expressed during infection and are antigenic.
The distribution of these genes in different
strains and their specific roles in virulence
are not totally clear. BmaA2 is a putative
AidA adhesin, which is a pseudogene in some
strains. BmaA6 encodes a putative extracellu-
lar serine protease (EspP2), whose passenger
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domain is secreted, and probably corresponds
to the IgA protease activity found in culture
supernatants (Costa-Hurtado and Aragon
2013). Mucosal IgA can prevent microbial
adherence and invasion of the epithelium.
Therefore, cleavage of this Ig by the IgA pro-
tease may facilitate mucosal colonization by
G. parasuis.

Porins
Porins are OMPs that form channels for the
diffusion of hydrophilic molecules. Two pre-
dicted porins, OmpP2 and OmpP5, have been
described in G. parasuis. These transmem-
brane proteins are conserved proteins with
some sequence variability in their extracel-
lular loops. Although the relationship with
virulence is not clear, a group of strains that
included non-virulent ones had insertions in
the predicted OmpP2 protein, including an
extra loop. This larger version of OmpP2 was
associated with greater serum sensitivity. Dele-
tion of the ompP2 gene produced increased
sensitivity to serum, due to enhanced bind-
ing of IgG and the subsequent activation of
the complement via the classical pathway
and increased adhesion, probably due to the
general alteration of the membrane in the
mutant (Costa-Hurtado and Aragon 2013).
Extracellular loops 7 and 8 in a virulent strain
were shown to be involved in proinflammatory
responses (Zhou et al. 2019).

OmpP5 (OmpA) also presents some vari-
able regions, mainly concentrated in the four
putative surface-exposed loops. The function
of OmpP5 in G. parasuis has not been defined.
Contrary to its homolog in H. influenzae,
G. parasuis OmpP5 does not bind carcinoem-
bryonic antigen. Deletion of OmpP5 does not
affect cell adhesion and invasion or serum
susceptibility in G. parasuis, but the deletion
mutant shows a growth defect as well as altered
protein expression.

Factors Involved in Iron Acquisition
Pathogens need to secure their survival inside
the host, not only escaping the host immune

system but also obtaining nutrients and other
factors including metals. One of these essen-
tial metals is iron, whose limited availability
acts as a defense against invading bacteria.
Access to iron is restricted in the host and
bacterial pathogens have developed mech-
anisms to acquire it. G. parasuis secures
iron through the uptake of host transfer-
rin, heme, and siderophores. Some of these
iron-uptake systems are regulated by iron
levels (Alvarez-Estrada et al. 2018).

G. parasuis binds host transferrin using
the products of the TonB region genes which
include tonB and exbBD (Energy transducing
protein and accessory proteins) and tbpBA
(transferrin-binding proteins A and B) genes.
These genes are upregulated under iron
restriction conditions, probably through a
ferric iron-uptake regulator (fur) box found
upstream of the operon. The YfeCD permease
(chelated iron ATP-binding cassette trans-
porter permease) has been proposed to be a
hemin transport system permease like HmuU,
which is also upregulated under iron restric-
tion, but independently of TonB. In addition,
to being involved in heme/hemopexin acqui-
sition, the hxuABC genes are also upregulated
under iron restriction conditions. On the
other hand, the ferric hydroxamate uptake
genes fhuCDBA are not regulated by the level
of iron and the FhuA receptor is constitu-
tively expressed. The Fhu proteins capture
siderophores such as ferric hydroxamate
using the outer-membrane receptor FhuA.
The periplasmic protein FhuD translocates
siderophores from the outer to the inner mem-
brane and the inner membrane proteins FhuB
and FhuC internalize the siderophores into the
cytoplasm.

Lipoprotein VacJ
VacJ is an outer-membrane lipoprotein
involved in membrane stability. Deletion
of vacJ results in several altered pheno-
types, including increased susceptibility to
some cephalosporins and fluoroquinolones,
decreased survival in serum, reduced ability to
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interact with host cells and reduced virulence
in the mouse model (Zhao et al. 2017).

HtrA Protease
The high-temperature requirement A protease,
HtrA, is involved in protein quality control and
in G. parasuis, it has maximal activity at 40∘C.
HtrA inhibits biofilm formation and is required
for serum resistance and full virulence in mice
(Zhang et al. 2016).

Regulation of Virulence

Growth and environmental conditions can
influence the expression of virulence factors.
Many virulence factors of G. parasuis are
upregulated during infection or under con-
ditions that mimic in vivo conditions (iron
limitation, high temperature, etc.) including
iron-acquisition proteins, autotransporters,
and adhesins such as VtaA5 and BmaA2
and serine protease BmaA5 (Alvarez-Estrada
et al. 2018; Mao et al. 2020). On the other
hand, a virulent strain was shown to lose
resistance to phagocytosis after laboratory pas-
sage. G. parasuis adapts its metabolism during
lung infection and upregulates membrane
transporters, some of which are associated
with pathogenicity including several vtaA
genes and many genes encoding hypothetical
proteins (Bello-Orti et al. 2015). The transcrip-
tional global regulator ArcA may be involved
in the regulation of gene expression under
anaerobic conditions. An arcA mutant showed
deficient growth under anaerobic conditions,
increased sensitivity to serum, and reduced
virulence in mice (Ding et al. 2016).

In some bacteria, many functions including
virulence are regulated by quorum sensing, a
system based on the production of autoinduc-
ers, whose concentration increases with bacte-
rial density. In G. parasuis, deletion of autoin-
ducer AI-2 (luxS) reduces tolerance to oxida-
tive and temperature stress, alters adherence,
and decreases virulence in mice (Zhang et al.
2019), indicating that a certain bacterial den-
sity is needed to express full virulence.

Protein turnover mediated by ClpP influ-
ences bacterial virulence. The ClpP protease is
upregulated under iron restriction, heat stress,
and acidic pH. In G. parasuis, ClpP protease
is involved in stress tolerance and biofilm
formation (Huang et al. 2016). AΔclpP mutant
had increased biofilm formation capacity and
produced higher amounts of extracellular
proteins and polysaccharides. In addition, the
transcriptional regulators csrA, rpoD, and luxS
(possible biofilm repressor) were downregu-
lated in the mutant, but the mechanism was
not described.

G. parasuis gene expression is also regu-
lated by cAMP, a global regulator that has
been shown to be involved in adaptation to
environments and regulation of virulence
in other pathogens. A mutant in the cAMP
receptor showed reduced biofilm formation,
stress tolerance, and iron use, but increased
resistance to heat shock and serum comple-
ment (Jiang et al. 2020). Similarly, mutants
in the two-component regulatory systems
CheY/QseC also showed reduced stress toler-
ance, iron uptake, and biofilm formation, but
had no effect in serum resistance (He et al.
2018).

Pathogenesis

G. parasuis is an early colonizer of the upper
respiratory tract of piglets. After an initial col-
onization of the nasal mucosa, virulent strains
can evade the immune response of the host to
reach the lung and disseminate systemically,
causing severe inflammation (Costa-Hurtado
and Aragon 2013) (Figure 13.3).

Virulent and non-virulent strains can colo-
nize the upper respiratory tract. Colonization is
mediated by different adhesins and facilitated
by the secretion of IgA protease and biofilm
formation. Interestingly, virulent strains,
which do not form a good biofilm in laboratory
conditions, display biofilm-like growth on the
trachea of piglets. CDT and sugar residues
of LOS are involved in the interaction with
epithelial cells and LOS sialylation is required
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Figure 13.3 Main mechanisms of pathogenesis (in black) and virulence factors (in dark red) used by
Glaesserella parasuis to cause systemic disease. G. parasuis can attach to epithelial cells for colonization of
mucosae. After invasion of epithelial cells G. parasuis may reach the blood vessels and invade endothelial
cells. The most probable route of invasion seems to be the lung where resistance to alveolar macrophages
and invasion of epithelial and endothelial cells allow the bacteria to reach the blood for systemic
dissemination. G. parasuis is resistant to complement and survives in the blood, reaching different serosae
including the meninges. G. parasuis dissemination induces a severe inflammation. CDT, cytolethal distending
toxin; CRP, C-reactive protein; ECM, extracellular matrix; IgA, immunoglobulin A; IL, interleukin; LOS,
lipooligosaccharide; NF-κB, nuclear factor κB; MAPK, mitogen-activated protein kinase; TGF, transforming
growth factor.

for cell invasion (Wang et al. 2021). VtaA2 can
also participate in adhesion and invasion by
attachment to extracellular proteins.

In the lung, non-virulent strains are read-
ily cleared through phagocytosis by alveolar
macrophages. In immunocompetent animals,

non-virulent strains are in this way restricted
to the microbiota of the upper respiratory
tract. On the other hand, virulent strains are
resistant to phagocytosis and delay the activa-
tion of the macrophages (Costa-Hurtado et al.
2013). Phagocytosis resistance is associated
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with the expression of capsule as well as with
other factors including VtaA8 and VtaA9.
Expression of Siglec1 and CD163 on alveolar
macrophages is modulated by G. parasuis
infection (Costa-Hurtado et al. 2013). Sia-
lylated LOS can use Siglec1 on alveolar
macrophages and induce TGFβ1 produc-
tion, which may participate in epithelial
invasion by reducing tight junctions and the
expression of extracellular adhesion molecule
fibronectin (Wang et al. 2021). Consistent
with this notion, several vtaAs, capD (polysac-
charide biosynthesis), and siaB (involved in
sialic acid utilization) genes are expressed
during lung infection (Bello-Orti et al. 2015).
Survival in the lung by virulent strains is also
accompanied by upregulation of iron-uptake
genes and changes in bacterial metabolism.
Expression of IgA was elevated in the lung
of pigs resistant to G. parasuis infection as
compared to piglets susceptible to the disease
(Wilkinson et al. 2010). To circumvent the
action that IgA may play in resistance to infec-
tion, G. parasuis produces an IgA protease.
Apoptosis of epithelial and endothelial cells
has been observed after G. parasuis infection as
well as the upregulation of pathways indicative
of vascular inflammation and damage (Fu
et al. 2018). Accordingly, G. parasuis infection
of endothelial cells in vitro induces expres-
sion of microRNAs predicted to be involved
in the regulation of actin cytoskeleton, focal
adhesion, ECM-receptor interaction, bacte-
rial invasion of epithelial cells, and adherens
junction (Fu et al. 2020a). These phenomena
may facilitate invasion and crossing of the
blood and the blood–brain barriers. Virulent
strains survive the bactericidal effect of the
blood complement and can reach systemic
sites. Several bacterial factors are involved in
serum resistance including the capsule and
OmpP2. Systemic spread of G. parasuis causes
the characteristic lesions of Glässer’s disease
due to inflammation. G. parasuis invasion
induces proinflammatory cytokines IL1, IL6,
IL8, IL10, TNFα, and the release of soluble
CD163. Accordingly, the transcriptome of the

spleen of infected pigs shows upregulation of
genes involved in inflammation, acute-phase
proteins, adhesion molecules, complement,
and genes with functions in antigen processing
and presentation (Chen et al. 2009). Cellular
mechanisms of inflammation by G. parasuis
are mediated by the activation of the MAPK
pathway, NF-κB signaling, NLRP3 inflam-
masome, IkBa, and nuclear translocation
of p65.

One host molecule, coronin 1A, has been
shown to participate in inflammation control
by suppression of NF-κB activation during
G. parasuis infection. Accordingly, over-
expression of porcine Coro1A inhibits the
transcription of NF-κB-mediated genes IL-6,
IL-8, and COX-2 (Liu et al. 2014).

Control

Prevention of Glässer’s disease should focus
in reducing risk factors such as stress in
the susceptible animals. Good management
(e.g. ensuring adequate colostrum uptake,
avoiding mixing of piglets from different ages
and sources, which probably carry different
strains, good ventilation, etc.), good biosecu-
rity (avoiding the introduction and spread of
pathogens), and the use of vaccines need to
be implemented for a successful control of
disease (Costa-Hurtado et al. 2020). Control of
Glässer’s disease, as many bacterial diseases, is
commonly with antimicrobials. The treatment
should start as soon as the first clinical signs
are observed and only to control outbreaks, not
as a preventive measure. The use of antimi-
crobials in prevention has been linked to
interference in the onset of immunity and the
subsequent protection against the pathogen,
probably by interfering in the colonization of
the piglets. Proper colonization of the piglets is
important as the nasal microbiota at weaning
has been shown to play a role in protection.

Piglets that survive the disease are pro-
tected against further infection by G. parasuis
(Brockmeier et al. 2013), but clearly this
not without costs. Antibodies play a pivotal
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role in protection, making vaccination an
important prevention tool. Opsonizing anti-
bodies promote phagocytosis and, to a lesser
extent, activation of the serum complement.
Cross-protection among G. parasuis serovars
is in many cases strain-dependent and the
level of protection provided by commercial
vaccines (commonly bacterins) is difficult to
predict. Subunit vaccines have been the focus
of much research and many putative vaccine
candidates have been identified by their con-
servation in clinical isolates (Liu et al. 2016b).
For example, a combination of VtaAs and a
modified TbpB protein defective in transferrin
binding have been shown to confer protection
against Glässer’s disease in pigs. Some other
vaccine candidates, such as OmpP2, OmpP5
and VacJ, have produced promising results
in mice and guinea pigs, but did not confer
protection in pigs. Vaccination is usually per-
formed in piglets, but vaccination of sows
can be considered when disease outbreaks
occur in very young piglets. New therapeutic
approaches are under consideration, such as
the use of natural compounds like baicalin (Fu
et al. 2020b).

Histophilus

Histophilus somni was formally recognized
as a species when “Haemophilus agni,”
“Haemophilus somnifer,” “Haemophilus som-
ni” and “Histophilus ovis” were all placed
in the new species (Angen 2021). In this
chapter, the name H. somni will be used. The
genus Histophilus consists of organisms that
are Gram-negative, non-motile, and rod or
coccobacillary in form. The sole species (H.
somni) is typically capnophilic with yellowish
colonies. Most isolates are indole positive with
considerable variation in other phenotypic
properties. On blood agar, the organism can
produce colonies that show complete hemol-
ysis, α-hemolysis, or no hemolysis (Angen
2021). Isolates are typically grown at 37∘C
(Angen 2021).

Source of Infection

H. somni has been isolated from a range of
ruminants including cattle, sheep, bison, and
bighorn sheep (Sandal et al. 2010). The organ-
ism is regarded by many as being part of the
commensal flora of the bovine respiratory
tract and the ovine and caprine genital tracts
(O’Toole and Sondgeroth 2016).

Types of Disease and Pathologic Changes

In cattle, H. somni can cause thrombotic
meningoencephalitis (TME) myelitis in older
calves and yearlings with typical signs being
depression, fever and blindness, coma and sud-
den death (O’Toole and Sondgeroth 2016). The
incidence of TME, which had been reported
commonly in North America, has decreased,
and is now only seen sporadically. Other forms
of disease due to H. somni in cattle include
pneumonia, pleuritis, myocarditis, tenosyn-
ovitis, otitis media, mastitis, endometritis, and
abortion (O’Toole and Sondgeroth 2016).

In sheep, H. somni has been linked with
lameness, septicemia, epididymitis–orchitis,
metritis, abortion, and mastitis (O’Toole and
Sondgeroth 2016). H. somni also appears to
be a minor player in bronchopneumonia in
bighorn lambs (Ovis canadadensis) (O’Toole
and Sondgeroth 2016).

Virulence Factors and Pathogenomics

The virulence factors that have been iden-
tified or suggested as having a role to play
in the development of the various disease
manifestations associated with H. somni
include (i) LOS, which induces endothelial
cell apotosis (Sylte et al. 2001), is involved
in colonization when decorated with ChoP
in the bovine respiratory tract (Inzana et al.
1997), enhances bovine serum resistance,
reduces antibody binding (Inzana et al. 2002)
and inhibits Toll-like receptor-4 signaling and
downstream NF-κB activity (Howard et al.
2011) when sialyltransferases incorporate
N-acetyl-5-neuraminic (sialic) acid (Neu5Ac)
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onto the LOS; (ii) exopolysaccharide, which
is formed under growth conditions that favor
biofilm formation (Sandal et al. 2010); (iii) sur-
face proteins, such as the 41 kDa major OMP,
have a marked ability to stimulate IgE, but not
in the truncated form present in some isolates
(Corbeil et al. 2006); (iv) iron-uptake pro-
teins like bovine transferrin-binding proteins
(TbpA, TbpA2 TbpB; Pogoutse and Moraes
2020); (v) Ig-binding proteins IbpA and IbpB,
which are produced as surface fibrils and may
be cytotoxic for macrophages (Corbeil 2008),
with IbpB involved in endothelial cell adher-
ence; and histamine, known to be produced
in vitro (Ruby et al. 2002) and if produced in
vivo would likely increase the inflammatory
response.

Regulation of Virulence

Phase variation has been reported for the
decoration of LOS with ChoP (Inzana et al.
1997) and Neu5Ac (Inzana et al. 2002). A luxS
mutant of H. somni showed a wide range of
genes that were significantly differentially
expressed compared with the parent. The luxS
mutant had a truncated and asialylated LOS,
resulting in reduced virulence in a mouse
model (Pan et al. 2021).

Pathogenesis

Host Association
The respiratory tract or the genital tract are
the normal portal of entry for H. somni (San-
dal et al. 2010). H. somni shows an ability
to attach to bovine turbinate cells, vaginal
epithelial cells, and endothelial cells (Sylte
et al. 2001). The initial attachment has been
suggested to be mediated by heparin-binding
proteins on the H. somni surface that bind
to sulfated proteoglycans on the endothelial
cells (Behling-Kelly et al. 2006). The presence
of ChoP in the LOS of some H. somni strains
has also been identified as playing a role in
adhesion to respiratory tract cells (Inzana et al.
1997). Another factor linked to endothelial cell
adherence is the Ig-binding protein IbpB.

Multiplication
The transferrin-binding proteins TbpA and
TpbB allow the acquisition of iron from the
host (Pogoutse and Moraes 2020), a key step
in multiplication. While TbpA2 and TpbB
can bind sheep and goat transferrin as well as
bovine transferrin, TbpA binds only bovine
transferrin (Pogoutse and Moraes 2020).

Evasion of Host Defenses
H. somni can decrease the bactericidal activity
of bovine neutrophils and macrophages and
induce apoptosis in these host cells. Sialylation
of the LOS of H. somni results in enhanced
bovine serum resistance, reduced antibody
binding, increased resistance to innate bovine
host defenses by inhibiting phagocytosis and
intracellular killing by polymorphonuclear
leukocytes (Inzana et al. 2012), and inhibition
of Toll-like receptor-4 signaling and down-
stream NF-κB activity (Howard et al. 2011). It
is possible that the sialylation may also mask
specific LOS epitopes that are targets of the
host immune response. The persistence of
H. somni in the bovine respiratory tract has
been associated with phase variation of the
LOS, with clearance requiring the presence of
antibodies to all LOS variants.

Damage
H. somni causes marked changes to bovine
brain endothelial cells including cytoskeletal
rearrangement, increased albumin flux, and a
reduction in transendothelial electrical resis-
tance, all of which would be likely to alter
the integrity of the blood–brain barrier and
increase paracellular permeability of vascular
endothelial cells (Behling-Kelly et al. 2007).
The LOS of H. somni causes apoptosis of bovine
pulmonary and brain vascular endothelial cells
(Sylte et al. 2001).

Activation of bovine platelets by H. somni
appears to be the cause of some of the charac-
teristic damage associated with this pathogen
(Behling-Kelly et al. 2016). Once activated,
presumably by the LOS of H. somni, platelets
transmit inflammatory signals that result in
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the production of proinflammatory cytokines
and chemokines, which in turn results in
increased vascular permeability, promotes
further bacterial adherence, and increases the
thrombogenicity of endothelial cell surfaces
(Behling-Kelly et al. 2016).

H. somni has been shown to induce bovine
polymorphonuclear leukocyte (PMN) adhe-
sion and transmigration across bovine brain
endothelial cells in vitro (Tiwari et al. 2009).
Bovine PMNs exposed to extracellular vesicles
from bovine brain endothelial cells stimu-
lated by H. somni express von Willebrand
factor, exhibit increased fibrin clot formation,
and have greater tissue factor activity than
PMNs exposed to extracellular vesicles from
non-stimulated control cells (Rivera Rivas and
Czuprynski 2019). This response by PMNs
provides an explanation for the thrombus
formation in the brain microvasculature that is
characteristic of TME. The ability of H. somni
to stimulate IgE has been linked to prolonged
clinical signs and persistence of the organism
in the lung (Corbeil et al. 2006).

Immunity

Antibodies appear to provide protective
immunity as passive immunization using
convalescent serum protects against exper-
imental bovine pneumonia. Antibodies to
a 40 kDa OMP have also been shown to be

protective against pneumonia (Gogolewski
et al. 1988).

Control

Antimicrobial agents are used to control infec-
tions involving H. somni (Magstadt et al. 2018).
The most commonly used agent is tetracy-
cline; not surprisingly, tetracycline resistance
is the most common antimicrobial resistance
detected in bovine H. somni isolates (Magstadt
et al. 2018). Vaccines that seek to protect
against TME and bovine pneumonia, provided
as either multi-pathogen products or the single
pathogen product, have been available for
many years in some markets (Sandal et al.
2010). However, it has been shown that some
commercial vaccines stimulate an IgE response
that can result in a more severe clinical disease
in vaccinated animals.

Gaps in Knowledge and Anticipated
Directions

There is still a lack of an in-depth understand-
ing of how H. somni can be the cause of many
different diseases in cattle and sheep yet be
a commensal in goats. Understanding the
occurrence and the recent decline of TME in
North America as well as the relative absence
of reports of TME in other regions remains
a confounding scenario that merits further
study.
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Erin L. Westman, Véronique L. Taylor, and Joseph S. Lam

Introduction

Pseudomonas is a diverse genus of rod-shaped
bacteria with broad metabolic diversity that
is found ubiquitously in the environment.
Many pseudomonads are non-pathogenic, but
P. aeruginosa is an important opportunistic
pathogen. As an opportunist, it generally
requires a defect or alteration in the normal
host defenses to establish an infection. Injury,
trauma, surgery, burns, or indwelling devices
such as intravenous lines or urinary catheters
make the host susceptible to P. aeruginosa
colonization.

One example of how the physiological ver-
satility of P. aeruginosa contributes to this
pathogen being an “opportunist” is clearly
demonstrated in a study by Daly et al. (1999),
who identified P. aeruginosa to be the causative
agent of a severe outbreak of mastitis among
11 Irish dairy herds (Daly et al. 1999). It was a
remarkable revelation that the teat wipes used
on these dairy herds were contaminated with
P. aeruginosa, even though the wipes were
stored in 70% alcohol. These wipes were meant
to sterilize the teats before injecting antibiotics
into the mammary glands, but instead, this
provided a direct inoculation of P. aeruginosa
onto the tissues.

P. aeruginosa pathogenesis has been best
studied in human forms of the disease, but the
three distinct stages of infection also hold true
in animals. These stages are adherence and

colonization, which is generally modulated
by cell-surface components of the bacterium
including flagella, pili, and lipopolysaccha-
ride (LPS). Next, growth and multiplication
of Pseudomonas involves genetic regulatory
systems upregulating the expression of viru-
lence factors including extracellular (secreted)
products, type-III secretion system (T3SS),
change to the biofilm mode of growth, all in
the presence of intrinsic multidrug resistance
conferred by low outer-membrane perme-
ability and numerous efflux pumps. In fact,
P. aeruginosa exhibits broad antibiotic resis-
tance, including to commonly used biocides
like triclosan (commonly found in antibacte-
rial hand soap). This multifactorial resistance
frequently makes infections difficult to man-
age, and careful selection of therapeutic agent
is necessary. Resistance may also emerge
very quickly. Careful surveillance of treat-
ment outcomes is wise, with repeated culture
susceptibility testing if the infection is not
resolved.

Characteristics of the Organism

Pseudomonas are Gram-negative straight or
slightly curved rod-shaped eubacteria. The
cells are around 0.5–1.0 × 1.5–5.0 μm in size
and are motile by a single flagellum or multi-
ple polar flagella. Part of the γ-proteobacteria,
Pseudomonas are aerobic chemoheterotrophs,
and have remarkable nutritional diversity,
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using a wide variety of organic compounds as
carbon sources and electron donors for energy
production.

As a result of this robust metabolism, Pseu-
domonas are important to the breakdown
of organic materials to inorganic substances
(mineralization) in nature. In addition, pseu-
domonads such as P. fluorescens grow at 4 ∘C
and are important in the spoilage of refriger-
ated milk, meat, eggs, seafood, and even blood
products.

Some pseudomonads including P. aeruginosa,
P. fluorescens, P. putida, and P. syringae pro-
duce a diffusible, water-soluble, yellow-green
pigment called pyoverdine that fluoresces
under ultraviolet light. Pyoverdine is pro-
duced under conditions of iron limitation
and can be useful diagnostically in iden-
tifying these pseudomonads. When iron
is limited, Pseudomonas aeruginosa also
produces a blue-green phenazine pigment
called pyocyanin. Infections caused by
P. aeruginosa are suppurative with a char-
acteristic blue-green color caused by the

secretion of this pigment. Both molecules
are siderophores, which are iron (III) chela-
tors that are secreted to the environment to
scavenge iron. High-affinity receptors on the
bacterial cell-surface uptake the siderophore,
thus improving the growth of Pseudomonas
under iron-limiting conditions like those
encountered during infection of animals.

Pathogenic Species

The most significant Pseudomonas species
include P. aeruginosa, P. fluorescens, P. putida,
and P. syringae. Among these, P. putida and
P. syringae are associated with infections of
plants. P. fluorescens is non-pathogenic, since
they grow best at cooler temperatures (around
4∘C).

P. aeruginosa is the predominant species
associated with disease in both humans and
animals, its role as an opportunistic pathogen is
the focus of this chapter. P. aeruginosa cells are
around 0.3–0.5 μm× 1–2 μm in size and secrete

Figure 14.1 P. aeruginosa. (Left)
Transmission electron
micrograph of negatively
stained P. aeruginosa cells.
Black arrow points to the single
polar flagellum, and the dashed
arrow indicates pili. Bar: 1 μm.
(Right) Stationary-phase
culture normally exhibits the
characteristic blue-green color
due to siderophore secretion.
The white arrow points to the
pellicle, a biofilm at the
liquid/air interface.
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the iron-sequestering siderophores pyoverdine
and pyocyanin when under low-iron stress;
these give mature cultures a characteristic
fluorescent-green or blue-green color, respec-
tively (Figure 14.1). The optimal growth
temperature is 37∘C, but these bacteria can
thrive at temperatures between 10∘C and 40∘C.
In humans, P. aeruginosa causes infections
mainly of the blood, lungs, or other parts of
the body after surgery. The Centers for Disease
Control and Prevention (2019) report on antibi-
otic resistance threats in the United States lists
multidrug-resistant P. aeruginosa as a seri-
ous threat, the second most significant tier.
Each year, multidrug-resistant P. aeruginosa
is estimated to cause 32 600 hospitalized cases
and 2700 human deaths (Centers for Dis-
ease Control and Prevention 2019). Similarly,
P. aeruginosa is reported to be an emerging
nosocomial infection of veterinary significance
(Bernal-Rosas et al. 2015).

Sources of Infection: Ecology,
Evolution, and Epidemiology

P. aeruginosa is ubiquitous and can be isolated
from most natural habitats including water,
soil, plants, and sewage. An opportunistic
pathogen, it is often found in the hospital
setting, including respiratory equipment,
cleaning solutions, medicines, disinfectants,
sinks, and floors, and accounts for about
10% of human nosocomial infections and
between 0.8% and 18% of veterinary nosoco-
mial infections (Nelson 2011). Transmission
of P. aeruginosa is usually through indirect
contact via contaminated tools such as ther-
mometers, drinking bowls, bedding, or surgical
implements. Owing to its ubiquity in the envi-
ronment, it is readily reintroduced into the
clinic from human and animal sources.

Differentiation of clinical isolates is impor-
tant for epidemiological studies and is facili-
tated by numerous typing schemes. Although
no system is universally employed, serotyping
is a commonly used serological method in

clinical settings to classify P. aeruginosa based
on differences in the O antigen of the LPS
present on the cell surface of these bacteria.
Two forms of O-antigen polysaccharides are
produced by P. aeruginosa: the homopolymeric
common polysaccharide antigen, which is
common to most strains, and the heteropoly-
meric O-specific antigen (OSA). Based on the
saccharide composition and linkages of the
OSA O antigen, the International Antigenic
Typing Scheme (IATS) recognizes 20 serotypes
of P. aeruginosa. Although the IATS is the
most commonly used, other typing schemes
have been employed in the past and include
the Fisher immunotypes, and the Lanyi and
Bergan O serogroups. Other typing schemes
for the classification of P. aeruginosa include
biotyping, antibiogram analysis, pyocin typ-
ing, and bacteriophage typing, as well as more
accurate and sensitive genotyping/DNA fin-
gerprinting methods including pulsed-field gel
electrophoresis, ribotyping, and polymerase
chain reaction (PCR)-based techniques, such
as amplified fragment length polymorphism
analysis and random amplified polymorphic
DNA analysis.

Types of Disease and Pathologic
Changes

P. aeruginosa causes a variety of diseases in
animals, including wound infections in all
species, urinary tract infections and chronic
purulent otitis externa in dogs, ulcerative
keratitis in dogs and horses, and dermatitis
(fleece rot) in sheep (Table 14.1). P. aeruginosa
infections in which there is no obvious breach
in host defenses include mastitis in cattle,
genital tract infections in horses, and rhinitis
or otitis in sheep. In one case, several ewes
developed severe purulent rhinitis and oti-
tis externa/media after being showered with a
wash that had previously been used on another
group of ewes with dermatitis (Watson et al.
2003). Sporadic outbreaks of septicemic dis-
ease occur in poultry, mink, and chinchillas.
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Table 14.1 Diseases in animals caused by
Pseudomonas aeruginosa.

Animal species Diseases

All species Wound infection
Dogs, cats Otitis externa, urinary tract

infection, ulcerative keratitis,
pneumonia

Birds Respiratory infections
Cattle Respiratory infections,

mastitis, enteritis
Horses Genital tract infection,

abortion, ulcerative keratitis
Swine Respiratory infections
Poultry Septicemia, keratitis
Sheep Pneumonia, mastitis, fleece

rot, rhinitis, otitis
Mink Hemorrhagic pneumonia,

septicemia
Chinchillas Pneumonia, septicemia
Laboratory
rodents

Septicemia, enteritis

Source: Adapted from Gyles (1993).

Mink in particular are highly susceptible to
P. aeruginosa infection, as shown by an LD50
of 103–104 colony forming units observed in
an intratracheal challenge, compared with
106–109 in other species (Long et al. 1980). A
vaccine has been developed to address severe
hemorrhagic pneumonia in mink (Aoi et al.
1979). However, this vaccine has a limited
protection in other animals and is not effective
outside mink and chinchillas.

The most commonly encountered Pseu-
domonas infection in animals is otitis. In dogs,
it is typically characterized by head shaking,
ear scratching, purulent exudates, malodor,
as well as swelling, inflammation, and pain.
Whenever cytology laboratory tests reveal
rod-shaped bacteria, Pseudomonas should be
suspected and treatment is warranted (Pye
2018). Otitis externa and otitis media are
often diagnosed together, even if the tympanic
membrane is intact, and different bacterial
species and/or different trends in antibiotic
susceptibility may be found in the external

and middle ears (Cole et al. 1998). In some
otitis cases, initial therapy may fail, or the
otitis may reoccur rapidly following seemingly
successful treatment. In these cases, culture
and susceptibility testing are invaluable for
selecting an appropriate antibiotic.

P. aeruginosa may also cause urinary tract
infections, and the high intrinsic antibiotic
resistance of the organism makes it difficult
to treat. Infections present with typical lower
urinary tract signs such as voiding or obstruc-
tive symptoms, potentially including hesitancy,
poor and/or intermittent stream, straining,
dribbling, as well as irritative symptoms such
as frequency and urge incontinence. Further-
more, evidence of bacterial cystitis including
hematuria, pyuria, or cytologically evident
bacteriuria are common. Aerobic bacte-
rial urine culture is preferred to detect
P. aeruginosa as the causative agent. For man-
agement of extended spectrum beta-lactamase-
producing P. aeruginosa in urinary tract
infections in dogs and cats, a carbapenem,
especially imipenem administered with cilas-
tatin (to slow the metabolism of imipenem) or
a fluoroquinolone, such as marbofloxacin is
suggested (Weese et al. 2019).

Generally, swift and decisive therapy is
required to resolve the infection without
promoting resistance to the antibiotic agent.
Any animal suffering from a wound or trauma
is a potential candidate for infection by
P. aeruginosa, and other predisposing fac-
tors include chronic debilitating illnesses,
prolonged hospitalization, prior therapy with
antimicrobial drugs, and impaired host immu-
nity (cellular and/or humoral) owing to
a primary disease or as a consequence of
immunosuppressive or cytotoxic therapy.

Virulence Factors
and Pathogenomics

The success of P. aeruginosa as a pathogen is
largely due to its ability to survive in a wide
variety of environments and its arsenal of
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Table 14.2 Cell-associated virulence factors produced by Pseudomonas aeruginosa.

Virulence factor Proposed biologic effects Notes

Alginate/biofilm Antiphagocytic,
adherence to epithelium,
antibiotic resistance

Alginate important but not essential for
biofilm formation (Wozniak et al. 2003)

Flagellum Chemotaxis, mediates
motility for invasion,
adherence to mucin

Non-flagellated mutants are shown to have
decreased virulence (Feldman et al. 1998;
Montie et al. 1987)

Lipid A Endotoxic properties Binding to receptors on macrophages
induces the production of inflammatory
mediators including tumor necrosis factor
α, interleukin (IL)-1, IL-6, IL-8, and IL-10
(Lynn and Golenbock 1992)

Lipopolysaccharide (LPS) Adherence and invasion of
epithelial cells

Two forms: capped/smooth with O antigen,
and uncapped/rough without O antigen
(Sadovskaya et al. 1998); uncapped/rough
LPS of P. aeruginosa was important in
mouse infection models for invasion of eyes
(Zaidi et al. 1996) and airway respiratory
epithelial cells (Pier et al. 1996)

O antigen Serum resistance,
resistance to phagocytosis

LD50 for O antigen-deficient mutant was at
least 1000-fold higher than that of the
wild-type strain in a mouse burned-wound
model (Cryz et al. 1984). In neonatal mice,
an LPS mutant was unable to initiate a
respiratory tract infection whereas the
wild-type strain caused acute pneumonia,
bacteremia and death (Tang et al. 1995)

Pili Adherence to epithelial
cells, mucin, colonization
of tissues

Twitching motility is itself important for
virulence; strains that have pili but not able
to twitch were attenuated in virulence
despite having the ability to associate with
corneal epithelial cells as effectively as
wildtype bacteria (Zolfaghar et al. 2003)

virulence factors (Table 14.2). P. aeruginosa
virulence factors can be divided into four
groups: cell-surface components, extracellular
(secreted) products, a T3SS, and genetic reg-
ulatory systems. Since this bacterial species
is an important opportunistic pathogen of
humans, our understanding of the pathogenic
mechanisms contributed by virulence factors
of P. aeruginosa is derived mostly from studies
on animal models of human diseases.

The four groups of virulence factors differ
in the role played in the environmental life
of the organism, the stage of pathogenesis
influenced, and the target for manipulation

by the factor. The cell-associated factors are
generally thought to be essential for the via-
bility of the organism even outside the host,
and include key structures in motility, adhe-
sion, and the cell wall, as well as physiological
states. The extracellular products are produced
to gain nutrients or protect the cell from the
immune response in the host, while the T3SS
is a targeted mechanism for the delivery of sev-
eral exotoxins directly into host cells. Finally,
the regulatory systems enable P. aeruginosa
to sense and react to environmental stimuli,
such as the presence of other P. aeruginosa
cells.
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In brief, the cell-surface components of
P. aeruginosa include flagella, pili, and LPS
(Table 14.2). P. aeruginosa produces a single
polar flagellum that is required for swimming
motility and is important for initial coloniza-
tion of damaged or altered epithelium. This
organelle allows the bacterium to propel itself
and also functions as an adhesin to anchor
the cell to host epithelium. Using a neona-
tal mouse model of pneumonia, Feldman
et al. (1998) demonstrated that fliC mutants
of P. aeruginosa have decreased virulence.
Histopathological examinations showed that
the fliC mutant only caused focal inflamma-
tion, which is in contrast to the spread of
inflammatory lesions throughout the lungs
caused by the parent wildtype strain (Feldman
et al. 1998). Flagella mutants were less inva-
sive than the motile wild-type strains in
a burned-mouse infection model and the
addition of antiflagellum antibody had a
significant protective effect (Montie et al.
1987).

Pili are filamentous, polar cell-surface struc-
tures of P. aeruginosa that are responsible for
a form of flagella-independent motility called
twitching motility, which occurs over moist
or semi-solid surfaces. Pili are important for
host colonization because they are thought
to be the dominant adhesins of P. aeruginosa.
The pili of P. aeruginosa are the prototypes
of the Type 4 family of pili, also known as
N-methylphenylalanine pili. Cycles of exten-
sion, tethering, and retraction of the pili tow
the bacterial cell forward, as if the cells were
pulled along by a set of grappling hooks.
Twitching motility is itself important for viru-
lence. Strains that are piliated but not able to
twitch (due to genetic deletions) are attenuated
in virulence despite having the ability to asso-
ciate with corneal epithelial cells as effectively
as wild-type bacteria (Zolfaghar et al. 2003).
Pili also mediate adherence to DNA and abiotic
surfaces such as stainless steel, polystyrene,
and polyvinylchloride. Pilus-deficient strains
are significantly reduced in their ability to
cause epithelial cell damage, to persist at the

site of infection, and to disseminate throughout
the host (Sato et al. 1988).

LPS of P. aeruginosa consists of a hydropho-
bic lipid A component that anchors the LPS
in the outer membrane, a core oligosaccharide
that contains highly conserved sugar residues,
and the long-chain polysaccharide O antigen
(also called O polysaccharide). LPS contributes
significantly to virulence throughout the
infection process, from initial attachment and
colonization to avoidance of bacterial clear-
ance during tissue invasion and dissemination
in both acute and chronic infections. Lipid A is
composed of a phosphorylated diglucosamine
backbone substituted with fatty acids and is
the endotoxic moiety that mediates inflam-
mation and tissue damage associated with
Gram-negative septicemia.

The core oligosaccharide of P. aeruginosa is
produced in two forms: an “uncapped” core
oligosaccharide (lacking attached O antigen)
referred to as “rough LPS” and a “capped”
form with attached O antigen that is referred
to as “smooth” LPS (Sadovskaya et al. 1998,
2000). Bacteria possessing the rough form of
LPS are particularly effective in adherence
to, and invasion of, corneal epithelial cells in
a cell culture assay. Similarly, rough LPS of
P. aeruginosa is important in mouse infection
models for the invasion of murine eyes (Zaidi
et al. 1996) and airway respiratory epithelial
cells (Pier et al. 1996). These data are consis-
tent with the notion that P. aeruginosa LPS
mediates internalization into epithelial cells.
This is followed by replication so that a reser-
voir of intracellular bacteria is established and
serves as a source to cause further spread of
the infection. The O antigens that are attached
to the capped form of core oligosaccharide
are subdivided into two types: the common
O polysaccharide, a repeating homopolymer
composed of D-rhamnose; and the heteropoly-
meric OSA, which is composed of di- to
pentasaccharide-repeating units of a variety of
unusual sugars that define the serotype. The O
polysaccharides are antiphagocytic and confer
resistance to complement-mediated killing.
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The O polysaccharide is required for virulence
as shown in a burned-mouse model study
where the LD50 for the O-antigen deficient
mutant was at least 1000-fold higher than
that of the wild-type strain (Cryz et al. 1984).
In a separate study, Tang et al. (1995) used a
neonatal mouse model and demonstrated that
an LPS mutant was unable to initiate a respi-
ratory tract infection whereas the wild-type
strain caused acute pneumonia, bacteremia
and death (Tang et al. 1995).

Extracellular products of P. aeruginosa
also contribute to survival and resistance to
antibiotic treatment (Table 14.2). In partic-
ular, P. aeruginosa is known for its biofilm
mode of growth. Biofilms are communities
of surface-attached microorganisms enclosed
in a matrix which can play a significant role
in infectious disease (Costerton et al. 1999).
Biofilms are very resistant to the killing effect
of whole blood and serum and affect the patho-
genesis of P. aeruginosa infections. The biofilm
mode of growth also provides a two to three
order of magnitude decrease in susceptibility to
antimicrobial agents in comparison to plank-
tonic (or free-swimming) cells. Interestingly,
bacterial cells within a biofilm show reduced
metabolic activities, making them less sus-
ceptible particularly to those antibiotics that
target primarily metabolically active cells. The
matrix, or extracellular polymeric substance,
that holds the biofilm together can contain
protein, polysaccharide, and nucleic acid. The
polysaccharide components of Pseudomonas
biofilm extracellular polymeric substances
(EPS) include alginate, Psl, and Pel (reviewed
by Ryder et al. 2007).

The T3SS and its secreted products are
also key to the virulence of P. aeruginosa
(Table 14.3). The T3SS is a specialized protein
complex that acts as a “molecular syringe” to
deliver cytotoxins directly from the bacterium
into the cytoplasm of eukaryotic cells. Over 20
genes are required for secretion, translocation,
and regulation of this system. The secretion of
four cytotoxic proteins, ExoS, ExoT, ExoU, and
ExoY, is induced by direct contact between the

bacteria and the host cells. These proteins are
postulated to promote epithelial cell injury,
inhibit the phagocytic response to infection,
and allow bacterial replication. The PcrV pro-
tein is part of a channel-forming complex that
is required for translocation of the effector
proteins into the host cells. PcrV is required for
virulence, lung injury and cytotoxicity in an
acute lung infection model (Sawa et al. 1999).

The last group of virulence factors are
regulatory networks that coordinate these
responses to the environment in which this
opportunistic pathogen finds itself. Quorum
sensing in bacteria is a cell-to-cell signaling
system that microorganisms use to com-
municate with each other in a cell-density
dependent manner. It is used to modulate a
variety of physiological processes including
the production of many virulence factors
(reviewed in Parsek and Greenberg 2000).
P. aeruginosa has two quorum-sensing sys-
tems, lasR-lasI and rhlR-rhlI (Figure 14.2).
Each system is composed of two components:
the transcriptional activator (LasR and RhlR,
respectively) and an autoinducer synthase
(LasI and RhlI, respectively). LasI and RhlI are
involved in the synthesis of the cell-to-cell sig-
naling autoinducer molecules 3-oxo-C12-HSL
(N-[3-oxododecanoyl]-L-homoserine lactone)
and C4-HSL (N-butyrylhomoserine lactone),
respectively (Parsek and Greenberg 2000). As
a population of bacteria grows, the cell density
increases and synthesis of the autoinducer
molecules is upregulated. The autoinducers
are released into the immediate area and
move into surrounding bacterial cells. At a
certain threshold concentration, the autoin-
ducers bind to their respective transcriptional
activator proteins, LasR and/or RhlR. The
autoinducer/transcriptional activator complex
binds to conserved DNA sequences upstream
of target genes, thereby upregulating their
expression.

As an opportunistic pathogen, P. aeruginosa
is adapted to survival both in the environ-
ment and in the host. The extensive cross-talk
and interconnections between production of
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Table 14.3 The secreted arsenal of Pseudomonas aeruginosa.

Virulence factor Proposed biologic effects Notes

Exotoxin A (ADP)-ribosyl transferase enzyme
(like diphtheria toxin), cytotoxic,
tissue invasion, cellular damage

LD50 of ExoA in mice is
0.2 μg/animal by the intraperitoneal
route (Liu 1973) and 0.062 μg by the
intravenous route (Callahan 1976)

ExoA is secreted in response to iron
starvation and is under the
regulatory control of the lasR-lasI
quorum-sensing system

Phospholipase C Destruction of pulmonary
surfactant, generation of
inflammatory mediators

Toxic to animals at microgram
amounts; causes vascular
permeability, hepatonecrosis, renal
tubular necrosis, end organ damage,
and death in mice at high doses
(Berk et al. 1987); (Meyers et al.
1992). Intradermal injection of sheep
with PlcH causes superficial
inflammatory lesions characteristic
of fleece rot (Chin and Watts 1988)

Proteases: LasB and
LasA elastase alkaline
phosphatase

Damage to lung tissue, blood vessels;
tissue damage, increased vascular
permeability, disruption of
respiratory cilia

Subcutaneous and intramuscular
injections of LasB into mice cause
severe hemorrhage and leakage of
plasma components, including red
and white blood cells into the
extravascular tissue (Komori et al.
2001)

Rhamnolipid Ciliostatic, impairs mucociliary
clearance

Impair normal host respiratory
clearance mechanisms by slowing
down mucociliary clearance (Read
et al. 1992)

Siderophores
(pyochelin,
pyocyanin, pyoverdin)

Acquisition of iron, enhances
survival in low-iron environments
such as host tissues

Blue-green of pyoverdin is
responsible for characteristic “blue
pus” of P. aeruginosa infected
wounds (Meyer et al. 1996)

Type III secretion
system

Cytotoxic, tissue damage and
invasion, acute epithelial cell injury

Delivery system for several
exoenzymes

Exoenzyme S (ExoS) Inactivates GTP-binding proteins of
the H- and K-Ras family and
activates small-molecular weight
GTPases of the Rho subfamily and
stimulates actin reorganization that
results in disruption of actin
microfilaments (Goehring et al.
1999)

ExoS causes cell injury and reduces
proliferation and viability of host
cells in vitro and is important for
tissue damage and bacterial
dissemination in animal studies
(Kudoh et al. 1994; Nicas and
Iglewski 1985)

Exoenzyme T (ExoT) GTPase-activating protein for Rho
GTPase proteins and interferes with
Rho transduction pathways which
regulate actin organization,
exocytosis, phagocytosis, and
cell-cycle progression (Krall et al.
2000; Sundin et al. 2001)

Recently, ExoT was shown to be
necessary and sufficient to induce
apoptosis in epithelial cells
(Shafikhani et al. 2008)

(continued)
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Table 14.3 (Continued)

Virulence factor Proposed biologic effects Notes

Exoenzyme U (ExoU) Lipase that requires activation or
modification by eukaryotic factors
(Sato et al. 2003)

ExoU and ExoS are apparently
mutually exclusive, as no strains
expressing both have been isolated,
and those strains that do express
ExoU are cytotoxic to a variety of
mammalian cell types in vitro
(Hauser et al. 1998)

Exoenzyme Y (ExoY) Adenylate cyclase which induces
elevation of intracellular cyclic
adenosine monophosphate in vitro
and in vivo (Yahr et al. 1998)

May provide a minor contribution to
systemic spread in vivo (Vance et al.
2005)

Type V secretion
system

Lipases that destroy of eukaryotic
signaling lipids and lung surfactants;
esterases that stimulate adhesion
and biofilm formation (da Mata
Madeira et al. 2016; Filloux 2011)

PlpD, a highly conserved type V
secretion system toxin, is predicted
to make an attractive vaccine target
against P. aeruginosa (Chirani et al.
2018)

Type VI secretion
system

Toxins which disrupt the
cytoskeleton and promote
non-phagocytic internalization;
endoplasmic reticulum attack
stimulates host stress response and
autophagy (Monjarás Feria and
Valvano 2020)

Genetic analysis of the T6SS effector
PldA suggests that the toxin was
acquired horizontally from a
eukaryotic source (Wilderman et al.
2001)

seemingly disparate virulence factors probably
reflects this diverse lifestyle. Some virulence
factors are related through common biosyn-
thesis steps, while others are coordinately or
negatively regulated. At the top of the regula-
tory hierarchy are the global regulators, GacA
and Vfr (Figure 14.2). GacA is a transcrip-
tional activator and Vfr is a cyclic adenosine
monophosphate receptor protein. Although
the environmental stimuli that these global
regulators respond to is not known, GacA and
Vfr control quorum sensing at the level of
transcription of the las and rhl systems. The las
system is required for normal biofilm forma-
tion, and controls expression of the virulence
factor genes responsible for the production
of proteases (LasB and LasA elastase, and
alkaline phosphatase) and exotoxin A, plus
activates the expression of the rhl system. The
rhl system regulates production of rhamnolipid
and the stress response regulator RpoS, and is
also required for optimal expression of LasB,

LasA, hydrogen cyanide, alaline protease, and
the siderophore pyocyanin.

The clinical importance of P. aeruginosa
requires rapid classification and identifi-
cation of clones of concern. The typing of
isolates has taken on many forms throughout
the years; the earliest were enzyme-linked
immunosorbent assay and agglutination with
antibodies specific to the OSA. These methods
classify P. aeruginosa according to the IATS.
This method allows for rapid classification
of P. aeruginosa based on their OSA struc-
tures, which have been shown to be associated
with specific ecological niches. Over time,
the identification of specific resistance genes,
or virulence factors has given rise to more
focused PCR and restriction digestion-based
typing schemes such as pulse-field gel elec-
trophoresis (PFGE) and multilocus sequencing
typing, in which a specific gene or region of
the genome are amplified and sequenced.
PFGE identifies patterns in restriction digested
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Figure 14.2 Quorum-sensing systems of P. aeruginosa. The cascade of events begins with the transcription
of lasR, which regulates PQS production and the Rhl system and ends with the activation of RhlR/C4-HSL
controlled genes. Arrowheads indicate positive regulation whereas a short parallel line indicates negative
regulation. PQS 2-heptyl-3-hydroxy-4-quinolone; 3-oxo-C12-HSL N-[3-oxododecanoyyl]-L-homoserine
lactone; C4-HSL N-butyrylhomoserine lactone. Source: Adapted from Venturi (2006) and Van Delden and
Iglewski (1998).

genomes of isolates and compare the “fin-
gerprint” to establish relatedness, such as in
an equine endometritis outbreak (Allen et al.
2011). With the advances of whole-genome
sequencing, typing can be done within a hospi-
tal and epidemiological studies of trends across

the years can be done. By typing Pseudomonas
in a holistic manner, overall Pseudomonas
genome plasticity such as inversions and
serotype-switching, demonstrating the selec-
tive advantage of certain OSA structures and
antibiotic resistance genes can be observed.
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An analysis of globally diverse P. aeruginosa
strains revealed that around 88% of O12
serotype clones contained an island containing
the biosynthesis cluster for the O12 serotype
and a significant gyrase mutation attributed
to ciprofloxacin resistance along with sev-
eral efflux pumps. This “serotype-switched”
clone was identified from clinical specimens
obtained throughout the globe (Thrane et al.
2015). Taking serotyping to the modern era,
whole-genome sequencing data can be mined
to determine serotypes of any particular clin-
ical isolate through in silico (online-based)
analysis (Thrane et al. 2016). Whole-genome
sequencing also helps to identify lineages of
problematic clones and has observed certain
clones have the possibility of zoonotic trans-
mission. Nowadays, we have reached an era in
which predictive computer algorithms in com-
bination with whole-genome sequencing can
be used to track down the source of outbreaks
(Sundermann et al. 2020).

Pathogenesis

The pathogenesis of P. aeruginosa infections
can be divided into three distinct stages:
bacterial colonization, multiplication, and
systemic disease (Figure 14.3). The first step
in establishing an infection is colonization
of host tissues. For an animal host, the first
line of defense against bacterial invasion is
the skin and the mucous membranes. How-
ever, if these tissues are damaged by injury
or compromised by the insertion of a urinary
catheter or intravenous line, bacteria will
be able to attach to the epithelial cells, pre-
dominantly by the cell-associated structures
such as pili, flagella, and LPS. Interestingly,
damaged and regenerating respiratory epithe-
lium express greater amounts of receptors on
their cell surface for P. aeruginosa when com-
pared with normal intact epithelial cells. For
example, asialo-GM1, which is a glycosphin-
golipid receptor for pili-mediated adhesion of

P. aeruginosa, is highly expressed on damaged
epithelium (de Bentzmann et al. 1996)

Once colonization of tissues is established,
bacteria begin to proliferate and communi-
cation between Pseudomonas cells is attained
through a cell-to-cell signaling system known
as quorum sensing. Quorum sensing posi-
tively regulates the expression of a number
of extracellular virulence factors, resulting in
massive increase in the production of these
excreted products (Figures 14.2, 14.3). The
extracellular products include exotoxin A,
LasA and LasB, elastases, alkaline protease,
rhamnolipids, and exoenzymes secreted by the
T3SS. These factors are primarily responsible
for tissue-damaging effects and further impair-
ment of host defenses, thereby facilitating
local tissue invasion. For example, the pro-
teases of P. aeruginosa circumvent host defense
mechanisms and mediate Hageman factor
activation, immunoglobulin, and complement
degradation, cytokine inactivation, and host
protease activation. Iron is usually sequestered
in the host. Survival of P. aeruginosa in the
low-iron environment of the host tissues is
facilitated by the production of siderophores
such as pyochelin and pyoverdine, which bind
iron and transport it into the bacterial cell.
Physiological changes also occur, leading to
the expression of an exopolysaccharide called
alginate, and the formation of a complex com-
munity of surface-associated cells enclosed in
a polymer matrix containing open water chan-
nels called a biofilm (Costerton et al. 1999;
Donlan and Costerton 2002). Alginate also
mediates attachment of mucoid P. aeruginosa
cells to cilia of respiratory epithelial cells and
to the glycoprotein-rich mucociliary blanket.
Together, the multiple adhesion mechanisms
improve the ability of the bacterial cells to col-
onize host tissues while the infection spreads.
The overproduction of extracellular virulence
factors combined with the higher resistance to
antibiotic and immune defenses because of the
biofilm mode of growth allows the bacteria to
overwhelm host defenses.
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Figure 14.3 Overview of pathogenesis of infection due to P. aeruginosa. During adherence and colonization,
flagella and pili mediate adherence to host tissue (left panel). Lipopolysaccharide (LPS) provides resistance
to phagocytosis and killing by serum. Next, the bacteria grow and multiply (middle panel). In this phase, the
quorum-sensing system upregulates the production of virulence factors that lead to tissue damage. These
include exotoxin A, rhamnolipid, phospholipase C, elastase, and alkaline protease (not shown). A biofilm
mode of growth is enabled by the production of alginate PSL and PEL polysaccharides. Biofilm formation
also reduces the susceptibility to antibiotics and intrinsic multidrug resistance also complicates treatment.
The type-III secretion system injects exotoxin S, exotoxin T, exotoxin U, and exotoxin Y (inset panel) causing
host-cell damage. The final phase of pathogenesis is dissemination and systemic disease (right panel). LPS
mediates inflammation and tissue damage during septicemia and shock, leading to eventual systemic
inflammatory response syndrome multiple organ failure and death if left untreated. Created with
Biorender.com.

Dissemination of P. aeruginosa from the
local site of infection, leading to systemic
infection, is mediated by some of the same
extracellular products responsible for local
tissue damage. Exotoxin A plays a significant
role in systemic infections and a purified form
of this toxin is highly lethal to animals and
causes shock in dogs and rhesus monkeys
(Pavlovskis et al. 1975). Patients with a high
level of serum antibodies against exotoxin A at
the onset of septicemia have a better survival
rate than those with low antibody titers (Pol-
lack and Young 1979). The lipid A moiety of
LPS, which is also referred to as endotoxin, is
also important in establishing systemic illness.
Once the bacteria have invaded the blood-
stream, host immune defense mechanisms

generally exert bactericidal effects. However,
the release of endotoxin from the bacterial
cell can result in excessive stimulation of the
immune system and lead to fever, hypotension,
oliguria, leukopenia, disseminated intravascu-
lar coagulation, and acute respiratory distress
syndrome. Lipid A also activates clotting,
fibrinolytic, kinin, and complement systems,
stimulates the production of arachidonic acid
metabolites including prostaglandins and
leukotrienes, and induces the production of
cytokines including tumor necrosis factor
α. All these factors implicate endotoxin in
clinical syndromes associated with septicemia
and have been well reviewed (Alexander and
Rietschel 2001). Although P. aeruginosa pro-
duces less endotoxemia when compared with

http://biorender.com
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E. coli in a canine model of septic shock, cardio-
vascular dysfunction and mortality are found
in the animals infected with P. aeruginosa
(Danner et al. 1990). These results reflect the
multifactorial and complex nature of septic
shock and suggest that bacterial products
other than endotoxin and host-related factors
may be important contributors to the toxicity,
cardiovascular instability, and mortality of
Gram-negative septic shock.

As the understanding of the pathogenesis
of P. aeruginosa evolves, the question arises as
to whether different locations within the host
influence the levels of various virulence factors
to promote a distinct fingerprint of virulence
factors for each disease. Hamood et al. (1996)
examined human P. aeruginosa isolates from
tracheal, urinary tract, and wound infections
and concluded that “(i) elastase, phospholipase
C, exotoxin A and exoenzyme S are produced
by P. aeruginosa isolates from different sites of
infection; (ii) the production of higher levels
of elastase and phospholipase C is important
in all types of infections, while the production
of exotoxin A and exoenzyme S is important in
wound infections; and (iii) persistent infection
with P. aeruginosa may enhance exoenzyme S
production” (Hamood et al. 1996). In a sepa-
rate study, Lomholt et al. (2001) used a method
called multilocus-enzyme electrophoresis to
analyze clinical isolates to identify clones
associated with disease. A P. aeruginosa clone
pathogenic to the eye had a distinct combina-
tion of virulence factors characterized by high
activity of elastase and alkaline protease and
possessed the gene for exoenzyme U (Lomholt
et al. 2001). Interestingly, P. aeruginosa isolates
from canine otitis externa have been found
to possess an elastase-deficient phenotype
(Petermann et al. 2001).

Immunity

The host innate immune response is important
to the response to P. aeruginosa infection.
Toll-like receptors (TLR) 4 and 5 recognize

LPS and flagellin respectively, and can ini-
tiate protective responses as demonstrated
by the similar survival of singly deficient
TLR4 or TLR5 mice compared with wild-type
animals following infection with flagellated
P. aeruginosa compared with decreased sur-
vival of TLR4/5 double knockout mice (Feuillet
et al. 2006; Skerrett et al. 2007; Ramphal
et al. 2008). When animals are infected with
non-flagellated strains, TLR4 becomes essen-
tial (Faure et al. 2004). For an excellent review
of immune responses to P. aeruginosa, Moser
et al. (2021) is recommended.

To bolster immunity to P. aeruginosa,
there has been interest in developing a vac-
cine against this bacterium; however, no
broad-acting vaccine currently exists against
P. aeruginosa. There are several factors that
make vaccines prohibitive including the oppor-
tunistic nature of P. aeruginosa, which lends
itself to infection when the immune system is
already impaired, such as pre-existing condi-
tions before otitis (Paterson and Matyskiewicz
2018), the variability of antigens, particu-
larly the OSA and flagella, and the fact that
a multi-tier immune response rather than a
simple antibody response is needed to confer
resistance to infection (Worgall 2012). How-
ever, a vaccine has been seen to be effective
on mink farms. Owing to the short clinical
course and high mortality rate of hemor-
rhagic pneumonia in mink, the need arose
for a prophylactic treatment to prevent seri-
ous/continual infection and economic loss.
Given the lifecycle of farmed mink, long-term
immunogenicity is not required as the animals
are typically culled six months after birth. In
1988, a vaccine was made in Sweden made
from formalin treated P. aeruginosa of serotype
O7/O8 which provided immunity against
challenge a year after infection; however, it
did not protect against any non-O7/O8 strains
(Elsheikh et al. 1988). Currently, a Danish
vaccine in use is composed of the three most
prevalent serotypes: O6, O7, and O8 to ensure
effectiveness. It is still cost-prohibitive to
prophylactically vaccinate the whole mink
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Table 14.4 Antibiotic resistance determinants of Pseudomonas aeruginosa.

Factor Proposed biologic effects Notes

Acquired resistance Specific resistance genes acquired by
gene transfer conferring resistance to
specific agents

Metallo-β-lactamases located on
transposons so cassette is easily
transferred (Walsh et al. 2005)

Triclosan-resistant
Enoyl-acyl-carrier
protein reductase

Resistance to triclosan, a common
biocide used in antibacterial hand soaps
and everyday products

Minimum inhibitory concentration
of triclosan for the wild-type strain is
above 2000 μg/ml (Zhu et al. 2010)

Multidrug efflux
pumps

Channels that pump antibiotics from
the bacterial cytoplasm back out into
the environment, thus preventing the
intracellular accumulation necessary for
antibiotics to exert their lethal activity

MexAB-OprM is the
best-characterized pump system,
and most of the knowledge about
efflux pump assembly comes from
this system (Nehme and Poole 2007);
18 clinical isolates from dairy cows
with Pseudomonas mastitis were
found to express MexXY-OprM
(Chuanchuen et al. 2008)

Outer membrane
permeability

Cells are 12- to 100-fold less permeable
than E. coli, so the first challenge for
successful antibiotic treatment is the
entry of the agent into the cell

The selective permeability of the
outer membrane to non-cationic
agents is governed mainly by the
properties of porins (reviewed in
Hancock and Brinkman 2002)

population on a farm since long term immu-
nity is not required. Therefore, farmers tend
to vaccinate after evidence of an outbreak to
prevent further spread or recurring infection
(Hammer et al. 2003).

Control, Prevention,
and Treatment

The importance of P. aeruginosa as an oppor-
tunistic pathogen led to a growing body of
knowledge about the treatment of infections.
Most commonly, Pseudomanas infections are
treated with carefully selected antibiotics that
avoid the inherently high levels of resistance,
but there has also been ample interest and
investigation into bacteriophage therapy and
the use of pyocins, further described below.
To prevent P. aeruginosa infections, some
efforts have also been directed at creating vac-
cines (as discussed in Section 14.8, Immunity,
above).

Antibiotic Resistance

P. aeruginosa is highly resistant to most antibi-
otics and disinfectants because of its physi-
ology; notably, intrinsic multidrug resistance
is conferred by the low permeability of the
outer membrane, presence of multidrug efflux
pumps, and by the production of β-lactamases
and other acquired resistance mechanisms
Table 14.4. It is intrinsically resistant to a broad
range of antibiotics including penicillin, ampi-
cillin, tetracycline, first- and second-generation
cephalosporins, sulfonamides, neomycin,
streptomycin, kanamycin, chloramphenicol,
nitrofurans, and trimethoprim-sulfonamide.
Only a few antibiotics are generally effec-
tive against P. aeruginosa, and these include
fluoroquinolones, amikacin, gentamicin,
certain broad-spectrum β-lactam antibiotics
such as imipenem and carbapenem, and a
fourth-generation cephalosporin, cefepime.
The emergence of polymyxin B resistance in
veterinary isolates is of concern, as this is a
common antibiotic used to treat otitis.
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Outer-Membrane Permeability
The outer-membrane permeability of P. aerugi-
nosa is 12- to 100-fold lower than that of E. coli,
so the first challenge for successful antibiotic
treatment is getting entry of the agent into
the cell. The outer membrane contains LPS
molecules that are crosslinked by the binding
of divalent cations such as Mg2+ or Ca2+ to neg-
atively charged functional groups in the core,
thus stabilizing the membrane. Polycationic
antibiotics such as gentamicin, tobramycin,
and colistin induce self-promoted uptake into
the bacteria by competitively interacting with
the negatively charged LPS functional groups.
Polycationic antibiotics are much larger than
the metal ions and by binding to the LPS these
drugs disrupt the normal permeability barrier
of the outer membrane to promote “self-entry”
into the bacteria. A similar strategy of uptake
applies to antimicrobial cationic peptides,
which are part of the innate immune system
of complex organisms and can possess direct
antimicrobial activity and/or the ability to
modulate innate immunity (Jenssen et al.
2006). When grown in divalent cation-limited
media, P. aeruginosa becomes resistant to
antimicrobial cationic peptides through the
action of two distinct two-component regula-
tory systems (PmrA-PmrB and PhoP-PhoQ),
which regulate LPS modifications (McPhee
et al. 2006).

Peptide-induced regulation of the LPS mod-
ification operon can also occur independently
of these regulatory systems (McPhee et al. 2003;
Moskowitz et al. 2004). This effect involves the
psrA gene, which is upregulated in the pres-
ence of cationic antimicrobials, and also medi-
ates biofilm formation and swarming motility
(Gooderham et al. 2008). All three systems are
thought to mediate resistance by influencing
the ability of the cationic agents to pass through
the cell membrane (McPhee et al. 2003).

The selective permeability of the outer
membrane to non-cationic agents is governed
mainly by the properties of porins, which are
integral outer-membrane proteins that enclose
a water-filled pore in the outer membrane of

P. aeruginosa (Hancock and Brinkman 2002).
The major porin-forming protein is OprF, and
the large exclusion limit of the P. aeruginosa
outer membrane is thought to be mostly due
to OprF because it is an inefficient route for
taking up antibiotics (Hancock and Worobec
1998). In low-Mg2+ growth conditions, the
PhoP-PhoQ system controls the overexpres-
sion of OprH so that it, rather than OprF,
becomes the major porin-forming protein;
Macfarlane et al. 1999. OprH may occupy
cation binding sites in the outer membrane,
thus replacing the Mg2+, and contributing
to membrane stability and antibiotic resis-
tance. Porin OprD mediates the passage of
carbapenem β-lactams such as imipenem and
meropenem. The major resistance mechanism
to these antibiotics appeared to be mediated
by the loss of the OprD porin, which was
observed in as many as 50% of P. aeruginosa
isolated from patients treated for longer than
one week with imipenem (Quinn et al. 1988).

Multidrug Efflux Pumps
Four multidrug efflux pumps designated
as complexes of the Mex and Opr proteins
have been characterized in P. aeruginosa
and are named MexAB-OprM, MexCD-OprJ,
MexEF-OprN, and MexXY-OprM. Each efflux
system consists of an inner membrane drug-
protein antiporter, an outer-membrane porin
(Opr), and a periplasmic membrane fusion
protein (Poole 2001). Collectively, the three
components form a channel that allows sub-
strates to be pumped directly from the bacterial
cytoplasm to the extracellular environment.
These pumps contribute to intrinsic drug resis-
tance because their efflux activity can easily
outpace the slower influx of inhibitors across
the outer membrane, thus preventing levels
of intracellular accumulation necessary for
antibiotics to exert their lethal activity. Each
of the four mex operons has its own regulatory
gene that encodes a repressor; mutations in the
repressor gene cause overproduction of their
respective pumps which results in increased
drug resistance.



�

� �

�

Control, Prevention, and Treatment 333

MexAB-OprM is the best-characterized
pump system, and most of the knowledge
about efflux pump assembly in P. aeruginosa
comes from this system (Nehme and Poole
2007). It has the broadest substrate speci-
ficity known among multidrug transporters
and is associated with efflux of β-lactams,
chloramphenicol, tetracycline, quinolones,
trimethoprim, novobiocin, and organic sol-
vents (reviewed by Poole and Srikumar
2001). MexAB-OprM is the only pump
that is constitutively expressed in wild-type
strains and transcription of mexAB-oprM is
controlled by the repressor protein MexR.
MexXY-OprM contributes to the natural resis-
tance of P. aeruginosa to aminoglycosides,
erythromycin, and tetracycline; expression
of MexXY is induced by exposure to these
antimicrobial agents. A mutation in mexR
leads to overexpression of the MexAB-OprM
system resulting in clinically relevant levels
of resistance. All the efflux systems extrude
a wide variety of antimicrobial agent groups,
but only MexXY-OprM was found to pump
aminoglycosides and only MexAB-OprM
demonstrated pumping of carbenicillin, sul-
benicillin, ceftazidime, moxalactam, and
aztreonam (Masuda et al. 2000).

The prevalence of efflux pump overpro-
duction in clinical strains of P. aeruginosa
may range from 14% to 75%. In a study by
Beinlich et al. (2001), 12 multidrug resis-
tant P. aeruginosa isolates from various
animal infection sites all expressed signifi-
cant levels of the MexAB-OprM efflux system,
and two of them simultaneously expressed
either MexAB-OprM and MexEF-OprN, or
MexAB-OprM and MexXY-OprN (Beinlich
et al. 2001). Similarly, all 18 clinical isolates
from dairy cows with Pseudomonas mas-
titis were found to express MexXY-OprM
(Chuanchuen et al. 2008).

Acquired Resistance
P. aeruginosa cells with acquired metallo-β-
lactamases, which mediate broad-spectrum
β-lactam resistance, are increasingly being

implicated in nosocomial infections. The
metallo-β-lactamase genes are located on
integrons located on transposons, so the cas-
sette can be easily transmitted (reviewed by
Walsh et al. 2005). Acquisition of a multi-
ple drug-resistant phenotype through loss
of porins or overexpression of efflux pumps
has previously been described. The interac-
tion of all of these resistance mechanisms
leads to the highly resistant phenotype of
P. aeruginosa. As a sample case, a single
isolate was found to be resistant to antipseu-
domonal antimicrobials including amikacin,
ciprofloxacin, cefepime, ceftazidime, gentam-
icin, kanamycin, piperacillin/tazobactam,
tobramycin, and highly resistant (mini-
mum inhibitory concentration > 128 mg/l)
to imipenem and meropenem (Maniati
et al. 2007). The isolate was analyzed and
found to be deficient in porin OprD, to be
overexpressing efflux pumps MexAB-OprM
and MexXY-OprM, and to be harboring
metallo-β-lactamase genes; thus, the high
degree of carbapenem resistance was likely
due to the interplay of these three resistance
types (Maniati et al. 2007)

Resistance to Common Antibiotics
A recent study on antibiotic resistance in
canine infections showed that resistance to
the quinolones and fluoroquinolones was
quite common, but resistance to the car-
bapenems extremely rare (Rubin et al. 2008).
Less than 7% of isolates were resistant to
the β-lactams ceftazidime/clavulanic acid,
ceftazidime, piperacillin/tazobactam, and
cefepime; fewer than 8% of the isolates were
resistant to the aminoglycosides, gentam-
icin, and amikacin (Rubin et al. 2008). In a
similar report on canine pathological speci-
mens, researchers found that imipenem, the
quinolone antibiotics, marbofloxacin and
ciprofloxacin were the most effective (Šeol
et al. 2002). In humans, the International
Nosocomial Infection Control Consortium
studied resistance in P. aeruginosa and
found that 52.4% of isolates were resistant
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to ciprofloxacin/ofloxacin, 36.6% resistant to
imipenem, 51.7% resistant to ceftazidime, and
50.8% resistant to piperacillin (Rosenthal et al.
2008). Several studies have suggested that
the activity of a β-lactam may be enhanced
by the addition of an aminoglycoside, but
other studies have concluded that there is
no difference in mortality when combination
therapy is compared to monotherapy with
β-lactams.

Bacteriophage Therapy

The innate antimicrobial resistance of P. aerug-
inosa highlights the importance of exploring
naturally occurring alternative therapeutics.
Bacteriophages, or phages, the viruses that
infect bacteria are the most abundant entity on
earth at an approximate order of 1031 (Hendrix
et al. 1999). Phages are composed of a head,
which contains the genetic material, and the
tail, which interacts with host receptors. The
tail receptors of phages of P. aeruginosa recog-
nize either the type IV pilus (T4P), the OSA, or
both to establish infection. A typical infection
cycle begins with a phage encountering and
binding to a host receptor for access to the
cell surface. Once the phage has irreversibly
bound to the host cell, DNA is injected into
the cytoplasm and the host-cell machinery
is hijacked to ensure the creation of phage
progeny. Once a critical threshold is reached,
the expression of phage holins/endolysins
lyses the cell and releases the newly formed
phages to the environment propagating the
infection. Some phages encode a transposase
or an integrase, enzymes that enable them
to insert their genetic material into the host
chromosome and exist as a prophage. These
two infection cycles are referred to as lytic
and lysogenic, respectively. It is very likely a
strain of P. aeruginosa encountered will con-
tain at least one prophage. Prophages encode
various resistance genes which either modify
cell-surface receptors (OSA and T4P) prevent-
ing binding, repress the expression of phage
genes (repressor), or cause abortive infection,

all of which inhibit the use of therapeutic
phages (Taylor et al. 2019). Prophage genes are
upregulated in the formation of biofilms, a key
virulence factor and therapeutic obstacle when
dealing with infections of P. aeruginosa (Rice
et al. 2009).

Lytic bacteriophages present a useful alter-
native to antibiotics due to their high specificity
and the ease at which they are isolated from the
environment (e.g. from wastewater). Phages
can be propagated in high numbers and evolve
to combat host resistance. Another possibility
to increase the pool of usable phages is to delete
the genes responsible for integration render-
ing the phage capable of only lytic infection
(Al-Ishaq et al. 2021; Pires et al. 2015). It is now
possible to engineer anti-phage defense sys-
tems within phages by, for example, inserting
an anti-CRISPR for each of the CRISPR sys-
tems of P. aeruginosa. Phage therapy has shown
potential success in curing equine keratitis in
a mouse model (Furusawa et al. 2016) and pre-
liminary success in treating mink hemorrhagic
pneumonia, which could provide a useful alter-
native to expensive vaccination (Gu et al. 2016).
Promising results have been observed for the
use of a phage cocktail against canine otitis
externa. In one study, 10 dogs of various breeds
suffering from chronic otitis were treated with
a cocktail of six phages (Biophage-PA) and
48 hours after treatment, the animals showed
significant drop in bacterial load (Hawkins
et al. 2010). In a separate study, a St. Bernard
suffering from bilateral otitis was successfully
treated with phage; and although recurrent
infection was observed at the onset of the
treatment regimens, the otitis was completely
cleared after nine months without the need to
use antibiotics (Marza et al. 2006).

Pyocins

Bacteriocins are secreted proteins or pro-
tein complexes capable of inhibiting growth
or killing closely related bacterial species.
The bacteriocins produced by P. aeruginosa
are called pyocins, which are capable of
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killing other P. aeruginosa strains/serotypes.
Intraspecies competition is prevalent in bac-
teria and pyocins are one of the tools used to
protect an established P. aeruginosa commu-
nity from another strain of the same species.
P. aeruginosa produces three distinct types
of pyocins: R-type, F-type and S-type. Pyocin
production is induced in the presence of
DNA damage which results in death of the
producing cell but survival of the commu-
nity as P. aeruginosa strains are immune to
the individual pyocin types they produce. A
comprehensive explanation of pyocin biosyn-
thesis and regulation was reviewed in 2002
(Michel-Briand and Baysse 2002).

R- and F- type pyocins appear as headless
phages when observed by electron microscopy,
lacking the iconic icosahedral head and
packaged DNA. R-pyocins appear as “rigid”
contractile tails similar in structure to the P2
phage. Once the R-pyocin contacts the outer
cell surface, the inner tube pierces through
the outer and inner membranes like a hypo-
dermic needle. Cell death occurs by rapid
depolarization and leakage of cytoplasmic
content (Ge et al. 2020). F-type pyocins are
long “flexible” non-contractile rods built in the
same manner as non-contractile phage tails
such as lambda. Currently, there is no clear
mechanism of action for how cell lysis occurs,
but it is believed to also involve membrane
depolarization. Both R- and F-type pyocins
recognize various LPS components, such as
the OSA, uncapped core and inner core. The
specificity of each pyocin is determined by
receptor binding proteins: the tail fibers, tail
spike and tail tip at the end of each tail fiber
that differ between pyocin types. To date,
the sequence variability of these tail proteins
organizes R- and F-pyocins into 6, and 11
distinct groups, respectively (Michel-Briand
and Baysse 2002).

S-type pyocins appear as a colicin-like
secreted two-component system composed of a
large multicomplex toxin/delivery protein and

a second smaller immunity protein attached
during biosynthesis to avoid self-targeting.
Unlike the R- and F-type pyocins, the secreted
S-type pyocins recognize and bind to pro-
teins on the outer membrane such as OmpF.
After binding to an outer-membrane protein,
S-type pyocins are internalized unleashing
their respective toxins which cause cell death
through endonucleases activity against DNA,
RNA or transfer RNAs, the formation of mem-
brane pores or disruption of peptidoglycan
biosynthesis.

Pyocins are an attractive antibacterial
therapy as they are non-replicative and
non-integrative which are common caveats
to phage therapy. Pyocins are also unable to
transmit genetic material which could render
surviving cells resistant to additional pyocin
treatment or gene transfer of virulence or
antibiotic resistance genes. Pyocins can be
expressed and purified in E. coli for large
scale production (Scholl et al. 2009). Work
is underway to determine the specificity of
receptor-binding proteins to their respec-
tive targets in hopes of easily swapping out
receptor proteins for synthesis or generating
a broad-range pyocin. The effectiveness of
both R- and S-type pyocins as therapeutics
have been observed in murine pneumoniae
and peritonitis models both as a prophylac-
tic or as treatment (Scholl and Martin 2008;
McCaughey et al. 2016). Pyocins have been
shown to disrupt biofilms, a known obstacle
to P. aeruginosa treatment, making them use-
ful to prevent growth on medical implants.
Exploiting a naturally produced and specific
antibiotic provides new avenues for treatment
of P. aeruginosa infections.

Gaps in Knowledge
and Anticipated Directions

Owing to its remarkable physiological versatil-
ity, P. aeruginosa is ubiquitous. Clonal strains
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are found in both environmental and clinical
sites, underscoring the opportunistic nature of
P. aeruginosa infections. The pathogenesis of
this organism is complex because it possesses
a vast array of virulence factors, and it can
cause a broad range of diseases in compro-
mised hosts. Evidence has been presented for
both a common set of virulence mechanisms
that are active in a range of phylogenetically
diverse hosts, as well as specific virulence
determinants present in the accessory genome
that mediate interaction with only certain
hosts. Without a useful vaccine, treatment of
Pseudomonas infections requires appropriate
antibiotic treatment, but this is complicated
by the innate resistance and ever-increasing
acquired multidrug resistance properties of
P. aeruginosa. Future research should therefore
be directed toward identifying and character-
izing novel virulence determinants required
by the organism to establish or maintain an
infection. These studies may lead to the iden-
tification of novel antibiotic targets or suggest
more unusual therapeutic agents to be used in
conjunction with traditional antibiotic therapy.

For example, bacteria living in biofilms
resist conventional antimicrobial treatments.
The mechanism of antimicrobial resistance
associated with biofilm grown cells has not
been clearly defined, but it has been suggested
that it could be multifactorial. One of the
strategies proposed by researchers to deal with
biofilm-associated drug resistance is to develop
inhibitors of the regulatory quorum-sensing
network to abrogate the bacteria’s ability to
form biofilms or to activate key virulence
factors. N-decanoyl cyclopentylamide inhib-
ited production of elastase, pyocyanin, and
rhamnolipid, and biofilm formation, by inter-
fering with the las and rhl system (Ishida
et al. 2007). A collection of screening systems,
called quorum-sensing inhibitor selectors,
have been constructed to enable the identifica-
tion of new quorum-sensing inhibitors such as
garlic extract and 4-nitro-pyridine-N-oxide

(Rasmussen et al. 2005). Application of
these two quorum-sensing inhibitors sig-
nificantly reduced P. aeruginosa biofilm
tolerance to tobramycin, as well as viru-
lence in a Caenorhabditis elegans pathogenesis
model (Rasmussen et al. 2005). Further use
of the quorum-sensing inhibitor selector
showed that azithromycin, ceftazidime, and
ciprofloxacin decrease the expression of a
range of quorum-sensing-regulated virulence
factors, possibly mediated by changes in mem-
brane permeability (Skindersoe et al. 2008).
Thus, the interplay between quorum-sensing
and antibiotic treatment should be the subject
of future study.

A novel method of combined phenotypic
and chemical genetics high throughput screen
in baker’s yeast has been designed to study
bacterial toxins and to identify their inhibitors
(Arnoldo et al. 2008). Data from this screen
helped to identify exosin, the first known
inhibitor of P. aeruginosa ExoS (Arnoldo et al.
2008). In the future, exosin and other novel
inhibitors can be tested for protective ability
against P. aeruginosa infection in humans
or animals. Inhibition of cyclic diguanylate
production is another possible target for
new antimicrobial agents effective against
biofilm-related diseases, since cyclic diguany-
late binding is necessary for the activation of
several polysaccharides required for biofilm
formation (Lee et al. 2007; Hendrick et al.
2017). Perhaps multifaceted approaches to
Pseudomonas infection treatment, combining
antibiotics as well as quorum sensing and
virulence factor inhibitors will prove to be
effective in the future.

Investigation of the pathogenic mechanisms
and antibiotic resistance of the Pseudomonas
species will remain a rich area of research
until better tools for the management of
multiple-drug resistant Pseudomonas infec-
tions are available.
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Moraxella
John A. Angelos

Introduction

Moraxella (phylum: Proteobacteria; class:
Gammaproteobacteria; order: Pseudomon-
adales; family: Moraxellaceae) is a genus of
Gram-negative bacteria for which 20 species
are currently recognized; seven are derived
from human and 13 from animal sources (Parte
et al. 2020; Schoch et al. 2020). A summary of
Moraxella species isolated from animals and
their characteristic morphology is presented
in Table 15.1. Five species formerly designated
in the genus Moraxella have been reclassi-
fied as other genera; one of these arose from
an animal source: “Moraxella anatipestifer”,
now classified as Riemerella anatipestifer, was
isolated from septicemic ducks.

Of the Moraxella species isolated from
animals exhibiting disease, our most com-
plete understanding of pathogenesis exists for
Moraxella bovis, an organism that has long
been associated with infectious bovine ker-
atoconjunctivitis (IBK), commonly referred
to as pinkeye of cattle. Another less-well
characterized Moraxella that has also been
associated with IBK is Moraxella bovoculi
(Angelos et al. 2007c). It is likely that M. bovo-
culi has existed in cattle populations for a long
time and that Gram-negative cocci previously
isolated from cattle with IBK were, in fact,
M. bovoculi that were reported variably as
“M. ovis”, “M. ovis-like”, “Branhamella ovis”, or
“Branhamella ovis-like” species. The primary

focus of this chapter is M. bovis and our
understanding of its role in the pathogenesis
of IBK.

Infectious Bovine
Keratoconjunctivitis

IBK (pinkeye) is the most common eye disease
of cattle. All breeds of cattle are suscepti-
ble to infection, although lower incidences
have been reported in Brahman cattle and
in cattle with increased pigmentation at the
ocular margins. Cattle with IBK exhibit char-
acteristic central corneal ulceration, corneal
edema, photophobia, blepharospasm, and
lacrimation. Most corneal ulcerations associ-
ated with M. bovis heal with varying degrees
of corneal scarring; severe scarring may result
in reduced vision due to corneal scarring and
formation of synechiae (adhesions between
the iris and cornea), or even, in the most severe
cases, corneal rupture leading to permanent
blindness (Figure 15.1).

Corneal ulceration associated with IBK
results in economic losses that can be
attributed to reduced weight gain, costs of
treatment and associated labor, and reduced
marketability of affected/treated animals.
Together with the economic effects of infec-
tion and treatment, the considerable negative
impact on animal welfare should not be
overlooked.

Pathogenesis of Bacterial Infections in Animals, Fifth Edition.
Edited by John F. Prescott, Janet I. MacInnes, Filip Van Immerseel, John D. Boyce, Andrew N. Rycroft, and José A. Vázquez-Boland.
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Table 15.1 Species of Moraxella isolated from animals and their morphology.

Species Source Morphology

Moraxella boevrei Nasal passage of healthy goats Rod, short rod
Moraxella bovis Cattle with infectious bovine keratoconjunctivitis Rod, short rod
Moraxella bovoculi Cattle with infectious bovine keratoconjunctivitis Cocci
Moraxella canis Muzzles healthy dogs and cats Cocci
Moraxella caprae Nasal passage of healthy goats Rod, short rod
Moraxella caviae Pharynx of healthy guinea pigs Cocci
Moraxella cuniculi Nasopharynx of rabbits Cocci
Moraxella equi Horses with conjunctivitis Diplococcus
Moraxella macacae Macaques with epistaxis Cocci
Moraxella oblonga Oral cavity of sheep Cocci
Moraxella ovis Sheep with keratoconjunctivitis Cocci
Moraxella pluranimalium Sheep with meningitis; pigs with pleuritis and

polyserositis; healthy pigs
Cocci

Moraxella porci Pigs with pleuritis and pneumonia, pericarditis,
meningitis, and lymphadenopathy

Cocci

Figure 15.1 Clinical progression of healing in a steer with infectious bovine keratoconjunctivitis. On day 0,
the ulcer was first identified. Yellow coloration shows areas of fluorescein uptake indicating areas of corneal
ulceration. The steer received antibiotics on day 0 when this ulcer was first identified. Corneal ulcer healing
with scar formation had occurred by day 21. Ruler markings indicate millimeters.

Early reports into the etiology of IBK sug-
gested associations with infectious bovine
rhinotracheitis virus and Mycoplasma. Infec-
tion with these agents may promote ocular
injury (Pugh et al. 1970, 1976; George et al.
1988) as well as causing an increase in ocular
and nasal secretions which may facilitate the
transmission of M. bovis between animals.

In an experimental challenge study involv-
ing infections of calves with M. bovis and
Mycoplasma bovoculi, extended coloniza-
tion by M. bovis and keratitis appeared to be
associated with Mycoplasma infection (Rosen-
busch 1983). More recent work found that
herds with higher Mycoplasma presence have
a greater predisposition to IBK outbreaks
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(Schnee et al. 2015). Outbreaks of IBK have
also been reported where Mycoplasma species
were the only identified agents (Levisohn
et al. 2004). Taken together, these observations
suggest that Mycoplasma can be a risk factor
for IBK in some cattle populations. Debate also
exists as to the role that M. bovoculi plays in
IBK. Controlled studies using a scarification
model of exposure to a type strain of M. bovo-
culi did not demonstrate that this isolate could
cause corneal ulceration (Gould et al. 2013).

Flies, ultraviolet irradiation, direct mechani-
cal trauma from seed awns such as foxtails, and
trace mineral deficiencies are other important
risk factors for IBK. M. bovis can survive on
the external surface and in the alimentary
tract of face flies. Exposure of cattle to face
flies that had contacted an M. bovis infected
bacterial culture plate developed IBK (Arends
et al. 1984). Fly control using insecticide
impregnated ear tags (Allan and Van Winden
2020) or back/face rubbers can be effective
in reducing IBK. An association between
IBK and ultraviolet (UV) irradiation has also
been documented and is the basis for exper-
imental challenge models that incorporate
exposure of calves to suntanning lamps prior
to experimental challenge. The corneas of
UV-exposed calves develop corneal epithelial
cell degeneration (Vogelweid et al. 1986) that is
believed to predispose to the establishment of
an M. bovis infection and IBK. Seed awns can
also mechanically scrape the corneal surface
and predispose cattle to IBK.

Trace minerals such as copper and selenium
are generally accepted to play an important
role in cattle health and, although this has not
been proven, supplementation with copper
and selenium may be important in supporting
immune responsivity in cattle with IBK. An
in vitro study reported that neutrophils from
copper-deficient cattle had reduced superoxide
dismutase and hydrogen peroxide genera-
tion compared with copper-replete animals,
although phagocytic and bactericidal activities
of neutrophils from copper replete and defi-
cient animals were not different (Cintia et al.

2016). During IBK, increased tear film levels
of endogenous anti-inflammatory lipids and
hydroperoxyl glycerophospholipids have been
reported (Wood et al. 2018). This work sug-
gests that M. bovis infections can cause lipid
peroxidation, and that trace minerals that are
involved in protection against oxidant injury
should be important in the host response
during IBK.

Pathogenesis of Moraxella bovis
Infection

Experimental M. bovis infection of cattle results
in corneal ulcers, conjunctival erosions, and
the accumulation of fibrin, neutrophils, and
bacteria within the corneal stroma (Rogers
et al. 1987a, 1987b). Most research on M. bovis
pathogenesis has focused on proteins that
allow this organism firstly to attach to the
cornea and, secondly, to damage the corneal
epithelium. The M. bovis adhesins that have
been best characterized are pili, while damage
to the corneal epithelium following attach-
ment has largely been attributed to a repeats
in the structural toxin (RTX) cytotoxin (also
called cytolysin or hemolysin).

In addition to pili and cytotoxin, M. bovis
produces a variety of other enzymes that, while
not directly proven to be involved in patho-
genesis and not studied in as much detail as
cytotoxin, may also be involved in pathogen-
esis. These include hydrolytic enzymes such
as C4 esterase, C8 esterase-lipase, C14 lipase,
phosphoamidase, phosphatase, leucine and
valine aminopeptidases and gelatinase (Frank
and Gerber 1981), fibrinolysins (Nakazawa and
Nemoto 1979), and cell detachment proteins
(Marrion and Riley 2000).

Virulence Factors and Pathogenomics

Adhesins (Known and Postulated)

Pili
Pilin expression is an important feature of
M. bovis pathogenesis. During passage in
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the laboratory, piliated M. bovis often stop
expressing pili resulting in a smooth pheno-
type. The pili of M. bovis are peritrichously
distributed 6.5–8.5 nm diameter elongated
unbranched filaments on the surface of
rough, but not smooth colonies of M. bovis
(Simpson et al. 1976). They are of the N-methyl
phenylalanine type 4 (Patel et al. 1991). Pil-
iated strains of M. bovis adhered better than
non-piliated strains to various bovine cell
surfaces, and detachment of pili from M. bovis
by magnesium chloride treatment greatly
reduced the ability of M. bovis to adhere to
these surfaces (Annuar and Wilcox 1985).
The importance of pili in M. bovis patho-
genesis was subsequently demonstrated in
vivo. Piliated M. bovis strain Epp63 induced
IBK while non-piliated strains did not, and
vaccines derived from piliated cultures of
M. bovis protected against IBK in an exper-
imental challenge (Jayappa and Lehr 1986).
Six serogroups of M. bovis pili, designated
I through VI, have been described based on
enzyme-linked immunosorbent assay (ELISA)
testing methods (Lepper and Hermans 1986).
A later and larger study with more M. bovis
strains that used slide agglutination, ELISA,
and tandem-crossed immunoelectrophoresis
reported seven different pilus serogroups,
designated A through G (Moore and Lepper
1991).

It is likely that some of the observed
differences in M. bovis vaccine efficacy is
related to pilin serogroup differences between
herd strains and vaccinal strains. In addition
to serogroup differences, an added layer of
diversity between strains exists because of two
distinctly different phases of pilin that M. bovis
strain Epp63 can express: I (also referred
to as the α form) and Q (also referred to as
the β form); these two distinct forms result
from the inversion of a 2 kb region of DNA
(Marrs et al. 1988). When phase I- and Q- pili
expressing strains of M. bovis strain Epp63
were examined to determine differences in
infectivity, Q pili strains were found to be more
infectious than phase I pili strains (Ruehl et al.

1993a, 1993b). In vivo switching between the
different pilus forms has been observed and led
to the conclusion that Q pili were important for
colonization of the bovine cornea, while I pili
were involved in maintaining an established
infection (Ruehl et al. 1993b). Such switching
may be important in M. bovis evasion of host
immune responses. Methods for assaying and
improving piliation of M. bovis grown in large
bioreactors for vaccine production have been
described (Prieto et al. 2003, 2008).

If pilus type switching occurs within other
serogroups of M. bovis, the antigenic diversity
of M. bovis pilus types is expected to be high.
Cross-protection might, however, be possible
between pilus-based vaccines that incorporate
antigens comprising the amino end of pilin,
which is highly conserved between different
serogroups (Atwell et al. 1994). Cyanogen bro-
mide cleavage of pilin protein preparations was
shown to expose shared conserved antigenic
determinants between heterologous M. bovis
strains (Greene et al. 2001a, 2001b); such
treatment could be employed in developing
pilus-based vaccines that cross protect between
different M. bovis serogroups. An experimental
recombinant subunit vaccine that incorporated
the conserved amino terminus of one M. bovis
strain coupled with the carboxy terminus of
the M. bovis cytotoxin has been tested in the
field against naturally occurring IBK (Angelos
et al. 2007b), but it is not known whether
this vaccine antigen imparts an advantage
over M. bovis expressing heterologous pilin
serogroups. In that study, rates of IBK were
lowest in calves that received the pilin cyto-
toxin vaccine, however, the differences from
adjuvant control and cytotoxin vaccinated
groups were not statistically significant.

A high degree of similarity exists in the
structural pilin gene, pilA, among geographi-
cally diverse isolates of M. bovoculi (Angelos
et al. 2021). Among 94 different M. bovo-
culi isolates derived from cattle with IBK
throughout California and other western US
states, 10 (designated groups A through J)
unique PilA sequences were identified that
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exhibited around 96–99% identity. These 10
pilin sequences were only around 74–76%
identical to deduced sequences of putative
pilin proteins that were reported in a study
of M. bovoculi that were derived from deep
nasopharyngeal swabs of IBK, asymptomatic
cattle (genotype 2; see below; Dickey et al.
2016). To date, there have been no published
studies that have defined whether or not pilin
is important in the association of M. bovoculi
to the bovine ocular surface.

Filamentous Hemagglutinin
Research has demonstrated that non-piliated
strains of M. bovis adhere to different cell
types (Annuar and Wilcox 1985) suggesting
that additional proteins besides pili may be
important in adherence and pathogenesis.
Two large open-reading frames, designated
flpA and flpB, were reported on a large 44 kb
plasmid, pMBO-1, of M. bovis strain Epp63,
which encodes proteins that have homology
to the Bordetella pertussis filamentous hemag-
glutinin (FHA), an important virulence factor
that allows B. pertussis to adhere to mucosal
surfaces (Kakuda et al. 2006). Both FlpA and
FlpB have integrin-binding sequences includ-
ing LDV and IDS (involved in α4β1 integrin
binding), RLD (αVβ3 and αMβ2 binding), and
IET (αLβ2 binding) sequences (Kakuda et al.
2006). Along with these similarities, FlpA
and FlpB share similarity to the B. pertussis
FHA precursor FhaB in that both have a puta-
tive approximately 77 amino acid long signal
sequence possibly involved in Sec-dependent
transport. Kakuda et al. (2006) also reported
another orf on pMBO-1 encoding a putative Flp
accessory protein (Fap), which has homology
to the accessory protein FhaC that is necessary
to interact with B. pertussis FHA as it traverses
the periplasmic space on its way to the cell
surface. Reverse transcription polymerase
chain reaction analysis also demonstrated the
presence of flpA, flpB, and fap gene transcripts
in RNA extracted from M. bovis Epp63 grown
in vitro (Kakuda et al. 2006). These genes were
identified in all but one isolate among a group

of geographically diverse M. bovis. In Moraxella
catarrhalis, a human pathogen of the middle
ear and respiratory tract, filamentous hemag-
glutinin appears to have an important role
in adherence (Balder et al. 2007). Numerous
accessions exist in the GenBank database of
filamentous hemagglutinin related-proteins in
a number of other Moraxella species including
M. bovoculi, and a similar role for this protein
in adherence of M. bovis and M. bovoculi is
very likely. However, further studies are neces-
sary to definitively confirm a role for FHA in
pathogenesis of IBK related to Moraxella spp.

Phospholipase B
In 2001, an approximately 66 kDa secreted
protein that has phospholipase B activity was
described in M. bovis (Farn et al. 2001). This
protein, designated PLB and encoded by plb,
belongs to the GDSL (Gly-Asp-Ser-Leu) fam-
ily of lipolytic proteins (Shiell et al. 2007).
Antibodies to a protein (McaP) with phospho-
lipase B activity produced by M. catarrhalis,
a human respiratory tract pathogen, caused
reduced adherence of M. catarrhalis to human
lung cells (Lipski et al. 2007). While PLB
has not been conclusively shown to be a key
feature of M. bovis pathogenesis, it is prob-
able that it is also involved in cell adhesion
and could be important in immunoprophy-
laxis against IBK. Sequence alignments of
available data in GenBank indicates that
approximately 40% pairwise identity exists
between the amino acid sequence of McaP
(GenBank: ABM05621.1) and PLB (GenBank:
AAK53448.1), as well as between McaP and
autotransporter domain-containing proteins
reported for M. bovoculi (National Center for
Biotechnology Information reference sequ-
ence: WP_173944456.1).

Lipooligosaccharide
Early work demonstrated that M. bovis could
be identified on the basis of its lipopolysac-
charide (LPS) composition (Wannemuehler
et al. 1989), and the chemical composition
of LPS was determined (Araujo et al. 1989).
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Later efforts to characterize M. bovis isolates
on the basis of outer-membrane proteins,
LPS profiles, and DNA fingerprinting have
shown that increased diversity among iso-
lates can be found by combining these three
characterization methods (Prieto et al. 1999).
A capsular polysaccharide of M. bovis Mb25
was subsequently identified as an unmod-
ified chondroitin disaccharide repeat unit
(Wilson et al. 2005). Further work on M. bovis
lipooligosaccharides (LOS) have characterized
the oligosaccharide structure (De Castro et al.
2014) and its biosynthetic locus (Faglin et al.
2016). Compared with wild-type strains of
M. bovis, experimental mutant strains with
truncated LOS have slower growth rates in
vitro, increased susceptibility to some antibi-
otics, reduced survival in serum, and reduced
adherence to certain human cell lines (Singh
et al. 2018).

Biofilms
M. bovis (Prieto et al. 2013), M. bovoculi
and M. ovis (Ely et al. 2019) all possess the
ability to form biofilms, and it appears that
different isolates of M. bovis, M. bovoculi, and
M. ovis vary in biofilm forming capacity (Ely
et al. 2019). Exposure to magnesium chlo-
ride resulted in M. bovis type IV pili to be
removed from bacterial cells and not only
prevented biofilm formation, but also caused
disassembly of preformed biofilms (Prieto et al.
2013). Biofilm formation in M. bovis imparts
protection against antibiotic exposure (Prieto
et al. 2013), and lysozyme was reported to have
a negative effect on biofilm formation (Ely
et al. 2019).

Toxins

Cytotoxin (Hemolysin/Cytolysin)
In addition to pili, M. bovis pathogenesis
also involves an RTX cytotoxin (hemolysin,
cytolysin) that has calcium-dependent hemo-
lytic, corneotoxic, and leukotoxic properties.
The significance of M. bovis cytotoxin as a
critical virulence determinant was first demon-
strated by intracorneal injection of a hemolytic

fraction from pathogenic M. bovis; the lesions
that were induced were similar to those in
naturally occurring IBK, however, equiva-
lent fractions extracted from nonhemolytic
M. bovis, did not cause ocular lesions (Beard
and Moore 1994), and strains of M. bovis that
are nonhemolytic are generally considered to
be non-pathogenic for cattle.

Colonies of hemolytic M. bovis grow-
ing on blood agar exhibit beta hemolysis.
On a cellular level, when erythrocytes are
exposed to the M bovis cytotoxin, potassium
efflux, colloid-osmotic cell swelling, and lysis
occurs, presumably due to formation of trans-
membrane pores in target cell membranes
(Clinkenbeard and Thiessen 1991). Cattle
that recover from IBK have been shown to
develop a hemolysin antibody response that
can neutralize the hemolysin from differ-
ent M. bovis (Ostle and Rosenbusch 1985).
Calves vaccinated with M. bovis hemolysin are
protected against heterologous M. bovis chal-
lenge (Billson et al. 1994; George et al. 2005).
Although molecular Koch’s postulates have not
been attempted, these findings have helped to
establish M. bovis cytotoxin as a key feature of
pathogenesis, as well as a worthwhile vaccine
candidate. A method for partially purifying
and stabilizing the M. bovis cytotoxin from
culture supernatants has been described that
employs diafiltration of culture supernatant
(George et al. 2004). This method results in a
cytotoxin-enriched product that remains stable
for at least four months at minus 80∘C. The
native cytotoxin prepared using this method
was reported to have efficacy at preventing IBK
(George et al. 2005).

The M. bovis cytotoxin gene designated
mbxA encodes a circa 98.8 kDa protein,
MbxA, which is related to RTX toxins of
other bacteria such as Actinobacillus species
(Chapter 12) and Mannheimia haemolytica
(Chapter 11). RTX are known to be important
in virulence in these and other Gram-negative
pathogens (Ristow and Welch 2019). Amino
acid sequence motifs in MbxA are character-
istic of RTX including glycine-rich repeats
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in the carboxy terminus (Angelos et al.
2001). Four of six such repeats in MbxA
match the predicted consensus sequence
(Leu/Val-Xaa-Gly-Gly-Xaa-Gly-Asn/Asp-Asp-
Xaa [L/V-X-G-G-X-G-N/D-D-X]) for glycine
repeats in RTX toxins. In addition, key lysine
residues that are likely targets for activation
of the toxin by fatty acylation are present in
MbxA. Both hemolytic and cytotoxic activity
of a preparation of native M. bovis cytotoxin
were neutralized by rabbit antisera against
the carboxy terminus of MbxA (Angelos et al.
2001).

Classical RTX operons are composed of
four genes arranged 5′-C-A-B-D-3′. One of
the best characterized RTX operons is hly
from uropathogenic E. coli. HlyC activates
the structural RTX proper (HlyA) by fatty
acylation of conserved lysine residues. HlyB
and HlyD are important for the extracellular
transport of HlyA, and a secretion accessory
protein, TolC, is necessary for the transport of
HlyA out of the cell; tolC is unlinked to the
Hly operon in E. coli. Following the discovery
of MbxA, sequencing of the DNA flanking
mbxA revealed the presence of a classical
RTX operon (Angelos et al. 2003). In M. bovis,
the mbx operon genes are designated mbxC
(toxin activating protein); mbxA (structural
cytotoxin proper); mbxB (transport); and mbxD
(transport) genes. In addition, a gene encod-
ing a protein related to TolC flanks mbxD
and is predicted to be necessary for cytotoxin
secretion.

Complete classical RTX operons have also
been reported in M. bovoculi and M. ovis
(Angelos et al. 2007a). In M. bovoculi, the mbv
operon is comprised of mbvCABDtolC genes
while in M. ovis the mov operon is comprised
of movCABDtolC genes. M. bovoculi MbvA
and M. ovis MovA have around 98% identity
in deduced amino acid sequence; the deduced
amino acid sequence of M. bovis MbxA is
approximately 83% identical to MbvA and
MovA (Angelos et al. 2007a). Variation in
the 3′ region of rtxA was reportedly greater
among mbxA from geographically diverse

M. bovis compared with mbvA and movA from
M. bovoculi and M. ovis, respectively (Farias
et al. 2015). However, there is cross-reactivity
between polyclonal sera to different RTXA
proteins among M. bovis, M. bovoculi, and
M. ovis. In one study, rabbit polyclonal antisera
to the carboxy terminus of M. bovoculi MbvA
neutralized hemolytic activity of M. bovoculi
and M. ovis but did not neutralize hemolytic
activity of M. bovis. Rabbit polyclonal antisera
to the carboxy terminus of M. bovis MbxA
only partially neutralized hemolytic activity
of M. bovoculi and M. ovis (Angelos et al.
2007a).

Nonhemolytic M. bovis strains are not
considered pathogenic, but the exact role of
nonhemolytic M. bovis in nature and disease
is not well understood. Nonhemolytic M. bovis
have been isolated from asymptomatic cat-
tle, from cattle exhibiting conjunctivitis, and
simultaneously with hemolytic M. bovis in
cattle with IBK. In non-hemolytic strains
of M. bovis, the mbxCABD genes were not
detected (Angelos et al. 2003). Further exam-
ination of the DNA flanking the 5′ and 3′
ends of mbxCABDtolC in hemolytic M. bovis
revealed that approximately 700 bp imperfect
repeats flank the operon (Hess and Angelos
2006; Figure 15.2). Non-hemolytic strains of
M. bovis that were examined had only one or
no such repeats but possessed genes that were
identical to those flanking the repeats from
hemolytic M. bovis. The genetic organization,
lower G+C content of mbxCABDtolC, and
flanking repeats in hemolytic M. bovis, as well
as the presence or absence of flanking repeats
in non-hemolytic M. bovis, suggests that the
M. bovis mbx operon is located on a mobile
genetic element, and supports that this region
is a pathogenicity island (PAI; Hess and Ange-
los 2006). The possibility that non-hemolytic
M. bovis could become hemolytic and poten-
tially pathogenic by direct acquisition of mbxA
is suggested by these findings but has not
been confirmed. Based on observations from
a limited number of non-hemolytic isolates
examined, it seems likely that non-pathogenic
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Figure 15.2 Schematic diagram depicting DNA elements flanking the repeats in the structural toxin locus
mbxCABDtolC in Moraxella bovis Tifton I. The top panel shows approximately 13 kb of DNA, with the
mbxCABDtolC genes flanked by open-reading frame (ORFs) tentatively identified as malate dehydrogenase
(mdh) and aminopeptidase (ap). The bottom section of the figure represents an enlargement of the ORFs,
and flanking left and right repeats, with scale bars (bp) indicated below the respective left and right hand
regions; the hatched and checkerboard bars above the scale bars indicate sequences also found in common
with nonhemolytic strains. The white triangle on the left side of the left repeat represents the sequence
5′-AAATCCT-3′ , the inverse complement of which, 5′-AGGATTT-3′ , is found on the right side of the right
repeat, also indicated by an white triangle. Within the left and right repeats of M. bovis Tifton I, at position
27 is a sequence difference, C in the left repeat and T in the right repeat, indicated above them. The black
triangle over the left repeat indicates an 80 bp insertion that is not present in the right repeat. With regard
to this schematic, M. bovis T+ has an identical structure, with the exception of a matching T at position 27
of the left and right repeats. Source: Hess and Angelos 2006; reprinted with permission from the Society for
General Microbiology. Copyright 2006.

strains have lost RTX operon genes involved in
cytotoxin production and export.

Iron Acquisition

Transferrin/Lactoferrin Binding
M. bovis possesses transferrin binding proteins
1 and 2 (Tbp1 and Tbp2) that are specific to
bovine, but not ovine or caprine, transferrin
(Yu and Schryvers 1994). Subsequent work
identified two transferrin binding protein
genes (tbpA and tbpB) as well as two lactofer-
rin binding protein (Lbp) genes A and B (lbpA
and lbpB) (Yu and Schryvers 2002). Isogenic
mutants deficient in lactoferrin binding pro-
tein A and/or B were unable to use bovine
lactoferrin (bLf) for growth and demonstrated
reduced bLf binding. M. bovis LbpB was shown
to be specific for bovine, but not human,
lactoferrin (Arutyunova et al. 2012). In some
Gram-negative pathogens, there are negatively
charged regions on LbpB that are thought to
protect against lactoferricin, a cationic antimi-
crobial peptide that is released from lactoferrin
during the process of bacterial iron acquisi-
tion from lactoferrin; M. bovis LbpB does not,

however, possess this negatively charged
region (Morgenthau et al. 2014).

Investigations into the effects of iron avail-
ability on M. bovis protein expression have
also identified outer-membrane proteins
and putative siderophores that are inducible
under iron-limiting growth conditions (Fen-
wick et al. 1996). A homolog of the ferric
uptake regulator (fur) gene has been iden-
tified in M. bovis (Kakuda et al. 2003a). The
expression of Fur decreased when iron was
available; Fur was also shown to bind to
DNA fragments upstream of the fur gene. An
approximately 79 kDa iron-repressible protein
designated IrpA that is negatively regulated
by Fur has been identified; IrpA deficient
strains of M. bovis have reduced ability to grow
under conditions where the iron source in
the medium is bovine transferrin or bovine
lactoferrin (Kakuda et al. 2003b).

A complete genomic sequence of a single
isolate of M. bovis is now available (Loy et al.
2018). By contrast, the genomes of numer-
ous M. bovoculi have been sequenced and
compared (Dickey et al. 2018). Among the
numerous M. bovoculi genomes that have
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been sequenced, two genotypes designated
1 and 2 have been characterized (Dickey
et al. 2016, 2018). The majority of M. bovo-
culi from IBK-affected cattle appear to be
genotype 1, while most genotype 2 iso-
lates originate from the nasopharynx of
IBK-asymptomatic cattle. Genotype 2 strains
lacked RTX-toxin expressing genes and certain
antibiotic resistance genes. Matrix-assisted
laser desorption/ionization time-of-flight mass
spectrometry can effectively differentiate these
two genotypes (Hille et al. 2020), as well as
M. bovoculi that possess RTX operons (see
below; Hille et al. 2021). Further investigations
of the genetic diversity of different geno-
types of M. bovoculi may provide additional
clues into possible roles for M. bovoculi in the
pathogenesis of IBK.

Regulation of Virulence

Very little is known about regulation of viru-
lence genes in animal Moraxella species, an
area for critical future investigation. Phase
variation has been described for human
M. catarrhalis wherein gene expression has
been shown to vary under different culture
conditions (Tan et al. 2020). Differential
expression of different pilin types has been
described in M. bovis (Ruehl et al. 1993b),
however, much work remains to be done in
this area to help elucidate the role of M. bovis
in IBK pathogenesis, as well as any roles that
different genotypes of M. bovoculi may play in
this disease.

Immunity

Systemic and Mucosal Immune
Responses to Moraxella Species Antigens
in Cattle

Research into bovine immune responses to
Moraxella spp. antigens have provided infor-
mation on humoral and mucosal responses
that may be important in protection against
IBK, but a lack of standardized antigens used

by different investigators makes it difficult to
make definitive conclusions as to the relative
importance of systemic vs local immunity
during IBK. A role for protective serum anti-
bodies was suggested in a study that reported
relatively increased serum hemagglutinating
antibody titers directed against a non-cellular
supernatant fraction from M. bovis in a cohort
of unaffected Zebu cattle compared with
IBK-affected Friesian cattle (Makinde et al.
1985).

In normal bovine lacrimal secretions, secre-
tory immunoglobulin (Ig) A is the major
immunoglobulin (Mach and Pahud 1971) and
tear IgG1 and IgG2 concentrations increase
in experimentally induced IBK in calves (Ped-
ersen 1973). Calves with more severe IBK
were reported to have higher tear IgA titers
to crude M. bovis preparations than calves
with less severe IBK (Nayar and Saunders
1975). A later study reported predominant tear
IgG responses to crude whole-cell M. bovis
antigens in calves with naturally occurring
IBK, but the authors concluded that specific
M. bovis antibodies in lacrimal secretions
did not prevent IBK (Killinger et al. 1978).
Higher IgA compared with IgG titers were
found in tears to nonspecific M. bovis anti-
gens as detected by ELISA in calves infected
with M. bovis (Bishop et al. 1982). In a small
number of calves, both lacrimal (secretory
IgA) and humoral (IgG) antibodies against
M. bovis whole-cell antigen were reported
to confer resistance to IBK compared with a
humoral IgG antibody response alone (Smith
et al. 1989). Smith et al. (1989) concluded that
serum antibodies directed against M. bovis
might reduce the length and severity of clinical
signs associated with IBK. In none of these
studies were total antibody isotype responses
measured in serum or ocular secretions. Fur-
thermore, crude M. bovis antigen preparations
were used in the studies described above; as
such, there is a lack of consistent information
concerning the qualitative and quantitative
aspects of the immune response that develops
following M. bovis ocular infection and of the



�

� �

�

Immunity 353

significance of this response in protection
against IBK.

Vaccination to Prevent Infectious Bovine
Keratoconjunctivitis

Early studies that reported reduced M. bovis
infection rates and decreased occurrence of
IBK after re-exposure to M. bovis suggest that
it may be possible to protect against IBK by
vaccination (Hughes et al. 1968), and it was also
shown that calves vaccinated intramuscularly
with live M. bovis developed less IBK follow-
ing challenge as compared to control calves
(Hughes and Pugh 1971). Formalin-killed
M. bovis was also reported to be as effective
as live cultures in preventing experimentally
induced IBK (Hughes and Pugh 1972). Under
field conditions, however, a formalin killed
autogenous bacterin was not protective
(Hughes et al. 1976). More recent studies
of parenterally injected autogenous and com-
mercially available M. bovis and M. bovoculi
bacterins have reported a lack of efficacy of
these vaccines against naturally occurring
IBK (Funk et al. 2009; O’Connor et al. 2011,
2019).

Efforts to identify suitable component vac-
cine antigen candidates in M. bovis vaccines
have focused on pilin and cytotoxin. Calves that
were vaccinated with pili could be protected
from homologous challenge (Pugh et al. 1977).
Despite the immunogenicity of pili, marked
antigenic diversity is known to exist between
different pilus types due to the presence of pilin
gene inversions (see above) and differences
between the amino acid composition of pilin
from different M. bovis serogroups. Limited
antigenic cross-reactivity between heterolo-
gous M. bovis pili (Ruehl et al. 1988; Lepper
et al. 1995) and the emergence of novel pilus
types may lead to outbreaks of IBK (Vander-
gaast and Rosenbusch 1989). Such antigenic
variability would be expected to reduce the
overall efficacy of pilus-based vaccines against
M. bovis. Nevertheless, some studies have
reported that M. bovis pilus antigens have

remained common and stable over time; in
one report, a limited number of pilus antigens
in M. bovis were reported among Australian
strains over the past 20 years (McConnel et al.
2008). When 28 isolates of M. bovis from
outbreaks of IBK in Argentina, Brazil, and
Uruguay were examined for cross-reactivity
using rabbit antisera raised against whole-cell
suspensions, high cross-reactivity indices were
reported; one Uruguay strain was found that
was cross-reactive with over 75% of the isolates
(Conceição et al. 2003).

An investigation of an M. bovis bacterin
containing pili as well as corneal-degrading
enzymes was found to be protective in field
trials, and the level of protection was correlated
with the content of corneal-degrading enzyme
in the vaccine (Gerber et al. 1988). In that study,
the composition of the corneal-degrading
enzymes in that study was not reported,
although it is likely that cytotoxin was a com-
ponent. Calves that received vaccination with
a partially purified cytotoxin were protected
against IBK following experimental challenge
with a heterologous M. bovis strain (Billson
et al. 1994), and a parenterally administered
cytotoxin-enriched vaccine adjuvanted with
Quil A provided some protection against nat-
urally occurring IBK (George et al. 2005).
A parenterally administered recombinant
cytotoxin subunit vaccine adjuvanted with
immunostimulating complex matrices reduced
the cumulative proportion of IBK affected
calves during one randomized controlled field
trial (Angelos et al. 2004); however, subsequent
studies that tested parenterally administered
subunit vaccines including a recombinant
pilin-cytotoxin subunit vaccine (Angelos et al.
2007b), recombinant M. bovoculi cytotoxin
subunit vaccines (Angelos et al. 2010), and
recombinant subunit M. bovis plus M. bovoculi
cytotoxin subunit (Angelos et al. 2012) did not
show consistently clear evidence of protection
of cattle against naturally-occurring IBK.

Researchers have now started looking more
closely at mucosal vaccination against IBK.
Thus far, experimental vaccines consisting of
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intranasally administered pilin or recombi-
nant cytotoxin have been evaluated in cattle.
In one study, M. bovis pili were administered
intranasally with different adjuvants includ-
ing saponin from Quillaja bark (QuilA), and
mineral oil plus sorbitan monooleate plus
polyoxyethylene sorbitan monooleate (Mar-
col Span); Zbrun et al. 2012. These vaccines
appeared to stimulate anti-pilin tear IgA
responses, however, this did not seem to corre-
late with protection against IBK. More recent
work with intranasally administered M. bovis
cytotoxin adjuvanted with the mucoadhe-
sive polymer polyacrylic acid suggests some
promise for intranasal vaccines to boost local
ocular immunity against M. bovis cytotoxin
(Angelos et al. 2014, 2016).

Control

Treatment of IBK is centered around either
prevention of predisposing factors, described
earlier, and particularly on systemic or local
(in the eyelids or bulbar conjunctiva) adminis-
tration of antibiotics. In general, M. bovis and
M. bovoculi are sensitive to a variety of common
antimicrobials. A meta-analysis of publications
between 1996 and 2016 on antibiotic treatment
for pinkeye determined that most antibiotic
treatments are effective, especially when
evaluated at 7–14 days post-treatment; also,
healing of IBK is improved following antibiotic
treatment (Cullen et al. 2016). The potential
for development of antimicrobial resistance
by Moraxella spp. exists (AVMA, 2020); this
should be considered by those making IBK
treatment recommendations (Cameron et al.
2018).

The use of local topical (ocular) therapy as
an alternative to systemic antibiotics to treat
IBK have been reported, including nanocoated
cloxacillin (Fonseca et al. 2020), and diluted
hypochlorous acid spray (Gard et al. 2016).
Research into novel ways to inhibit Moraxella
spp. on the ocular surface through dietary

manipulation to alter iodine levels in tear
fluid by feeding of kelp to cattle has also been
evaluated (Sorge et al. 2016). In that study, sig-
nificantly elevated serum, but not tear iodine,
was achieved, and in vitro growth of M. bovis in
tears from kelp-fed animals was not inhibited.

A variety of commercial vaccines are
currently available in the United States to
prevent IBK. These are designed to boost
immune responses to M. bovis or M. bovoculi
antigens. Autogenous bacterins to prevent IBK
represent another option for cattle producers.
However, published studies on commercial
and autogenous Moraxella spp. vaccines have
not supported their efficacy against naturally
occurring IBK (Funk et al. 2009; O’Connor
et al. 2011, 2019; Cullen et al. 2017). Timing
of vaccination relative to seasonal herd onset
of IBK is an important consideration, and vac-
cines should be started early enough for host
immune responses to develop against vaccine
antigens prior to typical disease onset in the
herd; in general, at least four weeks before IBK
onset has been recommended for initiating a
vaccination series against IBK.

Gaps in Knowledge and Future
Directions

Continuing research into M. bovis and
M. bovoculi and the role that these species
play in IBK and its prevention are providing
new insights into our understanding of these
organisms and their pathogenesis. Publication
of complete genome sequences for M. bovis
and M. bovoculi (Calcutt et al. 2014; Dickey
et al. 2018; Loy et al. 2018; Kuibagarov et al.
2020) should accelerate our understanding of
numerous aspects of pathogenesis, identifi-
cation of adhesins, the basis or bases of any
variation in pili and other adhesins that may
interfere with vaccine efficacy, the epidemi-
ology of infection in cattle populations, and
novel virulence factors that may be involved in
IBK pathogenesis.
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Introduction

Human domestication of livestock has cre-
ated numerous opportunities for pathogens
to jump from animals to humans. Indeed,
zoonotic infections have raised the profile of
many pathogenic bacteria of animals, allowing
for in-depth research into pathogenesis. For
Brucella spp., this livestock–human associa-
tion goes back to at least Roman times and
likely far earlier (D’Anastasio et al. 2011).
The discovery of a novel bacterium in 1887
in British soldiers stationed on the island of
Malta was later identified as coming from
goats (Godfroid et al. 2005). Initially classi-
fied as Micrococcus melitensis (Bruce 1887),
an array of microbiologists and taxonomists
contributed to describe this species, later
reclassified as Brucella melitensis. Unknown at
the time was that this discovery was only the
beginning of our understanding of a diverse
genus of bacteria with many animal hosts,
from livestock such as cattle, pigs, and goats,
to dogs, rodents, frogs, and fish. However,
pathogenesis and basic biology of this genus
are largely known from three species and
their natural hosts, Brucella abortus in cattle,
B. melitensis in goats, and Brucella suis in pigs.

Characteristics of the Organism

Brucella species are Gram-negative, facultative
intracellular bacteria that are non-motile,

non-spore forming, and extremely small
(0.5–0.7 mm × 0.6–1.5 mm) coccobacilli (Alton
and Forsyth 1996). The genus Brucella is part
of the α-2 subclass of proteobacteria, and is
currently comprised of 12 species, six of which
are well-characterized including B. melitensis,
B. abortus, B. suis, Brucella ovis, Brucella canis,
and Brucella neotomae, which preferentially
infect goats, cattle, swine, sheep, dogs, and
desert woodrats, respectively (Moreno 2014).
These infections typically result in repro-
ductive pathologies, including abortions and
sterility in animals, but Brucella strains are also
capable of infecting humans, typically mani-
festing as undulating fever. Of the “classical”
Brucella species, B. melitensis, B. abortus and
B. suis are known to cause significant infec-
tions in humans, but B. canis and B. neotomae
can be zoonotic, while human infection by
B. ovis has not been reported (Moreno 2014).

Several “atypical” Brucella species have been
identified in a variety of wild animals, and
while some of these strains have also been iso-
lated from humans, the full zoonotic potential
of these Brucella strains remains to be fully
elucidated (Whatmore and Foster 2021).

Brucella genomes consist of two circu-
lar chromosomes, chromosome I is around
2.1 Mb, chromosome II is around 1.2 Mb
(López-Goñi and O’Callaghan 2012). Despite
significant variation in host preference, the
genome sequences of the Brucella species
are highly similar (approximately 97% DNA
identity), leading to the initial suggestion that
the “species” of the Brucella genus should be
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Figure 16.1 Overview of Brucella species, natural hosts, target organs, and mechanisms of transmission.

considered biovars of a single species, although
genomic approaches have upheld species des-
ignations of most Brucella species (Whatmore
and Foster 2021). However, the genetic deter-
minants of host specificity of different Brucella
species are not well defined.

Pathogenic Species

Three Brucella species have been traditionally
considered most pathogenic to humans,
B. abortus, B. melitensis, and B. suis. While
there has been a particular focus on these
species because of their effects on livestock
and human health, other Brucella species
are also considered highly infectious in their
natural hosts, and all exhibit pathologies in
at least one group of animals. As a result, the
pathogenesis of other Brucella species has been
poorly explored and is often viewed through
the lens of human disease. This chapter focuses
on the three species, B. abortus, B. melitensis
and B. suis, but it should be noted that much
remains unknown about host–microbe inter-
actions in Brucella, particularly etiology and
host response in recently discovered species.
For example, a recent human infection that

likely originated in infected frogs or possi-
bly reptiles greatly expanded the breadth of
pathogenic species and our understanding
of suitable hosts as well as the detection of
several atypical strains in humans, presumably
of animal origin (Whatmore and Foster 2021).
An overview of Brucella species, their target
hosts, and mechanisms of transmission is
depicted in Figure 16.1.

Source of Infection: Ecology,
Evolution, and Epidemiology

Brucella are intracellular pathogens, with
limited evidence of long-term persistence or
survival outside of hosts for most species.
Animals thus need to come into contact with
bacteria from infected hosts and this primarily
occurs during birthing or lactation, although
venereal transmission occurs in some species
such as B. canis and B. ovis. Brucella was
initially thought to target tissues containing
erythritol, preferentially use this sugar as a
carbon source, with direct implications for
transmission and epidemiology (Petersen et al.
2013). Reproductive tissues, including mam-
mary glands, testes, the uterus, and placenta
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are rich in erythritol, at least in cattle, so milk
consumption (by calves or humans) or con-
tact with tissues from birthing events allow
for transmission. However, the story is more
complicated in other animals, such as goats
and pigs, where erythritol is not concentrated
in reproductive tissues and is not connected to
virulence. Regardless of the molecular target
used for tissue tropism, Brucella growing in the
placenta of an infected host can induce sponta-
neous abortion, releasing large amounts of the
bacteria. The apparent host preference of Bru-
cella species with specific hosts may at least
be partly due to the likelihood of transmission
with host species; other individuals of the
host species are most likely to contact contam-
inated milk or be present during birthing or
abortions. Humans are one of the few species
at these events and infection is relatively
common when in close contact with infected
livestock. When animals of different species
share the same environment, cross-species
transmission can occur, either among livestock
or between livestock and wildlife (Godfroid
et al. 2014; Moreno 2014).

Despite the ability for cross-species trans-
mission and multiple known hosts for many
species, Brucella is relatively genetically homo-
geneous across the genus. At the same time,
Brucella species form distinct lineages that are
typically associated with a host species and
with virtually no lateral gene transfer (i.e. no
sharing of genetic material between lineages
or species; Wattam et al. 2014). Unsurprisingly,
the best sampled and most fully characterized
Brucella come from livestock, with B. abortus
from cattle, B. melitensis from goats and sheep,
and several B. suis lineages from pigs, being
well described genetically (Whatmore and
Foster 2021). As detailed below, B. suis is also
where these host associations start to break
down, with some strains found in rodents, cari-
bou, and hares, in addition to pigs (Godfroid
et al. 2014).

Traditional epidemiological approaches
using biochemical methods and biotyping have
been largely replaced by genetic approaches.

Brucella are clonal and relatively homogeneous
genetically but nonetheless their genomes
contain sufficient genetic information for phy-
logenetic comparisons and molecular epi-
demiology (Wattam et al. 2014). The two most
common approaches, using either variable
number tandem repeats from amplified regions
of the genome or single nucleotide polymor-
phisms from whole genomes, have enabled
detailed epidemiological studies (reviewed
in Whatmore and Foster 2021). Studies have
involved cross-species transmission and his-
torical spread across a broad region among
livestock and wildlife (Kamath et al. 2016),
traceback studies of infected travelers or live-
stock (Garofolo et al. 2013) and assessing
a countrywide outbreak (Allen et al. 2020).

Types of Disease and Pathologic
Changes

The “classical” Brucella species tradition-
ally associated with disease manifestation in
domestic animals are best known to cause
reproductive failure in their target hosts. How-
ever, cross-species infections can occur, with
most domestic species being susceptible to the
bacterium to a certain extent. Brucella has a
marked tropism for macrophages and the pla-
centa. However, the pathogen can infect and
replicate in a variety of cell types, ranging from
osteoblasts, osteoclasts, and fibroblasts (e.g.
Khalaf et al. 2020), microglial and endothelial
to epithelial cells among others. Owing to this
wide array of susceptibility to infection, bru-
cellosis can not only manifest as a reproductive
disease, but can also display non-specific
symptoms ranging from osteoarticular to
neurological disease in animals.

Brucella abortus

Initial infection of B. abortus in cattle is typi-
cally manifested as an abortion storm during
the last trimester of gestation in a large per-
centage of animals present on a farm, followed
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by a cycle of normal parturitions and random
abortions in subsequent pregnancies. Inter-
estingly, some cows can deliver weak infected
calves, which typically serve as major sources
of infection to other animals. Other clinical
signs in cattle include reduced milk produc-
tion, an increase in the number of somatic cells
in the milk (indicative of mastitis), reproduc-
tive failure and the development of hygromas
(fluid-filled joint spaces) with or without the
presence of any reproductive disease. In bulls,
brucellosis can be inapparent with the most
prominent feature being the development
of chronic epididymitis, seminal vesiculitis
and orchitis, the latter being often the result
of chronic inflammation. Affected bulls can
develop permanent infertility. It must be noted
that venereal transmission is not a major route
of infection for B. abortus in cattle under nat-
ural conditions, which is different from that
observed in cases of B. suis, B. ovis or B. canis
infection in their natural hosts. However, arti-
ficial insemination with contaminated semen
can serve as a source of infection. B. abortus
has a strong tropism for the pregnant uterus
and placenta, including trophoblasts, inducing
placentitis and endometritis (Carvalho Neta
et al. 2010). Gross pathological changes of the
placenta and pregnant uterus are not specific
for the infection and are insufficient for an
accurate diagnosis (Xavier et al. 2009). Impor-
tantly, the placental lesions are non-uniform
within placentomes, with some appearing
normal and some demonstrating extensive
areas of necrosis.

Microscopically, placental changes are char-
acterized by the presence of neutrophils and
macrophages admixed with large areas of
necrosis, characterized by the presence of
fibrin and edema, with or without vasculitis
(Xavier et al. 2009; Carvalho Neta et al. 2010).
Large numbers of bacterial colonies can some-
times be seen within trophoblasts. In aborted
fetuses, pleuropneumonia is the most common
lesion (Xavier et al. 2009). Grossly, the pleura
is thickened and covered by fibrin typically
indicative of a fibrinous pleuritis (Carvalho

Neta et al. 2010). The presence of fibrin can also
be seen in other fetal body cavities, including
the peritoneal and pericardial areas. Repro-
ductive tissues and aborted fetuses should
always be collected and examined carefully, as
brucellosis must always be differentiated from
other diseases that cause abortion in cattle.
A definitive diagnosis must be supported by
laboratory tests including serology and bacte-
rial isolation. An alternative to isolation is the
use of polymerase chain reaction-based assays,
although laboratory intensive approaches are
not readily available in all settings.

Aborted fetuses and uterine secretions
during delivery or abortions are the most
important source of infection within a herd.
The bacteria can enter the host via inhala-
tion after aerosolization or via ingestion from
the gastrointestinal tract, where the infection
spreads locally to lymph nodes (the site of
intracellular Brucella replication), followed
by bacteremia leading to systemic infection.
The disease can also be transmitted to calves
vertically and through the consumption of
contaminated milk, but these routes of infec-
tion are less important in cattle. Calves that
acquire the infection vertically or by ingesting
contaminated milk may remain serologically
negative and be asymptomatic. Nevertheless,
these heifers may still abort or give birth to
infected calves, serving as a disease reservoir
within a herd (Olsen and Palmer 2014).

Brucella melitensis

B. melitensis is the main etiological agent of
brucellosis in goats and sheep and is also the
Brucella responsible for most human infec-
tions. Goats are more susceptible to infection
than are sheep, where the disease is more vari-
able and often self-limiting (Olsen and Palmer
2014). As in cattle, abortion and infertility
are the predominant clinical signs. Abortion
occurs in late gestation without retention of
fetal membranes, and abortion may be the only
clinical sign. Grossly, the placental changes
are similar to those described for B. abortus,
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and aborted fetuses usually appear normal
although bronchopneumonia, hemorrhagic
pleural fluid and lymphadenopathy may be
present (Cutler et al. 2005). Interestingly,
mastitis is a more common feature of small
ruminant brucellosis as compared to bovines,
with grossly evident firm mammary glands
that can exude watery, clotted milk (Cutler
et al. 2005). As in bovines, the definitive cause
should always be investigated by submit-
ting reproductive tissues and aborted fetuses
for analysis. Main differential diagnoses in
small ruminants should include Coxiella bur-
netii, Toxoplasma gondii, Chlamydia abortus,
Campylobacter fetus, Listeria monocytogenes,
and Sarcocystis cruzi, among others. In male
goats, B. melitensis can infect the epididymis,
testicles, seminal vesicles, and deferent ducts,
which often results in decreased fertility. The
primary routes of transmission are similar to
those described for B. abortus in cattle: infected
placenta, vaginal discharges, and fetal fluids
during abortion and parturition.

Brucella ovis

Significant differences between B. melitensis
and B. ovis infection in sheep are readily appar-
ent. Infection with B. ovis is characterized by
a marked tropism of the bacterium for the
male reproductive system and to a lesser extent
to the uterine tract and placental tissues. The
bacterium is predominantly transmitted via
the venereal route and is an important cause
of infertility in rams as infection is associated
with the development of epididymitis and tes-
ticular atrophy (Burgess et al. 1981). Grossly,
infected animals have either unilateral or
bilateral epididymal enlargement or atrophy
(chronic cases) 7–12 weeks post-infection, and
the bacterium can be recovered from semen
5–14 weeks post-infection. Microscopically,
there is evidence of epididymitis, testicular
degeneration and seminal vesiculitis. Inflam-
matory cells can be detected in the semen
even before the development of epididymitis,
which is a valuable method for screening

potential carriers of the infection due to the
venereal route of transmission (Foster et al.
1987). B. ovis is relatively avirulent in the
non-pregnant uterus, but occasional abortions
in ewes, secondary to venereal transmission
during the breeding season, can occur. B. ovis
is not considered zoonotic.

Brucella canis

Like other Brucella species, B. canis in dogs has
tropism for the reproductive system. Unfor-
tunately, the clinical signs of infection are
not specific, and dogs may be subclinically
infected or may exhibit signs of reproductive
failure. In male dogs, it can cause epididymitis,
prostatitis and orchitis, ultimately resulting in
testicular atrophy, azoospermia, and infertility
(Camargo-Castaneda et al. 2021). The typical
manifestation in females is mid- to late-term
abortion, followed by a vaginal discharge that
can persist for weeks (Carmichael and Kenney
1968). Another disease manifestation is embry-
onic death with resorption, which clinically
can appear as inability to become pregnant
(Olsen and Palmer 2014). As in cattle, it is
possible for an infected animal to abort, and
subsequently pregnancies can either go to term
or abort. In contrast to aborted fetuses in rumi-
nants, aborted pups have non-specific lesions
such as edema, hemorrhage, and congestion.
Apparently healthy pups from infected females
may be infected in utero and be asymptomatic
but can serve as a source of infection to other
animals. The disease in neutered or spayed
animals may manifest as discospondylitis.
Infected dogs have a history of lameness,
muscle weakness and neurologic dysfunction,
caused by vertebral osteomyelitis and inter-
vertebral disc infection. Uveitis has also been
described to occur in a percentage of dogs with
or without concomitant reproductive disease
(Hensel et al. 2018).

Brucella suis

Abortions in swine infected with B. suis are
much less common than abortions in cattle
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infected with B. abortus or in small ruminants
infected with B. melitensis (Olsen and Palmer
2014). If abortion occurs, it is usually during
the second or third month of gestation. Weak
and stillborn piglets are common, however.
Grossly, placentas from affected sows are ede-
matous and red with multifocal white pinpoint
nodules. B. suis has multiple biovars that vary
in host specificity and phenotype.

Biovars 1, 2 and 3 infect primarily domestic
and feral swine and wild boar, with biovar
3 as the most common cause of infection.
Biovar 2 can establish a reservoir of infection
in hares and can be horizontally transmitted
to swine and cattle (Cook and Noble 1984).
Although pathogenic in cattle and swine,
biovar 2 is not zoonotic. In boars, testicular
involvement is frequent. Abscesses and gran-
ulomatous inflammation of the head of the
epididymis and orchitis has been described
(Kernkamp et al. 1946). Lameness secondary
to septic arthritis can be seen (Cvetnic et al.
2009). B. suis biovar 4 is an important pathogen
in reindeer. However, cattle experimentally
infected with this biovar do not develop clin-
ical signs but can be positive via serological
assays. In reindeer, Brucella causes abortions,
weak calves, retained placenta, orchitis, epi-
didymitis, arthritis, hygromas, and nephritis.
The pathology of B. suis biovar 5 infections in
rodents are poorly known.

Virulence Factors

At the cellular level, the brucellae are intra-
cellular pathogens of cells of the reticuloen-
dothelial system, particularly macrophages
(Gorvel and Moreno 2002). During the course
of chronic infection, the organism resides
within macrophages where they replicate in a
specialized compartment called the Brucella-
containing vacuole (BCV), and the ability of
the bacterium to survive and replicate within
macrophages is essential to their virulence
(Celli and Gorvel 2004). The BCV in which the
bacteria reside intracellularly is close to the

endoplasmic reticulum, and the membrane
of the BCV contains endoplasmic reticulum
proteins (Celli et al. 2003). Once inside the
host macrophage, the brucellae must defend
themselves against a variety of potentially
harmful conditions, including oxidative stress,
decreased pH and the lack of nutrients. One
of the interesting aspects of their biology is
the fact that these bacteria do not produce
classical virulence factors, such as toxins or
adhesins, and therefore, the brucellae are
termed “stealthy” pathogens. Nonetheless,
several genetic determinants of virulence have
been identified (Roop et al. 2021), and these
virulence factors, as well as how they are
regulated, are illustrated in Figure 16.2.

One of the most important virulence deter-
minants is the VirB type IV secretion system
(T4SS). The Brucella T4SS is encoded by the
virB gene cluster, which is composed of 12
genes virB1–12 (Boschiroli et al. 2002a).
Identified in several different mutagenesis
screens, the virB genes are essential for bac-
terial survival and replication in phagocytic
and non-phagocytic cells (O’Callaghan et al.
1999), and strains containing virB mutations
are attenuated in animal models of infection
(Zygmunt et al. 2006). In B. suis, the virB genes
are expressed following uptake of the bacteria
by macrophages and during the increased
acidification of the phagocytic compartment
(Boschiroli et al. 2002b), but it appears that in
B. abortus and B. melitensis, there is constitu-
tive, low level expression of virB that is further
enhanced in acidic conditions (Rouot et al.
2003). Overall, the VirB system is essential for
its virulence, owing to the ability of the VirB
system to control the trafficking events that
allow the bacterium to reach the BCV. With-
out a functional VirB system, the bacterium
cannot properly traffic to the BCV niche and
is ultimately killed by the macrophage (Delrue
et al. 2001; Celli et al. 2003; Celli and Gorvel
2004). More recent studies have shed light on
the effector proteins that are secreted by the
VirB system, and these proteins include VceC,
BtpA, BtpB, RicA, and SepA (e.g. Salcedo et al.
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Figure 16.2 Overview of Brucella systems important for host colonization and virulence. LPS,
lipopolysaccharide.

2013). These effector proteins have a variety
of molecular activities that aid brucellae in
navigating the intracellular environment of
the host cell. Together, these studies under-
score the requirement of the VirB T4SS in
Brucella intracellular trafficking and reaching
the replicative niche.

Lipopolysaccharide (LPS) is another impor-
tant determinant of virulence, and this is due
to its unique properties. Similar to the LPS
of other Gram-negative bacteria, its LPS is
composed of O-chain polysaccharide, core,
and lipid A; however, important difference
exists within these LPS constituents that
make it quite different from the prototypical
Gram-negative LPS. The most striking dif-
ference is the low endotoxin capacity of the
Brucella LPS compared with LPS from other
Gram-negative bacteria, and this is due to the
presence of very long chain fatty acids in the
lipid A portion of the LPS. These fatty acids
serve to mask LPS from host innate immunity

systems that normally recognize bacterial
LPS (e.g. Toll-like receptor 4, TLR4), thus
masking results in a reduced inflammatory
response (Barquero-Calvo et al. 2007). Addi-
tionally, the core component acts to prevent
the interactions between the lipid A and TLR4,
further enhancing the ability of the LPS to
aid in immune evasion (Conde-Álvarez et al.
2012). Finally, the O-polysaccharide serves
two equally important functions: (i) it pro-
tects the bacteria from host antimicrobial
peptides and complement (Martínez de Tejada
et al. 1995), and (ii) it facilitates the establish-
ment of the intracellular niche (Porte et al.
2003). It is important to note that two Brucella
species, B. ovis and B. canis naturally lack
the O-polysaccharide in their LPS, and these
strains are referred to as “rough” Brucella
strains. Both B. ovis and B. canis are very suc-
cessful pathogens of their target hosts, sheep
and dogs, respectively, and thus, fully intact
LPS is not an essential virulence factor for all
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Brucella strains. Nonetheless, the naturally
occurring “smooth” strains do require intact
LPS for successful host infection.

Another important virulence factor is the
cyclic β-1,2-D-glucan, which is produced and
secreted by the bacteria (Guidolin et al. 2015).
This glucan polymer is composed of 17–24
glucose molecules, and the glucan polymer
is produced by the Cgs cyclic β-1,2-D-glucan
synthase and transported to the periplasm by
the Cgt transporter (Roset et al. 2004). The role
of cyclic β-1,2-D-glucan in Brucella virulence
is well documented, as it is required for the
ability of the bacteria to survive and replicate
in both epithelial cells and macrophages; but
= production of cyclic β-1,2-D-glucan is also
needed for the successful colonization of exper-
imentally infected animals (Arellano-Reynoso
et al. 2005). Moreover, cyclic β-1,2-D-glucan
has been shown to be an important activator
of the host inflammatory response to infec-
tion (Martirosyan et al. 2012). Taken together,
these studies clearly demonstrate the require-
ment of the cyclic β-1,2-D-glucan for Brucella
virulence.

Regulation of Virulence

The virulence factors encoded in the Brucella
genome must be carefully regulated to coor-
dinate the precise expression of the virulence
factor when it is needed during the infection
process. Therefore, it is not surprising that
several important regulatory systems exist
in Brucella to carefully regulate virulence
processes. One of these regulatory pathways
involves the LuxR-type transcriptional reg-
ulator, VjbR (for vacuolar jacking Brucella
regulator), which was first identified in a
screen for genes involved in Brucella intracel-
lular replication (Delrue et al. 2001). Indeed,
mutation of vjbR leads to significant attenua-
tion of the bacteria in both cellular and animal
models of infection (Delrue et al. 2005). Sub-
sequent studies revealed that VjbR controls
the expression of several virulence-associated

systems, including the VirB type IV secre-
tion system (T4SS) and associated effector
proteins, the flagellar biosynthesis operon,
and genes encoding outer membrane proteins
and adhesins (Delrue et al. 2005; de Jong
et al. 2008; Kleinman et al. 2017). LuxR-type
transcriptional regulators are involved in bac-
terial quorum sensing, and these regulators
often sense and respond to a homoserine lac-
tone (HSL) small molecule signal (Miller and
Bassler 2001). Interestingly, Brucella produces
a C12-HSL that is recognized by VjbR to coor-
dinate gene expression patterns, but it is still
not clear what enzyme(s) is responsible for the
production of this quorum sensing molecule in
Brucella (Terwagne et al. 2013). Nonetheless,
VjbR is an important mediator of virulence
gene regulation in Brucella spp.

Brucella strains also encode several two-
component regulatory systems that assist in
the detection of and response to environ-
mental signals (Lavín et al. 2010). Bacterial
two-component systems usually consist of a
membrane-bound sensor kinase and a cyto-
plasmic response regulator, and upon sensing
of the appropriate signal, the sensor will be
autophosphorylated at a conserved histidine
residue (Zschiedrich et al. 2016). The phos-
phate is then transferred to an aspartate residue
in the response regulator, and the activated
regulator then carries out the appropriate
function, which is often the transcriptional
regulation of gene expression (Stock et al.
2000). Of the known two-component systems
in Brucella, the BvrRS system (for Brucella
virulence-related R and S components) is the
most well described, and moreover, the BvrRS
system is required for the full virulence of
the brucellae (López-Goñi et al. 2002). The
genes encoding BvrRS were first identified
in a screen for mutants exhibiting potential
membrane perturbations using cationic pep-
tides, and studies also revealed that BvrRS is
required for the survival and replication of
Brucella in cells and animals (Guzman-Verri
et al. 2002). Transcriptomic and proteomic
analyses determined that BvrRS controls the
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expression of several virulence factors and
systems, including outer-membrane proteins,
the VirB T4SS, and flagellar biosynthesis
genes (Martínez-Núñez et al. 2010). While
the exact signal that is detected by BvrRS has
not been determined, there is evidence that
BvrRS senses something within the intra-
cellular environment that aids brucellae in
transitioning between the replicative BCV and
egress from the host cell (Altamirano-Silva
et al. 2018). Regardless of the specific environ-
mental cue(s), the BvrRS system is a critical
regulator of virulence in Brucella.

Brucella also employs mechanisms to control
gene expression through post-transcriptional
means, including the use of small regulatory
RNAs (sRNAs). In many bacteria, sRNAs are
characterized as generally being fewer than 300
nucleotides in length, and these independent
sRNA transcripts are encoded either next to
(i.e. cis) or at a distant location from (i.e. trans)
the genes that they regulate. Trans-encoded
sRNAs interact with the messenger RNAs of
the genes they regulate through short stretches
of imperfect base pairing, and the RNA chap-
erone Hfq is often required to bridge these
imperfect interactions (Møller et al. 2002). Hfq
is a critical regulator of virulence in Brucella,
as deletion of hfq leads to significant atten-
uation in both cells and animals (Robertson
and Roop 1999). Following this discovery, sev-
eral groups have identified and characterized
sRNAs in Brucella (e.g. Caswell et al. 2012;
Dong et al. 2014; Peng et al. 2014), and some of
these sRNAs have been independently linked
to virulence. For example, the highly similar
sRNAs, AbcR1 and AbcR2 are required for
the full virulence of B. abortus, and these two
sRNAs control the expression of several genes
in Brucella, including several ATP-binding
cassette-type transport systems (Caswell et al.
2012), Additionally, the B. melitensis sRNAs,
BSR1141 and Bmsr1 are critical regulators
of virulence (Xu et al. 2018). While some
sRNAs have been identified and character-
ized in Brucella strains, much remains to be
elucidated about the scope and importance

of sRNA-mediated virulence regulation in
Brucella.

Pathogenomics

Comparative genomics of Brucella have iden-
tified some prominent features of its evolution
and mechanisms of pathogenicity, but other
aspects such as genetic determinants of host
preference have remained elusive. The closest
relatives of Brucella are soil bacteria in the
genus Ochrobactrum, species that can infect
animals but are not intracellular pathogens.
The shift to intracellularity is evident in the
genomes of brucellae: numerous genes have
been lost or mutated to pseudogenes as mem-
bers of this genus have adapted to vertebrate
hosts; other genes such as virB T4SS have been
acquired (Wattam et al. 2014). This is where
broad consensus of what defines a mem-
ber of the genus Brucella ends and debates
on species concepts in bacteria, taxonomic
classification, and the most appropriate ana-
lytical approaches begin (Cloeckaert et al.
2021). The relatively limited amount of genetic
diversity has suggested to some authors that
Brucella should be classified as a monospecific
genus, but that suggestion preceded the dis-
covery of many “atypical” strains that contain
some shared characteristics with Brucella and
other traits more similar to Ochrobactrum
(Whatmore and Foster 2021). Moreover, a
handful of Brucella genomes from frogs con-
tain more genetic diversity than the diversity
in hundreds of genomes from all other known
Brucella combined (Al Dahouk et al. 2017).
Many Brucella species, particularly B. abor-
tus and B. melitensis, appear to have evolved
in isolation for at least tens of thousands of
years, as seen in the long branches separat-
ing many species (Foster et al. 2009; Wattam
et al. 2014), highlighting both their unique-
ness and long and independent evolutionary
trajectories.

Comparative genomics at its simplest identi-
fies which loci are shared among some strains
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and different in others. For a species such
as B. abortus, all isolates in this species have
shared alleles for thousands of loci, with the
majority in loci presumably not having phe-
notypic effects due to being in gene regions
or being synonymous mutations where a
nucleotide may have changed but the amino
acid remains the same (Foster et al. 2009).
Thus, one can interrogate the remaining
loci that may be under selection and may be
responsible for phenotypic differences between
or within different species. However, there
remain hundreds to thousands of loci to exam-
ine and rigorously evaluate genotypic changes
associated with phenotypic differences: a diffi-
cult task. To our knowledge, B. ovis is the only
Brucella where genetic changes appear to have
adapted this species for a particular host and
tissue type (Tsolis et al. 2009) and analyses
in other species have not identified specific
mutations associated with host preference
or known adaptive changes. At a finer scale,
however, mutations within attenuated vaccine
strains of Brucella and comparisons to closely
related virulent strains have putatively iden-
tified the genetic basis of virulence in some
strains (e.g. Salmon-Divon et al. 2018). Much
work remains linking genotype to phenotype
in Brucella, critically assessing the molecu-
lar basis of virulence differences among and
within species in the genus, and for determin-
ing whether host specificity occurs in some
species.

Pathogenesis

For Brucella to establish an intracellular infec-
tion, the bacteria must first bind to the host
cell, and the brucellae must encode an arsenal
of adhesins to assist with the attachment pro-
cess (Bialer et al. 2020). These protein adhesins
on the Brucella surface can be divided into
different function groups. One functional
class of Brucella adhesins includes those that
bind to host extracellular matrix (ECM) com-
ponents to bridge interactions between the

bacteria and host cell, and these proteins
include BmaC, BtaE, and BtaF (Posadas et al.
2012; Muñoz González et al. 2019). BmaC
binds to fibronectin and mediates binding
between the brucellae and host cells, but it
remains unknown whether deletion of bmaC
attenuates the bacteria in an animal model of
infection (Posadas et al. 2012). The proteins
BtaE and BtaF are trimeric autotransporters
that also bind to host ECM and hyaluronic
acids to bridge interactions with host cells, and
deletion of the btaE and btaF genes leads to
reduced virulence in vivo (Muñoz González
et al. 2019). Overall, these studies highlight
the importance of ECM-binding surface pro-
teins for the adhesion of Brucella strains to
host cells.

Another functional group of proteins
includes and BigB that function by binding
directly to the host cells without the aid of
an ECM bridge (Czibener and Ugalde 2012;
Lopez et al. 2020). Deletion of either bigA or
bigB leads to significant decreases in brucellae
attachment to host cells, and while it is clear
that BigA and BigB serve as adhesins, the
identity of the host cell receptor remains to be
determined. Additionally, the genomic island
harboring the bigA and bigB genes is required
for the full virulence of Brucella via the oral
route of infection; however, the individual
impacts of BigA and BigB to virulence are
currently unknown (Czibener and Ugalde
2012). Nonetheless, BigA and BigB contribute
significantly to Brucella interactions with
host cells.

Immunity

The pathogenic ability of Brucella spp. relies
on their stealthy strategy and their capac-
ity to replicate within host cells resulting in
chronic infections. Macrophages serve as the
primary target, and, once inside these cells,
Brucella can evade the immune system both
at the innate and adaptive stages of immunity
(Pascual et al. 2018). Some of the well-known
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features of early immune evasion include:
(i) ability to avoid phagolysosome fusion (Celli
et al. 2003); (ii) low endotoxic LPS (Byndloss
and Tsolis 2016); (iii) ability to alter dendritic
cell maturation (Salcedo et al. 2008); (iv) inter-
ference with TLR signaling (Salcedo et al.
2013); and (v) downregulation of major histo-
compatibility complex class I and II antigen
presentation (Velasquez et al. 2017). In addi-
tion, to mount an effective adaptive immune
response, the production of interferon γ is
critical for effective protection produced
by CD4+ T cells, CD8+ T cells or both, in
contrast to anti-Brucella antibodies, which are
thought to be less important (Wang et al. 2020).
Although research over the past 50 years has
led us to a better understanding of the general
mechanism of protective immunity, this area
remains a subject of investigation and will
serve as a tool that will allow the discovery of
improved protective vaccines.

Control

Brucellosis in cattle has been successfully
eradicated in several high-income countries
through the implementation of multifaceted
control strategies that include vaccination
and test-and-slaughter of infected livestock.
Unfortunately, eradication requires substan-
tial resources for its effective control (Franc
et al. 2018). For example, in the United States,
US$3.5 billion was invested in the eradication
program to effectively decrease the preva-
lence in domestic livestock. Unfortunately,
due to the endemic nature of brucellosis in
many resource-limited settings, control strate-
gies based on eradication through test-and-
slaughter are not realistic due to the inability
to compensate animal owners financially for
culled animals and the lack of adequate
surveillance systems and necessary infras-
tructure. Therefore, the most effective means
to reduce the burden in animals (and con-
sequently the risk in humans) is to reduce
brucellosis prevalence via vaccination (Ficht

et al. 2009). Despite the availability of com-
mercial vaccines for cattle (e.g. S19 and RB51)
and small ruminants (Rev-1), these vaccines
are far from ideal due to several drawbacks
including: (i) interference with available
serological tests (inability to differentiate
infected from vaccinated animals, which is
imperative for assessing the success of any
vaccination program and for estimating true
disease prevalence); (ii) residual virulence
in the natural hosts as well as in humans;
and (iii) the presence of antibiotic resistance
(Ficht et al. 2009). Hence, research funding
that is focused on developing improved vac-
cines is an essential step for disease control
and prevention.

It is important to mention that despite the
availability of antibiotics to control bacte-
rial infections, treatment of brucellosis in
livestock is highly discouraged due to the
high probability of relapse. If treatment is
adopted despite owner education about the
high potential for relapse, animals should
be castrated in combination with a regi-
men of broad-spectrum antibiotics. Close
serological surveillance during subsequent
years should be implemented for the prompt
identification of relapses that could pose
risks for infection of other animals and
humans.

Gaps in Knowledge
and Anticipated Directions

Despite being one of the oldest known dis-
eases, brucellosis remains one of the top
neglected diseases in resource-limited set-
tings. Implementation of research programs
aimed at better understanding the host–agent
interactions, with the intention of developing
more effective countermeasures (i.e. vaccines,
diagnostic tests and effective treatments), are
of paramount importance. It is also especially
critical to apply initiatives that can teach ani-
mal owners on how to protect themselves, their
families, and their animals. This requires an
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interdisciplinary and collaborative approach
that consists of public education and the
development of adequate infrastructures for

disease surveillance and reporting in both
veterinary and medical sectors (Franc et al.
2018).
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Bordetella
Colleen J. Sedney, Tracy L. Nicholson, and Eric T. Harvill

Introduction

The Bordetella genus includes at least nine
distinct species, five of which are known to
infect and cause disease in a variety of ani-
mals, including dogs and other canid species,
cats, rabbits, turkeys, sheep, pigs, horses, seals,
rodents, and humans. Infections with certain
members of the Bordetella genus in their spe-
cific host are often chronic with a range of
clinical signs, from asymptomatic to severe
bronchopneumonia. While animal infections
with members of the Bordetella genus are not
required to be reported to the Department
of Agriculture in the United States, the high
virulence of Bordetellae can result in rapid
transmission among animals, making volun-
tary reporting an important factor in reducing
the spread and burden of disease. Transmission
events have previously resulted in outbreaks
and some cases have led to fatal outcomes,
particularly in young animals.

Most veterinary relevant Bordetella species
can infect multiple host animals, and several
examples of zoonoses have been documented,
with the most severe cases involving immuno-
compromised individuals. In this chapter, we
explore the various Bordetella species from a
veterinary perspective, their clinical presenta-
tion and identification, current vaccines and
therapies, the host response to infection, and
factors that contribute to colonization and dis-
ease. Gaps in knowledge regarding the efficacy

of current vaccines and prevalence will also be
addressed.

Characteristics of the Organisms

Bordetellae are aerobic Gram-negative coc-
cobacilli that grow at an ideal temperature of
37∘C. Isolation and growth of most Bordetella
species can be achieved on blood or Mac-
Conkey agar, with mature colony formation
in two to five days depending on the species.
This agar is specialized, due to Bordetella
sensitivity to detergents and unsaturated fatty
acids. Colonies are round, whiteish-gray, with
a shiny top, and are hemolytic, creating a dis-
coloration on the blood agar and a transparent
ring around the colony. Species are indistin-
guishable from one another in mixed culture.
Growth in liquid culture can also be achieved
in specialized medium that includes glutamic
acid, proline, cysteine, nicotinamide, and glu-
tathione. Identification of Bordetella species
can also be achieved by their biochemical
characteristics, including hemolysis, catalase
and oxidase and nitrate reductase activity.

Bordetella species are traditionally divided
into two groups, termed the “classical” and
“non-classical” Bordetella species (Table 17.1).
The classical Bordetellae include B. bronchisep-
tica, B. parapertussis, and B. pertussis. Phyloge-
nomic analysis suggests that members of this
group evolved from a B. bronchiseptica-like
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Table 17.1 Bordetella species involved in infections in animals and humans.

Species Host species Disease
Genome
size (MB)

Intracellular
survival

Classical group:
B. bronchiseptica Variety of mammals

including cats, dogs,
horses, humans, mice,
pigs, rabbits, seals, and
sheep

Respiratory disease, varying
from clinically inapparent to
acute bronchopneumonia
(e.g. kennel cough in dogs)
and rhinitis in pigs

5.3 +

B. parapertussis Sheep and humans;
distinct host-specific
lineages

Pneumonia in sheep;
whooping cough-like disease
in humans

4.7 +

B. pertussis Humans Whooping cough 4.1 +
Non-classical group:
B. avium Poultry, wild birds Respiratory disease 3.7 −
B. hinzii Poultry;

immunocompromised
humans

Respiratory disease (coryza)
in poultry; septicemia in
immunocompromised
humans

4.9 +

B. holmesii Humans Whooping cough- like
disease; bacteremia

3.7 Unknown

B. pseudohinzii Mice Chronic otitis media 4.5 +
B. trematum Immunocompromised

humans
Wound, skin infections 4.5 +

Environmental:
B. petrii Immunocompromised

humans
Wound, ear infection 5.3 +

Source: Modified after Rivera et al. (2020).

progenitor; specialization to a specialized life
cycle allowed for dramatic gene loss from the
two sequent species (B. parapertussis, B. pertus-
sis; Parkhill et al. 2003). The genetic evolution
of the non-classical Bordetellae is less studied,
but genome comparisons suggest that other
species have specialized to a host and similarly
underwent gene loss (Table 17.1).

The common ancestor of the Bordetella
species is believed to have been an environ-
mental organism. The implications of this
discovery lead to the observation that B. bron-
chiseptica, the species with the largest genome,
appears to have previously developed and
retained the ability to survive interactions
with environmental predatory amebae via
exploitation of its lifecycle (Taylor-Mulneix
et al. 2017; Rivera et al. 2020). Other Bordetella

species that are mammalian host specific and
not found in the environment are unable
to survive interactions with these amoebas
(Taylor-Mulneix et al. 2017; Table 17.1).

Pathogenic Species

Bordetella bronchiseptica

B. bronchiseptica was first isolated and associ-
ated with respiratory disease in dogs in 1910
and subsequently found to cause respiratory
disease in other mammals. B. bronchiseptica
infects a broad range of wild and domesticated
mammals, including both companion and
livestock animal species, and is capable of sur-
viving in the environment. Infection can result
in a spectrum of disease severities, including
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Table 17.2 Expression of main known or suspected virulence factors in veterinary relevant Bordetella
species.

Virulence factor B. bronchiseptica B. parapertussis B. avium

Filamentous hemagglutinin + + +
Fimbriae + + +
Pertactin + + −
Adenylate cyclase toxin + + −
Dermonecrotic toxin + + +
Tracheal cytotoxin + + +
Lipopolysaccharide + + +
Type III secretion system + + −
Type VI secretion system + + +
Bordetella virulence gene (bvg) regulatory locus + + +

long-term chronic infections of the upper
respiratory tract. B. bronchiseptica is both a
causative and contributing agent of canine
infectious respiratory disease (CIRD), also
known as kennel cough. The 5.2 Mb genome of
B. bronchiseptica is the largest of the Bordetella
genus and appears to have functional genes
expressing all the well-characterized viru-
lence factors that contribute to its pathology
(Tables 17.1 and 17.2).

B. bronchiseptica is one of the most fre-
quently isolated CIRD pathogens, but its
prevalence varies geographically. A recent
study involving animal shelters in the United
States reported that 19.5% of dogs tested were
positive for B. bronchiseptica, whereas a study
from Poland reported 30% of dogs tested were
positive for B. bronchiseptica, and one from
Germany reported a 78% positivity rate in
dogs (Lavan and Knesl 2015; Day et al. 2020).
B. bronchiseptica is highly contagious and is
transmitted by both direct and indirect mech-
anisms (Coutts et al. 1996; Nicholson et al.
2012, 2014). Several studies have reported
transmission between dogs and between cats
(Coutts et al. 1996; Dawson et al. 2000; Reagan
and Sykes 2020). The incubation period of
this species is recorded in dogs to be around
3–10 days (Reagan and Sykes 2020).

Bordetella avium

The species B. avium is primarily an avian
pathogen, most notably causing turkey coryza,
though limited human infections have been
reported. This species differs from others in
the genus in that it is non-hemolytic and
has the smallest genome of the sequenced
Bordetellae (Table 17.1). Despite the small
genome size, B. avium contains over 1000
genes not found in B. bronchiseptica. These
genes are predicted to encode surface or
secreted proteins that are thought to enable
this species to colonize and cause disease in
avian rather than mammalian hosts (Sebaihia
et al. 2006).

Bordetella parapertussis

A member of the classical Bordetellae,
B. parapertussis comprises two distinct sub-
groups, a human-adapted pathogen causing
pertussis-like illness, and another that causes
chronic pneumonia in sheep. Whereas the
human-adapted B. parapertussis can colonize
mice in laboratory settings, the ovine-specific
subgroup does not efficiently colonize murine
hosts due to its susceptibility to murine
complement-mediated killing (Hester et al.
2015).
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Bordetella hinzii

B. hinzii was first described in 1994. Primarily
a commensal in avian hosts, some strains of
B. hinzii have been shown to be transmissible
in young turkeys, causing asymptomatic infec-
tion (Register and Kunkle 2009). As is the case
for B. bronchiseptica, immunocompromised
humans can be susceptible to severe B. hinzii
infections. The presence of B. hinzii isolates
in laboratory mice was first reported in 2008
and similar colonization was subsequently
reported in various areas of the world. Recent
data, however, indicate that these isolates were
more likely to be the newly described species
Bordetella pseudohinzii (Ivanov et al. 2016).

Bordetella pseudohinzii

The recently identified Bordetella species,
B. pseudohinzii, naturally colonizes multiple
species of rodents, including mice and rats
(Loong et al. 2018). Colonization in mice
has been demonstrated to cause progres-
sive chronic otitis media, leading to severe
hearing loss (Dewan et al. 2019). In vivo
studies show that B. pseudohinzii targets
ciliated cells, decreasing ciliary movement
and causing tracheal inflammation (Perniss
et al. 2018). Unlike most other Bordetella
species, B. pseudohinzii is non-hemolytic on
blood agar.

Other and Emerging Species

B. pertussis, B. holmesii, B. trematum and
B. petrii are not known to be of veterinary
interest. Other isolates from environmental
sources have been named as Bordetella species
but not yet fully characterized or associated
with animal diseases.

Source of Infection: Ecology
and Epidemiology

Transmission of Bordetellae typically occurs
through direct contact with infected animals

or fomites, as well as airborne or indirect
transmission (Nicholson et al. 2012). B. bron-
chiseptica is highly contagious and can result in
widespread transmission events, particularly
in large groups of animals in confined spaces.
This includes, but is not limited to, long- and
short-term kennel facilities, flocks, herds, and
industrial animal facilities. Underreporting
and the lack of laboratory confirmation of
B. bronchiseptica infections, as well as asymp-
tomatic infections, makes the true impact of
large-scale transmission events difficult to
quantify. However, experimental transmission
studies have demonstrated 100% transmission
efficiency via indirect or airborne transmission
(Nicholson et al. 2012). Transmission between
cats and dogs in animal shelters and residen-
tial homes have also been reported (Dawson
et al. 2000). While animals of all ages can be
infected, young animals are at particular risk
for severe clinical disease.

Several Bordetella species of veterinary
interest can infect humans, including increas-
ing case reports of immunocompromised
humans being infected with B. bronchiseptica,
B. avium, B. hinzii, and other species. These
infections have been commonly reported in
patients with cystic fibrosis, a community in
which ownership of companion animals is
popular. A report of cystic fibrosis patients
described that approximately half (47%) of
respondents reported dog ownership, with 28%
reporting ownership of a cat, and 21% own-
ing both a cat and a dog. A possible route of
transmission are companion animal vaccines
that use a live attenuated platform, which
generally contain a warning label advising
owners to socially distance themselves from
their pet during the recommended period
of shedding of the live vaccine strain. This
period can last from 35 days to 11 weeks
depending on the vaccine used. Therefore,
any potential zoonotic infection or carriage
of live veterinary vaccine strains, including
B. bronchiseptica in pets, should be of interest
to pet owners with cystic fibrosis or other
immunodeficiencies.
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Types of Disease and Pathologic
Changes

The clinical presentation associated with Bor-
detella infection vary based on the species
and the infected host. Cats, dogs, and pigs
with a B. bronchiseptica infection can exhibit
clinical signs including coughing, sneezing,
nasal discharge, fever, and/or lethargy. Similar
symptoms can be observed in turkeys and
sheep infected with B. avium and B. paraper-
tussis, respectively. Despite the high morbidity
associated with Bordetella infections, many
animals can be colonized, but not show clini-
cal signs, serving as asymptomatic carriers that
continue to shed and transmit Bordetella to
cohorts. Lesions are typically observed in the
nasal cavity, trachea, and lungs of pigs, turkeys,
and other animals, with the occurrence and
severity of the lesions varying based on animal
age, immunocompetence, strain characteris-
tics, and housing conditions. The pathology
of these lesions is due to the attenuation of
epithelium and loss of cilia, as well as inflam-
matory cell infiltration (Taha-Abdelaziz et al.
2016). In addition to superficial lesions at the
nasal cavity, pneumonic lesions can also form
and are characterized by necrosis, alveolar
hemorrhage, neutrophil accumulation, and
fibrosis (Brockmeier et al. 2019). The most
notable lesion caused by a Bordetella species
occurs in poultry and results in the modulation
of tracheal rings, ultimately leading to tracheal
collapse (Yersin et al. 1998).

In swine, B. bronchiseptica is extensively
prevalent and plays multiple roles in respira-
tory disease. It is the primary etiologic agent
of nonprogressive atrophic rhinitis, a mild to
moderately severe, reversible condition, and
it promotes colonization by toxigenic strains
of Pasteurella multocida, leading to severe,
progressive atrophic rhinitis (Brockmeier et al.
2019). In young pigs, it is a primary cause of
bronchopneumonia and in older pigs con-
tributes to the porcine respiratory disease
complex (Brockmeier et al. 2019). Its presence
also enhances colonization with Glaesserella

parasuis and Streptococcus suis and increases
the severity of respiratory disease associ-
ated with viral pathogens, including porcine
reproductive and respiratory syndrome virus,
swine influenza virus, and porcine respira-
tory coronavirus (Brockmeier et al. 2019).
B. bronchiseptica infections can be confirmed
by culture or molecular methods, although
infection is often diagnosed based on clinical
signs and without laboratory confirmation,
confounding the ability to track the prevalence
of cases.

Virulence Factors

The classical and non-classical Bordetella
species share several factors that contribute to
their virulence in hosts. However, the function
and importance of each may vary, apparently
related to divergent aspects of host adaptation.
Research into most of these factors has most
often been examined using B. bronchiseptica in
mice or pigs, or B. avium in birds. A longer list
of currently known virulence factors in various
Bordetella species is shown in Table 17.1.

Adhesins

Bordetellae produce several adhesins that are
important in the ciliated epithelial mucosal
colonization that is characteristic of the early
stages of infection in different species (see
Figure 17.1).

Filamentous Hemagglutinin
Filamentous hemagglutinin (FHA) is an adhe-
sion protein that can be associated with the
bacterial cell surface or be a soluble molecule.
It facilitates attachment to many different cell
types, including ciliated cells, macrophages,
and leukocytes. One of the key roles of FHA
is the initial colonization of the host epithelia.
This was demonstrated using a B. bronchisep-
tica isolate lacking FHA, which exhibited
decreased colonization and disease severity
in a porcine infection model (Nicholson et al.
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A B

Figure 17.1 Colonization by Bordetella bronchiseptica (red staining) of the ciliated epithelium of the conchae
(A:160X) or bronchus (B:400X) of an infected pig. Areas denuded of cilia are apparent in the conchae.
A neutrophilic inflammatory infiltrate is present in the lumen of the bronchus.

2009). This work indicated that FHA is a vital
adhesion factor for initial colonization and
is required to establish disease. This role in
colonization may also be linked to its contribu-
tion to biofilm formation in the murine nasal
cavity and trachea; reducing FHA decreases
Bordetella biofilm formation (Serra et al. 2011).
An FHA-deficient mutant of B. bronchiseptica
elicited an increased T helper (Th) 17-mediated
inflammatory response in mice, characterized
by interleukin (IL)-17-positive neutrophils,
macrophages, and CD4+ T cells (Henderson
et al. 2012). This indicates that FHA mediates
the suppression of Th17-mediated inflam-
mation, which primarily activates the killing
mechanisms of macrophages and promote the
production of antibodies, thereby allowing the
infection to persist.

Fimbriae
Fimbriae are hair-like filaments that can
extend over a cell length from the cell surface.

Six fimbriae subunit genes have been iden-
tified in Bordetella spp., however fim2 and
fim3 are the major subunits that compose the
fimbriae produced by most characterized Bor-
detella isolates. The virulence function of these
fimbriae is unknown, but there is evidence to
suggest they play a role in attachment to res-
piratory tract cells. A fimbriae-deficient strain
of B. bronchiseptica was observed to be defi-
cient in attachment to the airway epithelium
(Scheller et al. 2015).

Fimbriae also play a role, apparently cooper-
ative with that of FHA, in immunosuppression.
A recently identified ortholog of the fim-
brial locus was identified in B. avium, which
mediates attachment to the avian respiratory
epithelium (Loker et al. 2011). The expression
of fimbriae was also determined to be regu-
lated by temperature in B. avium, providing
additional evidence for its role in adherence to
the warmer surfaces of the lower respiratory
tract (Loker et al. 2011).
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Pertactin
Pertactin is an outer membrane adhesin that
is a member of the autotransporter family. It is
found in all Bordetella species, with the excep-
tion of B. avium, B. petrii, and B. trematum.
The precise role and function of pertactin has
not been fully elucidated, however research
using pertactin-deficient B. bronchiseptica and
B. parapertussis isolates has provided insight
into its importance in disease. Pertactin has
been observed to contribute to Bordetella cyto-
toxicity in murine and porcine macrophages
as well as colonization (Forde et al. 1999;
Nicholson et al. 2009; Figure 17.1). The most
intense study of pertactin has focused on its
protective effects as an antigen in acellular
vaccines, due to its immunogenicity. Several
studies report immunization with pertactin
protein producing high affinity antibodies and
protection against subsequent B. bronchisep-
tica infection. The differences that are known
to exist in pertactin sequences among Borde-
tella species, similar to fimbriae, may provide
an explanation for host specificity and there-
fore cross-protection against B. bronchiseptica
and B. parapertussis cannot be achieved via
pertactin-elicited immunity (Boursaux-Eude
and Guiso 2000; Diavatopoulos et al. 2006).

Toxins

Adenylate Cyclase Toxin
Adenylate cyclase toxin (ACT) is a primary
factor that contributes to the disease process
through some combination of its several activ-
ities. ACT can associate with the bacterial cell
surface through interactions with FHA, but
it also exists in a soluble form (Zaretzky et al.
2002). The effects of ACT were previously
attributed to pertussis toxin, not discussed in
this chapter; however, it was differentiated
by Confer et al. in 1984. ACT is believed to
suppress neutrophil and macrophage activity
and to have a primary role in lower respiratory
tract infection. A member of the repeats in the
structural toxin (RTX) family of toxins, ACT
has three major activities: adenylate cyclase,

pore formation, and invasion of toxin into the
target cell. ACT has also been implicated in
the suppression of a Th17-mediated immune
response, similar to FHA (Adkins et al. 2014).
In addition to causing macrophage death via
invasion, ACT can also inhibit differentiation
of monocytes, leading to an impaired immune
response against Bordetella species (Ahmad
et al. 2019). Impacts on non-phagocytic cells
have also been studied, with ACT contribut-
ing to Bordetella spp. invasion of epithelial
cells (Angely et al. 2020). Adaptive immune
cells are also affected by ACT, which can
impair the ability of dendritic cells to present
to and activate T cells, limiting the cell- and
humoral-mediated immune response (Adkins
et al. 2014). Antibodies generated against ACT
are highly protective and contribute to clearing
bacterial from the lungs (Wang and Maynard
2015).

Dermonecrotic Toxin
Dermonecrotic toxin (DNT) is an intracellular
protein expressed by the classical Bordetella
species and B. avium and is a primary cause of
lesions in infected hosts (Magyar et al. 2000).
DNT acts by modulating members of the Rho
GTPase family to become constitutively acti-
vated leading to DNA and protein synthesis, as
well as actin skeleton rearrangement (Fukui
and Horiguchi 2004). These effects contribute
to the development of typical lesions resulting
from Bordetella infection, such as turbinate
atrophy in the upper respiratory tract and
bronchopneumonia lesions in the lung, which
are early vascular and inflammatory lesions
followed by fibrosis (Brockmeier et al. 2002).

Tracheal Cytotoxin
Tracheal cytotoxin (TCT) is a peptidoglycan
fragment found in classical Bordetella and
B. avium that primarily affects non-ciliated
airway epithelium cells. Internalization of
TCT results in the production of IL-1α via
co-stimulation with lipopolysaccharide (LPS),
discussed below, resulting in host cell produc-
tion of nitric oxide, a mediator typically used
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to kill pathogens. However, TCT-induced pro-
duction of nitric oxide affects nearby host cells,
leading to cell death (Flak et al. 2000). TCT
production also interferes with the ability of
neutrophils to respond to immune signals and
migrate to sites of infection, thereby prevent-
ing efficient bacterial clearance (Cundell et al.
1994). Research involving TCT mechanisms of
action has been primarily conducted in B. per-
tussis, though other Bordetella species produce
an identical TCT molecule (Table 17.2).

Lipopolysaccharide
LPS is a highly proinflammatory and immuno-
genic component of the outer membrane of
most Gram-negative bacteria and is composed
of lipid A, a sugar core, an anchoring moiety,
and an O-chain that contains the primary
antigenic molecules which can vary based on
species and/or strain. The extended carbohy-
drate moieties can protect the bacterium from
various host killing mechanisms, including
antibodies, complement, and antimicrobial
peptides. LPS is detected via the Toll-like
receptor 4 (TLR4) signaling receptor on host
cells and elicits a variety of critical responses,
such that TLR4-deficient animals are highly
susceptible to lethal infections. The critical
role of TLR4 response is further underscored
by recent evolutionary changes in stimulatory
activity of LPS from different Bordetellae,
which can differ by orders of magnitude
(Mann et al. 2005). B. parapertussis LPS binds
TLR4 much less avidly, allowing it to evade
immune detection, and its binding to TLR4
on dendritic cells has been shown to elicit
production of several cytokines, including
IL-6, IL-10, and IL-27, among others, that are
critical to host defense (Mann et al. 2005). LPS
also plays a role in complement resistance and
binding to turkey tracheal rings in B. avium
(Spears et al. 2000; Burns et al. 2003). Porcine
nasal epithelium exposed to B. bronchisep-
tica LPS exhibited significant cell death and
lymphocyte penetration (Gallego et al. 2013).
Differences in antigenicity, disease process,
and severity have been reported to be linked to

the presence and variation of O antigens
expressed by Bordetella isolates (Harvill et al.
2000). However, while the O antigen induces
a strong antibody response, the proinflam-
matory response is mediated by the lipid A
component of LPS in B. bronchiseptica (Zhang
et al. 2009; Sisti et al. 2017). These differences
in an important antigenic component may also
serve as an explanation for the wide host range
of the multiple Bordetella species, or may
provide antigenically distinct surfaces that
allow multiple closely related strains to evade
immune-mediated competition to coexist.

Immunomodulators

Type Three Secretion System
The type three secretion system (T3SS) is a
common virulence system used by numerous
pathogenic bacteria. It is a needle-like complex
that injects a variety of effector proteins into
host cells. This system is the most conserved
secretion system within the classical Bordetella
species and has been described in B. bron-
chiseptica, B. parapertussis, B. ansorpii, and
B. pertussis (Park et al. 2012). The apparatus
machinery is encoded by 22 genes located at
what is known as the bsc locus and are induced
by blood or serum, increased carbon dioxide,
and iron, all environments that Bordetellae are
exposed to during infection (Brickman et al.
2011; Hester et al. 2012; Gestal et al. 2018). The
T3SS is capable of inserting bacterial effectors
into host cells, but the bsc genes are down-
regulated after bacterial entry into host cells.
The T3SS is regulated by the master regulatory
system for virulence genes, BvgAS, described
below.

A key effector molecule delivered by the
T3SS is BteA (also known as BopC). In B. bron-
chiseptica, BteA was shown to be extremely
cytotoxic to host cells when delivered via T3SS
(Kuwae et al. 2006). The target of BteA action
is proposed to be the cholesterol components
of the host cell membrane, referred to as
lipid rafts, leading to cell death (French et al.
2009). While the BteA protein is primarily
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homologous among the classical Bordetella,
the cytotoxic effect can vary based on species.
The only other known T3SS effector protein
in the Bordetella species is BopN, though its
cellular function is still debated. The presence
of BopN appears to be required for the full
cytotoxic effect of BteA, although this was
not observed in all cell types. A homologous
protein in the Yersinia family of T3SS proteins
acts as gate keeper to prevent prematurely
delivered effector proteins (Chapter 9), but
this action was not observed for the Bordetella
BopN (Abe et al. 2017). T3SS effector pro-
teins may also play a role in directly evading
the immune system, evidenced by elevated
antibody responses elicited by infections with
Bordetella strains lacking a T3SS, as well as the
role of the T3SS in eliciting the production of
immunosuppressive IL-10 (Nagamatsu et al.
2009). These T3SS-lacking strains of B. bron-
chiseptica are also defective in their ability to
persist in the lower respiratory tract of various
hosts including rats, mice, and pigs (Yuk et al.
2000; Nicholson et al. 2014).

Type VI Secretion System
The type VI secretion system (T6SS) is
expressed by many Gram-negative bacteria,
including B. bronchiseptica and B. parapertus-
sis. Like the T3SS, the T6SS delivers effector
molecules to host cells. A deletion in critical
genes demonstrated that the T6SS plays a role
in cytotoxicity as well as the stimulation of a
Th17 response and contributes to a prolonged,
more severe disease process (Weyrich et al.
2012). In addition, T6SS-deficient strains of
B. bronchiseptica were shown to contribute
to intracellular survival, and potential host
immune evasion mechanisms (Bendor et al.
2015).

Environmental Responses

Iron Acquisition
The classical Bordetellae share many iron
acquisition mechanisms and genes. The

primary siderophore used by all classical
Bordetellae is alcaligin, but enterobactin, fer-
richrysin, vicibactin, and aerobactin, among
others, are also employed (Brickman et al.
2007). The classical Bordetellae and B. avium
also use hemin as an iron source (Brickman
et al. 2007). During iron starvation, the genes
encoding these proteins and systems are
induced, allowing for iron acquisition.

The importance of iron acquisition has been
demonstrated through Bordetella species defi-
cient in the alcaligin siderophore, enterobactin
siderophore and heme utilization systems
(Brickman et al. 2008). Mutants deficient in
each of these systems were less virulent than
the wild type strains, indicating that iron acqui-
sition is an important function in infection and
proliferation. In addition, the attenuation
observed in each iron acquisition system var-
ied throughout the infection, demonstrating
that iron requirements for Bordetella change
throughout the infection process and each
system serves a role in different stages of
infection.

Biofilm Formation
A biofilm is an adherent community of
microorganisms encased within a complex
matrix of polysaccharides, proteins and
extracellular DNA that protects the encased
community from a variety of environmental
stresses such as shear flow forces, antimi-
crobial compounds, and host immune and
clearance mechanisms. Several factors, includ-
ing BvgAS regulated adhesins play a role
in the formation and persistence of Borde-
tella biofilms (Irie et al. 2004). Biofilms can
form on almost any surface and Bordetella
biofilms have been observed on respira-
tory epithelia in hosts, contributing to their
persistence (Sloan et al. 2007). An impor-
tant gene encoding a polysaccharide for
biofilm formation is Bsp which has been
shown to be required for colonization in rats
and pigs (Sloan et al. 2007; Nicholson et al.
2017).
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Regulation of Virulence

The primary master regulator of the classical
Bordetellae species is the Bordetella virulence
gene (bvg) locus, which controls the expres-
sion of over 500 genes resulting in a spectrum
of phenotypic phases transitioning between
a virulent (Bvg+) phase and a non-virulent
(Bvg−) phase, a process referred to as phe-
notypic modulation. The bvg locus encodes
a DNA-binding response-regulator protein,
BvgA, and a histidine kinase sensor protein,
BvgS. Changes in environmental signals elicit
conformational changes and modifications
of their actions. The environmental stimuli
causing these changes are suggested below,
but the laboratory-induced conditions of 37∘C
and the absence of magnesium sulfate and
nicotinic acid have been used to understand
these effects. In these conditions, the BvgAS is
fully active and many of the known virulence
factors are fully expressed, along with a BvgR,
which represses expression of a set of genes,
collectively called virulence-repressed genes
(Figure 17.2). Conversely, the BvgAS system is
inactivated by the presence of lower temper-
ature (27∘C), magnesium sulfate or nicotinic
acid, resulting in the maximal expression of
motility loci and virulence-repressed genes
(Chen and Stibitz 2019).

The Bvg+ and Bvg− phases are believed
to facilitate growth and invasion under dif-
ferent conditions. In warm-blooded hosts,
the transition from Bvg− to Bvg+ facilitates
colonization of the host, eventually causing
disease. However, it is an oversimplification to
consider there to be only two states. Observa-
tion of an intermediate phase, Bvgi, revealed
a gradual shift of expression of many genes
over a spectrum characterized by progressive
downregulation of Bvg− associated genes,
expression of Bvg+ associated genes, as well
as the expression of unique Bvgi associated
genes (Cotter and Miller 1997). These Bvgi

expressed genes include those involved in
initial colonization, such as FHA, and this has
been linked to the affinity of their promoters

for BvgA. As the Bordetellae grow and estab-
lish colonization, the shift to the Bvg+ phase
continues to full expression of virulence genes,
including additional adhesins as well as toxins
(Figure 17.2). There is also evidence that the
BvgAS system regulates biofilm formation.

Pathogenesis

The basic pathogenesis of the major pathogenic
Bordetella illustrated by B. bronchiseptica is
summarized in Figure 17.3. Infection initially
begins in the nasal cavity, where Bordetella
colonizes before moving to other areas of the
upper and lower respiratory tract. A primary
feature of this dissemination is the attach-
ment to ciliated cells via adherence factors,
discussed earlier in this chapter. Virulence
factor expression is regulated by the Borde-
tella virulence gene (Bvg) system. When the
bacterium first enters the host, it is generally
deposited on nasal mucosa, the temperature of
which is several degrees lower than the host’s
internal body temperature. This temperature
is believed to initiate the expression of select
virulence genes, primarily adherence factors,
in the early Bvg+ phase for efficient coloniza-
tion. This allows them to attach to non-ciliated
cells and continue the infection process, often
via biofilm formation. Attachment to ciliated
cells in the trachea requires the expression of
several adherence and immunomodulatory
proteins; therefore, as the bacteria continue to
infect the host, the late Bvg+ phase initiates
the expression of these genes. Dissemination
to other, non-respiratory organs can also occur,
perhaps aided by the ability of Bordetellae
to invade and survive within phagocytic and
other cell types (Bendor et al. 2015).

Immunity

Most research into the immune responses to
Bordetella infections is primarily conducted
using B. bronchiseptica due to the available
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Figure 17.2 Binding of Bordetella bronchiseptica
to ciliated tracheal epithelial cells by scanning
electron microscopy. (a). Maximal binding, with
preferential attachment to cilia occurs when
bacteria are in full modulated Bvg+ phase. (b). A
mutant strain locked permanently in the Bvg−
phase displays a greatly diminished adherence.
(c). Ectopic expression of filamentous
hemagglutinin by a phase-locked Bvg− mutant
restores ciliary attachment.

use of animal models. The innate immune
response to infection with B. bronchiseptica
generates a strong inflammatory response. The
LPS-stimulated receptor TLR4 has been shown
to be an important innate immune receptor
(Wolfe et al. 2009). Tumor necrosis factor α and
interferon-γ contribute to the inflammatory
response; however, it has also been suggested
that immunomodulatory proteins produced by

B. bronchiseptica induce macrophage cytokine
production that skew the adaptive immune
response (Siciliano et al. 2006). This includes
the induction of macrophages to produce
IL-17, which in turn skews T cells toward a
Th17 response. Both B and T cells are required
to clear B. bronchiseptica infection.

The host immune response to Bordetella spp.
infections can cause tissue damage, allowing
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Figure 17.3 Overview of pathogenesis of Bordetella bronchiseptica in tracheobronchitis. The histidine kinase
sensor protein BvgS is inactive and remains unphosphorylated when B. bronchiseptica is grown at around
25∘C or in the presence of Mg++ or nicotinic acid. In the Bvg− form, B. bronchiseptica expresses
characteristics needed for growth under nutrient-limiting conditions as may be encountered in the ex-vivo
environment. This includes production of flagellae for motility. When Bvg is partially activated, genes
probably required for transmission and colonization are expressed in the Bvgi phase. In the Bvg+ phase,
genes for type 3 secretion system (T3SS), dermonecrotic toxin (DNT), adenylate cyclase toxin (ACT) and
different adhesins are maximally expressed. As B. bronchiseptica enters the tracheobronchial tree there is
adhesion to the ciliated epithelium. Phagocytic cells are destroyed by the cytolytic ACT. DNT causes
cytoskeletal changes to epithelial cells and is lethal; it also effects turbinate atrophy in the pig host. The
T3SS effectors also cause cell death and immunomodulation. The combined effects of toxins and adhesins
is evasion of the host defenses, persistence of the infection and advanced mucosal damage. Thanks to A. N.
Rycroft for designing the figure.

for co-infections of different bacteria or viruses
to establish. In pigs, Bordetella spp. are the
primary etiologic agent of non-progressive
atrophic rhinitis, a mild to moderately severe,
reversible condition that also promotes colo-
nization by toxigenic strains of P. multocida.
This co-infection leads to severe, progressive
atrophic rhinitis. Infection with B. bronchisep-
tica also enhances colonization with S. suis
and G. parasuis and increases the severity of
respiratory disease associated with porcine
reproductive and respiratory syndrome virus,

swine influenza virus, porcine respiratory
disease complex, and porcine respiratory
coronavirus. Similar co-infections have been
observed in cats, dogs, and chickens.

Control

Treatment

There is increasing prevalence of antimicro-
bial resistance among the various Bordetella
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species. Acquired antimicrobial resistance
genetic elements coding for all three classical
mechanisms (target modification, enzymatic
inactivation, and efflux) have been reported
in B. bronchiseptica (Kadlec and Schwarz
2018). Most of the research and reporting
of antimicrobial resistance for Bordetella
species has used B. bronchiseptica isolates, due
to the high prevalence of infections among
food-producing and companion animals.
The classes of antibiotics licensed, and most
commonly used, to treat veterinary respira-
tory infections are β-lactams and macrolides.
This is a major treatment problem because
B. bronchiseptica is generally resistant to
β-lactams and macrolides. In fact, macrolide
resistance is an important distinction between
B. bronchiseptica and B. pertussis: macrolide
antibiotics are sometimes used to treat B. per-
tussis infections, but are not effective against
B. bronchiseptica. B. bronchiseptica also show
resistance to β-lactams due to a species-specific
β-lactamase gene and low membrane perme-
ability to cephalosporins. For this reason, these
treatments are often not prescribed when
B. bronchiseptica is suspected, although labo-
ratory confirmation is not typically attempted.
Drugs used most regularly in the treatment
of suspected B. bronchiseptica infections are
chlortetracycline and doxycycline.

Vaccines

Although readily available at nearly all vet-
erinary clinics and hospitals, and highly
recommended by veterinarians and the Amer-
ican Animal Hospital Association, vaccination
is believed to only provide immunity against
infection for less than 12 months (Lehr et al.
2008). Vaccination is required by most ken-
nels and animal care facilities due to the
risk of transmission to all animals within
the facility. However, the efficacy of cur-
rently available vaccines in preventing disease
is being questioned, and many vaccinated
and healthy animals remain colonized with
B. bronchiseptica (Ellis 2015).

B. bronchiseptica vaccines are recommended
for dogs and cats at three and four weeks old,
respectively. Annual boosters are considered
standard, though semiannual boosters may
be required for stays at boarding facilities.
These commercially available vaccines to
prevent B. bronchiseptica disease include live
attenuated strains or antigen extracts from
killed bacterial isolates and are often adminis-
tered in combination with vaccines for other
pathogens. As previously mentioned, several
of these vaccines carry a warning for owners to
distance themselves from the recipient animal
due to possible transmission of live bacteria.
While marketed and labeled as live attenu-
ated vaccines, the attenuation method used
is seldom reported and none are genetically
modified (Stevenson and Roberts 2003). Serial
passage in vitro selects for mutations in the
Bvg regulation system mentioned previously,
resulting in attenuated strains that do not
express genes required for virulence and are
generally safe.

The efficacy of B. bronchiseptica vaccines
has been called into question over the past
several years. One of the major issues with the
available vaccines is the lack of laboratory and
clinical studies confirming their efficiency. In
addition, the use of contrasting vaccination
methods, including intranasal, parenteral,
and oral, confounds studies comparing the
efficacy due to the different types of immu-
nity that are generated by each delivery route
or vaccine preparation. Limited laboratory
research suggests that a combination of vac-
cine delivery methods may provide the most
complete immunity, but this has not been
confirmed in a full scale clinical trial (Ellis
2015). In addition, B. bronchiseptica infections
can result in long-term carriage, and this has
been observed in vaccinated animals, suggest-
ing that vaccines fail to protect animals from
colonization. Importantly, vaccinated ani-
mals can then serve as asymptomatic carriers
that continue to shed and transmit B. bron-
chiseptica to cohorts (Coutts et al. 1996; Ellis
2015). Additional work into several aspects of
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Bordetella spp. infections of veterinary hosts
is required to confirm vaccine efficacy, these
include the activation of innate immunity and
antibodies, the longevity of vaccine generated
antibodies, and the ability of animals to be
reinfected or generate convalescent immunity.

Gaps in Knowledge
and Anticipated Directions

Despite decades of research, there are glar-
ing gaps in our understanding of Bordetella
species and how they impact their animal
hosts. One of the main areas for improve-
ment is in the surveillance and diagnosis of

Bordetella species infections. Without accurate
knowledge of the prevalence of infections,
understanding of asymptomatic infections and
transmission events is limited. In addition,
increased surveillance of antimicrobial resis-
tant strains is required to best treat infections
and track the presence of resistance plasmids
and genes. Research into currently available
vaccines is also necessary for assessment of
their efficacy in preventing both disease and
transmission. The ability of animals to develop
immunity via vaccination or infection has also
not been assessed and could provide insight
into how to improve vaccines and prevention
of disease.
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Introduction

Currently (as of June 2021) there are 35 validly
published, six not validly published species,
and additional subspecies and biovars within
the genus Campylobacter; Campylobacter
fetus is designated as the type species (LPSN
Database 2022; On et al. 2017; Parte 2018;
Costa and Iraola 2019). Campylobacter are
characterized by their inability to ferment car-
bohydrates, low chromosomal G+C content
(approximately 30%), and requirement for
microaerobic atmosphere for growth. Species
of Campylobacter are Gram-negative rods
and are usually S-shaped, curved, spiral, or
comma-shaped, and occasionally straight, but
they can also change to coccoid and spherical
forms in response to stress (On et al. 2017). In
general, Campylobacter spp. are slow-growing,
fastidious, and sensitive to oxygen, low pH,
osmotic stress and high temperatures. Growth
temperature for Campylobacter ranges from
25∘C to 42∘C, and most species can grow at
37∘C. Thermophilic species, including Campy-
lobacter jejuni and Campylobacter coli, grow
best at 37–42∘C, while C. fetus grow better
between 25 and 37∘C and may not grow at
42∘C. Campylobacter spp. are all non-spore-
forming, and most of them are oxidase and
catalase positive and motile due to expres-
sion of one or two polar flagella that mediate

a characteristic darting or corkscrew-like
motility (On et al. 2017).

Campylobacter spp. reside in the gastroin-
testinal and/or genital tract in many different
animal species, as either commensals or
pathogens. Clinical consequences of Campy-
lobacter infection in animals and humans
varies considerably. In poultry, colonization
by C. jejuni and C. coli in the intestine is very
common and is commensal in nature, but
infection by Campylobacter hepaticus induces
spotty liver disease (SLD) in layer hens (Cour-
tice et al. 2018; Crawshaw 2019). In ruminants,
C. fetus and C. jejuni are major causes of
reproductive failures, although asymptomatic
colonization by the organisms in the intestine
is also frequent (Sahin et al. 2017b). Several
other species of Campylobacter may cause dis-
ease in animals, but their clinical significance
is relatively minor (Table 18.1). In humans,
C. jejuni and, less frequently, C. coli are among
the leading bacterial causes of foodborne gas-
troenteritis worldwide (Heimesaat et al. 2021).
In this chapter, we focus on Campylobacter
spp. (C. fetus, C. jejuni, and C. hepaticus) that
are significant for animal health. Commensal
colonization and transmission of Campylobac-
ter from animals to humans via the food chain
are not covered here; readers are referred
to other recent publications on these topics
(Zhang and Sahin 2020; Heimesaat et al. 2021).

Pathogenesis of Bacterial Infections in Animals, Fifth Edition.
Edited by John F. Prescott, Janet I. MacInnes, Filip Van Immerseel, John D. Boyce, Andrew N. Rycroft, and José A. Vázquez-Boland.
© 2023 John Wiley & Sons, Inc. Published 2023 by John Wiley & Sons, Inc.
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Table 18.1 Campylobacter species associated with
animal diseases.

Campylobacter Animal disease

C. fetus subsp. fetus Sheep and cow (abortion)
C. fetus subsp.
venerealis

Cow (infertility and
abortion)

C. gracilis Dog (diarrhea)
C. helveticus Cat and dog (diarrhea)
C. hepaticus Chicken (spotty liver

disease)
C. hyointestinalis
subsp. hyointestinalis

Pig (proliferative ileitis;
not proven)

C. jejuni Sheep, cow, and goat
(abortion)

C. mucosalis Dog (diarrhea)
C. pinnipediorum
subsp. pinnipediorum

Pinniped (abscess)

C. pinnipediorum
subsp. caledonicus

Pinniped (abscess)

C. showae Dog (diarrhea)
C. sputorum Dog (diarrhea),

sheep (abortion)

Diseases, Etiology, and Ecology

Campylobacter Infections in Ruminants

Campylobacter-induced reproductive losses in
ruminants, abortion and infertility, are com-
mon and incur a significant economic burden
worldwide (Skirrow 1994; Michi et al. 2016;
Sahin et al. 2017b). The primary Campylobacter
spp. associated with these clinical conditions
are C. fetus and C. jejuni (Figure 18.1). There
are two C. fetus subspecies of importance to
ruminant health: C. fetus subsp. venerealis
(Cfv) and C. fetus subsp. fetus (Cff ). While
Cfv is restricted to bovine genital tract and
causes venereally transmitted infectious infer-
tility in cattle, Cff has a broader host range,
is transmitted via the fecal–oral route, and is
associated with abortions in sheep, cattle and
goats. Besides Cff , C. jejuni is also a leading
cause of sheep abortion storms and occa-
sionally induces sporadic abortions in goats
and cows.

Sheep
Campylobacter infection is a major cause of
infectious abortion in sheep worldwide (Van
Engelen et al. 2014; Sahin et al. 2017b). The
disease is also known as epizootic or vibrionic
abortion and is typically manifested as large
outbreaks (epidemics) of fetal loss in the last
trimester of pregnancy. Etiologically, multiple
pathogens are implicated in sheep abortion,
and the proportion attributed to Campylobacter
varies considerably with regions and coun-
tries. However, Campylobacter usually ranks
at the top, with a flock abortion rate of 5–50%.
The Campylobacter species associated with
ovine abortion are primarily C. jejuni and Cff
(Skirrow 1994; Sahin et al. 2017b). Although
they are pathogenic to pregnant ewes, both
species, especially C. jejuni, commonly reside
in the ruminant intestine and/or gall bladder
as commensal organisms. Notably, they share
many common ecological, epidemiological
and pathological features in ruminants.

There appears a great geographic variation in
the main Campylobacter spp. associated with
ovine abortion. In general, and historically, Cff
has been the main Campylobacter species asso-
ciated with sheep abortions worldwide, even
though the reported abortion cases induced by
C. jejuni has been on the rise in recent years
(Wu et al. 2014b; Sahin et al. 2017b). In major
sheep producing countries, such as the United
Kingdom and New Zealand, Cff continues to
be the leading Campylobacter species causing
abortion storms in flocks (Mannering 2003;
Wu et al. 2014b). However, in North America,
especially in the United States, there has been
a remarkable species shift in the etiology of
Campylobacter-associated ovine abortion since
the late 1980s. C. jejuni has displaced Cff as the
predominant abortifacient species, accounting
for more than 90% of abortions during the past
two decades (Sahin et al. 2017b). In Denmark,
where Cff was previously the only known
Campylobacter species associated with ovine
abortion, a recent study identified C. jejuni
as the cause of abortion outbreaks in sheep
flocks for the first time (Wolf-Jackel et al.
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Figure 18.1 Overview of Campylobacter-induced animal diseases and pathogenic steps.

2020). In other countries, very limited infor-
mation is available on species distribution of
Campylobacter-associated sheep abortion.

Genetically, Cff and C. jejuni strains recov-
ered from sheep abortions from different
lambing seasons and farms tend to show high
genetic diversity, while strains from a sin-
gle abortion storm are usually homologous
(Wu et al. 2014b; Sahin et al. 2017b). An
exception has been reported in the United
States, where a single genetic clone (ST-8)
of C. jejuni, named “clone SA” (for sheep
abortion), has expanded to become the pri-
mary cause (responsible for > 90% cases) of
Campylobacter-induced abortion in sheep
(Wu et al. 2014b; Sahin et al. 2017b). C. jejuni
clone SA is resistant to tetracycline, the only
drug currently approved for the control of
Campylobacter abortions in sheep in the
United States, and is highly abortifacient as
demonstrated by challenge in different animal
models (Burrough et al. 2009; Wu et al. 2016;
Wu et al. 2020). It is also a zoonotic pathogen
and has been implicated in foodborne disease
outbreaks in humans due to consumption of
raw milk (Sahin et al. 2012).

Sheep abortion induced by Cff and C. jejuni
is transmitted by the fecal–oral route, not
by the venereal mode or genital infection,

ascending from the gastrointestinal tract
(Skirrow 1994; Grogono-Thomas et al. 2003;
Sahin et al. 2017b). These two Campylobacter
species, especially C. jejuni, are often carried
in the intestinal tract and gallbladder of sheep
and other ruminants, and thus are shed in
feces. Despite the ubiquitous distribution of
Campylobacter on sheep farms, only a fraction
of exposures lead to clinical abortion. When
it occurs, abortion typically starts with just
one or two ewes first in a flock and then pro-
ceeds as a sharp rise (abortion storm) in the
number affected animals within a couple of
weeks. Although it is difficult to determine
the initial infection source(s), it may include
introduction of new sheep from flocks with
a history of abortion, exposure directly to
aborted materials (e.g. placenta) and vaginal
discharge, and consumption of pasture, feed
and water contaminated by the products of
abortion (e.g. placenta and uterine discharge).
Aborted placenta and uterine discharge of
ewes contain large numbers of Campylobacter,
which is thought to be a very significant source
of infection for susceptible ewes in a flock
(Sanad et al. 2014; Yaeger et al. 2021).

Cattle
Reproductive failure caused by Cfv is an impor-
tant and common disease of cattle worldwide,



�

� �

�

396 18 Campylobacter

especially in developing countries (Michi et al.
2016; Sahin et al. 2017b). The condition,
known as infectious infertility or bovine geni-
tal campylobacteriosis (BGC), is characterized
mainly by infertility and early embryonic
mortality, and less frequently by abortion.
BGC is a notifiable disease by the World
Organization for Animal Health, and thus
has implications for the international trade of
cattle and cattle reproductive products. Unlike
Cff and C. jejuni, Cfv has a very restricted
host range and resides primarily in the genital
tract of cattle, especially in the preputial and
penis epithelium. As such, the primary mode
of transmission is venereal (via coitus or artifi-
cial insemination), from asymptomatic carrier
bulls to cows. Cff and C. jejuni can occasionally
cause reproductive losses in cattle, typically in
the form of horizontally transmitted sporadic
abortions, but their incidence is much lower
than the Cfv-induced infertility.

Cfv mainly resides in the preputial and
penile epithelial crypts of bulls as a commen-
sal (Michi et al. 2016). Transmission to cows
occurs venereally during natural service or
during artificial insemination via infected
semen or equipment. Once transmitted to
cows, Cfv usually inhabits vagina and uterus
without any further dissemination to other
sites (Michi et al. 2016). Duration of carrier
stage in bulls appears to depend on the age of
animals. In bulls younger than three to four
years, the infection is usually transient and
may be cleared within a few weeks, whereas
older bulls tend to carry the organism in the
genital tract for their lifetime. Similarly, cows
also show wide variation in their susceptibility
to Cfv infection. The organism is cleared from
the uterus very rapidly in some animals even
though others may carry it for weeks to months
or even longer duration in the vagina (Cipolla
et al. 1994).

Campylobacter Infections in Poultry

Campylobacter spp. are generally commensals
in poultry. For example, C. jejuni and C. coli

commonly colonize the intestine of poultry
(both chickens and turkeys) without inducing
pathologic lesions or overt disease (Hermans
et al. 2012; Sahin et al. 2015). One exception is
C. hepaticus, which was recently determined to
be the etiological agent of SLD in layer chick-
ens (Figure 18.1; Van et al. 2016; Van et al.
2017a). SLD was first reported in the United
States and Canada in the 1950s and 1960s,
respectively (Courtice et al. 2018; Crawshaw
2019). However, the etiological agent was not
identified until 2015 (Crawshaw et al. 2015).
SLD is mostly seen in free-ranging layers,
and occurs less frequently in caged layers and
other types of chickens (Courtice et al. 2018;
Crawshaw 2019). Historically, SLD peaked in
the early 1960s, but it nearly vanished from
Europe and North America by the early 1980s.
However, from the late 1980s, SLD re-emerged
in laying hens in Australia and UK and then
worldwide (Courtice et al. 2018; Crawshaw
2019). The near disappearance and then
re-emergence of SLD coincided with changes
in production practices, from free range to
battery cages and then a shift to free range in
response to the welfare concerns about cage
operations (Department for Environment,
Food and Rural Affairs 2022). Thus, the inci-
dence of SLD appears to be correlated with
the magnitude of the free-range operations.
The reason for this correlation is unknown,
but it was speculated that multi-tier housing
and automated removal of feces in the caged
layer industry might have prevented expo-
sure of birds to external sources of infection
and thereby diminished transmission of SLD
(Duncan 2001).

Birds can be infected by C. hepaticus as
young as 12 weeks of age and may carry the
organism in the intestine for many weeks
before onset of clinical SLD (Phung et al.
2019). Epidemiologically, the first occurrence
of SLD in flocks is often at the peak of lay. It
was speculated that metabolic changes asso-
ciated with rapid increase in egg production
could increase the susceptibility of layer birds
to C. hepaticus and its virulence mechanisms
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(Courtice et al. 2018; Moore et al. 2019). The
exact source of infection for a flock is unclear
but is likely to be environmental. For example,
a recent study detected C. hepaticus in various
environmental samples such as feces, water,
insects, and rodents on SLD-positive farms as
well as farms with no clinical SLD (Phung et al.
2019). The wide distribution of C. hepaticus
in these samples could explain the higher
incidence of SLD in free-range operations,
where layer chickens have more opportunities
to interact with diverse environmental factors
such as wild birds, flies, and rodents.

Clinical Observations
and Pathologic Changes

Campylobacter-Induced Reproductive
Loss in Ruminants

Sheep Abortion
The most common clinical signs of Campy-
lobacter infection (by both Cff and C. jejuni)
in pregnant sheep include abortion, stillbirth,
and weak newborn lambs, which usually
occurs in the last trimester of gestation
(Moeller 2012; Sahin et al. 2017b). Abort-
ing ewes usually do not show any clinical
symptoms, although occasional deaths due
to uterine sepsis have been reported (Skirrow
1994). Gross lesion may not be obvious and
the most common lesions is placentitis as
evidenced by presence of exudate on placental
surface and/or thickening and opacity of the
intercotyledonary placenta (Campero et al.
2005; Yaeger et al. 2021). The other common
gross lesion is the fetal liver lesion, which is
characterized by very typical circular to targe-
toid shaped, multifocal pale foci of 1–200 mm
in diameter, often with a central depression
(Yaeger et al. 2021). Microscopic lesions are
much more frequently observed and include
necrosuppurative placentitis (90–100% cases),
placental vasculitis, fetal suppurative pneumo-
nia (around 50% or more cases), necrotizing
and suppurative fetal hepatitis (around 15–35%

cases), purulent fetal meningitis (around 10%
cases), and others such as fetal gastroenteritis
and serositis (Yaeger et al. 2021). In many cases,
bacterial colonies typical of Campylobacter in
appearance are readily observed in the placenta
within trophoblasts, the adjacent stroma, sub-
trophoblastic sinusoidal capillaries, and the
cotyledonary villus stroma (Yaeger et al. 2021).

Bovine Reproductive Failure
In general, Cfv infection in bulls does not
result in any clinical signs, macroscopic or
microscopic lesions, or alteration in the quality
of semen. In contrast, cows infected with Cfv
may show clinical signs of vaginitis, cervicitis
and endometritis even though the overall
clinical signs are modest (Michi et al. 2016;
Sahin et al. 2017b). The most common clinical
consequences following the infection in preg-
nant cows are early embryonic death (usually
15–80 days of gestation) and the associated
abnormalities, which include transient infer-
tility, irregular and delayed returns to estrus,
decreased pregnancy rates, increased numbers
of repeat breeders, and a wide variation in
gestational ages (Michi et al. 2016; Sahin et al.
2017b). Late-term abortions, albeit less fre-
quent, can also occur, usually during months
four to seven of pregnancy. Cfv infection may
eventually lead to significant economic losses
on cattle farms, with up to 50% of cows becom-
ing barren. Exposure to Cfv in cows typically
results in an ascending urogenital tract infec-
tion in which gross lesions include hyperemia
and the presence of mucopurulent exudate on
uterus, cervix and vagina. Microscopically, the
vagina, cervix, uterus, and oviducts are often
infiltrated mildly with inflammatory cells and
the epithelium is slightly desquamated. Com-
mon microscopic lesions include placentitis
and pneumoniae, gastroenteritis, and serositis
in aborted fetuses (Michi et al. 2016; Sahin
et al. 2017b).

Spotty Liver Disease in Poultry

Clinically, SLD causes rapid decrease in
egg production accompanied by increase in
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mortality, which may last for several weeks.
Egg production drop and mortality vary with
different outbreaks, of 10–35% and 0.5–15%,
respectively (Grimes and Reece 2011). Mori-
bund birds are not commonly detected as
death generally occurs quickly (Grimes and
Reece 2011; Crawshaw et al. 2015). Even
when the outbreak is over, egg production can
remain depressed compared with pre-outbreak
levels (Crawshaw and Young 2003). Epi-
demiologically, SLD outbreaks occur most
frequently when layer birds reach the peak
of lay (Crawshaw 2019), although variations
in this association have been reported. For
example, an Australian study of 17 SLD out-
breaks revealed that the flock age for SLD
outbreaks varied from 22 weeks to 80 weeks,
with an average of 33.8 weeks (Crawshaw
2019). Previously, SLD was referred to as
“summer hepatitis,” due to the higher inci-
dence in summer months; however, recent
observations indicate that the disease occurs
all year round (Phung et al. 2019).

Pathologically, characteristic lesions of SLD
are grayish, white or cream necrosis spots
(1–2 mm in diameter) on the surface of liver
(Figure 18.2). The necrosis foci are usually
scattered throughout liver lobes but may be
more densely visible at the edges of liver lobes
(Crawshaw and Young 2003; Crawshaw 2019).
The infected liver may be slightly enlarged

and fibrinous (Crawshaw and Young 2003;
Scott 2016). Pathological changes in other
organs may also occur, such as enlarged and
mottled spleen, mild enteritis, and excessive
pericardial and peritoneal fluid (Crawshaw
and Young 2003; Grimes and Reece 2011).
Microscopically, liver lesions are typically
represented by an acute, randomly distributed,
focal, and necrotic hepatitis with fibrinous exu-
date (Figure 18.2; Scott 2016). In the spleen,
fibrinoid necrosis and fibrin thrombi as well
as reticular-cell hyperplasia can be observed.
In the small and large intestine, inflammation
may occur with infiltration of lymphocytes,
plasma cells, and focal heterophil in lamina
propria (Scott 2016).

Pathogenesis and Virulence
Factors

Sheep Abortion

C. jejuni and Cff are transmitted by the fecal–
oral route and colonize in the intestinal tract
and less frequently in the gallbladder with-
out causing clinical disease in non-pregnant
animals (Acik and Cetinkaya 2006; Sahin
et al. 2017b). In pregnant ewes, the organisms
may spread systemically to induce clinical
abortion (Figure 18.1). What triggers an
otherwise commensal organism to become

(a) (b)

Figure 18.2 Typical pathological changes associated with chicken spotty liver disease. (a) Gross necrotic
lesions (white spots; indicated by an arrow) on the surface of liver infected by C. hepaticus. (b) Microscopic
focal necrosis of the chicken liver as shown by hematoxylin and eosin staining (arrow). Source: Images
courtesy of Dr. Mohamed El-Gazzar, Iowa State University.
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pathogenic and cause abortion are not fully
understood, but host immunocompetence
likely plays a role (Grogono-Thomas et al.
2000; Grogono-Thomas et al. 2003). In sus-
ceptible ewes, Campylobacter is no longer
restricted in the gut and is able to translocate
across the intestinal mucosa into blood cir-
culation. This process results in bacteremia
and dissemination of Campylobacter to the
gravid uterus, where it causes placentitis, fetal
infection, and abortion (Grogono-Thomas
et al. 2000; Grogono-Thomas et al. 2003).

As shown in clinical cases and experi-
mentally challenged animals, Campylobacter
appears to show a fetoplacental tropism as
large numbers of the organism can be detected
in aborted placentas, fetal stomach contents,
and fetal lung and liver (Sahin et al. 2008;
Burrough et al. 2009; Burrough et al. 2012;
Wu et al. 2016). Multiplication of Campy-
lobacter in the fetoplacental unit triggers
profound inflammation in the uteroplacental
unit and fetal tissues, especially in the pla-
centa (Sahin et al. 2008; Sanad et al. 2014;
Yaeger et al. 2021). To investigate mechanisms
of abortion, the gene expression of aborted
placenta with Campylobacter infection was
analyzed by microarray (Sanad et al. 2014) and
RNAseq (Wu et al. 2019). Interestingly, the
RNAseq study revealed a number of cytokine
and cytokine receptor genes were upregu-
lated in Campylobacter-infected placentas
compared with the non-infected controls.
Th1 cytokines, especially high levels of tumor
necrosis factor α (TNFα), interferon γ, and IL-2,
are detrimental to pregnancy, inducing uterine
contractions and damage to the fetoplacental
unit (Entrican 2002). Both TNFα and inter-
feron γ were significantly upregulated in
Campylobacter-infected sheep placenta. Thus,
massive cytokine production and acute inflam-
matory response triggered by Campylobacter
infection may directly contribute to abortion.

Both Cff and C. jejuni have some classical
virulence attributes of bacterial pathogens,
such as chemotaxis, motility, membrane sur-
face structures, and adhesion to and invasion

of host cells (Table 18.2; Blaser et al. 2008; Wu
et al. 2013; Bolton 2015; Sahin et al. 2017b;
Elmi et al. 2020; Kreling et al. 2020). Recently,
small non-coding RNA was also found to be
involved in Campylobacter colonization of
animals (Kreuder et al. 2020). However, spe-
cific virulence factors directly contributing to
abortion pathogenesis are scarce. The surface
of Cff is protected with S-layer proteins (SLPs),
noncovalently attached to the lipopolysac-
charide (LPS). SLPs are highly antigenic, and
exhibit high antigenic variations due to so
called “nested DNA inversion” of the encod-
ing sap genes (Dworkin and Blaser 1997).
Mutant strains lacking SLPs lost the ability to
cause abortion (Grogono-Thomas et al. 2000),
indicating that SLPs play an important func-
tion in Cff -induced abortion. In vitro, SLPs
have been demonstrated to confer resistance
to complement-mediated serum killing by
preventing the binding of complement factor
C3b (Thompson 2002; Blaser et al. 2008). In a
mouse model with oral challenge, SLPs were
shown to be critical for induction of bacteremia
(Pei and Blaser 1990). Together, these findings
suggest that SLPs contribute to the disease
pathogenesis by allowing Cff to evade host
immunity and survive in blood. However, it
remains to be determined whether SLPs also
play a role in pathogen–host interaction in the
fetoplacental unit and whether they contribute
to induction of proinflammatory responses.

C. jejuni lacks SLPs, but is covered with a
layer of capsular polysaccharide (CPS) (Guerry
et al. 2012). The structure of CPS is diverse
in C. jejuni strains due to the variation in
sugar compositions and glycan modifications
(Guerry et al. 2012). CPS was shown to enable
C. jejuni to resist complement-mediated killing
(Keo et al. 2011). The role of CPS in the abor-
tion pathogenesis was recently evaluated using
a mouse bacteremia model and a guinea pig
abortion model using oral challenge (Sahin
et al. 2017a). Without CPS, C. jejuni completely
lost the ability to produce bacteremia in mice
and abortion in guinea pigs. Compared with
the wild-type strain, the CPS-deficient mutant



�

� �

�

400 18 Campylobacter

was also severely compromised in serum
resistance as determined with guinea pig sera
and sheep blood. These findings indicated
that CPS is a key virulence factor for systemic
infection and abortion, probably by conferring
resistance to complement-mediated serum
killing. However, CPS is ubiquitously present
in C. jejuni isolates and it alone would not
explain the hypervirulent property of C. jejuni
clone SA in abortion induction. To elucidate
what contributes to its hypervirulence, Wu
and others designed a directed genome evo-
lution strategy to identify the specific genetic
elements that were required for the highly
abortifacient phenotype of clone SA (Wu et al.
2016). Using this strategy and subsequent ver-
ification by gene-specific mutation, the major
outer-membrane protein (MOMP) encoded
by the porA gene was found to be essential
for the hypervirulence phenotype of C. jejuni
clone SA. Although MOMP is an essential
protein in C. jejuni, it shows sequence poly-
morphisms among different strains, especially
in the external loop regions (Wu et al. 2016).
C. jejuni clone SA harbors unique amino acid
polymorphisms in the predicted loop-four
region of MOMP, and the amino acid changes
in this region convert a non-abortifacient
strain to a highly abortifacient strain (Wu et al.
2016), indicating they are functionally critical.
Genomic analysis of historical isolates further
revealed that MOMP sequence polymorphisms
were involved in expansion of clone SA in the
United States (Wu et al. 2016). How MOMP
is involved in the pathogenesis of abortion is
unknown and awaits further investigation.

Bovine Reproductive Loss

Cfv resides in the prepuce of bull without caus-
ing any clinical disease. The infection also does
not compromise semen quality and breeding
ability. When introduced into the genital of a
naïve female, Cfv first establishes itself in the
vagina during the luteal phase of the estrus
cycle without further invasion (Seid 2019).
This may be associated with the abundancy of

neutrophils in the uterus during estrus, which
limits the spread of Cfv to uterus. Later in the
estrus cycle, neutrophil numbers declines and
the organism migrates through the cervix into
the uterine body, where it invades the uterus
and impedes placentation, causing infertility,
early embryonic death, and abortion (Seid
2019; Figure 18.1).

The virulence determinants underlying the
pathogenicity of Cfv are still unclear. The
genome of Cfv codes putative virulence fac-
tors of Campylobacter, such as the fibronectin-
binding protein CadF, Campylobacter invasion
antigen B (CiaB), phospholipase A (LldA),
and cytolethal distending toxin (CdtABC;
Table 18.2), but there is no proof that these
factors contribute to Cfv virulence in vivo.
Cfv harbors a type IV secretion system (T4SS)
encoded in a genomic island that was origi-
nally believed to be involved in Cfv tropism
to the bovine genital tract because the T4SS
contributed to cytotoxicity and invasiveness
of Cfv in in vitro cultures (Gorkiewicz et al.
2010). However, a recent study found that the
T4SS was absent in the majority of clinical
Cfv isolates, suggesting a limited role of T4SS
in Cfv pathogenicity (Silva et al. 2021). Cfv
also expresses SLPs, which are believed to
be an important mediator of Cfv interactions
with host cells. Since SLPs confer resistance
to bactericidal and phagocytic activities, they
may contribute to persistence of the pathogen
in the reproductive tract (Seid 2019).

Spotty Liver Disease

Currently, pathogenic mechanisms of SLD in
poultry remain to be elucidated and little is
known about virulence factors of C. hepaticus.
Experimental challenge and epidemiological
studies have indicated that natural infec-
tion of C. hepaticus occurs via the fecal-oral
route (Figure 18.1; Van et al. 2017a; Phung
et al. 2019). In diseased birds, C. hepaticus is
detected in the small intestine and the num-
ber is especially high in the caeca. Low to
moderate numbers of C. hepaticus can also
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Table 18.2 Summary of generic virulence factors of Campylobacter.

Virulence factors Functions C. jejuni C. fetus C. hepaticus

I. Adhesion
CadF (Campylobacter adhesion
protein to fibronectin)

Bind to host-cell fibronectin + + +

FlpA (fibrin-like peptide A) Bind to host-cell fibronectin + + +
CapA (Campylobacter adhesion
protein A)

Adherence and invasion + − +

HtrA (high-temperature
requirement protein A)

Cleave host E-cadherin and occludin;
assist folding of adhesins

+ + +

PEB1 (periplasmic-binding
protein)

Transport CadF to the outer membrane + + +

MOMP (major outer-
membrane protein)

Bind to fibronectin and the surface of
epithelial cells; important for abortion
induction

+ + +

JlpA (jejuni lipoprotein) Bind to a heat-shock protein of host cells + + +
II. Invasion
Cia (Campylobacter invasion
antigens)

Trigger host-cell cytoskeletal
rearrangements and subsequent
membrane ruffling that result in the
internalization of Campylobacter

+ + +

III. Toxicity
CDT (cytolethal distending
toxin)

Cytotoxicity, inflammation + + −

IV. Motility and chemotaxis
Flagella and chemotaxis factors Adhesion and invasion, mucosal

colonization, biofilm formation
+ + +

V. Surface structures
LOS (lipooligosaccharide) Activate Toll-like receptor (TLR)

4-mediated innate immunity; mediate
adherence and invasion; resist killing by
cationic antimicrobial peptides

+ + +

CPS (capsular polysaccharide) Resist complement-mediated killing;
involved in adherence, invasion, intestinal
colonization, and systemic infection.

+ − +

S-layer proteins Resist complement-mediated killing;
immune evasion

− + −

VI. Others
CmeABC efflux pump Bile resistance and intestinal colonization + + +
Small non-coding RNA
(CjNC110)

Intestinal colonization + – –

be found in bile and liver tissue (Van et al.
2017b). It remains unclear how C. hepaticus
traffics from the intestinal tract to the gallblad-
der and liver. This could happen by systemic
spread after translocation across gut barrier

or by retrograde movement from gut to the
gall bladder and then liver (Figure 18.1). It is
also unknown how C. hepaticus induces liver
lesions; it could be mediated by secreting toxin
or by triggering host inflammatory responses.
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However, genomic analysis of C. hepaticus did
not identify any known toxins (e.g. cytolethal
distending toxin) or any specific virulence
factors other than the generic virulence factors
of Campylobacter such as flagella, capsular
polysaccharide, lipooligosaccharide, adhensin
(PebA), and invasion (CiaB; Table 18.2; Van
et al. 2016; Petrovska et al. 2017; Van et al.
2019). Phenotypically, C. hepaticus is signifi-
cantly more invasive than other Campylobacter
spp., including C. jejuni, as determined in an
immortalized chicken liver cell line (Van et al.
2017a). The invasive feature correlates with its
ability to cause extra-intestinal infections in
poultry.

Pathogenomics and Evolution

During the past decade, advances in whole-
genome sequencing has generated enormous
amounts of genomic data for various Campy-
lobacter spp. In general, the genomes of
Campylobacter are relatively small in size,
ranging from 1.45 Mb to approximately 2.2 Mb,
and are high in gene density with greater than
90% of the genome being coding sequences
(Costa and Iraola 2019). The availability of
genomic sequences and their analyses by com-
parative genomics and population genomics
have generated new insights into the patho-
biology of Campylobacter spp. Genomic
information of several species of significance
to animal health is discussed below.

Camplylobacter fetus (subspecies fetus
and venerealis)

The first complete genome of C. fetus (strain
82-40) was sequenced in 2006 (Kienesberger
et al. 2014). Eight years later, the first com-
plete genomes for Cfv (strain 84-112) and
its biovar C. fetus subsp. venerealis bv. inter-
medius (Cfvi, strain 84-112) were reported
as well (Kienesberger et al. 2014; Van Der
Graaf-Van Bloois et al. 2014a). Comparison
of five complete C. fetus genomes, including

these three and another two genomes from Cff
strain 04/554 and Cfv strain 97/608, revealed
that they are highly syntenic and homolo-
gous with greater than 90% sequence identity
(Van Der Graaf-Van Bloois et al. 2014b). The
genomes are circular chromosomes with an
average GC content of 33.3%, and some strains
harbored one or more megaplasmids. The
genomes have 1600–2000 genes and share a
core genome of 1509 open-reading frames.
In their accessory genomes, three main vari-
able regions were identified, including two
genomic islands encoding the TSS4 secretion
system, the sap loci encoding SLPs, and the
CRISPR-Cas system loci (Kienesberger et al.
2014; Van Der Graaf-Van Bloois et al. 2014b).
These regions are likely to be acquired by hor-
izontal gene transfer as characterized by the
presence of mobile elements (e.g. transposons
and prophages), higher GC content than the
rest of genome, or proximity to transfer RNA
genes. The TSS4 secretion system was present
in the chromosomes of the three Cfv strains
but absent in the two Cff strains. Although all
the sequenced C. fetus strains encode the sap
locus, the genetic compositions of this region
differed among the strains. The sap loci of
Cfv strains 84-112 and 97/608 encoded a set
of phage-related genes and transposable ele-
ments, signaling the presence of a prophage.
The prophage sequences were inserted at dif-
ferent positions in the sap loci, but share 100%
identity. All C. fetus strains contain CRISPRs,
but only Cff 82-40 has the cas gene. Studies
using cell cultures demonstrated that the T4SS
on the genomic islands contributed to cytotox-
icity and invasiveness of Cfv (Gorkiewicz et al.
2010), but the genomic islands are absent in
many other Cfv isolates from aborted bovine
fetuses (Silva et al. 2021) and are frequent in
the chromosomes and plasmids of Cff (Van
Der Graaf-Van Bloois et al. 2014b; Graaf-Van
Bloois et al. 2016), suggesting that TSS4 is not
essential for Cfv virulence or niche adaptation.
Phenotypically, Cfv strains are negative with
H2S production as determined by a biochemi-
cal test, and this feature distinguishes Cfv from
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Cff and Cfvi. Genomic comparison showed
that Cfv strains have lost the putative cysteine
transporter and thus are unable to import
cysteine for H2S production, explaining the
phenotypic difference (Van Der Graaf-Van
Bloois et al. 2016).

The population structure of C. fetus was
initially shown to have two phylogenetic lin-
eages (A and B) based on the core genomes
of 23 strains (Van Der Graaf-Van Bloois et al.
2014b). All strains that were phenotypically
identified as Cfv (including its biovar Cfvi)
were clustered in lineage A. However, the
strains phenotypically identified as Cff were
clustered to both lineages A and B. A later and
extended genomic study involving 42 strains
revealed five lineages, offering a more accurate
picture on the population structure of C. fetus
strains (Van Der Graaf-Van Bloois et al. 2016).
Even with the more accurate analysis, all the
Cfv and Cfvi strains remained clustered in one
lineage, while the Cff strains were distributed
in all five lineages. The Cff strains falling
in the same lineage with the Cfv strains were
closely related without a clear separation in the
phylogeny. No genomic markers were found to
specifically separate the two subspecies based
on gene content analysis (Van Der Graaf-Van
Bloois et al. 2014b; Van Der Graaf-Van Bloois
et al. 2016). Based on genome-wide SNP phy-
logeny and evolutionary analysis, Cfv (and
Cfvi) was likely derived from a Cff ancestor,
and the divergence was a relatively recent
event as determined by BEAST analysis (Van
Der Graaf-Van Bloois et al. 2016). By analyzing
the genomes of 182 C. fetus isolates derived
from cattle and humans in different countries,
a recent study revealed the presence of eight
discrete lineages and found that C. fetus is a
pathobiont resident of the human intestinal
microbiota as it is present in healthy human
fecal metagenomes (Iraola et al. 2017). Evo-
lutionary analysis of the lineages suggested
C. fetus originated from humans approxi-
mately 10 500 years ago and livestock farming
might have facilitated the spillover of this
organism from human to cattle (Iraola et al.

2017). Additionally, the bovine adapted C. fetus
lineage (including Cff , Cfv and Cfvi) was likely
to be diverged from Cff around 2500 years ago.
However, the subspecies (Cff , Cfv, and Cfvi)
were closely related without a clear separation
in the bovine adapted lineage and how they
were evolved in the cattle host remains unclear
(Iraola et al. 2017).

Campylobacter jejuni

The first complete genome sequence of abor-
tifacient C. jejuni was from a representative
clone SA isolates (IA3902), which was origi-
nally derived from an aborted sheep placenta
and later confirmed to be highly abortifacient
in pregnant guinea pigs and ewes (Burrough
et al. 2009; Wu et al. 2020). The genome of the
IA3902 includes a circular chromosome and
a circular plasmid (pVir), and has a low GC
content (30.57%)(Wu et al. 2013). Interestingly,
the genome of IA3902 is highly similar and
syntenic to that of C. jejuni NCTC11168, which
was not abortifacient in pregnant animals
(Burrough et al. 2009). Comparison of the two
genomes identified 25 and 32 genes unique
for IA3902 and NCTC11168, respectively
(Wu et al. 2013). Additionally, there are 8696
single-nucleotide polymorphisms (SNPs) or
indels between the two strains. Comparative
genomics alone did not provide specific clues
that could explain the abortifacient phenotype
of IA 3902 (Wu et al. 2013). Subsequently, the
genomes of a set of C. jejuni isolates derived
from clinical abortion cases, including both
clone SA and non-clone SA strains, were com-
pared by DNA microarrays and whole-genome
sequencing (Wu et al. 2014b; Wu et al. 2016).
The results revealed that the genes unique
for IA3902 were not uniformly present in all
clone SA isolates, suggesting that they are
not essential for virulence. Additionally, the
pVir plasmid of IA3902 was absent in the
majority of clone SA isolates and was not
required for abortion induction (Shen et al.
2016). These findings excluded the role of
the unique genes and pVir in pathogenesis
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of C. jejuni clone SA. To identify the specific
genetic changes responsible for the virulence
phenotype, Wu et al. subsequently developed
the directed genome evolution strategy and
found several point mutations in MOMP to be
critical for the highly abortifacient phenotype
of clone SA (Wu et al. 2016).

To understand the evolution of C. jejuni
clone SA, genomic analysis was performed
with 99 clinical isolates derived from abortion
cases in the United States and UK, includ-
ing 72 clone SA isolates and 27 nonclone
SA isolates collected from 1990 to 2015 (Wu
et al. 2016). The whole-genome based pop-
ulation genetics analysis revealed that clone
SA isolates were monophyletic and showed
reduced recombination subsequent to emer-
gence and reduced haplotype diversity, all of
which indicated a recent clonal expansion
(Wu et al. 2016). In contrast, the non-clone SA
abortion isolates are paraphyletic and indistin-
guishable from the strains not associated with
abortion. Molecular clock analysis estimated
that clone SA emerged in the mid-1970s in
the United States. This estimate was corrob-
orated by the epidemiological findings that
the species shift from C. fetus to C. jejuni
approximately occurred in the 1980s (Sahin
et al. 2008; Sahin et al. 2012). What caused
the species shift is unclear and one possible
explanation is the deployment of C. fetus vac-
cines and use of tetracycline antibiotics, which
could have inhibited C. fetus and created a
niche for C. jejuni to expand as an abortifacient
pathogen. Furthermore, sequence analysis
by using Fu’s Fs test detected the porA gene
(encoding MOMP) as the top genome-wide
signal of adaptive evolution in clone SA, indi-
cating that it has driven the recent expansion
of clone SA evolutionarily (Wu et al. 2016).
An interesting and important feature of clone
SA is the insertion of the tetracycline-resistant
gene, tet(O), into the chromosome, and this
was uniformly observed in clone SA isolates
obtained after 2003 (Wu et al. 2013; Wu et al.
2016). In other Campylobacter strains, the
tet(O) gene is usually carried on plasmids,

instead of chromosome (Tang et al. 2017).
The integration of tet(O) into the chromosome
makes the resistance gene more stable in clone
SA, and may have facilitated the expansion of
clone SA under selection pressure from use of
tetracycline on sheep farms (Wu et al. 2014b).

Campylobacter hepaticus

The genomes of four C. hepaticus strains,
including the type strain (HV10), were
sequenced to originally support the classifica-
tion of C. hepaticus as a novel species (Van et al.
2016). Subsequently, a more comprehensive
genomic characterization of this species using
10 isolates from SLD cases was conducted
in the UK (Petrovska et al. 2017). The core
genome phylogenetic analysis showed that
C. hepaticus belongs to a distinct lineage and is
most closely related to C. jejuni and C. coli in
the genus of Campylobacter. Compared with
the genomes of C. jejuni, the average genome
size of C. hepaticus was reduced about 140 kb.
The reduction resulted in substantial loss of
iron acquisition systems and other putative
virulence genes known in Campylobacter. It
was speculated that gene reduction in iron
metabolism pathways in C. hepaticus might be
related to its adaptation to an iron rich environ-
ment such as the chicken liver (Petrovska et al.
2017). However, iron in the liver is not freely
available and C. hepaticus also needs to thrive
in the intestinal environment, where competi-
tion for iron is severe. Thus, the implication of
losing iron metabolic pathways in C. hepaticus
adaptation remains unclear. Another unique
feature revealed by genomic analysis is that
C. hepaticus encodes the glucose metabolism
pathway and was experimentally confirmed to
be able to utilize glucose as a carbon source
(Van et al. 2019). This is different from most of
the other Campylobacter species since they are
non-glycolytic and cannot metabolize glucose
(Stahl et al. 2012). The presence of glucose
metabolism pathway may confer an advantage
for C. hepaticus to compete and thrive in
the host.
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More recently, Van and others compared
the genomes of 14 newly derived Australian
isolates with the UK isolates (Van et al. 2019).
C. hepaticus core genome phylogeny showed
five phylogroups for all the analyzed UK and
Australian isolates, but the phylogroups are
geographically confined. Recombination anal-
ysis did not detect any recombinogenic regions
between the genomes of C. hepaticus and
C. jejuni or C. coli. In addition, comparison of
the genome sequences of the Australian and
UK isolates revealed a pan genome of 1709
unique protein-coding sequences and 1360
core genes. The gene accumulation curve of
the pan genome indicated an almost closed
pan genome for C. hepaticus. These features of
population genomics suggest that C. hepaticus
is a discrete bacterial population and is evolv-
ing independently from other Campylobacter
spp. The lost genes in the reduced genome
of C. hepaticus may have created a barrier for
gene flow. However, horizontal gene transfer
between C. hepaticus and other Campylobacter
spp. remains possible as demonstrated by the
presence of a C. jejuni tetracycline-resistant
plasmid in the genomes of C. hepaticus.

Immunity

Campylobacter infections may induce both
cell-mediated and humoral immune responses
that confer some level of immunity to subse-
quent disease. However, in general, little is
known about details of the immunity against
Campylobacter infections in animals except
for humoral immune responses. In sheep,
natural infection by C. fetus and C. jejuni
induces specific antibody responses, which
confers certain degree of protection against
subsequent infections and reproductive loss,
although there is little published information
that quantifies this immunity (Skirrow 1994;
Wu et al. 2014a; Sahin et al. 2017b). It has been
observed that abortion outbreaks occurred
every four to seven years in endemic flocks
(Clough 2003), suggesting that the immunity

may persist for several years after infection
and tends to fade over time. A more reliable
immunity can be achieved by vaccination,
and commercial bacterins are now routinely
used in New Zealand and the United States
(Menzies 2011, 2012). These vaccines are made
of a single strain or multiple strains as a mono-
valent vaccine (including Cff or C. jejuni) or
a bivalent vaccine (including both Cff and
C. jejuni). A drawback of the bacterin vaccines
is the lack of cross-species protection. Ewes
vaccinated with a C. fetus vaccine would not
be protected against infection by C. jejuni, and
vice versa (Sahin et al. 2017b). Additionally,
protection also tends to be strain specific due
to genetic and antigenic variations among
different strains (Fenwick et al. 2000). For
example, the two commercially available biva-
lent vaccines in the United States, which are
made of Cff and C. jejuni strains different from
the currently prevalent C. jejune clone SA,
conferred little protection against challenge by
clone SA, while a homologous bacterin made
of C. jejuni clone SA produced significant
protection (Wu et al. 2020).

In bulls, the immune response to natural Cfv
infection does not appear to clear the infection
(Cobo et al. 2011; Michi et al. 2016). In cows,
Cfv may be cleared from the oviducts and
uterus in weeks to months after infection, but
the clearance is much more slowly from the
vagina, where Cfv may persist for up to two
years (Yaeger and Holler 2007; Cobo et al.
2011; Michi et al. 2016). Although naturally
induced immunity provides limited protection,
therapeutic and prophylactic immunization
with vaccines have shown efficacious in both
bulls and cows (Bondurant 2005; Cobo et al.
2011; Michi et al. 2016). For example, Cfv
bacterin vaccines are widely used in cattle
production and are believed to be a key factor
for keeping BGV under control in the United
States (Bondurant 2005). Therapeutic immu-
nization speeds up elimination of Cfv from
the genital tract, improves fertility greatly
in infected cows, and generates resistance
to reinfection in infected bulls (Bondurant
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2005; Cobo et al. 2011; Michi et al. 2016).
Prophylactic immunization can protect the
animals from establishing an infection (Bon-
durant 2005; Chaban et al. 2013; Michi et al.
2016). Immunization induces immunoglobu-
lin G antibodies, which are detected in both
the serum and genital secretions and are asso-
ciated with protection against Cfv infections in
both cows and bulls (Seid 2019).

In poultry, individual birds and flocks may
recover from SLD naturally (Moore et al.
2019), suggesting that the infected birds
eventually develop protective immunity. A
robust antibody response against C. hepaticus
was detected in serum samples from both
naturally and experimentally infected birds
(Muralidharan et al. 2020). However, it remains
unknown whether the antibodies protect
against SLD or whether recovered birds remain
susceptible to recurring infection. Currently,
no commercial vaccines are available for the
control of SLD in poultry.

Control

In addition to vaccination, other control mea-
sures may be applied to control Campylobacter-
induced diseases in animals. Antimicrobials
may be used to control Campylobacter-induced
diseases, but the success depends on the organ-
isms and their antibiotic susceptibility profiles.
For example, the tetracycline class of antibi-
otics is approved and commonly used in the
United States for the prevention and treatment
of sheep abortion (Giguere et al. 2013). How-
ever, all of the C. jejuni isolates implicated in
sheep abortions since 2003 were shown to be
resistant to tetracyclines (Sahin et al. 2008; Wu
et al. 2014b; Wu et al. 2016), suggesting that the
antibiotics are no longer effective in control-
ling abortion storms. Although tulathromycin,
which is a macrolide antibiotic, was shown
to be effective in preventing Campylobac-
ter-induced sheep abortion in an experimental
study, it is not recommended for prophylactic
use on sheep farms because the macrolide

class is a medically important antibiotic for
treating human campylobacteriosis (Yaeger
et al. 2020). In contrast to the situation in the
United States, C. jejuni isolates from sheep
abortion cases remained susceptible to tetracy-
cline in the UK, where the use of tetracyclines
in sheep is uncommon (Wu et al. 2014b). Inter-
estingly, tetracycline resistance in Cff seems to
be less frequent, suggesting tetracycline may
be still effective against Cff -induced abortion
(Menzies 2011).

Chlortetracycline has been used to effec-
tively treat C. hepaticus-caused SLD outbreaks
in Australia, but C. hepaticus resistance to the
class of antibiotics has been reported in both
Australia and UK (Grimes and Reece 2011;
Crawshaw 2019). Cows and bulls with BCG can
be treated with antibiotics, but cows are not
usually treated as they can clear the infection
and return to estrus after a few months (Seid
2019). For treatment of bulls, streptomycin is
the most extensively used antibiotic in some
countries although streptomycin resistant
strains of C. fetus have been reported. A few
other antibiotics (penicillin, erythromycin, flu-
oroquinolone, streptomycin, and tetracycline)
were also used, but their efficacy is variable
(Erickson et al. 2017; Seid 2019; Silva et al.
2021). Additionally, penicillin and strepto-
mycin are routinely used in preparing bovine
semen free of Cfv (Silva et al. 2021). Use
of antibiotics must follow country-specific
regulations.

Management is another effective measure
to reduce the risk of Campylobacter-associated
diseases in animals. Reducing exposure of
pregnant ewes to Campylobacter can reduce
the severity and extent of the outbreak. During
an outbreak, aborted tissues from the initial
cases serve as a major source of infection for
the rest of the flock, as susceptible ewes can
acquire the infection through ingestion of
the aborted tissue, as well as feed and water
contaminated by the aborted material (Sahin
et al. 2017b). Therefore, timely removal of
these tissues is a critical step in minimizing
the impact of outbreaks. Moreover, it would
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be ideal that the aborted ewes are removed
from the flock and the rest flock is transferred
to a clean pasture. Reducing stocking rate of
paddocks is also suggested. This decreases
the opportunity for naïve ewes to interact
with infected ewes and environmentally con-
taminated feed and water (Martin 2015). The
control of BGC in bovine herds is by use of
artificial insemination, avoiding direct contact
with bulls (Bondurant 2005). The practice of
discarding bulls bearing Cfv and replacing
them with Cfv-free bulls, as well as separating
cows by pregnancy status are also measures
recommended for BGC control (Bondurant
2005). As the etiology of SLD has been iden-
tified, control measures are now possible but
remain to be developed. Considering that the
sources of infection are likely to be environ-
mental, high biosecurity standards may be
implemented to manage SLD (Moore et al.
2019; Phung et al. 2019), but this could be
challenging for free-range operations where
SLD occurs most frequently.

Gaps in Knowledge and Future
Directions

As discussed above, Campylobacter spp. are
significant pathogens for ruminant and poul-
try. During the past decades, considerable
progress has been made in understanding
disease etiology, epidemiology, and transmis-
sion, but information on disease pathogenesis
remains limited. Control measures have been
developed and implemented for some of the
Campylobacter-induced diseases. In partic-
ular, bovine infectious infertility has been
controlled effectively in most of the developed
countries of the world, by rigorous detec-
tion of bulls for Cfv carriage, use of artificial
insemination for breeding, and massive vac-
cination of both bulls and cows. However,
Campylobacter-induced ovine abortion con-
tinues to be a major problem in sheep industry
worldwide and SLD in poultry has re-emerged
globally, incurring significant economic loss

to sheep producers and layer industries,
respectively.

The slow progress in controlling sheep abor-
tion caused by Cff and C. jejuni is probably
due to multiple reasons, including the com-
mensal nature and high prevalence of the
organisms in the intestine and gallbladder,
reduced efficacy of antibiotic treatment due to
resistance development, poor understanding
of pathogenic and immune mechanisms, etio-
logical shift and emergence of new pathogenic
variants, and lack of update and innovation
in protective vaccines. A recent example is
the species shift (from Cff to C. jejuni) and
subsequent clonal expansion of abortifacient
C. jejuni clone SA in sheep abortion in the
United States, for which currently available
commercial vaccines confer little protection.
Major knowledge gaps exist in pathogenic
mechanisms and protective immunity as little
attention has been given to these areas. Future
efforts should be directed to understand how
bacterial and host factors interact in the dis-
ease process and how the host immune system
curtains the infection. Additionally, timely
update of commercial bacterin vaccines with
currently prevalent abortifacient strains is nec-
essary to maintain the efficacy of vaccination.
This requires information from molecular
typing of the Campylobacter isolates derived
from clinical abortion cases on a regular basis,
which can be accomplished by collaboration
between veterinary diagnostic laboratories and
academic research laboratories.

SLD incurs significant economic losses
to the egg industry. With more production
practices shifting from conventional cages to
cage-free operations, the rising incidence of
SLD is an increasing concern of the poultry
industry. Identification of C. hepaticus as the
causative agent of SLD represents a key step
forward in controlling the disease; however,
little is known about the virulence factors
of C. hepaticus and pathogenesis of SLD.
Future studies should be devoted to eluci-
date how C. hepaticus, which is transmitted
by the fecal-oral route, spreads systemically
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and induces liver disease. The availability
of genomic information and various omics
approaches may be combined with reliable
disease model systems to dissect both the
bacterial and host factors involved in the dis-
ease process. These studies will likely lead to
innovations in control strategies. Currently,

vaccination is not available for the control
of SLD, and a major future effort should be
devoted to the development of protective and
economically affordable vaccines. Immune
responses elicited by C. hepaticus and the
nature of protective immunity should also be
investigated.
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Helicobacter
Chloë De Witte, Helena Berlamont, and Freddy Haesebrouck

Introduction

Helicobacters are non-sporulating, fastidious,
micro-aerophilic Gram-negative bacteria. To
date, the genus Helicobacter consists of over 50
identified species (Table 19.1). Helicobacters
can be roughly divided into two major groups:
the gastric species colonizing the stomach and
the enterohepatic species colonizing the liver
and/or intestines of their host. Helicobacter
pylori is the best-studied and most prevalent
Helicobacter species colonizing the human
stomach. H. pylori infections have only occa-
sionally been described in animals and this
species is, therefore, not considered in detail
in this chapter. The other, non-H. pylori heli-
cobacters (NHPH) colonize the gastrointestinal
tract of several animal species, ranging from
terrestrial and aquatic mammals to reptiles,
amphibians, birds, rodents, and fish. Heli-
cobacter colonization may lead to development
of gastric and/or enterohepatic pathologies
and some NHPH have zoonotic potential
(Table 19.1). This chapter focuses on the
pathogenesis of gastric and enterohepatic
NHPH infections in domestic animals.

Gastric Helicobacters

A general overview of the pathogenesis of
gastric Helicobacter infections is shown in
Figure 19.1.

Virulence Mechanisms of Gastric
Helicobacters Involved in Adhesion
and Colonization

Gastric helicobacters are able to survive the
acidic environment of the stomach by express-
ing urease at a high level. The presence of
flagella and genes encoding proteins involved
in chemotactic behavior allow helicobacters
to move actively away from low pH regions
toward more neutral regions of the gastric
mucosa (Haesebrouck et al. 2009). Once the
helicobacters reach the inner mucus layer,
their motility decreases, possibly optimizing
their attachment to gastric epithelial cells. In
contrast to H. pylori, most gastric NHPH are
found deep in the gastric pits (Figure 19.2;
Haesebrouck et al. 2009).

Binding to mucins and epithelial cells is an
important step in the pathogenesis of Heli-
cobacter infections. The transmembrane Muc1
is constitutively expressed by gastric epithelial
cells and most likely serves as a first point
of adherence for Helicobacter. Experimental
infection of BALB/c mice with H. heilmannii
resulted in an increased expression of the
secreted mucin Muc6 and the transmem-
brane mucin Muc13 in the first nine weeks
post-infection (Liu et al. 2014), indicating that
both mucins might play a role in NHPH adhe-
sion and colonization. Furthermore, H. suis
has been shown to bind to acidic glycan struc-
tures and glycans terminating with galactose,
while type 2 Lewis antigens and terminal
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Table 19.1 Helicobacter species and their pathogenic significance for humans and animals.

Taxon Natural hosts
Zoonotic
potential Disease associations References

Gastric Helicobacter spp.
“Candidatus H. bovis” Cattle Yes Asymptomatic, gastritis De Groote et al. (1999),

Haesebrouck et al. (2009)
“Candidatus H. homininae” Chimpanzee, gorilla Unknown Unknown Flahou et al. (2014)
H. acinonychis Cheetah, tiger, lion Unknown Asymptomatic, chronic gastritis, gastric

ulcers
Haesebrouck et al. (2009),
Tegtmeyer et al. (2013)

H. ailurogastricus Cat Unknown Unknown Haesebrouck et al. (2009),
Joosten et al. (2015)

H. baculiformis Cat Unknown Unknown Haesebrouck et al. (2009)
H. bizzozeronii Cat, dog, rabbit Yes Asymptomatic, gastritis, peptic ulcers,

MALT-lymphoma
Haesebrouck et al. (2009)

H. cetorum Cetaceans, pinnipeds Yes Asymptomatic, gastritis, peptic ulcers Harper et al. (2002),
Goldman et al. (2011)

H. cynogastricus Dog Unknown Unknown Haesebrouck et al. (2009)
H. felis Dog, cat, cheetah, New Guinea

wild dog, rabbit
Yes Asymptomatic, gastritis, peptic ulcers,

MALT-lymphoma
Haesebrouck et al. (2009)

H. heilmannii Dog, cat, cheetah, bobcat, tiger,
lynx, leopard, puma

Yes Asymptomatic, gastritis, peptic ulcers,
MALT-lymphoma

Haesebrouck et al. (2009)

H. mustelae Ferret Unknown Asymptomatic, gastritis, peptic ulcers,
gastric cancer, MALT-lymphoma

Haesebrouck et al. (2009)

H. pylori Human Asymptomatic, gastritis, peptic ulcers,
gastric cancer, MALT-lymphoma

Haesebrouck et al. (2009)

H. salomonis Cat, dog, rabbit Yes Asymptomatic, gastritis, peptic ulcers,
MALT-lymphoma

Haesebrouck et al. (2009)

H. suis Pig, mandrill monkey, rhesus
macaque, crab-eating macaque

Yes Asymptomatic, gastritis, peptic ulcers,
MALT-lymphoma

Haesebrouck et al. (2009),
De Witte et al. (2019)

Enterohepatic Helicobacter spp.
“Candidatus H. colifelis” Cat Unknown Unknown Foley et al. (1998)
H. anseris Goose Unknown Unknown Schauer (2001)
H. apri Wild boar Unknown Unknown Zanoni et al. (2016)



H. aurati Hamster Unknown Asymptomatic, chronic gastritis,
intestinal inflammation and metaplasia

Zenner (1999),
Patterson et al. (2000)

H. bilis Mouse, rat, gerbil, hamster, dog,
cat, sheep, pig

Yes Asymptomatic, hepatic and intestinal
disease

Zenner (1999),
Haesebrouck et al. (2009)

H. brantae Goose Unknown Unknown Schauer (2001)
H. callitrichis Marmoset Unknown Asymptomatic, colitis, hepatitis,

intestinal adenocarcinoma
Marini et al. (2010)

H. canadensis Bird, pig, primates Yes Unknown Schauer (2001),
Flahou et al. (2014)

H. canicola Dog Unknown Unknown Rossi et al. (2008)
H. canis Dog, cat, sheep Yes Asymptomatic, diarrhea, hepatitis,

gastroenteritis
Schauer (2001),
Swennes et al. (2014)

“Candidatus H. burdigaliensis” Human / Unknown Berthenet et al. (2019)
H. cholecystus Hamster Unknown Asymptomatic, cholangiofibrosis,

pancreatitis
Whary and Fox (2004)

H. cinaedi Human, hamster, rat, cat, dog,
rhesus monkey, primates

Yes Asymptomatic, hepatic and intestinal
disease

Whary and Fox (2004),
Rossi et al. (2008),
Marini et al. (2010),
Flahou et al. (2014)

H. equorum Horse Unknown Unknown Moyaert et al. (2009)
H. fennelliae Human, dog, primates Unknown Asymptomatic, enteritis, proctitis,

proctocolitis
Rossi et al. (2008),
Flahou et al. (2014)

H. ganmani Mouse, primates Yes Unknown Whary and Fox (2004),
Flahou et al. (2014)

H. hepaticus Mouse, gerbil Yes Asymptomatic; hepatic, mammary and
gastro-intestinal inflammation and
dysplasia

Whary and Fox (2004)

H. himalayensis Marmot Unknown Unknown Hu et al. (2015)
H. jaachi Marmoset Unknown Asymptomatic, colitis, hepatitis,

intestinal adenocarcinoma
Marini et al. (2010)

H. japonicum Mouse Unknown Asymptomatic, typhlocolitis, lower
bowel carcinoma

Shen et al. (2016)

“Candidatus H. labacensis” Red fox Unknown Unknown Gruntar et al. (2020)
“Candidatus H. labetoulli” Human / Unknown Berthenet et al. (2019)

(continued)



Table 19.1 (Continued)

Taxon Natural hosts
Zoonotic
potential Disease associations References

H. macacae Rhesus monkey, baboon Unknown Asymptomatic, colitis, hepatitis,
intestinal adenocarcinoma

Marini et al. (2010),
Flahou et al. (2014)

H. marmotae Woodchuck, cat Unknown Asymptomatic, hepatitis, typhlocolitis Whary and Fox (2004)
H. magdeburgensis Mouse Unknown Unknown Whary and Fox (2004)
H. mastomyrinus Rodents, primates Unknown Asymptomatic, ulcerative typhlocolitis Shen et al. (2005),

Flahou et al. (2014)
“Candidatus H. meihli” Red fox Unknown Unknown Gruntar et al. (2020)
H. mesocricetorum Hamster Unknown Unknown Whary and Fox (2004)
H. muricola Wild mouse Unknown Asymptomatic, hepatic and intestinal

disease
Whary and Fox (2004)

H. muridarum Mouse, rat Unknown Asymptomatic, gastritis, hepatic and
intestinal disease

Queiroz et al. (1992),
Whary and Fox (2004)

H. pamatensis Bird, pig, cat Yes Unknown Schauer (2001),
Rossi et al. (2008)

H. pullorum Poultry, parrot Yes Asymptomatic, hepatitis, diarrhea,
enteritis

Harbour and Sutton (2008)

H. rodentium Mouse, rat, primates Unknown Asymptomatic, hepatic and intestinal
disease

Whary and Fox (2004),
Flahou et al. (2014)

H. saguini Cotton-top tamarin Unknown Asymptomatic, ulcerative colitis,
typhlocolitis and dysplasia

Marini et al. (2010)

H. suncus House musk shrew Unknown Asymptomatic, gastritis Whary and Fox (2004)
H. trogontum Rat, pig, sheep Unknown Asymptomatic, hepatic and intestinal

disease
Whary and Fox (2004),
Inglis et al. (2006),
Swennes et al. (2014)

H. typhlonius Mouse, rat, primates Unknown Asymptomatic, hepatic and intestinal
disease

Whary and Fox (2004),
Flahou et al. (2014)

H. valdiviensis Wild birds Yes Asymptomatic, diarrhea Schauer (2001)
“Candidatus H. vulpis” Red fox Unknown Unknown Gruntar et al. (2020)

Source: adapted from Haesebrouck et al. (2009).
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Figure 19.1 General overview of the pathogenesis of gastric Helicobacter infections in domestic animals.
Dotted line: effect only shown in vitro and/or in vivo in some animal species. GGT, gamma-glutamyl
transpeptidase; MALT, mucosa-associated lymphoid-tissue; MUC, mucin; OMPs, outer membrane proteins;
ROS, reactive oxygen species; Th, T-helper cell; Treg, regulatory T-cell; TLR, Toll-like receptor.

Figure 19.2 Immunohistochemical Helicobacter staining of a pig stomach, showing H. suis bacteria (brown)
present in the glands of the antrum of a stomach of a H. suis-positive pig.

α-GalNAc most likely play a role in adhesion
of gastric NHPH to the canine gastric mucosa
(Amorim et al. 2014).

Gastric helicobacters harbor a large set of
genes encoding outer-membrane proteins
(OMPs). Comparative genomics showed
that gastric NHPH lack all known H. pylori
adhesins described so far (Bauwens et al.

2018), suggesting that other OMPs function
as adhesins in these organisms. Two Heli-
cobacter-specific OMP families with possible
functions in adhesion (family 13, i.e. Hop, Hor
and Hom; and family 33, Hof ), as well as an
outer membrane phospholipase (OMPLA; fam-
ily 38) and an Helicobacter-specific VacA-like
cytotoxin family correlated with colonization
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capacity (family X3) were identified in all gas-
tric helicobacters (Bauwens et al. 2018). Two
Hof proteins, HofE and HofF, have been shown
to play a role in the adhesion of H. heilmannii
to the gastric mucosa and gastric epithelial
cells (Liu et al. 2016). The exact role of the
other OMPs in NHPH colonization remains to
be further elucidated (Bauwens et al. 2018).

Virulence Mechanisms of Gastric
Helicobacters Involved in the Induction
of Gastric Pathologies

Cytotoxin-associated gene pathogenicity island
(cagPAI) and vacuolating cytotoxin A (VacA)
are major H. pylori virulence factors involved
in the induction of gastric pathologies. Both
factors, however, are absent in all gastric
NHPH, except for H. cetorum which carries a
functional VacA toxin.

Gamma-glutamyl transpeptidase (GGT) is a
highly conserved and important virulence fac-
tor of gastric Helicobacter species (Figure 19.1)
This enzyme hydrolyses glutathione and glu-
tamine into glutamate, after which glutamate
supplies energy for the bacterium. Degrada-
tion of glutamine and glutathione may lead
to a deficiency for the host, possibly initiating
and/or promoting several pathologies. In vitro
research using human gastric epithelial cells
has shown that H. suis GGT causes apoptosis
or necrosis, depending in part on the amount
of reactive oxygen species generated through
degradation of the antioxidant glutathione
(Flahou et al. 2011). Oral supplementation of
glutamine has been shown to temper H. suis
induced gastritis and epithelial proliferation
in experimentally infected Mongolian gerbils
and naturally infected pigs (Zhang et al. 2015;
De Bruyne et al. 2016).

Gastric helicobacters also possess other vir-
ulence factors, such as flavodoxin protein
(FldA), plasminogen-binding proteins (PgbA,
PgbB), L-asparaginase II (AnsB), high tempera-
ture requirement A (HtrA), collagenase (PrtC)
and IceA (Vermoote et al. 2011). For H. pylori,
these factors have already been associated

with the development of gastric lesions. While
AnsB plays a role in the cell-cycle inhibition
of fibroblasts and gastric cell lines (Scotti
et al. 2010), FldA has been associated with
the pathogenesis of mucosa-associated lym-
phoid tissue (MALT) lymphomas (Chang et al.
1999). PgbA and PgbB allow H. pylori to bind
to host plasminogen, which may contribute
to a delay of the natural healing process of
gastric ulcers (Vermoote et al. 2011). HtrA is
involved in cleavage of E-cadherin and thereby
contributes to the disruption of the gastric
epithelial barrier (Hoy et al. 2010). Collagen
becomes degraded through the production of
PrtC, (Kavermann et al. 2003). Finally, IceA
has been associated with peptic ulcer disease
and seems to be induced by contact between
epithelial cells and H. pylori (Huang et al.
2016). However, the possible role of these
virulence factors in the development of gastric
pathologies associated with NHPH infections
remains unclear.

Canine and feline gastric helicobacters pos-
sess a unique gene encoding chondroitinase
AC-type lyase belonging to CAZy family 8
(Namburi et al. 2016). Most likely, this
enzyme breaks down chondroitin-4-O-sulfate
secreted by chief peptic cells, and since
chondroitin-4-O-sulfate regulates the activ-
ity of pepsin in the chief cells, its depletion
might cause decreased peptic control resulting
in ulcer development. It remains, however,
unclear how this enzyme can participate in the
promotion of gastric disorders in dogs and cats
(Namburi et al. 2016).

Virulence Mechanisms of Gastric
Helicobacters Involved in Host Immune
Evasion

Despite the presence of a host immune
response, helicobacters are generally not
cleared from the stomach, resulting in life-
long infections. H. pylori has been shown to
avoid Toll-like receptor (TLR) recognition
by modulating its surface molecules, such
as lipopolysaccharide (LPS) and flagellin.
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Variation in LPS sialyation patterns may
explain why TLR2-mediated nuclear factor
κB (NF-κB)-inducing abilities differ between
H. bizzozeronii strains (Kondadi et al. 2015).
The SfpA/LpxR OMP family (i.e. family 36)
has been found in all gastric helicobacters
and is possibly involved in LPS modulation
by removing the 3′-acyloxyacyl group of lipid
A (Bauwens et al. 2018). Furthermore, all
gastric helicobacters show the presence of the
jhp0562 glycosyltransferase enzyme, except
for H. ailurogastricus. The glycosyltransferase
enzyme jhp0562 of H. pylori functions in the
synthesis of both type I and type II Lewis
antigens, which are present on the LPS of
the bacterial outer membrane. Diverse Lewis
antigens are generated via intragenomic
recombination of jhp0562, and this glycosyl-
transferase contributes to the process of LPS
variation in H. pylori. Finally, the presence
of genes involved in sialic acid biosynthesis
(neuA, neuB and wecB) may also contribute
to host immune evasion by decorating the
bacterial surface with sialic acid.

As also described for H. pylori, H. suis GGT
has been identified to inhibit proliferation and
cytokine production of lymphocytes in vitro
through deprivation of extracellular glutamine,
a conditional essential amino acid important
for normal cell function and maintenance,
and through hydrolysis of the antioxidant
glutathione (Zhang et al. 2013, 2015). In this
same study, H. suis outer-membrane vesicles
were identified as a possible delivery route
of H. suis GGT to lymphocytes residing in
the deeper mucosal layers (Zhang et al. 2013,
2015).

Other proteins associated with immune-
evasion mechanisms have been found in gas-
tric helicobacters, such as neutrophil-activating
protein A (NapA), catalase (KatA), superoxide
dismutase and alkyl hydroperoxide reductase
(Vermoote et al. 2011; Joosten et al. 2015).
These enzymes have been described to protect
H. pylori during acute inflammation since
they lower the amount and impact of reactive
oxygen species produced by phagocytes. Most

likely, they are also involved in the persistence
of gastric NHPH, although this needs to be
investigated.

H. mustelae produces a unique surface
array showed that colonization levels of
Hsr-negative mutants were similar to those of
the parent strain up to 9 weeks after infection
but were significantly reduced 12–18 weeks
after infection (Patterson et al. 2003). These
findings indicate that Hsr impacts long-term
survival of H. mustelae, most likely due to the
variability of exposed of Hsr epitopes which
may contribute to immune evasion (Forester
et al. 2001; Patterson et al. 2003).

Dendritic cells might also play a crucial role
in promoting tolerance to gastric Helicobacter
infections. H. pylori has developed several
strategies to influence dendritic cell matura-
tion and cytokine production, skewing them
toward a tolerogenic phenotype and thereby
directing a regulatory T cell (Treg) response.
By eliciting a Treg response, H. pylori succeeds
in suppressing gastric immune and inflamma-
tory responses, leading to chronic colonization
(Mejías-Luque and Gerhard 2017). Bosschem
et al. (2017) demonstrated that H. suis induces a
semi-maturation of porcine monocyte-derived
dendritic cells, which in turn may elicit Treg
expansion. Since H. pylori urease impairs fold-
ing and correct transport of MHC II molecules
by binding to CD74 and since this enzyme is
highly conserved among gastric helicobacters
(Beswick et al. 2006), H. suis urease may play
a similar role in inducing a Treg immune
response.

Finally, it has been shown that H. suis infec-
tion can change the mucin composition and
glycosylation of the porcine gastric mucus,
which in turn decreases the amount of H. suis
binding glycan structures (Padra et al. 2019).
Furthermore, the H. suis growth-inhibiting
effect of mucins from non-infected pigs was
replaced by a growth-enhancing effect by
mucins from infected pigs. It was hypothesized
that H. suis infections impair the mucus barrier
by decreasing both the bacteria-binding ability
of the mucins and the innate anti-proliferation
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activity of mucus on H. suis. Inhibition of
these mucus-based defenses may create a more
stable and inhabitable niche for H. suis, which
may contribute to lifelong infections (Padra
et al. 2019).

Host Immune Response to Gastric
Helicobacters and their Involvement
in Pathogenesis

The inflammatory response toward gastric
Helicobacter infections plays an important part
in the pathogenesis. Chronic inflammation has
been associated with epithelial proliferation,
metaplasia and/or atrophy, which contribute
to the development of gastric cancer.

Once gastric helicobacters penetrate the
gastric epithelial barrier, innate host defense
mechanisms are triggered and the expression
of proinflammatory and anti-bacterial factors
by gastric epithelial cells is stimulated. This
leads to the recruitment of neutrophils, mono-
cytes/macrophages and dendritic cells, which
infiltrate the gastric mucosa. The secretion
of mediators such as histamine, proteases,
adenosine and H2O2 from neutrophils and
mast cells can modify the barrier and/or ion
transport function of epithelial cells. Oxidative
metabolites from neutrophils can also induce
cellular damage, including apoptosis and DNA
injury. The longer the period of exposure of
a tissue to activated immune/inflammatory
cells and mediators, the more cellular damage
may accumulate (Ernst and Gold 2000). In
response to Helicobacter antigens, dendritic
cells and macrophages further amplify the
inflammatory response by the production of
cytokines, resulting in an adaptive immune
response (Wilson and Crabtree 2007). While
H. pylori and H. felis mainly induce a T helper
(Th) 1/Th17 response, other gastric NHPH
seem to induce a Th2/Th17 response, although
this depends on the host, which mainly deter-
mines the outcome of the immune response
(Bosschem et al. 2016). While coinciding
Treg responses contribute to the persistent
infection of gastric helicobacters infections,
Th1-driven host responses contribute to

gastroduodenal disease (Ernst and Gold 2000).
Gastric Helicobacter infections also cause
an influx of B cells into the gastric mucosa,
followed by the production of mucosal and
systemic antibodies. Their exact role in the
immunopathogenesis of gastric Helicobacter
infections remains controversial.

H. pylori, H. felis, H. heilmannii and H. suis
infections have been associated with the
development of MALT lymphoma in human
patients and experimentally infected rodents,
which mainly arise by the proliferation of
B cells (Peek et al. 2010; Liu et al. 2014).
So far, MALT lymphomas have not been
described in the stomach of the natural
hosts of gastric NHPH, with the exception of
H. mustelae although evidence for this remains
circumstantial (Solnick and Schauer 2001).
Overexpression of CXCL13, human epider-
mal growth factor receptor 2 and hepatocyte
growth factor during gastric Helicobacter infec-
tion have been linked with the development
of MALT lymphomas (de Sousa et al. 2019).
Furthermore, alterations in the expression
pattern of gastric mucins, such as Muc6 and
Muc13, as well as a disruption in the gastric
homeostasis by inducing loss of parietal cells,
have been linked with the development of
mucous metaplasia (Liu et al. 2014).

Gastric Helicobacter Infections
in Different Animal Species

Gastric Helicobacter Infections in Pigs
H. suis colonizes the gastric mucosa of domes-
tic pigs worldwide, with prevalence rates of
80% and 90% in pigs at slaughter age and
adult pigs, respectively (De Witte et al. 2017).
Infection has been associated with chronic
gastritis in both natural and experimental
infected pigs. Although inflammation can be
found in all glandular zones, the pyloric gland
zone is most often affected. Histological anal-
ysis shows diffuse lymphocytic/plasmacytic
infiltration, lymphocytic aggregates, lymphoid
follicles and occasionally neutrophilic infil-
trates (De Bruyne et al. 2012). De Bruyne et al.
demonstrated that pure in vitro cultures of



�

� �

�

Gastric Helicobacters 421

H. suis not only cause gastritis but also a 10%
reduction in daily weight gain in experimen-
tally infected pigs, which may lead to substan-
tial economic losses (De Bruyne et al. 2012).

Ulceration of the upper, non-glandular part
of the porcine stomach, the pars esophagea, is
a common problem in intensive pig produc-
tion. Although this disease is of multifactorial
origin and the exact mechanisms underlying
lesion development are not yet completely
clear, recent studies indicate that H. suis is
involved in gastric ulceration through its
effects on gastric acid secretion and on the
gastric microbiota composition (De Witte et al.
2017). During the acute phase of a H. suis infec-
tion, gastric acid secretion is unaffected and
so no irritation occurs of the pars esophagea.
Later on, a decreased gastric acid secretion
affects the composition of the pars esophageal
microbiota, which may affect development
of lesions in this stomach region. Indeed,
higher numbers of Fusobacterium gastrosuis,
a Gram-negative anaerobic bacterium, were
detected in the pars esophagea of H. suis
infected pigs with gastric acid secretion alter-
ations and lesions. It was demonstrated that
F. gastrosuis induces cell death in vitro and
that genes are present in the genome of this
bacterium with sequence similarity to genes
encoding factors involved in adhesion, inva-
sion and induction of cell death, as well as
immune evasion (De Witte et al. 2019). Finally,
increased production of gastric acid during the
chronic phase of a H. suis infection may further
aggravate severity of lesions in this stomach
region, which is not protected by mucus.

H. suis related DNA has been found in the
stomach of one Polish wild boar (Fabisiak et al.
2010). More worldwide studies are required to
draw conclusions on the presence or absence
of H. suis and other Helicobacter infection in
wild boars.

Gastric Non-H. pylori Helicobacters
Associated with Dogs and Cats
Gastric helicobacters are frequently found in
dogs and cats, with a prevalence of 40–100%
(Amorim et al. 2015). The gastric mucosa of

dogs and cats are often colonized with multi-
ple Helicobacter spp., including H. heilmannii,
H. felis, H. bizzozeronii, and to a lesser extent
H. salomonis (Amorim et al. 2015). So far, the
prevalence and pathogenic significance of H.
ailurogastricus, H. baculiformis and H. cyno-
gastricus is unknown. Some studies reported
the presence of H. pylori in the stomach of dogs
and cats (Canejo-Teixeira et al. 2014), although
the relevance of such presence is still unclear.
Probably these observations are related to an
occasional transmission of this microorganism
from humans to animals and it is unlikely that
pets play an important role in the epidemiology
of H. pylori (Haesebrouck et al. 2009).

Owing to the high prevalence of gastric
NHPH in both healthy animals and animals
with gastrointestinal problems and the pres-
ence of mixed infections with different species,
the pathogenic significance of helicobacters
in dogs and cats is still unclear (Haesebrouck
et al. 2009). Although chronic vomiting and
diarrhea are the main clinical signs associated
with gastric NHPH infection in dogs and cats
(Kubota-Aizawa et al. 2017a,b), the majority of
infections remain asymptomatic (Haesebrouck
et al. 2009).

Several studies found a positive correlation
between the presence of gastric NHPH and
the presence and severity of gastritis in nat-
urally infected dogs and cats (de Sousa et al.
2019), while others failed to demonstrate any
correlation (Kubota-Aizawa et al. 2017a,b).
Histologically, mononuclear inflammatory
infiltration, fibrosis, glandular degeneration,
follicular hyperplasia and lymphoma have
been described in the stomach of cats natu-
rally infected with NHPH (Takemura et al.
2009), while in naturally infected dogs, gas-
tric intraepithelial lymphocyte infiltration,
epithelial injury, ulcerative inflammation, ade-
nocarcinomas and adenomatous polyps have
been shown (Kubota-Aizawa et al. 2017a,b).
Experimental infection of gnotobiotic dogs
and specific pathogen-free cats with H. felis
induced a mild to moderate chronic active
gastritis, lymphoid follicular hyperplasia and
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seroconversion without affecting gastric secre-
tory function (Lee et al. 1992; Simpson et al.
2000). Conversely, Simpson et al. (1999) found
a similar degree of inflammation in both H. felis
infected SPF dogs and in uninfected control
dogs. In any case, the relationship between
NHPH infections and gastric pathologies
in dogs and cats is not totally clear. Results
from studies by Smet et al. (2018) indicate
that pet-associated Helicobacter species coe-
volved with their host, whereas H. suis made
a host jump from non-human primates to
pigs between 100 000 and 15 000 years ago.
Coevolution between a microbe and its host
generally results in decreased pathogenicity
which might explain why pet-associated Heli-
cobacter species cause only limited harm in
dogs and cats, whereas H. suis may be more
pathogenic for pigs.

Gastric Non-H. pylori Helicobacters
Associated with Horses
Several studies have reported the presence
of helicobacters in the non-glandular and
glandular gastric mucosa of horses (Hep-
burn 2004; Contreras et al. 2007; Bezdekova
and Futas 2009; Dong et al. 2016). Based on
the 16S rRNA gene, these bacteria showed
98–99% identity with H. pylori, but lack spe-
cific H. pylori virulence factors such as cagA,
vacA and glmM. Most likely, they represent a
novel Helicobacter species. Nevertheless, oth-
ers could not detect presence of helicobacters
in the equine stomach (Husted et al. 2010;
Perkins et al. 2012). Since these helicobacters
have not yet been cultivated, their potential
role in the development of equine gastric
pathologies, such as ulceration which is a
common disease entity in racehorses, remains
speculative (Buchanan and Andrews 2003).

Gastric Non-H. pylori Helicobacters
Associated with Ruminants
Spiral-shaped helicobacters have been found
in the abomasum of both calves and adult
cattle. Phylogenetic analysis of the 16S rRNA
gene showed that these spiral-shaped bacteria

represent a novel Helicobacter sp., for which
the name “Candidatus Helicobacter bovis”
was proposed (De Groote et al. 1999). Anal-
ysis of the abomasal microbiota of slaughter
cows, bulls and calves demonstrated that
“Candidatus H. bovis” is the most dominant
species, with a relative abundance of 24%
(Hund et al. 2015). So far, however, cultiva-
tion has been unsuccessful (Jelinski et al.
1995). Some studies associated the presence of
“Candidatus H. bovis” with the presence and
severity of gastritis (Günther and Schulze 1992;
Haringsma and Mouwen 1992). Nevertheless,
its pathogenic significance in the development
of gastric pathologies, such as abomasal ulcer-
ation, which is a common disease entity in
cattle, remains unclear (Gueneau et al. 2002;
Hund et al. 2015).

H. pylori or H. pylori-like bacteria have been
occasionally reported in the abomasum of
cows and sheep (Braun et al. 1997; Dore et al.
2001), as well as in milk samples of bovine,
ovine, caprine, buffalo, and camel species
(Elhariri et al. 2018; Ranjbar et al. 2018).
The pathogenic significance of H. pylori for
ruminants, however, remains unclear.

Helicobacters have not yet been detected
in the stomach of goats (Gueneau et al.
2002; Momtaz et al. 2014), which may imply
that goats possess natural resistance mecha-
nisms against Helicobacter infections or that
“Candidatus H. bovis” may have acquired
a particular trait allowing it to resist the
ruminant stomach lysozyme.

Not much is known on the presence of
gastric helicobacters in wild ruminants. One
study reported the presence of spiral-shaped
bacteria in the abomasum and jejunum of wild
deer (Shibahara et al. 2001). These bacteria
were positively stained with polyclonal antis-
era against H. pylori and there was a correlation
between the number of organisms and the
degree of gastric inflammation. Another
study showed the presence of H. cetorum-like
associated DNA by analyzing the microbial
community of the retropharyngeal lymph node
in one mule deer (Wittekindt et al. 2010).
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Gastric Non-H. pylori Helicobacters
Associated with Mustelids
H. mustelae naturally colonizes the gastric
mucosa of nearly all adult ferrets worldwide.
Clinical signs are uncommon, but gastric
and duodenal ulcers may occasionally result
in clinical signs of pallor, melena, vomit-
ing, weight loss, and inappetence (Fox and
Marini 2001).

H. mustelae heavily colonizes the mucosal
surface, gastric pits and glands of the pyloric
gland zone (O’Rourke et al. 1992), which leads
to the development of a full-thickness, chronic
active gastritis with formation of lymphoid
follicles (Forester et al. 2000). Conversely,
H. mustelae only colonizes the superficial
mucosa of the fundic gland zone in lower
numbers, which has been associated with the
development of a mild superficial gastritis (Fox
et al. 1991). Experimental infection studies
have shown that H. mustelae first colonizes
the pyloric gland zone, followed by the fundic
gland zone, which may explain differences in
gastritis severity between these gastric regions
(Patterson et al. 2003). Persistent H. mustelae
infection over time has also been shown to
increase the severity of gastric disease (Fox
et al. 1991). Nevertheless, H. mustelae has
also been isolated from the gastric mucosa of
ferrets without gastritis (Fox et al. 1988), and
although some studies successfully eradicated
H. mustelae in naturally infected ferrets, this
did not affect the severity of gastritis (Marini
et al. 1999). These discrepancies may be due to
differences in virulence between H. mustelae
isolates and/or presence or absence of other
contributing factors such as specific feeding,
housing and management strategies.

Ferrets sporadically develop gastric ulcers,
with a reported prevalence of 35% in a series
of 31 ferrets in England, but only 1.4% in
a larger postmortem study of 350 animals
(Andrews et al. 1979). Gastroduodenal ulcers
have been occasionally reported in ferrets
infected with H. mustelae (Fox et al. 1990).
Similar to H. pylori, it has been hypothe-
sized that hypergastrinemia may be related

to the pathogenesis of gastroduodenal ulcer
disease in ferrets. Indeed, plasma gastrin lev-
els were increased after oral administration
of a standardized meal in ferrets naturally
infected with H. mustelae compared with
specific pathogen-free ferrets (Perkins et al.
1996). However, there is no clear evidence that
H. mustelae infection causes gastroduodenal
ulceration in ferrets (Solnick and Schauer
2001).

Increased gastric epithelial cell proliferation
has been detected in ferrets infected with
H. mustelae, which may promote the develop-
ment of gastric tumors (Yu et al. 1995). Indeed,
adenocarcinoma and MALT lymphoma have
been occasionally described in the pyloric
gland zone of H. mustelae infected ferrets (Fox
et al. 1997). Nevertheless, a clear association
between H. mustelae and gastric tumors in
ferrets still needs to be demonstrated (Solnick
and Schauer 2001).

H. mustelae has also been found in the
stomach of stoats in New Zealand (Forester
et al. 2003), but the pathogenic significance
for this animal species is unknown. A novel
species closely related to H. mustelae has
been described in the stomach of sea otters,
namely H. enhydrae (Shen et al. 2017). Histo-
logically, a mild infiltration with neutrophils,
macrophages and lymphocytes was seen, as
well as glandular degeneration, lymphoid
aggregations/follicles, erosion, and ulceration.
Curve-shaped bacteria were present at the mar-
gin of gastric ulcers, as well as on the epithelial
surface and in the gastric pits. H. enhydrae
lacks certain virulence factors characteristic
for gastric Helicobacter spp., such as urease and
GGT, and clusters within the clade of entero-
hepatic Helicobacter. The role of H. enhydrae
in gastritis and gastric ulcer disease in sea
otters, however, needs to be determined.

Gastric Non-Helicobacter pylori Helicobacters
Associated with Rabbits and Hamsters
H. pullorum-like organisms, H. bizzozeronnii,
H. salomonis, H. felis and two unidentified
helicobacters have been sporadically detected
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in the gastric mucosa of both pet, research,
and commercial rabbits (Van Den Bulck et al.
2005, 2006). It is unclear whether these species
truly colonize the gastric mucosa of rabbits
or whether they are merely transient. Fur-
thermore, the pathogenic significance of these
helicobacters for rabbits is still unknown.

H. aurati is considered a normal inhabitant
of the caecum of hamsters, but can occasion-
ally spread to the stomach, most likely due to
the hamster’s coprophagic behavior (Patterson
et al. 2000). The pathogenic significance of
this organism is not fully understood, but
gastric H. aurati infection has been associated
with the development of chronic gastritis and
intestinal metaplasia in hamsters (Patterson
et al. 2000; Nambiar et al. 2005). In one of
those studies, a putative novel, urease-negative
Helicobacter species was described in the
stomach of hamsters infected with H. aurati
(Patterson et al. 2000).

Zoonotic Significance of Gastric Non-H.
pylori Helicobacters

A general overview of zoonotic gastric Heli-
cobacter species and their natural hosts is
shown in Figure 19.3. Animal-associated
NHPH have been demonstrated in 0.2–6%
of human patients with gastric complaints
undergoing a gastric biopsy, although this is
most likely an underestimation of their true
prevalence. So far NHPH, detected in the
human stomach are H. suis, H. felis, H. biz-
zozeronii, H. salomonis and H. heilmannii, of
which H. suis is the most prevalent. DNA of
“Candidatus H. bovis” has only once been
detected in a gastric sample of a human
patient. NHPH infections have been associated
with development of chronic gastritis, peptic
ulcers and MALT-lymphoma. The risk for
developing MALT-lymphoma is higher during
NHPH infection compared with H. pylori
infection (Haesebrouck et al. 2009). Interest-
ingly, a high prevalence of H. suis DNA (i.e.
27%) was detected in gastric biopsies from
human patients with idiopathic parkinsonism

(Blaecher et al. 2013). H. suis was shown to
affect the blood–cerebrospinal fluid barrier
resulting in inflammation and neurodegen-
eration in a mouse model (Gorlé et al. 2017).
H. cetorum-like DNA has also been detected
in the upper digestive tract of asymptomatic
patients (García-Amado et al. 2007).

Clinical signs associated with NHPH infec-
tions in humans are acute or chronic epigastric
pain and nausea. Other symptoms may be
hematemesis, recurrent dyspepsia, irregu-
lar defecation frequency, and variable stool
consistency, vomiting, heartburn, dysphagia,
and decreased appetite. Nevertheless, these
symptoms cannot be distinguished from other
gastric pathologies. Gastroscopy may reveal a
variety of lesions, ranging from a normal to
slightly hyperemic mucosa to mucosal edema
and to multiple erosions and ulcerations in
the pyloric gland zone and/or duodenum
(Haesebrouck et al. 2009).

It is not exactly known how NHPH are trans-
mitted to humans, but most likely it occurs
through direct or indirect contact with infected
animals. Living in close proximity to as well
as intense contact with pigs, cats, and dogs
have indeed been identified as important risk
factors (Haesebrouck et al. 2009). Helicobacter
DNA has been detected in saliva from cats,
dogs and pigs, indicating that the oral cavity
of these animals may act as source of NHPH
infection for human. Furthermore, a pig vet-
erinarian suffering from reflux esophagitis
and dyspepsia presented with H. suis colo-
nization and inflammation (Joosten et al.
2013). MLST analysis of H. suis from this
human host revealed a close relationship with
porcine H. suis strains, suggesting that the
infection originated through close contact of
the veterinarian with pigs (Liang et al. 2013).
Fecal–oral transmission has also been sug-
gested as a possible route for infection in cats
(Ghil et al. 2009). H. suis presence has been
demonstrated in commercial pork and the bac-
terium is able to survive for at least 48 hours
in minced pork (De Cooman et al. 2014),
indicating that handling or consumption of
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H. heilmannii
H. felis
H. bizzozeronii
H. salomonis

H. cetorum

‘Candidatus H. bovis’

H. heilmannii
H. felis

H. suis

H. felis
H. salomonis

H. heilmannii
H. felis
H. bizzozeronii
H. salomonis

Figure 19.3 Overview of zoonotic gastric Helicobacter species and their natural hosts. The dotted line
indicates that the zoonotic potential of these NHPH species or the animal host involved needs further
confirmation.

raw or undercooked pork might be a source
of human infection. An additional trans-
mission route might be contaminated water,
since helicobacters are able to survive in
water (Azevedo et al. 2008). However, this
requires further investigation. Finally, the role
of wild mice as vectors might be considered
as well, since laboratory mice are easily col-
onized by most gastric NHPH (Whary et al.
2004).

Enterohepatic Helicobacters

Enterohepatic Helicobacter species (EHS) col-
onize the hepatobiliary and gastrointestinal
tract of various animal species (Table 19.1). To
date, the clinical significance of most EHS is
unclear (Mateos-Muñoz et al. 2013). Two mor-
phologic types have been described: (i) EHS
with a single polar flagellum at both ends

without periplasmic fibers; and (ii) EHS with
periplasmic fibers and bipolar tufts of sheathed
flagella (Mateos-Muñoz et al. 2013). A selected
number of EHS contain an urease enzyme,
namely H. hepaticus, H. bilis, H. mastomyri-
nus, H. aurati, H. trogontum, H. muridarum
and H. typhlonius. Potential roles for this
enzyme are protection during gastric pas-
sage, protein biosynthesis, cytotoxicity and
phagocyte chemotaxis. Most EHS contain the
cytolethal distending toxin, a major virulence
factor involved in cellular distension, actin
cytoskeleton remodeling, G2/M cell-cycle
arrest and cytolethality. Other described viru-
lence factors are GGT, type VI and VI secretion
systems, serine protease (htrA) and OMPs
(irgA, flpA), although their precise role in the
pathogenesis of EHS infections needs to be
determined (Mannion et al. 2018). Similar to
gastric helicobacters, EHS-induced chronic
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inflammation contributes to the develop-
ment of hepatobiliary and gastrointestinal
pathologies.

Enterohepatic Helicobacter Species
Infections in Different Animal Species

Enterohepatic Helicobacter Species
Associated with Dogs and Cats
H. canis has been detected in healthy dogs
and cats, as well as animals suffering from
diarrhea and/or hepatitis (Schauer 2001). The
presence of H. bilis, H. canicola, H. cinaedi,
H. fenneliae, “Candidatus H. colifelis,” H. mar-
motae and H. pamatensis has been described
as well, although their pathogenic significance
remains uncertain (Rossi et al. 2008). EHS
have been found colonizing the mucosal sur-
face and crypts of the small and large intestines
of dogs and cats, while EHS-associated DNA
has also been shown in the pancreas and hep-
atobiliary system of cats (Shojaee Tabrizi et al.
2015).

Enterohepatic Helicobacter Species
Associated with Pigs, Horses and Ruminants
H. bilis, H. pamatensis, H. trogontum and atyp-
ical H. canadensis strains have been shown
in the gastrointestinal tract and/or feces of
domesticated pigs (Hänninen et al. 2005; Inglis
et al. 2006), while H. apri has been detected in
wild boars (Zanoni et al. 2016). The pathogenic
significance of these ESH for pigs is unknown.

H. equorum colonizes the lower intestinal
tract of horses, with higher prevalence rates in
foals compared with adult animals (66% vs. 8%,
respectively). Experimental infection of adult
horses with H. equorum was not associated
with the development of clinical disease or
intestinal lesions. The pathogenic potential of
H. equorum toward young foals is currently
unknown (Moyaert et al. 2009).

H. trogontum, H. bilis and H. canis have been
identified in sheep and infection with the first
two species has been associated with abortion
and fetal hepatic necrosis (Swennes et al. 2014).
So far, no EHS have been described in cattle
or goats.

Enterohepatic Helicobacter Species
Associated with Avian Species
H. pullorum has been isolated from the
ceca and feces of clinically healthy chick-
ens and from the liver and intestinal contents
of laying hens with “vibrionic hepatitis.”
Experimentally infected chickens with vari-
ous H. pullorum strains remained clinically
healthy, although mild inflammation of the
caeca was observed. H. pullorum has also been
shown in turkeys and a parakeet suffering
from diarrhea (Harbour and Sutton 2008).
H. anseris, H. brantae and H. canadensis have
been isolated from the feces of geese, while the
latter species has also been found in chickens,
Guinea fowl, and pheasants. H. pametensis and
H. valdiviensis have been isolated from wild
bird feces (Schauer 2001).

Zoonotic Significance of Enterohepatic
Helicobacter Species

A growing number of animal-associated
EHS have been reported to be present in
human patients with gastroenteritis, hepatitis,
gastric diffuse large B cell lymphoma, cholan-
giosarcoma, meningitis, endocarditis, and/or
bacteremia (Table 19.1). The significance of
these EHS in human disease and their preva-
lence in human populations, however, remain
to be determined (Mladenova-Hristova et al.
2017). Potential transmission route(s) to
humans may be direct contact with infected
animals; contamination of surface water, graz-
ing pastures for production animals, and park
areas with infected wild bird feces ,and han-
dling and/or consumption of undercooked or
raw infected meat.

Gaps in Knowledge and Future
Directions

Numerous different helicobacters colonize
the gastrointestinal tract of a wide range of ani-
mal species, which may lead to development of
clinical diseases. Several of these bacteria may
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also infect humans. Their fastidious nature,
however, has seriously hampered research on
their pathogenesis. In addition, the general
mildness of pathology associated with most
infections and, with exceptions such as H. suis,

the lack of serious economic consequences
of infections in food animals has also limited
investigation. Nevertheless, further research
on the interaction between these bacteria and
their host remains warranted.
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Chlamydia and Coxiella
Martina Jelocnik, Wilhelmina M. Huston, and Hayley J. Newton

Introduction

Despite belonging to distinct classes, Coxiella
burnetii, a Gammaproteobacteria, and Chlamy-
dia species, of the class Chlamydiae, are
important zoonotic pathogens with broad
host range and the capacity to significantly
impact both agricultural industries and public
health. Animal infection with these organ-
isms can have a range of health implications,
including impacting reproductive potential,
making these pathogens particularly prob-
lematic within agricultural settings and for
endangered animals.

An additional key similarity is that both are
obligate intracellular bacterial pathogens that
require a eukaryotic host to replicate. This trait
makes them fascinating organisms to study in
the context of the host–pathogen arms race, as
they have adapted key strategies for survival
within their host. However, identifying and
characterizing the role of important virulence
factors has been significantly hampered by the
challenge of genetically manipulating obligate
intracellular organisms (McClure et al. 2017).
In recent years, this technical challenge has
been overcome for both pathogens, using
distinctly different strategies. In 2009, axenic
culture conditions for C. burnetii were first
described, which facilitated development of
a range of genetic manipulation tools (Oms-
land et al. 2009). While axenic cultivation of
Chlamydia species has not been achieved,
the development of a transformation protocol

and shuttle vectors based on an endogenous
plasmid has facilitated genetic manipulation
of some Chlamydia species. This has initiated a
new wave of molecular pathogenesis discovery.

Chlamydiae

Chlamydiae are obligate intracellular bacteria
that are globally distributed organisms, infect-
ing an unmatched range of hosts, including
humans. Members of the family Chlamy-
diaceae are globally recognized important
veterinary and human pathogens (Table 20.1).

Characteristics of the Organism

Chlamydial Lifecycle
The hallmark feature of Chlamydiae is
their unique and highly conserved bipha-
sic developmental cycle alternating between
the elementary body, the infectious form,
and the reticulate body, the replicating
form (Figure 20.1). The cycle begins with
attachment and entry of the non-replicative,
environmentally persistent, extracellular infec-
tious elementary bodies (0.3 μm in diameter)
into the host cell (typically mucosal cells). Once
inside the cell, the elementary bodies reside
in a membrane-enclosed vacuole, termed
an inclusion, in which they differentiate to
larger, metabolically active reticulate bodies
(0.5–1.6 μm in diameter), which replicate by
binary fission every two to three hours. As
the inclusion expands, the reticulate bodies
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Edited by John F. Prescott, Janet I. MacInnes, Filip Van Immerseel, John D. Boyce, Andrew N. Rycroft, and José A. Vázquez-Boland.
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Table 20.1 Pathogenic Chlamydia species and their host ranges.

Chlamydial species Traditional hosts Common clinical signs

C. abortus a) Livestock Abortion

C. pecorum Livestock Polyarthritis, pneumonia,
conjunctivitis, abortion,
encephalomyelitis

Koala Conjunctivitis, urogenital tract
infections

C. suis a) Porcine Conjunctivitis, diarrhea, respiratory
and reproductive disorders

C. psittaci a) Birds Emaciation, conjunctivitis,
respiratory disease

Livestock Respiratory disease, abortion

C. felis a) Feline Conjunctivitis, rhinitis, upper
respiratory tract infection

C. caviae a) Rodents Conjunctivitis, urogenital infection,
rhinitis

C. muridarum Pneumonia, urogenital infection
C. pneumoniae Human Pneumonia

Reptiles
Amphibians
Marsupials

C. corallus Reptiles Undetermined
C. poikilothermis
C. sanzinia
C. serpentis
Ca. Chlamydia testudinis
Chlamydia crocodili Conjunctivitis, pharyngitis,

anorexia, ascites
C. avium Birds Undetermined
C. buteonis
C. gallinaceae
Ca. Chlamydia ibidis

a) Chlamydial species with documented zoonotic transmission to humans.

asynchronously begin to differentiate back
into elementary bodies (around 20–44 hours).
Either through extrusion or host cell lysis (circa
48–70 hours), elementary bodies are released
to spread and infect neighboring epithelial
cells, perpetuating the infectious process
(Elwell et al. 2016; Hayward et al. 2019).

Chlamydiae express a type III secretion sys-
tem (T3SS), a conserved membrane-spanning
needle-like apparatus, which translocates
effector proteins directly into host cells, where
they subvert cellular processes to promote
bacterial entry, survival, and replication
(Figure 20.1).
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Figure 20.1 The chlamydial cell cycle. Chlamydial biphasic developmental cycle, where elementary bodies
(EB) attach to the surface of host cells (1). Upon entry, the chlamydial inclusion vacuole is formed (2).
Elementary bodies differentiate into reticulate bodies (RB), which replicate by binary fission (3, 5). At the
end of the cycle the reticulate bodies re-differentiate into elementary bodies and are released from host
cell (6). Under stress, Chlamydiae can develop into aberrant bodies (AB), a non-replicating, persistent form
(4b). T3SS, type III secretion system.

When exposed to stress-inducing condi-
tions (such as antibiotics, the host immune
response, or nutrient depletion) both in vivo
and in vitro, reticulate bodies can enter into
an alternative state known as chlamydial
persistence, transforming into viable but
non-proliferative aberrant bodies (Figure 20.1).
Once conditions are optimal and the stressors
are removed, Chlamydiae may resume devel-
opment. Chlamydial persistence allows these
bacteria to survive for long periods in the
presence of unfavorable growth conditions
(Elwell et al. 2016; Chen et al. 2019b). The
survival, replication, and continuation of the
chlamydial lifecycle depends on the ability
of the pathogen to establish an intracellu-
lar niche, subvert host cellular processes,
acquire host-derived nutrients and evade the
host immune response. When successful, the
pathogen can establish an asymptomatic and

potentially persistent infection (Chen et al.
2019b; Gitsels et al. 2019).

Pathogenic Species
Almost all members of the family Chlamydi-
aceae (except the strictly human Chlamydia
trachomatis and human C. pneumoniae strains)
are globally recognized as major veterinary
pathogens, with several of these spilling over
to humans (Table 20.1). Recent years have
seen expansion of the known members of the
family Chlamydiaceae. Currently, the genus
Chlamydia contains 15 characterized species:
C. abortus, C. suis, C. pecorum, C. psittaci, C.
gallinacea, C. avium, C. buteonis, C. caviae,
C. felis, C. muridarum, C. pneumoniae, C.
poikilothermis, C. serpentis, C. crocodili, C.
trachomatis, in addition to four Candidatus
(Ca.) species: Ca. Chlamydia corallus, Ca.
Chlamydia ibidis, Ca. Chlamydia sanzinia and
Ca. Chlamydia testudinis (Cheong et al. 2019).



�

� �

�

436 20 Chlamydia and Coxiella

Source of Infection: Ecology, Evolution
and Epidemiology

A common feature of chlamydial infections
is their preference for, and persistence in, the
gastrointestinal tract of their hosts (Rank and
Yeruva 2014), characterized by continuous
fecal shedding. Thereby, the main transmis-
sion route is considered to be via the fecal–oral
route, although chlamydia can be also shed in
ocular and respiratory secretions, urine and
genital secretions (mucus and sperm), amni-
otic fluid, and placentae of symptomatic or
asymptomatic animals (Borel et al. 2018). The
strain virulence, site of infection, and shedding
load all impact the likelihood of transmission.
Most veterinary species can infect a wide range
of animal hosts, with the potential also to
cause zoonotic infections in humans (Cheong
et al. 2019).

Types of Disease and Pathologic Changes

Disease manifestations in chlamydial infec-
tions include: conjunctivitis ranging from mild
to blindness, rhinitis, pneumonia, mastitis,
arthritis/polyarthritis, pericarditis, polyserosi-
tis, encephalomyelitis, placentitis leading to
abortion, stillbirth or weak neonates,
endometritis/metritis, orchitis/epididymitis/
urethritis, infertility, enteritis, and more (Borel
et al. 2018). Chlamydial infections generally
cause pathology by inducing tissue damage as
a result of host inflammatory response rather
than by direct cellular toxicity (Elwell et al.
2016).

Livestock Infections
Chlamydia abortus, C. pecorum, C. suis, and
C. psittaci cause economically significant
infections in livestock globally (Table 20.1).

Chlamydia abortus
C. abortus is responsible for enzootic abor-
tion of ewes, also known as ovine enzootic
abortions, an economically important disease
of sheep occurring globally in ruminant-rearing
regions, with the exception of Australia and

New Zealand (Rodolakis and Laroucau 2015;
Jelocnik 2019). Ewes and goats experience
late term abortions, stillbirths, or delivery of
weak, non-thriving offspring. C. abortus is
thought to be transmitted via the oronasal
route by contamination of the environment
from abortigenic material and fetuses, vagi-
nal discharges from aborting ewes and fecal
shedding, although sexual transmission is also
plausible (Wattegedera et al. 2020). When a
non-pregnant ewe or a ewe lamb is exposed
to the pathogen, the C. abortus infection can
remain latent and asymptomatic. However,
when the ewe becomes pregnant, the organism
invades the placenta and begins to proliferate,
eventually causing abortion in the last two
to three weeks of gestation (Gutierrez et al.
2011; Wattegedera et al. 2020). This increased
incidence of abortion cases can persist until
a large proportion of ewes in the flock have
aborted. After aborting, the ewes and goats
develop protective immunity to C. abortus but
may continue to shed the organism. The dis-
ease takes on a cyclic nature that may result in
“storms of abortion” when new introductions
or primiparous ewes enter the flock (Gutierrez
et al. 2011; Rodolakis and Laroucau 2015).

Chlamydial placentitis develops late in gesta-
tion, evidenced by placental lesions from days
90–100 of gestation onwards, and from then on
gradually progresses to a diffuse inflammatory
response, with thrombotic vasculitis and tissue
necrosis. Grossly, the C. abortus infected pla-
centa reveals edema, thickening, hemorrhage,
necrosis, and purulent exudate. Histopatho-
logical examination often shows a purulent to
necrotizing placentitis with vasculitis, mixed
inflammatory infiltration with predominantly
polymorphonuclear neutrophils and intratro-
phoblastic basophilic chlamydial inclusions
can be observed (Livingstone et al. 2017). Fetal
infection is secondary to placentitis and can
result in focal necrosis in liver, lung, spleen,
and less frequently in lymph nodes and brain
(Borel et al. 2018).

C. abortus infections also occur in cattle, pigs,
yaks, deer, horses, a variety of birds and farmed



�

� �

�

Chlamydiae 437

fur animals, associated with epididymitis,
pneumonia, arthritis, and conjunctivitis in
ruminants and asymptomatic fecal shedding
(Rodolakis and Laroucau 2015; Borel et al.
2018). C. abortus presents a documented
zoonotic risk to humans, particularly to preg-
nant women, and those actively working with
small ruminants, including veterinarians and
production workers (Pichon et al. 2020). The
route of transmission to humans for C. abor-
tus is uncertain, but both direct and indirect
contact with infected placenta and infective
secretions are likely routes. In humans, clinical
manifestation of C. abortus infection can range
from mild flu-like symptoms or pneumonia to
severe illness and abortion (Pichon et al. 2020).

Chlamydia pecorum
C. pecorum is a well-recognized pathogen of
domesticated livestock and wildlife, infecting
a broad range of hosts, including sheep, cat-
tle, goats, pigs, free-range ruminants such as
ibex and deer, birds, koalas, and other mar-
supials. In livestock, C. pecorum infections
have been associated with sporadic cases of
encephalomyelitis, abortions, polyarthritis,
conjunctivitis, enteritis, mastitis, pneumonia,
reproductive disorders, and asymptomatic
fecal shedding. The infection is thought to
be endemic in livestock with most infections
being clinically inapparent. However, subclin-
ical C. pecorum infections may impact herd
performance, leading to chronic pathological
changes associated with reduced growth rates
in calves (Reinhold et al. 2011).

Ovine C. pecorum polyarthritis (often
accompanied by keratoconjunctivitis) is an
economically important disease affecting
one or more joints, and resulting in swollen
joints, palpable synovial joint effusions, lame-
ness, stiffness, anorexia, and weight loss in
young sheep (Walker et al. 2018; Ostfeld et al.
2020). Ovine arthritis is characterized by an
inflammatory and proliferative response in
synovial membranes possibly progressing to
chronic changes with articular erosions and
fibrotic thickening (Ostfeld et al. 2020). In
ruminants, C. pecorum keratoconjunctivitis,

characterized by conjunctival reddening,
discharge, and blepharospasm, can lead to
prominent conjunctival follicular formation,
corneal neovascularization and scarring, lead-
ing to blindness (Walker et al. 2018; Jelocnik
et al. 2019b). Infected cattle can exhibit a
range of clinical disease such as sporadic
bovine encephalomyelitis (SBE), pneumonia,
enteritis, reproductive pathologies (abortions,
vaginitis, endometritis) and mastitis (Reinhold
et al. 2011). In young cattle, C. pecorum infec-
tion can cause fatal SBE, characterized with
encephalomyelitis, systemic infection, and
fibrinous polyserositis, including pericarditis,
pleuritis, peritonitis, and arthritis (Jelocnik
et al. 2014). C. pecorum can also cause spo-
radic abortions in small ruminants and cattle
(Struthers et al. 2021; Westermann et al. 2021).
Pathological observations may show marked
diffuse necrosuppurative placentitis with vas-
culitis, thrombosis and inflammatory cell
infiltration (Westermann et al. 2021), similar
to that observed in ovine C. abortus abortion.
Furthermore, fetal brain, liver and lung lesions
with enteritis and cryptitis can be present
(Westermann et al. 2021). In cattle, aborted
fetuses, multifocal random suppurative or
mononuclear meningoencephalitis with vas-
culitis can be observed (Struthers et al. 2021).

Chlamydia suis
C. suis is an economically important pig
pathogen associated with a range of diseases,
such as conjunctivitis, enteritis, pneumonia,
pericarditis, polyarthritis, and polyserosi-
tis in piglets, and reproductive problems,
including vaginal discharge, return to estrus,
abortion, increased perinatal and neonatal
mortality, epididymitis, and urethritis in adult
pigs (Schautteet and Vanrompay 2011). The
pathogenicity of C. suis remains unclear, as it
is also commonly found in the gastrointesti-
nal tract of pigs as an endemic and generally
asymptomatic infection (Hoffmann et al.
2015), although some studies have demon-
strated an impact of infections on health and
production. C. suis is the only chlamydial
species known to have naturally acquired a
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tetracycline class C (tetC) gene that encodes
tetracycline resistance, causing concerns
that this resistance will become widespread
under selective pressure of tetracycline treat-
ment of fattening pig herds (Wanninger et al.
2016; Unterweger et al. 2020). The zoonotic
transmission of C. suis from pigs to humans
has been documented, although only with
extensive contact (De Puysseleyr et al. 2017).

Chlamydia psittaci
C. psittaci is primarily considered an avian
pathogen; however, this species also causes
infections in cattle, horses, sheep, and pigs,
with growing evidence of transmission from
birds to livestock (Cheong et al. 2019).
Although C. psittaci infections in livestock
are mostly subclinical, they are associated with
reduced performance (such as retarded growth
of calves, reduced fertility, and decreased milk
yield) and respiratory disease (acute bron-
chopneumonia) in cattle (Ostermann et al.
2013). In both sheep and cattle, C. psittaci
infection is also associated with infectious
keratoconjunctivitis (Osman et al. 2013).

Globally, sporadic reports of equine C. psittaci
infections that may result in reproductive loss
and/or abortions are well described. However,
this pathogen may also cause equine abortion
epizootics (Jelocnik 2019). The mechanism of
equine chlamydial abortion remains unknown;
however, histopathology studies reveal mild,
diffuse, interstitial placentitis, deep chorionitis
and allantoitis, amnionitis, and funisitis. In
the fetus, acute non-suppurative interstitial
pneumonia with vasculitis and multifocal
hepatitis was observed (Jenkins et al. 2018).
This pathogen was also described in cases of
acute respiratory distress in live neonatal foals.
Molecular epidemiology indicated that these
equine abortions could result from C. psittaci
spillover from birds. Additionally, equine
chlamydiosis was associated with apparent
zoonotic transmission of C. psittaci from
equine placental membranes to humans, a
previously unrecognized route of transmission
(Jelocnik 2019).

Avian Infections
Avian chlamydial infections and disease (psit-
tacosis and/or ornithosis) were thought to be
mainly due to C. psittaci; however, pathogenic
potential of other avian species has been
described (C. gallinacea and C. avium). Avian
chlamydiosis is an economic risk to the poultry
industry.

Chlamydia psittaci
C. psittaci is disseminated globally with a
broad avian host range, infecting over 500
avian species with highest prevalence in
pigeons and psittacine birds (Knittler et al.
2014; Radomski et al. 2016). In avian hosts,
C. psittaci infections may vary from subclinical
with persistent organism shedding to severe
acute disease. Disease presentations in affected
birds include wasting, lethargy, air sacculitis,
hepatitis, pericarditis, conjunctivitis, and
respiratory symptoms including nasal mucop-
urulent discharge, and pneumonia (Radomski
et al. 2016). Between birds, C. psittaci trans-
mission typically occurs by inhalation of the
respiratory exudate, but the bacteria can also
be excreted in fecal and nasal discharges and
feather dust (Knittler et al. 2014).

The zoonotic potential of veterinary chlamy-
dial species is best demonstrated by human
C. psittaci infections. Humans can become
infected through inhalation of aerosolized
bacteria, and through the handling of contam-
inated feathers, feces, or carcasses (Hulin et al.
2015). In humans, C. psittaci predominantly
causes respiratory infections with highly
variable clinical symptoms, ranging from
asymptomatic to mild or severe pneumonia,
and even including often-fatal systemic disease
with involvement of different organs (Radom-
ski et al. 2016). As such, zoonotically acquired
C. psittaci infections are an occupational haz-
ard for animal workers, veterinarians, and
healthcare workers (Hogerwerf et al. 2020).

Chlamydia gallinacea and Chlamydia avium
The globally distributed avian species C. gal-
linacea is endemic in chickens but can also
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infect other poultry and wild birds (Cheong
et al. 2019). C. gallinacea-infected chick-
ens may remain asymptomatic but show
significant body weight reduction impacting
production (Guo et al. 2016). C. avium has been
detected in pigeons and captive psittacids and
is likely to cause respiratory disease in parrots
and fatal disease in pigeons (Kik et al. 2020;
Popelin-Wedlarski et al. 2020). The pathogenic
and zoonotic potential has yet to be elucidated
for C. gallinacea and C. avium, as well as other
recently described avian species (C. buteonis,
Ca. Chasiempis ibidis).

Domesticated Pet Infections: Chlamydia felis,
Chlamydia caviae and Chlamydia muridarum
C. felis is an important pathogen causing acute
to chronic unilateral or bilateral conjunctivi-
tis, rhinitis, and respiratory disease in cats.
Bacterial transmission between cats typically
occurs by direct contact of infectious materi-
als, particularly ocular and oronasal secretions
(Gonsales et al. 2016). C. felis primarily infects
the conjunctival epithelium and causes acute
to chronic or recurrent mucoid/mucopurulent
to follicular conjunctivitis and rhinitis. Cats
with chlamydial upper respiratory tract disease
present with sneezing and coughing (Litster
et al. 2015). Infected cats can remain per-
sistently infected for long periods, acting as
asymptomatic carriers (Gruffydd-Jones et al.
2009). C. caviae is the most common cause
of conjunctivitis in its natural hosts, guinea
pigs, although urogenital and respiratory
infections are also observed (Cheong et al.
2019). C. caviae can be transmitted to humans
following close contact. Human infection
may present as community-acquired pneu-
monia or as mild conjunctivitis (Ramakers
et al. 2017). C. muridarum is a predominantly
rodent pathogen, typically causing infec-
tion within the respiratory and urogenital
tract of mice; however, it is more commonly
used as a representative model in chlamy-
dial studies due to pathology reflective of the
human pathogen C. trachomatis (Cheong et al.
2019).

Wildlife Infections

Chlamydial Infections in the Koala
(Phascolarctos cinereus)
Chlamydial infections in the iconic Australian
marsupial the koala are one of the most
researched chlamydial infections of wildlife.
Both C. pecorum and genetically distinct ani-
mal C. pneumoniae strains can infect the
koala; however, C. pecorum is the most preva-
lent pathogen. C. pecorum infections and
associated disease pose a very serious threat to
the long-term survival and conservation of this
unique Australian native animal (Quigley and
Timms 2020).

Almost all Australian mainland koala
populations are infected with C. pecorum,
with prevalence of infection of 21–88%. The
pathogen can be readily detected shedding at
the ocular, nasal, urogenital, and rectal sites.
Sexual contact, direct contact with infectious
discharges from the eyes and/or urogenital
tract of infected koalas, and dam to joey trans-
mission are considered routes of transmission
for this infection (Jelocnik et al. 2019a; Quigley
and Timms 2020). In koalas, C. pecorum infec-
tion can manifest as asymptomatic through
to severe ocular, urogenital and respiratory
disease.

In the eyes, C. pecorum infects the con-
junctiva and can lead to keratoconjunctivitis,
corneal scarring, and eventual blindness.
Acute conjunctivitis is often characterized by
serous discharge, blepharospasm, and hyper-
emia of the conjunctiva and sclera, while
in a chronic active conjunctivitis, purulent
discharge, conjunctival hyperplasia, chronic
active neutrophilic and lymphocytic keratitis
with corneal neovascularization and fibrosis
can be observed. If left untreated, a chronic
inactive keratoconjunctivitis characterized by
extensive conjunctival hyperplasia, minimal
erythema and mature scarring develops, even-
tually causing blindness (Gonzalez-Astudillo
et al. 2019).

The urogenital C. pecorum infections
(including the urethra, ureters, bladder, and
kidneys, upper reproductive tract in females,
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and prostate, epididymis, and testes in males),
can develop into urethritis, cystitis, and/or
pyelonephritis. Acute cystitis is characterized
by thickening of the bladder wall, with or with-
out pyuria, in both males and females, and
fibrosis and ovarian bursal cysts in females.
Both can cause severe pain, polyuria and/or
urinary incontinence, leading to characteristic
“wet-bottom” (urine staining of the rump fur).
Renal complications include hydronephrosis,
pyelonephritis, and renal crystal precipita-
tion (e.g. struvite and calcium oxalate). If
infection establishes in the reproductive tract,
inflammation in both females (e.g. salpingi-
tis, endometritis, vaginitis) and males (e.g.
epididymitis, orchitis, urethritis) can lead to
infertility (Gonzalez-Astudillo et al. 2019).

Other less common chlamydial disease can
present as a syndrome of rhinitis/pneumonia
with coughing, and copious oronasal mucopu-
rulent exudate caused by both C. pneumoniae
and C. pecorum. Chlamydial infections in
koalas are often accompanied by other comor-
bidities such as neoplasia, wasting, other
infectious diseases, and trauma (Jelocnik
et al. 2019a). Chlamydial infections have
been described in other Australian native
marsupials (e.g., gliders, possums, quolls and
bandicoots), but the impact in these hosts
remains unknown (Jelocnik 2019).

Other Animal Infections
Chlamydial infections in amphibians and
reptiles are common. In amphibians, C. pneu-
moniae strains are the most common causative
agent of disease, often resulting in mortality
(Eisenberg et al. 2020). In crocodiles, chlamy-
dial infections can manifest as asymptomatic,
or a range of diseases such as kyphoscolio-
sis in juveniles, conjunctivitis, pharyngitis,
ascites, depression, anorexia, and death,
with C. crocodili being recently described in
these hosts (Chaiwattanarungruengpaisan
et al. 2021). Several novel chlamydial species
(C. poikilothermis, C. serpentis, Ca. Chlamy-
dia corallus, Ca. Chlamydia sanzinia and Ca.
Chlamydia testudinis) have been described in

snakes and tortoises, but data documenting
pathology are limited.

Virulence Factors and Pathogenomics
Advances in the field of Chlamydia genomics,
including both culture-independent sequenc-
ing methods and analytical approaches, have
led to deeper understanding of their biology,
epidemiology, and pathogenesis. Chlamydia
rely on a suite of T3SS effector proteins, which
are exported across the bacterial and inclusion
membranes into the host cell where they mod-
ulate host cell functions. Some of these are
believed to be essential to the replication of the
organism while others are predicted to confer
pathogenic advantage.

Similar to many other intracellular bacteria,
members of the genus Chlamydia have con-
served reduced genomes of up to 1.5 Mb, with
850–1050 coding sequences (Sigalova et al.
2019). Systematic analyses of whole genome
sequences from across the Chlamydia genus
has demonstrated that about 75% of genes are
universally conserved throughout the genus,
likely representing core functions for all, and
382 unique coding sequences were present
only in particular genomes, likely important
for host- or tissue-specific functions (Sigalova
et al. 2019). Almost all Chlamydia, except
C. abortus and rare plasmid-free C. trachomatis
isolates, contain a small, highly conserved,
non-conjugative or integrative virulence plas-
mid containing eight coding sequences and
no antibiotic resistance genes (Sigar et al.
2014; Zhong 2017). C. pecorum comparative
genomics revealed that the plasmid was com-
mon in strains infecting livestock and koalas,
but not all C. pecorum strains carry the plasmid
(Jelocnik et al. 2015). In C. muridarum, the
plasmid was important for chlamydial colo-
nization in the gastrointestinal and urogenital
tracts (Ma et al. 2020). Finally, in contrast
to many other bacteria, the Chlamydia spp.
display no evidence of antibiotic resistance,
with the only exception being the tetracycline
resistance gene tetA(C), which is found on the
genomic Tet-island in C. suis and encodes a
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tetracycline efflux system (Marti et al. 2017;
Seth-Smith et al. 2017).

Pathogenomics research has revealed that
there are certain loci that are subject to expan-
sion in particular species or strains, suggesting
that these are factors for host specificity. A
subset of known virulence factors is described
here in more detail, including the major
outer-membrane protein (MOMP), the poly-
morphic membrane proteins (Pmps), T3SS
effectors including inclusion membrane pro-
teins (Incs), the chlamydial plasmid, and some
metabolic factors.

The chlamydial MOMP (encoded by ompA)
is a membrane-associated protein, with
immunodominant hypervariable domains
exposed on the outside of chlamydial elemen-
tary body. These outer surface regions have
multiple T- and B-cell epitopes that induce
T-cell immunity and neutralizing antibodies
(Hepler et al. 2018).

The Pmp family of proteins are membrane-
bound, surface-exposed autotransporters
known or expected to have a variety of func-
tions related to host–pathogen interactions,
including host cell adhesion and virulence.
All Chlamydia species have genes encoding
Pmps, which may constitute up to 13% of
their genome coding capacity; however, the
number of copies varies widely across the
species (Vasilevsky et al. 2016). One subset of
pmp genes is likely to undergo phase variation,
that is the random, high-frequency, reversible
switching of gene expression from on to off.
This trait is conferred by homopolymeric polyG
tracts in C. pneumoniae and C. abortus that
can cause replication-coupled frameshifting
(Sigalova et al. 2019).

Chlamydiae possess a T3SS, which is essen-
tial for protein translocation directly into
host cells and underlies virulence processes
dependent on the distinct sets of T3SS effector
proteins encoded by different Chlamydiae.
The intracellular niche of the Chlamydia
within the inclusion vacuole is manipulated
by a set of diverse chlamydial T3SS effector
proteins called Incs (Mital et al. 2013). Once

translocated through the T3SS, these proteins
localize within the inclusion membrane, facing
the host cytosol, allowing the organism to mod-
ulate host factors (Dehoux et al. 2011). Genes
encoding Incs constitute a substantial propor-
tion (6–14%) of the chlamydial protein coding
capacity and vary in number widely across the
species (Lutter et al. 2012; Mital et al. 2013).

Translocated actin-recruiting protein is a
T3SS effector responsible for the remodeling
of the actin cytoskeleton to facilitate host cell
entry of Chlamydia. The tarp gene has been
identified in all Chlamydia genomes analyzed
to date but the proteins display significant
variation in sequence in the tyrosine residue
repeat region (Andersen et al. 2021).

A nuclear membrane targeting effector
protein, SINC, has been characterized in
C. psittaci, C. caviae and C. abortus and shown
to impact host cell apoptosis by interfering
with human lamin A/C at the host cell nuclear
membrane (Mojica et al. 2015; Marschall et al.
2020), with SINC orthologs identified in the
C. abortus, C. pecorum, C. caviae, C. felis, C.
gallinacea, and C. avium genomes (Hölzer
et al. 2020).

As obligate intracellular organisms, Chlamy-
dia species lack several metabolic biosynthetic
pathways and rely on acquisition from the
host. Variability in genomic capacity for syn-
thesis, catabolism, or acquisition of these
essential nutrients has been described and
may account for host and tissues adaptations.
In one example, Chlamydia require pyrimidine
and purine nucleotides for energy transduc-
tion and the biosynthesis of nucleic acids,
but they are unable to synthesize them de
novo. There are species-specific differences
in the presence of these genes, with only
C. caviae, C. felis, C. muridarum, C. psittaci,
and C. pecorum having a functional operon
that can produce AMP deaminase, GMP syn-
thase and IMP dehydrogenase (Hölzer et al.
2020). Many species are unable to synthesis
Trp, an essential amino acid. A complete and
functional trp operon has been described for
C. caviae, C. felis, and C. pecorum, while other
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species contain only some trp genes (C. suis
and C. trachomatis), or none (C. abortus, C.
pneumoniae, and C. psittaci) (Gitsels et al.
2019). Similarly, biotin is an essential vita-
min and while some Chlamydia species have
the enzymatic repertoire for de novo biotin
synthesis (e.g. C. abortus, C. felis, C. pecorum,
and C. pneumoniae), others do not and thus
depend on biotin hijacking (e.g. C. trachoma-
tis). Interestingly, some species can synthesize
biotin de novo but also sequester host biotin
(e.g. C. psittaci; Gitsels et al. 2019).

Pathogenesis

As outlined above, Chlamydiae can possess a
variety of factors that allow them to establish
interaction with numerous host cell targets
and evade cell-autonomous, humoral, and
cellular innate immunity (Bugalhão and Mota
2019; Elwell et al. 2016; Gitsels et al. 2019;
Figure 20.1). Despite many advances, detailed
understanding of chlamydial pathogenesis is
still lacking. Chlamydial disease is likely a
multifactorial process between the pathogen,
host, and environment, resulting in scarring of
mucosal tissue during and post-infection. The
host–Chlamydia interaction starts with the
elementary body’s adhesion to the host cell via
adhesins and outer-membrane proteins (Basti-
das et al. 2013). Upon contact with host cells,
Chlamydia induces cytoskeletal rearrange-
ments via effectors, such as TarP, to promote
internalization. Following entry, elementary
bodies are sequestered within the inclusion
vacuole, which is trafficked along microtubules
to a peri-Golgi location. Host cell pathways
are manipulated by pathogenic factors, partic-
ularly the effectors, leading to prevention of
lysosomal fusion with the inclusion vacuole
and promoting fusion with nutrient-rich exo-
cytic vesicles (Bastidas et al. 2013; Elwell et al.
2016; Gitsels et al. 2019). During infection,
Chlamydia spp. use their effector repertoire
to activate prosurvival pathways and inhibit
apoptotic signaling, as well as causing sub-
stantial changes in host-gene expression and

protein production (Elwell et al. 2016). At the
end of the developmental cycle, Chlamydia
exits the host cell by lysis or the extrusion of
the inclusion vacuole, involving the disruption
of the inclusion and host cellular membranes
(Elwell et al. 2016; Figure 20.1). Lytic egress
appears to be mediated by a chlamydial
plasmid protein (Yang et al. 2015).

Immunity and Control

Chlamydia is detected both extracellularly by
the complement system and antimicrobial pep-
tides, and intracellularly by pattern recognition
receptors (Chen et al. 2019; Peel et al. 2021).
Upon recognition, Chlamydia-infected cells
produce a range of proinflammatory cytokines
and chemokines (such as interleukins) and
tumor necrosis factor α, in addition to matrix
metalloproteases. However, this inflammatory
response, which is required for bacterial clear-
ance, is also responsible for pathology, such as
tissue damage, fibrosis, and scarring (Elwell
et al. 2016; Chen et al. 2019).

The adaptive response is necessary to limit
the spread of infection, and in providing
protection against recurrent infections (Red-
grove and McLaughlin 2014). Both animal
and human studies have shown that CD4+
and CD8+ T cells are both present at the site
of chlamydial infection, and that B cells and
that antibodies are crucial in infection control
by reducing the infectious load, enhancing
antigen presentation and antibody-mediated
neutralization (Knittler et al. 2014; Redgrove
and McLaughlin 2014). However, Chlamydia
has also evolved the ability to subvert host
immunity for its survival by interfering with
multiple signaling pathways that participate in
immune recognition, inflammation, apoptosis,
and autophagy (Chen et al. 2019).

Owing to the ability of Chlamydia to subvert
host immunity, vaccination is considered to be
the most effective control measure. The control
of chlamydial infections is managed by vaccine
in some small ruminants, but successful vac-
cines are yet to be developed for many species.
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The live-attenuated C. abortus 1B mutant
strain is currently available in Europe as the
basis of two commercial vaccine products
(Enzovax®, MSD Animal Health; and Cevac®
Chlamydia, Ceva Animal Health) for sheep
and goats. The live temperature-sensitive
vaccine strain C. abortus 1B controls infection
but has also been linked to vaccine failure
with reports of no elicited immunity and even
ovine enzootic abortions outbreaks (Laroucau
et al. 2018; Caspe et al. 2020). Chlamydia felis
vaccines are non-core vaccines, available as
both inactivated and attenuated live vaccines,
recommended when the animal is at risk for
contracting the disease (Gruffydd-Jones et al.
2009). Efforts continue worldwide to develop
effective vaccines against the Chlamydiae,
with notable mention of potential develop-
ment of a koala chlamydia vaccine (Quigley
and Timms 2020).

Antibiotic therapy is commonly used to
control infections. Chlamydiae are susceptible
to macrolides, tetracyclines, and quinolones;
these are not bactericidal, which means that
longer treatment regimens at high doses are
required. Ruminant chlamydial infections are
commonly treated with (oxy)tetracyclines,
although there is limited evidence of efficacy
in flocks/herds (Walker et al. 2015). Notably,
tetracycline resistant C. suis strains are com-
mon in pigs, indicating treatment approaches
require consideration (Borel et al. 2016). C. felis
infection in cats is recommended to be treated
with doxycycline for at least four weeks, typ-
ically with oral therapy rather than as the
eye ointment formulation (Gruffydd-Jones
et al. 2009). For koalas infected with C. peco-
rum, treatment with intramuscular injection
of chloramphenicol for 28 days is recom-
mended; however, alternative antibiotics
such as doxycycline, and florfenicol have
also been used (Jelocnik et al. 2019a). Birds
infected with C. psittaci are treated either with
antibiotics (doxycycline or other tetracyclines,
or enrofloxacin) orally in food or drinking
water, or by parenteral injection (Bommana
and Polkinghorne 2019).

Gaps in Knowledge and Anticipated
Directions

Despite many recent advances in the chlamy-
dial veterinary field, comparative genomic
analyses and knowledge of the function of
many gene products is still limited. Future
studies should also focus on the emergence of
novel species, differences in strain–strain viru-
lence, and understanding of their pathogenic
and zoonotic potentials.

Vaccine development remains the focus of
considerable work toward the prevention of
chlamydial diseases in livestock, wildlife, and
companion animals. An efficacious vaccine,
preferably one that reduces shedding or even
prevents the infection, is widely considered
to be the best prevention and control for the
Chlamydiae.

Coxiella burnetii

C. burnetii is a Gram-negative Gammapro-
teobacteria most closely related to the acciden-
tal human pathogen Legionella pneumophila.
Coxiellosis in animals, particularly rumi-
nants, is a significant cause of abortion and
reduced reproductive capacity, which is also
an important zoonotic concern because of its
low infectious dose and aerosol transmission.
C. burnetii causes a zoonotic human infec-
tion termed Q fever. This organism was first
described in the 1930s by a public health team
in Australia, investigating a mysterious sick-
ness in abattoir workers, and researchers in the
United States who discovered the bacterium
in ticks (Burnet and Freeman 1937; Davis and
Cox 1938). In the late 1940s, researchers central
to this initial characterization of the pathogen,
Frank MacFarlane Burnet and Herald Rea
Cox, were recognized by acceptance of the
name C. burnetii (Philip 1948).

Today C. burnetii has a worldwide distribution
and can be found in a wide array of domesti-
cated and wild animals. This easily accessible
source, along with its low infectivity, envi-
ronmental persistence, and ability to cause
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debilitating illness all contribute to the Centers
for Disease Control and Prevention’s classifi-
cation of C. burnetii as a category B biological
weapon (Rotz et al. 2002).

Characteristics of the Organism

Intracellular Lifecycle
Similar to Chlamydia species, C. burnetii is
an intravacuolar pathogen that exhibits a
biphasic developmental lifecycle involving two
morphological forms: the replicative large-cell
variant (LCV), which is larger than 0.5 μm,
and the metabolically dormant, spore-like
small cell variant (SCV), ranging from 0.2 to
0.5 μm (Coleman et al. 2004). Observation of a
synchronous infection of Vero cells with SCV
C. burnetii demonstrated an initial two-day
lag phase, within which SCV to LCV con-
version occurs followed by approximately
four days of exponential replication of LCVs
(Figure 20.2). Stationary phase, approximately

six days post-infection, correlates with the
reemergence of the SCV (Coleman et al. 2004).
Unlike the chlamydial elementary bodies, the
C. burnetii SCV does not appear to be more
infective than the LCV (Coleman et al. 2004;
Sandoz et al. 2014), rather the SCV represents
an environmentally stable form of C. burnetii
that is a significant hurdle in the control of this
pathogen. SCVs are highly resistant to envi-
ronmental stressors including osmotic, heat,
mechanical, and desiccation stresses (McCaul
and Williams 1981). Indeed, the SCV is
believed to remain viable in soil environments
for months to years (Plummer et al. 2018).

Internalized C. burnetii are trafficked
through the endocytic pathway and the low pH
of the lysosomal environment is responsible
for triggering both SCV to LCV conversion
and initiation of a virulent transcription
profile (Coleman et al. 2004; Newton et al.
2020; Figure 20.2). Unlike all other bacterial
pathogens, C. burnetii not only survives

Figure 20.2 Biogenesis of the Coxiella-containing vacuole (CCV). Small-cell variant (SCV) Coxiella are
internalized by eukaryotic host cells (1) and trafficked through the endocytic pathway (2). Progressive
acidification of the phagosome leads to morphological changes and conversion to the replicative large-cell
variant (LCV, 3). This coincides with transcriptional upregulation and activation of the Dot/Icm type IV
secretion system (T4SS), which introduces a cohort of effector proteins into the host cells. The collective
action of these effectors drives the expansion of the CCV, through fusion with cellular vesicles, particularly
autophagosomes, and replication of the pathogen. Toward the end of the replicative cycle, LCVs revert to
SCVs before eventual egress in an undefined manner (5).
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the degradative lysosomal environment but
requires it to initiate intracellular replication.
C. burnetii drives the modification of the lyso-
some into a replicative niche termed the Cox-
iella-containing vacuole (CCV). This vacuole
retains the low pH and proteolytic capacity of
the lysosome while becoming highly fusogenic
and expanding to occupy much of the host-cell
volume. Mature CCVs fuse with autophago-
somes and the CCV has been described as
being akin to an autolysosome.

Source of Infection: Ecology, Evolution
and Epidemiology

The only other formal member of the Coxiella
genus is Coxiella cheraxi, a deadly pathogen
of redclaw crayfish (Cherax quadricarina-
tus; Tan and Owens 2000; Ruth Elliman and
Owens 2020). Additionally a pleomorphic
Coxiella-like organism, Candidatus Coxiella
avium, causes pathology in birds that can
include organ inflammation or systemic infec-
tion resulting in death (Shivaprasad et al. 2008;
Vapniarsky et al. 2012). Recent comprehensive
analysis of over 50 species of ticks has demon-
strated great genetic and ecological diversity
within the Coxiella genus (Duron et al. 2015a).
Over three quarters of tick species harbor
Coxiella-like organisms. These are maternally
inherited tick endosymbionts that represent
the ancestral source of C. burnetii (Duron et al.
2015a). The pathogenic capacity of C. burnetii
for vertebrates likely occurred through these
arthropod-adapted organisms acquiring novel
virulence factors and metabolic capacity.

Ticks have been implicated in transmis-
sion of C. burnetii to both human and
animals with at least some species of ticks
experimentally demonstrated as competent
vectors. However, the contribution of ticks
to pathogen transmission under natural con-
ditions remains challenging to determine
(Duron et al. 2015b). By far the most frequent
form of transmission of C. burnetii to humans
occurs through the inhalation of contaminated
aerosols. Field experiments in the 1960s, using
human volunteers, were able to demonstrate
the effectiveness of aerosol transmission of

C. burnetii and reveal a minimum infectious
dose of approximately 1–10 bacteria (Tigertt
et al. 1961). Ingestion of contaminated animal
products, for example unpasteurized milk,
has also been implicated as a possible route of
transmission to humans although this remains
controversial (Miller et al. 2020).

Transmission of C. burnetii to animals is also
believed to be predominantly through aerosol
inoculation and experimental infections of
goats demonstrated the effectiveness of this
form of inoculation (Roest et al. 2012). C. bur-
netii has a very wide range of hosts including
wild and domestic mammals, birds, and
arthropods (Woldehiwet 2004). Infection in
domestic ruminants is the most significant risk
to humans and also of most importance to agri-
cultural industries. This was exemplified by the
largest C. burnetii outbreak recorded to date
that occurred in the Netherlands from 2007 to
2010. Intensive goat farming practices led to
abortion waves and the release of large num-
bers of C. burnetii in the environment (Mori
and Roest 2018). Over 4000 human cases of Q
fever were notified within the four-year period.
Significant economic and public health inter-
ventions were required to bring the epidemic
under control (Schneeberger et al. 2014).

Types of Disease and Pathologic Changes

Livestock Infections
C. burnetii causes a potentially chronic
enzootic infection in domestic ruminants
that can cause abortion during late pregnancy
but otherwise may be clinically invisible.
Understanding of the dynamics of acute cox-
iellosis, is limited by the biosafety containment
requirements for C. burnetii laboratory use
and the availability of facilities to conduct
controlled infection experiments. From both
the limited number of experimental infection
studies and surveillance of natural infections, it
is generally considered that livestock infection
is subclinical, although some experimental
studies have demonstrated that animals can
develop a self-curing febrile condition after
exposure (Agerholm 2013).
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Goats appear to be more sensitive to C. bur-
netii infection compared with other small
ruminants. During the acute phase of infection,
C. burnetii can be detected in the blood, lungs,
spleen, and liver of small ruminants (Maurin
and Raoult 1999). It remains unclear if the
presence of C. burnetii at these sites impacts
organ function. Experimental intranasal infec-
tion of pregnant goats showed that C. burnetii
has a strong tropism for the trophoblasts of
the placenta. These goats maintained normal
body temperature; however, they excreted high
numbers of C. burnetii during parturition of
both dead and live kids (Roest et al. 2012).
Within the placenta, the trophoblast cells
of the allantochorion are the primary target
cells and this region is observably inflamed.
In contrast, trophoblasts around the cotyle-
donary villi, which facilitates nutrient and gas
exchange, do not appear infected (Roest et al.
2012). This observation may help explain the
absence of premature fetal death in infected
goats. Instead, the fetus of an infected goat
may be born alive or die shortly before or dur-
ing an inflammation induced abortion (Van
den Brom et al. 2015). These different birth
outcomes occur in animals with similar levels
of C. burnetii excretion. The estimated bacte-
rial load of an infected placenta is as high as
109 bacteria per gram (Arricau-Bouvery et al.
2003). Interestingly, inoculation of nulliparous
goats with C. burnetii followed by natural
breeding of the infected goats did not impact
gestational length or fetal outcome (Roest
et al. 2020). However, 1 in 10 goats within this
study did excrete C. burnetii in the colostrum
postpartum indicating that non-pregnant goats
could act as persistent carriers of infection that
contribute to the challenges of eradication
within a herd (Roest et al. 2020).

Despite evidence that cattle can remain
chronically infected with C. burnetii, they
appear less susceptible to coxiellosis-induced
abortion than goats and sheep. Lower birth
weight and infertility has been associated with
C. burnetii infection in cattle (Maurin and
Raoult 1999). However, another study found

that seropositive shedding cows had more
reproductive success than non-infected cows
(Garcia-Ispierto et al. 2013). This discrepancy
may be linked to different diagnostic methods
and the relative virulence of circulating C. bur-
netii strains (Garcia-Ispierto et al. 2014). Cattle
can shed C. burnetii through milk, feces and
vaginal mucous and, as such, may still be a
source for human infection.

Infection in Wild Animals
A systematic literature review found that
C. burnetii has been studied in 167 different
species of wild mammals and 109 of these were
positive for C. burnetii (González-Barrio and
Ruiz-Fons 2019). The clinical manifestations
of coxiellosis in wildlife are similar to livestock
with reports of reproductive failure and pla-
centitis (González-Barrio and Ruiz-Fons 2019).

A range of wild and domestic birds have
been experimentally shown to develop asymp-
tomatic C. burnetii infection (Babudieri and
Moscovici 1952). Surveillance of birds within Q
fever positive regions demonstrated that they
also carry C. burnetii and that they may act as
a reservoir for the persistence of C. burnetii in
nature (Babudieri and Moscovici 1952).

Human Infection
The occurrence of human Q fever is gener-
ally limited to individuals with occupational
exposure to livestock. Following an incubation
period of two to three weeks (Todkill et al.
2018), approximately 40% of infected people
will develop acute Q fever (Eldin et al. 2017).
This is generally self-limiting and has a variety
of clinical presentations. Common symptoms
including fever, headache, and myalgia that
can lead to hepatitis and atypical pneumonia
(Eldin et al. 2017). Such non-specific presenta-
tion is predicted to lead to an under diagnosis
of acute Q fever. Chronic or persistent Q fever
develops in about 1–2% of infected individuals,
independent of a clinically apparent acute
infection. The most common symptom of this
long-term infection is endocarditis (Eldin et al.
2017). Resolution of persistent infection is
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challenging with a requirement for long-term
antibiotic treatment (Eldin et al. 2017).

A number of studies have demonstrated
that Q fever patients continue to experi-
ence impaired health post-infection. This
commonly presents as a “Q fever fatigue syn-
drome” characterized by persistent fatigue
with no sign of persistent infection (Eldin et al.
2017). A cohort study of Q fever patients from
the Netherlands outbreak reported that more
than one in three patients were still suffering
reduced health status 24 months post-infection
(van Loenhout et al. 2015). Q fever during preg-
nancy can impact the health of both the mother
and fetus; however, there is a lack of robust data
on the risk (Ghanem-Zoubi and Paul 2020).

Individuals who resolve a C. burnetii infec-
tion are immune to subsequent infection
although the longevity of this immunity is
unclear. Studies in mice indicate that immu-
nity is dependent on both CD4 and CD8 T cells
with B cells playing a supportive role (Read
et al. 2010). Similarly, vaccinated individuals
demonstrate protective immunity estimated to
last 5–10 years (Read et al. 2010).

Virulence Factors and Pathogenomics

The C. burnetii genome size ranges from 1.9
to 2.3 megabases. This includes a moder-
ately sized self-replicating plasmid (from 37
to 55 kilobases) or a chromosomally inte-
grated plasmid-like sequence. Under 100
C. burnetii genome sequences are currently
publicly available, which provides limited
information regarding the genetic diver-
sity of this pathogen. However, comparative
genomics does suggest C. burnetii is under-
going reductive evolution with most isolates
harboring a large number of pseudogenes.
Six genomic groups have been defined that
vary in their environmental distribution and
pathogenicity (Hemsley et al. 2019).

Until the advent of axenic cultivation and
genetic manipulation of C. burnetiid, the
only demonstrable virulence factor was
its unique lipopolysaccharide (LPS). The

O-antigen component of full-length C. burnetii
LPS includes the unusual sugars L-virenose
and dihydrohydroxystreptose (Abnave et al.
2017). Virulent C. burnetii isolated from nat-
ural sources, termed phase I, produce this
full-length LPS; however, after laboratory
passage the phase II variant emerges with
truncated LPS, lacking the O antigen, due to a
genomic deletion. In a range of different infec-
tion models, these phase II organisms have
been demonstrated to be avirulent (Abnave
et al. 2017). Importantly, phase I and phase II
C. burnetii behave similarly in tissue culture
models of infection, providing a safer model
for laboratory investigations of C. burnetii
host–pathogen interactions (Howe et al. 2010).

Analysis of the first C. burnetii genome
sequence revealed that this pathogen encodes
a type IVB secretion system (T4SS) with
homology to the Dot/Icm system of L. pneu-
mophila (Seshadri et al. 2003). Similar to the
Chlamydia T3SS, this multi-protein apparatus
facilitates translocation of bacterially encoded
virulence factors, termed effector proteins,
into the eukaryotic host cytosol. Mutagenesis
studies have demonstrated that the C. burnetii
Dot/Icm T4SS is essential for intracellular
replication and biogenesis of the normal CCV
(Beare et al. 2011; Carey et al. 2011). The
Dot/Icm T4SS has also been demonstrated to
be an essential virulence factor in the guinea
pig model of infection (Long et al. 2021).
Significant research effort has been directed
toward the identification and functional
characterization of the C. burnetii Dot/Icm
effector repertoire. To date approximately 130
putative effectors proteins have been identified
but very few of these have been functionally
characterized. Interestingly, multiple studies
have now reported that mutation of individual
effector encoding genes can lead to significant
defects in intracellular replication. This indi-
cates that there is less functional redundancy
among these effectors than that observed for
the L. pneumophila effector cohort.

The cohort of Dot/Icm effector proteins rep-
resent an intriguing toolbox for manipulation
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of eukaryotic cell biology. Many characterized
bacterial effectors possess enzymatic activity
to facilitate post-translational modifications of
host target molecules. In doing so, these effec-
tors can manipulate specific pathways and
processes to the pathogens advantage. While
the biochemical activity of very few C. burnetii
effectors has been elucidated it is evident that
many effectors act to manipulate vesicular traf-
ficking, particularly clathrin-mediated traffic
and autophagy, and to block programmed host
cell death (Lührmann et al. 2017).

The effector proteins CvpA and Cig57 have
both been shown to interact with key com-
ponents of clathrin-mediated traffic. This
correlates with recruitment of clathrin heavy
chain to the CCV and intracellular success as
mutation of either gene results in a replication
defect (Latomanski and Newton 2019). To date
two effectors, Cig2/CvpB and CvpF have been
shown to have a role in the recruitment of
autophagosomes to the CCV and subsequent
CCV biogenesis. Cig2 facilitates homotypic
fusion of CCVs through the modulation
of phosphoinositide metabolism (Newton
et al. 2014; Martinez et al. 2016) and CvpF
interactions with Rab26 (Siadous et al. 2021).

Immunity and Control

T4SS effector proteins have been implicated in
mediating the “stealth” C. burnetii infection
through manipulation of cell-autonomous
innate immune signaling. A number of effec-
tors have been shown to have host-cell death
blocking capacity including the anti-apoptotic
effectors AnkG, CaeA and CaeB, and the
inhibitor of caspase activation IcaA (Lührmann
et al. 2017). Given the slow replication rate
of C. burnetii, it is not surprising that multi-
ple effectors contribute to maintaining host
cell viability. Another novel Dot/Icm effector,
NopA, has recently been demonstrated to
trigger nucleoli accumulation of Ran-GTP
perturbing the import of transcription fac-
tors required for innate immune signaling
(Burette et al. 2020). Furthermore, the unique

full-length C. burnetii LPS is not readily
detected by the pattern recognition recep-
tor TLR2 providing an additional masking
capability (Shannon et al. 2005).

Murine models of infection have demon-
strated a critical role for T cells in the control
of C. burnetii infection (Capo and Mege 2012).
Reconstituting severe combined immunodefi-
cient (SCID) mice with CD4+ or CD8+ T cells
facilitates pathogen clearance. This is in part
attributed to T-cell production of interferon γ,
which has an essential role in the clearance
of infection (Capo and Mege 2012). Adoptive
transfer of peritoneal B cells into SCID mice
does not impact disease progression indicating
that B cells may not play an essential role in the
direct control of C. burnetii infection (Schoen-
laub et al. 2015). However, B1a cell-deficient
mice experience a higher bacterial burden,
suggesting that these cells do contribute to the
host defense against C. burnetii (Schoenlaub
et al. 2015).

Given the environmental persistence and
extensive animal reservoir of C. burnetii, vacci-
nation is the most effective means of infection
control. Australia administers the only Cox-
iella vaccine, Q-Vax® (Seqirus Pty., Parkville,
Victoria, Australia), which was licensed for
human use in 1989 (Marmion 2007). This
is a whole-cell, formalin-inactivated vaccine
that offers protection for approximately five
years (Marmion et al. 1990). The vaccine is
offered to individuals at a high risk of exposure,
including abattoir workers, veterinarians, and
farmers. However, a multistep screening pro-
cess is required before administration, since
individuals with prior exposure can have
serious adverse reactions (Gidding et al. 2009).

Q-Vax is not practical for agricultural appli-
cation due to the cost of manufacture and
the need for biosafety level three produc-
tion facilities. There are two animal vaccines
available in Europe; an inactivated combi-
nation vaccine of C. abortus and C. burnetii
phase II (Chlamyvax FQ®, Mérial, Lyon,
France) and an inactivated C. burnetii phase
I vaccine (Coxevac®, CEVA Santé Animale,
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Libourne, France; Arricau-Bouvery et al.
2005). Chlamyvax FQ has been shown to be
poorly effective in goats (Arricau-Bouvery et al.
2003). However, Coxevac can effectively pre-
vent shedding and abortions in both goats and
cattle (Arricau-Bouvery et al. 2005; Hogerwerf
et al. 2011). As with Q-vax, routine univer-
sal administration of Coxevac is impractical
due to production requirements; however,
this vaccine was employed to help control
the Netherlands outbreak (Vellema and Van
den Brom 2014). There is a lack of evidence
that antibiotic treatment can help control the
spread of infection in animals. Appropriate
antibiotics, such as tetracycline, do have effi-
cacy against C. burnetii in vitro but in-feed
administration does not allow the required
antibiotic concentrations to be achieved within
reproductive tissues (Plummer et al. 2018).

The significant outbreak in the Netherlands
invoked an urgent need for a multipronged
effort to control the spread of infection. In addi-
tion to vaccinations, depopulation of pregnant
goats and a breeding ban on animals within
infected farms did ultimately aid in stopping
the epidemic; however, the necessity of mass
euthanasia of infected herds remains unclear
(van der Hoek et al. 2012). The experience of
this outbreak has informed broader recom-
mendations for infection control within the
farm environment. This includes physical con-
trols such as stringent hygiene, limited intro-
duction of new animals, physical separation of
parturient animals from the rest of the flock,
frequent changing and appropriate disposal
of bedding and the rapid removal of birthing
materials postpartum (Plummer et al. 2018).

Gaps in Knowledge and Anticipated
Directions

As with Chlamydia species, our understanding
of the pathogenesis of C. burnetii in different
animals is limited and the technical advances
to address some of these questions have only
recently been developed. As such, we have
entered a new age in C. burnetii research and
the next decade is likely to reveal exciting
and surprising details about the molecu-
lar host–pathogen interactions mediated by
C. burnetii. However, one of the key challenges
that remains is significant limitations to the
study of infection in animals. The biosecurity
requirement for high-containment laboratories
renders many experimental approaches finan-
cially and logistically inhibitory and thus we
remain dependent on surveillance of natural
environments that cannot be experimentally
controlled. Implementation of whole-genome
sequencing to C. burnetii surveillance may
provide new insight into circulating C. burnetii
lineages and their danger to both animals and
humans.

It remains an urgent priority to develop and
license effective C. burnetii vaccines for use
in livestock as a means to control coxiellosis
and to limit the infection risk to agricultural
workers. However, this too remains a sig-
nificant challenge since the only promising
vaccine candidates require biosafety level
three facilities for production, which renders
the cost of producing these vaccines too high
for widespread agricultural application.
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Rickettsiales
Jere W. McBride, Roman R. Ganta, and David H. Walker

Introduction

Members of the order Rickettsiales of the
class Alphaproteobacteria are Gram-negative,
obligately intracellular bacteria transmit-
ted primarily by arthropod vectors. They
cause many important life-threatening infec-
tions in livestock and companion animals
and emerging zoonoses in humans. The
order Rickettsiales is composed of two fam-
ilies, Anaplasmataceae and Rickettsiaceae.
These families have major genera Anaplasma,
Ehrlichia and Neorickettsia (Anaplasmataceae)
and Rickettsia (Rickettsiaceae) that contain
multiple pathogens of importance to veteri-
nary medicine (Table 21.1). While Ehrlichia,
Anaplasma and Rickettsia species are primar-
ily tick transmitted, Neorickettsia species are
transmitted by ingestion of infected trema-
todes. In the 2000s, new rickettsial pathogens
of veterinary importance that have been identi-
fied include Ehrlichia minasensis, Neorickettsia
findlayensis, and Ehrlichia japonica.

Organisms in the order Rickettsiales are
globally distributed, coinciding with pres-
ence of their arthropod vectors and natural
mammalian hosts. Expansion of tick vectors
and natural animal hosts of many rickettsial
pathogens has been well documented and is
a major contributing factor to the increas-
ing emergence of rickettsial zoonoses in
humans. Rickettsiales have evolved mecha-
nisms to reprogram the host cell and evade

innate immune defenses, and in some cases
enabling persistent infection of natural hosts
to maintain an infection cycle in nature.

In the most recent decade, genome sequenc-
ing of many Rickettsiales have contributed
to improved classification and understanding
of these organisms by defining core genomes
and genetic similarities and differences that
may explain differential pathogenesis and
host tropism (Dunning et al. 2006; Lin et al.
2017, 2021). Notably, these organisms have
small genomes but have evolved strategies to
establish intracellular infection of immune
phagocytes, in many cases, and infect both
arthropod, mammalian, and other hosts.

Although substantial progress has been
made in understanding the molecular and
cellular pathobiology of infection, and pro-
tective antigens and immune mechanisms
of these interesting intracellular microbes,
there are still significant gaps in understand-
ing the important mechanisms involved in
infection and immunity. Although there
has been a longstanding need for veterinary
and human vaccines for diseases caused by
rickettsial pathogens, this is an area that
needs further attention to prevent and treat
these life-threatening infections in animals
and humans. This chapter summarizes
the current knowledge of major rickettsial
pathogens (Table 21.1) and associated diseases
in livestock and companion animals, empha-
sizing disease pathogenesis, immunity, and
immunopathology.
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Table 21.1 Important rickettsial pathogens of domestic and wild animals.

Pathogen Primary animals affected Disease

1. Family Anaplasmataceae
Anaplasma spp.
A. phagocytophilum Equines, canines, felines;

ruminants
Equine, canine, feline granulocytic
anaplasmosis; tick-borne fever

A. marginale/A. centrale Bovines Bovine anaplasmosis
A. platys Canines Canine infectious cyclic

thrombocytopenia
A. ovis Ovines and caprines Ovine anaplasmosis
A. capra Ovines Unnamed
Ehrlichia spp.
E. canis Canines Canine monocytic ehrlichiosis
E. chaffeensis Canines and ruminants E. chaffeensis ehrlichiosis
E. ewingii Canines Canine granulocytic ehrlichiosis
E. minasensis Bovines and equines Unnamed
E. muris Murines Unnamed
E. japonica Murines Unnamed
E. ruminantium Bovines, ovines, caprines,

wild ruminants
Heartwater

Neorickettsia spp.

N. helminthoeca Canines and ursines Salmon poisoning, Elokomin fluke liver
disease

N. risticii/N. findlayensis Equines Potomac horse fever

2. Family Rickettsiaceae
Rickettsia spp.
R. rickettsii Canines Rocky Mountain spotted fever
R. conorii Canines Mediterranean spotted fever
R. africae Canines Spotted fever rickettsiosis
R. prowazekii Sciuridae Louse-borne typhus
R. typhi Canines Murine typhus

Family Anaplasmataceae

Anaplasma Species

Overview and Pathogenic Species
Anaplasmataceae pathogens are known to
cause severe diseases in animals, which can
also be potentially fatal (Table 21.1). Fur-
ther, most of these infections may progress
to a chronic stage with the pathogens per-
sisting for long periods of time. They do not
grow in standard bacteriological media and

require the support of host cells for in vitro
growth. Specifically, in vitro growth requires
the close association of eukaryotic cells such as
phagocytes or epithelial cells originating from
a vertebrate or tick host. Anaplasmataceae
pathogens replicate by binary fission within
the phagosome of an infected eukaryotic cell,
where they require host nutrient support
(Pruneau 2014). This section focuses on the
description of pathogenic bacteria of the genus
Anaplasma impacting diverse vertebrate hosts,
such as domestic and wild ruminants, dogs,
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cats, horses, and humans (Atif et al. 2021;
Stuen 2013; André 2018; Harvey et al. 1978).

Several Anaplasma species are known to
be transmitted by hard ticks and cause dis-
eases in diverse animal hosts (Table 21.1).
Anaplasma marginale and A. centrale are pri-
marily pathogens of cattle with cell tropism to
erythrocytes and are causal agents of bovine
anaplasmosis. Anaplasma ovis is the causative
agent of ovine anaplasmosis and also infects
erythrocytes (André 2018). Anaplasma phago-
cytophilum infects primarily granulocytes in
several vertebrates, including cattle, horses,
dogs, cats, and humans (Stuen et al. 2013).
The disease caused by A. phagocytophilum is
referred to by names associated with different
host species, such as equine anaplasmosis,
bovine granulocytic anaplasmosis, and human
granulocytic anaplasmosis. Anaplasma platys
is the canine pathogen responsible for causing
cyclic thrombocytopenia because of its cell
tropism for thrombocytes (platelets) (Atif et al.
2021; De Tommasi et al. 2014). Occasionally,
A. platys causes infections in humans and
other vertebrates.

Source of Infection: Ecology
and Epidemiology
All known pathogenic Anaplasma species are
transmitted by ixodid hard ticks (Hajdusek
et al. 2013). Bovine anaplasmosis resulting
from infection with A. marginale is a major
economically important disease of cattle in
the United States and many parts of the world
(Aubry and Geale 2011). Economic losses
arising from bovine anaplasmosis primarily
result from mortality as well as morbidity
of animals. Losses are estimated to be over
$400 million annually for the US cattle indus-
try alone and several billion dollars worldwide.
The pathogen is maintained in infected hosts,
which also act as the reservoirs of infection.
Bovine anaplasmosis causes diverse clinical
manifestations, including persistent high fever,
anemia, icterus, weight loss, abortion in preg-
nant cows, lowered milk production, lethargy,
and death (Kocan et al. 2003, 2010). While up to

20 different tick species have been implicated
as vectors of A. marginale, it is also mechan-
ically transmitted to naïve animals during
routine management procedures, such as the
use of hypodermic needle or instruments used
in tattooing or dehorning (Kocan et al. 2003).
Notable among tick vectors are Dermacentor
species in North America and Rhipicephalus
species in the rest of the world. Transmission
from biting flies is another major mode of
transmission of the pathogen from infected
animals to naïve animals. A. marginale persists
in animals recovering from the acute disease.
A. marginale organisms appear within bovine
erythrocytes in marginal inclusion bodies.
While the bacterium cannot be cultured in
standard bacterial culture media, in vitro cul-
tivation is accomplished by serial passaging of
the organism within Ixodes scapularis tick cell
cultures under aerobic conditions.

Anaplasma phagocytophilum infects a
wide range of hosts including horses, cattle,
humans, dogs, and cats (Atif et al. 2021; Stuen
et al. 2013). Infections are primarily reported
in the United States, Europe, and parts of East
Asia. A. phagocytophilum is transmitted by I.
scapularis and Ixodes pacificus in North Amer-
ica, Ixodes ricinus in Europe, and Ixodes persul-
catus in eastern Europe and East Asia (Jaarsma
et al. 2019), and the white footed mouse (Per-
omyscus leucopus) has been identified as the
primary vertebrate reservoir (Levin et al.
2002). The pathogen infects neutrophils where
it replicates within a phagosome of infected cell
cytoplasm. The infectious phagosome contain-
ing the organism is referred as a morula, which
may contain several replicating or infectious
forms of A. phagocytophilum. Anaplasmosis in
animals is typically documented in summer
months when ticks are more prevalent.

Anaplasma platys primarily infects canines,
while occasionally, infections have been doc-
umented in humans (South America) and
in cats, goats, cattle, Bactrian camels, red
deer, and sika deer. A. platys infects platelets
(thrombocytes) and causes cyclical changes in
the platelet numbers over time as the infection
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progresses (Harvey et al. 1978; De Tommasi
et al. 2014; Arraga-Alvarado 2003). Thus,
A. platys infection in dogs is referred as cyclic
thrombocytopenia. Infections are documented
globally and the tick vector for A. platys is likely
the ubiquitous brown dog tick, Rhipicephalus
sanguineous (Snellgrove et al. 2020). Micro-
scopic diagnosis of infections is sometimes
possible using thick blood smears stained with
polychromatic stains, particularly during the
clinical phases of infection.

Types of Disease and Pathologic Changes
Pathogenicity of Anaplasma species is not
well defined and may be complex because
they cause infections in widely different
host specificities and host cell associations.
The pathogens may trigger immune activa-
tion leading to hypersensitivity reactions.
Anaplasma species mostly infect blood cells,
erythrocytes, neutrophils, or platelets, and
severely impair host defense mechanisms
(Rikihisa 2011; Munderloh et al. 2004; Brown
2012). The pathogens can cause high mortality
rates which vary from species to species. While
clinical presentation and detection of organ-
isms in specific host cell types are frequently
used as means of diagnosis, serological and
molecular methods maybe useful in defining
the specific infection status. Although culture
isolation of an organism is possible for some
bacteria, it is not a commonly used method of
diagnosing Anaplasma infections, as it is time
consuming, and the success of recovering an
organism by cell culture isolation is very low.
Cell culture methods for propagating A. platys
are currently not available.

The infectious form of A. marginale enters
erythrocytes by endocytosis through cell
surface-expressed proteins and replicates
within a phagosome by binary fission. Infec-
tious organisms are released from infected
erythrocytes by lysing the cells. Rapid loss of
red blood cells occurs, and in severe cases,
the erythrocyte reduction can be up to 50%.
Clinical signs of bovine anaplasmosis are pri-
marily related to the rapid loss of red blood

cells and include anemia, fever, increased
heartbeat, anorexia, depression, constipa-
tion, abortion, muscle weakness, myocardial
hypoxia, diarrhea (Aubry and Geale 2011).
During severe clinical disease, animals may
exhibit spikes of fever, lethargy, inappetence,
pale mucous membranes, anemia, and jaun-
dice, and may progress to a fatal outcome.
The clinical disease spectrum varies greatly
depending on the age of animals and strain
of the pathogen. Typically, infected calves less
than six months old display few or no clinical
signs, while six-month to three-year-old ani-
mals may develop serious illness. Infections in
cattle aged three years or more are most likely
to result in mortalities up to 30–50%. Younger
cattle recovering from the clinical disease may
appear healthy; however, the infection persists
for a long period of time, possibly for life.
Chronically infected cattle with no apparent
signs of illness serve as the reservoirs of infec-
tion and contribute to disease spread via tick
transmission and by mechanical routes.

Cattle also can be infected with the less
pathogenic A. centrale. Cattle infected with
A. centrale generate an immune response
which appears to provide sufficient protection
against the more severe clinical disease caused
by A. marginale (Abdala et al. 1990). In con-
sideration of this knowledge, infection with
A. centrale followed by treatment with tetra-
cycline derivatives is often used as a method
of reducing the disease severity resulting from
A. marginale infections. This method is typi-
cally employed in parts of sub-Saharan Africa
(Turton et al. 1998).

The most rapid method to detect A. marginale
inclusions in red blood cells of infected ani-
mals during the clinical phase of infection
is microscopic examination of blood smear
preparations stained with polychromatic
stains (Noaman and Shayan 2010). Animals
also tend to have severe anemia. Immune
response in cattle against A. marginale is used
as a method to diagnose the disease using an
enzyme-linked immunosorbent assay (ELISA)
assay that detects antibodies to the major
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surface protein (MSP) 5. Molecular techniques
such as polymerase chain reaction (PCR) tar-
geting 16S rRNA gene or MSP3 gene-specific
primers are typically used to detect the infec-
tions, and are the most sensitive methods
for identifying and quantifying A. marginale
infection (Noaman and Shayan 2010).

A. phagocytophilum infections were origi-
nally documented in ruminants in Europe with
the disease commonly referred as tick-borne
fever. Subsequently, infections were docu-
mented more frequently in horses from North
America, where the disease was referred to
as equine ehrlichiosis caused by Ehrlichia
equi (Woldehiwet 2010), later reclassified
as A. phagocytophilum, the granulocytic
anaplasmosis agent (Woldehiwet 2010). A.
phagocytophilum infections were also reported
in humans in the early 1990s, but the pathogen
also infects dogs and cats. Infections with
A. phagocytophilum in all hosts are known to
cause thrombocytopenia, edema, and hem-
orrhage (El Hamiani et al. 2021). Vascular
changes are more noticeable in the testes and
ovaries of ruminants. Clinical symptoms may
also include fever, depression, increased heart
rate, decline of appetite, anemia, icterus, and
ataxia (El Hamiani et al. 2021), with ataxia
more common in horses. Infection-associated
neutropenia causes infected animals to become
more susceptible to secondary infections (Rej-
manek et al. 2012). The host immune response
against A. phagocytophilum includes cellular
and humoral responses. Antigenic variation
in A. phagocytophilum may contribute to
the persistent survival of the pathogen in an
infected host by enabling immune evasion
(Rejmanek et al. 2012). Significant diversity
in the expressed MSPs is also reported for
A. phagocytophilum strains. Recent studies
suggest the translocation of the bacterial
effector proteins into host cell cytoplasm and
nucleus, which alters the host response and
possibly extend the life span of neutrophils,
both of which facilitate the bacterial replication
within the phagosomes (Sinclair et al. 2015;
Niu et al. 2010). Inclusions in the cytoplasm

(replicating organisms in phagosomes) of
granulocytes may be detected during the early
clinical phase of infection following polychro-
matic staining of a thick smear of blood or
a buffy coat sample. Indirect immunofluo-
rescent antibody and ELISA tests have been
developed. Recombinant antigens are typically
used for ELISA. Molecular methods, such as
PCR, are used to detect the pathogens during
the clinical phase of the disease.

Gross and Histopathologies
A. phagocytophilum infection gross pathol-
ogy includes enlarged spleen and localized
hemorrhages (El Hamiani et al. 2021; Schäfer
and Kohn 2020). Pathologic changes caused
by A. phagocytophilum infections include
perivascular lymphohistiocytic inflammatory
infiltrates in multiple organs and hyperplasia
of spleen and lymph nodes (Nair et al. 2016).
A. phagocytophilum infection in dogs causes
only mild inflammatory changes in lungs
with scattered poorly delineated or discrete
microgranulomas (Choi et al. 2007). Similarly,
mild periportal inflammatory lesions occur in
the liver (El Hamiani et al. 2021; Dumler et al.
2005).

Genome Features and Pathogenomics
A. phagocytophilum and A. marginale have
small genomes of about 1.2 and 1.5 Mbp,
respectively, as a result of reductive evolu-
tion (Dunning et al. 2006; Foley et al. 2009;
Dall’Agnol et al. 2021). The genomes have
varying numbers of coding sequences in dif-
ferent strains which range from 890–1200 for
A. marginale and 1280–1997 for A. phago-
cytophilum. The genomes lack genes to
synthesize all amino acids, but encode genes
to synthesize all major vitamins, cofactors,
and nucleotides. The genomes possess many
pseudogenes representing MSP superfamilies
(p44 and MSP2), which appear to contribute to
the bacterial antigenic variation (Palmer et al.
2000; Brayton et al. 2002; Sarkar et al. 2008).
Anaplasma species have a type IV secretion
system (T4SS), which is considered essential
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for virulence, translocates effector proteins
such as ankyrin repeat domain-containing
protein A (AnkA) into the neutrophil cyto-
plasm (Sinclair et al. 2015; Niu et al. 2010).
These effectors enable the pathogen to evade
innate immune defenses and host clearance.
Anaplasma species do not have genes that
code for pathways for lipopolysaccharide and
peptidoglycan synthesis.

Pathogenesis
Anaplasma species have two morphologically
distinct forms; a small nearly coccoid infec-
tious form referred to as dense core cell (DC)
and a pleomorphic form regarded as the retic-
ulate cell (RC). The RC form resides primarily
within a phagosome of a host cell, while the
DC form may be present within a phagosome
or extracellularly prior to infecting naïve host
cells. Anaplasma species (A. phagocytophilum
and A. marginale) have surface-expressed
proteins, such as the outer membrane pro-
tein A (OmpA), which function as adhesion
molecules interacting with sialylated glycopro-
teins to enter a host cell (Ojogun et al. 2012).
Additionally, AipA, Asp14, MSP4, and HSP
70 proteins in A. phagocytophilum likely con-
tribute to the bacterial entry into a neutrophil
(Contreras et al. 2017; Seidman et al. 2014;
Green et al. 2010). Both A. phagocytophilum
and A. marginale within a phagosome inter-
act with host-cell endoplasmic reticulum in
both vertebrate and invertebrate host cells
(endothelial, myeloid, and tick cells; Truchan
et al. 2016). Endoplasmic reticulum lumen
and membrane proteins, calreticulin, protein
disulfide isomerase, and derlin-1, are recruited
to the periphery of phagosomes to support bac-
terial growth. These interactions begin at the
early stages of infection and continue through-
out the bacterial growth. Small ubiquitin-like
modifier (SUMO) family of proteins is essen-
tial for post-translational modification in
eukaryotes (Han et al. 2018). Altering the
SUMOylation has been identified as a strategy
bacterial pathogens use in support of their
growth (Wilson 2012). Pathogenic bacteria,

including Anaplasma species accomplish
this, in part, with translocated effector pro-
teins that negatively regulate SUMOylation.
A. phagocytophilum effector protein AmpA is
translocated onto the phagosomal membrane
and is SUMOylated in a lysine-dependent man-
ner to assist in bacterial replication (Hebert
et al. 2017). A. phagocytophilum secretes effec-
tor AnkA through the T4SS into infected
neutrophil cytoplasm where it translocates to
the nucleus and alters host gene expression to
support the bacterial replication (Sinclair et al.
2015; Dumler et al. 2016).

Anaplasma species require nutrient support
from host cells for their efficient growth. For
example, A. phagocytophilum lacks a choles-
terol biosynthesis pathway. Thus, it uses the
neutrophil Niemann–Pick type C1 vesicles
and lipid-raft protein flotillin of the host cell
to acquire cholesterol for its continued growth
(Huang et al. 2021). Similarly, the pathogen
uses host-cell autophagic machinery to acquire
nutrients (Figure 21.1). This is accomplished
by secreting a BECN1-binding molecule, Ats-1,
through its T4SS, as BECN1 is needed for
autophagy formation (Niu 2013).

An overview of the pathogenesis of
Anaplasma infections is shown in Figure 21.1.

Immunity and Immunopathogenesis
Anaplasma infections induce innate, humoral
and cell-mediated responses in vertebrate
hosts. Animals infected with A. marginale
develop severe anemia due to loss of erythro-
cytes, resulting in the decline of packed cell
volume by as much as 50% within few weeks
after infection. Infected younger animals may
recover from the severe anemia, while the dis-
ease may progress to a fatal outcome in older
animals. The pathogen can persist in animals
that have recovered from the acute clini-
cal disease. A. marginale infection elicits both
humoral and cell-mediated immune responses.
Several MSPs are expressed on the pathogen
cell membrane during its growth in erythro-
cytes (Sarkar et al. 2008; Contreras et al. 2017;
Lin et al. 2004). Several, particularly MSP2,
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Figure 21.1 Anaplasma phagocytophilum interplay with the autophagic pathway (1). A. phagocytophilum
selectively recruits Rab GTPases Rab4A, Rab10, Rab11A, Rab14, Rab22A, Rab35, which regulate endocytic
recycling, and Rab1, which regulates vesicular protein transport from the endoplasmic reticulum to the
Golgi compartment (2). Type IV secretion system effector Ats-1 is translocated from the ApV into the host
cell cytoplasm and (3) directly interacts with autophagosome initiation complex (Atg14-Beclin 1-Vps34) to
initiate omegasome formation in the endoplasmic reticulum (4). Isolation membrane elongates and (5)]
double-membrane autophagosome decorated with LC3 form (6)]. Autophagosomes are recruited to the ApV
that fuse to release autophagic body content (7)]. A. phagocytopilum blocks lysosomal fusion potentially by
preventing endosomal maturation and/or through other unknown mechanisms.

are known to have variable protein sequences,
thereby contributing to antigenic variation
(Sarkar et al. 2008). The MSP2 antigenic
variation is identified as critical for evasion
of host immune responses, thus allowing the
pathogen to persist for a long period in infected
hosts (Brown et al. 1998; Palmer et al. 2016).
The neutrophil-tropic A. phagocytophilum
causes generalized immune suppression
leading to severe leukopenia due to early
lymphocytopenia, prolonged neutropenia
and thrombocytopenia (Johns et al. 2009).
Anaplasma infection results in decreased

CD4+ T cells leading to reduced adaptive
immune responses during infection (Han et al.
2008). While interferon γ (IFN-γ) expression is
regarded as important for controlling infection
and pathology, it is not sufficient for com-
plete clearance of the bacteria from a host
(Bussmeyer et al. 2010). Likewise, Anaplasma
infections trigger enhanced antibody produc-
tion targeting several MSPs, which alone is not
sufficient for pathogen clearance. Persistent
infection of the host by Anaplasma is accom-
plished primarily via antigenic variation of
immunodominant proteins of the MSP gene
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superfamily, such as MSP2/p44 (Palmer et al.
2016). Anaplasma genomes contain a variable
number of functional pseudogenes, which are
used in reorganizing the expressed gene having
continuously modified hypervariable regions
by gene conversion of whole pseudogenes and
small segments of pseudogenes (Dall’Agnol
et al. 2021). Although considerable research
has been carried out to understand the vari-
ation in some of the outer surface-expressed
antigens of A. marginale and A. phagocy-
tophilum, little is known about the pathogen-
esis of A. platys in a host. Antigenic variation
is most likely to contribute to the cyclic throm-
bocytopenia in dogs infected with A. platys.

Control
Tetracycline derivatives, such as chlortetracy-
cline and oxytetracycline, are supplemented
as food additives and by the intravenous route,
respectively, to control bovine anaplasmosis
(Curtis et al. 2021). Enrofloxacin is another
drug of choice for controlling bovine anaplas-
mosis (Facury-Filho et al. 2012). However,
antibiotics do not eliminate the pathogen
completely from an infected animal (Curtis
et al. 2021). Bovine anaplasmosis is endemic
in many parts of the world, and eradicating the
disease is particularly challenging due to lack
of effective vaccines. Tetracycline derivatives
are also the most effective antibiotics against
A. phagocytophilum in treating the clinical
disease. While vaccines are not available to
prevent A. phagocytophilum infections in ani-
mals or humans, one of the most effective
means of reducing all tick-borne rickettsial
infections, including A. phagocytophilum and
A. marginale, is by controlling the exposure
to ticks.

Gaps in Knowledge and Anticipated Future
Directions
Rapid advances in defining the pathogenesis of
Anaplasma require the availability of molecu-
lar genetics and axenic media growth methods
for these important obligately intracellular bac-
teria. Much remains to be understood about

A. platys, and research is severely limited due
to lack of in vitro culture methods for this
organism. Despite considerable understanding
of immunity against Anaplasma species, the
molecular basis for the bacterial persistence
and dual host lifecycles remains elusive. Cur-
rently, most Anaplasma infections are treated
with tetracycline derivatives (Maurin et al.
2003), thus considering the resistance to clear-
ing the pathogens with this class of drugs,
it is important to develop alternative thera-
peutics. Similarly, research must be focused
in developing effective prevention methods,
such as the development of vaccines to control
economically important bovine anaplasmo-
sis and granulocytic anaplasmosis in diverse
vertebrate hosts.

Ehrlichia Species

Overview and Pathogenic Species
Ehrlichia species are tick-transmitted, obli-
gately intracellular bacteria, and are etiologic
agents long associated with important vet-
erinary diseases such as canine monocytic
ehrlichiosis (CME) and heartwater. More
recently, several Ehrlichia species have also
been identified as the cause of emerging
life-threatening human zoonoses, such as
human monocytotropic ehrlichiosis (HME)
and human ewingii ehrlichiosis (HEE;
Ismail and McBride 2017). Reclassification
of the Ehrlichia genus based on molecular
phylogenetic analysis has identified seven
taxonomically classified species: Ehrlichia
canis, Ehrlichia chaffeensis, Ehrlichia ewingii,
Ehrlichia ruminantium, Ehrlichia muris, with
Ehrlichia minasensis, and Ehrlichia japonica
(previously Ixodes ovatus ehrlichia), added
most recently (Table 21.1).

The first description of Rickettsia rumi-
nantium as the cause of a febrile disease
in goats, sheep and cattle was reported in
1925, by E.V. Cowdry, who described an
“ultra-visible virus” transmitted by the bont
tick, Amblyomma hebraeum, which causes a
disease called “heartwater.” This describes the
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accumulation of fluid in the pericardium that
occurs during infection. The etiologic agent
was later renamed Cowdria ruminantium,
and more recently (2001), after phylogenetic
analysis to E. ruminantium. Shortly thereafter,
Rickettsia canis was identified in Algerian
dogs in 1935 and was later renamed E. canis.
Ehrlichial diseases gained more notoriety and
attention in 1963, when E. canis was reported
in the United States by Sidney Ewing and was
suspected (1969) and later (1971) identified
as the etiologic agent of canine tropical pan-
cytopenia, a devastating disease responsible
for deaths of a large number of US military
dogs stationed in southeast Asia (Huxsoll et al.
1970). These reports established E. canis as an
important canine pathogen that is known to
cause CME worldwide. Near the end of the
twentieth century, a novel agent, E. chaffeensis,
was identified in humans in the United States.
Since that time, multiple emerging ehrlichial
pathogens have been associated with veteri-
nary and zoonotic human infections, including
E. ewingii (1992, dogs; 1999, humans) and
E. muris subsp. eauclairensis (2009), initially
referred to as E. muris-like agent. In the past
20 years, the genome sequences of E. chaf-
feensis, E. canis, E. ruminantium, E. muris,
E. minasensis, and E. japonica have been
completed, molecular phylogenetic studies
have realigned the members of the genus,
immunomolecular analysis has identified
important protective antigens and epitopes,
protective immune mechanisms have been
defined, and novel molecular pathogen–host
interactions have been identified that have
provided insight into the pathobiology and
pathogenesis of the ehrlichioses.

Source of Infection: Ecology
and Epidemiology
Ehrlichia species are tick-transmitted path-
ogens, and the tick vectors include Ambly-
omma, Dermacentor, Ixodes, and Rhipicephalus
spp. For Ehrlichia spp. that infect canines,
E. canis is the most globally distributed organ-
ism, and it is transmitted by the ubiquitous

brown dog tick, Rhipicephalus sanguineus.
Amblyomma americanum (lone star tick)
is the primary vector of E. chaffeensis and
E. ewingii, which cause canine ehrlichioses
and the human zoonoses, HME, and HEE.
The primary Ehrlichia spp. that infects rumi-
nants is E. ruminantium, which is transmitted
by multiple Amblyomma tick species; how-
ever, A. hebraeum and A. variegatum are the
primary vectors (Camus and Barre 1992).
The vector for the recently identified cattle
pathogen, E. minasensis, appears to be Rhipi-
cephalus microplus, but other ticks appear to
be involved in transmission in North America.
Ehrlichia muris subsp. muris is transmitted by
Haemaphysalis flava, and E. japonica isolated
from wild mice in Japan by Hiromi Fujita, is
transmitted by Ixodes ovatus (Lin et al. 2021).
E. muris has been detected in other Ixodid tick
species (I. cookii, I. persulcatus, and I. ricinus),
and E. japonica has also been detected in I. rici-
nus (France and Serbia) and I. apronophorus
ticks (Romania). E. muris subsp. eauclairensis
is a newly identified human pathogen in the
United States, where it is transmitted by I.
scapularis. There have been reports that other
ticks may serve as vectors of Ehrlichia spp.,
including H. longicornis, A. testudinarium, I.
ricinus and I. persulcatus found on continents
outside North America. Moreover, reports of
multiple Ehrlichia spp. in R. sanguineus ticks in
Africa and other locations suggest that a variety
of ticks play a role in transmission depending
on the geographic location. Ehrlichia spp.
are maintained in nature through persistent
infection of vertebrate reservoirs (Paddock
and Childs 2003). These pathogens are not
transovarially transmitted but are maintained
in a transstadial cycle in ticks. Ehrlichia spp.
infect larvae and nymphs that feed on infected
animals, and the infection progresses from one
lifecycle stage to another (Paddock and Childs
2003). Adults are known to maintain infection
for months and can overwinter and transmit
the infection the following spring.

Ehrlichia spp. naturally infect animals and
cause opportunistic infections in humans
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(Walker and Dumler 1997). E. canis primarily
infects dogs and is the etiologic agent of CME;
however, some evidence of human infection
by E. canis has been reported in Central and
South America (Perez et al. 1996). E. canis
infections have been well documented globally
in regions where R. sanguineus is present.
E. chaffeensis has several animal reservoirs,
including white-tailed deer and canids, but
also causes life-threatening human infections
in the United States and is the etiologic agent of
HME (Paddock and Childs 2003). Evidence of
E. chaffeensis infection has been documented
outside the United States, including Africa
and Mexico. E. ewingii also naturally infects
canids and white-tailed deer, and infections,
particularly in immunocompromised human
patients, have been reported. E. ruminan-
tium infects domestic and wild ruminants in
sub-Saharan Africa and is the etiologic agent
of the disease known as heartwater (Allsop
2010). E. ruminantium is also found on three
Caribbean islands, and an organism referred to
as Panola Mountain Ehrlichia species appears
to be phylogenetically most closely related to
E. ruminantium. Panola Mountain Ehrlichia
has been identified in Gulf Coast ticks (A. mac-
ulatum) and in ruminants on the US mainland.
It causes mild disease in goats and dogs, but
it does not appear to cause disease consistent
with heartwater. E. minasensis, which is most
closely related to E. canis, was reported in
Brazil, but has also been detected in cattle
from Canada (Aguiar et al. 2014). E. minasen-
sis primarily infects cattle but has also been
reported in horses and dogs.

Types of Disease and Pathologic Changes
Evasion of the host immune response and
persistent infection of animal hosts is a
hallmark of infection by Ehrlichia spp. In
dogs, the clinical course of E. canis infec-
tion has been well documented consisting
of acute (one to four weeks), subclinical
(months to years) and chronic phases (Waner
et al. 1997). The acute phase is character-
ized by fever, oculonasal discharge, anorexia,

depression, petechiae, lymphadenopathy,
and splenomegaly. Laboratory abnormal-
ities typically include thrombocytopenia,
leukopenia and anemia. Left untreated, acute
infections can progress to a subclinical phase
where clinical signs are absent, but labora-
tory abnormalities such as thrombocytopenia
are detectable. During the subclinical phase
the infection can persist for months to years
where dogs are carriers. Some dogs with sub-
clinical infections recover spontaneously, or
progress to a severe a chronic disease where
clinical signs are apparent and more severe
than the acute phase. Severe pancytopenia is
often detected, and bone marrow hypoplasia is
common. In the chronic stage, the prognosis
is poor, and dogs often die from excessive
bleeding or secondary infections due to
pancytopenia.

Clinical manifestations of E. chaffeensis
infection in dogs appear to be less severe,
and mild manifestations have been reported
in experimentally infected dogs (Choi et al.
2007). The white-tailed deer is a primary nat-
ural reservoir of E. chaffeensis, but clinical
manifestations in deer appear to be absent or
very mild, consisting only of transient fever.
However, in humans, E. chaffeensis can cause
life-threatening manifestations that involve
systemic multiorgan failure that appears to
be related to a “toxic shock-like” syndrome.
Common laboratory abnormalities in dogs and
humans are thrombocytopenia, leukopenia
and elevated transaminases. Approximately
50% of HME cases require hospitalization, and
when HME emerges, there is a 3% case fatality
rate, but more recent data suggest that the rate
has declined to 1%.

In dogs naturally infected with E. ewingii,
clinical manifestations include fever and lame-
ness, with neutrophilic polyarthritis identified
as a cause for lameness in some dogs. Labora-
tory abnormalities include thrombocytopenia,
anemia, leukocytosis, monocytosis, and pres-
ence of reactive lymphocytes and neutrophils.
Neurological signs have also been reported
including ataxia, paresis, proprioceptive
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deficits, anisocoria, intention tremor and
head tilt.

Ehrlichia ruminantium infection manifests
after a 10–21-day incubation period and results
in non-specific signs including fever followed
by clinical disease that is peracute, acute,
subacute, or mild. The acute form is most com-
mon with fever and non-specific signs such
as dyspnea, tachycardia, anorexia, coughing,
oculonasal discharge, and dullness followed
by death. The subacute form follows a similar
course but is longer, and recovery is more com-
mon. Peracute disease results in sudden death
within one to two days without clinical signs.
Clinical pathological changes include anemia,
thrombocytopenia, neutropenia, eosinopenia,
and leukocytosis (Van Amstel et al. 1988).

The clinical manifestations of naturally
occurring E. minasensis infection are not well
documented, but experimental bovine infec-
tion revealed morulae in peripheral blood
monocytes, thrombocytopenia and clinical
signs including fever, depression, and lethargy.

Gross Pathology and Histopathology
The clinical and general pathology associated
with Ehrlichia infections of natural host ani-
mals has been well described for E. canis in
dogs, E. ruminantium in cattle, and experi-
mental infections with the murine pathogens,
E. muris and E. japonica. An extensive study
of more than 100 dogs that died or were
euthanized in advanced stages of E. canis
infection found gross lesions consisting of
hemorrhages in subcutaneous tissue and
major organs most commonly in heart, lung,
and gastrointestinal and urogenital tracts.
Lymphadenopathy of mesenteric lymph nodes
and edema of the limbs were also a commonly
observed (Huxsoll et al. 1972). Central ner-
vous system involvement is common with
meningitis and meningoencephalitis. Bone
marrow is hypercellular in acute disease, but
hypocellular in chronic disease. Ocular lesions
consisting of bilateral uveitis are common,
but conjunctivitis, ecchymoses, and corneal
edema are also often reported. Histopathologic

findings included altered lymphopoietic tissue
architecture, perivascular accumulations of
plasmacytic and monocytic cells in many
tissues, but are most common in meninges,
kidneys, and lymphopoietic tissue. Plasma
cell infiltrates are commonly found localized
in the interstitial tissue and glomerulus of
kidneys. The architecture of lymph nodes and
spleen is substantially altered and marked
by plasmacytosis. Hyperproteinemia due to
hypergammaglobulinemia occurs in most
infected dogs.

The gross lesion most often associated with
E. ruminantium infection is hydropericardium
from which the term “heartwater” is derived.
Other lesions include hemorrhages in the heart
and visceral and mucosal surfaces. Edema is
common in the lungs, and mesenteric and
mediastinal lymph nodes, with fluid accumu-
lation in the pericardial sac and thoracic cavity.
Organs such as lungs, kidneys, and brain may
be congested and enlarged, and effusion of
fluid into body cavities is thought to occur
due to increased vascular permeability and
leakage of plasma proteins. Death is caused
by pulmonary edema, cardiac insufficiency,
and shock due to circulatory collapse, which is
likely due to increased vascular permeability
resulting from direct endothelial cell damage
due to infection and disruption of cell to cell
junctions between endothelial cells. Further,
de novo production of inflammatory cytokines
by endothelial cells may contribute to the
pathophysiology of E. ruminantium infec-
tion. Although the gross lesions that evolve
during heartwater are well described, the
histopathology has not been described.

E. muris subsp. muris infection of mice
results in a nonfatal persistent subclinical
infection with clinical signs including ruffled
fur, anorexia, and inactivity approximately
7–10 days post-infection (Olano et al. 2004);
thereafter mice recover fully. The histopathol-
ogy of temporal E. muris infection during
experimental infection has been documented
and is consistent with E. chaffeensis genogroup.
Common histopathological findings are noted
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during acute infection peaking at day 14
post-infection; however, regression of lesions
begins to occur on day 20 with presence of
well-defined granulomas. Continued regres-
sion is evident at day 30, and mild evidence of
injury to lungs and liver are noted on day 60 as
persistent E. muris infection is still detected.
During the acute phase, a mononuclear phago-
cytic cell infection occurs, and lesions in the
liver, spleen, and bone marrow are similar to
lesions described in humans. Splenomegaly
increases during infection, and the spleen
develops markedly irregular lymphoid fol-
licles with moderate to severe expansion of
white pulp with macrophages in the red pulp
and marginal zone. Large numbers of apop-
totic cells are observed in lymphoid follicles,
and apoptotic hepatocytes are also promi-
nent. Lungs have moderate collections of
macrophages migrating from the pulmonary
vasculature.

In contrast, infection of mice with E. japon-
ica causes more severe disease, with ruffled fur
and inactivity leading to death nine days after
infection (Sotomayor et al. 2001). Histopathol-
ogy reveals moderate diffuse ballooning of
hepatocytes early in infection, then apoptotic
bodies are observed on day 5, with accumula-
tions of macrophages and injury of hepatocytes
and increases in splenic lymphocytes. By day 9,
extensive partially confluent foci of necrosis of
hepatocytes occurs with scattered neutrophils,
and spleen germinal centers show numerous
prominent tingible body macrophages, with
thickening of the mantle zone and red pulp
infiltration by macrophages. Bone marrow
shows increased immature myeloid cells, con-
fluent necrosis, apoptotic cells, and neutrophil
infiltration. Lungs exhibit monocyte margina-
tion in the pulmonary veins and infiltration of
the interstitium by mononuclear cells.

Genome Features and Pathogenomics
Ehrlichia species have genomes ranging
from approximately 1.2–1.5 Mbp in size
that encode ∼900 proteins and are small
compared with genomes of extracellular

bacteria (Lin et al. 2021). The core proteome
shared by all sequenced Ehrlichia spp. con-
sists of 823 proteins representing ∼95% of
the total proteome. E. chaffeensis has only 28
species-specific proteins, and there are fewer
than 10 in other sequenced Ehrlichia species.
Approximately 30% of the proteins encoded by
Ehrlichia genomes are hypothetical or proteins
of unknown function. Ehrlichia spp. obligately
intracellular existence may have resulted in
the severe loss of metabolic genes through
the process of reductive evolution; thus, these
pathogens acquire most amino acids from the
host cell. The ehrlichial genomes that have
been sequenced demonstrate a high level of
synteny, low G+C content (30%), and one of
the lowest genome coding ratios. The genomes
contain numerous tandem repeat sequences
which are thought to play a role in host adapta-
tion and reductive evolution through deletion
of repeats by recombination events. Active
duplication of these repeats appears to be a
mechanism to counter reductive evolution
to create new genes. The tandem repeats are
unique in each species, suggesting duplication
occurred after divergence of each species.

There are features present in the genomes
that are associated with host-pathogen interac-
tions and immune evasion. Ehrlichia spp. have
multigene families of major antigen protein
(MAP) or outer membrane protein (OMP);
14–23 tandemly arrayed, which have porin
activity for nutrient and sugar uptake, and pro-
teins with tandem and ankyrin repeats that are
known to be effector proteins. They lack genes
required to synthesize lipopolysaccharide
and peptidoglycan, perhaps to avoid innate
immune detection. Ehrlichia spp. have three
response regulator two-component systems
which allow ehrlichiae to sense and respond
to environmental changes by specific gene
activation. Proteins are secreted by three major
secretion systems including type I secretion
systems (T1SS) and T4SS, and twin-arginine
dependent translocation pathway; however,
there is not a T3SS found in other obligately
intracellular bacteria such as Chlamydia.
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There are known T1SS and T4SS effectors
and many additional examples of putative
effectors in the genome. Known T1SS effectors
of E. chaffeensis include tandem repeat protein
(TRP)120, TRP32, TRP47, and Ank200, and
T4SS effectors include Ehrlichia translocated
factors (Etf)-1, -2, and -3. Most of these effectors
have been identified in other Ehrlichia spp.,
but they are divergent, and protein identities
among species vary (Lin et al. 2021).

Pathogenesis
Canine ehrlichiosis is caused by several
Ehrlichia spp. (E. canis, E. chaffeensis and
E. ewingii) with E. canis being the most glob-
ally prevalent and widely documented in dogs.

However, of the Ehrlichia spp. that infect dogs,
most of the scientific information regard-
ing the molecular and cellular pathogenesis
of infection has been revealed by investiga-
tion of E. chaffeensis (McBride and Walker
2011). In dogs, E. canis and E. chaffeensis
replicate in mononuclear phagocytes, while
E. ewingii replicates in granulocytes (neu-
trophils). Figure 21.2 provides an overview
of the cellular and molecular pathogenesis of
ehrlichial infections based on studies involving
E. chaffeensis. Ehrlichia spp. replicate in mem-
brane bound vacuoles forming microcolonies
referred to as morulae. Ehrlichiae have two
distinct ultrastructural forms, the smaller

Figure 21.2 Overview of Ehrlichia chaffeensis entry, vacuole characteristics, and secretion of nucleomodulin
effectors that translocate to the host cell nucleus, reprogram gene transcription, and degrade nuclear
regulatory proteins (F-box and WD repeat domain-containing 7 and polycomb group ring finger proteins).
Created with BioRender.com.
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electron dense form known as DC ehrlichia,
which is coccoid and is the infectious form,
and a larger replicative form referred to as the
RC, which is more pleomorphic. The DC forms
attach to the host cell and are internalized
within 1 hour, then transition into the RC and
divide by binary fission for the next 48 hours,
doubling every 8 hours. The RC mature into
DC cells with the entire replication cycle
occurring over 72 hours. DC ehrlichiae are
then released by host cell lysis, exocytosis or
potentially cell to cell spread.

Ehrlichia chaffeensis infection of the
mononuclear phagocyte is dependent on a
reprogramming strategy that subverts innate
immune defense mechanisms (Lina et al.
2016). The strategy involved is mediated by
the actions of effector proteins secreted by the
T1SS and T4SS that interface with the host cell
in various subcellular locations to facilitate
infection by inhibiting or manipulating host
cell processes. T1SS effectors that have been
well characterized are TRP120, TRP32 and
TRP47, and Ank200 (Byerly et al. 2021). T4SS
effectors that are well studied include Etf-1,
-2, and -3 (Rikihisa 2021). Corresponding
orthologs of these effectors have been iden-
tified in E. canis; hence, the roles of these
effectors during E. canis infections are thought
to be similar. However, studies with E. canis
have not been performed.

Infection of mononuclear phagocytes occurs
when proteins expressed on DC ehrlichiae
including EtpE (entry-triggering protein of
Ehrlichia) and TRP120, which interact with
the cognate cellular receptor DNAse X, a cell-
surface glycosylphosphatidylinositol-anchored
membrane protein, and Frizzled 5 (Fzd5), a
cell-surface Wnt pathway receptor, respec-
tively. Interactions with these receptors result
in internalization without activation of antimi-
crobial defenses such as NADPH oxidase 2
(NOX2) complex, and lysosomal fusion with
the Ehrlichia-containing vacuole is prevented.
E. chaffeensis-receptor interactions initiate
actin polymerization resulting in the internal-
ization of the organism. Several studies have

demonstrated that both EtpE and TRP120 play
roles in host cell entry. TRP120 appears to
be regulated by c-di-GMP activation of Htr
protease, which degrades TRP120 and OmpA
and results in reduced internalization of
ehrlichiae, but not host cell binding (Kumagai
et al. 2010). More recent studies have provided
more insight into Ehrlichia entry and demon-
strated that actin polymerization is required
for entry. The process also involves activa-
tion of the actin nucleation-promoting factor
neuronal Wiskott–Aldrich syndrome protein
(N-WASP) and other proteins including a
transmembrane glycoprotein, CD147, and
cytoplasmic heterogenous nuclear ribonucleo-
protein K. Knockdown or antibody inhibition
of these proteins has been shown to reduce
ehrlichial entry (Mohan Kumar et al. 2015).
In addition, TRP120 has been shown to
mediate uptake of non-invasive Escherichia
coli in addition to latex beads coated with
recombinant TRP120 tandem repeat domain.
Similarly, latex beads coated with EtpE can
also enter phagocytes and other cells. The
entry mechanism triggered by TRP120 is not
completely defined, but likely involves activa-
tion of non-canonical Wnt planar cell polarity
pathway and potentially the noncanonical
Wnt/Ca+ pathway, which demonstrate signifi-
cant cross talk leading to actin polymerization,
filopodia formation and phagocytosis (Rogan
et al. 2019). In summary, E. chaffeensis EtpE
and TRP120 appear to be important for the
ehrlichial host cell entry, but how their entry
functions are coordinated is less well defined.
Studies of the E. chaffeensis entry process
have identified other cellular components that
are involved including lipid rafts, caveolin-1
and tyrosine-phosphorylated proteins includ-
ing phospholipase C-γ2, which have been
shown to colocalize with the Ehrlichia vac-
uole very early (Lin et al. 2003). Host cell
signaling that occurs during entry is trans-
glutamination, tyrosine phosphorylation,
PLC-2γ2 activation, inositol 1,4,5-triphosphate
production, and increased intracellular Ca+
concentrations.
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After entry, E. chaffeensis resides in membrane
bound cytoplasmic vacuoles that resemble
early endosomes. E. chaffeensis does not
induce reactive oxygen species (ROS) and
can also block (complex) ROS production
induced by PMA (Rikihisa 2021). This inhi-
bition appears to be mediated by interactions
between EtpE and DNaseX leading to activa-
tion of Vav1, a hemopoiesis-specific Rho/Rac
guanine-nucleotide exchange factor that plays
an important role regulating ROS production.
Phenotypically, the vacuoles have several early
endosomal markers including Rab5 and early
endosomal antigen 1. Ehrlichial vacuoles do
not colocalize with lysosomal markers such as
LAMP2. Over time, the vacuoles accumulate
transferrin receptor and major histocom-
patibility complex (MHC) class II antigens.
Recently, studies have shown that inclusions
also colocalize with autophagosomal markers
including LC3, p62 and Beclin-1 and appear
to form amphisomes (Patterson et al. 2021).
Notably, ehrlichial inclusions do not fuse with
lysosomes and avoid this killing mechanism.
Inhibition of lysosomal fusion appears to be
mediated by activation of Wnt signaling by
E. chaffeensis(Lina et al. 2017), which in turn
activates the phosphatidylinositol 3-kinase
(PI3K)-Akt-mTOR pathway, thereby suppress-
ing canonical autophagy. Inhibition of Wnt
signaling with small molecule inhibitors
induces lysosomal fusion and ehrlichial
killing, demonstrating the importance of
Wnt signaling in preventing autophagic killing
of ehrlichiae. Others have shown that the T4SS
effector Etf-2 also appears to contribute to
prevention of lysosomal fusion by associat-
ing with RAB5-GTP and blocking RABGAP5
engagement, thereby delaying RAB5-GTP
hydrolysis (Rikihisa 2021). Conversely, early in
infection, E. chaffeensis uses effector-induced
autophagy that is independent of canon-
ical autophagy to acquire nutrients. Eft-1
induces Rab5-regulated autophagy by binding
Beclin-1 and VPS34 and activating class III
PI3K complex, a regulator of autophagy initi-
ation (Lin et al. 2016). Etf-1-Beclin-1 complex

recruits Rab5-GTP forming autophagosomes
that fuse with the ehrlichial vacuole result-
ing in ehrlichial inclusions resembling early
amphisomes and delivery of essential glyc-
erophospholipids, cholesterol, amino acids
and other required nutrients.

The ability of Ehrlichia spp. to infect and
survive in phagocytes involves molecular
reprogramming of the host cell by effector
proteins secreted by the T1SS and T4SS. These
effectors interface with the host cell and
interact with an array of host cell proteins
to reprogram the host cell. Recent studies
have revealed new information regarding
pathogen–host interactions involved in infec-
tion. E. chaffeensis infects and survives in
mononuclear phagocytes by evading innate
host defenses including autophagy, apoptosis,
and innate immune recognition. Exploitation
of evolutionarily conserved cellular signal-
ing pathways is a strategy that is essential
for ehrlichial survival (Rogan et al. 2021).
E. chaffeensis repurposes Wnt, Notch and
likely other evolutionarily conserved cellular
signaling pathways to avoid innate immune
defenses, primarily apoptosis and autophagy.
An overview of these aspects of the patho-
genesis of E. chaffeensis infection is shown in
Figure 21.3.

Ehrlichia chaffeensis TRP120 effector dec-
orates the surface of the organism and has
multiple short linear motifs (SLiMs) in
the tandem repeat domain that function
as ligand mimetics. Through this ligand
mimicry, E. chaffeensis activates canonical
and non-canonical Wnt signaling through
interactions with Wnt receptors/coreceptors
to facilitate entry and inhibit canonical
autophagy. Wnt pathway inhibitors prevent
TRP120-coated bead internalization and
markedly reduce ehrlichial burden, demon-
strating an important role of this pathway
in entry and survival. Another well-defined
TRP120 SLiM ligand mimetic interacts with
the Notch receptor to activate the Notch
pathway (Patterson et al. 2022). Activation of
Notch signaling by E. chaffeensis is critical for
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Figure 21.3 Overview of Ehrlichia chaffeensis multiple short linear motif ligand mimicry activation of
evolutionarily conserved Wnt, Notch, and Hedgehog signaling pathways to promote infection. E. chaffeensis
activation of these pathways inhibits autolysosomal generation, downregulates pattern recognition
receptors, and inhibits apoptosis. Created with BioRender.com.

ehrlichial survival by regulating expression
of innate pattern recognition receptors and
inhibiting apoptosis by upregulating multiple
cellular oncoproteins. There is evidence that
other conserved host cell signaling pathways
such as Hedgehog and Hippo also play roles in
ehrlichial infection and survival by regulating
apoptosis directly or through crosstalk with
Wnt and Notch. In addition, the E. chaffeensis
T4SS effector Etf-1 contributes to apoptosis
inhibition by localizing to the mitochondria
and regulating mitochondrial matrix protein
manganese superoxide dismutase (MnSOD),
thereby inducing antioxidative protection by
reducing ROS (Rikihisa 2021).

Ehrlichia chaffeensis TRP effectors also tar-
get the nucleus acting as nucleomodulins to

modulate host cell gene transcription through
direct interaction with host target genes or by
interacting with nuclear proteins that regulate
transcription (Lina et al. 2016). E. chaffeensis
effectors that function as nucleomodulins
include TRP32, TRP47, TRP120, and Ank200.
All TRPs have been shown to translocate to
the host cell nucleus and bind specific target
genes. In addition to DNA binding, TRP120
moonlights as a homologous to E6AP C ter-
minus E3 ubiquitin ligase that ubiquitinates
nuclear proteins, including polycomb group
ring finger proteins (PCGF) and the ubiqui-
tin ligase tumor suppressor F box and WD
domain repeat containing protein (FBW7)
for proteasomal degradation (Wang et al.
2020). PCGFs form repressive complexes that
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silence gene transcription, and FBW7 regulates
levels of numerous important oncoproteins
(Notch, myc, jun, cyclin E, sterol regulatory
element binding protein). The transcriptional
profile of genes altered by E. chaffeensis sug-
gests that a relatively small percentage (5%)
of host genes are modulated during infec-
tion. Studies of E. chaffeensis nucleomodulins
have identified cellular processes that are
targets of nucleomodulin activity including
apoptosis, regulation of cell cycle, signal
transduction, cytoskeletal organization, and
immune response. Collectively, changes in
host cell transcription profiles during infection
appear to be influenced by direct binding of
ehrlichial nucleomodulins to specific gene
targets, but also indirectly by ehrlichial nucle-
omodulin degradation of chromatin regulators
(PCGFs) and direct activation of cellular
signaling pathways (Wnt and Notch) that
influence downstream pathway-associated
gene expression profiles.

Iron and cholesterol are two essential com-
ponents required by E. chaffeensis for survival.
E. chaffeensis used T4SS effector Etf-3, which
binds directly to host cell ferritin and recruits
nuclear receptor coactivator 4 to mediate
ferritinophagy and increase the cellular iron
pool (Rikihisa 2021). This process induces
generation of ROS, but E. chaffeensis upregu-
lates Fe-superoxide dismutase, which is part
of the T4SS operon, in addition to MnSOD
in response to the secretion of Etf-3, thereby
reducing ROS which would be detrimental for
infection.

In conclusion, E. chaffeensis has been used
as a model ehrlichial pathogen to develop
knowledge regarding molecular and cellular
pathogenesis of Ehrlichia spp. Little is known
regarding the molecular and cellular patho-
genesis of bovine pathogens E. ruminantium
and E. minasensis or murine pathogens includ-
ing E. muris and E. japonica. However, it is
likely that the general mechanisms established
through investigation of E. chaffeensis are
similar among Ehrlichia spp. Nevertheless, a
complete understanding of the molecular and

cellular pathogenesis of individual ehrlichial
pathogens remains to be fully elucidated.

Immunity and Immunopathogenesis
Studies to define mechanisms of protective
immunity to Ehrlichia spp. and the anti-
gens that induce protective immunity have
contributed to significant advances in under-
standing. Ehrlichia have highly conserved core
genomes and corresponding major immunore-
active protein orthologs. Until recently, these
primarily include major immunoreactive pro-
teins such as the OMP/MAP and TRPs that
have major linear antibody epitopes (McBride
and Walker 2010). However, the repertoire of
characterized immunoreactive proteins has
recently been substantially expanded and now
includes a large array of proteins that contain
conformation-dependent antibody epitopes
(Luo et al. 2020, 2021). Many of these newly
defined immunoreactive proteins are small
and are predicted to be secreted effectors. Col-
lectively, these new findings suggest that there
are numerous immunoreactive proteins with
conformation-dependent antibody epitopes
that many be important targets of a protective
host immune response.

Protective immune mechanisms to Ehrlichia
spp. include both humoral and cellular
responses (Nandi et al. 2007; Winslow et al.
2000; Yager et al. 2005; Feng and Walker
2004). Studies with multiple Ehrlichia spp.
have demonstrated that IFN-γ is an important
mediator of protection. CD4 and CD8 T cells
are also important in effective immunity, and
mice lacking functional MHC class II genes
are unable to clear infection. Antibody is also
important for ehrlichial clearance of E. chaf-
feensis infection. Studies have found that
passive transfer of antibodies protects mice
against E. chaffeensis and anti-ehrlichial anti-
body engages Fc receptors, complement and
intracellular Fc receptors (TRIM21) to mediate
killing (Bitsaktsis et al. 2007; Velayutham
et al. 2019).

The pathogenesis of the ehrlichioses appears
to be similar and involves immunopathological
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mechanisms associated with the overproduc-
tion of inflammatory cytokines. Hence, the
term “toxic shock-like syndrome” has been
used to describe HME. Many studies have
shown that the ehrlichial burden in tissues of
infected animals and humans is low during
infection; however, an overreactive immune
response ultimately contributes to multiorgan
failure and life-threatening outcomes. In ani-
mals, the most revealing knowledge regarding
the role of immunopathologic mechanisms
has been obtained in comparative studies of
mice experimentally infected with E. japonica,
which causes a severe fatal ehrlichiosis in mice
that resembles fatal HME (Haloul et al. 2019;
Ismail et al. 2004). In canines, there is little
scientific information regarding the role of
immunopathologic mechanisms in disease.
Anti-platelet antibodies have been described
in E. canis-infected dogs that may provide
explanation for thrombocytopenia, but such
antibodies have not been demonstrated in
other ehrlichial infections. Infections with
E. ruminantium result in large amounts of
fluid due to vascular permeability, which may
be due to direct damage to endothelial cells
infected with the bacterium and by inflam-
matory cytokine production. Endothelial
cells infected in vitro with E. ruminantium
produce many proinflammatory cytokines
including interleukin (IL)-1B, IL-6, and oth-
ers that suggests a contribution of infected
endothelial cells in the immunopathogenesis
of heartwater.

The immunopathologic mechanisms
involved in monocytic ehrlichiosis have been
studied most extensively with the natural
murine ehrlichial pathogen, E. japonica,
which causes an aggressive and lethal infec-
tion. Although there may be differences
depending on the host and Ehrlichia spp.
involved, these studies have provided some
key information on basic immunopathologic
mechanisms that may be generally relevant
to the pathogenesis and pathophysiology of
most ehrlichial infections (Kader et al. 2021).
In mice infected with E. japonica, there are

high serum levels of inflammatory cytokines
including tumor necrosis factor α (TNFα),
which may be attributed to a high frequency
of splenic TNFα-producing CD8+ T cells
(Ismail et al. 2004). There are also low levels
of IFN-γ producing CD4+ T cells, and mice
lacking TNF receptors I/II are resistant to
E. japonica induced liver injury. Other stud-
ies have shown that IFN-I and deleterious
caspase-11 activation promote liver injury
and sepsis. IFN-1 receptor knockout mice are
highly resistant to fatal infection and have
improved protective responses, suggesting that
IFN-I production plays an important role in
immunopathology, likely by activation of non-
canonical inflammasomes and suppression of
protective responses by natural killer T and
CD4+ T cells. In addition, mTORC polariza-
tion of M1 macrophages and their subsequent
accumulation in the liver correlate with fatal
ehrlichiosis (Ahmed and Ismail 2020). Recent
studies have demonstrated that mTORC1- and
MyD88-dependent inflammasome activation
mediates liver injury and is induced by IFN-I
and TLR9 during infection.

Strain-specific differences in pathogenic-
ity have also been reported in studies that
examined multiple strains of E. chaffeensis
in immunocompromised mice (Miura and
Rikihisa 2007). The Wakulla strain of E. chaf-
feensis replicated to a higher level (around
100–1000-fold) than the prototype strain
Arkansas. Cytokine profiles are also different
among three E. chaffeensis strains investi-
gated with high IFN-γ induced by Arkansas
strain, TNFα with Wakulla strain, and lit-
tle change in either cytokine in response
to the Liberty strain. A substantial upreg-
ulation of cytokines and chemokines was
detected during infection with Arkansas
and Wakulla strains, but not Liberty strain.
Notably, the degree of liver histopathology
observed appears to correlate with the level
of cytokines/chemokines, and liver cellular
infiltrations vary in that monocytes and NK
cells enrich granulomas in Arkansas strain
and neutrophils are increased. These studies
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suggest distinct inflammatory profiles are
induced by E. chaffeensis strains that correlate
with pathology.

Control
Ehrlichiosis in animals is treated with tetra-
cycline derivatives, such as chlortetracycline
and oxytetracycline and doxycycline. Reducing
exposure to ticks is a first line of defense that
is accomplished with acaracides and other
ectoparasite countermeasures. There is consid-
erable need for vaccines to control human and
veterinary ehrlichoses, as the actual incidence
of diseases in humans and animals contin-
ues to grow for numerous reasons including
ecologic changes and improved diagnosis and
reporting. Currently, there are no commer-
cially available vaccines for Ehrlichia species;
however, there are examples of experimental
subunit vaccines and live-attenuated vaccines
that provide optimism for future control these
diseases by vaccines. An exception to the over-
all lack of control measures is the example
of heartwater, for which control consists of
an antiquated and unsophisticated infection
and treatment strategy that has been used
for decades in Africa. Due to widespread dis-
ease distribution, commercial interest and
economic viability for vaccine development,
including fewer regulatory hurdles, it is likely
that a vaccine for E. canis may be the first to
materialize as a commercial product.

Gaps in Knowledge and Anticipated Future
Directions
There are considerable gaps in knowledge that
still need to be addressed regarding mech-
anisms involved in cellular and molecular
pathogenesis of infection and immune evasion,
protective antigens, protective and patho-
logic immune mechanisms, genetic/antigenic
heterogeneity, arthropod and mammalian
host-specific ehrlichial phenotypes, and
diagnostics, therapeutics and vaccines. Nev-
ertheless, substantial progress has been made
in recent years in closing many of these gaps
including completed genome sequences,

new animal models, and other advances that
have provided important insights that will
eventually lead to a more complete mechanis-
tic understanding of ehrlichial pathobiology
and immunity, leading to new therapeutics
and vaccines for the ehrlichioses.

Neorickettsia Species

Overview and Pathogenic Species
The genus Neorickettsia in the family Anaplas-
mataceae of the order Rickettsiales contains
obligately intracellular bacteria that reside
in a cytoplasmic vacuole within their nat-
ural hosts, digenetic trematodes (Headley
et al. 2011). The known neorickettsiae are
Neorickettsia helminthoeca, the Stellanchas-
mus falcatus (SF) agent, Neorickettsia risticii,
Neorickettsia findlayensis, and Neorickettsia
sennetu. N. helminthoeca is the etiologic agent
of salmon poisoning disease, a lethal infection
of dogs. The SF agent causes canine infection
known as in Elokomin fluke liver disease
that ranges from mild to severe and an ill-
ness similar to salmon poisoning disease in
bears (Table 21.1). N. risticii causes Potomac
horse fever, and N. findlayensis causes sim-
ilar clinical manifestations. N. sennetsu is a
human pathogen associated with an infectious
mononucleosis-like syndrome.

Source of Infection: Ecology
and Epidemiology
The vector of N. helminthoeca is the intestinal
fluke, Nanophyetus salmincola, in the endemic
region of the Pacific Northwest (Headley
et al. 2011). Its lifecycle involves three hosts.
N. helminthoeca is maintained transstadially
in the trematode throughout its lifecycle. The
first intermediate host of the fluke is a river
snail Oxytrema silicula, in which the rediae
and cercariae of N. salmincola reside. The snail
releases free-living larvae of the fluke into
the water. The second intermediate host is
principally salmonid fish. The cercariae enter
salmon through the abdominal skin and spread
through the bloodstream to the organs where
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they form cysts. Adult flukes parasitize canine
intestines and release ova into the water where
snails are infected. N. helminthoeca has been
found from California to British Columbia
and in Brazil. Dogs are infected by eating
raw salmon containing flukes infected with
N. helminthoeca. The SF agent was originally
discovered in S. falcatus flukes infesting gray
mullet in Japan. The neorickettsiae also infest
N. salmincola in the Pacific Northwest and
another digenetic trematode, Metagonimoides
oregonensis, in Florida. In the Pacific North-
west, Juga plicifera snails have been identified
as the first intermediate host.

N. risticii is maintained throughout the
lifecycle of Acanthatrium oregonense. This
digenetic trematode exists as miracidia and
sporocysts in Elimia virginica snails, free-living
cercariae and metacercariae in caddisflies and
mayflies, and adults that produce eggs in
the intestines of insectivorous bats. Horses
are infected by ingesting N. risticii-infected
metacercariae in the aquatic insects. The
closely related N. findlayensis, which causes
a Potomac horse fever-like disease, has been
identified in Ohio and Ontario. The trematode
and intermediate host snail of N. findlayensis
are unknown. The extremely close related-
ness of these bacteria is evident in only 0.7%
rrs divergence of N.sennetsu and N. risticii
and less than 0.1% divergence of N. risticii,
N. findlayensis, and the SF agent.

Types of Disease and Pathologic Changes
The veterinary diseases all manifest as febrile
diarrheal illnesses. After a dog, fox, or coy-
ote ingests raw salmon, N. helminthoeca are
released from the fluke and infect macrophages
in the animal’s intestinal wall and spread by
blood and lymphatic vessels to lymph nodes
where bacteria proliferate (Headley et al.
2011). The clinical course follows an incu-
bation period of five to seven days, with
a transient fever, ocular discharge, perior-
bital edema, vomiting, weight loss, anorexia,
marked splenomegaly, and bloody diarrhea.
Dogs develop severe hypertrophy of intestinal
lymphoid follicles including Peyer patches and

mesenteric lymphadenopathy followed in the
next week by bacteremia and death (Headley
et al. 2020).

Potomac horse fever occurs after a horse
ingests N. risticii-infected fluke metacercariae
in aquatic insects. Neorickettsiae enter intesti-
nal epithelial cells, macrophages, and mast
cells, divide by binary fission in cytoplasmic
vacuoles, and disseminate hematogenously
in mononuclear phagocytes. Horses develop
fever, diarrhea, neutropenia followed by leuko-
cytosis, hyponatremia, hypoalbuminemia, and
laminitis. Fetal infection may result in abor-
tion. Necropsy reveals watery content of the
cecum and large colon, which manifests hyper-
emia, petechiae, and small ulcers, abdominal
lymphadenopathy, and laminitis. Serosurveys
reveal that subclinical infection with N. risticii,
N. findlayensis, or an antigenically related
organism occurs frequently.

Genomic Features and Pathogenomics
The genome of N. helminthoeceae is a sin-
gle double-stranded circular chromosome
containing 884 232 base pairs and encoding
827 protein- and RNA encoding genes (Lin
et al. 2017). The genome of N. risticii contains
879 900 base pairs and encodes 898 proteins
and 38 RNA species. There is highly con-
served synteny between N. helminthoeceae
and N. risticii, which contains 879 977 base
pairs (Lin et al. 2009, 2017). The neorick-
ettsial proteins of N. helminthoeceae have
diverged substantially from those of N. ris-
ticii and N. sennetsu. The complete genome
sequence of N. risticii reveals genes that
likely play roles in pathogenesis, including
protein secretion systems, two-component
and one-component regulatory systems, and
ankyrin-containing proteins. The T4SS pilus
protein VirB2 occupies a bipolar location on
the bacterial surface. Neorickettsiae are aer-
obic bacteria that can synthesize ATP from
glutamine, all nucleotides, and most vitamins,
transport amino acids, metabolites and ions,
but are capable of synthesizing only a few
amino acids. Neorickettsial genomes encode
genes for a type I secretion system and a T4SS
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but not for the type 2, type 3, or type 6 secretion
systems.

Pathogenesis
N. risticii infections have been investigated
most extensively. Neorickettsiae likely infect
intestinal epithelium and spread to intesti-
nal lymphoid tissue prior to hematogenous
dissemination to spleen, lymph nodes, thy-
mus, tonsils, lungs, and brain. Cell entry by
neorickettsiae appears to occur by host cell
receptor-microbial ligand-mediated endocy-
tosis that requires transglutaminase activity.
Neorickettsiae proliferate within macrophages
where they reside in a cytoplasmic vacuole,
preventing lysosomal fusion. Calcium depen-
dent intracellular movement is mediated
by cytoskeletal filaments and microtubules.
Intracellular growth is dependent on the
host cell labile iron pool and relies upon
iron-containing cytochromes for generation of
ATP from glutamine.

Immunity and Immunopathology
Neorickettsiae do not possess genes for the
synthesis of lipopolysaccharide, and only
N. helminthoeceae contains genes encoding
proteins for the synthesis of peptidoglycan
(Lin et al. 2009, 2017). The surface-exposed
P51 porin of N. helminthoeceae is predicted
to be a β-barrel outer membrane protein.
Neorickettsiae also possess approximately
50 kDa strain-specific antigens with numer-
ous intramolecular repeat units except for
N. helminthoeceae, which has only one
strain-specific antigen that is 35 kDa. Neorick-
ettsia helminthoeceae has three ∼30 kDa
proteins that are similar to Ehrlichia OMP-1
proteins and are probably surface exposed.
The neorickettsial ankyrin repeat containing
proteins strongly suggest molecular interac-
tions with host cell proteins. Unfortunately,
investigations of immunity to neorickettsiae
have been lacking.

Control
Potomac horse fever is treated with oxytetra-
cycline, and there is a commercially available

bacterin (N. risticii) vaccine for Potomac horse
fever; however, protection is limited, likely due
to inadequate immune response generation
and heterogeneity of N. risticii strains and
other similar agents, including N. findlayensis
which is not included in the vaccine.

Gaps in Knowledge and Anticipated Future
Directions
There are significant gaps in understanding
mechanisms involved in cellular and molec-
ular pathogenesis and information regarding
protective antigens, strain diversity, and pro-
tective immune mechanisms for neorickettsial
pathogens. Future research will investigate
these important areas where greater under-
standing is required.

Family Rickettsiaceae

Rickettsia Species

Overview and Pathogenic Species
Bacteria in the genus Rickettsia, obligately
intracellular organisms that include pathogens
that are transmitted by ticks, fleas, mites, and
lice, are maintained in zoonotic cycles (Abdad
et al. 2018). Rickettsiae have evolved over mil-
lions of years as is reflected in their phylogeny,
which includes three distinct clades contain-
ing pathogens, the spotted fever group, typhus
group, and transitional group, as well as many
ancestral rickettsiae without any recognized
pathogens. The spotted fever group contains
many named human pathogens including
Rickettsia rickettsii (Rocky Mountain spot-
ted fever), Rickettsia conorii (Mediterranean
spotted fever), Rickettsia parkeri, Rickettsia
massiliae, Rickettsia japonica, Rickettsia honei,
Rickettsia africae, Rickettsia slovaca, typhus
group rickettsiae, Rickettsia. prowazekii (epi-
demic louse-borne typhus) and Rickettsia typhi
(murine typhus), and the transitional group
including Rickettsia akari (rickettsialpox)
and Rickettsia australis (Queensland tick
typhus). Rickettsia rickettsii, R. conorii, R.
typhi and R. prowazekii, and R. africae are
known to infect animal reservoirs, but only
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R. rickettsii, R. typhi and R. conorii have been
well documented to cause clinical disease in
dogs (Table 21.1).

Source of Infection: Ecology
and Epidemiology
The zoonotic cycles involve a range of reliance
on variable transovarian transmission in the
arthropod host and arthropod transmission
to susceptible vertebrate hosts, which infects
new lines of the hematophagous arthropod
host (Abdid et al. 2018). Mammalian zoonotic
amplifying hosts are generally not recog-
nized to become ill. These vertebrate hosts
include capybaras, opossums, cotton rats, and
meadow voles infected with R. rickettsii, cattle,
sheep, and goats infected with R. africae, rice
rats infected with R. parkeri, flying squirrels
infected with R. prowazekii, and rats and opos-
sums infected with R. typhi. Rickettsia rickettsii
is highly pathogenic for some inbred breeds of
dogs and can reside in a zoonotic cycle involv-
ing dogs and the brown dog tick, Rhipicephalus
sanguineus, or Amblyomma aureolatum, both
of which have been associated with large out-
breaks of Rocky Mountain spotted fever in
Arizona, Mexico and Brazil where the disease
is known as Brazilian spotted fever. Dogs have
also been observed to become infected with
R. conorii and R. typhi with variable evidence
for mild associated illness.

Types of Disease and Pathologic Changes
Clinical manifestations of R. rickettsii infection
in dogs include fever, depression, anorexia,
lymph node enlargement, subcutaneous
edema, muscle and joint pain and petechi-
ation of the skin and mucous membranes.
Other signs that are less frequent are epistaxis,
melena, hematuria, focal neurological impair-
ment, necrosis of extremities, and death from
hemorrhagic diathesis, failure of vital organs
and shock. Dogs infected with R. conorii exhibit
similar, but milder disease, and the mortality
rate is low.

Rickettsiae are transmitted by inoculation
into the skin by feeding ticks (spotted fever
group rickettsiae) and mites (R. akari) and
in the feces of lice (R. prowazekii) and fleas
(R. typhi) (Fang et al. 2017). An eschar com-
prising dermal and epidermal necrosis often
occurs at the tick or mite feeding site where
bacteria are inoculated in arthropod saliva
containing many biologically active ingredi-
ents that suppress host defenses and inhibit
hemostasis. An eschar is rarely observed in
Rocky Mountain spotted fever. Rickettsiae
spread from the dermis of the skin to the
regional lymph nodes via lymphatic vessels
and subsequently hematogenously throughout
the body. The main target of intracellular infec-
tion is endothelium; macrophages also become
infected. Although all organs are infected, the
most prominent potentially life-threatening
damage occurs in the lungs (interstitial pneu-
monia and non-cardiogenic pulmonary
edema) and brain (meningoencephalitis).
Multifocal hepatic injury results in elevated
serum concentrations of transaminases. The
principal pathophysiologic mechanism is
increased vascular permeability resulting in
edema and hypovolemia. Reduced perfusion
of the kidneys results in prerenal azotemia
and secretion of antidiuretic hormone leading
to retention of water and hyponatremia, and
endothelial injury results in platelet activa-
tion, thrombocytopenia and petechiae with
appropriately developed hemostatic plugs
that usually prevent severe hemorrhage.
Thrombocytopenia might be exacerbated
by autoimmune reactions as platelet asso-
ciated immunoglobulin levels are elevated.
Infections result in a hypercoagulant state as
endothelial injury results in release of procoag-
ulant components, activation of the coagulant
cascade with thrombin generation, platelet
activation, increased anti-fibrinolytic factors,
consumption of natural anticoagulants, and
possibly high levels of coagulation-promoting
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cytokines. Although anti-thrombin III and
plasminogen levels decrease and fibrin degra-
dation products increase, overt disseminated
intravascular coagulation is uncommon.

Genome Features and Pathogenomics
Rickettsial genomes are small owing to reduc-
tive genomic evolution of these obligately
intracellular organisms. Rickettsiae exploit the
intracellular environment to obtain substances
rather than requiring their rickettsial biosyn-
thesis (Sahni et al. 2019). The genomes of
Rickettsia are remarkably syngenic and highly
conserved. Several Rickettsia genomes have
been analyzed in search for virulence factors
that may play roles in pathogenesis. Rickettsia
genomes contain numerous components of a
T4SS, and a T4SS effector Rickettsia ankyrin
repeat protein 1 has been identified. When this
gene is introduced into a Rickettsia that is defi-
cient in this gene and is unable to cause a lytic
plaque, the lytic plaque capability is restored,
but not virulence for guinea pigs. Similar
studies have been performed on a strain of
R. rickettsii that does not express Sca2. Reintro-
duction of sca2 restores actin-based mobility
but not virulence for guinea pigs. Compar-
ison of virulent R. rickettsii with avirulent
Iowa strain, which became attenuated dur-
ing extensive passages in vitro, revealed that
autotransporter/adhesin OmpA was disrupted
and processing of autotransporter/adhesin
OmpB was defective. Analysis of the genome
of R. typhi identified 42 genes that include
hemolysins, enzymes that permit intracellular
survival, phospholipases that allow rickettsial
escape from the phagosome, a gene that lyses
toxic dinucleoside oligophosphates to produce
ATP, an ortholog of superoxide dismutase that
removes reactive oxygen species, ADP/ATP
translocase to acquire host cell ATP, trans-
port proteins, and mediators of the stringent
response. The gaps in understanding the
genomes are illustrated by the identification

of 266 genes as potential virulence factors in
R. heilongjiangensis based on their similarity
to annotated genes in other bacteria with-
out experimental evidence for their roles in
rickettsial infection.

Pathogenesis
As obligately intracellular pathogens, rick-
ettsiae have evolved redundant entry mech-
anisms mediated by attachment of rickettsial
surface-exposed membrane proteins (Sca0,
Sca1, Sca2, and Sca5) to host cell receptors
(Sca5 to Ku70, Sca0 to α2β1, Sca0 beta peptide
to fibroblast growth factor receptor 1, and Sca1
and Sca2 to two unknown host cell receptors;
Sahni et al. 2019; Narra et al. 2020) Non-coding
micro RNAs miR424 and miR503 regulate the
production of fibroblast growth factor and its
receptor. Exchange protein directly activated
by cyclic adenosine monophosphate is also
involved in endothelial cell entry. Rickettsial
attachment triggers entry by induced phago-
cytosis followed by rickettsial escape from the
phagosome into the cytosol by membranolytic
activity of phospholipase A2, phospholipase D,
and hemolysin C. The evolved entry, phagoso-
mal escape, and host defense evasion methods
vary somewhat among rickettsiae, especially
between the spotted fever and typhus groups
(Sahni et al. 2019).

Spotted fever group rickettsiae use host
actin-based mobility to move within the cell
and in conjunction with Sca4 and host vinculin
to deform the host cell membrane to spread
from cell to cell to establish a contiguous net-
work of infected cells, which is the basis for the
cutaneous petechial rash. Polymerization of
cytoskeletal actin at one pole of the rickettsia
is triggered initially by RickA activation of
the Arp2/Arp3 complex and subsequently by
Sca2 activation of Arp2/Arp3. Rickettsia typhi
exhibits limited Sca2-mediated actin-based
mobility. Rickettsial infection induces dis-
ruption of intercellular junctions and causes
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increased microvascular permeability that is
further enhanced by cytokines. Endothelial
injury has been associated with lipid peroxi-
dation of cell membranes by reactive oxygen
species. Rickettsiae activate nuclear factor κB,
mitogen-activated protein kinases, and the
Janus kinase/signal transducer and activator
of transcription pathway, inhibit apoptosis to
preserve their intracellular niche, and trigger
the release of exosomes containing non-coding
micro RNAs mir-23a and mir30b, which
potentially induce dysfunction of endothelial
cells.

Immunity and Immunopathology
Rickettsial Sca0 and Sca5 (in the spotted
fever and transitional groups) and Sca5 and
lipopolysaccharide in all pathogenic rickettsiae
are immunodominant antigens. Immune con-
trol of rickettsial infection involves cytokine
activation of synthesis of rickettsiacidal nitric
oxide, production of reactive oxygen species,
and depletion of tryptophan that limits rick-
ettsial growth (Sahni et al. 2019). Control and
elimination of rickettsial infection requires
cytokines such as TNFα, IFN-γ, and RANTES,
which activate rickettsial killing in endothelial
cells and macrophages (Sahni et al. 2019).
The mechanisms appear to involve multiple
effectors including nitric oxide, ROS, and
limiting tryptophan availability. Autophagy
may also play a role in rickettsial killing.
The response of endothelial cells has been
linked to protection and immunopathol-
ogy. Endothelial cells that secrete monocyte
chemoattractant protein-1 demonstrate less
cell death compared with proinflammatory
profile that includes IL-8 and IL-6, which
accompanies a significant level of cell death.
Humoral immunity appears to play little if
any role in controlling primary infections as
reactive antibodies are seldom found until
infections are controlled by other means.
However, humoral immunity may be more
important in subsequent exposures by block-
ing rickettsial entry or preventing rickettsiae
from escaping the phagosome (Feng et al.
2004).

Rickettsiae that escape innate immune
mechanisms are controlled by the adaptive
immune response with cytotoxic CD8 T cells
being the primary effector cell. MHC class I
is indispensable for controlling infection, and
depletion and adoptive transfer studies have
demonstrated a critical role for CD8 T cells
(Walker et al. 2001). IFN-γ also appears to play
an important role in eliminating infection.
Overwhelming infection is associated with
production of immunosuppressive IL-10 by
regulatory CD4 T cells (Sahni et al. 2019).

Control
Historically whole killed rickettsial vaccines
were prepared from laboratory-infected ticks,
embryonated chicken eggs, or louse intestines.
These vaccines reduced mortality but did
not prevent illness. An experimental vac-
cine containing whole killed R. rickettsii has
been shown to provide some protection to
dogs. Polyclonal antibodies and monoclonal
antibodies to Sca0 and Sca5 provide passive
immunity to virulent challenge, strongly sug-
gesting that these proteins could serve as the
basis for an effective vaccine. Contemporary
vaccine approaches such as an RNA vaccine or
recombinant virus expressing Sca0 and Sca5 or
a live-attenuated vaccine against spotted fever
group rickettsiae have not been pursued.

Gaps in Knowledge and Anticipated Future
Directions
Investigation of the role of organisms of the
genus Rickettsia in veterinary diseases has
received little attention. Molecular methods
such as PCR detection of nucleic acids and
next-generation sequencing has made the
challenging identification of these agents
easier than using the classical methods of
antibiotic-free cell culture. Application of
serologic techniques requires recognition that
antibodies are produced late in the course of an
acute infection and may be present as a result
of a previous, possibly subclinical, infection.
Much remains to be elucidated regarding the
role of Rickettsia in veterinary medicine.
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Lawsonia intracellularis
Roberto M. C. Guedes, Fabio A. Vannucci, and Connie J. Gebhart

Introduction

Lawsonia intracellularis is the sole species in
the genus Lawsonia. It is the etiologic agent
of proliferative enteropathy, an infectious,
intestinal hyperplastic disease characterized
by thickening of the mucosa of the intestine
due to enterocyte proliferation (McOrist and
Gebhart 2006; Figure 22.1). L. intracellularis
is an obligately intracellular, curved-shaped
bacterium found in the apical cytoplasm of
infected enterocytes. This bacterium infects
epithelial cells from the intestinal overlayer
and prevents immature cell differentiation,
resulting in enterocyte proliferation in vivo
(Lawson and Gebhart 2000).

Although the disease in pigs was first
reported in 1931 (Biester and Schwarte 1931),
it was not until the early 1970s that Lawson’s
research group in the United Kingdom began
studying field outbreaks of proliferative
enteropathy (Lawson and Gebhart 2000).
The early description of the disease was based
on gross and histologic features followed by
demonstration of its reproducibility (Biester
and Schwarte 1931). Rowland et al. (1973)
detected intracellular bacteria in prolifera-
tive lesions by use of immunofluorescence,
probing affected tissue with hyperimmune
serum from an affected pig. Roberts et al.
(1977) demonstrated that lesion material con-
tained the infectious agent by experimentally
infecting pigs with homogenates of affected

intestine. However, it was not until the 1990s
that this intracellular bacterium was isolated
from hamsters (Stills 1991), pigs (Lawson
et al. 1993), and horses (Cooper 1996), and
cultivated in vitro. The disease was then repro-
duced in pigs (McOrist et al. 1993) and horses
(Al-Ghamdi 2003) with pure cultures. The
causative intracellular agent of proliferative
enteropathy was determined to be of a new
genus and species (Gebhart et al. 1993) and
was named L. intracellularis in honor of Dr.
Lawson (McOrist et al. 1995a).

Characteristics of the Organism

L. intracellularis is a small, Gram-negative,
curved rod that is 1.25–1.75 μm in length and
0.25–0.43 μm in width. The bacterium has a
trilaminar outer envelope, which is frequently
separated from the cytoplasmic membrane
by an electronlucent zone. No fimbriae or
spores have been detected. Extracellular, cell
culture-grown isolates have a long, single,
unipolar flagellum (Lawson and Gebhart 2000;
Figure 22.2), and the organism has a darting
motility in vitro upon escape from infected
enterocytes. L. intracellularis divides trans-
versely by septation, and organisms are located
free within the apical cytoplasm of infected
enterocytes (Gebhart et al. 1993).

Strict environmental conditions are required
for cultivation of L. intracellularis in vitro.
Cell-culture systems were used in early
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Figure 22.1 Ileal section of a
pig infected with Lawsonia
intracellularis. Hematoxylin and
eosin stain of hyperplastic
crypts.

Figure 22.2 Transmission
electron microscopy
photograph of Lawsonia
intracellularis cells depicting
the presence of a single polar
flagellum.

attempts to isolate the bacterium due to its
intracellular location in vivo (Figure 22.3).
Growth of L. intracellularis in vitro requires
dividing eukaryotic cells and an atmosphere
of 82.2% nitrogen, 8.8% carbon dioxide, and
8% oxygen (Lawson et al. 1993). Alternative
chambers, such as sealable bags, providing
similar microaerophilic atmospheres or sus-
pension cultures have been used for small-
or large-scale cultivation and production of
vaccines, respectively (Vannucci et al. 2012c).
These suspension cultures are propagated in

spinner flasks or bioreactors with automatized
agitation and monitoring of temperature and
gas mixture. The peak of the infection, where
80–90% of the cells are infected with more than
30 bacteria in the cytoplasm of each cell, occurs
between five and seven days post-inoculation
(Lawson and Gebhart 2000).

Since it is not possible to cultivate
L. intracellularis in conventional bacterio-
logical media, the final classification was done
by molecular taxonomic methods. Using 16S
ribosomal DNA (rDNA) sequence analysis,
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Figure 22.3 Cell culture of
intestinal 407 cells infected
with Lawsonia intracellularis.
Only a few cells are heavily
infected. Immunoperoxidase
stain using L.
intracellularis-specific
monoclonal antibody. Source:
Vannucci and Gebhart (2014).

Gebhart et al. (1993) showed that sequences
obtained from organisms purified, without
cultivation, from the ileal mucosa of multiple
pigs were 91% similar to those of Desulfovibrio
desulfuricans. However, the physiological and
biological features of the organism were suf-
ficiently unique for it to be considered a new
genus. Its closest genetic relative is Bilophila
wadsworthia (92% 16S rDNA similarity), a
free-living anaerobic human pathogen (Sapico
et al. 1994). L. intracellularis is classified in
the delta subdivision of Proteobacteria (Geb-
hart et al. 1993). Although this bacterium
replicates within eukaryotic cells, similar to
Rickettsiae and Chlamydiae, it is taxonomically
distinct from these and other intracellular
pathogens (McOrist et al. 1995a; Dale et al.
1998; Schmitz-Esser et al. 2008). This intra-
cellular bacterium, previously known as a
Campylobacter-like organism, Ileal symbiont
intracellularis, and Ileobacter intracellularis,
was established in a new genus as L. intracel-
lularis (McOrist et al. 1995a).

The whole genome of a porcine L. intracellu-
laris isolate (PHE/MN1-00) was sequenced and
annotated, revealing a total of 1 719 014 base
pairs distributed into one small chromosome
and three plasmids (accession: PRJNA183).
High levels of expression of numerous bacterial
genes encoding hypothetical proteins during
L. intracellularis infection both in vitro and in
vivo suggests that this organism has adopted

heretofore uncharacterized mechanisms of
survival and pathogenesis. Phenotypical char-
acterization, by immunoblotting of outer mem-
brane proteins, and conventional molecular
characterization methods of the L. intracellu-
laris genome demonstrate minor differences
among isolates from different host species
and no strain differences within host species
(Al-Ghamdi 2003; Guedes and Gebhart 2003c).

Recent metagenomic sequencing and phylo-
genetic analysis study of clinical samples from
pigs and horses have demonstrated a geneti-
cally monomorphic clonal lineage responsible
for infections in pigs, with distinct subtypes
associated with infections in horses (Bengtsson
et al. 2020). This single major lineage associ-
ated to the worldwide distribution of this
agent suggests its recent emergence and clonal
expansion.

Proliferative enteropathy can be reproduced
using pure cultures of L. intracellularis at
low passages (4–20) in cell culture (McOrist
et al. 1993; Guedes and Gebhart 2003a, 2003b;
Vannucci et al. 2013a). No disease was demon-
strated in pigs experimentally infected with a
porcine isolate passed 40 times in vitro, indicat-
ing that attenuation occurs between passages
20 and 40. The loss of pathophysiological
properties of L. intracellularis associated with
adaptation to in vitro conditions has been
speculated. However, DNA-based typing tech-
niques, such as variable number tandem



�

� �

�

Sources of Infection: Ecology and Epidemiology 489

repeat, have shown identical genotypes in
homologous isolates at low and high passages
(Pusterla and Gebhart 2013; Vannucci et al.
2013a).

Sources of Infection: Ecology
and Epidemiology

Proliferative enteropathy has been reported
in a broad range of hosts, including pigs,
non-human primates, hamsters, rabbits, rats,
guinea pigs, foals, sheep, white-tailed deer,
ferrets, arctic foxes, dogs, and certain birds
(Lawson and Gebhart 2000; Vannucci et al.
2019). L. intracellularis infection has been
established experimentally in mice deficient
in interferon-gamma receptors (Smith et al.
2000), in both inbred and outbred mice (Viott
et al. 2013) and has occurred spontaneously
in conventional mice (Guedes 2008). There
are no reports of proliferative enteropathy in
human beings, but cases have been reported in
non-human primates (Klein et al. 1999).

The source of infection for these animal
species has not been determined. It may be
endemic in certain species, or it may be present
in the environment. Free-living animals serve
as the reservoir host and are involved in the
transmission of L. intracellularis between
affected animals or from the natural environ-
ment (Pusterla et al. 2008). Species-to-species
transmission has been documented. Pig iso-
lates infect hamsters (McOrist and Lawson
1987) and mice (Smith et al. 2000; Viott
et al. 2013; Gabardo et al. 2017). However,
cross-species transmission of proliferative
enteropathy usually results in subclinical, mild
infections and, therefore, some host specificity
for infection seems to exist. Horses challenged
with a pig L. intracellularis strain, and vice
versa, induced milder clinical signs, shorter
fecal shedding, and weaker seroconversion
when compared with species-specific iso-
lates (Vannucci et al. 2012b). Hamsters are
a well-published animal model for porcine
proliferative enteropathy infection studies, and
species specificity has been demonstrated for

the disease in pigs and horses (Vannucci et al.
2012b). Hamsters challenged with an equine
isolate of L. intracellularis do not develop
lesions, whereas hamsters challenged with
a pig isolate do develop disease. Conversely,
rabbits challenged with a pig isolate do not
develop typical intestinal lesions, whereas
challenge with an equine isolate does induce
typical lesions in rabbits (Sampieri et al. 2013).

Feces from infected pigs may be the source
of new infections for susceptible pigs (McOrist
and Gebhart 2006), and pig-to-pig contact is
an important route of transmission (Vannucci
et al. 2019). Mice infected with pig isolates
shed and infect susceptible pigs, and pigs
infected with pig isolates shed and infect mice
(Gabardo et al. 2017). Other possible mech-
anisms of transmission include mechanical
vectors, such as rubber boots, and biological
vectors, such as small birds, and insects.

Isolation or re-isolation of viable organisms
from diseased intestines is not easily achieved
due to the difficulty in extraction, growth,
and maintenance of L. intracellularis in vitro.
Therefore, information about the survival and
resistance of the organism in the environment
is scarce. Intestinal colonization of pigs by
L. intracellularis was detected after oral inocu-
lation with feces from infected animals, which
had been stored for up to two weeks at 5∘C or
15∘C (Collins et al. 2000).

Influence of Environmental Factors

The presence of intestinal microbiota modi-
fies the ability of L. intracellularis to colonize
the intestinal tract and cause proliferative
lesions. Germ-free pigs are not susceptible to
infection by cell culture-purified L. intracel-
lularis (McOrist et al. 1994). However, pigs
exposed to intestinal material from L. intra-
cellularis-infected animals develop the disease
(McOrist and Lawson 1989). Gnotobiotic pigs
inoculated with cultured, normal intestinal
microbiota along with cell-cultured L. intracel-
lularis also develop typical lesions of prolifer-
ative enteropathy (McOrist et al. 1994). This
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may be the result of provision of a microaerobic
environment supportive of the pathogen.

Diet may influence infection in hamsters
(Jacoby and Johnson 1981). Molbak et al.
(2008) used a culture-independent approach
based on the terminal restriction fragment
length polymorphism technique to demons-
trate that non-pelleted diet reduced the
relative amount of L. intracellularis in the total
microbiota of the ileum. However, the number
of animals shedding the bacteria in the feces
was not influenced. The reduction in the rela-
tive amount of L. intracellularis in the ileum of
these pigs might have been related to a change
in the intestinal environment, such as lower
pH, different microbiota, and/or different
intestinal morphology (Molbak et al. 2008).

The presence of intestinal microbiota modi-
fies the ability of L. intracellularis to colonize
the intestinal tract and cause proliferative
lesions. Germ-free pigs are not susceptible
to infection by cell-culture-purified L. intra-
cellularis (McOrist et al. 1994). However,
pigs exposed to intestinal material from
L. intracellularis-infected animals develop
the disease (McOrist and Lawson 1989). Gno-
tobiotic pigs inoculated with cultured, normal
intestinal microbiota bacteria, together with
cell-cultured L. intracellularis also develop
typical lesions of proliferative enteropathy
(McOrist et al. 1994).

Diet may influence infection in hamsters
(Jacoby and Johnson 1981). Molbak et al.
(2008) used a culture-independent approach
based on the terminal restriction fragment
length polymorphism technique to demon-
strate that non-pelleted diet reduced the
relative amount of L. intracellularis in the total
microbiota of the ileum. However, the num-
ber of animals shedding the bacteria in the
feces was not influenced. The reduction in
the relative amount of L. intracellularis in the
ileum of these pigs might have been related
to a change in the intestinal environment,
such as lower pH, different microbiota, and/or
different intestinal morphology (Molbak et al.
2008).

Types of Disease and Pathologic
Changes

Proliferative enteropathy has been reported
in numerous and varied animal species
(Vannucci et al. 2019) but has been best
described in pigs, hamsters, and horses.
Various names have been used, including
proliferative enteritis, porcine intestinal ade-
nomatosis (PIA), proliferative hemorrhagic
enteropathy (PHE), ileitis, and wet-tail disease.
The two major clinical forms of proliferative
enteropathy in pigs are acute hemorrhagic
diarrhea, sudden death of newly introduced
animals and pigs close to market age, known as
PHE, and chronic mild diarrhea and reduced
performance in growing pigs, known as PIA
(Lawson and Gebhart 2000; McOrist and Geb-
hart 2006). Affected hamsters have lesions
comparable to the chronic form of proliferative
enteropathy in pigs, with the exception that
pyogranulomatous inflammation is noted in
the late stages of disease (Jacoby et al. 1975).
Pathological lesions in horses range from
multifocal to confluent regions of mucosal
hyperplasia, resulting in a protein-losing
enteropathy (Lavoie and Drolet 2007).

Macroscopic lesions of proliferative entero-
pathy are usually located in the aboral portion
of the small intestine, but can also be found
from the duodenum to the rectum. Intestines
affected by the acute form of porcine prolifera-
tive enteropathy (PPE) are dilated, thickened,
and turgid, with a corrugated serosal surface.
Formed blood clots are found in the lumen of
the ileum (Vannucci et al. 2019).

Chronically affected pigs usually have
intestines with irregular patchy subserosal
edema, mainly at the area of mesenteric inser-
tion. The ileal mucosa is thickened with deep
folds and with patches of pseudomembrane
covering the mucosa. As lesions progress,
mucosal destruction can lead to rapid death of
animals (Vannucci et al. 2019). Hypertrophy
and thickening of the muscularis mucosa
may occur in animals surviving this necrotic
enteritis.
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Histologically, acute and chronic forms of
the disease have similar characteristics. Adeno-
matous proliferation occurs among epithelial
cells in the crypts of Lieberkühn in the small
intestine and mucosal glands of the large
intestine, in association with the presence
of curved-shaped intracellular bacteria in
the apices of these enterocytes (Rowland
and Lawson 1974). The crypts are elongated,
enlarged, and crowded with immature epithe-
lial cells in a highly mitotic state. There is
marked reduction or absence of goblet cells
in affected areas, and infiltration of inflam-
matory cells is minimal (McOrist and Gebhart
2006). Intestines affected by the acute form are
severely congested, with accumulation of blood
in the lumen. Electron microscopic studies of
experimentally infected hamsters and pigs
(Johnson and Jacoby 1978; Jasni et al. 1994;
Guedes et al. 2017) and naturally infected pigs
(Rowland and Lawson 1974; Love and Love
1979) have shown that highly infected entero-
cytes usually have short, irregular microvilli.

Virulence Factors
and Pathogenomics

Little is known about the genetic basis for
the virulence, pathogenesis, or physiology of
L. intracellularis so that much of this discussion
of the basis of virulence is useful speculation.
Further, the molecular mechanisms for infec-
tion and virulence and the epidemiology of
this organism in pigs and other species remain
undetermined. Sequences in the genome of
interest from a virulence standpoint include
those homologous to genes encoding proteins
involved in flagellar biosynthesis and assem-
bly. The presence of a single polar flagellum
in L. intracellularis also represents an impor-
tant phenotypic component that potentially is
involved in the early stages of infection (Smith
and Lawson 2001). Flagella allow enteric
pathogens to penetrate the mucous layer and
reach the apical membrane of enterocytes.
The whole genome sequence of a porcine

L. intracellularis isolate shows various genes
involved in the flagellar assembly (Vannucci
et al. 2012a). As a result, this element is likely
to contribute to survival or colonization, at
least during extracellular stages of infection.

The major pathogenic mechanism of
L. intracellularis is invasion of enterocytes
and induction of hyperplasia in these cells
(Lawson and Gebhart 2000). Generally, no
significant inflammatory response occurs,
and the infection remains localized in ente-
rocytes and, based on a recent study, likely
also in macrophages (Pereira et al. 2020).
Attachment and entry into immature epithe-
lial cells occur at the apical surface. Specific
adhesins or receptors for L. intracellularis
have not been characterized, but attach-
ment and entry appear to require specific
bacterium-host cell interaction (McOrist
et al. 1995b). The process of invasion does
not depend on L. intracellularis viability, as
eukaryotic cells internalize formalin-fixed
organisms (Lawson et al. 1995; Pereira 2019).
Invasion is significantly reduced by blockage
of cellular metabolism and cytoskeleton rear-
rangement by cytochalasin D (Lawson et al.
1995). Other mechanisms of cell entry may
be involved, since many cells become infected
despite treatment with cytochalasin D. For
instance, there was decreased internalization
of nonviable L. intracellularis into IPEC-J2
cells that had less clathrin synthesis, owing to
clathrin knock down (Pereira 2019). Expres-
sion of LsaA, a gene that encodes a surface
antigen, during infection in vitro and in vivo
suggests that this surface antigen might be
involved during infection. Phenotypic analysis
indicated a role during L. intracellularis attach-
ment to and entry into intestinal epithelial
cells (McCluskey et al. 2002).

L. intracellularis escapes from the membrane-
bound vacuole and lies free in the cytoplasm.
In other enteric pathogens, such as Listeria,
Rickettsia spp. and Shigella, the secretion of
lytic toxins (cytolysins or hemolysins) is an
important mechanism for escape into the
host cytoplasm. Although the expression of a
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hemolytic protein and the cytolytic activity of
L. intracellularis in vitro have been reported
(Hannigan 1997), more recent studies failed to
identify the expression of the gene encoding
hemolysin by intracellular bacteria during
infection either in vitro or in vivo (Vannucci
et al. 2012a, 2013b). Most studies on the
pathogenesis of L. intracellularis have been
conducted in vivo, since the cellular prolif-
eration that is characteristic of proliferative
enteropathy has not been reproduced in vitro,
even when using a variety of different cell
lines (Resende et al. 2019). The mechanism by
which cell proliferation is induced is unknown.
Heavy infection corresponds to a reduction in
T cell and B cell numbers in vivo. This suggests
that the bacterium may modulate the immune
response, perhaps through an immunosup-
pressive mechanism (MacIntyre et al. 2003).

Temporary reduction in apoptosis induced
by L. intracellularis infection was speculated
to be a possible mechanism involved in ente-
rocyte proliferation (McOrist et al. 1996).
However, quantification of apoptotic events
using caspase-3 in affected and non-affected
pigs had demonstrated an actual increase
in apoptosis in hyperplastic crypts and villi
enterocytes (Guedes et al. 2017; Huan et al.
2017). Thus, it appears that cell proliferation, a
characteristic feature of proliferative enteropa-
thy, is not caused by reduction in apoptosis.
Other possible mechanisms of cell prolifera-
tion have been evaluated (Huan et al. 2017).
Beta-catenin/Wnt signaling is essential in
maintaining intestinal stem cell proliferation
and self-renewal capacity, while Notch signal-
ing governs differentiation of secretory and
absorptive lineage specification. It has been
demonstrated that simultaneous induction of
Notch-1 signaling and the attenuation of the
β-catenin/Wnt pathway appear to be associated
with the inhibition of goblet cell maturation
and enhanced crypt cell proliferation at the
peak of L. intracellularis infection.

Whole genome sequence analysis of a
porcine L. intracellularis isolate revealed
the presence of genes encoding the entire

apparatus of the type III secretion system
(T3SS). The expression of three proteins rep-
resenting the energizing, core element, and
structural component of the T3SS was demon-
strated in three other porcine isolates (Alberdi
et al. 2009). Therefore, the T3SS element is
conserved among L. intracellularis isolates and
potentially contributes to its pathogenicity
during the entry process, regardless of the host
cell activity.

Transcriptional profiling of L. intracellularis,
both in vitro and in vivo, revealed high lev-
els of expression of an oxidative protection
mechanism involving Cu–Zn superoxide dis-
mutase (SodC), the rubrerythrin-rubredoxin
(rubY-rubA) operon, and dioxygenases
(Vannucci et al. 2012a, 2013b). The gene
sodC, which plays a key role in a bacterium’s
ability to cope with oxidative stress, is located
immediately upstream of the gene encoding
ATP/adenosine diphosphate (ADP) translo-
case. This enzyme has been shown to be
critical for metabolism of L. intracellularis and
other groups of obligate intracellular bacteria
(Chlamydiales and Rickettsiales). In these
organisms, ATP/ADP translocase catalyzes the
exchange of bacterial ADP for host ATP and
thus allows bacteria to use the hosts’ energy
pools. Taken together, expression of these
genes suggests that L. intracellularis is able to
cope with the oxidative stress while using the
host’s energy pool.

Pathogenesis

Overview

Comprehensive studies on lesion development
and evolution have been conducted in ham-
sters (Jacoby 1978; Johnson and Jacoby 1978)
and pigs (Guedes et al. 2017). Morphologi-
cal studies of early lesions in experimentally
infected animals indicate that enterocyte
hyperplasia is directly preceded by the pres-
ence of intracellular organisms (Jacoby 1978;
Johnson and Jacoby 1978; Guedes et al. 2017).
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In vivo, the onset of hyperplasia associated with
proliferative enteropathy follows an increase
in the number of intracellular L. intracellularis
in enterocytes. Likewise, resolution of the
lesions is closely related to the disappearance
of the intracellular organisms, indicating a
correlation between the two events (Lawson
and Gebhart 2000). No other cytopathologic
effects on infected enterocytes are seen in vivo
or in vitro. Inflammation is a factor only in
later stage lesions and is not a characteristic of
the primary lesion.

The means by which L. intracellularis pro-
duces hyperplasia is unknown. The host–
bacteria interaction was studied in vivo by
integrating laser microdissection and RNA-seq
technology (Vannucci et al. 2013b). Prolifera-
tive, infected enterocytes showed significant
activation of DNA transcription, protein
biosynthesis, and genes acting on the G1 phase
of the host-cell cycle (RhoA, RhoB, and Rho
GTPase) compared with the noninfected ente-
rocytes. While an increase in protein synthesis
and transcription is required during the G1
phase for preparing the host cell for subse-
quent division, the aberrant activation of Rho
genes has been well described in oncogenesis
by causing deregulation of cell cycle progres-
sion and promoting cell proliferation. Rho
proteins specifically act on the G1 checkpoint
when the transition occurs to commit the
cell to the proliferative stage. If the signals
responsible for promoting this transition are
not present, then the cells enter into the non-
proliferative phase (G0). Rho proteins have
been shown to be pathologically activated by
bacterial toxins, known as cyclomodulins. For
instance, cytotoxic necrotizing factor, found
in uropathogenic E. coli, Pasteurella multocida
toxin, and dermonecrotic toxin of Bordetella
spp. act directly on Rho family proteins, pro-
moting their irreversible activation. It is not
known whether L. intracellularis produces any
toxins, though various genes highly expressed
during the infection in vitro and in vivo encode
hypothetical proteins, the function of which
have not yet been identified (Vannucci et al.

2012a, 2013b). It is possible that an unrec-
ognized cyclomodulin is encoded by one of
these highly expressed genes. Some bacte-
rial toxins specifically activate Rho GTPase
protein. In addition to the in vivo study men-
tioned above, an in vitro study showed that a
Ras-like protein (the Rho family of GTPases
belong to the superfamily named “Ras-like”
proteins) was highly upregulated during
L. intracellularis infection in cell culture,
but no proliferative phenotype was observed
in cultured cells. The coactivation of other
Rho-genes (RhoA and RhoB) observed in vivo
but not in vitro might be essential to induce
the proliferative signaling in infected cells.
Significant expression of the gene encoding
the insulin-like growth factor binding protein
was described in vitro and in field cases of
diarrhea; however, the role of this growth
factor in L. intracellularis infection has not
been elucidated (Vannucci and Gebhart 2014).

Progression of Infection

Studies describing the development and
evolution of proliferative lesions have been
conducted in hamsters (Jacoby 1978; Johnson
and Jacoby 1978) and pigs (McOrist and
Gebhart 2006; Guedes et al. 2017). An ultra-
structural study (Johnson and Jacoby 1978)
using hamsters inoculated with homogenates
of affected intestinal mucosa showed that the
primary lesion was mucosal hyperplasia, with
progressive replacement of mature villous
columnar absorptive cells by undifferentiated
crypt-type cells. Those undifferentiated cells
expanded onto villous walls from their normal
location in crypts by day 10 post-infection
and reached the tips of the villi by day 14.
Aggregates of L. intracellularis were observed
in the apical cytoplasm of crypt epithe-
lium cells by day 5. Enterocyte hyperplasia
could only be detected by day 10 using light
microscopic examination of hematoxylin and
eosin-stained sections (Jacoby 1978). Entero-
cyte hyperplasia associated with the presence
of L. intracellularis was observed for up to
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40 days postinoculation in hamsters chal-
lenged with intestinal mucosa homogenate
from diseased animals (Frisk 1976; Jacoby
1978).

Using a hamster challenge model (Vannucci
et al. 2010), intestinal malabsorption was
demonstrated in infected animals (Figure
22.4c). Canulation of the small intestine of
hamsters three weeks post-infection with
L. intracellularis and perfusion with a standard
Tyrode’s solution demonstrated significant
reduction of intestinal absorption of glucose
and electrolytes (K+ and Cl−) in infected
animals, even though no villus height dif-
ference was detected between infected and
non-infected groups of hamsters. The hypoth-
esis was that immature enterocytes would fail
to express transmembrane proteins related
to proper electrolyte exchange, nor would
these enterocytes produce enzymes responsi-
ble for carbohydrate or protein digestion and
absorption (Figure 22.4c). This hypothesis
was confirmed in experimentally infected pigs
through laser microdissection where infected
enterocytes demonstrated downregulation of
numerous genes related to nutrient acquisi-
tion (Vannucci et al. 2013b). The poor intestinal
absorption seems to be the main explanation
for the lower performance of hamsters and pigs
naturally affected with subclinical or clinical
proliferative enteropathy. Malabsorptive diar-
rhea appears therefore to be the main process
involved in the physiopathology of diarrhea
due to proliferative enteropathy (Vannucci and
Gebhart 2014).

Conventional or gnotobiotic pigs colo-
nized by nonpathogenic enteric microbiota
and inoculated with pure cultures of L. intra-
cellularis have consistently developed clinical
signs and macroscopic lesions of prolifera-
tive enteropathy (McOrist et al. 1992, 1996;
Smith and McOrist 1997; Guedes and Gebhart
2003a,b). Three weeks following oral inoc-
ulation with L. intracellularis, numerous
intracellular organisms, as well as enterocyte
proliferation, were identified in intestinal
sections (Figure 22.4a,b). Electron microscopic

examination of early lesions of proliferative
enteropathy in pigs and hamsters reveals that
L. intracellularis in the crypt lumen asso-
ciates with the cell membrane and enters
epithelial cells via an entry vacuole (McOrist
et al. 1989). The vacuole breaks down and
bacteria multiply freely within the cytoplasm
(Figure 22.4c,d). These infected epithelial cells
continue to undergo mitosis, transmitting the
organisms to daughter cells (McOrist et al.
1995b). Eventually, the bacteria are released
from cytoplasmic extrusions on the epithelial
cells at the villous apices or between crypts
(Figure 24.4c). Infection may spread to the
entire jejunum, ileum, distal jejunum, cecum,
colon and rectum. M cells may be involved in
pathogenesis, since lesions in early stages of
infection appear in the Peyer’s patch area of
the intestine (McOrist et al. 1993).

Examination of the genesis of lesions dur-
ing experimentally produced proliferative
enteropathy in pigs (Guedes et al. 2017)
revealed L. intracellularis antigen in the
intestine three to five days after inoculation.
Microscopic lesions, consisting of enterocyte
hyperplasia and reduced numbers of goblet
cells, were observed 11 days after inoculation,
and initial macroscopic lesions were detected
12 days after inoculation. Positive staining, but
no gross or microscopic lesions, was detected
on day 29, and pigs euthanized on day 35
post-inoculation had no lesions and were
negative by immunohistochemical staining.
L. intracellularis antigen was not detected in
any organ other than the intestine, lymph
node, and tonsils. Infection of enterocytes in
the large intestine and rectum occurs later in
the course of the disease and, consequently,
the infection can be detected later in these
locations. It appears that the small intestine is
infected first, and the bacteria shed from those
sites infect lower levels of the intestine. The
tonsils do not appear to play a role in patho-
genesis, but tonsillar crypt cells may have
L. intracellularis antigen in their cytoplasm.

The movement of L. intracellularis through
the lamina propria may be an alternative route
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Figure 22.4 Pathogenesis of Lawsonia intracellularis. (a) Schematic representation of the villi–crypt axis.
L. intracellularis predominantly infecting intestinal crypts and within the cytoplasm of macrophages in the
lamina propria. (b) Photomicrograph of porcine ileum, 21 days post-infection. Hyperplasia of the intestinal
epithelium showing the presence of L. intracellularis–specific antigen in the apical cytoplasm of the
intestinal crypts and within the cytoplasm of cells in the lamina propria (20 × magnification). (c) Schematic
representation of enterocytes infected with L. intracellularis (black arrows). Reduced presence of membrane
transporters responsible for nutrient acquisition on the apical membrane (left cell). Accumulation of
nutrients in the intestinal lumen driving water into the lumen and resulting in osmotic/malabsorptive
diarrhea. L. intracellularis within vacuoles, free within the cell cytoplasm and within cytoplasmic
balloon-like protrusion on the apical cell membrane (center cell). L. intracellularis attached to the apical
membrane of a non-infected enterocyte (right cell). Source: Adapted from Figure 3 of Vannucci and Gebhart
(2014). (d) Ultrastructural photomicrograph in vivo representation showing numerous L. intracellularis
(white arrows), 9–34 per cell, occupying the apical enterocyte’s cytoplasm (6400 × magnification). MV:
microvilli, N, nuclei. Source: Johnson and Jacoby (1978).

for spreading the infection from crypt to crypt
in the intestinal tract. Bacteria, both intact and
degraded, in the cytoplasm of macrophages
in the lamina propria were first described
by Johnson and Jacoby (1978) using trans-
mission electron microscopy. Subsequently,

Boutrup et al. (2010) demonstrated the pres-
ence of L. intracellularis by fluorescence in situ
hybridization at early stages of the infection,
suggesting that the bacteria were intact and
viable in the cytoplasma of macrophages in
the lamina propria. A more recent study
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(Pereira et al. 2020) using transmission
electron microscopy and quantitative poly-
merase chain reaction analysis over time in
swine peripheral blood-derived macrophages
experimentally infected with L. intracellularis
demonstrated the potential persistence of
L. intracellularis in macrophages. Therefore,
macrophages may harbor the infection in
the lamina propria allowing the infection of
enterocytes through the basolateral surface
(Figure 22.4a,b).

Growth and maintenance of L. intracellularis
in vitro paved the way toward understanding
the mechanisms involved in the bacterial
entrance into eukaryotic cells and the evolu-
tion of the infection in cell cultures (Lawson
et al. 1993). Infection of cell cultures in
vitro has many of the features of the dis-
ease in vivo. The entry process is dependent
on eukaryotic cell activity and independent
of bacterial viability (Lawson et al. 1995;
Pereira 2019). Inhibition of the internaliza-
tion process by cytochalasin D suggests that
it is actin-dependent (McOrist et al. 1997).
The reduction in the internalization process
of non-viable bacteria after clathrin gene
knockdown of IPEC-J2 cells has indicated the
possible role of clathrin-mediated endocyto-
sis of L. intracellularis (Pereira 2019). Close
association between L. intracellularis and the
cell surfaces of cultured rat (IEC-18) and pig
(IPEC-J2) enterocytes was observed 10 minutes
after infection. Bacteria were internalized
after three hours within membrane-bound
vacuoles and then released into the cyto-
plasm with the breakdown and loss of these
membrane-bound vacuoles. The mechanism
involved in this release of the bacteria from
these vacuoles, avoiding lysosomal digestion
system, is not known. Multiplication of the
bacteria by binary fission free in the cytoplasm
was observed two to six days after cell-culture
infection. Drugs that inhibit cell growth also
inhibit multiplication of L. intracellularis, indi-
cating that cell division is required for bacterial
multiplication (Lawson et al. 1995). Six days
after infection, highly infected eukaryotic cells

have balloon-like, cytoplasmic protrusions
(Figure 22.4c), replete with bacteria that are
then released from the cell (McOrist et al.
1995a).

Immunity

Most of the information available about the
humoral and cellular immune responses of
pigs affected by proliferative enteropathy
was acquired through experimental infec-
tion experiments. Immunoglobulin G (IgG)
was first detected two weeks after challenge
of five-week-old pigs with a pure culture of
L. intracellularis. IgG levels peaked near the
end of the third week and then tended to decay
(Knittel et al. 1998). Pigs recovering from
clinical disease and exhibiting detectable IgG
titers that were reexposed to L. intracellularis
(Collins and Love 2007) were protected from
clinical disease. The cell-mediated immune
response is often an important feature of
infections by intracellular organisms. Inter-
feron gamma is produced by peripheral blood
mononuclear cells following specific stim-
ulation (Guedes and Gebhart 2003a; Riber
et al. 2015), and anti-L. intracellularis IgA is
detected in intestinal lavages of challenged
pigs (Guedes et al. 2017).

Both humoral and cell-mediated immune
responses were detected two weeks after expo-
sure in pigs challenged with a pathogenic
isolate of L. intracellularis (Guedes and
Gebhart 2003a) and were still detectable in
some pigs 13 weeks after exposure. Fecal
shedding was initially detected after one
week and lasted, intermittently, for 12 weeks
post-exposure. Thus, pigs exposed to a
pathogenic pure culture isolate of L. intracel-
lularis demonstrated long-term shedding and
specific immune responses to the organism.

There is no study defining the protective
immune response to L. intracellularis in pigs
or any other animal species. However, we
believe that the humoral mucosal immune
response (specific anti-L. intracellularis IgA)
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would be the first line of defense, followed by
the mucosal cell-mediated immune response.
In that sense, a systemic humoral immune
response, represented by serum IgG, would
indicate exposure to L. intracellularis antigen
due to infection or vaccination. However,
absence of humoral IgG does not indicate a
lack of immune protection.

The immunological basis for the develop-
ment of the acute form of the disease (PHE)
is not known, but field observations have
shown that it predominantly occurs in older
and heavier pigs (Guedes et al. 2003d). This
scenario was experimentally demonstrated
by Collins et al. (1999), who evaluated the
effect of age on clinical manifestation of the
disease. Susceptible pigs from different ages,
3-, 8-, and 18-week-old animals, were chal-
lenged with the same L. intracellularis dose.
Older pigs developed significantly more severe
clinical and macroscopic lesions characteristic
of PPE, with some developing the acute form
of the disease. No immunological assay was
performed to demonstrate the basis of these
findings; however, it was evident that age of
susceptible pigs is important in determining
the nature of the clinical response to infection.

Control

Proliferative enteropathy can be effectively
prevented or treated with antimicrobial drugs,
mainly pleuromutilins and macrolides. There
are two commercially available vaccines effec-
tive for the control of the disease in pigs. One is
an inactivated whole bacteria used intramus-
cularly, and the other a modified-live vaccine
orally administrated (Vannucci et al. 2019).
Very few additives, such as zinc–amino acid
complex (Leite et al. 2018) and probiotics based
on Bacillus pumilus (Opriessnig et al. 2019)
have demonstrated positive results in reduction
of L. intracellularis infection and fecal shed-
ding in pigs. Environmental survival is thought
to be generally poor in the face of disinfection.
Pure cultures were fully susceptible to Stalosan

F, a powder disinfectant (Wattanaphansak
et al. 2009), quaternary ammonium disinfec-
tant, glutaraldehyde, and formaldehyde, but
less so to povidone-iodine, and not at all to 1%
potassium peroxymonosulfate or a phenolic
mixture (Collins et al. 2000).

Gaps in Knowledge
and Anticipated Directions

Detailed knowledge about virulence factors,
particularly those involving cell invasion
and mechanisms of evading the lysosomal
digestion system, is lacking. The obligatory
intracellular features of L. intracellularis,
the very few laboratories capable of grow-
ing the bacteria in vitro and the few strains
successfully isolated and maintained in vitro
impose challenging limitations to obtaining
new information regarding L. intracellularis
pathogenesis. Lack of a targeted mutation
and allelic replacement system additionally
hampers understanding of virulence. Involve-
ment of macrophages in the propagation of
the infection in the intestine, specific receptor
molecules associated with invasion and the
basis of evasion of the lysosomal digestion
systems will be relevant aspects to investigate
in the future.

The intestinal proliferation unique to this
pathogen is directly associated with bacte-
rial replication in the intestinal epithelium.
A major limitation for the study of proliferative
enteropathy has been the lack of an in vitro
model that reproduces changes observed dur-
ing intestinal L. intracellularis infection in vivo.
Cell monolayer cultures fail in reproducing
the cellular changes observed in the intesti-
nal epithelium of affected animals (Resende
et al. 2019). A swine enteroid (intestinal
organoid) model has recently been developed
and successfully infected with L. intracellu-
laris (Resende et al. 2020). This swine-specific
model for the study of proliferative enteropa-
thy in vitro may help define mechanisms
involved in L. intracellularis pathogenesis.
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Limited knowledge of the pathogenesis of
L. intracellularis suggests that this organism
has adopted mechanisms of survival and
pathogenesis that are unique among bac-
terial pathogens (Smith and Lawson 2001).
L. intracellularis is genetically unrelated

to other intracellular pathogens and, thus,
understanding the pathogenic properties of
L. intracellularis will be an important and
intriguing goal since some of these properties
may be novel in bacterial pathogenesis.
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Leptospira
Cyrille Goarant, Ben Adler, and Alejandro de la Peña Moctezuma

Introduction

Leptospirosis in animals and humans is caused
by spirochetes of the genus Leptospira, first
identified in 1915 as the cause of human Weil’s
disease in Japan, where it was common among
coal miners. In the ensuing decades, lep-
tospirosis was identified worldwide in virtually
all mammalian species. The genus Leptospira
now contains numerous species classified
as either pathogenic or saprophytic based
on genome analyses. Within the pathogenic
species, more than 350 serovars have been
defined.

The principal source of the organism is the
proximal renal tubules of carrier animals,
which excrete leptospires in their urine inter-
mittently, or regularly for months, years, or
over a lifetime, thereby serving as a direct or
indirect source of infection for animals and
humans. The major reservoir hosts are rodents
and domestic mammals, such as cattle, pigs,
and dogs. There are some clear associations
between these so-called maintenance hosts
and leptospiral serovars, such as Hardjo in cat-
tle, Canicola in dogs, Pomona and Bratislava in
pigs, Copenhageni in rats and Ballum in mice.
This association is not absolute; a wide range
of animal species can be infected by a wide
range of serovars. The cellular and molecular
basis for host specificity remains unknown.

Because of its widespread distribution, lep-
tospirosis is a globally important animal

and zoonotic disease, most commonly,
but not exclusively, found in tropical or
sub-tropical countries. Annual global inci-
dence in humans is around one million and
may reach 100–100 000 cases during out-
breaks and in high-risk groups in contact with
infected animals. Incidence in animals varies
widely according to location, use of vaccines,
and animal husbandry practices, but remains
unknown or very poorly defined in many parts
of the world.

Characteristics of the Organism

Leptospira was first described in detail by
Stimson in 1907, when he found it in kidney
tissue of a patient thought to have died of
yellow fever. Stimson suggested the name
“Spirochaeta interrogans”, based on the form,
“somewhat resembling a question mark.”
Leptospira organisms are right-handed helices
10–15 μm in length but only 0.15 μm in diam-
eter (Figure 23.1a,b). They have a cell wall
resembling Gram-negative bacteria with an
outer membrane surrounding a thin layer of
peptidoglycan, rich in lipoproteins integrated
into the lipid bilayer by amino-terminal fatty
acids. However, the peptidoglycan in Lep-
tospira is located in closer proximity to the
inner membrane than the outer membrane,
leading to an outer membrane that is loosely
connected to the cell body (Raddi et al. 2012).
The helical morphology is determined by the
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Figure 23.1 Leptospira species (a) Dark
field microscope (bar = 10 μm). Source:
Prof Ben Adler (b) Shadowed electron
microscope (bar = 2 μm) Source:
Courtesy of Dr Annabella Chang and
(c) Silver-stained in renal tissue.
Source: Courtesy of Dr. Mariko Matsui.

(a)

(b)

(c)

peptidoglycan (Slamti et al. 2011). The outer
membrane contains transporters, including
TonB-dependent receptors, ATP-binding cas-
sette (ABC) transporters, and components of
the type II secretion system (T2SS), in addition
to the predominant antigenic surface-exposed
lipopolysaccharide (LPS) absent in most other

spirochetes (Haake and Matsunaga 2010).
The LPS is thicker in pathogenic Leptospira
interrogans (9.2 nm), than in the saprophytic
Leptospira biflexa (6 nm; Raddi et al. 2012).

Leptospira spp. have two endoflagella
located between the inner membrane and
the peptidoglycan (Wolgemuth et al. 2006).
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The mechanisms by which the flagella are
localized in the periplasm are unknown. How-
ever, an additional structure attached to the
inner membrane, the so-called collar, might be
involved in the orientation of endoflagella in
the periplasmic space (Moon et al. 2016). The
endoflagella are inserted subterminally at each
pole of the cell and extend toward the middle
of the cell without overlapping. Although
core components of the endoflagella are con-
served across Escherichia coli and spirochetes,
including the basal body, flexible hook and
the filament, the flagellar motor is larger in
spirochetes (Zhao et al. 2014b). Interestingly,
the flagellar filament in Leptospira comprises a
core and an outer sheath of at least seven pro-
teins (Gibson et al. 2020). The endoflagellum is
a coiled structure in Leptospira; its shape is due
to an abundant FcpA protein located on its sur-
face (Wunder et al. 2016a). Inactivation of the
flaB gene encoding the flagellar core protein
produced non-motile mutants that retained a
helical shape (Picardeau et al. 2001). Several
chemoreceptors are located near the flagellar
motor at the cell poles that coordinate flagellar
rotation based on environmental conditions.
Leptospira exhibits superior motility under
high viscosity than under aqueous conditions.
Translational motility depends on the two
endoflagella rotating in opposite directions,
giving a hook-shaped posterior end and a
spiral-shaped anterior end (Nakamura et al.
2014). Non-translational leptospires have both
endoflagella rotating in the same direction,
giving a spiral–spiral shape (counterclockwise
rotation), or a hook–hook shape (clockwise
direction; Wolgemuth et al. 2006). Additional
morphological features include the presence
of filaments distinct from the endoflagella that
are also located in the periplasmic space in
a right-handed fashion and concentrated in
the middle of the cell. Other features include
cytoplasmic spherical bodies with no mem-
brane boundary, outer membrane vesicles, and
a unique “cap” at the cell end. Chromosomal
DNA is distributed along the length of the cyto-
plasm in parallel filaments (Raddi et al. 2012).

Growth and Metabolism

Leptospira grows under aerobic conditions
at an optimal pH of 7.2–7.6; saprophytic lep-
tospires grow at temperatures of 28–30∘C
in vitro and at lower temperatures (11–13∘C),
whereas pathogenic leptospires grow at the
optimal 28–30∘C in vitro and may grow also at
37∘C, but not at low temperatures (Cameron
2015). Freshly isolated pathogenic leptospires
are usually more motile, shorter, and more
tightly coiled than saprophytic leptospires or
laboratory-cultured strains. Once adapted to
laboratory conditions, the doubling time of
pathogenic leptospires is 6–8 hours, whereas
saprophytic leptospires grow faster with a
doubling time of 4.5 hours. Freshly isolated
cultures have a generation time estimated
at 14–20 hours, with a lag time for initiating
growth of days or weeks (Cameron 2015;
Bierque et al. 2020). Final densities in vitro
reach 108–109/ml for well-adapted strains
and may be increased with aeration pro-
vided by slight agitation during culturing.
Culture media for leptospires include liq-
uid, semi-solid, and solid media; liquid and
semi-solid media are commonly used for
primary isolation and replication. Growth
of isolated colonies in solid media is feasi-
ble for well-adapted saprophytic strains, but
difficult and sometimes unachievable for
pathogenic strains. Under nutrient-limited
conditions, leptospires grown in vitro may
become elongated and less motile; further
deterioration in cell health may result in
non-motile spherical forms. The genome of
the intermediate pathogen Leptospira licerasiae
encodes metabolic genes that are missing from
pathogenic leptospiral species, which may
explain why these Leptospira grow well in
artificial media (Ricaldi et al. 2012).

Leptospires generate ATP by oxidative phos-
phorylation and may use H2O2 in addition to
O2 as an alternative final electron acceptor
(Ren et al. 2003; Nascimento et al. 2004). In
addition, cytochrome C, oxidase and catalase
activities have been detected and presumably
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are required in vivo for surviving oxidative
damage during infection-related conditions, as
leptospires lack superoxide dismutase (Eshghi
et al. 2012a; Zavala-Alvarado et al. 2020).
Recently, glutathione-dependent metabolism
was observed in L. interrogans, suggesting
that this metabolite might be related to resis-
tance under oxidative stress conditions (Sasoni
et al. 2019).

The major source of energy and carbon for
Leptospira spp. is obtained from beta-oxidation
of long chain (>C15) fatty acids; a complete
set of beta-oxidative genes is present in the
genome (Nascimento et al. 2004). Leptospires
cannot synthesize long-chain fatty acids, which
must be provided in culture media. However,
while fatty acids are essential for growth, they
are also toxic and so media require detoxicants
such as albumin (Faine et al. 1999). Despite
an inability to use glucose as the primary
source of energy, a complete set of genes for
the glucose utilization pathway is present in
the Leptospira genome (Zhang et al. 2011). The
lack of glucose utilization is probably due to
the absence of efficient systems involved in
glucose transport and glycolysis (Nascimento
et al. 2004: Zhang et al. 2011). Glycerol as
an additional carbon source improves the
growth of some strains. Ammonium chloride
is usually the sole nitrogen source for growth
of Leptospira ssp. In addition, some leptospires
produce urease, which allows substitution of
ammonia with urea. Deamination of amino
acids can be another nitrogen source.

Leptospira Species

Leptospira taxonomy has evolved enormously
in recent years. The driver of this change
was the isolation of leptospires from environ-
mental sources and their characterization by
whole genome sequencing. This led to the
description of many novel species, bringing
the total number in the genus Leptospira to 68.
The phylogeny was also reviewed, providing
evidence for two main monophyletic clusters:
Pathogens and saprophytes, each further

divided into two sub-clusters. The subcluster
pathogens 1 corresponds to the former group
of pathogens, encompasses L. interrogans and
Leptospira borgpetersenii and now contains 19
species. Pathogens 2, the former intermediates
with Leptospira fainei and L. licerasiae, now
contains 21 species. Saprophytes 1 (former
saprophytes with L. biflexa) and saprophytes 2
(a novel subcluster with Leptospira idonii) both
contain 23 and 5 species respectively (Vincent
et al. 2019). Genomic studies of additional
environmental isolates will further increase
the number of species.

Source of Infection: Ecology,
Evolution, and Epidemiology

Leptospirosis is an animal disease that primar-
ily affects both domestic and wild mammals.
Dogs, cattle, pigs, and horses are the main inci-
dental animal hosts and suffer from the disease
in diverse degrees from asymptomatic to lethal
(Adler and de la Peña Moctezuma 2010). In
contrast, rodents, particularly rats, are the
main asymptomatic renal carrier reservoirs
of pathogenic serovars such as Icterohaem-
orrhagiae and Copenhageni, which cause the
more severe cases of leptospirosis in humans
(Figure 23.1c; Tubiana et al. 2013). Many other
wild mammals can be carriers of pathogenic
serovars, including carnivores, chiropterans,
cingulates, didelphimorphs, lagomorphs,
marine mammals, primates, and ungulates.
For details of leptospirosis in wild animals, see
Fratini et al. (2020).

Animals and humans become infected
by contact with the urine or tissues of car-
rier hosts. Most frequently, infection occurs
through the contact of mucosae, abraded skin,
or skin lesions with leptospires in water or soil
environments. Flooding increases the risk of
infection by exposing animals and humans to
pathogenic leptospires flushed into the envi-
ronment (Figure 23.2). Although heavy rainfall
is associated with an increase in severe illness,
exposure to Leptospira spp. can occur year
round. In several mammal species, venereal or
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Figure 23.2 Epidemiology and pathogenesis of leptospirosis. (1) Rats are the main reservoir, but other
infected domestic and wild mammals may excrete leptospires in urine. Host-adapted serovars such as
Hardjo in cattle, Pomona in pigs, Copenhageni in rats, Ballum in mice, or Canicola in dogs are shed to
environment in urine and become a public health risk. (2) Leptospires survive in freshwater and soil and
may replicate in the environment. (3) Leptospires penetrate through mucous membranes or damaged skin
following contact with the infected urine of carrier animals or contaminated water or soil. Replication starts
in adipose tissue, leptospires bind to several components of host cells and the extracellular matrix.
(4) Leptospires translocate across the endothelial barrier of blood vessels to enter the bloodstream,
presumably through the cytoplasm of endothelial cells but not through intercellular junctions. Binding to
complement regulators and avoiding recognition by pattern recognition receptors of the innate immune
system facilitate immune evasion and dissemination to every tissue. Leptospires may localize in immuno-
privileged sites such as renal tubules or anterior chamber of the eye as specific circulating antibodies arise.
(5) Infection causes an acute febrile illness during leptospiremia, which progresses to multisystem
manifestations: hepatic dysfunction, acute renal failure, pulmonary hemorrhage syndrome, infertility and
abortion, myocarditis, and meningoencephalitis. Source: Courtesy of Andrea de la Peña Lledias.

congenital transmission also plays a major role
in the maintenance cycle.

Given the major role of the environment
in human infections, particular attention
has been paid to the water and soil environ-
ments that support the survival of virulent
leptospires (Bierque et al. 2020). However,
the soil characteristics that determine Lep-
tospira survival are poorly understood.
Leptospires are highly susceptible to ultra-
violet radiation, but can survive for weeks
to months in wet soil or water environ-
ments of neutral to slightly alkaline pH
(Faine et al. 1999). Survival in water was
observed for as long as 316 days at 30∘C; fur-
thermore, the survival and virulence of serovar

Icterohaemorrhagiae was preserved after
20 months storage in acidic water (pH< 6;
Andre-Fontaine et al. 2015). The temper-
ature preferences of virulent leptospires
coincide with the geographical distribution
of leptospirosis, with tropical and subtropical
environments more likely to support survival
year-round. Under colder, more temperate,
or arid climates, the environmental risk of
leptospirosis is more strongly influenced
by seasonal conditions, agricultural irriga-
tion or direct transmission (Dobigny et al.
2015; Silva et al. 2019). In tropical regions,
leptospirosis is also an important waterborne
occupational zoonosis affecting subsistence
farmers, animal breeders, and people living in



Table 23.1 Disease syndromes caused by infection of animals with Leptospira spp.

Animal
species

Pathological
syndrome

Frequency,
incidence (%) Pathology

Source of infection/
predisposing factors

Most frequent
Leptospira serovars References

Dogs Icteric syndrome 40–76 Increased liver enzymes, fever,
jaundice, reluctance to move,
vomiting. Increased renal values;
DIC (45%), polydipsia, polyuria

Rats, mice, dogs,
urine-contaminated
water,
immunosuppression

Canicola,
Grippotyphosa,
Icterohaemorrhagiae,
Autumnalis, Pomona,
Pyrogenes

Geisen et al. (2007),
Azócar-Aedo and
Monti (2016)

Uremic syndrome
(Stuttgart disease)

55 Increased renal values, vomiting,
oral ulcers, tongue tip necrosis,
melena.
DIC (45%), polydipsia, polyuria

Zaragoza et al. (2003),
Ortega-Pacheco et al.
(2008)

Pulmonary
Hemorrhagic
syndrome

70 Increased liver enzymes,
increased renal values; dyspnea,
tachypnea, hemoptysis;
peribronchovascular interstitial
thickening; pulmonary
consolidation

Gendron et al. (2014)

Gastrointestinal
Hemorrhagic
syndrome

6–33 Increased liver enzymes;
hemorrhagic gastroenteritis in
pups, hematochezia

Hartman et al. (1986),
Birnbaum et al. (1998)

Reproductive
syndrome

<5 Increased liver enzymes; uterine
inflammatory response

Adler and de la Peña
Moctezuma (2010),
Wang et al. (2014)

Asymptomatic
carrier

7 No symptoms or slight increase
in liver enzymes

Canicola (7–10%) Miotto et al. (2018)

Cats Mainly
asymptomatic

5–16 Mainly asymptomatic, clinical
cases are rare and associated with
immunosuppression;
pathological observation includes
azotemia and hypostenuria;
carrier state has been reported

Presumably from
interaction with
rodents,
immunosuppression

Pomona,
Icterohaemorrhagiae,
Bratislava, Canicola,
Hardjo

Schuller et al. (2015),
Alashraf et al. (2020),
Lehtla et al. (2020)

(continued)



Table 23.1 (Continued)

Animal
species

Pathological
syndrome

Frequency,
incidence (%) Pathology

Source of infection/
predisposing factors

Most frequent
Leptospira serovars References

Cattle Chronic silent
syndrome

32–47 Low reproductive efficiency,
embryonic death, estrus repetition.

Close contact with
carrier cows, direct
mating, co-grazing
with sheep, access to
contaminated water
courses, natural
service. Infection rates
in zero-grazed dairy
cattle are very low or
absent

Hardjo (Bovis and
Prajitno), Kennewicki
Australis, Tarassovi

Carmona Gasca et al.
(2013), Ellis (2015),
Tagliabue et al. (2016)

Abortion, milk drop
syndrome

20 Infertility and abortion; premature
births, stillborn or weak calves, estrus
repetition; sudden drop in milk
production, agalactia, milk with
yellow colostrum-like appearance,
blood-tinged milk, placental retention

Ellis (2015), Libonati
et al. (2018)

Systemic syndrome Uncommon,
affecting
calves

Pyrexia, hemolytic anemia,
hemoglobinuria, jaundice, meningitis,
death

Incidental serovars:
Pomona,
Icterohaemorrhagiae,
Grippotyphosa

Ellis (2015), Delooz
et al. (2018)

Pigs Reproductive
syndrome

20 Abortions, embryonic resorption,
birth of weak piglets, reduction in the
size of the litters and stillbirths

Carrier pigs, intensive
farming

Pomona, Australis,
Bratislava, Tarassovi

Ellis (2015),
Strutzberg-Minder and
Kreienbrock (2011)

Acute systemic
syndrome

Acute febrile illness in young pigs,
hematuria, jaundice, signs of renal
failure; infection may be fatal

Rats, mice, dogs,
skunks, adult animals
acting as carriers.
Infected pigs may shed
leptospires in urine for
as long as a year after
infection

Incidental:
Grippotyphosa,
Icterohaemorrhagiae,
Canicola

Ellis (2015)

Horses Equine recurrent
uveitis

9–42 Moderate hepatic failure, renal
disease, respiratory failure; icterus,
blindness

Carrier horses,
rats, mice

Kennewicki,
Icterohaemorrhagiae,
Autumnalis, Sejroe,
Canicola, Ballum,
Grippotyphosa
Bratislava

Verma et al. (2013),
Malalana et al. (2017)

Acute renal failure
in younger horses

Renal disease; respiratory failure

Acute renal failure, hemolytic anemia
and hematuria may occur sporadically

Verma et al. (2013),
Divers et al. (2019),
Malalana (2019)

Reproductive
syndrome

4 Hepatic failure; abortion, stillbirths,
placentitis, neonatal jaundice,
weakness in new-born foals

Kennewicki Donahue et al. (1995),
Timoney et al. (2011)



Sheep Reproductive
syndrome

5–12 Abortion, stillbirth, the birth of weak
lambs
Agalactia

Rodents, maybe cattle Pomona,
Grippotyphosa,
Pyrogenes, Ballum,
Icterohaemorrhagiae,
Australis

Ellis (2015), Kingscote
(1985), Verma et al.
(2013), Hamond et al.
(2019)

Goats Reproductive
syndrome

7–35 Abortion Water contamination Hardjo,
Grippotyphosa,
Canicola, Pomona,
Pyrogenes,
Icterohaemorrhagiae

Topazio et al. (2015),
Tagliabue et al. (2016),
Sabarinath et al. (2018)

Sea
lions

Epizootic uremic
syndrome

33 Nephritis, lung congestion, abortion Proximity to human
settlements, rodents,
domestic animal
carriers

Pomona Gulland et al. (1996),
Cameron et al. (2008),
Prager et al. (2013),
Denkinger et al. (2017)

Bats Asymptomatic 0–30 Mild or moderate chronic
non-suppurative interstitial nephritis.
Renal tubular degeneration and
necrosis

Other bat reservoirs Australis, Cynopteri,
Hardjo, Tarassovi,
Autumnalis, Canicola,
Hebdomadis,
Icterohaemorrhagiae,
Bataviae, Panama,
Shermani

Ballados-González
et al. (2018)

PrimatesAsymptomatic
carriers in both
captivity and
free-range

7–57 No clinical signs Captivity, contact with
rodents and other
carrier animals

Iquitos,
Icterohaemorrhagiae,
Sejroe, Autumnalis,
Bataviae, Ballum,
Grippotyphosa,
Bratislava,
Copenhageni,
Cynopteri, Canicola,

Pinna et al. (2012),
Aliaga-Samanez et al.
(2021)

Rare outbreaks in
captive animals

10–75 Acute illness, jaundice, hemorrhagic
syndrome and abortion with a 90%
fatality rate as well as diffuse jaundice
and pulmonary hemorrhage with 27%
fatality rate have been reported

Icterohaemorrhagiae Szonyi et al. (2011)

(continued)



Table 23.1 (Continued)

Animal
species

Pathological
syndrome

Frequency,
incidence (%) Pathology

Source of infection/
predisposing factors

Most frequent
Leptospira serovars References

Rats Asymptomatic 0
(Madagascar,
Tanzania,
Faroe
Islands) to
> 80 (Brazil,
India,
Philippines)

No clinical signs Vertical and
environmental
transmission in rat
habitats

Icterohaemorrhagiae,
Copenhageni

Minter et al. (2017),
Boey et al. (2019)

Mice Asymptomatic 59 Interstitial nephritis and renal
fibrosis

Ballum,
Icterohaemorrhagiae,
Autumnalis,
Hebdomadis

Carmona Gasca et al.
(2013), Fanton
d’Andon et al. (2014),
Matsui et al. (2016),
Soupé-Gilbert et al.
(2017), Benavidez et al.
(2019)

DIC, disseminated intravascular coagulation.
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poor sanitary conditions or exposed to heavy
rainfall and flooding.

Clinical Presentation and Signs

Leptospirosis in dogs is associated with at
least four syndromes: icteric, uremic (Stuttgart
disease), hemorrhagic (leptospiral pulmonary
hemorrhagic syndrome/hemorrhagic gas-
troenteritis in pups) and reproductive (abortion
or premature and weak pups; Adler and de la
Peña Moctezuma 2010; Sykes et al. 2011). Cat-
tle, pigs, and horses usually present a chronic
form with reproductive failure, stillbirths, or
weak newborn animals (Ellis 2015). Horses
commonly develop an autoimmune-mediated
recurrent uveitis as a sequela of leptospiral
infection, possibly mediated by cross-reactivity
between ocular tissues and leptospiral mem-
brane proteins (Verma et al. 2013). Rats, mice,
and other rodents are the main reservoirs
of pathogenic leptospires, particularly for
serovars Icterohaemorrhagiae, Copenhageni
and Ballum, but usually do not develop clin-
ical leptospirosis; rather, they are the main
source of infection and environmental con-
tamination (Boey et al. 2019). Hamsters,
gerbils, and guinea pigs are highly susceptible
to diverse serovars and are used as animal
models for infection and vaccine efficacy
(Ellis 2015; Cagliero et al. 2020). Pathogenic
serovars include host-adapted serovars, usu-
ally involved in subclinical chronic infections,
and incidental serovars sometimes associated
with acute and possibly severe infections. The
major host-adapted serovars are Icterohaem-
orrhagiae and Copenhageni in the brown rat,
Ballum in mice, Hardjo in cattle and sheep,
Canicola in dogs, and Pomona and Bratislava
in pigs (Adler and de la Peña Moctezuma 2010;
Ellis 2015; Cagliero et al. 2020).

Details of leptospirosis disease syndromes
in different animal species are shown in
Table 23.1. In humans, leptospirosis may
present with a multitude of symptoms and
signs. “Weil’s disease” comprises a triad of

jaundice, renal failure, and hemorrhages.
Although the historical and best recognized
clinical presentation, Weil’s disease accounts
for only a minority of clinical cases. Human
leptospirosis is likely frequently asymptomatic
(Felzemburgh et al. 2014). When clinically
expressed, leptospirosis usually starts with an
elevated fever of abrupt onset, with headache
and myalgia, a classical influenza-like pre-
sentation. Most clinical cases are probably
self-resolving, but some may progress to organ
dysfunction and severe pulmonary hemor-
rhagic syndrome (Haake and Levett 2015).
Initial presentation can include one or more
of the symptoms of Weil’s disease, meningitis,
myocarditis, and gastrointestinal symptoms
that may include pancreatitis. Uveitis is not
rare, but is mostly a late-stage complication.
Reproductive manifestations, a major feature
of animal leptospirosis, are rare in humans, but
abortions or stillbirth have also been reported
(Ellis 2015). Cases of chronic persistent kid-
ney infection in humans have been reported
(Ganoza et al. 2010; Yang et al. 2015).

Virulence Factors
and Pathogenomics

Leptospira genomes range in size from 3.7 Mb
in Leptospira fletcheri to almost 5 Mb in
Leptospira stimsonii (Vincent et al. 2019;
Casanovas-Massana et al. 2021). Genomes
typically have a GC% of 37–48% and comprise
one large and one small chromosome; extra-
chromosomal replicons such as plasmids or
phages are relatively uncommon (Wang et al.
2015; Schiettekatte et al. 2018).

The molecular basis of virulence in Lep-
tospira is still poorly understood (Picardeau
2017; Bulach and Adler 2018). Recent com-
parative genomics studies support the view
that L. interrogans, Leptospira kirschneri
and Leptospira noguchii have the highest
virulence, with other pathogens such as
Leptospira alexanderi, L. borgpetersenii, Lep-
tospira mayottensis, Leptospira santarosai and
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Leptospira weilii regarded as less virulent
(Picardeau 2017). Comparative genomics of
novel species isolated from the environment
coupled with animal models of virulence sug-
gest that virulence does not strictly correlate
with phylogenomics and was likely acquired
independently in the two pathogen subclades
P1 and P2 (Thibeaux et al. 2018). The high
degree of genetic and functional redundancy,
partly originating from numerous gene dupli-
cation events, complicates determination of
the contribution of individual genes to overall
virulence (Adler 2014; Murray 2015). In addi-
tion to genetic and functional redundancy, the
high number of proteins of unknown function
in Leptospira genomes further impedes our
ability to decipher the genetic basis of viru-
lence. Adhesion to host cells and extracellular
matrix (ECM) components likely plays a role
in virulence, but a high number of Leptospira
proteins exposed on the outer membrane
display adhesion properties for several ECM
components (Pereira et al. 2017). Nevertheless,
there is evidence that flagellar motility, notably
controlled by chemotaxis, is key to Leptospira
virulence (Lambert et al. 2012; Wunder et al.
2016a), as are several mechanisms allowing the
bacteria to escape or resist the host immune
response (Barbosa and Isaac 2020; Santecchia
et al. 2020). How the LPS contributes to vir-
ulence is still poorly known, but mutations
that alter LPS structure attenuate virulence
(Murray et al. 2010). Other mechanisms linked
to the degradation of host tissues or nutrient
acquisition are involved (Murray et al. 2009a;
Kassegne et al. 2014). A recent study indicated
that epigenetic regulation of gene expression
modulates virulence in pathogenic leptospires
(Gaultney et al. 2020).

Virulence Factors

The construction of defined mutants in patho-
genic Leptospira has only become possible
in the past 15 years. A random mutagenesis
system developed using the Himar transposon
allowed the construction of banks of hundreds
of mutants, many of which have been screened

for virulence in animal models. However, here
again many, but not all, of the genes required
for virulence encode proteins of unknown
or poorly defined function (Marcsisin et al.
2013; Lourdault et al. 2016). Surprisingly,
many mutants retained virulence despite the
inactivation of genes encoding proteins with
hallmarks often associated with virulence,
such as predicted surface location, absence in
saprophytic Leptospira spp., and similarity to
known virulence proteins in other bacterial
species. Perhaps the most surprising was the
LipL32 lipoprotein, the most abundant lep-
tospiral protein. LipL32 is highly conserved,
specific for pathogenic Leptospira spp., inter-
acts with a range of host ECM proteins, and
can induce inflammation and kidney dam-
age in zebrafish larvae (Murray 2013; Chang
et al. 2016). Remarkably, a lipL32 mutant
retained full virulence for hamsters and dis-
played normal ability to colonize rat kidneys
(Murray et al. 2009b). Similarly, the third most
abundant leptospiral protein LipL41 was not
required for virulence in hamsters (King et al.
2013). Other putative virulence factors shown
to be dispensable include chemotaxis proteins
CheB and CheX, endostatin-like proteins LenB
and LenE, metalloprotease, the lipoprotein
LigC, the Fur family regulator PerR and the
lipoprotein LigB (Croda et al. 2008). Signifi-
cantly, subsequent construction of a defined
cheAWDBY mutant showed reduced chemo-
tactic responses, but full retention of virulence
(Lambert et al. 2015). These results support the
notion of a high level of functional redundancy
in pathogenic Leptospira.

Mutants in a range of genes encoding
proteins involved in flagellar structure or
biosynthesis have demonstrated unequivocally
an essential role for motility in leptospiral
pathogenesis (Lambert et al. 2012; Fontana
et al. 2016; Wunder et al. 2016a). Non-motile
flaA2 mutants (Lambert et al. 2012) and
fcpA mutants (Wunder et al. 2016a) both
lost virulence in the hamster model. The
same is true for LPS, which is required for
virulence in most Gram-negative bacteria.
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Mutagenesis studies demonstrated that intact
LPS is required for Leptospira to cause both
acute infection and renal colonization (Murray
et al. 2010; Marcsisin et al. 2013; Eshghi et al.
2015).

A range of individual virulence genes/factors
has also been identified. Some have proved
to be essential, whereas others appear to
play a minor role in pathogenesis. Leptospira
must acquire iron for growth and survival,
the primary source of which in mammals is
heme. Unsurprisingly, inactivation of heme
oxygenase resulted in attenuation of acute
disease in hamsters, but unexpectedly the
mutant retained the ability to colonize ham-
ster kidneys (Murray et al. 2009a). The ability
to withstand oxidative stress encountered
in transition from the environment to the
mammalian host was likewise identified as
a virulence trait. Inactivation of the genes
encoding catalase, the molecular chaperone
ClpB and the heat shock protein HtpG resulted
in attenuation of virulence (Lourdault et al.
2011; Eshghi et al. 2012a; King et al. 2014).
Leptospires and their culture supernatants
can inhibit both peroxidase and chlorina-
tion activities of myeloperoxidase, without
interfering with neutrophil degranulation.
Using outer-membrane protein extraction
and fractionation, the proteins LipL21 and
LipL45 were identified as myeloperoxidase
inhibitors (Vieira et al. 2018). PerR-regulated
genes encoding a TonB-dependent transporter
and a two-component system (VicKR) are
involved in Leptospira tolerance to superoxide
(Zavala-Alvarado et al. 2020). L. interrogans
induces apoptosis via caspase activation in a
range of cells and tissues (Merien et al. 1997,
1998; Jin et al. 2009; Marinho et al. 2015).

The surface-exposed LigA and LigB proteins
can bind plasminogen, which is converted
to plasmin to degrade the ECM, fibrin clots
and the C3b and C5 complement proteins
to avoid opsonization (Castiblanco-Valencia
et al. 2016), suggesting a role in pathogenesis
for plasmin acquisition by the Lig proteins.
Pathogenic leptospires can avoid the formation
of the lytic membrane attack complex by

recruiting soluble complement regulators such
as factor H, C4BP, FHL-1 and vitronectin.
Evasion of complement is also mediated by
secretion of proteases such as metalloproteases
that cleave complement proteins (Fraga et al.
2011). Pathogenic leptospires bind thrombin;
this can lead to hemorrhages by decreasing
fibrin clotting directed by this central protease
in the coagulation cascade (Fernandes et al.
2015). Serovar Copenhageni produces extra-
cellular DNases that help leptospires to escape
neutrophil extracellular traps (Scharrig et al.
2015).

Leptospiral collagenase, ColA, hydrolyzes
several host collagens in vitro. However, inac-
tivation of colA resulted in a less than 2-log
reduction in LD50, consistent with a minor,
non-essential role in pathogenesis (Kassegne
et al. 2014). Lysis of erythrocytes by lep-
tospiral culture supernatants is well known.
Pathogenic Leptospira species contain genes
that encode a range of sphingomyelinase-like
enzymes (Fouts et al. 2016), which are absent
in the saprophyte L. biflexa, thus suggesting a
role in virulence. Studies have demonstrated
phospholipase C, hemolytic, and apoptotic
activities (Narayanavari et al. 2012, 2015; Zhao
et al. 2014a; Che et al. 2019), but genetic proof
of a role in pathogenesis is currently lacking.

Mutagenesis studies have identified several
genes that are clearly essential for virulence,
but whose function remains unknown or
poorly defined. The first such gene encodes
the lipoprotein Loa22, which is hypothesized
to mediate linkage between the peptido-
glycan and outer membrane (Ristow et al.
2007); the presence of a homolog in sapro-
phytic Leptospira suggests an indirect role in
pathogenesis. The leptospiral surface protein
LruA plays a clear role in provoking lep-
tospiral uveitis in horses via an autoimmune
mechanism, but its precise function remains
unclear (Verma et al. 2013). Interestingly, LruA
also binds the mammalian apolipoprotein A1
(ApoA1) (Zhang et al. 2013). A deletion mutant
with no detectable LruA was attenuated in
hamsters but bound more ApoA1 than wild
type or than a mutant that expressed truncated
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LruA, prompting the speculation that LruA
may be shed from the leptospiral surface as a
molecular decoy. High-throughput screening
of attenuated transposon mutants identified
a putative adenylate/guanylate cyclase gene
(Lourdault et al. 2016), but the mechanism of
attenuation remains unclear. Over 20 mutants
in signal transduction genes retained in vivo
fitness, again consistent with a high level of
functional redundancy for virulence genes in
pathogenic Leptospira.

Regulation of Virulence

Several investigations have shown that expo-
sure to in vivo-like conditions affects the
expression of a range of leptospiral components
(Cullen et al. 2002; Matsunaga et al. 2005, 2007;
Nally et al. 2005, 2007; Fraser and Brown 2017).
Whole genome microarrays and RNA sequenc-
ing have been used to examine global changes
in gene expression under a range of in vitro and
in vivo conditions, including different temper-
atures and osmolarity from environmental to
in vivo conditions, presence of serum, and iron
restriction (Lo et al. 2006, 2010; Qin et al. 2006;
Matsunaga et al. 2007; Patarakul et al. 2010).
Rather disappointingly, differentially regulated
genes often encoded proteins of unknown
function. Where protein functions were spec-
ified, they were often of general function only
or reflected the necessary change in nutri-
tion and metabolism in transition between
different environments. Leptospires grown
in dialysis membrane chambers implanted
in rat peritoneal cavity yielded similarly lim-
ited insights. Most upregulated genes had no
known function or encoded proteins with
metabolic or general regulatory function or
were involved in motility (a known virulence
factor; Caimano et al. 2014). At a more focused
level, a two-component system, LvrAB, was
identified as a global system regulating over
800 genes; notably, lvrAB mutants were atten-
uated for virulence in the hamster model
(Adhikarla et al. 2018). Similarly, insertion
of transcription activator-like effectors into
pathogenic L. interrogans resulted in reduced

expression of LigA and LigB; loss of virulence
in the constructs suggested a potential role for
these Lig proteins in virulence (Pappas and
Picardeau 2015).

The first putative virulence regulon in
Leptospira was identified by transposon muta-
genesis (Eshghi et al. 2014). Inactivation of
lb139, the first gene in a four-gene locus,
resulted in attenuation of virulence in ham-
sters. Transcriptional analysis identified 143
differentially expressed genes, mostly with
unknown function. However, the set included
genes involved in signal transduction and in
motility and downregulated genes included
sph2 and ligB, which was previously shown
to be upregulated at physiological osmolarity.
The precise mechanism(s) responsible for
attenuation were not identified.

A shortcoming of transcriptomics approaches
is the potential discrepancy between regula-
tion at the gene and protein level (Lo et al.
2009). Accordingly, global proteome studies
have attempted to address this issue. Pro-
teomic comparison of pathogenic and sapro-
phytic species identified pathogen-specific
outer-membrane proteins and also differential
expression of proteases with predicted, but not
experimentally proven, roles in pathogenesis
(Dhandapani et al. 2018a, 2018b).

Overall, global approaches have yielded
disappointing results in terms of defining and
characterizing leptospiral virulence factors.
Such findings are consistent with the notion
that Leptospira uses virulence mechanisms
that differ from those found in other bacterial
species.

Pathogenesis

After entering the body through skin or mucous
membranes, leptospires spread hematogenously
to target organs. Like other spirochetes,
they have evolved strategies to escape host
defense, a possible reason for short-lasting
post-infection immunity. However, leptospires
are still detected by the immune system and
the host inflammatory response contributes to
the clinical presentation and lesions.
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Entry and Replication

Leptospires gain entry to the body through
mucous membranes (conjunctival, oral, gen-
ital) or via damaged or compromised skin
following contact with the infected urine
or tissues of carrier animals. Contact may
occur either directly or indirectly through
contaminated water or soil. There is evidence
that trans-cutaneous migration is followed by
localized replication in adipose tissue (Ozuru
et al. 2017), perhaps not surprising given the
requirement for long-chain fatty acids as car-
bon and energy sources. The mechanisms used
to enter the bloodstream through endothelial
cells are not well understood; however, motility
seems to be essential for pathogenic Leptospira
to cross tissue barriers (Wunder et al. 2016a).
In experiments using MDCK (Madin Darby
canine kidney) cell monolayers L. interrogans
translocated through the cytoplasm, but not
through intercellular junctions (Barocchi et al.
2002; Figure 23.2). Following translocation,
leptospires may then rapidly spread hematoge-
nously to virtually any organ (Wunder et al.
2016b). Many potential adhesins have been
identified, showing interactions of leptospiral
proteins with a range of host tissue compo-
nents. Remarkably, many of these proteins
appear to bind to multiple host proteins (Adler
2014, 2015; Murray 2015). However, almost
all of these studies have used recombinant
leptospiral proteins and in vitro binding or
interaction assays. While such studies may
yield important clues about what may occur
during infection, firm conclusions about roles
in pathogenesis require confirmation with
genetically defined mutants. Accordingly, the
roles that these putative adhesins play in patho-
genesis remain speculative for the moment.

Evasion of Host defenses

Leptospira have developed numerous strate-
gies to evade host defenses. The ability of
pathogenic leptospires to resist the com-
plement system was discovered early and
recognized as unique to pathogenic species.
Further research showed that this resistance

relies on both degradation and subversion
of host proteins from the complement path-
ways (Moreno-Torres et al. 2019; Barbosa and
Isaac 2020). Although generally considered
an extracellular pathogen, Leptospira is also
able to penetrate host cells and survive inside
macrophages and other phagocytes involved
in the immediate innate immune response
(Merien et al. 1998). Pathogenic Leptospira
spp. express large amounts of lipoprotein (e.g.
LipL32) in vivo, but avoid presenting these
proteins on the outer membrane (Pinne and
Haake 2013), or modify the methylation or sia-
lylation patterns of outer membrane-exposed
epitopes (Eshghi et al. 2012b). Leptospires
have also developed novel strategies to escape
recognition by pattern-recognition receptors
of the innate immune system that recognize
microbe-associated molecular patterns, like
Nod-like and Toll-like receptors (TLR; Werts
2018). As a striking example, the periplas-
mic location of Leptospira flagella allows the
bacteria to escape recognition by TLR5, a
pattern-recognition receptor specializing in
recognition of flagellin (Holzapfel et al. 2020).
However, the innate immune system can detect
Leptospira and activate an immune response,
which includes the expression of cytokines.

Mechanisms of Host Damage

In contrast to some other spirochetoses, lep-
tospirosis induces no lesion at the entry point.
During hematogenous dissemination, the
main symptom is fever. Biological signs fre-
quently include a high white blood cell count
(leukocytosis) and low platelets (thrombocy-
topenia) (Sykes et al. 2011; Verma et al. 2013;
Ellis 2015; Haake and Levett 2015). In the
major target organs, liver, lungs and kidneys,
hemorrhagic lesions are frequently the major
pattern, ranging from suffusions or petechial
or purpuric lesions to massive alveolar hem-
orrhages in the lung (Klopfleisch et al. 2010).
Other lesions in the acute phase include edema
and congestion linked to plasma leakage, but
inflammation is most frequently weak or
absent. Chronic granulomatous hepatitis is
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associated with leptospiral invasion of the liver
in dogs (McCallum et al. 2019). Apoptosis of
hepatocytes is induced early in the course of
disease (Merien et al. 1998). Jaundice, fatty
liver, petechial hemorrhages on the kidney,
splenic necrosis, catarrhal enteritis, and severe
congestion in the brain may be seen in severe
cases of leptospirosis in dogs. In the kidneys,
interstitial nephritis is seen, but can be quite
discrete, whereas hemoglobinuria can occur
in cattle. Increased production of cytokines,
particularly interleukin (IL) 6 and IL10, is
observed in severe cases of disease (Reis et al.
2013) and is related to the maintenance of
inflammatory processes in hamster kidneys
after experimental infection with serovar Bal-
lum (Matsui et al. 2016). In chronic carriers,
kidney lesions sometimes evolve to minor to
moderate fibrosis (Ellis 2015). Even though
serovar Hardjo shows some adaptation to the
bovine reproductive tract, the exact patho-
genesis of the early embryonic death and
consequent estrus repetition associated with
leptospirosis remains unclear (Loureiro and
Lilenbaum 2020). In experimentally infected
female dogs, L. interrogans induced uter-
ine inflammatory responses and abnormal
expression of ECM proteins, which may lead
to reproductive failure (Wang et al. 2014).
Metritis and placentitis secondary to vasculitis
result in abortion (Ellis 2015; Loureiro and
Lilenbaum 2020). Uveitis and cataract are also
found in chronic infections mainly in horses
and humans (Verma et al. 2013; Rathinam
et al. 2019).

The detection of LPS by TLR2 in humans, but
TLR4 and TLR2 in mice (Nahori et al. 2005),
triggers distinct inflammatory responses, pos-
sibly related to susceptibility to infection. An
imbalance in cytokine production is thought
to contribute to severe leptospirosis. Higher
production of cytokines was noted in patients
with severe disease compared to those with
mild disease, notably IL6, IL8, and tumor
necrosis factor α (TNFα; Reis et al. 2013).
In a lethal animal model, TNFα, IL1α, and
IL10 were also expressed at lower levels in

survivors (Vernel-Pauillac and Goarant 2010).
Cytokine expression patterns, as well as clin-
ical presentation, suggest that some severe
leptospirosis cases fulfill the criteria for severe
sepsis (Cagliero et al. 2018).

Immunity

It is generally accepted that antibodies play
the major role in immunity to leptospirosis in
most animal species. Protection against acute
infection can be transferred by immune serum
in experimental animals (Adler and de la
Peña Moctezuma 2010; Adler 2015; Klaassen
and Adler 2015). Immunity to infection in
immunosuppressed mice could be restored by
transfer of antibodies or B cells, but not T cells
(Adler and Faine 1977; Chassin et al. 2009).
Indeed, T-cell deficient mice are resistant to
leptospiral infection (Chassin et al. 2009).
However, immunity in cattle against serovar
Hardjo following vaccination was mediated
predominantly by CD4+ and γδ T-cells and
the production of interferon γ. In addition, in
hamsters, a LigA DNA vaccine elicited both
humoral and cellular immunity (Faisal et al.
2008), suggesting that, at least in bovines and
hamsters, a cellular immune response may
also play a role in protection against infection
with Leptospira.

The principal leptospiral antigen mediating
acquired immunity is LPS (Adler 2015). Immu-
nity following infection or vaccination with
bacterins is restricted to serovars with related
LPS. Indeed, the transfer of passive immunity
to hamsters correlated with anti-LPS titer,
even against heterologous serovars (Adler
and Faine 1978). Passive immunity is readily
transferred by anti-LPS monoclonal antibod-
ies, and immunity can be elicited by purified
LPS (Adler 2015). Nevertheless, several studies
have shown that it is possible to stimulate het-
erologous immunity. These usually involved
induction of immunity with live leptospires,
suggesting that cross-protective antigens are
expressed exclusively in vivo, or at best are
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expressed at low levels in vitro. More recent
work with genetically defined mutants has
supported this hypothesis (Srikram et al.
2011; Murray et al. 2018; Wunder et al. 2021).
Notably, heterologous immunity required
immunization with live leptospires. The iden-
tity of the cross-protective antigens has not
been unequivocally determined, although a
strong antibody response against LigA/LigB
was noted.

Many recombinant proteins have been tested
for capacity to elicit protection from infection
(Adler 2015). Unfortunately, the claimed
protection for most of these does not stand
rigorous scrutiny. Problems include: the use of
inappropriate statistics; the use of inappropri-
ate controls; the use of inadequate challenge
doses; claims based on a single experiment;
pooling of results from separate experiments.
The most promising candidate appears to be
the LigA protein, which was identified as a
major component of the leptospiral surface
but is not expressed under normal in vitro
growth conditions (Matsunaga et al. 2003,
2005). The reader is referred to Adler (2015)
for detailed analysis. However, at present no
recombinant vaccine is licensed for use in any
animal species.

Vaccines

The wide number of serovars and diverse
animal species has hampered the development
of a universal leptospirosis vaccine. Inacti-
vated whole-cell vaccines (bacterins), confer
short-term protection against antigenically
related serovars (Adler 2015). Such vaccines
have been used since the first isolation of
Leptospira and currently are the only vaccines
licensed for animals worldwide and humans in
some countries (Bashiru and Bahaman 2018).
The immunity elicited by bacterins is directed
against the LPS and is thus limited to serovars
with antigenically related LPS. Bacterins are
mostly used in dogs, cattle, and pigs and are
tailored based on the animal species to be
protected, taking into consideration the locally

prevalent serovars. For instance, bacterins for
dogs traditionally include the dog-adapted
serovar Canicola and the rodent-adapted
serovar Icterohaemorrhagiae; based on epi-
demiological data, this was adjusted to a wider
formulation including serovars Grippotyphosa
and Pomona in the United States (Moore
et al. 2006), and Australis and Grippotyphosa
in Europe (Ellis 2010; Klaassen and Adler
2015). Bacterins designed for cattle have been
modified, frequently based exclusively on
serological data (Ellis 2015). This has resulted
in bacterins containing up to 12 serovars that
show low protection against infection (Bolin
et al. 1989; Ellis 2015). In contrast, some
monovalent serovar Hardjo vaccines show
good protection for up to a year (Zuerner
2015). The debate about efficacy of multi-
valent bacterins for use in cattle continues
(Alt and Olsen 2012; Rinehart et al. 2012). In
contrast, pig vaccines are usually polyvalent
and formulation versus efficacy has not been
criticized; some studies report cross-protection
against same serogroup serovars (Dib et al.
2014; Jacobs et al. 2015). The use of off-license
vaccines for different animal species (such as
cattle vaccines in horses) has no scientific basis
and may be illegal in some countries. However,
there is no evidence of deleterious effects in
recipients.

In attempts to develop a universal vaccine
that confers long-lasting, robust immunity
against leptospirosis, the conserved outer-
membrane proteins of pathogenic Leptospira
have been explored as alternative protective
antigens. More detail can be found on the
diverse antigens tested as potential vaccines
around the world in previous reviews (Adler
2015; Dellagostin et al. 2017). Recent studies
have proposed the GspD secretin of the T2SS
apparatus of Leptospira as an alternative vac-
cine candidate. Recombinant GspD protein
conferred partial protection against infection
with serovar Canicola in hamsters (Llanos
Salinas et al. 2020) and a bactericidal effect of
GspD antibody was observed against diverse
Leptospira species (Schuler and Marconi 2021).
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Likewise, DNA vaccines against leptospirosis
have been also proposed for the same purpose
(Silveira et al. 2017; Bashiru and Bahaman
2018). Attenuated vaccines have been poorly
explored (Srikram et al. 2011); however, in a
recent study a motility deficient fcpA mutant
elicited a robust anti-protein antibody response
and induced protection against infection with
different pathogenic Leptospira species (Wun-
der et al. 2021). Those findings highlight the
feasibility of novel approaches, including the
potential of cross-protective subunit vaccines,
for prevention of leptospirosis. However, none
of these vaccines has progressed to licensing
and so bacterin vaccines currently remain the
only preventive option.

Control

Leptospirosis prevention and control relies
on setting-specific epidemiological patterns of
disease. In the context of mostly occupational
exposure, work procedures must include the
use of personal protective equipment, such as
adequate footwear, usually rubber boots, as
well as gloves and possibly aprons, protective
glasses or face masks, to avoid contact of skin
or mucosae with potentially contaminated
material. In general populations exposed
through the environment, similar recommen-
dations can be made, including the use of
waterproof dressing on open wounds in addi-
tion to general hygiene recommendations. The
control of the animal source of infection relies
on rodent control strategies, but also ad hoc
prevention of animal leptospirosis in livestock
or companion animals. A still commonly used
practice to eliminate the carrier state in heifers
and cows is the administration of streptomycin
(where this is available).

Treatment of leptospirosis relies on antibi-
otics, with no significant resistance reported
in Leptospira. Penicillin or amoxicillin are
appropriate if given early in the course of the
disease (Tubiana et al. 2013; Trott et al. 2018).
In settings where differential diagnosis may

include diseases caused by intracellular bacte-
ria, like murine or scrub typhus, tetracyclines,
particularly doxycycline (Zhang et al. 2017), or
macrolides may be preferred before diagnostic
confirmation. Treatment alternatives have
been reported recently with a crystalized form
of enrofloxacin, with results suggesting this
as an alternative treatment for leptospirosis in
animals (Carrascosa et al. 2017). In addition
to the etiological treatment, symptomatic sup-
portive treatment is required in severe cases
(Ellis 2015).

Gaps in Knowledge
and Anticipated Directions

The past two decades have seen major advances
in understanding how Leptospira interacts
with the host and the environment, facilitated
by the availability of genome sequences and
the development of tools for genetic manip-
ulation of leptospires. Despite this progress,
many facets remain poorly understood. What
is the cellular and molecular basis of host
adaptation? Which proteins mediate heterol-
ogous protection? Future directions will aim
to elucidate these mechanisms. Global warm-
ing results in increased incidence of severe
weather events; when resultant flooding
occurs in resource-poorer regions, outbreaks
of leptospirosis invariably follow. This high-
lights the need for sociological and economic
reforms as well as medical and veterinary
interventions based on continued research
in eventually limiting the incidence of this
disease.
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Brachyspira
Joseph E. Rubin and Judith Rohde

Introduction

The Brachyspira are the sole genus within
the family Brachyspiraceae, order Brachyspi-
rales, and are included in the Spirochaetia
class. Brachyspira spp. are host-associated
microorganisms, which colonize and cause
infection primarily in the gastrointestinal
tracts of many species of birds and mam-
mals (Alvarez-Ordonez et al. 2013). There
are currently nine species with standing
in the nomenclature: Brachyspira aalborgi,
Brachyspira alvinipulli, Brachyspira hampsonii,
Brachyspira hyodysenteriae, Brachyspira inno-
cens, Brachyspira intermedia, Brachyspira mur-
dochii, Brachyspira pilosicoli and Brachyspira
suanatina (LPSN Database 2022). The genus
Brachyspira was first named in 1982 with the
description of B. aalborgi. B. hyodysenteriae
was described in the early 1970s initially as a
Treponema species. The genus then underwent
a series of name changes first to Serpula in
1991, then Serpulina in 1992, before being
reassigned to the genus Brachyspira with its
type species B. aalborgi in 1997. Several other
potentially novel taxa have been identified
although not yet validly published as species
including “B. canis,” “B. corvi” and most
recently “B. catarrhinii.”

Characteristics of the Organism

Brachyspira are Gram-negative spirochetes
with a cell length of 5–10 μm and a width of
0.25–0.5 μm. A set of 4–16 flagella surround
the cell in the periplasmaic space and give
this organism its characteristic snake-like
motility (Perez et al. 2016). Brachyspira
species are often described in terms of the
strength of β-hemolysis on blood agar; his-
torically, pathogenic species were said to be
strongly hemolytic, while non-pathogens were
described as only weakly so. However, the
subjectivity of this measure and phenotypic
variability precludes its use for reliable identi-
fication (Mahu et al. 2016; Card et al. 2019).

Brachyspira are aerotolerant anaerobes,
which can be cultivated under a variety of
atmospheric conditions containing 0–1% O2
(Hampson 2018b). These organisms have
been successfully cultivated at temperatures
of 37–42∘C. The growth of Brachyspira can
be slow, taking from 24 hours for B. pilosicoli,
48 hours for B. hyodysenteriae and B. hamp-
sonii, and longer for other species (Rubin et al.
2013b; Hampson 2018b). The inclusion of
antibiotics prevents the overgrowth of other
organisms in primary culture. Solid media
may or may not yield surface growth, and
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only infrequently results in distinct colonies;
the presence of hemolytic zones followed by
microscopic examination to visualize spiro-
chetes is used to indicate growth. Liquid
culture in highly nutritive media is also pos-
sible, most commonly brain–heart infusion
broth with 10% (v : v) fetal calf serum (collec-
tively referred to as BHIS, brain–heart infusion
serum) is used (Hampson 2018b).

Pathogenic Species and Disease
Associations

Brachyspira hyodysenteriae

B. hyodysenteriae is the classical agent of swine
dysentery, which was first described in 1921 in
the United States (Table 24.1). Swine dysen-
tery, which usually affects grower and finisher
pigs, is characterized by mucohemorrhagic
diarrhea, reduced growth rates, and eco-
nomic losses due to poor feed conversion and
treatment costs (Burrough 2017). Morbidity
within a herd can be as high as 90%, with a

Table 24.1 Brachyspira species and disease
associations.

Animal
species Organism

Clinical
presentation

Pigs B. hyodysenteriae Swine dysentery
(classical)

B. hampsonii,
B. suanatina

Swine dysentery-like
(emerging/
contemporary)

B. pilosicoli Porcine intestinal
spirochetosis

B. murdochii mild colitis
Avian
species

B. suanatina Typhlocolitis (rheas)
B. pilosicoli,
B. intermedia,
B. murdochii (?)

AIS

B. alvinipulli Fibrinonecrotic
colitis (geese); AIS
(chickens)

Humans B. pilosicoli,
B. aalborgi

Human intestinal
spirochetosis

AIS, avian intestinal spirochetosis.

mortality rate up to 30% if untreated (Hampson
and Burrough 2019). Following a period of qui-
escence from the mid-1990s to the late 2000s,
swine dysentery reemerged in association with
B. hampsonii and B. hyodysenteriae (Burrough
2017). Predisposing factors for disease may
include poor hygiene, overstocking, transport,
cold temperatures, diet, age, stress, and level of
acid secreted in the stomach (Alvarez-Ordonez
et al. 2013; Burrough 2017). Gross lesions
include hyperemia and edema of the intes-
tine and mesentery; as disease progresses
fibrinonecrotic lesions on the mucosal sur-
face of the cecum, descending and spiral colon
develop (Hampson and Burrough 2019). Histo-
logical lesions are characterized by congestion,
neutrophilic infiltration, and increased mucus
production in the colon and rectum (Hampson
and Burrough 2019). B. hyodysenteriae is also
associated with severe necrotizing typhlitis
in rheas and ducks (Mappley et al. 2014;
McFadzean et al. 2021).

Brachyspira hampsonii

B. hampsonii causes a disease that is clinically
indistinguishable from that caused by B. hyo-
dysenteriae. B. hampsonii is present in North
America and Europe, but despite extensive
screening has not been identified in Australia
(La et al. 2016a). B. hampsonii has also been
isolated from wildlife including snow geese in
the Canadian Arctic, and migrating waterfowl
in Spain, suggesting that non-porcine species
may be involved in its epidemiology (Rubin
et al. 2013a; Aller-Moran et al. 2016).

Brachyspira suanatina

B. suanatina was first isolated from pigs and
mallards in Sweden and Denmark in the
mid-2000s and was experimentally shown to
produce a dysentery-like illness. Subsequently,
B. suanatina was found to cause typhlocolitis
in rheas in the United Kingdom, indicating a
pathogenic role in both pigs and avian species
(McFadzean et al. 2021). Geographically,
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B. suanatina is currently limited to Europe
(Hampson and Burrough 2019).

Brachyspira pilosicoli

B. pilosicoli is globally distributed and is recog-
nized to cause intestinal infections in a variety
of hosts; attachment to the enterocytes is a
feature of these infections (Hampson 2018b).
In pigs, B. pilosicoli is the agent of porcine
intestinal spirochetosis (PIS), which is char-
acterized by diarrhea with a “wet cement”
consistency that may or may not contain
mucus (Hampson 2018b). PIS, also known as
“brachyspiral colitis,” also refers to disease
associated with weakly hemolytic Brachyspira.
These infections are often polymicrobial
and most frequently also involve B. pilosicoli
(Hampson 2018b; Hampson and Burrough
2019). Fecal staining of the perineum may be
seen in affected animals, and weight loss and
poor feed conversion lead to economic losses
(Hampson 2018b). Grossly, the intestines of
pigs affected by PIS are full of ingesta; con-
gestion and erosive to necrotic lesions may
develop as disease progresses. Histologically,
spirochetes can be seen attached to intestinal
epithelial cells forming a false-brush border,
invasion into cells and tissues adjacent to
intestinal crypts may also be seen (Hampson
and Burrough 2019).

Avian intestinal spirochetosis (AIS), is asso-
ciated with a variety of brachyspiral species,
including B. pilosicoli (Mappley et al. 2014). In
chickens, disease is seen most commonly in
layers over 10 weeks old; in broilers that are
slaughtered earlier, disease is less commonly
encountered (Le Roy et al. 2015; Hampson
2018b). Clinical signs range from subclinical,
decreased egg production, fecal staining of
eggs, decreased growth rate, to frothy diarrhea
with pasty vents (Mappley et al. 2014; Hamp-
son 2018b). Diarrhea is also recognized in
other species, including rheas (Mappley et al.
2014). AIS is also associated with other species;
for example, B. alvinipulli has been shown to
cause severe fibrinonecrotic colitis in geese.
B. intermedia and B. murdochii have been

also isolated from cases of AIS, although their
role in clinical disease is unclear (Hess et al.
2017). B. pilosicoli has also been isolated from a
variety of farmed game-bird species (partridge,
pheasant and mallard). AIS is associated with
a spectrum of pathological lesions; in chick-
ens infected with B. pilosicoli, there is often
a notable absence of gross lesions even with
frank clinical signs. In severe cases, in other
bird species, necrotic intestinal lesions and
typhlocolitis can be seen (Mappley et al. 2014).
Histologically, the presence of a false-brush
border has been reported in both chickens and
partridges. A loss of microvilli is seen along
with vacuolation of the enterocytes, possibly
due to decreased nutrient absorption. Invasive
infections, including spirochetemia have also
been reported in chickens (Hampson and
Burrough 2019).

Human Infections

Unlike Brachyspira-associated diseases in
swine and avian species, human intestinal
spirochetosis (HIS) has not been extensively
studied (Hampson 2018b). The diagnosis of
HIS is often made following the identification
of spirochetes on histological examination of
intestinal biopsies from patients with chronic
gastrointestinal symptoms (Hampson 2018b;
Norris 2019). B. aalborgi and B. pilosicoli are
most commonly implicated, although the
reliance on microscopy or culture/polymerase
chain reaction leaves uncertainty about the
true prevalence of each species (Hampson
2018b; Norris 2019). Similar to PIS and
AIS, a false-brush border is a characteris-
tic histological finding associated with HIS
(Hampson 2018b).

Source of Infection: Ecology,
Evolution, and Epidemiology

Ecology and Epidemiology

Pathogenic Brachyspira species can sur-
vive in the environment especially at low
temperatures, low pH and in favorable



�

� �

�

Pathogenesis 531

matrixes (soil, feces, slurry, lagoon sludge)
from several days to months (Alvarez-Ordonez
et al. 2013).

The epidemiology of Brachyspira spp.
implicated in outbreaks of disease has not
been adequately characterized, although
researchers have identified coincident colo-
nization of wildlife species (crows, waterfowl,
rats), including some studies that identified
strains belonging to the same sequence type in
wildlife and porcine isolates (Zeeh et al. 2018).
There have also been efforts to identify routes
of transmission between farms including
transport trucks (Giacomini et al. 2018), and
broader trade in livestock (Joerling et al. 2018).
Recently, an epidemiological study identified
the presence of rats on farms as a risk factor for
swine dysentery, further supporting this was
the finding that co-localization with raptors
and martens was protective (Zeeh et al. 2020).
For B. suanatina, it was shown that an isolate
from a wild mallard could infect pigs and even
cause mild disease.

Evolution

Six conserved signature indels in five genes
(flgK, polA, valS, lon, gatB) have been identi-
fied to be specific for members of the genus
Brachyspira and distinguishing them from
other spirochetes (Gupta et al. 2013). With
the advent of whole-genome sequencing,
it has become obvious that the different
species within this genus show some overlap
and mosaic genomes occur in field isolates.
B. hampsonii has been shown to be com-
posed of at least two phylogenetically distinct
clades and is related to the historical P280/1
isolate (Mirajkar et al. 2016). Plasmids and
other mobile genetic elements have also been
identified, facilitating genetic rearrangements
within and between species (Hampson and
Wang 2018; Pandey et al. 2020). Genome-wide
comparisons have positioned Brachyspira next
to the phylum Fusobacteria and some genera
of Proteobacteria rather than other spirochetes.
The co-location of these organisms in the same

intestinal niche highlights the opportunity for
lateral gene transfer (Beiko 2011).

Virulence Factors
and Pathogenomics

Whole-genome sequencing has proven to be
a valuable tool to investigate pathogenesis
and putative virulence factors. Early studies of
B. hyodysenteriae and B. pilosicoli have revealed
314 and 235 genes, respectively, believed to
play a role in pathogenesis (Bellgard et al.
2009; Wanchanthuek et al. 2010). Only a sin-
gle proteomic analysis of B. hyodysenteriae
and B. pilosicoli has been published. This
investigation identified proteins previously
annotated as virulence-associated genes such
as NADH oxidase, flagellar proteins, proteins
of the chemosensory transducer gene com-
plex, hemolysins, and ankyrin-like proteins
in the proteome (Casas et al. 2016). The lack
of genetic tools available for Brachyspira has
limited the ability of researchers to confirm
the function of putative virulence factors.
Only for flagella genes, the nox gene and the
tlyA gene have effects on the virulence of the
mutated bacteria been studied. Also, the effects
of hemolysin preparations were investigated in
ileal loop experiments and after injection into
the caeca of mice.

Pathogenesis

The pathogenesis of swine dysentery caused
by B. hyodysenteriae, B. hampsonii and B. sua-
natina must be distinguished from B. pilosicoli
infections. The economic impact of swine
dysentery has led to most studies focusing on
understanding these infections rather than
those caused by B. pilosicoli, which has not
been as well investigated. The detailed descrip-
tion of the pathogenesis below describes
the route traveled by Brachyspira from the
intestinal lumen through the mucus barrier
to the epithelial surface, and its subsequent
interaction with the host (Figure 24.1).
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Figure 24.1 In swine dysentery, perturbations of the intestinal microbiota are observed. The highly motile
Brachyspira are attracted by mucin and invade the mucus layer. Bacterial toxins and enzymes as well as
lipooligosaccharide act on the intestinal barrier causing epithelial necrosis. In response to the infection of
the inner mucus layer sensed by sentinel goblet cells, the thickness and composition of the mucin barrier is
strongly altered. Ion and water flux are also affected by infection contributing to changes of the mucus
environment and to diarrhea. Cellular attachment and epithelial invasion are sometimes observed.
Neutrophils and lymphocytes infiltrate the lamina propria excreting neutrophil elastase and cytokines like
interleukin-17 and others. Superficial hemorrhage is induced. Possibly, microbial clearance and the
long-term immune reaction to the bacteria are impaired. White boxes with blue frame: experimentally
confirmed bacterial feature or activity; white boxes with black frame: experimentally confirmed changes in
the host; transparent boxes with black or red frame: inferred changes in the host. Green: gel-forming
secreted mucin double-layer; the glycocalyx mucins (e.g., MUC4) are not depicted separately. Ab, antibody;
BEST4, bestrophin 4; CCR6, C–C motif chemokine receptor 6; CFTR, cystic fibrosis transmembrane
conductance regulator; IgA, immunoglobulin A; IL interleukin; INF-γR interferon γ receptor; KLHL6,
Kelch-like family member 6; LSECtin, C-type lectin receptor; LOS, lipooligosaccharide; miRNA, microRNA;
MDR1,2, multidrug resistance gene 1,2; MRP2, multidrug resistance–associated protein 2; MUC, mucin; NE,
neutrophile elastase; NHE3, Na+/H+ exchanger 3; iNOS, inducible nitric oxide synthetase; eNOS, endothelia
NOS; OMP, outer-membrane protein; PEDF, pigment epithelium-derived factor; Stat1, signal transducer and
activator of transcription 1; TGF-β transforming growth factor β; TMEM16A, transmembrane member 16A;
Th T-helper cell).
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Infection

Brachyspira are transmitted by the fecal–oral
route and disease has been reproduced
experimentally with inocula of 107 cfu and
higher when given thrice on three consecutive
days. The incubation time for Brachyspira
infection in pigs varies from 4 to 14 days. Expo-
sure to Brachyspira does not always lead to
lesions and disease; subclinical carriers may
therefore be more common than previously
suspected (Hampson et al. 2016; La et al. 2016a,
2016b; Hampson 2018a; Card et al. 2019).

The Role of the Intestinal Microbiota

Early studies demonstrated that swine dysen-
tery could not be induced in germ-free pigs by
inoculation with B. hyodysenteriae alone; other
microbes including Fusobacterium necropho-
rum, Bacteroides vulgatus or other spirochetes
seem to play a role in disease.

Perturbations in the fecal microbiota of pigs
infected with B. hyodysenteriae or B. hamp-
sonii have been reported. Mucohemorrhagic
diarrhea is associated with a lower Bac-
teroidetes : Firmicutes ratio compared with
animals without disease or infection (Costa
et al. 2014; Burrough et al. 2017). In mucosal
scrapings, Fusobacteria and Proteobacteria are
more abundant in diseased pigs. Among the
Delta-Proteobacteria, Desulfovibrio species are
more abundant in pigs with swine dysentery
and may contribute to disease through the
production of toxic hydrogen sulfide from sul-
fated intestinal mucins (Figure 24.1; Burrough
et al. 2017). Conversely, Lactobacillus and
Bifidobacterium species seem to be indicators
of the microbiota of pigs that do not develop
disease; Roseburia faeces has been specifically
associated with health (Burrough et al. 2017).
By producing butyrate, these bacteria may
contribute to the sustenance of the intestinal
mucosa (Figure 24.1). Oxidation of short-chain
fatty acids by enterocytes maintains epithelial
hypoxia (Litvak et al. 2018). However, when
this mechanism is disrupted and tissue pO2
increases, Brachyspira could produce NADH

oxidase as a defense mechanism against oxida-
tive stress (Figure 24.1; Costa and Harding
2020). Indeed, NADH oxidase is one of the 10
most abundant proteins in the surfaceome and
exoproteome (Casas et al. 2016). Consequently,
nox gene mutants are less oxygen tolerant and
less virulent.

Motility and Chemotaxis

Brachyspira possess endocellular, subtermi-
nally anchored flagella winding half-way
around the protoplasmic cylinder under the
outer membrane of the bacterial cell. This
type of flagellation works very efficiently
in mucus. Of the 24 core genes involved in
flagella biology, all except flgH and flgI are
present in Brachyspira, which is similar to
other spirochaetes (Bellgard et al. 2009). The
abundance of flagellar proteins is higher in
B. hyodysenteriae than B. pilosicoli, and some of
these proteins are among the 10 most abundant
in the proteome (Casas et al. 2016). The flag-
ellum of Brachyspira consists of two or three
sheath proteins (FlaA) and three or four core
proteins (FlaB) which are distributed through-
out the filament (Li et al. 2010; Wanchanthuek
et al. 2010). The ratio of the different FlaB
proteins affects flagellar stiffness and muta-
tions in individual flaB genes result in varying
degrees of impaired stiffness and motility (Li
et al. 2008). The flagellin-encoding genes flaB1
and flaB2 (FliA or sigma28) are regulated diver-
gently from flaA and flaB3 (Sigma70), enabling
the spirochaete to adapt its motility to the envi-
ronment and the stage of infection (Li et al.
2010). Activation of the flagellum-dependent
cell motility has been reported in pathogenic
B. hampsonii compared with non-pathogenic
isolates in a colon explant model, highlighting
the importance of this system for virulence
(Costa and Harding 2020).

Similar to other motile bacteria, chemotaxis
is an important behavior of virulent B. hyo-
dysenteriae and B. pilosicoli. B. hyodysenteriae
displays the strongest chemotactic response
to fucose and L-serine, while other mucin
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Figure 24.2 Scanning electron
micrograph of the surface of an
intestinal organoid infected with
B. hyodysenteriae. Spirochetes
(green) entangled in mucin
threads desiccated by
preparation. Source: Courtesy of
Helmholtz-Zentrum Centre for
Infection Research/Dr. Mathias
Müsken.

components and sheep blood have also been
shown to be stimulatory to a lesser degree.
In vitro, concentrations of 6% porcine gas-
tric mucin, mimicking the viscosity of the
mucus layer in vivo, are highly attractive
for both spirochetes (Naresh and Hampson
2010; Figure 24.2). At mucin concentrations
exceeding 6%, the chemotactic response of
B. hyodysenteriae decreases while that of
B. pilosicoli remains strong, perhaps reflect-
ing differences in niche preference of these
two species. B. pilosicoli penetrates the dense
mucus layer at the shoulder of the crypts to
reach the epithelial surface where it attaches,
while B. hyodysenteriae localizes to the freshly
produced, less viscous mucus in the crypt
(Figure 24.1; Naresh and Hampson 2010).

Chemotaxis is regulated by the methyl-
accepting chemotaxis genes (mcp) and
chemosensory transducer genes (che). A
greater number of genes involved in chemo-
taxis have been identified in B. hyodysenteriae
than in B. pilosicoli or B. murdochii. Several
Mcp proteins have been detected in the pro-
teome of B. hyodysenteriae and B. pilosicoli
with McpB being among the 10 most abundant

proteins (Casas et al. 2016). The mechanism by
which these proteins affect flagellar motility is
postulated to be similar to that in Escherichia
coli. Environmental signals are transduced
via the membrane bound methyl-accepting
proteins to CheA. The histidine kinase CheA
phosphorylates the response regulator CheY,
the phosphorylation level of CheY controls the
direction of the motor rotation. Several other
enzymes of the Che complex are involved in
modulating this mechanism and a total of
12–17 copies of che genes have been identi-
fied in B. hyodysenteriae (Bellgard et al. 2009;
Wanchanthuek et al. 2010). The most highly
expressed chemosensory transducer gene
product is CheY, but CheA and CheB are also
found and to a lesser degree CheW, CheX,
CheD, CheR, and CheC (Casas et al. 2016).

Colonization

The Mucin Barrier
The intestinal mucin barrier protects the
host from bacterial invasion. In pigs infected
with Brachyspira, increased mucin secretion
is apparent in the feces; a fivefold increase
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in mucin content has been described in
experimental B. hyodysenteriae infections
(Quintana-Hayashi et al. 2015). Increased
mucin secretion has been suggested to be
caused by increased expulsion of MUC2
and MUC5AC, at the expense of MUC1 and
MUC4, although studies evaluating MUC2
and MUC4 gene expression in response to
infection are conflicting (Wilberts et al. 2014;
Quintana-Hayashi et al. 2015; Enns et al.
2019). Interestingly, immunohistochemistry
has revealed a shift of MUC2 from within
goblet cells to the crypt lumen and the surface
of the epithelium in affected animals (Lin et al.
2021). De novo production of MUC5AC in
the proximal colon has been demonstrated by
immunofluorescence and immunohistochem-
istry, together with increased expression of the
MUC5AC gene (Figure 24.1; Wilberts et al.
2014; Quintana-Hayashi et al. 2015; Enns et al.
2019; Lin et al. 2021).

The mucus viscosity is further perturbed by
electrolyte imbalances (Figure 24.1). Impair-
ment of electroneutral Na+/H+-exchange
(NHE) by reduced production of NHE3 pro-
tein, results in reduced water absorption (Enns
et al. 2020). Moreover, a decrease in electro-
genic anionic secretory transport of HCO3

−

and Cl− is observed. Reduced HCO3
− inter-

feres with proper expansion of Ca2+ stabilized
expelled mucin. Lack of Cl− changes the rhe-
ological properties of mucin. These decreases
are primarily caused by reduced production
of apical anionic channels cystic fibrosis
transmembrane conductance regulator and
bestrophin 4. Interestingly, while a decrease
in the abundance of the anionic channel pro-
tein transmembrane member 16A has been
observed, levels of gene transcripts were not
reduced, suggesting that B. hyodysenteriae and
B. hampsonii may directly degrade or impair
the function of this channel (Enns et al. 2019).

Importantly, a sevenfold increase in the
number of B. hyodysenteriae cells bound to this
perturbed mucin layer has been observed in
pigs with swine dysentery (Quintana-Hayashi
et al. 2015). Glycans from infected pigs are

shorter and predominantly sialylated with
N-glycolyl neuraminic acid (NeuGc) instead
of N-acetyl neuraminic acid (NeuAc). These
changes may expose host epitopes and facili-
tate host–pathogen interactions, since sialidase
A-treated mucins bind less bacteria.

Free NeuGc and NeuAc enhance the growth
of B. hyodysenteriae in vitro. However, in
B. hyodysenteriae, sialidase activity has not
been demonstrated. Glycan degradation by
other bacteria, including Clostridium and Bac-
teroides species, could provide them with these
carbon sources (Quintana-Hayashi et al. 2019).

Glycans from infected pigs are less fuco-
sylated and sulfated than glycans from
non-infected animals, and reductions in fuco-
sylation may reduce attraction of Brachyspira
cells in defense of the host (Venkatakrishnan
et al. 2017). Decreased sulfation is evident both
within goblet cells and at the epithelial surface
(Wilberts et al. 2014; Lin et al. 2021). On the
surface, decreased sulfation may be the result
of bacterial degradation; sulfatase genes are
annotated in the genomes of B. hyodysente-
riae, B. hampsonii, B. suanatina, B. pilosicoli,
B. murdochii and B. intermedia.

Mucus composition is influenced by the
neutrophilic inflammatory response associ-
ated with swine dysentery (Lin et al. 2021). In
vitro, neutrophil elastase and interleukin-17
increase mucin production and transport in a
mitogen-activated protein kinase 3-dependent
pathway (Figure 24.1; Quintana-Hayashi et al.
2017).

Overall, these changes in the mucin envi-
ronment following infection seem to reflect
a constant interactive host–pathogen adap-
tion process with some of the changes to the
advantage of the bacteria and some to their
detriment.

Cellular Attachment
B. pilosicoli is characteristically associated with
the intestinal enterocytes. Bacterial cells attach
end-on to the luminal surface of mature ente-
rocytes between crypt units, microscopically
this gives the impression of a “false-brush
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border” while host microvilli become effaced
(Hampson 2018b). When Caco2 cells are exper-
imentally infected, intruding bacterial cells are
seen to cause invagination but not penetra-
tion of the cell membrane. Disruption of cell
junctions, accumulation of actin filaments
at the cell margins and condensation and
fragmentation of nuclear material indicates
that apoptosis is induced in a time-dependent
manner (Naresh et al. 2009).

Although B. hyodysenteriae is primarily
found in the mucus layer on the epithelial
surface and in the crypts, on histological
section they can occasionally be seen within
epithelial cells, goblet cells and in the lamina
propria. The ability to attach and invade does
not seem to be essential for B. hyodysenteriae
pathogenesis. However, attachment of B. hyo-
dysenteriae to non-MUC2 producing IPEC-J2
cells could be inhibited with monoclonal
antibodies against several outer membrane
proteins (Gommel et al. 2013). As opposed to
B. pilosicoli infections, tight junctions appear
to remain intact in swine dysentery (Enns
et al. 2019, 2020), but microvilli are similarly
shortened and denuded.

Genes encoding ankyrin-like proteins have
been identified in B. hyodysenteriae (n= 50–60)
and B. pilosicoli (n = 30). Ankyrin-like proteins
have diverse functions and have been shown
to play a cofactor role in protein–protein inter-
actions. A number of these proteins have been
identified in the exoproteome and surfaceome
of B. hyodysenteriae (Casas et al. 2016).

Host Damage

Exposure of colon explants to live B. hamp-
sonii cells for one hour was shown to lead
to increased necrosis scores compared to
non-exposed tissue. Analysis of miRNA
expression suggests that impairment of
multidrug resistance gene 1 and multidrug
resistance-associated protein 2 activity in host
tissue may be responsible for mitochondrial
dysfunction and the subsequent epithelial
cell death corresponding to histological

findings following infection (Figure 24.1).
Pathway analysis revealed inhibition of pig-
ment epithelium-derived factor, activation of
inducible nitric oxide synthase (NOS), inhibi-
tion of endothelial NOS and down-regulation
of a C-type lectin receptor, which is predicted
to result in coagulation inhibition, angiogen-
esis, and vasodilation, and defective epithelial
repair mechanisms (Figure 24.1). These find-
ings are proposed to explain the luminal
bleeding and persistent colitis observed in vivo
(Costa and Harding 2020).

Hemolysins
Strong hemolysis is traditionally considered
a hallmark of virulence among Brachyspira
spp. and an explanation for the greater severity
of swine dysentery compared with infections
with weakly hemolytic species (Burrough
2017). However, the description of weakly
hemolytic B. hyodysenteriae and B. hampsonii
of uncertain relevance for clinical disease
(Rubin et al. 2013b; Mahu et al. 2016; La et al.
2016b; Card et al. 2019), and the detection of
strongly hemolytic isolates in healthy animals
(La et al. 2016a, 2016b; Hampson 2018a), have
challenged this assumption.

Eight genes associated with strong hemol-
ysis have been identified (Table 24.2). Each
of these has been found in both strongly and
weakly hemolytic B. hyodysenteriae; this phe-
notypic diversity is associated with allelic
variation (Card et al. 2019). Moreover, these
genes have also been detected in other weakly
hemolytic Brachyspira species, suggesting
that the relation between phenotype and
genotype is not direct and may be affected
by gene expression (Wanchanthuek et al.
2010; Hafstrom et al. 2011). Induction of
hemolytic activity in resting cells, and the
dependence on a stabilizing carrier molecule
like the RNase-resistant fraction of yeast
RNA (RNA core), suggest that B. hyodysente-
riae produces a hemolysin that is similar to
streptolysin S. Streptolysin S belongs to the
family of thiazole/oxazole-modified microcins
(TOMMs). Possible TOMM sequences have
been identified in B. hyodysenteriae, B. pilosicoli,
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Table 24.2 Putative hemolysins in Brachyspira hyodysenteriae.

Locus tag in strain WA1 Name Putative function

BHWA1_RS01170 TlyA 23S rRNA (cytidine1920-2’-O)-methyltransferase;
pore-forming?

BHWA1_RS05965 TlyB caseinolytic protease ClpA/ClpB family
BHWA1_RS06925 TlyC hemolysin C, pore-forming?
BHWA1_RS12830 HlyA acyl carrier protein containing beta-hemolysin HlyA
BHWA1_RS02195 YplQ hemolysin III, predicted channel forming protein
BHWA1_RS02885 hemolysin activation

protein
similar to hemolysin C

BHWA1_RS09085 hemolysin channel
protein

Hemolysin III-related, putative hemolysin channel
protein

BHWA1_RS04705 HlyC/CorC family transporter

B. intermedia and B. murdochii (Letzel et al.
2014). Interestingly, of these various putative
hemolysins only very low levels of hemolysin
activation protein (C0QYZ5) and low amounts
of TlyB (C0R0R9) were detected in the pro-
teome of three field isolates of B. hyodysenteriae
(Casas et al. 2016).

Hemolytic activity has been detected in
culture supernatants after anaerobic growth
in different types of broth and in supernatants
of resting cells induced by aerobic incubation
in a buffer containing MgSO4, glucose, and
RNA core at 37∘C for 15–60 minutes. Hemol-
ysis diminishes at temperatures above 37∘C
and is abrogated after pronase, proteinase K,
and lipase treatment. In investigations into
the mechanism of hemolysis, no proteolytic,
lipolytic or sphingomyelinase activity of the
hemolysin preparation could be demonstrated.
Results of assays using pore-blocking agents
were inconclusive. Among peripheral blood
lymphocytes, increased cell membrane perme-
ability, and reduced viability was described,
indicating that the activity is not limited to
erythrocytes.

In ileal loop experiments, hemolysin from
resting cells demonstrates dose-dependent
enterocyte cytotoxicity without damaging gob-
let cells. Morphological changes in the caecum
of mice infected with B. hyodysenteriae, or

inoculated with hemolysin preparation from
resting cells, include microvilli loss, epithelial
cell vacuolation, superficial cell necrosis, and
apoptosis (Figure 24.1). A threshold for effects
of more than 2500 hemolytic units has been
observed, which corresponds to 5 × 109 to
2.5 × 1010 hemolysin-producing bacterial cells.

A tlyA mutant of B. hyodysenteriae strain C5
(a Dutch field isolate from diseased pigs) was
re-isolated from infected mice, caused fewer
lesions and these lesions were less severe. In
pigs, none of the animals infected with a tlyA
mutant in the background of strain C5 or strain
B204 (ATCC32121) developed diarrhea.

Lipooligosaccharide
The Brachyspira cell membrane contains
lipooligosaccharides (LOS), which, like
lipopolysaccharides in other Gram-negative
bacteria, may be involved in host cell damage
and induction of inflammatory cytokines.
Localized toxic effects of LOS may disrupt
the colonic epithelial barrier resulting in
underlying tissue having greater exposure to
intestinal antigens and leading to inflamma-
tion (Figure 24.1).

Immunity

Neither serum immunoglobulin (Ig) G nor
mucosal IgA levels are strongly correlated with
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protection from swine dysentery. Following
infection, protection is incomplete, and it is
suspected that immunity is at least partially
serotype (LOS)-specific.

In an in vitro explant model of porcine
colonic mucosa infected with B. hampsonii,
gene enrichment analysis identified that genes
associated with B-cell activation and differen-
tiation into plasma cells were downregulated
(Figure 24.1). Key components within these
cascades, including the chemokine receptor
CCR6 and the kelch-like family member 6 pro-
tein KLHL6, were downregulated during infec-
tion. Signals mediated by CCR6 and its ligand
CCL20 can induce chemoattractant migration
of dendritic cells and macrophages, and modu-
late IgA and antimicrobial peptide production.
CCR6 expression in B-cells is repressed by
IL-4 and IL-4 signaling was upregulated by
the pathogenic B. hampsonii isolate, possibly
as an effect of two downregulated microRNAs
involved in the regulatory cascade (Costa and
Harding 2020). While this study provided
a useful first glimpse into the regulation of
immune pathways during infection, the inher-
ent limitations of this investigation may only
incompletely address what happens in situ.

Control

The treatment of brachyspiral diarrhea relies
on the use of a small number of approved
agents, including macrolides, lincosamides
and pleuromutilins. It has been recognized for
several decades that resistance to the macrolide
and lincosamide (tylosin, tylvalosin and lin-
comycin) type drugs can develop quickly,
complicating therapy.

While there is evidence of emerging resis-
tance, the lack of standardized susceptibility
testing methods and interpretive criteria is an
important limitation for fully understanding
the scope of this problem (Kulathunga and
Rubin 2017; Stubberfield et al. 2020).

No commercial vaccines are available
for preventing swine dysentery. However,

farm-specific bacterins are becoming increas-
ingly popular. While mitigation of disease
symptoms and reduced fecal shedding of
B. hyodysenteriae have been described for such
autogenous vaccines (Deza and Pappaterra
2014), these experiences are not universal
(Neirynck et al. 2018). Several attenuated
live strains have been proposed as vaccine
candidates (VS1, P944/15/00, D28 and MU1).

Outer-membrane proteins have also been
suggested as vaccine candidates that may
provide protection across LOS-serogroups.
Vaccination with recombinant His-tagged
Bhlp29.7 has been shown to lower the
incidence and severity of disease following
challenge with a non-homologous B. hyodysen-
teriae.

Eradication efforts based on total depopula-
tion, cleaning, disinfection, and repopulation
with animals from specific pathogen-free farms
can be attempted. Alternatively, a conrtinuing
program of emptying farm units, cleaning
and disinfection and introducing medicated
animals to these units, can be implemented.
Susceptibility testing and consultation with a
microbiologist is highly recommended in order
to ensure antibiotic treatment will be effective
against the B. hyodysenteriae strain or strains
present.

Gaps in Knowledge
and Anticipated Directions

The increasing number of published
Brachyspira genomes has been invaluable
for the generation of numerous hypotheses
regarding the role of putative virulence genes
in pathogenesis. Unfortunately, the lack of
genetic tools available for Brachyspira means
that gene knockout/complementation stud-
ies cannot be done in their native context.
Determining the function of gene prod-
ucts therefore remains challenging and our
current understanding of pathogenesis con-
tains many speculative elements. Recently,
a CRISPR-based approach has been used to
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silence genes in the spirochete Leptospira
interrogans, allowing the function of several
outer membrane proteins to be studied (Fer-
nandes et al. 2021). The possibility of using
CRISPR for interrogating the pathogenic
strategies employed by Brachyspira spp. more
deeply is certainly intriguing. Future studies
integrating clinical, genomic and proteomic

data with in vitro models will be invaluable
for confirming the role of putative virulence
factors. Such investigations will be critical
not only for understanding the biology of
Brachyspira infections, but also for the identifi-
cation of vaccine candidates and development
of other novel approaches to control.
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Introduction

The Staphylococcus genus is comprised of
Gram-positive coccus-shaped bacteria that
commonly appear in grape-like clusters or
singly, in pairs, and in short chains. Staphy-
lococci belong to the phylum of Bacillota, the
class of Bacilli, the order of Caryophanales,
and the family of Staphylococcaceae (Parte
et al. 2020; Oren and Garrity 2021). More than
70 species and subspecies make up the genus
and it is associated with a wide range of host
species. Most staphylococci are classified as
commensals, but some cause important oppor-
tunistic infections in humans or other animals.
In this chapter, we focus particularly on the
staphylococcal species that are of most rele-
vance to veterinary diseases. These are Staphy-
lococcus aureus, associated with infections
of cattle, poultry, and rabbits, Staphylococcus
hyicus, the main causative agent of greasy pig
disease, and Staphylococcus pseudintermedius,
the main causative agent of canine pyoderma.

Characteristics of the Organism

Staphylococci have complex nutritional
requirements and are classified as facultative
anaerobes that use aerobic respiration or fer-
mentation to produce lactic acid, except for
S. aureus subsp. anaerobius, which is micro-
aerophilic, and Staphylococcus saccharolyticus,
which is strictly anaerobic. Staphylococci

are non-motile and do not form spores.
The classification of novel species to the
Staphylococcus genus requires both biochemi-
cal and genetic analysis, with more emphasis
now placed on genomic differentiation via
whole-genome sequence analysis (Varadi et al.
2017). However, phenotypic characteristics,
such as growth on selective media and the
ability to produce catalase and coagulate rab-
bit plasma, are still used in the diagnosis of
staphylococcal infections.

An efficient bacterial catalase test was
developed in the 1960s reflecting the abil-
ity of facultative anaerobes to break down
hydrogen peroxide into water and oxygen. All
staphylococcal species are capable of produc-
ing catalase, except for the microaerophilic
and anaerobic S. aureus subsp. anaerobius
and S. saccharolyticus. In contrast, the abil-
ity to coagulate plasma, used diagnostically
since the 1940s, differentiated the genus into
coagulase-positive and coagulase-negative
staphylococci, and was originally used to
differentiate pathogenic S. aureus from
less clinically relevant species. However,
since the 1970s it has been recognized
that other staphylococci can also coagulate
plasma and that these coagulase-positive
staphylococci are responsible for the major-
ity of staphylococcal-related human and
veterinary infections (Hajek 1976). There
are now nine recorded coagulase-positive
species, including S. aureus, Staphylococ-
cus argenteus, Staphylococcus coagulans,
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Staphylococcus cornubiensis, Staphylococ-
cus delphini, Staphylococcus intermedius,
Staphylococcus lutrae, S. pseudintermedius,
and Staphylococcus schweitzeri. Staphylococcus
agnetis, Staphylococcus chromogenes and S.
hyicus are classified as coagulase variable,
since they exhibit strain-dependent coagu-
lase activity (Gonzalez-Martin et al. 2020).
The most common coagulase-positive species
relevant for veterinary medicine are S. aureus,
S. hyicus and S. pseudintermedius. There is
also increasing appreciation for the role of
coagulase-negative species in both human and
veterinary medicine, and their role in bovine
mastitis is briefly described in the next section.

Staphylococcal species have traditionally
been defined based on DNA–DNA reassocia-
tion analysis that differentiates species with
high biochemical similarities. Whole-genome
sequence analysis is now the gold standard,
with novel species described based on
their average nucleotide identity and digi-
tal DNA–DNA hybridization scores, alongside
full-length 16S ribosomal RNA gene sequences,
in comparison with the most closely related
staphylococcal species (Chun et al. 2018; Ciufo
et al. 2018). A comprehensive phylogenetic
analysis of the Staphylococcus genus revealed
that the coagulase-positive species represented
in three main clades (the S. aureus com-
plex, the Hyicus group and the Intermedius
group) all contain the von Willebrand-binding
protein gene (vwb) with the staphylocoag-
ulase gene (coa) limited to the S. aureus
complex. Genetic variation in the vwb gene
correlates with unique coagulation phenotypes
of coagulase-positive species associated with
different host species (Pickering et al. 2021).

In addition to vWbp, coagulase-positive
species share some other factors of relevance
to pathogenesis. For example, most staphylo-
cocci have the ability to generate sugar and/or
protein-mediated biofilms, which promotes
colonization of the host and evasion of the
immune system, and antimicrobial activ-
ity. Families of cell-wall-associated proteins
promote colonization and immune evasion

through interactions with host extracellular
matrix and plasma proteins. The cell envelope
also contains wall teichoic acid, involved in
nasal colonization with the other cell-wall
components, peptidoglycan, and lipoteichoic
acid, capable of inducing shock. Secreted tox-
ins are commonly made by coagulase-positive
species including superantigens, cytolytic
toxins such as leukocidins involved in innate
immune evasion, exfoliative toxins involved
in the pathogenesis of skin infections, and a
wide array of immune evasion proteins that
prevent the bacterial surface being opsonized
and therefore inhibit phagocytosis. Addition-
ally, staphylococci secrete a range of proteases
and lipases that impact on immune function,
as well as acquiring nutrients for the bacteria.
The virulence factors known to be of particular
importance during veterinary diseases will
be described in more detail in the relevant
sections below.

Pathogenic Species

Even though coagulase-positive staphylococci
are the primary pathogenic staphylococ-
cal species, coagulase-negative species are
now being recognized as important causes
of veterinary diseases. For example, they are
increasingly being isolated from cases of sub-
clinical bovine mastitis, with some countries
reporting that coagulase-negative species
are now the most prevalent bacteria associ-
ated with the disease (De Buck et al. 2021).
Often, species-level identification is not per-
formed, and clinical isolates are grouped as
coagulase-negative species, but the most preva-
lent coagulase-negative species associated
with mastitis are Staphylococcus epidermidis,
Staphylococcus haemolyticus, Staphylococ-
cus simulans, and Staphylococcus xylosus,
as well as the coagulase-variable S. chromo-
genes and S. hyicus (De Buck et al. 2021).
Even though coagulase-positive staphylococci
are of increasing concern in the manage-
ment of bovine mastitis, very little is known
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regarding their ecology or pathogenesis. Some
studies suggested that they might prevent
infection by the more pathogenic S. aureus,
while others highlight that modified herd
management and intervention strategies tar-
geting S. aureus infection and transmission
could account for the increasing prevalence
of coagulase-positive species in bovine mas-
titis isolates. Our current understanding and
the gaps in our knowledge on the role of
coagulase-positive staphylococci in bovine
udder health has recently been reviewed in
detail by De Buck et al. (2021).

Important staphylococci in animals and their
major colonization sites and disease mani-
festations are shown in Figure 25.1. S. aureus
is the best characterized staphylococcal
species due to its importance as an oppor-
tunistic pathogen for a wide array of human
infections, from mild skin infections to sep-
ticemia and toxic shock syndrome. S. aureus
is well known for its capacity to acquire
resistance to antimicrobials with wide dis-
tribution of methicillin-resistant hospital
and community-associated S. aureus clones
and increasing appreciation for livestock-
associated clones adapted to non-human hosts.
Population genomic and phylogenetic analysis
have demonstrated that non-human clones
of S. aureus have emerged via host-switching
events from humans followed by adaptation to
cattle, birds, and pigs via genetic diversification
(Richardson et al. 2018).

In veterinary medicine, S. aureus is of par-
ticular importance as the causative agent of
mastitis in cows and small ruminants, bum-
blefoot (pododermatitis), osteomyelitis, and
septicemia of poultry, and a range of infec-
tions in rabbits including mastitis, dermatitis,
pododermatitis, and skin abscesses (Mcnamee
and Smyth 2000; Corpa et al. 2010). Addi-
tionally, S. aureus can cause skin infections
of horses and pigs, but these are not as com-
monly encountered (van Duijkeren et al. 2007;
Maddox et al. 2010). The primary causative
agent of exudative epidermitis (greasy pig dis-
ease) is S. hyicus, which can also cause cystitis

and joint infections in pigs, as well as flank
biting-associated and ear-tip necrosis (Mirt
1999). S. hyicus has also been implicated in
less common skin infections of cattle, horses,
and poultry. S. pseudintermedius is the primary
cause of canine pyoderma, a major veterinary
burden in small veterinary clinics (Bannoehr
et al. 2007). The other members of the closely
related S. intermedius group, can also cause
veterinary diseases with S. delphini associ-
ated with septicemia in poultry as well as
dermatitis in mink and horses.

Other species of veterinary importance
include S. aureus subsp. anaerobius, the
causative agent of Morel’s disease, a lym-
phadenitis in goats and sheep. Evolutionary
genomic analysis has demonstrated that this
species has become highly niche restricted
through genome remodeling, leading to highly
fastidious growth requirements (Yebra et al.
2021). S. agnetis is an emerging veterinary
pathogen of broiler chickens, having previously
been solely associated with bovine mastitis, but
now recognized as an important cause of chon-
dronecrosis with osteomyelitis, endocarditis,
and septicemia (Szafraniec et al. 2020).

The increasing prevalence of antibiotic
resistant strains of S. aureus is now of major
concern. This is of public health importance
for the highly zoonotic S. aureus clones, such
as LA-MRSA ST398, which have emerged in
pig farming but which have human pathogenic
potential and may be a reservoir for antibiotic
resistance genes of relevance to human health.
In staphylococci, methicillin-resistance is
encoded by a mobile genetic element (MGE)
named the staphylococcal cassette chromo-
some mec (SCCmec) containing the mecA gene
specific for a penicillin-binding protein 2a
(PBP2a), with reduced affinity for β-lactam
antibiotics. SCCmec variants have been iden-
tified in a range of staphylococcal species,
including S. pseudintermedius (Smith et al.
2020). SCCmec elements that encode a variant
mecC gene have been identified, especially in
non-human associated staphylococcal species
(Fisher and Paterson 2020). Resistance to
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Figure 25.1 Staphylococcal species and their main animal hosts. Colonization sites are indicated by blue
hexagons and disease sites by red circles.

other antibiotics is also observed in staphy-
lococci through the acquisition of plasmids
and transposons (e.g. macrolide, aminogly-
coside, and tetracycline resistance; Turner
et al. 2019). Novel therapeutics and/or vaccine
development are therefore required for many
veterinary-related staphylococcal diseases.

Staphylococcus aureus Infections
in Cattle

Source of Infection: Ecology, Evolution
and Epidemiology

S. aureus is one of the major causes of mas-
titis in dairy cows and incurs a significant
economic loss to the dairy industry. Masti-
tis causes reduced yields, and may require
veterinary intervention, including antibiotic
treatment, and, if treatment is unsuccessful,
culling of infected animals. Healthy cows can
carry S. aureus on the teat skin, nasal cavity,
and rectum (Haag et al. 2019). While S. aureus
bacteria do not persist on healthy teat skin,

they readily colonize damaged skin and teat
lesions increasing the chance for teat canal col-
onization and udder infection. Transmission
from infected animals occurs primarily from
udder to udder during milking via contam-
inated milking machines or farmer’s hands,
and less frequently via contaminated bedding
and environmental sources (Klaas and Zadoks
2018). The main clonal complexes (CC) and
sequence types associated with dairy cows are
CC97, CC151, CC126, CC130, CC133, CC398,
CC479 and ST425 (Fitzgerald 2012; Schlotter
et al. 2012; Richardson et al. 2018; Hoekstra
et al. 2020; Thomas et al. 2021). A recent study
showed that S. aureus was likely introduced
into cattle following several host jumps from
humans as early as 3000 years ago (Richardson
et al. 2018). Bovine strains have adapted to
their host by acquiring MGEs such as phages
and phage-inducible chromosomal islands
(PICIs), which encode factors involved in
host adaptation (Richardson et al. 2018). The
emergence of new methicillin-resistant bovine
S. aureus strains in recent years as well as their



�

� �

�

Staphylococcus aureus Infections in Cattle 547

ability to frequently jump between bovine and
human hosts highlight the potential public
health threat (Richardson et al. 2018).

Types of Disease and Pathologic Changes

The primary disease caused by S. aureus in
dairy cows is mastitis, an inflammation of the
mammary gland. Such inflammation is the
result of an inability of the innate and adaptive
immune response to prevent the invasion and
establishment of infection by the bacterium
once it enters the mammary gland. Mastitis
can manifest either as a subclinical or as clin-
ical disease ranging from mild to moderate
or severe. Subclinical mastitis can be pre-
ceded by an acute phase with elevated body
temperatures, reduction of general activity
and social behaviors, as well as reduced feed
intake up to several days before clinical diag-
nosis (Sepulveda-Varas et al. 2016). Alongside
these symptoms, leucocytes enter the mam-
mary gland, which can be followed by the
appearance of clots in milk. Clinical signs of
acute mastitis also include swelling, firmness,
warmth, and tenderness of the udder. Severe
and peracute clinical mastitis is characterized
by the sudden onset of hyperthermia, reduced
feed uptake, rapid heart rate, and depression
in the animal. In extremis, these symptoms
can include the appearance of patches of blue
discoloration caused by ischemic gangrene
usually around the teats. Death from toxemia
or culling of the animal are the normal out-
comes but, if the animal survives, the affected
tissue then sloughs from the udder. Most
commonly, mastitis in dairy cows is subclinical
and results in elevated concentrations of leuko-
cytes in milk resulting in increased somatic cell
counts. These subclinical infections are often
chronic and can persist through continuing
lactation and possibly continue in following
lactations accompanied by clinical flare-up
episodes. Of note, S. aureus can be shed from
infected glands and the contamination of
bulk milk can lead to human food poison-
ing caused by staphylococcal enterotoxins in

fermented raw milk products (Le Loir et al.
2003).

S. aureus infections in cattle may also occur
on the skin and present as folliculitis or
impetigo (Foster 2012) with vesicles (occa-
sionally bullae), papules, pustules, and crusts.
Treatment of udder impetigo consists of
clipping hair from the affected area and wash-
ing the skin thoroughly each day until the
condition resolves.

Virulence Factors

S. aureus produces a plethora of virulence
factors and our understanding of their role
in specific veterinary diseases is very limited.
Several studies have identified different viru-
lence gene profiles associated with S. aureus
strains from bovine mastitis or bulk milk,
but the clinical relevance of these gene cor-
relations is uncertain without functional
characterization (Le Marechal et al. 2011;
Magro et al. 2017; Fursova et al. 2020; Hoek-
stra et al. 2020). Among the cell-wall-anchored
proteins, microbial surface components
recognizing adhesive matrix molecules
(MSCRAMM; Foster 2019), play key roles
in cell surface attachment, colonization, and
invasion. MSCRAMM can bind to various host
proteins such as collagens (Cna), fibrinogen
(FnBPA, FnBPB, Bbp, ClfA, ClfB), fibronectin
(FnBPB), bone sialoprotein (Bbp), and laminin
(Cna), but their role in the pathogenesis
of bovine mastitis is not well elucidated.
Fibronectin-binding proteins are key invasins
of bovine mammary epithelial cells in the
mammary gland and several members of the
MSCRAMM family play important roles in
immune evasion.

The formation of capsular polysaccharides
by S. aureus has been linked to their persis-
tence within the host mammary gland, and
encapsulated S. aureus are more resistant to
macrophages than non-encapsulated strains.
Capsules can confer resistance to phagocytosis
by polymorphonuclear leukocytes (PMNs),
which are considered the main line of defense
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against invading pathogens; they can mask the
recognition of antibodies directed against the
cell wall and prevent complement activation
(Zaatout et al. 2020). While important for
immune evasion, capsule expression appears
to be detrimental for strain invasiveness as it
might mask surface adhesins. Thus, strains
not expressing capsular polysaccharides are
more invasive and can promote subclinical
mastitis (Zaatout et al. 2020). However, cap-
sule expression is highly variable between
strains, and many bovine S. aureus strains
are capsule-deficient due to loss of function
mutations acquired in capsule biosynthesis
genes.

Most bovine S. aureus strains express
staphylococcal protein A (SpA) and the
staphylococcal-binding immunoglobulin (Sbi)
protein (Kim et al. 2012). SpA binds to the Fcγ
and F(ab)2 portions of immunoglobulin (Ig) G
and IgM via the variable region of the F(ab)2
heavy chain preventing immune recognition
by masking surface antigens and inhibit-
ing opsonophagocytic killing of S. aureus by
PMNs. In addition, these proteins have been
proposed to block the normal function of
B cells, either by inducing B cell apoptosis
(SpA) or by inhibiting receptor interaction of
complement factor C3 (Sbi). SpA also plays a
role in biofilm formation (Merino et al. 2009),
suggesting that it could be involved in estab-
lishing primary microcolonies in the epithelial
cells of alveoli and lactiferous ducts in infected
mammary glands.

Secretion of exotoxins that have cytolytic
activity is a key contributor to intramammary
infections. While hemolysins target erythro-
cytes, leukocidins will target white blood cells
such as PMNs. Of the four hemolysins (α, β, γ
and δ), α- and β-hemolysin have been shown
to contribute to the pathogenesis of mastitis.
Among the leukocidins, LukED and LukMF’
can cause lysis of bovine neutrophils and
high-level expression of the phage-encoded
LukMF’ correlates with the development
of severe clinical mastitis (Vrieling et al.
2016).

Staphylococcal superantigens (SAg) repre-
sent a diverse family of structurally related
bacterial toxins that bind to major histo-
compatibility complex (MHC) class II and
T-cell receptor to stimulate large numbers of
T cells. T cells are stimulated to proliferate
in an uncontrolled fashion and release exces-
sive amounts of pro-inflammatory cytokines,
which can lead to rashes, fever, multiorgan
damage, coma, and death from severe shock.
To date, 23 SAgs have been identified to be
produced by S. aureus strains. Most S. aureus
strains can produce at least five SAgs and
many of these appear to be expressed in the
mammary gland and contribute to the devel-
opment of clinical mastitis (Wilson et al. 2018).
Superantigen-like proteins (SSL) are related to
SAgs yet are not mitogenic to T cells and do
not bind MHC class II. Instead, their function
is targeted toward different key elements of
innate immunity. Many staphylococcal strains
harbor between 10 and 15 SSL-encoding genes.
Both SAgs and SSLs play crucial roles in sub-
verting the host’s immune response by either
interfering with adaptive or innate immunity,
respectively.

A crucial factor for establishing an intra-
mammary infection is the ability of S. aureus
to form biofilms. Biofilm formation is a
multi-factorial process with three main stages
(Cheung et al. 2021): adhesion, maturation/
proliferation and detachment. Initial attach-
ment is facilitated by surface proteins, many
of which belong to the MSCRAMMs (Foster
2019). Maturation of the biofilm involves the
production of a biofilm matrix that connects
cells and consists of the exopolysaccharide
PIA/PNA, extracellular DNA, teichoic acids
and proteins such as SasG or the PICI-encoded
Bap (Tormo et al. 2005). In intramammary
infections, biofilms are important for the
persistence of the pathogen and its recalci-
trant ability to resist antimicrobial treatment.
Detachment from the biofilm leads to the
dispersal of the pathogen through the mam-
mary gland and can result in flareups of acute
mastitis.
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Regulation of Virulence

Regulation of virulence in S. aureus is com-
plex and the amalgam of the interaction of
a substantial number of distinct regulators.
We currently do not fully understand how
different combinations of these factors con-
tribute to establishing and maintaining disease
and how they subvert and exploit the host’s
immune system. Nevertheless, there are cer-
tain key regulatory circuits that can control
the expression of many virulence determi-
nants. The accessory gene regulator (agr)
quorum-sensing two-component system coor-
dinates the control of expression of a large set of
virulence-associated genes (Haag and Bagnoli
2017). The staphylococcal accessory regulator
SarA can modulate both expression of agr as
well as other virulence-related genes (Bronner
et al. 2004). Downregulation or inactivation
of the agr system promotes colonization and
formation of biofilms, a key factor in establish-
ing intramammary infection. For example, the
SrrAB two-component system has been pro-
posed to downregulate agr expression within
the low-oxygen environment of the mammary
gland (Pragman et al. 2004). In fact, many
of the 16-conserved two-component systems
control the expression of virulence factors
relevant to bovine mastitis (Haag and Bagnoli
2017; Rapun-Araiz et al. 2020) but their role
in the establishment and development of the
disease has not been studied in detail.

The alternative sigma factor, SigB, controls
the expression of genes required after exposure
to a range of different stresses. SigB, is involved
in biofilm formation upstream of agr and can
affect the expression of sarA (Supa-Amornkul
et al. 2019). Loss of SigB expression also results
in reduced persistence and an inability to
form small colony variant (SCV)-like colonies.
The ability to form SCVs is also considered
important for the persistence of S. aureus
within different types of host cells (Kahl et al.
2016) and for establishing recurrent infec-
tions in the mammary gland (Zaatout et al.
2020). A comprehensive understanding of

the interplay of regulatory networks required
for intramammary infection in dairy cows
will require more research and is likely to
reveal strain-specific regulation that can affect
both disease progression and severity of the
infection.

Pathogenesis

Infection of the mammary gland with S. aureus
occurs via the teat when the bacteria colonize
the tip of the teat and enter the teat canal
where they can rapidly replicate (Peton and
Le Loir 2014). Entry is facilitated by tissue
damage, which can be caused by inappro-
priately maintained milking equipment.
Colonization of ductal and alveolar epithelial
cells and their extracellular matrix molecules
seems to be crucial for establishing infec-
tion likely via MSCRAMMs (Foster 2019).
The subsequent establishment of a biofilm
is important for protecting the bacteria from
the action of antimicrobials and the host
immune response (Cheung et al. 2021). Sev-
eral S. aureus secreted enzymes and toxins
facilitate this process by exposing the rele-
vant host molecules (Rainard et al. 2018).
Degradation of epithelial cells in the cistern,
duct and alveoli causes microlesions in the
mammary gland tissue resulting in reduced
milk production. Persistence is facilitated by
several immune evasion strategies such as the
expression of SpA, capsular polysaccharides,
and the formation of biofilms. Additionally,
S. aureus can invade and survive within both
professional and nonprofessional phago-
cytes, which can be the origin of recurrent
infections. SCVs are particularly adept at
intracellular survival without triggering a
cell-mediated immune response (Zaatout
et al. 2020). Secreted enzymes directly prevent
opsonophagocytosis and secreted leukocidins
(some of them bovine-associated) can kill host
leukocytes (Vrieling et al. 2016). In addition,
SAgs and SSLs target different arms of host
immunity and together disrupt the immune
response.
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Immunity

S. aureus infections of the mammary gland do
not result in immunity to subsequent infec-
tions; the same quarter of an infected cow can
be reinfected by the same or a different strain
of S. aureus (Rainard et al. 2018). However,
infections raise antibodies against staphylococ-
cal toxins such as hemolysins and leukocidins,
which likely contributes to the reduced sever-
ity of subsequent infections by toxin-producing
strains. As discussed earlier, the host immune
response is subverted by an array of immune
evasion factors such as exopolymers, SpA,
toxins, SAgs, and SSLs targeting both innate
and adaptive arms of immunity (see above).
Compared with intramammary infection
caused by Escherichia coli, the inflammatory
response is lower (see Rainard et al. 2018 for
a recent review) and chemoattractants for
neutrophils (interleukin 8 and C5a), as well as
the proinflammatory cytokine tumor necrosis
factor α are present at lower levels in S. aureus
compared with E. coli-induced intramammary
infection. Furthermore, global transcriptomic
profiling of the bovine udder responses imme-
diately following infection with S. aureus
showed a failure in nuclear factor κB signaling
and the activation of actin-cytoskeleton rear-
rangement through modulating Rho GTPase
regulated pathways (Zaatout et al. 2020). Addi-
tionally, and even though mammary epithelial
cells are highly immunocompetent and express
Toll-like receptors, S. aureus does not activate
Toll-like receptor signaling in these cells. Over-
all, S. aureus appears to elicit an unbalanced
immune suppression rather than inflamma-
tion and to promote invasion into the epithelial
cells of the host causing persistent infection.

Control

Contagious mastitis is primarily controlled
through herd hygiene management aimed at
reducing transmission opportunities (Rainard
et al. 2018). Segregation of infected cows from
the herd and separate milking has also been
shown to significantly reduce the prevalence of

S. aureus mastitis and bulk tank somatic cells
(Rainard et al. 2018). Maintenance of milking
equipment to avoid injury to the teat and to
forestall penetration of S. aureus into the teat
canal is also of paramount importance.

Antimicrobial therapy of infected animals
results in highly variable cure rates (4–92%)
and depends on factors such as herd trans-
mission rates, cow, pathogen, and treatment
regimen (Rainard et al. 2018). Age of the cow
and high levels of somatic cell counts or a high
bacterial load before treatment, as well as the
duration of infection, are negative predictors of
a positive treatment outcome and can be used
to decide to treat an animal or not. Several
pathogen-specific factors likely contribute to
the failure of antimicrobial treatment includ-
ing the ability of S. aureus to survive within
mammary epithelial cells, the ability to form
biofilms masking the pathogen from exposure
to antimicrobials, and the formation of small
colony variants and L-forms rendering the
bacterium metabolically resistant to antimi-
crobials. Overall, intramammary rather than
systemic delivery of antibiotics is preferable to
limit exposure of the digestive flora to antibi-
otics and to prevent the spread of antimicrobial
resistance. If an infection is chronic and has
already resisted two antibiotic treatments,
culling the infected animal is considered
the best solution to prevent further spread
throughout the herd (Rainard et al. 2018).

Vaccination to prevent intramammary infec-
tion has the potential to supplement and
replace current management and treatment
regimens and has the additional advantage of
reducing the use of antibiotics. Recent compre-
hensive reviews of S. aureus mastitis vaccine
development have discussed this matter exten-
sively (Scali et al. 2015; Rainard et al. 2018).
Ideally, an S. aureus mastitis vaccine should
either prevent infection or facilitate the rapid
clearance of bacteria from the mammary gland
after an intramammary infection. Such a vac-
cine would therefore eliminate the possibility
of the development of long-term intramam-
mary infections, which frequently serve as a
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reservoir for infection within the herd. Despite
having been studied for decades, only two
commercial vaccines against S. aureus mas-
titis are available in Europe/Canada and the
United States, respectively. Overall, these vac-
cines stimulate a humoral immune response,
show a reduced severity of intramammary
infection in some studies and milk yield in vac-
cinated groups, compared with non-vaccinated
groups, is higher. However, none of the vac-
cine formulations marketed or trialed were
able to fully protect the vaccinated animal
from intramammary infection and progress
on developing a more efficacious vaccine for-
mulation has been hampered by our lack of
understanding of the host–pathogen interac-
tion and the types of immunity that need to be
stimulated to prevent infection.

Staphylococcus aureus Infections
in Poultry

Source of Infection: Ecology, Evolution
and Epidemiology

S. aureus is the most common staphylococcal
species causing infections in poultry, although
others such as S. agnetis can also cause disease
(Haag et al. 2019). S. aureus can be isolated
from the skin and nares of healthy chickens,
but can be isolated from the bloodstream, liver,
and hocks of sick chickens during systemic
infection. The most common avian-associated
CCs are CC5, CC1 and CC385, though the
pig-associated CC398, can also cause infec-
tions of poultry. The avian CC5 clone emerged
via a human to avian host jump around
40–70 years ago followed by gene acquisition
events associated with avian host adaptation
(Lowder et al. 2009; Murray et al. 2017; Haag
et al. 2019).

Avian diseases caused by S. aureus depend on
the site of entry into the host and clinical signs
can therefore vary substantially (Logue et al.
2020). The sites most affected are bones, ten-
don sheaths, and joints, while less frequently

affected sites include skin, sternal bursa, yolk
sac, vertebrae, eyelid, testis, heart, and gran-
ulomas in the liver and lungs. Osteomyelitis,
arthritis, and synovitis leading to lameness
are common clinical manifestations affecting
poultry of any age. Chicks and poults suffer
from infections of the yolk sac, which leads
to omphalitis and usually death. Bloodstream
infections can lead to septicemia and gen-
eralized necrosis, while skin infections can
present as gangrenous dermatitis, with the
latter affecting primarily young chicks and
death is the usual outcome for both infections.
Infections of the feet of mature birds leads to
bumblefoot disease, or plantar pododermatitis,
characterized by a pus-filled abscess covered
by a black scab. This is typically associated
with lameness, swelling, and the infected
bird’s reluctance to walk.

S. aureus infections in poultry pose a sub-
stantial economic burden worldwide due to
decreased weight gain, decreased egg produc-
tion, lameness and bird losses from osteomyeli-
tis and septicemia, and the condemnation of
carcasses at slaughter.

Virulence Factors

Our understanding of the pathogenesis of
S. aureus avian disease is very limited. To date,
genes found in avian but not human strains
have been implicated (Lowder and Fitzgerald
2010; Abdalrahman et al. 2015). These include
scpB, encoding a cysteine protease (stapho-
statin A) (Takeuchi et al. 1999; Lowder et al.
2009), on an avian-specific plasmid (pAvX) in
CC5 and CC385 strains (Takeuchi et al. 2002).
The presence of additional avian-associated
MGE, including phages and PICIs in multi-
ple avian S. aureus lineages, suggests that they
encode effectors involved in key host–pathogen
interactions (Lowder et al. 2009; Murray et al.
2017). Adaptation of S. aureus to the avian
host has also involved loss of function of
genes not required for avian infection. For
example, SpA production, important for pro-
tection against opsonophagocytosis in other
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mammalian hosts, is absent in avian strains,
possibly reflecting the fact that SpA cannot
bind avian IgY, the avian equivalent of IgG,
its major ligand in mammals (Lowder and
Fitzgerald 2010).

Regulation of Virulence

Staphylococcal strains isolated from avian
hosts contain similar regulatory circuits to
other S. aureus isolated from humans or ani-
mals, but little has been done to understand
how they regulate virulence factor expres-
sion during infection. In general, chicken
isolates are adapted to higher temperatures.
The enhanced growth of chicken isolates at
42∘C was reported to be related to specific
poultry-associated genes (Murray et al. 2017).
The higher body temperature in poultry might
affect core regulatory mechanisms requiring
further host-specific adaptation.

Pathogenesis

The pathogenesis of S. aureus infections in
poultry has not been fully characterized
(Logue et al. 2020). Entry into the host is facil-
itated either by a skin wound or an inflamed
mucous membrane, which can cause systemic
infection and osteomyelitis. Alternatively,
the open navel of newly hatched chicks can
present an entry point for infection leading to
omphalitis. Infections with other pathogens,
such as by infectious bursal disease virus,
can compromise the chick’s immune system
leading to secondary septicemic staphylococ-
cal infections. Other viral infections, such as
the hemorrhagic enteritis virus, are thought
to also generate entry portals for subsequent
staphylococcal colonization of the liver in
older, commercial turkeys.

The incubation period after S. aureus infec-
tion is short (two to three days) and early
clinical signs include ruffled feathers, lame-
ness, dropping of wings, reluctance to walk,
and fever, which can be followed by depression
and death. If birds survive acute infection, they

may have swollen joints, sit on their hocks and
keel bone and are reluctant or unable to stand
(Logue et al. 2020). Septicemic infection and
gangrenous dermatitis can be more difficult
to identify and may be reflected only in an
increased mortality within the flock. In the
case of omphalitis, chicks present with wet
navel areas followed by rapid deterioration and
death.

Immunity

Very little is known about how the avian
immune system protects or predisposes the
animal to staphylococcal infections. Neither
active nor passive immunization appears to be
able to prevent staphylococcal disease (Logue
et al. 2020) suggesting that antibody-mediated
responses might not be sufficient to prevent
infection and disease development. As men-
tioned, SpA does not bind to chicken IgY
(Lowder and Fitzgerald 2010), and the role of
anti-staphylococcal antibodies in promoting
opsonization and phagocytosis is unclear.
Likewise, general and avian-specific virulence
factors encoded by MGE may be involved in
interfering with the avian immune response,
but these details remain to be elucidated.

Control

S. aureus poultry infections are typically ini-
tiated after injury to the animal presents an
entry point to establish infection. As such,
management strategies to avoid sharp objects
are generally considered effective in reduc-
ing infections. Regular changing of litter and
maintaining a dry environment can also pre-
vent footpad ulcerations and thus reduce the
occurrence of bumblefoot disease. Hatcheries
provide an ideal environment for staphylo-
coccal growth and are therefore a significant
reservoir for staphylococcal infections in
recently hatched chicks that have an open
navel and immature immune system. As viral
infection can predispose chicks to subsequent
S. aureus infection, preventing viral infec-
tion will consequently also reduce the overall
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staphylococcal burden within the flock. Mild
stress may confer some protection to staphy-
lococcal infection, which is attributed to an
increase in heterophil numbers thought to be
important in controlling bacterial infections.

Staphylococcus aureus Infections
in Rabbits

Source of Infection: Ecology, Evolution
and Epidemiology

S. aureus infections in rabbits result in a signif-
icant economic loss for commercial rabbitries
with clinical signs of S. aureus infection present
in more than 60% of rabbit farms (Rosell and
de la Fuente 2018). S. aureus can be found on
several body sites on rabbits and transmission
can occur either directly between does and
suckling kits, litter or stable mates. Indirect
transmission may occur through cage materi-
als, flying hairs and the food chain. Frequently,
S. aureus strains can be introduced into a
rabbitry via breeding rabbits from other rabbi-
tries. Staphylococcal infections in rabbits are
caused by the ST121 lineage but less common
lineages, such as ST96, can also be involved
(Penades et al. 2020). The predominate ST121
lineage is derived from a human-to-rabbit host
jump approximately 40 years ago (Viana et al.
2015) followed by the loss of a substantial
number of human-specific virulence factors,
most of them encoded on different MGEs.
Host adaptation of S. aureus to rabbits does
not appear to be associated with the presence
of specific virulence factors or MGE but can
be traced back to a single, non-synonymous
mutation of the gene dltB which was sufficient
to confer rabbit infectivity in human ST121
strains (Viana et al. 2015). Interestingly, the
ability of these strains to infect rabbits was also
not related to the role of DltB in modification
of wall teichoic acids of the cell envelope,
suggesting that DltB may have an alternative
function. Similar types of mutations of dltB
were identified in other less common rabbit S.
aureus clones.

Types of Disease and Pathologic Changes

S. aureus is an important cause of pododer-
matitis, subcutaneous abscesses, infertility,
and mastitis in rabbitries (Rosell and de La
Fuente 2018). Neonatal rabbits can suffer
from septicemia and sudden death, as well as
exudative dermatitis. Ulcerative pododermati-
tis initially presents with erythema, alopecia
and subsequent erosion of the skin of the
metatarsus which progresses to ulceration
and swelling of metatarsal tissues. Does with
mastitis present with depression, anorexia, sep-
ticemia and pyrexia. Suckling rabbits may die
due to agalactia of dam or from septicemia after
infection is transmitted to them via milk. In
contrast to bovine mastitis, S. aureus infection
of the mammary gland in rabbits is primarily
caused by wound infection of the nipples
and the surrounding tissue and can either be
chronic or acute. Acute mastitis can progress
to gangrenous necrosis, leading frequently to
septicemia and death (Rosell and de la Fuente
2018). Rabbits suffering from staphylococcal
respiratory disease present with snuffles and a
nasal discharge. Abscesses on internal organs
may be observed in infected rabbits.

Virulence Factors

Even though rabbits have been used exten-
sively as model organisms to test virulence
factors associated with human disease, the
role of staphylococcal virulence factors in the
development of staphylococcosis in rabbits
has not been studied extensively. As in other
diseases caused by S. aureus discussed above,
adhesion and immune evasion factors encoded
by the pathogen are likely to play critical
roles. S. aureus strains can be grouped into
either one of two strain types causing different
disease outcomes and economic burdens in
rabbitries. Low-virulence strains cause milder
diseases and generally only affect part of the
flock while highly virulent strains can spread
rapidly through entire flocks. A recent study
compared the two main lineages (ST121 and
ST96) causing mastitis in rabbits found that the
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more severe diseases phenotypes observed in
ST121, a highly virulent strain, were correlated
with the presence of the SAg-encoding egc
gene cluster and the adhesin-encoding bbp
gene which were absent in ST96, a low-variant
strain (Penades et al. 2020). Conversely, ST96
isolates harbored the β-hemolysin-converting
prophage containing an immune evasion gene
cluster, which was absent in ST121. How-
ever, these genetic associations remain to be
investigated at the functional level.

Regulation of Virulence

Regulation of virulence in rabbit isolates has
not been studied extensively. However, these
isolates generally encode for the core reg-
ulatory circuits present in most S. aureus
strains (Agr, SarA, Rot, etc.) in principle allow-
ing them to respond to similar exogenous
and endogenous signals as human isolates.
Rabbits have been used for some time as
models for human staphylococcal disease, but
human strains have been employed rather
than rabbit-adapted strains.

Pathogenesis

S. aureus is an opportunistic pathogen in rab-
bits and infection is usually associated with
underlying factors such as rearing condition
and stress. Virulence factors such as adhesins
and toxins are likely to play important roles
in infection and disease progression but have
not been extensively studied to date in the con-
text of rabbit disease. Trauma to teats predis-
poses does to staphylococcal infections and the
development of mastitis. Pododermatitis starts
with a hyperkeratosis of the skin, which soon
becomes fissured and is vulnerable to trauma.
Breaks in the skin are colonized by S. aureus
leading to the development of an ulcer.

Immunity

Infection of the mammary gland with ST121
strains resulted in elevated levels of granulo-
cytes and reduced numbers of B cells, T cells,

CD4+ T cells and CD8+ T cells compared
to glands infected with ST96 strains (Guer-
rero et al. 2015). This observation might be
explained by strain-specific differences in
host interactions leading to altered perception
by the host immune system. A more recent
study has shown that a different set of toxins
and immune evasion factors present in these
strain lineages might account for the different
immunostimulatory profiles (Penades et al.
2020).

Control

Rearing conditions predispose rabbits to spe-
cific types of staphylococcal infections. Lack
of mobility and animal weight can contribute
to the development of pododermatitis. Highly
virulent S. aureus strains are a critical problem
in cuniculture and their introduction into
rabbit flocks must be avoided completely.
Antibiotic treatment of flocks with circulating
highly virulent strains is unable to eliminate
the strains and even though mortality can
be temporarily reduced, infections will likely
continue. Culling of diseased or potentially
diseased rabbits is even less successful. Once
highly virulent strains are present in a rabbitry,
the only solution is culling the entire flock fol-
lowed by thorough cleaning and disinfection
of stables and cages to begin with an entirely
new flock (Corpa et al. 2010). Particular care
therefore needs to be placed on screening
procedures to avoid contact of animals from
highly virulent strain-free colonies and those
containing the strain.

Staphylococcus hyicus Infections
in Pigs

Source of Infection: Ecology, Evolution
and Epidemiology

S. hyicus is a natural commensal of porcine
skin, nose, and ears and is isolated globally
from pig herds (Helke et al. 2015). It is the pri-
mary causative agent of exudative epidermitis
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(greasy pig disease), which mostly affects
piglets, usually between five days to two
months of age, after vertical transmission from
the sow or exposure from the environment,
especially upon group-housing. Morbidity
rates in piglets are about 20% with up to 80%
mortality in gilt litters more susceptible to the
disease (Robbins et al. 2014). Few genome
sequences are available for S. hyicus strains
but genomic analysis to date has identified a
genomic island encoding the ExhA exfoliative
toxin and an EDIN-like toxin with potential
roles in pathogenesis (Calcutt et al. 2015).

Types of Disease and Pathological
Changes

Exudative epidermitis initially presents as
lethargy, depression, anorexia, and reddened
skin (Helke et al. 2015). Lesions progress to
yellowish-brown crusts and can appear on
the groin, axillae, ears, face, or any area of
damaged skin. The dermatitis expands over
time and can cover most of the body in three
to five days with a covering of sebum, serum,
and sweat producing a greasy feel. The skin
appears exfoliated, reddened, and thickened
with microscopic analysis identifying both
superficial and deep pyoderma with a brown-
ish exudate. Within the same litter, some
piglets will die within 24 hours to 10 days
of initial skin crusting, often due to dehy-
dration, with others capable of resolving the
infection naturally, often with lesions lasting
2–3 months, and other piglets displaying no
symptoms (Helke et al. 2015).

Virulence Factors

S. hyicus isolated from exudative epidermi-
tis are differentiated from those isolated from
healthy pigs by the ability to produce exfoliative
toxins, with 86.6% of disease isolates encod-
ing exfoliative genes compared with 19.6%
of healthy isolates (Gonzalez-Martin et al.
2020). Exfoliative toxins, named ExhA, ExhB,
ExhC, ExhD, SHETA, and SHETB, are serine

proteases that digest porcine desmoglein-1
leading to disruption of cell–cell junctions and
splitting of the epidermis. Single nucleotide
polymorphisms at the cleavage site of porcine
desmoglein-1 may account for differing suscep-
tibilities to exudative epidermitis (Daugaard
et al. 2007). S. hyicus is also capable of produc-
ing biofilm-associated protein (Bap) biofilms
(Tormo et al. 2005).

Regulation of Virulence

No studies have investigated the regulation
of virulence in S. hyicus but the type strain
does encode genes orthologous to agr, sigB,
rot, mgrA, and arlRS of S. aureus (Calcutt et al.
2015).

Pathogenesis

The production of exfoliative toxins by S. hyicus
is thought to be important for the devel-
opment of exudative epidermitis but it is
also understood that underlying factors are
required for the infection to establish. Such
underlying factors include infection with
ectoparasites or porcine circovirus-2, fighting,
rough bedding or pen walls that expose the der-
mis (Wattrang et al. 2002). Exfoliative toxins
exacerbate this skin barrier damage allowing
deeper invasion of S. hyicus and induction
of inflammation that leads to exudation,
dehydration, and mortality.

Immunity

Little is known about the immunological
response during exudative epidermitis. How-
ever, one study investigated the serum cytokine
profile after challenge with either a toxigenic S.
hyicus strain ZC-4 or a non-toxigenic S. hyicus
strain CF-1. Both strains elicited a proinflam-
matory cytokine response, but the toxigenic
ZC-4 strain produced a more severe clinical
outcome and significantly increased serum
anti-inflammatory cytokine interleukin 10
levels. This suggests that the induction of an
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anti-inflammatory response may be responsi-
ble for the severe effects of toxigenic S. hyicus
strains, but more research is needed to validate
this finding (Li et al. 2021). Immunoreactive
antibodies are known to be generated against
cellular and secreted proteins of S. hyicus ZC-4,
after experimental infection, which of these
proteins is capable of inducing a protective
humoral response that could be used in a sub-
unit vaccine remains to be investigated (Wang
et al. 2016).

Control

Prevention is considered the best control
measure for exudative epidermitis with sharp
surfaces removed from pens and sows checked
for the presence of ectoparasites and washed
with chlorohexidine or povidone-iodine sham-
poos to prevent transmission to piglets (Helke
et al. 2015). Autogenous vaccines are com-
monly used to prevent disease with some
success. Bacterin vaccination of sows with
ExhB-producing S. hyicus lysates reduced
the requirement for antimicrobial use and the
morbidity and mortality rates of weaned piglets
compared to piglets from non-vaccinated sows
(Arsenakis et al. 2018). If control measures
are not sufficient, then treatment of exudative
epidermitis typically needs to start early to be
effective and involves the use of topical antimi-
crobials such as shampoos or dips. Often these
are administered in conjunction with systemic
antibiotics. However, antibiotic resistance to
β-lactams, erythromycin, streptomycin, tetra-
cycline, and sulfonamides is often observed,
alongside zinc-resistance (Slifierz et al. 2014;
Helke et al. 2015).

Staphylococcus pseudintermedius
Infections in Dogs

Source of Infection: Ecology, Evolution
and Epidemiology

S. pseudintermedius is part of the healthy
microbiota of dogs and can be commonly

isolated from the mouth, perineum, skin
and nose, with the mouth being the most
reliable sampling site (Iverson et al. 2015).
Healthy dogs can be persistent, intermit-
tent or non-carriers with variable carriage
rates of 46–92% (Bannoehr and Guardabassi
2012). Dogs can be colonized with multi-
ple strains of S. pseudintermedius, either at
the same or different anatomical sites. S.
pseudintermedius is not defined as a zoonotic
pathogen but dog–human transmission events
(typically via bites) leading to human infec-
tions are regularly reported (Somayaji et al.
2016).

S. pseudintermedius is a member of the
S. intermedius group, alongside S. cornubiensis,
S. intermedius, S. delphini, and S. ursi (Perreten
et al. 2020). Phylogenetic analysis of S. pseud-
intermedius isolates demonstrates a diverse
clonal population with an open pangenome
and lineage-specific prophages and accessory
genes (Brooks et al. 2020; Smith et al. 2020).
In contrast, a small number of methicillin-
resistant S. pseudintermedius (MRSP) clones
predominate globally. These include the more
European-based ST71 (SCCmec type II/III),
the American-based ST68 (SCCmec VII), and
the Asian-based ST45 (ψSCCmec57395), which
contain unique accessory gene virulence fac-
tor profiles with variations at the spa locus
(Zukancic et al. 2020).

As a natural commensal, S. pseudintermedius
has global distribution and canine pyoderma
is a global health burden. However, certain
canine breeds, including German shepherds,
golden retrievers, French bulldog, cavalier
King Charles spaniels, great Danes, and silky
terriers, are pre-disposed to S. pseudinter-
medius-related skin infections (Jaeger et al.
2010).

Types of Disease and Pathologic Changes

S. pseudintermedius is the most common
causative agent of canine pyoderma, which can
present as surface, superficial, or deep. Super-
ficial pyoderma is clinically most relevant
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and presents as pustules, papules, epidermal
collarettes, alopecia, crusting, erythema,
and pruritus (Loeffler and Lloyd 2018).
Cytology is routinely performed for pyo-
derma diagnosis with bacterial culturing
performed to assess antibiotic sensitivity
before commencing systemic treatment. The
development of superficial pyoderma is ini-
tiated by underlying factors, such as allergic
skin reactions, ectoparasite infections and
endocrinopathies, which allow S. pseudin-
termedius to invade into the epidermis and
follicles (Loeffler and Lloyd 2018). S. pseud-
intermedius also causes a range of other
opportunistic infections in dogs, including
otitis externa, urinary tract, respiratory, and
reproductive tract infections (Lynch and
Helbig 2021).

Virulence Factors

Strains of S. pseudintermedius isolated from
cases of pyoderma are not genetically distinct
from carriage isolates, suggesting that genetic
traits required for pathogenesis are shared
by all strains. Consistent with this, healthy
and pyoderma isolates exhibit similar pheno-
typic virulence characteristics in vitro (Sasaki
et al. 2005).

S. pseudintermedius has an increased adher-
ence to canine corneocytes isolated from the
site of pyoderma compared with healthy skin
(McEwan et al. 2006). The exact mechanism
for this is unknown but three S. pseudinter-
medius surface (Sps) proteins adhere to host
extracellular matrix proteins with SpsD and
SpsO promoting adherence to canine corneo-
cytes (Bannoehr et al. 2012). Both SpsD and
SpsL bind to the host proteins fibrinogen,
cytokeratin-10, elastin, and fibronectin, the lat-
ter of which promotes invasion into host cells
(Pietrocola et al. 2015; Mathelie-Guinlet et al.
2020). The host-specific adherence of SpsL
to canine fibrinogen promotes S. pseudinter-
medius aggregation and evasion of neutrophil
phagocytosis (Pickering et al. 2019). SpsL is

also required for the development of skin
abscesses in a murine skin infection model
(Richards et al. 2018). Biofilm formation is
also likely to contribute to the colonization of
canine skin, with S. pseudintermedius capable
of developing biofilm in vitro, and encoding ica
genes for PIA expression (Casagrande Proietti
et al. 2015).

Toxins also play a role during canine pyo-
derma by causing skin barrier damage and
inducing inflammation (Gonzalez-Martin
et al. 2020). S. pseudintermedius can encode at
least four exfoliative toxins that digest canine
desmoglein-1 leading to epidermal splitting
when injected subcutaneously. The pore-
forming β-toxin and leukotoxin lukS/F exhibit
cytolytic activity against erythrocytes and
canine neutrophils, respectively (Gonzalez-
Martin et al. 2020). Additionally, a large
number of lineage-specific enterotoxins are
encoded by S. pseudintermedius with the
canine type C staphylococcal enterotoxin
(SECcanine) demonstrated to cause emesis in
pigtailed monkeys and proliferation of T cells
(Edwards et al. 1997).

Certain immune evasion proteins of S.
pseudintermedius have also been identified.
The protein A homolog, SpsQ, can cause apop-
tosis of canine B cells (Abouelkhair et al. 2018)
with an Sbi homolog inhibiting complement
by binding to canine IgG and IgM antibodies
(Sewid et al. 2019). Another immune eva-
sion protein identified in S. pseudintermedius
is an AdsA homolog (cell-wall-associated
5′-nucleotidase), which promotes escape of
S. pseudintermedius from phagocytes and
therefore increases whole blood survival
(Abouelkhair et al. 2020).

A large proportion of clinical isolates
demonstrate methicillin and/or multidrug
resistance. From studies examining both the
antibiotic susceptibility profiles and genotypic
features of resistance, S. pseudintermedius
isolates commonly demonstrate resistance
to: erythromycin, clindamycin, tetracycline,
trimethoprim/sulfamethoxazole, enrofloxacin,
and gentamicin, with chloramphenicol and
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amikacin resistance less common (Pires Dos
Santos et al. 2016).

Regulation of Virulence

Little is known about the mechanisms of
virulence regulation in S. pseudintermedius.
However, it does encode similar global regu-
lators to S. aureus, with lineage-specific agr
types involved in quorum sensing. In one study,
agr type II was significantly less common in
isolates from pyoderma and was negatively
associated with multidrug resistance and tox-
ins ExpA and SECcanine (Little et al. 2019). An
RNASeq study comparing 1 MSSP and 1 MRSP
isolates demonstrated that ST71 MRSP has
increased expression of surface proteins but
the regulatory mechanism for this increased
expression remains unknown (Couto et al.
2016a).

Pathogenesis

S. pseudintermedius is an opportunistic patho-
gen capable of causing canine pyoderma due to
the presence of underlying health conditions
or physical disruptions to the skin barrier such
as a bite wound. Underlying factors include
allergic skin reactions, ectoparasite infec-
tions, and endocrinopathies, which weaken
the skin barrier, produce initial inflamma-
tion and an itch response (Loeffler and Lloyd
2018). Skin features associated with canine
atopic dermatitis skin include abnormalities
in cellular lipid bilayers, including decreased
ceramides and sphingosine-1-phosphate,
and altered filaggrin expression with loss of
function C-terminal mutations identified in
certain canine breeds (Santoro et al. 2015).
This weakened skin barrier allows cell surface
proteins of S. pseudintermedius to adhere to
the exposed extracellular matrix and invade
deeper into the skin. Through the production
of exfoliative and pore-forming toxins the skin
barrier defects are enhanced by S. pseudinter-
medius, requiring the need for antimicrobial
treatment.

Immunity

Traditionally the immunological response
of canine pyoderma has been classified as
hypersensitivity TH2-dominant but it is now
recognized as more complex and involving
TH1, TH17, and Treg responses at differ-
ent stages (Pucheu-Haston et al. 2015a). In
addition to the T-cell response, a number
of innate immune cells are also present in
atopic dermatitis with mast and dendritic cells
responding to IgE to induce inflammation
and the recruitment of T-cell populations
(Pucheu-Haston et al. 2015b). Keratinocytes
also play a role in the production of proinflam-
matory cytokines. Dogs often have recurrent
canine pyoderma demonstrating that an
effective immunological response against
S. pseudintermedius is often not developed.
This is a challenge for the development of
S. pseudintermedius vaccines as the appro-
priate immune response required to develop
protective immunity is not known.

Control

The exact treatment recommendations for
S. pseudintermedius-mediated canine pyo-
derma depend on the extent of the disease and
how deep the infection has progressed. For
surface pyoderma, topical treatments includ-
ing shampoos containing 2–3% chlorhexidine
are advised and are highly effective, providing
lasting antimicrobial effects between washes
(Loeffler and Lloyd 2018). For superficial
and particularly deep pyoderma, systemic
antibiotic therapy is required with the
most commonly prescribed antibiotics being
amoxicillin-clavulanate and cephalexin (Lynch
and Helbig 2021). For deep pyoderma or pyo-
derma involving MRSP, detailed antibiotic
susceptibility profiling is recommended to
allow an effective antimicrobial treatment
regimen to be determined in accordance
with the clinical consensus guidelines of the
World Association for Veterinary Dermatology
(Loeffler and Lloyd 2018).
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With the high levels of multidrug resistance
observed in clinical S. pseudintermedius iso-
lates, novel therapeutic options are required.
The most promising examined to date are the
development of bacterin vaccines (inactive
bacterial lysates) and phage therapy (Lynch
and Helbig 2021). The commercial bacterin
Staphage Lysate (SPL)® significantly reduced
pruritus scores when injected into dogs with
pyoderma with a S. pseudintermedius bac-
terin therapy reducing the requirement for
antibiotic usage over the course of the study.
The only subunit vaccine candidate tested
to date has been a mutated non-functional
SpsQ protein (spa homolog) that was able to
generate high antibody titers when injected
into clinically healthy dogs. Whether SpsQ is
a good vaccine candidate, as it is not encoded
by all clinical isolates of S. pseudintermedius,
has been raised and generally it is assumed
that a multicomponent subunit vaccine would
be required for efficacy (Zukancic et al. 2020).
Using a proteomic approach, and the sera
of pyoderma and healthy dogs, four poten-
tial vaccine candidates have been suggested
and include SpsD, a putative lipoprotein,
AtpA (ATP synthase) and FabI (reductase
of fatty acid biosynthesis) but these antigens
remain to be tested (Couto et al. 2016b). Phage
therapy, particularly the use of endolysins
(bacteriophage-encoded enzymes that lyse
peptidoglycan), has demonstrated some
promise (Lynch and Helbig 2021). A robust
model of canine pyoderma will be impor-
tant for testing novel therapeutics in the
future.

Gaps in Knowledge and Future
Directions

The staphylococci comprise a diverse group
of bacteria including several species of major
human and veterinary clinical importance.
S. aureus is a major global pathogen of humans
and substantial progress has been made in
understanding the molecular mechanisms

responsible for disease. However, progress
in characterizing S. aureus infections of
non-human animals lags significantly behind
and our evolutionary genomic analysis of S.
aureus populations suggests that significant
differences in molecular pathogenesis exist
depending on the host species. The major
differences in the immune system of humans
and farm animal species suggest that modi-
fied or novel strategies may be required for
S. aureus to subvert the immune response
during animal infections. An understand-
ing of these host-adaptive mechanisms may
reveal novel therapeutic targets. Research
into how S. aureus can avoid antimicrobials
by entering a restricted metabolic state in
different host environments will certainly
be of key interest to the scientific commu-
nity in the future and may inform improved
treatment approaches. Prevention of staphy-
lococcal disease by vaccination is obviously
highly desirable but effective measures have
proved largely elusive thus far. Significant
investment is required into examining the pro-
tective antigens that could be employed along
with understanding the differing immune
response to S. aureus infection in different host
species.

For both S. hyicus and S. pseudintermedius,
far more fundamental research is required
to understand the diversity of natural pop-
ulations, and the molecular pathogenesis
of greasy pig disease and canine pyoderma,
respectively. Such studies need to be cou-
pled with appropriate experimental infection
models to allow the identification of novel
therapeutic targets and vaccine candidates.
The recent technical progress regarding the
development of organoid models such as the
canine epidermal organoid model (Wiener
et al. 2021) augurs well for future research
potential. Finally, emerging staphylococcal
pathogens, such as coagulase-negative staphy-
lococci in bovine mastitis, require research
investment to understand the disease ecology
and potential for increased impact on the
global dairy industry.
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Introduction

Streptococcus is an important genus of
human and animal primary and opportunist
pathogens, and of non-pathogenic commen-
sals. Primary pathogens are associated with
acute extracellular infections of different types,
including septicemias and pneumonia, with
mastitis, as well as infections of the throat and
its local lymph nodes.

Characteristics of the Organism

Streptococci are Gram-positive spherical bac-
teria less than 2 μm that typically grow by cell
division in one plane, so that nascent cells
form a linear array. Most are facultatively
anaerobic and catalase negative with com-
plex and variable nutritional requirements,
which reflect adaptation as commensals or
pathogens. Identification is based on a com-
bination of colony characteristics, hemolytic
properties, carbohydrate and protein antigen
composition, fermentation and other biochem-
ical reactions, DNA sequence of 16 and 23S
rRNA genes, and, within species, multilocus
sequence typing (MLST), including that of core
genomes (cgMLST).

The majority of pathogenic streptococci
possess a serologically active carbohydrate
antigenically different from one species or
group of species to another. These cell-wall
antigens, designated A–H and K–V, are the

basis of the Lancefield grouping system and
are widely used by clinical laboratories for
serogrouping. Groups B, C, D, E, G, L, U,
and V contain the pyogenic streptococci
responsible for suppurative (pus-producing)
infections in a variety of host species. Some
pathogenic streptococci, notably Streptococcus
uberis, Streptococcus parauberis, and Strepto-
coccus pneumoniae, are not groupable in the
Lancefield scheme.

Pathogenic Species

The common animal pathogenic species
are summarized in Table 26.1. Streptococci
pathogenic for domestic animals can to some
extent be grouped by their adaptation to
specific organs/body systems. Thus, Strepto-
coccus agalactiae, Streptococcus dysgalactiae,
and S. uberis cause disease in the udder;
Streptococcus equi, Streptococcus canis (some
feline strains), and Streptococcus porcinus are
pathogens of the lymphatics of the head and
neck; S. pneumoniae causes lower respiratory
tract disease in horses; Streptococcus suis is
adapted to survive on/in blood mononuclear
cells that transport it to the central nervous
system (CNS), lungs, and joints. Moreover, all
these streptococci exhibit varying degrees of
host specificity and so contrast with Streptococ-
cus zooepidemicus, which, although the closely
related ancestor of S. equi, is an opportunist
pathogen of different body systems in a vari-
ety of hosts.
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Table 26.1 Pathogenic streptococci of animals arranged by Lancefield group and their important virulence and virulence-associated factors.

Species Lancefield group Diseases
Important virulence and
virulence-associated factors

Streptococcus
agalactiae

B Bovine mastitis; camel mastitis, invasive disease;
occasional pathogen other species, including fish;
human neonatal sepsis

Capsular polysaccharide; C, R, and X proteins; cAMP factor;
hyaluronidase; lipoteichoic acid; proteases; CspA; collagenase;
D-alanylated lipoteichoic acid; neuraminidase; PilA, B and C; other
surface proteins; C5a peptidase

Streptococcus
dysgalactiae subsp.
dysgalactiae

C Bovine mastitis; septic arthritis in young lambs Hyaluronidase; streptokinase; fibronectin binding proteins FnbA and
B; protein G; plasminogen receptor; streptodornase; M-like proteins;
α-2-macroglobulin receptor

S. dysgalactiae
subsp. equisimilis

A, C, G, L Miscellaneous infections: arthritis piglets;
pneumonia in kittens and puppies; cellulitis farmed
fish; lymphadenitis; metritis, placentitis in Equidae

As for subsp. dysgalactiae but also including streptolysin S and O

Streptococcus equi C Strangles in Equidae Capsular hyaluronic acid; antiphagocytic SeM, Se18.9 and IdeE;
streptolysin S; pyrogenic exotoxins: streptokinase; peptidoglycan;
fibronectin binding protein; proteases; tonsil binding SzPSe;
streptokinase; equibactin

S. zooepidemicus C Opportunist pathogen in many species; includes
septicemia, pneumonia, metritis

Capsular hyaluronic acid; streptokinase; proteases; streptolysin S;
peptidoglycan; tonsil binding SzP protein; fibronectin binding proteins;
IgG binding protein

Streptococcus suis Meningoencephalitis; septicemia and arthritis in pigs Capsule; MRP and EF proteins; suilysin; OFS, enolase, SAO, multiple
adhesins, FHB, IgA proteases. Virulence complex and multifactorial

Streptococcus
porcinus

E, P, U, V Porcine cervical lymphadenitis M protein; streptokinase; poorly characterized (not discussed further)

Streptococcus canis G Canine and feline opportunist pathogen; neonatal
bacteremia; lymphadenitis of juvenile cats, guinea
pigs. Opportunist pathogen in many species,
including mink, aquatic mammals, humans

ScM protein; streptolysin O; poorly characterized. Bacteriophage
encoded pokeweed-mitogen linked to streptococcal toxic shock
syndrome, necrotizing fasciitis dogs (STSS/NF) in dogs

Streptococcus iniae Important pathogen of warm water farmed fin fish
globally; zoonotic opportunist pathogen. Causes
septicemia and meninoencephalitis

Capsule; phosphoglucomutase; Fc-binding protein blocks
immunoglobulin action; M-like protein; C5a peptidase

Streptococcus uberis Mastitis Casein receptor; has A; cAMP-like uberis factor; plasminogen activator
PauA; serine protease (SUB1154), SUAM (adhesin), (bp lactoferrin
binding), SclB (collagen-like adhesins)

Streptococcus
pneumoniae

Broncheolitis and pneumonia in horses in training.
Unique capsular type 3 strain adapted to horses.

Capsular polysaccharide; neuraminidases; pneumolysin; autolysin; IgA
protease; fibronectin binding proteins; peptide permeases; ZmpB
metalloproteinase; choline binding proteins PsPA, LytA and CppA.
Unique horse adapted strain has deletion in lytA and ply genes (not
discussed further)
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The known virulence factors of the strep-
tococci most frequently involved in animal
disease are shown in Table 26.1. With the
exception of S. pneumoniae and S. suis, all
are loosely categorized as pyogenic. Compar-
ison of the available genome sequences of the
pyogenic streptococci shows that about 66%
of their genetic content is common to all; the
remainder are variable and formed by genes
associated with prophages, integrative con-
jugative and elements, insertion elements, and
other genes acquired by horizontal transfer.
In general, streptococcal virulence is based on
surface and secreted proteins and on structures
that directly or indirectly impede phagocyto-
sis, are involved in adhesion and carbohydrate
metabolism, induce release of proinflamma-
tory cytokines or that degrade host proteins.
The best understood streptococcal virulence
factors are the hyaluronic acid capsule, the
antiphagocytic M proteins, and the pyrogenic
exotoxins. However, other molecules, includ-
ing streptolysins, proteases, leukocidal toxins,
plasminogen activators (streptokinase), and
plasmin receptors found on the surface or
secreted, also contribute to pathogenicity. In
addition, most pathogenic streptococci have
the ability to bind components of the host’s
plasma, such as albumin, immunoglobulins
(Ig), and fibrinogen, and to bind to fibronectin,
laminin, and other components of the host
cell. Organisms coated with one or more of
these plasma components may be able to evade
host defenses either by escaping detection or
by blocking deposition of opsonic components
of complement.

Streptococcus agalactiae

S. agalactiae, the lone member of the Lance-
field group B, is an important cause of chronic,
subclinical contagious bovine mastitis. It is
also a cause of mastitis and invasive disease
in camels and an occasional cause of disease
in dogs, cats, fish, and hamsters. A serious
pathogen of human newborns, it causes
neonatal septicemia and meningitis. Human

and bovine populations of S. agalactiae are
generally distinct and separate, with lim-
ited evidence of interspecies transmission
(Sukhnanand et al. 2005). Genetic analysis
of global isolates has demonstrated epidemic
clones adapted to human or bovine hosts (Skov
Sorensen et al. 2010). In recent years a hypervir-
ulent clone, sequence type (ST) 283, has been
isolated from diseased humans and Tilapia
in Southeast Asia, apparently spread through
food-borne infection to humans from these
fish, in which infection causes loss (Barkham
et al. 2019). The originating source remains
unknown. ST67 has been widespread among
bovine isolates and ST103 has been identified
widely in dairy herds in Scandinavia. These
types as well as ST568 dominate among bovine
isolates and therefore may have virulence traits
specific for the udder (Pang et al. 2017).

There are nine serotypes based on a polysac-
charide capsule which varies based on the
arrangement of four sugars into a unique
repeated unit. Horizontal transfer of genes
for capsule biosynthesis accounts for diversity
in capsule serotype. About 25% of strains are
untypable. Conjugative transfer of large seg-
ments of chromosomal DNA among strains of
S. agalactiae (Brochet et al. 2008) and recom-
bination account for both strain diversity and
emergence of clonal complexes with combi-
nations of virulence factors and capsular type
suited to particular host niches.

S. agalactiae is a parasite of the epithelium
and tissues of ruminant mammary glands,
and eradication of the organism from herds
is therefore advanced by identification of ani-
mals with mammary infection followed by
treatment or culling. Recent recognition of
strains that survive in the environment may
undermine this approach (Jorgessen et al.
2016). Bovine isolates show enhanced growth
in milk compared to isolates from humans
and fish.

Virulence Factors and Pathogenomics

Virulence and virulence-associated factors
are summarized in Table 26.1. Capsular
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polysaccharide encoded by cps, including
its type-specific antigen, is antiphagocytic,
and specific antibodies are mouse protective.
Capsular genes may transfer horizontally and
selection for different capsular types may
involve fitness responding to the acquired
immune response. The terminal sialic acid on
type III capsular polysaccharide inhibits acti-
vation of the alternate complement pathway
and blocks deposition of C3 on the bacterial
surface. Capsule also promotes adherence to
epithelium.

A diverse and large number of proteins,
representing at least 10 families and often
encoded on pathogenicity islands, are coor-
dinately expressed with the capsule on the
surface of S. agalactiae. They function in
adhesion, invasion, iron binding, metabolism,
transport, and inhibition of phagocytosis
(Lindahl et al. 2005).

The 105-kDa BPS protein (group B strep-
tococcal protective surface antigen) is found
predominantly with the R1 protein on type
1a isolates and is protectively immunogenic
for mice (Erdogan et al. 2002). The 45-kDa
Sip protein is exposed on the polar surfaces
of all serovars of S. agalactiae. The conserved
Sip protein lacks an anchor sequence motif,
and so its attachment to the bacterial surface
may depend on an interaction with another
bacterial protein.

The cyclic adenosine monophosphate
(cAMP) factor is a 23.5-kDa ceramide binding
protein that potentiates the action of staphy-
lococcal sphingomyelinase (beta toxin); it is
sometimes used in the identification of S.
agalactiae. The lethal property of the CAMP
factor for cell cultures suggests a cytotoxic
action for mammary tissue. It binds to the
Fc region of IgM and IgG. Insertional inac-
tivation of efb, the gene that encodes this
protein, increases mouse LD50 50 times,
demonstrating its importance in virulence.
The surface-expressed fibrinogen-binding
FbsA protein contributes to adhesion, aggre-
gates platelets, and may hinder opsonization
by phagocytes. The HylB protein (hyaluronate

lyase) may contribute to tissue spread by
degradation of N-acetylglucosamine. Surface
pili encoded by dick, Pilbara and PilC may also
contribute to adhesion in bovine mastitis. The
conserved P1-2b pilus protein appears to be
expressed only by bovine isolates and so is a
potential vaccine candidate in the cow. With
the exception of FbsA, the presence of some or
all of these genes varies greatly among bovine
isolates (Arpini et al. 2016).

Genetic analysis of S. agalactiae from global
sources has identified epidemic strains adapted
to either human or bovine hosts. These clones
seem to have emerged from a genetically het-
erogenous core population by recombination
involving major parts of the genome (Skov
Sorensen et al. 2010). Comparison of arrays of
genes for virulence factors and lactose operon
has identified four genotypes, human, bovine,
fish and environmental (Pang et al. 2017). All
the bovine isolates carried the pilus island 2b,
the lactose operon, an enhanced ability to grow
in milk and form biofilms, and a greater ability
to adhere to bovine epithelial cells than the
other strains (Pang et al. 2017).

Pathogenesis

S. agalactiae enters through the teat meatus,
and colonization of the gland is favored by
adhesion to epithelium of gland sinuses. Back-
jetting of contaminated milk against the teat
ends is an important factor in the introduction
of infection past the teat sphincter. Keratin
and associated bacteriostatic long-chain fatty
acids of the teat canal are the first barriers
to physical penetration of the epithelial lin-
ing. Bacterial multiplication is controlled by
the lactoperoxidase–thiocyanante–H2O2 sys-
tem, by lysozyme, and by the flushing action
of milk during milking. Multiplication on
the epithelium of the teat and duct sinuses
results in a slowly progressing inflammation
and fibrosis. Although S. agalactiae rarely
penetrates the epithelium, some cows expe-
rience a transient invasion of the lymphatics
and supramammary lymph nodes. Release
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of chemoattractants from damaged host cells
and S. agalactiae attracts polymorphonuclear
leukocytes (PMNs), which then ingest and kill
many of the invading streptococci. Since nor-
mal milk has very low complement content,
opsonization is probably derived from C3 in
the inflammatory exudate, which becomes
fixed on the bacterial surface. Initial invasion
is more likely to result in colonization in older
cows and in mammary glands, where there is
delay in the arrival of PMNs at the invasion
site. Death of PMNs and release of lysosomal
enzymes cause further tissue damage. Fib-
rin plug formation in the smaller milk ducts
may lead to involution of secretory tissue and
loss of milk-producing capacity (“agalactia”).
Without treatment, the organism persists in
the face of the host’s immune response, and
the infection and mastitis become chronic.
The antiphagocytic effect of capsular sialylated
polysaccharide may be the important bacterial
virulence factor in persistence.

Immunity

Much of the protective activity of colostrum
against S. agalactiae has been shown to be
associated with IgA and IgM. Serum antibod-
ies appear to have little or no protective effect.
Agglutinins in milk of infected cows, together
with failure of bacterial clearance mechanisms
in the udder, suggest that acquired immune
responses are insufficient in clearance. The
antigenicity of group B polysaccharide is
greatly increased by conjugation to proteins,
such as ovalbumin. Approaches to immu-
nization of cattle include the use of surface
glyceraldehyde-3-phosphate dehydrogenase
protein plasmin receptor, and a chimeric cAMP
antigen composed of epitopes of the S. agalac-
tiae and S. uberis cAMP factors (Fontaine
et al. 2002). This combination has shown
some promise as a subunit vaccine against
S. agalactiae mastitis. However, it is hoped that
future research on local mammary immune
responses will be helpful in design of more
effective vaccines.

Streptococcus dysgalactiae

Streptococci with the species designation dys-
galactiae belong to Lancefield groups A, C, G,
and L and are found as epithelial and mucosal
commensals of most mammals and birds, and
as opportunist pathogens of domestic animals
and farmed fish. A reclassification, based on
genotypic and phenotypic characterization,
established the subspecies dysgalactiae and
equisimilis, although phylogenetic relation-
ships may be more complex (Jensen and
Kilian 2012; Porcellato et al. 2021). Strains
in subsp. dysgalactiae are Lancefield group
C only, alpha-hemolytic, and found mainly
as a cause of acute and subclinical masti-
tis in cattle. Strains in subsp. equisimilis are
beta-hemolytic, may have either the A, C, G,
or L group antigens, and cause disease in a
variety of animal species including humans.

Virulence Factors and Pathogenomics

Both S. dysgalactiae subspecies express numer-
ous surface-exposed and secreted proteins
that bind to plasma or host tissue compo-
nents. These streptococcal proteins include
protein G, FnbA, FnbB, IgG-, IgA-, and
α2-macroglobulin receptor Mig, plasminogen
receptor (GapC), and M-like proteins, which
bind IgG, fibronectin, α2-macroglobulin, plas-
minogen, and fibrinogen, respectively (Vasi
et al. 2000). Secreted virulence-associated pro-
teins include streptokinase, pyrogenic exotoxin
G (SpeG), streptolysin O or S, streptodornase
(DNase), and hyaluronidase.

Immunization of cows with Mig and GapC
reduces cell counts in milk following chal-
lenge (Bolton et al. 2004). GAPC-immunized
cows also showed reductions in the number
of challenge bacteria in their milk. Release
of hyaluronidase and fibrinolysin may be of
value in tissue penetration and dissemination.
Bovine sera contain an antibody specific for
SpeG, and the recombinant protein stimu-
lates proliferation of bovine peripheral blood
mononuclear cells. However, its significance
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in the pathogenesis of mastitis is unknown.
Infections of the mammary gland are usually
associated with insect bites or other injury to
the teat or udder epithelium, which facilitates
direct access of surface-exposed or secreted
virulence bacterial proteins to their targets in
the host. Since infections are opportunistic,
cases occur sporadically with an acute clini-
cal course. Trueperella pyogenes is frequently
present as a synergist.

S. dysgalactiae subsp. equisimilis includes
group G and L strains from humans, and
C and L strains from animals. Isolations of
subsp. equisimilis are made only infrequently
from horses, cattle, dogs, and cats. It is most
frequently isolated from the joints of piglets
that have acquired infection from sows that are
tonsil carriers. Piglets are invaded via wounds
including the umbilicus, or from the tonsil
and develop suppurative arthritis following
bacteremic spread. Subsp. equisimilis is occa-
sionally isolated from abscessed lymph nodes
of horses and from aborted placentas. The
streptokinases of subsp. equisimilis show strict
species-specific plasminogen activation (i.e.
porcine isolates activate porcine but not equine
plasminogen; McCoy et al. 1991).

Whole-genome sequencing has shown that
subsp. dysgalactiae is a distinct entity, although
bovine and ovine isolates cluster separately
(Porcellato et al. 2021). No single gene or
genetic region differentiates these two clus-
ters. By contrast, subsp. equisimilis was more
heterogenous and could be generally differen-
tiated according to host. Phylogenetic analysis
of isolates showed that S. dysgalactiae were
delineated according to source, suggesting the
adaptive evolution of this species to several
hosts (Porcellato et al. 2021). Interestingly,
the majority of the genetic content specific
for human-associated subsp. equisimilis had
high homology to genes harbored by the major
streptococcal human pathogen, Streptococcus
pyogenes. Not surprisingly, lineage specific vir-
ulence factors detected tended to cluster near
to hotspots for integration of mobile genetic
elements (Porcellato et al. 2021).

Streptococcus uberis

S. uberis is a tonsillar, intestinal, mucosal, and
epithelial commensal of cattle, responsible
for about 20–30% of cases of clinical mastitis
in dairy herds in North America, Europe,
and Australia. It is distinguished from the
phenotypically similar but rarely isolated S.
parauberis by differences in its 16S and 23S
rRNA genes and by the absence of genes for
pauA and the oligopeptide permease OppF.
Isolates of S. uberis vary in MLST and in protein
phenotype between and within infected herds,
although persisting infections in individual
cows are usually caused by a single genotype.
Many infections are opportunistic invasions
of the mammary gland of older cows under
conditions of heavy environmental soiling with
feces. Analysis of the genomic sequence of S.
uberis reveals a great variety of metabolic capa-
bilities and nutritional flexibility but relatively
few classical streptococcal virulence factors
(Ward et al. 2009). Thus, it is well equipped to
cope with a variety of environments, such as
those encountered in the bovine intestine, the
environment, or the mammary gland.

Following entry through the teat canal, the
organism attaches, proliferates, and induces
an influx of neutrophils into the secretory acini
that is evident in 24 hours. Activation of the
local macrophage inflammasome by the serine
protease Sub1154 is required for colonization
and inflammatory response by macrophages
(Archer et al. 2020). Colonization is never-
theless unaffected by the ensuing neutrophil
invasion. This is followed by septal edema, vac-
uolation of secretory cells, necrosis of alveoli,
and infiltration of septa by lymphocytes. As
the disease progresses, there is hypertrophy of
ductular epithelium, involution of glandular
tissue, and early-stage fibrosis. Streptococci are
both free and within alveolar epithelial cells
and macrophages in the alveolar lumina but
are infrequent in neutrophils (Thomas et al.
1994). The organism is also present in lym-
phatic vessels and lymph nodes and attaches
to ductular epithelium. The severity of the
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mastitis varies greatly and is determined by
strain virulence, number of infecting organ-
isms, season, immune status of the cow, parity,
and stage of lactation. Infections in some herds
are more common following drying-off and
more prevalent in cows with open teat canals.
Cows with chronic infections often show a very
slight inflammatory response and a normal
humoral immune response.

Virulence Factors and Pathogenomics

Resistance to phagocytosis and to the bacteri-
cidal activity of neutrophils is a hallmark of S.
uberis infection. Although a hyaluronic acid
capsule is expressed on a small percentage of
isolates, the majority of isolates of S. uberis
do not produce mucoid colonies, and so the
capsule is not an essential virulence factor. Fur-
thermore, hasA or C gene deletion mutants,
although less resistant to phagocytosis by
bovine neutrophils (Ward et al. 2009), remain
pathogenic. Resistance to the bactericidal
activity of neutrophils may be due to factors
released by S. uberis and to binding of casein
to the bacterial surface (Leigh and Field 1994).
Three sortase-anchored surface-expressed
proteins have been shown to play a role in
virulence; these have homology with C5a
peptidase, a lactoferrin-binding protein and
collagen-like surface anchored protein (Leigh
et al. 2010). Other potential virulence factors
include hyaluronidase, a 28-kDa uberis factor
similar to the cAMP factor of S. agalactiae,
an adhesin specific for cubic mammary gland
cells (Lammers et al. 2001), the plasmino-
gen activator PauA (Rosey et al. 1999), and
the manganese scavenger lipoprotein MtuA.
PauA, lactoferrin-binding Lbp, SclB, and HasA
are regulated by vru, deletion of which causes
loss of virulence (Egan et al. 2012). Activation
of plasmin may be important in the generation
of essential amino acids from casein and in
uncovering target sites for adhesins.

S. uberis enters and survives within mam-
mary epithelial cells for extended peri-
ods (Oliver et al. 1998). A novel adhesion

fibrillar molecule, S. uberis adhesion molecule
(112 kDa), with lactoferrin-binding abilities,
contributes to attachment and invasion of
cells by serving as a bridge between epithelial
receptors and the bacterium. Antibodies to this
protein inhibit these activities.

Comparative whole-genome analysis of clin-
ical and non-clinical strains, including known
virulent and avirulent isolates, did not identify
simple virulence gene gain or loss that could
explain these differences (Hossain et al. 2015).

Immunity

Specific immune responses have been shown
to be involved in clearance of S. uberis from
experimentally infected udders that had recov-
ered from a previous infection (Hill 1988). Sera
from infected cows react strongly with S. uberis
surface proteins. Studies also indicate that
milk becomes opsonic and growth inhibitory
for S. uberis after mammary infection (Fang
et al. 1998). Nevertheless, protection against
infection is not dependent solely on opsonic
activity and neutrophils. Vaccination with
culture filtrates rich in PauA, or streptokinase
from S. uberis, induced protection in about 50%
of challenged quarters of immunized cows and
was correlated with levels of PauA-specific
antibodies (Leigh et al. 1999). Interestingly,
pauA is undergoing positive selection pressure
that is possibly immunological (Zadoks et al.
2005). The Gap C protein, uberis cAMP factor,
and SUAM have also shown some protective
efficacy in vaccination challenge trials in dairy
cows (Almeida et al. 2015).

Streptococcus equi

S. equi causes strangles, a highly contagious
infection of the nasopharynx and associated
lymph nodes of solipeds. Isolates constitute
a clone or biovar of the closely related S.
zooepidemicus (Holden et al. 2009). Although
widely used in the literature since 1986, the
designation S. equi subspecies equi is therefore
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incorrect. Core genome multilocus sequence
typing (cgMLST) has shown that distinct popu-
lations of S. equi exist in the United States and
Europe, but that international transmission
occurs (Mitchell et al. 2021).

Source of Infection: Ecology
and Epidemiology

The only known source of S. equi is a nasal
discharge or pus from an abscess, or feed,
water, or fomite directly contaminated by a
shedding equid. Clinically inapparent carriers,
although infrequent, are associated with per-
sisting infection in resident horse populations
or serve as vehicles of transfer to previously
uninfected premises. Prolonged carriage is
commonly associated with empyema and
chondroids of the guttural pouch or cranial
sinuses. Persisting infection of tonsillar tissue
appears to be rare.

Whole-genome sequencing of 670 isolates
from mostly European and North American
sources and use of cgMLST identified the
national and international transmission of
this organism in sport horses (Mitchell et al.
2021). This fascinating study identified six
major clusters (STs) containing 103 SeM alle-
les (discussed below) of genetically related
strains.

Types of Disease and Pathologic Changes

The incubation period varies from 3 to 14 days
after exposure. Disease onset is marked by
fever, lassitude, nasal discharge, slight cough,
difficulty in swallowing, and swelling of
the mandibular lymph nodes. Pressure of
enlarging retropharyngeal nodes with absces-
sation and associated lymph stasis obstruct
the airway, hence the common name of the
disease. Metastasis may result in abscess for-
mation in other locations, such as the lungs,
abdomen, or brain. In older animals with
residual immunity, strangles may present as
the clinically atypical or catarrhal form. Strains
of S. equi expressing bacteriophage-encoded
hyaluronidase have also been associated with
a clinically mild form of strangles. The basic

pathologic process in strangles is the outpour-
ing of neutrophils in infected lymph nodes and
tonsils and onto the upper respiratory mucosa,
changes associated with purulent exudation
and abscess formation.

Most cases recover quickly and uneventfully.
Sequelae include myocarditis, anemia, purpura
hemorrhagica, and glomerulonephritis. These
latter two sequelae involve the formation of cir-
culating immune complexes.

Virulence Factors and Pathogenomics

The known or putative virulence factors of
S. equi include a nonantigenic hyaluronic
acid capsule, hyaluronidase, streptolysin S,
streptokinase, streptodornase, IgG Fc-receptor
proteins, ADP-ribotransferase, pyrogenic
exotoxins SePE-I, H, L, and M, peptido-
glycan, antiphagocytic SeM, Se18.9 and IdeE,
equibactin, and fibronectin-binding FNE E and
B. A leukocidal toxin may also be produced.

Isolates of S. equi are almost always highly
encapsulated and produce very mucoid
colonies. The constitutive expression of cap-
sule on S. equi appears to be controlled by
the Fas BCAX regulon (Velineni and Timoney
2018). In other streptococci, capsule synthesis
is controlled by CovRS. Non-encapsulated
mutants are much less virulent for mice and
horses. Capsule greatly reduces the number of
streptococci that become associated with the
surface of neutrophils and are subsequently
ingested and killed. The negative charge
and hydrophilicity of the bacterial surface is
increased producing a localized reducing envi-
ronment that protects oxygen-labile proteases.
Capsule is also required for the functionality
of SeM and possibly other surface-exposed
proteins (Timoney et al. 2014).

Streptokinase (Skc, plasminogen activator)
released in vivo by S. equi interacts with the
C-terminal serine protease domain of equine
plasminogen to form active plasmin, a serine
protease that hydrolyzes fibrin (McCoy et al.
1991). A plasmin receptor is also present on
S. equi. The lytic action of plasmin on fibrin
and host matrix protein may aid in the spread
and dispersion of the organism in tissue.
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Convalescent sera contain significant amounts
of Skc-specific antibody.

The oxygen-stable 36-amino acid oligopep-
tide, streptolysin S, is responsible for beta-
hemolysis. Binding to erythrocytes results in
the formation of a transmembrane pore and
irreversible osmotic lysis of the cell. Damage
to keratinocytes has also been noted. A strep-
tolysin S mutant of S. equi had reduced invasive
ability for horses (Timoney and Kumar 2008).
Unlike S. dysgalactiae subsp. equisimilis or S.
canis, S. equi, and S. zooepidemicus do not have
a gene for streptolysin O.

A proteinaceous cytotoxic activity unrelated
to streptolysin S has been detected in culture
supernatant of S. equi. Equine PMNs incubated
in culture supernatant showed signs of toxicity
and became chemotactically unresponsive
(Mukhtar and Timoney 1988). The putative
toxin may target mitochondrial membranes
because suspensions of equine PMNs exhibited
intense respiratory activity shortly after expo-
sure to culture supernatant, suggesting sudden
release of respiratory enzymes. A possible
cause of the toxic effect is the phage-associated
phospholipase A2.

Peptidoglycan of S. equi is a potent activa-
tor of the alternative complement pathway;
chemotactic factors (C3a, C5a) released fol-
lowing incubation of peptidoglycan with
plasma are strongly chemotactic for equine
neutrophils (PMNs) and are the basis of
the purulence associated with strangles.
Peptidoglycan is also a potent pyrogen by
inducing release of pyrogenic cytokines, such
as interleukin-6 and tumor necrosis factor
from leucocytes.

Genes for the pyrogenic exotoxins SePE-I,
H, L, and M, acquired by phage-mediated
transfer, may have been important in the for-
mation of the more virulent S. equi from its S.
zooepidemicus ancestor. The pyrogenic mito-
gens have high immunomodulating capacity
by binding simultaneously to the invariant
region of class II MHC molecules on antigen
presenting cells and to the variable region of
the β-chain of the T-cell receptor. The result

is nonspecific T-cell stimulation, prolifera-
tion, proinflammatory cytokine release, and
production of an acute phase response with
high fever, neutrophilia, and fibrinogenemia.
These effects are characteristic of strangles
and may be neutralized by antibody generated
during convalescence or by active immu-
nization with each mitogen (Artiushin et al.
2002).

The surface of S. equi potentially exposes
34 proteins anchored by their carboxy termini
(LPXTG motif), and approximately 37 by their
N termini (LYXC motif). In addition, proteins
lacking these anchors may fix on the surface by
other physicochemical interactions. The func-
tions of most of the surface-exposed proteins
are unknown. Based on sequence homology,
some are adhesins, others have enzymic or
transporter functions, and some, such as SeM,
are antiphagocytic. Genes for immunogenic
surface proteins show a tendency to be clus-
tered in loci, suggesting coregulation or en-bloc
acquisition. For instance, the gene for SzPSe, a
surface protein, is clustered with CNE, Se51.9,
Se46.8, Se44.2, and Se30.0, genes for surface
anchored proteins, and a sortase (Timoney
et al. 2007). SzPSe, unlike its counterpart in S.
zooepidemicus, is highly conserved and binds
to receptors in tonsillar crypts. Absence of
non-synonymous mutations in its sequence
indicates it is subject to purifying selection
pressures (Ijaz et al. 2011). The gene cluster
mentioned above includes a locus that shares
over 90% amino acid sequence identity with the
Fim1 locus of S. zooepidemicus MGCS10565.
However, unlike S. zooepidemicus, there is
no electron microscopic evidence of pilus
formation by S. equi.

M proteins are antiphagocytic, acid-resistant,
fibrillar molecules that project from the cell
wall surface in an arrangement wherein two
identical molecules are coiled around each
other. A typical M protein molecule mea-
sures about 50–60 nm, with a long, coiled
central region flanked by a short, random,
coiled sequence at the N terminus and by a
specialized, highly conserved arrangement of
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hydrophobic and charged amino acids at the
C-terminal, anchor region. SeM of S. equi has
a molecular mass of about 58 kDa.

The antiphagocytic action of M protein is
due to binding of fibrinogen to the N-terminal
half and IgG to the central region. This interac-
tion masks C3b binding sites on the bacterial
surface and inhibits the alternative C3 and
classical C5 convertases. Antibodies against
specific linear epitopes override these effects
and opsonize the streptococcus, so that it
is effectively phagocytosed. The amino acid
sequence in the N-terminal region of SeM
is variable. Over 200 SeM alleles are listed
in the online Public Databases for Molecu-
lar Typing and Microbial Genome Diversity
(PubMLST-seM; https://pubmlst.org). These
sequence variations seem not to affect opsono-
genic epitopes. Some isolates from long-term
guttural pouch carriers have in-frame dele-
tions representing about 20% of the SeM gene
between the signal sequence and the central
repeat region. Isolates with truncated SeM
proteins were more susceptible to phagocyto-
sis. Loss of SeM expression by S. equi results
in loss of virulence but not of infectivity for
ponies (Timoney et al. 2000). The selection
pressure that drives emergence of different
SeM alleles is unclear but may involve IgA
that targets a conformational epitope encoded
by the N-terminal variable region of SeM
(Timoney et al. 2009). Amino acid sequence
variation is rare in either SzPSe or Se18.9,
two other surface/secreted proteins of S. equi
that elicit strong mucosal immune responses
during convalescence (Ijaz et al. 2011).

Comparisons of the genome sequences of
S. equi 4047 and of S. zooepidemicus H70 and
MGCS10565 show that they are similar in
size (2.25, 2.15, and 2.02 Mb, respectively)
and share at least 96% DNA homology.
Differences include the presence of four
prophage sequences in S. equi that encode
genes for pyrogenic exotoxins SePE-I, H, L,
and M, hyaluronidase, phospholipase A2,
and muramidase. Equibactin E, a putative
iron-binding enhancing molecule is encoded
by ICESe2 (Figure 26.1). In addition, some

anchored and secreted proteins, such as SeM
and Se18.9, encoded by genes with alleles in
both S. equi and S. zooepidemicus differ in
sequence with the consequence of changed or
abolished function.

Two potentially functional pilus loci are
encoded in the S. zooepidemicus but not S. equi
genomes. Other differences include multiple
copies of insertion sequences in S. equi, an
expansion that has triggered DNA deletions
and/or recombinations in sequences involved
in lactose, ribose, and sorbitol metabolism.
Genomic sequence comparisons have not,
however, so far revealed an explanation for the
strict host adaptation of S. equi.

Pathogenesis

S. equi enters via the mouth or nose and
attaches to cells in the crypts of the oral ton-
sils and to cilia of the nasopharyngeal tonsils
(Figure 26.2). SzPSe may serve as an adhesin
during this phase since it binds strongly to
receptors in crypts of the lingual and pala-
tine tonsils. Fibronectin-binding proteins,
FneB and E, expressed on the surface may
contribute to initial attachment. After a few
hours, the organism is difficult to detect
on the mucosal surface. Small numbers of
organisms are found in epithelial cells in the
follicular tissue beneath and in one or more
of the lymph nodes that drain the pharyngeal/
tonsillar region (Timoney and Kumar 2008).
By 48 hours, clumps of S. equi are visible
in the lamina propria. Complement-derived
chemotactic factors generated after inter-
action of C1 with bacterial peptidoglycan
attract large numbers of PMNs. Failure of
PMNs to phagocytose and kill the streptococci
appears to be the result of a combination of
the hyaluronic acid capsule, putative leukoci-
dal toxin, and the antiphagocytic proteins,
SeM, Se18.9, and IdeE. This culminates
in the formation of clumps of long chains
of extracellular streptococci interspersed
among large numbers of degenerating PMNs.
Counts of S. equi in pus in lymph nodes
may exceed 3 × 109 CFU/ml. The enhanced

https://pubmlst.org
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Figure 26.1 Illustration showing genes and functions gained (red) and lost (blue) in the course of evolution
of Streptococcus equi from the putative ancestral Streptococcus zooepidemicus. The figure is based on a
comparison of the genome sequences of S. equi 4047 and S. zooepidemicus H70, and the legend is modified
from that in Holden et al. (2009). (1) Loss of the ability of S. equi to ferment lactose, sorbitol, and ribose
with possible adverse effect on its mucosal colonization ability. (2) Reduced hyaluronate lyase activity and
abundant capsule synthesis by S. equi increases resistance to phagocytosis. (3) Truncation of FNE and SBR
proteins in S. equi may decrease fibronectin-dependent attachment. (4) Loss of the SZO18310 pilus locus in
S. zooepidemicus from S. equi may reduce its colonization potential in multiple hosts. (5) Loss of expression
by S. equi of homolog of SZO08560 protein, which carries four Pfam repeat domains involved in host cell
invasion by bacteria, such as Listeria monocytogenes. (7)–(12) Four prophages acquired by S. equi 4047
introduced genes for pyrogenic exotoxins SeeH, I, L, and M and phospholipase A2 (SlaA) that enhance its
virulence and modulate inflammatory and immune responses in horses. Resistance of most S. zooepidemicus
to phage integration is due to the presence of short palindromic nucleotide repeats (CRISPR) and associated
genes. These sequences have been deleted from S. equi as a sequel to recombination between insertion (IS)
elements. (13) Acquisition of the potential siderophore equibactin, encoded by the integrative conjugative
element ICESe2, may be responsible for the high rate of proliferation of S. equi in tonsil and lymph nodes
under conditions of low iron availability. (14) Binding of complement control factor H by Se18.9 reduces
phagocytosis of S. equi. Source: From Holden et al. (2009) used under the Creative Commons License.

iron acquisition ability of S. equi provided
by equibactin is possibly crucial at this stage
of pathogenesis, since iron is limited in the
avascular interior of abscesses. S. equi in which
eqbE was deleted showed a greatly extended
generation time (Heather et al. 2008).

Although strangles predominantly involves
the upper airways and associated lymph nodes,
metastasis to other locations may occur result-
ing in abscesses in lymph nodes and other
organs of the thorax and abdomen. Metastasis
to the brain has also been recorded. Evers
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(a) (b)

Figure 26.2 Scanning electron micrographs; magnification × 200. (a) Attachment of Streptococcus equi to
stratified squamous epithelium of the equine lingual tonsil. (b) Attachment to cilia of the columnar
epithelium of the nasopharyngeal tonsil.

(1968) reported bacteremia on days 6–12 in
horses inoculated intranasally with S. equi and
in non-inoculated contact horses that became
infected. These interesting findings have not
been confirmed but clearly show the potential
for localization of S. equi to body sites other
than the lymph nodes of the head and neck
and for the formation of circulating immune
complexes.

Nasal shedding of S. equi begins after a latent
period of 4–14 days and ceases between 3 and
6 weeks after the acute phase. However, some
animals may continue to harbor infection in
the guttural pouch after clinical recovery (New-
ton et al. 1997; Harris et al. 2015). Long-term
infection is accompanied by genetic decay
and loss of virulence determinants including
capsule, equibactin, phospholipase A2, SeeL
and M, and deletions in SeM. Nevertheless,
some organisms with an intact complement of
virulence factors survive and are intermittently
shed resulting in onward transmission of the
virulent phenotype.

Immunity

Approximately 75% of horses develop a solid
enduring immunity to strangles following

recovery from the disease (Hamlen et al. 1994;
Timoney et al. 2007). Horses in the immediate
post-convalescent phase are resistant to exper-
imental challenge with numbers of S. equi
greatly exceeding those required to produce
the original infection (Galán and Timoney
1985). However, about 25% become suscep-
tible to a second attack of the disease within
months, which probably represents a failure
to produce or maintain an adequate level of
the appropriate mucosal and systemic antibod-
ies. Strong serum IgGb responses to proteins,
including SeM, Se18.9, SzpSe, Se44.2, Se46.8,
Se45.5, Se75.3 and Se42.0, and streptokinase
are produced during convalescence (Velineni
et al. 2015). Opsonophagocytic serum IgGb
(IgG4) specific for the highly immunogenic
SeM appears late in convalescence in most but
not all horses (Timoney and Eggers 1985). In
addition, SeM-specific IgGa (IgG1) is induced
during and shortly after S. equi infection.
Strong SeM-specific mucosal IgA and IgGb
responses are seen during the acute and conva-
lescent phases but not following intramuscular
vaccination (Sheoran et al. 1997).

Local mucosal IgA responses to S. equi
require local stimulation and are not correlated
with systemic (serum) antibody responses.
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Proteins that elicit the strongest and most con-
sistent IgA responses during convalescence are
H factor-binding Se18.9, fibronectin-binding
FneE, and Se46.8, of unknown function. Milk
from mares recently recovered from stran-
gles contains IgGb and IgA with specificities
similar to those in nasopharyngeal mucus
of convalescent horses. Colostral antibodies
ingested during the first 24 hours of life have
also been shown to recirculate to the nasopha-
ryngeal mucosa. Foals that suckle immune
mares are usually resistant to S. equi infection
until weaning.

The antiphagocytic SeM is mouse protective,
elicits bactericidal (opsonophagocytic) serum
antibody in horses, and was an important
component of earlier commercial strangles
vaccines. In addition, other antigens con-
tribute to protective responses, as shown by an
experiment in which a SeM-negative mutant of
S. equi protected horses against experimental
challenge following intranasal vaccination
(Timoney et al. 2000). Vaccines that contain
either the acid-extracted or enzymatically
extracted SeM have conferred only partial
protection under conditions of natural expo-
sure. In one study, the clinical attack rate was
reduced by 50% following vaccination (Hoff-
man et al. 1991) under conditions of heavy
field challenge.

Substantial bactericidal (opsonic) activity
has been noted in sera of vaccinated yearlings
that subsequently developed strangles one
or two months later (Timoney and Eggers
1985). This suggests that opsonic activity
must be complemented by antibodies to other
protective antigens.

An attempt to vaccinate groups of horses
subcutaneously with pools of recombinant
proteins SeM, Se44.2, Se75.3, Se42.0, Se110.0,
and Se18.9 or SzpSe, CNE, Se51.9, Se44.2, and
Se46.8 did not result in enhanced resistance to
commingling challenge (Timoney et al. 2007).
However, a recombinant vaccine composed of
IdeE and fusions of CNE, SclC, F, I, EAG and of
SEQ_0402, SEQ_0256 administered intramus-
cularly provided significant protection against

challenge with cultured S. equi administered
intranasally (Robinson et al. 2020).

A successful subunit vaccine ideally must
stimulate a blocking immunity that func-
tions at an early stage of infection during
and shortly after tonsillar entry. Evidence for
this derives from the observation that most
horses with acquired immunity following
recent recovery from strangles usually do not
make anamnestic serum or mucosal antibody
responses to immunoreactive proteins, such
as SeM, Se18.9, or SzPSe, following experi-
mental intranasal challenge. Thus, acquired
immunity must function in the nasopharynx
and involve clearance by macrophages in the
follicular-associated epithelium and associated
lymphoid follicles of tonsillar tissues.

A live non-encapsulated attenuated strain
of S. equi (Pinnacle) has been widely used
as an intranasal vaccine against strangles in
North America since 1998. A progenitor of
this vaccine designed to stimulate mucosal
and serum responses similar to those of con-
valescence exhibited a high level of protective
efficacy in mice and in experimental ponies.
An aro A– mutant of S. equi injected into
the inner upper lip has also been shown to
generate a short-lived protective immunity. It
also is prone to cause purulent reactions at the
injection site (Jacobs et al. 2000).

Streptococcus zooepidemicus

Although S. zooepidemicus shares more than
96% DNA homology with its clonal derivative
S. equi, it differs greatly in its biology and
pathogenicity. Unlike S. equi, S. zooepidemicus
is a mucosal commensal that opportunistically
produces disease in situations of viral infec-
tion, heat stress, or tissue injury. The specific
name “zooepidemicus” derives from its wide
host range. Examples of its widely ranging
pathogenicity include mastitis in cattle and
goats, pneumonia, septicemia, and wound
infections in lambs, puppies, and greyhounds,
septicemia in chickens, dolphins, swine,
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humans and monkeys, and lymphadenitis
in guinea pigs. It is the most frequently iso-
lated pathogen from opportunist infections in
horses. In situations of concurrent influenza
virus infection, high summer temperatures,
or transport stress, it can be a devastating and
rapidly fatal pathogen in the equine respira-
tory tract. It has caused epizootics of peracute,
fatal hemorrhagic pneumonia in dog shelters,
greyhound kennels and laboratory colonies.
Specific clones have caused widespread mor-
tality in swine in China and more recently in
the United States and Canada.

Virulence Factors and Pathogenomics

S. zooepidemicus encodes many of the putative
virulence factors and surface proteins listed
for S. equi. Notable differences are however
the frequent absence of genes for known pyro-
genic exotoxins, iron binding equibactin E,
functionally antiphagocytic homologs of SeM
or Se18.9, as well as homologs of some other
surface-exposed or secreted proteins. Cap-
sule synthesis is upregulated at temperatures
below 35∘C in many equine strains (Velineni
and Timoney 2015). Synthesis is tightly reg-
ulated, unlike S. equi, in which expression is
constitutive. In addition, many isolates of S.
zooepidemicus produce hyaluronidase. Puta-
tive fimbriae-encoding operons have been
identified. There are also at least three proteins
with fibronectin-binding activity, FNZ, B and
E, and SFS. Thus, the organism is predicted
to have greater attachment/colonizing ability
than S. equi. There is also evidence that it can
penetrate epithelial cells which may account
for its prolonged persistence in the equine
uterus (Skive et al. 2017)

Superantigen genes occur in a minor-
ity of isolates. Isolates from lymph node
abscesses are most likely to host superantigen
genes (Rash et al. 2014). The SzP proteins
of S. zooepidemicus of equine origin are the
basis of the original Moore and Bryans typ-
ing system and vary at their N termini and
central regions. These proteins are mouse
protective, opsonogenic, and found on isolates

from different animal hosts. They bind less
fibrinogen than the SeM protein of S. equi.
Variations in the SzP proteins have been
useful in establishing the clonal character of
equine lung infections and their derivation
from the animal’s own tonsil. They appear
to function in adhesion and in colonization
of the nasopharyngeal and genital mucosae.
The great variation they exhibit in amino acid
sequence has not been explained.

Genomic sequence analyses have indicated
strains of S. zooepidemicus are recombinogenic
whereby acquisition of extraneous DNA has
resulted in frequent rearrangement of genomic
sequence. Evidence of lateral gene transfer
in real time in an isolated group of weanling
horses with respiratory disease has been docu-
mented (Velineni et al. 2014a). The basis of the
particular virulence of ST 194 for swine, which
has emerged in China, Canada and the United
States in recent years, has not been determined
but may relate to the presence of a specific SzM
protein and a Fic-domain-containing BifA
protein. These isolates lack superantigen genes
(Chen et al. 2020).

Immunity

SzP-specific antibodies in equine sera are
opsonic and mouse protective. Other specifici-
ties in sera from horse with invasive respiratory
infections include SzM, HylC MAP, SgMac and
ScpC. Protection against heterologous chal-
lenge in mouse experiments was conferred
by combinations of HylC, ScpC and MAP, all
of which appear to be conserved in S. zooepi-
demicus and therefore might have value in
protection against a variety of opportunist phe-
notypes. ScpC, a serine protease, is of special
interest because of its role in damaging the
respiratory mucosa (Velineni and Timoney
2013). Convalescent sera from dogs that sur-
vived hemorrhagic pneumonia caused by S.
zooepidemicus 653 (ST315) showed variable
but often strong reactivity to SzMAC, SzR,
FSR, MAP, SzM, ScpC and Sz115. The latter
is a metalloproteinase/mucinase similar to
metalloproteinases that aid the virulence of
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S. suis and S. pneumoniae (Velineni et al.
2014b).

Immunization of mares with bacterial
extracts confers partial resistance to endometri-
tis caused by S. zooepidemicus. Numbers of S.
zooepidemicus in the nasopharynx of weanling
horses were not affected by prior immunization
with recombinant SzPNC78, endopeptides and
hyaluronidase (Velineni and Timoney 2017).
However, transudation of specific serum IgG
through the respiratory mucosa inflamed
by local invasion would have potential in
enhancing clearance and clinical recovery.

Streptococcus canis

S. canis belongs to Lancefield group G. It
is most closely related to S. pyogenes, and
S. dysgalactiae, indicating descent from a
common ancestor (Jensen and Kilian 2012).
Lateral gene transfer of virulence determi-
nants between these species is recognized. The
designation canis is reserved for large colony
beta-hemolytic streptococci from animals that
react with group G typing antiserum, produce
beta-galactosidase but not hyaluronidase, and
differ in 16Sr RNA sequence. They are thereby
distinguished from strains of S. dysgalactiae
subsp. equisimilis of human origin that are a
genetically distinct population. S. canis con-
stitute a single genetic population infecting
dogs, cats, mink, possums, aquatic mammals,
and humans, suggesting extensive circulation
between animal species (Richards et al. 2012;
Pinho et al. 2019). Biotype 1 and 2 isolates
from cats and dogs are distinguished by fer-
mentation of lactose and trehalose. Biotyping
is useful to distinguish virulent from avirulent
isolates from cats as detailed below.

The anal mucosa is an important carrier
site of S. canis in dogs. It may also be found
on the oropharynx, the genitourinary tract,
and on parts of the skin of dogs and cats.
Infections in these hosts are usually sporadic,
opportunistic purulent infections of numer-
ous different sites, causing infections such as
genitourinary tract infections, otitis externa,

pneumonia, endocarditis, septicemia notably
in neonates, abscesses necrotizing fasciitis,
and toxic shock.

Toxic shock syndrome and necrotizing fasci-
itis associated with S. canis was first reported in
dogs in Ontario in the mid-1990s (Prescott and
DeWinter 1997). A bacteriophage-inducing
effect of fluoroquinolone together with a
homolog of pokeweed mitogen on the bacte-
riophage were implicated in the pathogenesis
of the disease, which coincided with the
introduction of the use of fluoroquinolones
into companion animal practice (Ingrey et al.
2003). The superantigen-like effects of the
pokeweed potentially explained the ensuing
toxic shock and necrotizing fasciitis.

In cats, S. canis is the most commonly iso-
lated bacterium from skin and lymph node
abscesses, cases of mastitis, conjunctivitis,
metritis, and septicemia in kittens. Epizootics
of contagious streptococcal lymphadenitis
have been reported in colonies of labora-
tory cats and rats. Fatal infections have been
recorded in intensively housed shelter cats
(Pesavento et al. 2007).

The epizootic form of feline streptococcosis
has been observed in catteries and animal shel-
ters. Persian cats appear to have an enhanced
susceptibility. Neonatal kittens are infected
from vaginal secretions or from the mouth of
the queen when she bites off the umbilical
cord. The organism enters the umbilical vein,
often causing formation of a local abscess, and
then is carried in the bloodstream to a variety
of body sites. Bacterial thrombi form in the
liver, spleen, lungs, kidneys, and musculature,
resulting in gross and microscopic abscess
formation and death within a week of birth.
The neonatal disease is seen only in litters
from young queens. Older queens that have
developed antibodies pass these antibodies to
their kittens, which then become resistant to
infection.

Juvenile streptococcosis occurs in young
cats during the postweaning period from two
to four months of age when maternal antibody
is waning. S. canis acquired earlier during
feeding invades the tonsil and local lymphatics
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of the head and neck, causing a purulent
lymphadenitis. Lymphatic obstruction due to
infection by Brugia malayi filaria predisposes
cats to S. canis lymphangitis. Lymphostasis
apparently compromises bacterial clearance in
lymph nodes.

Virulence Factors and Pathogenomics

Although hyaluronidase, streptokinase, or
hyaluronic acid have not been detected,
streptolysin O and M-like opsonogenic protein
(ScM) protein are produced in large quantities
by recent clinical isolates. The ScM proteins
bind Ig from a variety of different species
including humans, dogs and cats (Bergmann
et al. 2017). Four alleles of the gene for the
antiphagocytic ScM were identified in feline
isolates in North America. Type 4 allelic vari-
ants were found only in healthy cats, and all
were biotype 2. Isolates from diseased cats
hosted mainly type 1 allele and were biotype
1. Type 1 strains bind plasminogen via the N
terminus of ScM and are strongly associated
with invasive disease (Timoney et al. 2017).
However, S. canis lacks an activator such as
streptokinase. Antiserum against ScM was
strongly opsonic for the parent strain and for
other clinical isolates of S. canis from disease
outbreaks.

Streptococcus suis

The genetically diverse S. suis is associated
with a wide range of clinical syndromes in
swine and other domestic animals and is a
serious zoonotic pathogen in humans. The
principal carrier site in pigs is the palatine
tonsil, and transmission is by the respiratory
and oral routes. Tonsillar and digestive tract
infection may occur at birth and later and
involve any of a range of capsular serotypes.
Capsular serotypes 2, 9, and 3 are most fre-
quently isolated from cases of septicemia,
meningitis, bronchopneumonia, and pol-
yarthritis. Occurrence of disease is associated

with intensive management and co-infections.
Some serotypes (e.g. 9) have a greater capacity
for colonizing the digestive tract.

MLST indicates that types vary by geo-
graphic region, e.g. ST25, 1 and 28 dominate
in North America and ST1 and 20 in Europe.
Tonsillar entry occurs via the crypts in which
the organism becomes associated with cells
of the myeloid series (macrophages, mature
monocytes that are CD163 positive; Wilson
et al. 2007). Innate immune responses involv-
ing neutrophils, macrophages, and follicular
epithelial cells appear to limit the infection to
the tonsil, in which the organism persists. The
normal mucosal nasopharyngeal and intesti-
nal microflora are also important in limiting
colonization by S. suis.

The emergence of the virulent zoonotic clade
has been dated to the early twentieth century,
coinciding with the development of indoor
swine rearing which favors bacterial transmis-
sion; subsequent expansion of this clade was
suggested to be associated with emergence of
genetic improvement approaches involving
pyramid production and the international sale
of these genetically superior swine (Weinert
et al. 2015).

Virulence Factors and Pathogenomics

S. suis exists in a multiplicity of phenotypes
characterized by the type and presence or
absence of capsule and surface-exposed or
secreted proteins. This variation, in combina-
tion with route of entry and immune status of
pigs, determines the virulence potential of a
specific isolate (Vecht et al. 1992; Gottschalk
et al. 1999). S. suis is therefore a highly versatile
pathogen that presents an array of virulence
factors that function in different combinations
to accomplish invasion and lesion production
in a variety of conditions. Over 100 poten-
tial virulence factors have been listed, a few
of which are essential, with the others of
uncertain status (Segura et al. 2020).

Well studied virulence-associated fac-
tors include the capsular polysaccharide,
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the muramidase-released protein (MRP),
adhesion factor FHB, extracellular protein
factor (EF), and the hemolytic and cytotoxic
suilysin. Other less understood factors include
serum opacity factor (OFS), fibronectin, and
plasminogen-binding enolase (SsEno), surface
antigen one (SAO), proteins that perform
D-alanylation of lipoteichoic acid (LTA), pro-
teases, adhesins including fibrinogen-binding
protein (FBPS), and a zinc-binding lipopro-
tein. North American isolates of S. suis type
2 that express EF, MRP, and suilysin are
usually highly virulent. Other potential
virulence factors identified by extensive
genome sequencing include the srtBCD pilus
cluster (Guo et al. 2021).

Capsular Polysaccharide
The antiphagocytic sialic acid-rich capsular
polysaccharide determines the organism’s
adhesion and colonization ability. It may
function by blocking deposition of C3 and acti-
vation of the alternative complement pathway
and aid in survival in phagocytes. A repeating
unit polymer of rhamnose, glucose, galactose,
N-acetylglucosamine, and sialic acid, capsular
polysaccharide exists in at least 35 different
serologic variants, the most frequent being
types 2, 3, 1/2, 8, and 4. The distribution of
serotypes varies geographically and tempo-
rally. For example, capsular type 2 is more
prevalent in Europe than in North America.
Virulence varies depending on the capsular
serotype expressed. Capsule switching occurs
in S. suis and modulates both host cell inter-
actions and virulence, sometimes drastically
(Okura et al. 2021). Antibodies to capsular
types are opsonic, partially protective, and
elicited at low levels during convalescence.
Higher levels are associated with greater
protection.

Suilysin
The 64-kDa suilysin is a cholesterol dependent
thiol-activated hemolysin. The toxin family
to which it belongs produces transmembrane
pores in target cells and modulates them

to facilitate invasion. Forty-four percent of
isolates from the lung express the toxin com-
pared with 80–90% of isolates from other sites
in pigs (Staats et al. 1999). Thus, the toxin
is not an essential virulence factor in every
tissue. Most isolates in North America do
not secrete suilysin, which suggests that it is
not an essential virulence factor. However,
as noted, virulence in S. suis is complex and
multifactorial.

Muramidase-Released Protein
The variable MRP is a 136-kDa surface protein
of unknown function. A proline-rich region
adjacent to the C terminus is followed by an
extensive series of repeats, the number of
which is positively correlated with virulence.
Deletion of the gene did not result in loss of
virulence for newborn piglets (Smith et al.
1996), although specific antibody contributes
to protection against strains expressing the
protein.

Extracellular Protein
Extracellular protein factor is a 110-kDa
secreted protein positively correlated with
but not essential for virulence. Variants of EF
found in nonpathogenic isolates have several
76 amino acid repeats at their C termini.

Adhesins and Other Virulence-Associated
Factors
An 18-kDa peptide of S. suis that binds to the
disaccharide galactosyl-(alpha 1–4)-galactose
sequence on cell surface glycolipids is found
on most isolates. Paradoxically, the adhesin is
covered by the capsule, which therefore inter-
feres with its activity. It is highly immunogenic
and induces bactericidal antibody in mice.
Glyceraldehyde 3-phosphate dehydrogenase is
also involved in adhesion to host cells, possibly
as a “moonlighting protein.”

Because of its importance as a major swine
and zoonotic pathogen, as well as the complex-
ity of virulence, S. suis has been the subject of
extensive genome analysis (Weinert et al. 2015;
Guo et al. 2021). This has revealed the large
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number and diversity of mobile genetic ele-
ments capable of transferring by conjugation.
Isolates associated with swine disease contain
substantially fewer genes than non-clinical
isolates but are more likely to encode viru-
lence factors (Weinert et al. 2015). In turn,
isolates from systemic disease contain fewer
genes than isolates from respiratory disease.
Genes overrepresented in systemic isolates
are more likely to be found on integrative and
conjugative elements, genomic islands, and
the capsule locus. Genes overrepresented on
respiratory isolates included an IgA-specific
zinc metalloproteinase (Weinert et al. 2015).
The virulent zoonotic clade contains three
sublineages, one of which is associated with
outbreaks of severe human disease in China
and encodes a novel 78 kb pathogenicity island
(Dong et al. 2021). Genome analysis has also
shown the remarkable ability of S. suis to
acquire numerous different antimicrobial
resistance genes through mobile genetic ele-
ments (Hadjirin et al. 2021), further evidence
of the remarkable adaptability of this species
to different selection pressures.

Pathogenesis

Entry of virulent strains into the tonsil and
through the mucosa is rapid and involves very
few organisms. The many putative adhesins
and virulence factors involved in this stage
of pathogenesis are reviewed by Segura et al.
(2016). Entry is followed by bacteremia or sep-
ticemia with seeding of joints, meninges, and
lungs. The latter may also be directly infected
from the upper respiratory tract. However, a
sustained high-level bacteremia is necessary
for the development of meningoencephalitis.
Pneumonia often precedes entry into the CNS.
It is unclear whether S. suis is attached to or
within phagocytes or is free in the plasma
during the bacteremic phase. Earlier studies
indicated that S. suis survived in circulat-
ing mononuclear cells. Cell membranes and
microvesicles released by S. suis have a role
in bloodstream entry. Carriage also involves

surface attachment. The choroid plexus is an
important portal of entry into the CNS. S. suis
adheres to and invades endothelial cells of
the brain microvasculature. Invasion does not
require active bacterial protein synthesis but
does require actin microfilaments (Vanier et al.
2004). Hematogenously delivered organisms
have been found beneath the surface of brain
tissue.

Immunity

The self-limiting nature of disease in con-
tained pig populations strongly suggests the
emergence of an acquired, protective immune
response. Repeated inoculation of pigs with
live and formalin-killed cultures of S. suis
type 2 results in a strong protective response
effective against homologous challenge and is
characterized by the appearance of both serum
IgM and IgG specific for surface components.
Immune sera mediate killing of S. suis in vitro.
Different vaccination approaches are currently
being investigated.

Subunit vaccines prepared from suilysin
with MRP and EF have protective efficacy,
albeit limited to challenge with homolo-
gous strains that express these factors. A
46.4-kDa protein of unknown function has
also been shown to stimulate protection in
pigs challenged with a homologous serotype
(Okwumabua and Chinnapapakkagari 2005).

Capsular polysaccharide, a T-independent
antigen, induces only a weak antibody
response specific for the serotype but is poten-
tially an important protective immunogen
(Wisselink et al. 2002). Killed cells of a wild
encapsulated strain stimulated protection that
reduced morbidity and mortality, whereas a
similar vaccine prepared from an isogenic
non-encapsulated mutant protected only
against mortality. Another protein vaccine
candidate, Sa0 (110 kDa), has shown promise
as an opsonogenic, protective immunogen in
pigs when formulated with QuilA (Li et al.
2007). The success of this vaccine suggests the
importance of a Th1 response.
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Gaps in Knowledge
and Anticipated Directions

Comparisons of genome sequences have
shown that the diversity of host and tissue
tropisms of the pathogenic veterinary strep-
tococci resulted from, and continues to be
associated with, acquisition of new genes,
modifications or loss of existing genes, and
changes in regulatory networks. These genetic
events resulted in phenotypes uniquely fitted
for invasion of specific tissues, such as the
equine tonsil (S. equi), ruminant mammary
gland (S. agalactiae, S. uberis), and pig tonsil
(S. suis). The molecular bases of these specific
host/tissue interactions are as yet incompletely
understood.

Other successful and closely related strep-
tococcal pathogens, including S. canis, S.
zooepidemicus, and S. dysgalactiae subsp. equi-
similis, exhibit little host adaptation and cause
disease as opportunists in situations of preex-
isting damage to mucosal barriers or impaired
immune defenses. For these pathogens, elu-
cidation of the impact of altered host milieu
on sensory and response gene regulatory net-
works will be essential. Study of clones that
occasionally emerge and become epidemic
should provide clues helpful in identifying

changes in gene regulation associated with
expression of virulence.

In the case of S. equi genetic decay with
loss of fitness and virulence that results from
the stress of prolonged residence in the gut-
tural pouch and cranial sinuses has not been
explained. Paradoxically, this condition is asso-
ciated with resistance of the host animal itself
to invasion by surviving virulent clones that
escape intermittently and cause strangles in
susceptible horses nearby. Elucidation of each
of these phenomena will provide useful infor-
mation on protective immunity and effects of
stress on DNA repair.

Use of the natural host in experiments
involving molecular Koch’s postulates is
essential to establish which proteins/factors
contribute to pathogenesis, although such
experiments may be limited both by cost and
ethical considerations.

Finally, determination of vaccine efficacy
must be based on challenge models that take
account of possible differences in virulence
antigen expression by cultured organisms and
organisms formed in vivo in the host animal.
Validity of efficacy must ultimately be based
on a natural challenge model. A detailed
understanding of virulence and pathogenesis
is necessary both for development of vaccines
and for novel approaches to control.
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Bacillus anthracis
Joachim Frey

Introduction

Bacillus anthracis, a spore-forming Gram-
positive pathogenic bacterial species, is the eti-
ological agent of anthrax. Anthrax has a long
record as a life-threatening infectious disease
of animals and humans worldwide (World
Health Organization 2008). It primarily infects
herbivores, since they are most frequently
exposed to the pathogen in the environment,
but it can affect most other mammals, as well
as certain avian species. B. anthracis still causes
severe losses in cattle breeding in certain parts
of the world. However, vigorous control mea-
sures, particularly strict prohibition of burial
of carcasses and slaughter waste, as well as
large animal vaccination programs during
the first part of the twentieth century, have
significantly reduced the incidence of anthrax
in large parts of the world.

Characteristics of the Organism:
Taxonomy and Phylogeny

B. anthracis belongs to the phylum Firmicutes,
the family Bacillaceae, the genus Bacillus
and the Bacillus cereus group. The latter
consists of eight spore-forming, aerobic, fac-
ultative anaerobic, rod-shaped species: B.
anthracis, B. cereus, Bacillus mycoides, Bacillus
pseudomycoides, Bacillus thuringiensis, Bacil-
lus weihenstephanensis, Bacillus cytotoxicus,

and Bacillus toyonensis (Guinebretière et al.
2013; Okinaka and Keim 2016; Ehling-Schulz
et al. 2019). Phylogenetically, they are closely
interrelated but show distinct differences in
pathogenicity, clinical symptoms, host pref-
erence, and ecological niches. Most of these
species are of economic, environmental, and
medical importance and are of concern in
biodefence. The chromosomes of the different
members of the B. cereus group show a high
level of synteny and protein similarity with
little difference in gene content. The different
species of the B. cereus sensu lato group, in
particular their housekeeping genes, are genet-
ically closely related considering this group
previously as a phylogenetic “single species”
(Helgason et al. 2000). However, host species
predilection, clinical manifestation and ecolog-
ical niches distinguish the different species that
are included in this group (Okinaka and Keim
2016). In particular, analyses of the gene flow
across the B. cereus sensu lato group revealed
that B. anthracis is clonal and discerning from
the other species (Didelot et al. 2009). Fur-
thermore, B. anthracis infections show distinct
clinical symptoms that differ from infections
with other species of the B. cereus sensu lato
group, with the exception of B. cereus biovar
anthracis (Klee et al. 2006, 2010; Antonation
et al. 2016). The main virulence attributes of
the different species of the B. cereus sensu lato
group are host specific toxins and capsular
carbohydrates that allow bacteria to avoid
clearance by the host’s immune defense. Most
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of them are encoded on plasmids, which define
host specificity and consequently delineate the
bacterial species. The identification of individ-
ual species of the B. cereus sensu lato group is
therefore complex, and some isolates within
a species display unusual biochemical and/or
physiological properties that confound their
accurate differentiation.

Phylogenetically, the B. cereus sensu lato
group of bacteria divides into five distinct
clades that show partial barriers to interclade
gene flow. Strains of B. anthracis are highly
clonal and restricted to clade I together with
the highly virulent B. cereus biovar anthracis,
which produces anthrax toxins. Clade II con-
tains other virulent B. cereus strains including
emetic toxin-producing B. cereus strains speci-
fied by the cereulide synthetase and the insect
pathogen B. thuringiensis. Clade III contains
environmental B. weihenstephanensis, mostly
non-pathogenic and psychrotolerant, B. cereus,
B. mycoides and some strains of B. thuringien-
sis. Clade IV contains a distinct cluster of B.
cytotoxicus as well as a second cluster with
strains of B. pseudomycoides, B. mycoides, B.
cereus, and B. thuringiensis. Clade V includes
B. toyonensis and strains of B. cereus and B.
thuringiensis (Helgason et al. 2000; Priest et al.
2004; Didelot et al. 2009; Ehling-Schulz et al.
2019). B. toyonensis was characterized for pro-
biotic properties and is used as such in animal
feed (Jiménez et al. 2013).

In its vegetative form, B. anthracis is rod
shaped of approximately 4 × 1 μm, often
appearing in short chains from the blood
of affected animals, or in long chains from
blood agar cultures. On blood agar B. anthracis
presents as non-hemolytic, dull, gray-white
colonies with curly edges. It is sensitive to
penicillin and to phage gamma (γ-phage).
These characteristics were used formerly as
species confirmation. Surprisingly, B. anthracis
contains two bla genes encoding β-lactamases
that normally cause penicillin and ampicillin
resistance. However, in B. anthracis, both
bla genes are silenced by the repressor RsiP
repressing sigma factor SigP expression, which

otherwise would enable transcription of the
two bla genes (Ross et al. 2009). The rare strains
of B. anthracis or anthrax-like B. cereus biovar
anthracis in contrast are highly resistant to
penicillin and moderately resistant to oxacillin
and cephalothin. They emerged most likely
by de-repression of the sigma factor SigP that
transcribes in these strains one or both of the
otherwise silent β-lactamases in B. anthracis
(Ross et al. 2009; Pilo et al. 2011).

The most characteristic features of B.
anthracis are the two binary anthrax tox-
ins, the lethal factor (LEF) encoded by gene
lef and the edema factor (EF), an adenylate
cyclase, encoded by cya. They share the com-
mon adhesin subunit termed the protective
antigen (PAG, encoded by pag). Genes lef , cya
and pag are specified by virulence plasmid
pXO1. A further major virulence factor, the
capsule (CAP) is encoded by the capsular
biosynthesis genes capABCDE on a separate
virulence plasmid pXO2. These factors mainly
determine the disease anthrax. They are genet-
ically highly conserved which makes them
a prominent target set for identification by
polymerase chain reaction (PCR; Ramisse
et al. 1996; Zincke et al. 2020). Currently, spe-
cific PCR tests targeting the genes of the two
toxins and the capsule located on the virulence
plasmids and occasionally a chromosomal
marker are used for rapid confirmation of the
species B. anthracis and distinction from other
Bacillus species, which is essential for medical
and epidemiological purpose (Ramisse et al.
1996).

Pathogenic B. cereus Biovar anthracis

Although anthrax is generally considered as a
monoetiologic disease, anthrax-like diseases
in humans and animals caused by non-B.
anthracis or atypical B. anthracis strains have
been reported since 2004. The strains exhib-
ited a combination of phenotypic traits of B.
anthracis and genetic background of B. cereus
and were named B. cereus biovar anthracis
(Hoffmaster et al. 2004, 2006; Klee et al. 2006;
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Figure 27.1 Schematic genetic tree summarizing the phylogeography of worldwide Bacillus anthracis
strains. The three major clades A, B, and C are shown in different colors. (Note that the clades A, B, and C
from B. anthracis are different from the clades I–V of B. cereus sensu lato.) The first capital letter of the
different canonical single-nucleotide polymorphism groups indicate the clade followed by the indicators of
the lineages. Lineage A.Br.TEA.011 is indicated by an oval line to highlight the close relation between
European, African and Northwestern American sublineages. Subbranches of the B.Br.CNEVA lineage with
their geographic locations are given to illustrate the close geographic clustering. Branch lengths are not
scaled and bootstraps are not given in this figure. Source: Data compiled from Keim et al. (2004), Kenefic
et al. (2009), Derzelle et al. (2011, 2015a, b, 2016a, b), Girault et al. (2014a), Vergnaud et al. (2016).

Antonation et al. 2016). Strains from the
United States were isolated from humans,
while the strains isolated in Africa were mostly
from wild and occasionally domesticated ani-
mals (Hoffmaster et al. 2004, 2006; Leendertz
et al. 2004, 2006; Klee et al. 2010; Pilo et al.
2011; Antonation et al. 2016). B. cereus biovar
anthracis from Africa were shown to harbor
virulence plasmids that are very similar to
pXO1 and pXO2 that were detectable by PCR
for the respective virulence gene markers pag,
lef , cya, and cap (Klee et al. 2010; Antonation
et al. 2016).

In contrast, American strains seem to have
a pXO1-like plasmid named pBCX01 but not
a pXO2-like plasmid (Hoffmaster et al. 2004,
2006; Marston et al. 2006). Instead, they possess
a second plasmid, pBC218, which carries the

bpsX-H operon encoding for a specific tetrasac-
charide capsule (Oh et al. 2011; Scarff et al.
2018). In addition, these strains contain the
genes hasABC encoding for the biosynthesis of
a hyaluronic acid capsule on plasmid pBCXO1,
together with the variants of the toxin genes,
pagA1, lef1, cya1 (Oh et al. 2011). Interestingly,
an inactive hasACB operon is also present
in the pXO1 plasmid of B. anthracis. During
infection with North American B. cereus biovar
anthracis strains, both hasACB and bpsX-H
capsules are essential for the establishment of
anthrax-like disease and resistance to phago-
cytosis. In contrast, African B. cereus biovar
anthracis strains produce a poly-γ-D-glutamic
acid (PGA) capsule specified by the pXO2-like
plasmid in addition to the hyaluronic acid
capsule (Klee et al. 2006; Antonation et al.
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2016). Remarkably, curing of the pXO2-like
plasmid in these strains did not significantly
alter their virulence in mice and guinea pigs
since supposedly the hyaluronic acid capsule
is sufficient for virulence (Brézillon et al.
2015).

Anthrax-causing B. cereus biovar anthracis
in Africa is widely present and persistent in
tropical rainforests where it is responsible for
causing death to a wide range of mammalian
hosts and constitutes a particular threat to
local chimpanzee populations (Hoffmann
et al. 2017), in contrast to B. anthracis that is
largely limited to arid ecosystems affecting
mostly bovine species.

Source and Spread of the
Infection: Ecology, Evolution,
and Epidemiology

B. anthracis spread worldwide, generally by
two different ways: (i) a relatively slow process
by migration of human populations with their
domesticated cattle; and (ii) a rapid way by
trade of animal products, mostly wool from
contaminated rural areas to industrialized
countries that possessed wool-processing fac-
tories. Both ways could be documented by
analyzing hundreds of historic as well as new
strains of B. anthracis isolated from infected
humans, perished cattle or occasionally from
environment and wool samples (Pilo et al.
2008).

Bacterial genomes are dynamic. Various
genetic processes shape their evolution during
DNA replication including accumulation of
point mutations, loss or acquisition of genes,
or larger genomic segments and genome
rearrangements. Whole-genome sequencing
using high throughput sequencing methods
allowed the detection and analysis of large
numbers of single nucleotide polymorphisms
(SNPs), revealed to be evolutionary stable. This
allowed representative non-homoplastic SNPs,
called canonical SNPs (canSNPs) to be selected
for the definition of branch points, which

accurately define main clades and lineages of
B. anthracis (Pearson et al. 2004; Van Ert et al.
2007; Figure 27.1). Thus, genome sequenc-
ing of a worldwide collection of more than
a thousand strains enabled allocation of the
strains into three clades: A, B, and C, using a
set of 13 canSNP markers (Van Ert et al. 2007).
Subsequently the clades have been subdivided
into lineages (Figure 27.1).

Clade A, the worldwide most spread clade, is
subdivided in nine lineages: A.Br.005/006 (con-
taining the former basal A-strains mostly from
Africa), A.Br.Vollum (Middle East, Caucasus,
Europe and Northern America, Australia,
China), A.Br.H9401, A.Br.004.054 (Americas
Africa, Europe), A.Br.Ames (Northern Amer-
ica), A.Br.Sterne, A.Br.Aust94, A.Br.008/011,
A.Br.TEA.011. This latter lineage is further
subdivided in A.Br.WNA (United States,
Canada), A.Br.TEA.011a (Senegal, Gambia)
and A.Br.TEA.011b (Northern France) (Saile
and Koehler 2006; Van Ert et al. 2007; Derzelle
et al. 2011, 2015a, 2016a; Figure 27.1).

Clade B, a geographically more limited
clade, representing about 15% of the strains
sequenced, is subdivided in B.Br.001.002
Kruger (South Africa) and B.Br.CNEVA,
which contains exclusively European strains
from France, Southern Germany, Switzerland,
Northern Italy, Croatia, Slovenia, Slovakia,
and Poland (Derzelle et al. 2011, 2015b, 2016b;
Girault et al. 2014a).

Clade C occurs very infrequently and cur-
rently only a few strains have been analyzed
thereof (Saile and Koehler 2006; Figure 27.1).

The analysis of the population structure
allowed studying the dissemination and
phylogeography of B. anthracis over many cen-
turies. However, the significance of clustering
genomic data are strongly dependent on good
metadata of the strains to avoid wrong con-
clusions (Pilo et al. 2008; Pilo and Frey 2018).
Clade A is widely dispersed throughout the
world, most likely through the rapid way via
trade of animal products, in particular unpro-
cessed goat and sheep hair for wool production.
Strains of lineage A.Br.Vollum are worldwide
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the most dispersed. They are dominant in the
central Caucasus but are found also in Western
China as well as in Northern America, Aus-
tralia, and Europe, where they were frequently
(and still are occasionally) isolated in wool
factories that are processing raw wool from
the Cashmere area, Pakistan, Afghanistan, or
Kazakhstan (Pilo et al. 2008; Aikembayev et al.
2010; Khmaladze et al. 2014; Derzelle et al.
2015a, b; Figure 27.1). These strains jumped
in the past to the cattle population, causing
concurrently overlapping epidemiological
situations in certain European countries with
strains from two different roots (Derzelle et al.
2011). A particular lineage of B. anthracis
clade A, which lacks the expression of the
spore surface-associated anthrose-containing
oligosaccharide that is generally specific to
the species, was identified in western Africa
(Chad, Cameroon, Mali). This lineage that is
estimated to have emerged recently shows a
geographic correlation to massive vaccination
with the live vaccine strain Sterne, which pro-
duces a strong antigenic response to anthrose
(Tamborrini et al. 2011).

An interesting lineage is A.Br.TEA.011,
which is highly branching with only a few
SNPs between branches and includes the
North American sublineage A.Br.WNA. A
large number of strains with solid meta-
data allowed development of an ungulate
transmission model. The estimated infec-
tion/death/year rate of 0.28 generations/year is
based on a study of 13 consecutive anthrax
outbreaks of cattle in Northern Canada
between 1962 and 1991 using strains with
precise data on time and location of isola-
tion (Kenefic et al. 2008, 2009). From these
data, the authors estimate the dispersion of
clade A from Eurasia to the Northern Amer-
ican continent in the late Pleistocene (about
13 000 years ago) via the former Bering Land
Bridge, progressing from Northern Canada
southwards to Southern and South-Western
USA. An alternative route of dispersion was
estimated from the common origin of sublin-
eage A.Br.WNA of Northern America with

the two sublineages A.Br.TEA.011a (Sene-
gal, Gambia) and A.Br.TEA.011b (Northern
France) that split about 500 years ago when
Europeans started to settle in Northern Amer-
ica and Africa (Figure 27.1; Vergnaud et al.
2016). This would hypothesize the spread
of A.Br.WNA to Northern America via Bre-
ton explorers and emigrants from Northern
France, such as Jacques Cartier in 1541 and
Samuel de Champlain in 1608, as the emi-
grants often brought their animals, which
might have transmitted B. anthracis. However,
the lack of documented established anthrax
in Northeastern Canada (Québec), the enter-
ing point of the settlers, and the fact that the
most basal A.Br.WNA subclade originates
from Northwestern Canada requires further
verification of this hypothesis.

Clade B seems to have diverged from clade A
about the time of the emergence of agriculture
and farming in the fertile areas in Europe.
Specimens of clade B are mostly related to
bovine anthrax in Europe. The various sublin-
eages of B.Br.CNEVA can be strongly attributed
to the different cattle breeds that traditionally
were breed very stably and geographically
isolated from each other for hundreds of years
in the various regions of France and Switzer-
land (Girault et al. 2014a, b; Derzelle et al.
2016b). The oldest currently known specimen
of anthrax is a blood sample on a glass slide
with originates from a diseased bovine in 1878
in Germany and was recently sequenced show-
ing its belonging to clade B (Braun et al. 2020).
The exceptional lineage B.Br.001/002/Kruger
(Figure 27.1) contains strains from South
Africa indicating that European settlers might
have transmitted this lineage of cluster B to
Southern Africa.

Types of Disease and Pathologic
Changes

Infection of animals and humans occurs by
spores that are able to enter via skin in par-
ticular skin lesions, or by the intestinal route
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Figure 27.2 Overview of the molecular mechanisms of virulence of Bacillus anthracis. B. anthracis with the
two virulence plasmids pXO1 and pXO2 and the chromosome is illustrated in the upper part. Variable
number tandem repeats (VNTRs) on the chromosome are indicated by black blocks. They played a central
role in the molecular phylogenetic analysis of B. anthracis strains prior to whole genome sequencing.
Susceptible host cells are represented the lower part. Favorable conditions as found upon infecting a
mammalian host (e.g. temperature around 37∘C) trigger the master virulence regulator AtxA located on
plasmid pXO1 of B. anthracis (upper left). This induces the synthesis of the four major virulence factors: the
lethal toxin zinc metalloprotease (LEF), the edema factor calmodulin-dependent adenylate cyclase (EF) and
the adhesive subunit of the two toxins named “protective antigen” (PAG) all of which are encoded on
plasmid pXO1. Concomitantly the poly-γ-D-glutamic acid polymer capsule (CAP) (green) specified by
plasmid pXO2 is induced by the acpAB gene products. The capsule allows survival of the vegetative
bacterium in macrophages. PAG (blue) binds to the receptors CMG2 and TEM8 on the host cell and is
subsequently cleaved by furin, allowing multimerization and binding of LEF (yellow) or EF (red). The PAG:EF
and PAG:LEF complexes are then internalized by endocytosis in a dynamine-clathrin dependent way. In the
acid environment of the endosomes, the PAG:EF and PAG:LEF complexes change conformation in order to
dissolve the complexes, transit to late endosomes and release the toxic subunits, which exert their
activities. The potent adenyl cyclase EF leads overproduction of cAMP causing a decrease of Cl- ions and
loss of water resulting in oedema. LEF induces apoptosis and subsequent shock by release of
pro-inflammatory cytokines by proteolytic cleavage of MAPKK. Part of the toxins can endure in intraluminal
vesicles that are able to transfer as exosomes and to be incorporated to non-infected cells, where the toxins
can be stored for long term, be released and exert their activity long after the infection has taken place.
CAP, capsule; PAG, protective antigen; EF, oedema factor; LEF, lethal factor; VNTR, variable number tandem
repeat; MAPKK mitogen-activated protein kinase kinase; CaM, calmodulin; cAMP, cyclic adenosine 3′ 5′
monophosphate; CMG2, capillary morphogenesis gene 2. Source: Adapted from Pilo and Frey (2018).

or by inhalation. Exceptionally B. anthracis
infections occur by abusive injection of con-
taminated drugs.

In cutaneous anthrax, low-level germination
leads to growth at the site of infection, which
is suspected to be facilitated by cutaneous

microlesions. Growth and action of toxins
leads to localized edema and necrotic lesions
of the skin resulting in a typical coal-black
appearance of the affected tissue, which gave
the name of the disease “anthrax” (Greek
άνθρακo𝜍, coal, carbon). Cutaneous anthrax
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in humans was often reported in the past in
workers at wool-processing factories where it
represented to most frequent form of anthrax
and was called “wool sorters disease.” It gener-
ally remains localized and can be treated with
penicillin or quinolone antibiotics. It rarely
results in septicemia and generalized toxemia
by spreading to further parts of the body.
Cutaneous anthrax is only rarely described
in animals, mostly in pigs that occasion-
ally show signs of cutaneous anthrax. Pigs
seem to be much less affected by anthrax
than ruminants, which may be due to both
genetic and physiologic differences as well
as by their different habitats and a gener-
ally more humid environment (Mock and
Mignot 2003).

Intestinal anthrax starts with low-level ger-
mination at the site of infection, subsequently
leading to massive effusion, mucosal edema
and necrotic lesions and subsequent local
multiplication within macrophages. Regional
hemorrhagic lymphadenitis may lead to sep-
ticemia and toxemia, and finally to shock and
death. In certain cases, lymphatic or hematoge-
nous spread to the brain results in meningitis
and rapid death. Gastrointestinal anthrax is
considered to be largely underreported in both
humans and animals. However, it seems to be
dispersed in humans in rural disease-endemic
areas of the world, mostly caused by ingestion
of meat from animals affected by anthrax. The
spectrum of responses ranges from subclini-
cal infection to death. Certain studies report
cases of gastrointestinal anthrax to outnumber
those of cutaneous anthrax. However, differ-
ential diagnosis of gastrointestinal anthrax
is difficult. In particular, the oropharyngeal
variant causing fever and toxemia, inflamma-
tory lesions in the oral cavity or oropharynx,
enlargement of cervical lymph nodes together
with edema of the soft tissue of the cervical
area seems to be unknown to most physicians
in spite of a relatively high case-fatality rate
(Sirisanthana and Brown 2002).

Pulmonary anthrax, the most severe form,
is caused by a rapid spread of germinated

B. anthracis to the regional lymph node
followed by hemorrhagic lymphadenitis, sep-
ticemia, toxemia, and shock. In addition, it
is suspected that hemorrhagic lymphadeni-
tis leads to pulmonary lymphatic blockage
and oedema as cause of death (Mock and
Fouet 2001; Guidi-Rontani and Mock 2002;
Mock and Mignot 2003). Pulmonary anthrax
is assumed the most frequent cause of anthrax
in ruminants due to inhalation of spores by
animals grazing on dry prairies with short
grass. In humans, pulmonary anthrax is the
most dreaded form of anthrax as it develops
very rapidly leaving hardly time for efficient
therapy.

Virulence Factors
and Pathogenomics

Virulence of B. anthracis is mainly determined
by the two main anthrax toxins, the lethal
factor LEF and the edema factor EF encoded
on the virulence plasmid pXO1 of 182 kbp and
a polycarbonate capsule CAP specified by the
capsular biosynthesis genes capABCDE on
plasmid pXO2 of 95 kbp (Figure 27.2). Both
plasmids pXO1 and pXO2 also contain the
regulatory genes for the expression of the toxin
and capsule biosynthesis components. The
two main anthrax toxins LEF of 90 kDa and
EF of 89 kDa are binary protein toxins con-
taining a common cell-adhesive component
called protective antigen PAG of 83 kDa that
is binding to and transporting the two toxic
enzymes LEF and EF to the cytosol of the
host cell (Okinaka et al. 1999; Fouet and Mock
2006; Figure 27.2).

The lethal factor LEF is a zinc dependent
metalloprotease encoded by gene lef on pXO1
(Figure 27.2). It inactivates members of the
mitogen-activated protein kinase kinase family
(MEK) in the host cell cytoplasm by prote-
olytic cleavage leading to excessive release of
cytokines, induction of apoptosis, and finally
to necrosis and hypoxia (Duesbery et al. 1998;
Abrami et al. 2005; Depeille et al. 2007).
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The edema factor EF is a highly efficient
calcium and calmodulin-dependent adeny-
lyl cyclase encoded by gene cya on pXO1
(Figure 27.2). It reaches the same compart-
ments as LEF using the adhesin subunit PAG.
This adenylyl cyclase is about 1000 times
more active to convert ATP to cyclic adenosine
monophosphate (cAMP) than the mammalian
adenylyl cyclase. At high concentrations,
c-AMP results in the decrease of chloride ions
and a strongly increased water efflux from
the affected cells (Figure 27.2). This leads
to massive edema that is typically seen in
cutaneous anthrax. EF was also shown to
inactivate phagocytes thus protecting infect-
ing B. anthracis by allowing escape from
the innate immune response (Drum et al.
2000).

The capsule is based on an anionic polypep-
tide consisting of linear chains of PGA that is
covalently attached to the peptidoglycan of the
bacterial envelope. It represents the second
major virulence factor of B. anthracis. The cap-
sule is synthetized by the capsule biosynthesis
genes capABCDE on plasmid pXO2. CapB is
member of the tetrahydrofolate synthase fam-
ily and acts as the glutamic acid polymerase
together with CapE to form the polymer,
while CapD is a γ-glutamyl-transpeptidase
anchoring the PGA to the peptidoglycan
layer. The capA and capD gene products are
believed to be involved in transport mech-
anisms (Candela et al. 2005; Candela and
Fouet 2006). The capsule of B. anthracis plays
a central role in virulence as it provides the
bacterium a strong antiphagocytic protec-
tion by the anionic charge of PGA shielding
surface structures from the host’s immune
system. Strains of B. anthracis that are devoid
of capsule (e.g. by curing of the plasmid
pXO2), such as the “Sterne” strain are strongly
attenuated and serve as live vaccines for
animals.

The genome of B. anthracis consists of a
chromosome of 5.2 Mbp, besides the two vir-
ulence plasmids pXO1 and pXO2. Analysis
of the chromosomes of the individual species

of the B. cereus sensu lato group showed
that the metabolic genes of B. anthracis
are specialized in growing in mammalian
hosts metabolizing peptides and lipids by
the use of peptidases, phospholipases and
by iron-acquiring peptides and hemolysins,
which serve as secondary virulence factors.
In contrast, closely related soil adapted Bacil-
lus species contain more genes involved in
sugar uptake and metabolism (Ariel et al.
2003; Read et al. 2003). These comparative
studies show an evolutionary adaptation of
B. anthracis to survive and propagate in an
infected mammal host.

Regulation of Virulence

After reaching an animal host providing a
warm and nutrition-rich environment, the
germination genes and the master virulence
regulator AtxA located on plasmid pXO1 are
activated (Figure 27.2). The gene atxA has
been found to be induced at a temperature of
37∘C leading to high amounts of the activator
AtxA that induces the production of the toxin
components LEF, EF, and PAG in minutes
to hours after germination (Guidi-Rontani
et al. 1999). Under growth in axenic medium,
expression of AtxA was shown to be repressed
by AbrB interacting with quorum sensing,
resulting in decrease of toxin production in
the exponential growth phase and increase in
the late logarithmic phase (Jones et al. 2005).
Biosynthesis of the capsular PGA is activated
after germination by induction of the capsular
biosynthesis genes capABCE via the transcrip-
tion activators AcpA and AcpB (Drysdale et al.
2004) (Figure 27.2). Newly germinated cells
are able to kill macrophages by the rapidly
synthetized toxins that are released within the
phagolysosome. Owing to the toxic activity
of the lethal factor LEF, phagolysosomes are
impaired in their bactericidal activity, per-
mitting survival and escape of the vegetative
bacteria. This is further sustained by the bacte-
rial capsule of B. anthracis that protects it from
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the lytic effects in the phagolysosome (Banks
et al. 2006).

The sudden onset of expression of the toxin
genes lef , cya, and pag by B. anthracis during
the transition from exponential growth to
stationary phase of growth was shown to be
caused in part by quorum sensing, a process
by which bacteria regulate the expression of
density- and growth phase dependent genes. B.
anthracis was found to use the quorum-sensing
gene luxS, a gene found in several other Bacil-
lus species, to regulate auto-inducer AI-2-
dependent quorum sensing and bacterial
growth, with specific regulation of expression
of the surface-layer protein, respiratory nitrate
systems and the lethal toxin and the edema
toxin (Jones et al. 2010).

Pathogenesis

Host Association

B. anthracis survives for decades as spores in
an environment contaminated by abandoned
or buried carcasses of antecedent succumbed
animals, as well as on animal products. Typ-
ically, most current sporadic infections or
outbreaks in industrialized countries happen
at former knacker’s yards. Animals most often
get infected by spores while grazing on con-
taminated meadows and savannahs. Humans
only rarely acquire anthrax, mostly by contact
with infected animals or from occupational or
nutritional exposure to contaminated animal
products such as hair, skin or meat (World
Health Organization 2008; Pilo and Frey
2018). In humans, the clinical manifestation is
dependent upon the route of infection. Three
major forms are described: the cutaneous,
the gastrointestinal and the pulmonary form
(World Health Organization 2008). Since 2000,
injectional anthrax, a rare form of infection,
was detected in patients after injection of
drug contaminated with B. anthracis spores
(Ringertz et al. 2000; Holzmann et al. 2012;
Hanczaruk et al. 2014).

Multiplication

B. anthracis has the ability to alternate between
a vegetative phase and a spore phase. In the
environment, B. anthracis persists principally
as metabolically dormant spores without repli-
cating over long periods. For its replication,
spores need to be taken up by the host where
they encounter appropriate physicochemical
conditions to germinate and multiply as veg-
etative bacterial cells. Thereafter, B. anthracis
is able to avoid clearing by the host’s immune
system thanks to its capsule and the activi-
ties of the toxins, which enables replication
for a relatively short 20–40 generations until
the death or therapy of the host (Keim et al.
2004). Exceptionally, B. anthracis is able to
show vegetative growth in rich soil, where it
tends to lose the virulence plasmid pXO2 with
the capsular genes. This indicates that this
virulence attribute not only grants the ability
to infect mammals but also confers species
host restriction (Saile and Koehler 2006). In
contrast to most other bacteria with similar
generation times, B. anthracis evolves very
slowly due to the long dormant periods as
spores. This slow evolution and the lack of
lateral gene transfer confers to B. anthracis
high genetic and phenotypic homogeneity.
Subtyping of individual strains or isolates by
classical methods such as serotyping, bio-
chemical reactions or phage typing is not
possible. However, recently developed genetic
methods such as rapid whole genome sequenc-
ing enable the differentiation of strains. Full
genome sequencing data allow the identifica-
tion of single strains of B. anthracis in outbreak
investigations and forensic settings and give
a constantly improving and detailed picture
of the population genetics of B. anthracis and
its spread around the world (Keim et al. 2004;
Antwerpen et al. 2012; Girault et al. 2014a; Pilo
and Frey 2018; Figure 27.2).

Evasion of Host Defenses

Glutamic acid is covalently attached to the pep-
tidoglycan of the bacterial envelope, enabling
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the bacteria to remain undamaged by the
host’s immune defense. Capsulated vegetative
bacilli migrate from the primary sites within
24 hours to local lymph nodes by means of
lymph vessels. Infection progresses further
to the draining lymph nodes, spleen, lungs,
and ultimately the blood, where the bacteria
are able to continue replication to the point
of death of the infected animal (Bloom and
McGhee 1947; Cromartie and Bloom 1947).
More recent studies from a mouse infection
model demonstrated the development of a
severe infection with highly metabolically
active bacteria in the nasopharynx of mice at
a time of infection when low to undetectable
quantities of spores are seen in the medi-
astinal lymph nodes (Glomski et al. 2007,
2008). Gastric inoculation of spores revealed
two forms of infection (oropharyngeal and
lower gastrointestinal), intestinal abscesses,
hemorrhage, necrosis, and epithelial barrier
breakdown. Glomski et al. (2007, 2008) found
in the mouse model that B. anthracis spores
germinate and establish infections at the ini-
tial site of inoculation in both inhalational and
cutaneous infections, and that mice initially
develop infections in Peyer’s patches upon
intragastric inoculation of spores. To exert
their toxic biochemical activities at the targets,
the toxins need to gain access to the host cell
cytoplasm. For this purpose, they use cellular
pathways with the help of two main receptors
on host cells that are recognized by PAG:
the capillary morphogenesis gene 2 product
(CMG2 or ANTXR2) and the tumor endothe-
lial marker 8 (TEM8 or ANTXR1; Bradley et al.
2001; Scobie et al. 2003; Figure 27.2). Both
CMG2 and TEM8 are integrin like proteins
that bind to the extracellular matrix proteins
such as collagens and fibronectin and have a
van Willebrand factor A domain, an Ig-like
domain plus a helical transmembrane domain
(Deuquet et al. 2012; Bürgi et al. 2017). Since
knockout-mice deleted for the CMG2 gene
are fully resistant to anthrax toxin challenge,
it is supposed that CMG2 is the main recep-
tor for the anthrax toxins (Liu et al. 2012).

Once PAG is bound to the receptors at the
host cell surface, the 83 kDa PAG is cleaved
by a host furin-like protease to produce a
shorter 63 kDa form (PAG63) that assembles
into heptamers in membrane lipid rafts to
which LEF and EF can bind (Abrami et al.
2003; Castanon et al. 2013; Antoni et al. 2020).
The complexes PAG:LEF and PAG:EF are then
internalized by dynamin-clathrin-mediated
endocytosis (Abrami et al. 2010; Figure 27.2).
After internalization from the cell surface,
PAG undergoes a conformational change
triggered by the acidic (H+) environment in
endosomes forming pores to translocate the
enzymatic subunits EF and LEF to the cyto-
plasm where they exert their toxic activity,
or to an intermediary state in intraluminal
vesicles (Figure 27.2).

Damage

Especially when reaching the lower airways,
spores germinate rapidly and give rise in a few
hours to small edematous areas containing
capsulated bacilli. Signs of typical anthrax in
animals is sudden and unanticipated death.
Minor symptomatic including anorexia and
reduced milk production in cows were reported
retrospectively. Under the acute phase, par-
ticularly cattle suffer from a rapid raise of
temperature. At death, bleeding from the ori-
fices is frequently seen and should lead to a
strong suspicion of anthrax. In more resistant
species, such as in pigs, edematous swellings
on the face and neck are often visible.

In the initial phases of the infection, both
LEF and EF target exert their toxic activ-
ity directly disabling myeloid cells, such as
macrophages and neutrophils, blocking the
host’s immune system and allowing the infec-
tion to progress to an acute state with fever,
sore throat, diarrhea, and vomiting. The later
stages of anthrax are favored by the fact that the
toxins that have reached intraluminal vesicles
remain protected from lysosomal enzymes,
hence allowing storage of the potent active
toxins (Abrami et al. 2013; Figure 27.2). This
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long-term storage of active enzymes in intra-
luminal vesicles and their long-lasting release
that is possible even in absence of bacteria is an
important characteristic of the high virulence
of B. anthracis. In human anthrax patients,
the active enzymes in intraluminal vesicles are
considered to be the reason why patients after
successful elimination of bacteria by treatment
with antibiotics still succumb to the disease
dying from a systemic toxicity. This occurs
typically when antibiotic treatment is started
too late (Abrami et al. 2013).

Immunity and Vaccines

In most cases, infection by B. anthracis leads
to rapid onset of disease and death due to
the capacity of the pathogen to evade the
host’s immune system. Hence, few data on
natural immunity of animals and of cattle
in particular are available. The capsule of B.
anthracis inhibits complement fixation and
opsonization resulting in reduced phago-
cytosis by macrophages. The complement
system is an integral part of innate immunity,
which works in coordination with phagocytes
and facilitates the clearance of the pathogen.
Therefore, inhibition of this component of the
immune system allows the bacterial pathogen
to escape host immunity and blocks building
up of a humoral immune response. In contrast,
injection of live spores of avirulent mutants
of B. anthracis lacking the virulence plasmid
pXO2 and hence being devoid of the PGA
capsule, such as the animal vaccine strain
“Sterne” or “34F2,” induces neutralizing anti-
bodies to the lethal factor LEF, the edema
factor EF and their common adhesin PAG.
This latter, that was for many years named
“protective antigen” since it was known to play
a central role in immune protection by raising
toxin-neutralizing antibodies (Turnbull 1991).
The predominant role of anti-PAG antibodies
in protective immunity was confirmed by
a study using derivatives of strain “Sterne”
containing additional deletions of the genes

encoding the lethal LEF and edema factor EF
(Chitlaru et al. 2017). The original vaccine
strain that was developed by Max Sterne in
1935 and its derivatives account currently for
almost all veterinary anthrax vaccines used in
the world today (Turnbull 2000). In a study
to determine the specificity and toxin neu-
tralization capacity of humoral immune sera
from recovered cutaneous anthrax patients
revealed antibodies directed to each toxin
component LEF, EF, and PAG, the PGA cap-
sule, the collagen-like protein BclA, and the B.
anthracis specific spore carbohydrate antigen
anthrose (Dumas et al. 2020). Study of the over-
lapping decapeptide-binding patterns in sera
from the patients with cutaneous infections
revealed that the anthrax toxin-neutralizing
antibodies to be directed to conformational
epitopes (Dumas et al. 2017, 2020). Of par-
ticular interest are the humoral antibodies
to the anthrax-specific antigenic carbohy-
drate anthrose located on the exosporium of
B. anthracis spores (Tamborrini et al. 2006)
that are found in the sera of infected indi-
viduals (Dumas et al. 2017). The emergence
of anthrose negative strains containing mul-
tiple mutations in the biosynthesis genes of
anthrose in areas where heavy vaccination
with spores of strain Sterne or its derivatives is
practiced, shows the impact of this antigen in
early immune reactions to B. anthracis spores
and sheds a new light on the effect of intensive
and long-lasting vaccination campaigns.

Control and Prevention
of Anthrax

The most efficient way to control anthrax
in animals is the safe disposal of carcasses
of succumbed animals and of all potentially
contaminated material, combined with surveil-
lance of in-contact animals. In case of signs of
an outbreak, rapid diagnosis of diseased ani-
mals, those dead of the disease, and suspected
individuals is essential. The first appearance
of anthrax in animals is sudden, unexpected
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death, which requires differential diagnosis
including botulism, blackleg (Clostridium
chauvoei), peracute babesiosis, chemical
poisoning, ingestion of toxic plants, snakebite,
lightning strike, or metabolic disorders. Param-
eters to be considered for differential diagnosis
will depend on animal species, feeding habits
and the conditions of the geographic location
where the affected animals are found. Bacteri-
ological diagnosis of animals should be done
with a blood sample without need of opening
the carcasses. Terminal blood counts for B.
anthracis are generally high and range from
104/ml to 109/ml for domesticated ruminants
(Lincoln et al. 1967). Bacterial diagnosis of B.
anthracis by culture should be done when-
ever possible as it allows follow-up studies
to detect the source of infection, ideally by
whole genome sequencing. Confirmation of
the species B. anthracis is best done by PCR for
the presence of the major toxin genes lef , cya,
pag and the capsule formation genes capABC
(Ramisse et al. 1996; Kumar and Tuteja 2009;
Antwerpen et al. 2012; Fasanella 2013; Bassy
et al. 2018; Zincke et al. 2020). Direct detection
of B. anthracis from blood samples without
prior culture using real-time PCR, offers a
rapid and safe procedure for routine diagnosis
(Banada et al. 2017). In case of diagnosed
anthrax, in-contact animals should be isolated
and surveyed.

Depending on national or regional regula-
tions, all affected animals must be eliminated
by culling and incineration of the carcasses,
followed by decontamination of the site where
the carcass was initially found or deposited.
Care must also be given to the decontamina-
tion of all items used for diagnosis. To prevent
occupational anthrax of humans, postmortem
examination of animals suspected of having
anthrax should not be performed. Since oxy-
gen leads to rapid sporulation of B. anthracis,
postmortem examinations would also lead
to persistent contamination of the sites of
examinations. If autopsy was performed acci-
dentally, physicians or health professionals
must follow-up all persons involved and the

location must be decontaminated profession-
ally. Burying carcasses or material of affected
animals must be omitted and is forbidden
in most countries, a measure that has led to
a significant reduction of anthrax in cattle
over the last 80 years in all countries strictly
applying this rule. A follow-up of animals in
affected herds or in vicinity of the outbreak
with elimination of diseased animals by culling
and burning carcasses is often required. Occa-
sionally, in-contact or affected herds must be
quarantined for two to three weeks after the
last case diagnosed and fly control should
be implemented if necessary (World Health
Organization 2008).

B. anthracis is generally susceptible to peni-
cillin and several other antibiotics. Animals
respond generally well to treatment when
applied in early stage of illness. Long-acting
penicillins should be used only exceptionally
for animals exposed to the source of infection.
However, treatment of animals with anthrax
or exposed to anthrax is not recommended and
is forbidden in several countries. This impor-
tant to avoid emergence of antibiotic-resistant
strains of B. anthracis, in particular in the
view of the two repressed β-lactamase genes
that are present and risk to get activated by
mutations of the sigma repressor RsiP (Ross
et al. 2009; Pilo et al. 2011; Gargis et al. 2018).
Regulations of the respective countries where
anthrax occurs must be followed.

Vaccination of animals using live attenuated
strains of B. anthracis such as strain Sterne
is an effective measure to control anthrax in
endemic and hyperendemic areas, provided
that reporting of cases and logistics for vac-
cination campaigns are accessible (Kracalik
et al. 2017; Vieira et al. 2017). The vaccines
are licenced in most countries, are widely
available and are relatively inexpensive. Live
attenuated B. anthracis vaccines are generally
labeled for use in all domestic farm animals for
subcutaneous vaccination in the neck. Guide-
lines from the World Health Organization and
World Organisation for Animal Health contain
a comprehensive list of licenced vaccines and
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vaccine producers in various countries and
provide detailed procedures to control anthrax
(World Health Organization 2008). In addi-
tion, most countries have compulsory national
guidelines to be followed in case of outbreaks
or individual cases of anthrax.

Anthrax in humans is rare. Workers from
wool factories processing raw goat and sheep
hair as well as skin, veterinarians and herds-
men are most prone to be infected with B.
anthracis. They generally suffer from occu-
pational anthrax mostly in form of cutaneous
anthrax. When infected, they must be treated
rapidly with appropriate antibiotics such as
penicillins or quinolone antibiotics. Occasion-
ally, intestinal anthrax in humans by ingestion
of meat from animals that succumbed after
an anthrax infection is reported. Pulmonary
anthrax, the most severe form of anthrax in
humans requires most rapid antibiotic therapy.
This form of anthrax in humans is uncommon
and often suspected to be related to presence of
weaponized forms of B. anthracis spores. How-
ever, it may also be found naturally (Barras
and Greub 2014; Griffith et al. 2014). Vacci-
nation of humans is not common. There are
licenced vaccines in certain countries to pre-
vent humans from anthrax, but these vaccines
are not available to the general public (US Food
and Drug Administration 2018). Vaccination
of humans is only indicated for people who are
at a particular risk of coming into contact with
B. anthracis, such as military personnel and
laboratory workers. A complete list of anthrax
vaccines for humans and animals is given in
the guidelines (World Health Organization
2008). Anthrax in human is not considered as
a contagious disease and contact persons are
not endangered.

Gaps in Knowledge
and Anticipated Directions

Because of long survival of B. anthracis
spores in the environment, anthrax persists

worldwide and still causes outbreaks or local-
ized epidemics in cattle and other ruminants,.
In contrast, human anthrax has become rare,
mainly due to decontamination and strict
quality controls of wool and other animal
products before entering industrial production
and thanks to modern diagnostic methods to
detect rapidly animals affected by anthrax.
The attacks in October 2001 in the United
States, with letters containing spores of viru-
lent B. anthracis mailed to several news media
offices and to senators, killing five people and
infecting 17 others, evoked a strong effort
in basic research on the molecular mecha-
nism, preventives, and rapid diagnostics of B.
anthracis. This led to a complete new under-
standing of the subtle immunological and
toxicological ways in which this pathogen
infects its host.

The central role of virulence is determined
by the high toxic potential of the two anthrax
toxins LEF and EF and their high specificity
to receptors of the host’s capillary morpho-
genesis, the gene 2 product (CMG2) and the
TEM8. The solid capsule and the toxins sub-
vert the host cell’s immune defense enabling
the pathogen to persist and spread for long
periods in the host. Furthermore, the long
persistence of the lethal toxin in intralumi-
nal vesicles expands the virulence of anthrax
toxins and requires rapid therapy of infected
individuals. Whole-genome sequencing has
resulted in detailed and robust clade structures
of B. anthracis and allows geospatial tracing of
spread of the disease. However, related Bacil-
lus species that acquired the toxin and capsule
plasmids or developed similarly efficient cap-
sule structures also cause anthrax symptoms
particularly in wild animals. Since such strains
are currently penetrating into the domain of
domesticated animals, they deserve further
attention.
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Introduction

Clostridia can cause a large spectrum of
enteric, neurotoxic or histotoxic diseases in
humans, as well as in pets, livestock and
wildlife. These opportunistic pathogens affect
a diverse array of host species, often resulting
in species-specific diseases. They produce far
more toxins than any other bacterial genus,
explaining the diversity in disease mani-
festations. This chapter focusses on enteric
clostridial infections in animals, presenting
as enteritis, enterocolitis, or enterotoxemia.
Although many enteric clostridia have been
described, this chapter focuses on Clostridium
perfringens and Clostridioides difficile. The role
of other clostridia involved in enteric disease
is summarized only briefly, since details of
pathogenesis are scanty.

Clostridium perfringens

Characteristics of the Organism

A wide range of enteric diseases in both
animals and humans can be attributed to
C. perfringens. This Gram-positive, rod-shaped
bacterium is widely distributed in nature. In
addition to its presence in soil, sewage, and
contaminated foods, C. perfringens is a normal
intestinal inhabitant of many warm-blooded
animals. As an aerotolerant anaerobe, it can

survive in a growth-arrested state in the
presence of oxygen or low concentrations of
superoxide- or hydroxyl-radical-generating
compounds. Its aerotolerant character facil-
itates interhost transmission since the bac-
terium can survive on aerobic surfaces and in
oxygen-exposed tissues. Its aerotolerance, with
its ability to form heat-resistant endospores,
allows the bacterium to be highly persistent in
the environment. This spore-forming pathogen
can germinate in and persistently colonize the
gastrointestinal tract. Germination is triggered
by a wide variety of small molecules but,
perhaps most importantly, primary bile acids
(glycocholate, cholate, taurocholate) in the
gastrointestinal tract of mammals also induce
germination. By contrast, secondary bile acids,
such as deoxycholate, produced by resident
commensal bacteria inhibit germination, pro-
liferation and bacterial colonization (Kiu and
Hall 2018).

C. perfringens is mesophilic, able to grow at
temperatures of 12–50∘C, with an optimum
of 37–45∘C. It is one of the fastest growing
microorganisms known, with a generation
time of 7 minutes when grown at 45∘C and
12–17 minutes at 37∘C. Under ideal circum-
stances, it can grow at least twice as fast
as other intestinal commensals, giving it a
competitive advantage in niche colonization,
sometimes enhanced by bacteriocin produc-
tion. Although for a long time described as
non-motile, a type IV pili-dependent gliding
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motility has been reported in C. perfringens
(Juneja et al. 2010); however, their role in
pathogenesis has not been investigated.

C. perfringens is highly specialized as an
“anaerobic flesh-eater” (Shimizu et al. 2002)
capable of rapidly breaking down both dead
and living animal tissue. It can also adapt to
cause disease in specific animal species. Its
specialization in nature may originally have
been the decomposition of dead animals.

The genomes of numerous C. perfringens
strains have been completely sequenced,
leading to insights in energy metabolism,
biosynthesis, sporulation, virulence, and other
aspects of its pathogenic lifestyle. In addition
to the chromosome, C. perfringens importantly
can harbor large related conjugative virulence
plasmids, which can be transferred between
C. perfringens.

In addition to the conserved core, over 300
variable genomic islands can be distinguished,
all contributing to the genetic diversity within
this species. Whereas all C. perfringens have
a complete set of genes for glycolysis and
glycogen metabolism, no genes encoding
for tricarboxylic acid cycle or respiratory
chain-related proteins have been identified,
both of which are mostly oxygen-requiring
processes. A wide variety of genes encoding
glycolytic enzymes are present within the
C. perfringens genome, explaining its ability
to degrade a large array of complex sugars.
After the breakdown of complex sugars, many
simple sugar compounds can then be used in
the main glycolytic pathway. Fermentation
products such as alcohol, lactate, butyrate, and
acetate are produced. In the anaerobic fermen-
tation pathway, when pyruvate is converted
into acetyl-coenzyme A by pyruvate-ferrodoxin
oxidoreductase, both CO2 and H2 gases are pro-
duced, which aids the growth and survival of
the anaerobic bacteria inside the host (Shimizu
et al. 2002; Myers et al. 2006).

C. perfringens lacks crucial enzymes required
for the biosynthesis of arginine, aromatic
amino acids, branched amino acids, gluta-
mate, histidine, lysine, methionine, serine, and

threonine, and cannot grow in an environment
with limited supply of such essential amino
acids. To obtain these and other essential nutri-
ents from its host, this non-invasive bacterium
secretes a vast array of degradative enzymes
and toxins. Many virulence factors have been
identified in C. perfringens, including toxins
such as alpha- (CPA), beta- (CPB), beta2-
(CPB2), epsilon- (ETX) and iota toxin (ITX),
perfringolysin O (PFO), enterotoxin (CPE),
NetB and NetF, and numerous other non-toxin
tissue-degrading enzymes such as sialidases
(NanI, NanJ, NanH), collagenase(s), and
hyaluronidases. However, the strain-to-strain
difference in toxin production is high (Kiu and
Hall 2018; Dierick et al. 2021), reflecting in
some cases host adaptation of strains.

Pathogenic Types

Based on the presence or absence of specific
toxin genes, C. perfringens strains can be
divided into different toxinotypes. The clas-
sical system (type A–E), based on the CPA-,
CPB-, ETX-, and ITX-encoding repertoire of
the strains, was extended in 2018 by addition of
two additional toxinotypes, F and G, based on
the presence of genes encoding C. perfringens
enterotoxin (CPE) and NetB toxin (Rood et al.
2018). Table 28.1 gives the updated current
toxinotyping system.

Sources of Infections: Ecology, Evolution
and Epidemiology

C. perfringens is omnipresent throughout
nature. Type A is the most common toxino-
type, being widespread in the environment and
in the intestine of both healthy and diseased
animals. Other toxinotypes are less frequent
in the intestinal tract of healthy animals and
humans. For instance, C. perfringens type G is
present in the gastrointestinal tract of healthy
broiler chickens, although in lower numbers
as compared to type A. These bacteria can only
thrive in a favorable gastrointestinal environ-
ment, resulting in proliferation and overgrowth
of commensal gut microbiota. Fecal shedding
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Table 28.1 Classification of Clostridium perfringens
strains into toxinotypes A to G based on their toxin
production and presence of toxin genes.

Toxinotype Presence of toxin genes encoding

CPA CPB ETX ITX CPE NetB

A + − − − − −
B + + + − − −
C + + − − ± −
D + − + − ± −
E + − − + ± −
F + − − − + −
G + − − − − +

Two lead candidates for possible future additional
toxinotypes are NetF strains associated with canine
haemorrhagic enteritis syndrome and foal necrotizing
enteritis, discussed in this chapter, and BEC
toxin-producing strains associated with acute
foodborne gastroenteritis in humans. Source: Rood
et al. (2018), with the permission of Elsevier.

by adult animals results in early intestinal
colonization of neonates, partly explaining the
association of some toxinotypes with neonatal
necrotizing enteritis in farm animals. Fecal
shedding is the main source of clostridial
infection. Widespread contamination has also
been demonstrated through the isolation of
C. perfringens from bedding, transport cages,
drinking water, boots, fans, fly strips, and
flies. Since C. perfringens is aerotolerant and
forms heat-resistant spores, the bacterium can
survive in the environment for years.

Plasmids in Evolution of Different
Toxinotypes
Whole genome sequence analysis of
C. perfringens strains originating from different
sources has revealed a highly divergent open
pangenome with indications of significant hor-
izontal gene transfer. Horizontal gene transfer
between C. perfringens strains is crucial in
understanding both evolution and epidemio-
logical aspects of this bacterium (Wisniewski
and Rood 2017; Mehdizadeh Gohari et al.
2021). In addition to the chromosome, genetic
information can be located on plasmids which,

if they are conjugative, can be transferred
from one strain to another. These conjugative
plasmids may contain antibiotic-resistance
genes or genes encoding toxins or other viru-
lence factors, thereby playing an critical role in
C. perfringens pathogenesis.

The most well-known conjugative plasmid
family is the tcp family first recognized in the
tetracycline resistance plasmid pCW3 (Rood
et al. 1978). Sequencing analysis revealed that
these tcp conjugative plasmids contain a 35 kb
highly conserved core region, encoding critical
genetic elements for replication, maintenance,
stability, partitioning, regulation, and trans-
fer of the plasmid. A tcp conjugation locus
is found in this conserved region, enabling
efficient conjugative transfer. These plasmids
harbor a unique replication gene rep and par-
titioning locus parMRC. The highly variable
accessory region can contain the genes encod-
ing toxins, bacteriocins, antibiotic resistance
determinants, and other likely virulence fac-
tors. Almost all major toxins of C. perfringens
have been related to these tcp plasmids, includ-
ing CPB, ETX, ITX, TpeL, NetF, NetB, and
sporadically CPB2. CPE is located on this type
of plasmid in type C, D, 30% of the type F strains
and in all NetF-positive strains. These vari-
able regions are often associated with mobile
genomic elements such as transposases, inser-
tion sequences and prophages, explaining the
large variability within plasmids, and playing
a crucial role in the continued evolution of
the tcp conjugative plasmid family. Figure 28.1
shows the conserved and accessory regions
of this family for all of the major toxinotypes
(Parreira et al. 2012). The high similarity
between the C. perfringens toxin plasmids
suggests that they are derived from a common
progenitor plasmid that has acquired different
virulence genes throughout evolution, likely
as part of a process of host adaptation. The
tcp virulence plasmids can only be found in
C. perfringens.

Interestingly, up to five of these closely-
related tcp plasmids are able to coexist within
an individual strain (Wisniewski and Rood
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Figure 28.1 Comparative analysis of Clostridium perfringens tcp conjugative plasmids encoding tetracycline
or toxin genes. From the top: tetracycline gene (pCW3); netB toxin gene (pNetB-NE10); netB toxin gene
(pJIR3535): cpe enterotoxin and cpb2 toxin genes (pCPF5603) cpe enterotoxin gene (pCPF4969); itx iota
toxin genes (pCPPB1); etx epsilon toxin gene (p8533etx); cpb2 toxin gene (pCPB2-CP1); cpb2 toxin gene
(pJIR3844). Conserved regions within the analyzed plasmids are highlighted by gray boxes, toxin genes in
purple, and accessory genes in other colors. The netF and netG toxin genes are also present on tcp plasmids.
Source: Based on Parreira et al. (2012) and Gohari et al. (2015).

2017). Plasmid compatibility can be explained
by the existence of multiple partitioning sys-
tems, of which over 10 have been identified
(Parreira et al. 2012; Adams et al. 2015). C. per-
fringens likely maintains its major toxin genes
(other than cpa) on different conjugative plas-
mids because this confers virulence plasticity
and adaptability.

Recently, a second conjugative plasmid fam-
ily has been described. The pCP13-like family
is characterized by a pcp conjugative transfer
locus and has been associated with the CPB2
and BEC toxin. Unlike tcp, this locus is evolu-
tionarily related to the conserved conjugation
system of other pathogenic clostridial species.

Plasmid acquisition has been crucial in
evolution, leading to the differentiation of
C. perfringens pathotypes. This has been
shown in vitro with several tcp conjugative vir-
ulence plasmids. However, other genes on the
virulence plasmids have been shown to be, or
are very likely to be, involved in pathogenesis
(Parreira et al. 2012; Wade et al. 2020). Genes

found on the chromosome of different strains
are also likely or have been shown to be
involved in host specific or possibly environ-
mental adaptation (Lepp et al. 2013; Wade
et al. 2020). The extent and the basis of host
adaptation of C. perfringens is still a largely
unexplored topic. Although not fully proven,
possession of a TpeL-encoding virulence
plasmid is generally accepted as enhancing
the virulence of toxinotype G avian necrotic
enteritis strains encoding the netB gene.

Pathogenomics
The entire genome of a toxinotype A C. perfrin-
gens was first sequenced in 2002. Since then,
a wide range of strains, covering all toxino-
types from different hosts and environments
have been sequenced. Large-scale comparative
genomic analysis shows substantial variability
between strains. The genome of C. perfrin-
gens is 2.9–4.1 Mb in size, with a low G+C%
content. The core genome comprises 1192
genes, covering one third of the entire bacterial
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genome. A wide variety of accessory genes
have been identified, resulting in a highly ver-
satile, open, and plastic pangenome (Feng et al.
2020; Abdel-Glil et al. 2021). This is expected to
expand rapidly with the addition of sequenced
C. perfringens genomes. Such a remarkably
extensive pangenome makes C. perfringens the
most highly diverse of Gram-positive bacterial
species. Most variable and unique regions in
the accessory genome of C. perfringens are
associated with mobile genomic elements,
including insertion sequences, transposases,
and prophages. Five lineages can be distin-
guished, reflecting the strong influence of the
environment/host on bacterial phylogeny and
their involvement in different diseases (Feng
et al. 2020; Abdel-Glil et al. 2021).

Studying the large variability of accessory
genes potentially has given insights in the
disease-inducing capacity of C. perfringens
strains but linking these regions in specific
genomes to diseases is complex. Additional
research is required to verify whether the
identified gene has indeed a role during
pathogenesis, is non-functional, or is the
result of other host or environmental adapta-
tion throughout evolution. Study of multiple
clostridial knockout mutants will aid this
research (Keyburn et al. 2008; Wade et al.
2020). Further genome study using carefully
selected strains will undoubtedly lead to
improved understanding of host adaptation
and of disease associations.

The genomes of poultry isolates of toxino-
type A and G have been studied in the greatest
depth, and illustrate important aspects of evo-
lution of this pathogen. For a long time, NetB
was considered the sole crucial toxin in avian
necrotic enteritis development in broilers. Loss
of the entire netB-encoding plasmid results
in the loss of virulence of C. perfringens type
G strains. Interestingly, complementation of
this mutant strain with only netB toxin gene
restores pathogenicity, although not to its full
extent, showing that other netB-associated
genes present on the plasmid are required
during pathogenesis (Zhou et al. 2017). Lepp

et al. (2010) identified three highly conserved
pathogenicity loci specific for type G strains
(Figure 28.2). These genomic regions include
NEloc-1 (42 kb, plasmid, contains the netB and
36 additional genes), NEloc-2 (11.2 kb, chro-
mosome, contains 11 additional genes), and
NEloc-3 (5.6 kb, plasmid, contains five associ-
ated genes). In addition to these pathogenicity
loci, over 400 variable genes (VR regions) were
identified, including several chromosomal
genes associated with bacterial host “fitness”
such as iron uptake and nutrient acquisition
as well as a pilus-adhesive gene locus VR-10B
(Lepp et al. 2013). The involvement of some
of the putative proteins during avian necrotic
enteritis have been proven, for instance the
plasmid-encoded glycoconjugate binding
zinc metalloprotease ZmpA (NEloc-1, mucus
degradation), and the related chromosomally
encoded ZmpB, as well as the chromosoma-
lly encoded collagen binding adhesin CnaA,
which is part of a chicken-specific pilus VR-10B
genetic locus (Wade et al. 2016, 2020). Avian
necrotic enteritis strains belong to at least
two distinct clades, with clade 1 containing a
necrotic enteritis-specific pilus-adhesion locus
VR-10B and largely falling into two subclades
(Lacey et al. 2018). The second clade represents
a broader range of strains that have acquired
the NetB virulence plasmid but appear less
well adapted to chickens (Lacey et al. 2018).
Additional research is required to identify the
importance of the other putative virulence
factors during necrotic enteritis pathogenesis
specifically, or disease pathogenesis for other
C. perfringens associated diseases in general.

Types of Disease and Pathologic Changes

Toxinotypes have been associated with specific
human and animal diseases, indicating that
toxin production profoundly influences the vir-
ulence of C. perfringens strains, although other
host-specific adaptations are also present. A
list of both the well characterized and more
speculative C. perfringens-associated enteric
diseases is given in Table 28.2. The common
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(A)

(B) (C)

Figure 28.2 Genetic organization of necrotic enteritis-specific loci in Clostridium perfringens type G strains.
The genetic organization of (a) NELoc-1, (b) NELoc-2, and (c) NELoc-3 is shown, each arrow representing a
predicted gene and the total size given below each locus. Predicted functional annotations and locus tags
are shown above and below each gene, respectively. Genes are color-coded by their putative role based
upon sequence analyses. The presence of NELoc-2 and NELoc-3 is characteristic of clade 1 strains of type G
strains; clade 2 only possess NELoc-1 in the pNetB virulence plasmid. Source: Based on Lepp et al. (2010)
and Lacey et al. (2018).

presence of C. perfringens in the intestine of
animals, especially in young animals, means
that the organism has likely erroneously been
attributed as the cause of some intestinal dis-
eases. Considerable further work is required to
carefully describe both the disease processes
and the genome sequences of the strains so
that its role can be confirmed. Disease man-
ifestations of the most prominent enteric
C. perfringens-associated animal diseases for
each toxinotype are briefly discussed below.

Enteric Diseases Caused by Clostridium
perfringens Type A

Bovine Necrohemorrhagic Enteritis
C. perfringens type A is the possible cause of
several bovine gastrointestinal disorders, but
is most convincingly recognized as a cause of

necrohemorrhagic enteritis (formerly known
as enterotoxemia) and to a lesser extent of
abomasitis. Necrohemorrhagic enteritis affects
calves held under intensive rearing conditions,
resulting in sudden death despite overall good
health. The disease occurs in both suckling
calves and in veal calves (predominantly beef
cattle breeds) around the ages of four and
eight months, respectively. The susceptibility
of breeds is higher in beef cattle breeds com-
pared with dairy and mixed-breed calves. The
disease progresses rapidly, with sudden death
only five hours after the first premonitory signs
are observed. The enteritis is characterized by
diffuse or localized small intestinal hemor-
rhage mostly situated in the jejunum, but
occasionally the ileum, and less frequently the
caecum, colon, and abomasum can be affected.
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Table 28.2 Enteric diseases associated with different recognized toxinotypes of Clostridium perfringens.

Toxinotype Major toxin Confirmed disease association Possible but unproven association

A CPA, alpha toxin Necrohemorrhagic enteritis
(“enterotoxemia”) in young
cattle

Enteric diseases farmed ruminants
(including abomasitis), poultry,
horses, dogs, neonatal swine;
necrohemorrhagic enteritis broilers;
focal duodenal necrosis broilers;
necrotic enteritis layer pullets

B CPB, beta toxin Lamb dysentery, sheep Similar disease other ruminants,
possibly foals; chronic enteritis
sheep

C CPB, ETX Neonatal necrotic enteritis
farmed ruminants, foals,
swine; acute enterotoxemia
adult sheep; enteritis
necroticans in humans

Acute enterotoxemia sheep

D ETX, epsilon toxin Enterotoxemia farmed
ruminants; enterocolitis adult
goats

Yellow lamb disease

E ITX, iota toxin Severe gastroenteritis calves Enteric disease rabbits, sheep
F CPE, enterotoxin Human food poisoning;

human antibiotic-associated
and sporadic diarrhea.
NetF-positive, cpe-positive
strains necrotizing
enterocolitis foals, canine
acute hemorrhagic diarrheal
syndrome

Food poisoning in animals?

G NetB, necrotic
enteritis B-like
toxin

Necrotic enteritis in poultry,
other birds

The intestinal content is mostly liquid and
bloody and limited to the diseased segment,
suggesting a paralytic ileus. On a microscopic
level, intestinal hemorrhages and cell necrosis
can be observed from the tip of the villi to
the base of the crypts. In the most advanced
stage, necrosis is present in which the villus
tips detach from the underlying viable tissues.
The essential role of CPA has been confirmed
(Goossens et al. 2017).

Diseases Caused by Clostridium perfringens
Type B

Lamb Dysentery
C. perfringens type B infection causes dysentery
in young lambs less than two weeks of age. The

disease occurs uncommonly in Europe, South
Africa, and the Middle East, but has not been
described in America and Australia. Disease
has been associated with nutrient spillover
into the small intestine in lambs suckling
heavily lactating ewes. Clinical signs associ-
ated to lamb dysentery are acute abdominal
pain, a distended abdomen, and hemorrhagic
diarrhea, followed by recumbency, coma, and
eventually death, with a fatality rate of 100%.
Disease is characterized by hemorrhages and
ulcerations in the small intestine, congested
and edematous lungs, a pale, congested, or
friable liver, an enlarged and pulpy spleen, and
pale, enlarged kidneys. Microscopically, there
is multifocal to diffuse transmural hemorrhage
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of the small intestine with mucosal coagula-
tion necrosis that extends into the muscularis
and serosa. In addition to its effect on the
gastrointestinal tract, neurological signs are
common. The two main virulence factors
associated to lamb dysentery are CPB and
ETX. However, Falkow’s molecular Koch’s
postulates have not been attempted to con-
firm this. The latter toxin could explain the
observed neurotoxic effects (Uzal and Songer
2016).

Diseases Caused by Clostridium perfringens
Type C
C. perfringens type C causes necrotizing enteri-
tis and enterocolitis in an array of species,
including humans. In lambs, the disease is
referred to as “hemorrhagic enteritis,” in adult
sheep as “struck,” and in young goats, calves,
piglets, and foals as “necrotic enteritis.” In
humans, “enteritis necroticans” is also some-
times called “pigbel” or “Darmbrand.” There
is limited information on the prevalence of the
disease, although it is uncommon. In all host
species, the fatality rate is high, at 50–100%.
Clinical signs are similar in young animals
of most species, although interspecies and
individual variations may occur. In peracute or
acute cases, animals suffer from severe colic,
lethargy, severe depression, and often bloody
diarrhea. If the disease progresses more slowly,
a more chronic form is observed, which is
characterized by persistent diarrhea, weight
loss, and dehydration. C. perfringens type C
infection induces lesions in the small intestine,
either jejunum or ileum in sheep and calves, or
just the jejunum in piglets. The comprehensive
hemorrhagic necrosis affects the mucosa, sub-
mucosa, and muscularis mucosa. As a result
of serosal congestion and hemorrhage, the
affected intestinal segment becomes dark. In
acute cases, a brown, bloody fluid has been
reported, containing fibrin clots and necrotic
debris. In chronic cases in piglets, the intestinal
fluid is mucoid and yellow. Molecular Koch’s
postulates have been fulfilled for the CPB toxin
in piglets (Diab 2016).

Diseases Caused by Clostridium perfringens
Type D
C. perfringens type D causes enterotoxemia in
small ruminants (sheep, goats, occasionally
calves). The disease is sometimes also referred
to as “overeating disease,” since sudden access
to large amounts of feed in unaccustomed
animals predisposes to disease development.
In the past, the term “pulpy kidney” has been
used, but is not recommended because of the
subjectiveness of the description. This highly
prevalent disease is notorious for its short clini-
cal course and fatal outcome. Affected animals
may develop neurologic disease since ETX
absorbed from the intestine may be distributed
throughout the body, causing generalized vas-
cular tight junction degeneration and marked
increased capillary permeability, including in
the brain. Intracranial pressure rises, resulting
in encephalomalacia.

Type D-induced enterotoxemia mainly
affects young sheep and goat kids at the
age of two weeks but also occurs in adult
animals, notably in milking animals being
pushed for production. In young animals,
the disease mainly presents in an acute form,
where animals die either shortly after showing
neurological and respiratory clinical signs or
suddenly without premonitory signs. In older
sheep, both subacute and chronic enterotox-
emia have been reported, characterized by
neurological clinical signs such as blindness,
ataxia, head pressing, and paraparesis. In
adult goats, subacute enterotoxemia is char-
acterized by diarrhea and colic, either with
or without respiratory or neurological clini-
cal signs. Animals die or recover within two
to four days. Chronic enteritis may occur in
older vaccinated goats, characterized by per-
sistent, watery, and sometimes hemorrhagic
diarrhea.

Gross lesions in the gastrointestinal tract of
animals with enterotoxemia are often limited
to multifocal distention of the small intes-
tine. In acutely affected sheep, the disease
is characterized by pulmonary oedema with
large amounts of froth in the trachea and
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lower airways, hydropericardium, hydrotho-
rax, splenic and hepatic congestion, ascites
and subendocranial, subepicardial, and
serosal hemorrhages. In older sheep, gross
brain lesions have been described, includ-
ing cerebellar coning and focal symmetrical
encephalomalacia. No such lesions are found
in goats. In subacute and chronic cases of the
disease in goats, colitis has been reported with
mild to severe mesocolonic edema, colonic
distention, hyperemia, hemorrhages, and
necrosis of the colonic mucosa. In addition,
hydropericardium, ascites, and pulmonary
edema have been reported in the subacute
form (Fernandez Miyakawa and Uzal 2003).
The differing disease pathology in different
hosts could be the result of host adaptation of
the strains, although this hypothesis has not
been confirmed to date.

Diseases Caused by Clostridium perfringens
Type E
Type E C. perfringens is associated with often
fatal but hemorrhagic enteritis in neonatal
calves. Sporadic reports have described clin-
ical cases in ostrich chicks, reindeer, goats,
and lambs. Most aspects of the pathogenesis
of type E enteric infections remain poorly
characterized (Songer 2016).

Diseases Caused by Clostridium perfringens
Type F
Type F strains contain the cpe gene and pro-
duce the CPE enterotoxin upon sporulation
(Table 28.1; Rood et al. 2018). These strains
cause food poisoning and non-foodborne
diarrheal disease in humans. The cpe gene
is chromosomally encoded in the majority of
type A food poisoning isolates but is plasmid
borne in most human non-foodborne and
animal enteric disease isolates. The role of
CPE-producing strains in enteric disease in
animals is poorly characterized and contro-
versial (Busch et al. 2015; Uzal et al. 2018).
Further work is required to identify whether,
with the exception of NetF-producing strains
described below, type F strains are causally
involved in enteric disease of animals.

Diseases Caused by Toxinotype F Strains
Producing NetF (With or Without NetG)
A subset of toxinotype F strains, which all
encode the cpe gene on a separate tcp plasmid,
are strains that encode two pore-forming tox-
ins related to CPB and NetB, designated NetE
and NetF. Toxic activity is caused by NetF.
These strains are associated with both necro-
tizing enterocolitis in foals and with canine
acute hemorrhagic diarrhea syndrome in dogs.
The strains all possess a tcp plasmid similar
to those in Figure 28.1 but distinct from the
cpe-encoding plasmid. A small proportion pos-
sess a separate tcp plasmid with an additional
related toxin gene named NetG (Mehdizadeh
Gohari et al. 2021).

NetF-producing C. perfringens are associated
with necrotizing enterocolitis in neonatal foals.
The disease is very similar to type C infection
and is usually a necrotic enteritis. Mortal-
ity is high with diseased foals dying within
12–24 hours after onset of the disease. Clinical
signs are diarrhea, depression, dullness, colic,
dehydration, and abdominal pain. Hematolog-
ically, either neutrophilia or neutropenia can
be present, with increased fibrinogen. The dis-
ease is characterized by severe fibrinonecrotic
enteritis, in some cases with intestinal mural
emphysema. Focal mucosal ulceration can
be present in both the small and large intes-
tine. The disease is commonly acute but may
develop into a severe, chronic, localized region
of necrosis. Microscopically, the epithelia of
the small intestine, large intestine, and gastric
glands shows acute coagulative necrosis and
are separated from underlying layers by a band
of mostly neutrophilic infiltration. Typically,
large numbers of Gram-positive rods adhere to
the necrotic intestinal mucosa (Gohari et al.
2015).

NetF-producing toxinotype F C. perfringens
are also commonly associated with acute
hemorrhagic diarrhea syndrome (AHDS), also
known as canine hemorrhagic gastroenteritis
or canine intestinal hemorrhage syndrome.
This is a common cause of acute hemorrhagic
diarrhea in dogs, although no single etiological
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agent of AHDS has been identified. AHDS
may occur in dogs of any age or breed but typ-
ically occurs in small breed dogs. The disease
is characterized by an acute onset of bloody
foul-smelling diarrhea with frequent vomiting.

AHDS mostly has a self-limiting, mild,
though dramatic, course with only spo-
radically a fatal outcome. Clinical signs
include depression, painful abdomen, and
ileus. Hemoconcentration with increased
packed-cell volume, hemoglobin concentra-
tion, and red blood cell count may reflect the
rapid fluid loss into the intestine. The mucosal
and serosal surfaces of both small and large
intestine are often diffusely hemorrhagic and
necrotic Lesions can be present throughout
the entire gastrointestinal tract, although the
gastric mucosa is only sporadically involved.
Microscopically, the villus epithelium shows
coagulative necrosis and is separated from its
underlying layers by a band of mostly neu-
trophilic infiltration. The recognition in recent
years of the important role of NetF-producing
type F C. perfringens in many cases of AHDS
has been a critical advance in understanding
the basis of this disease, although more work is
needed to understand its epidemiology and fac-
tors affecting host predisposition (Mehdizadeh
Gohari et al. 2021).

Diseases Caused by Clostridium perfringens
Type G

Non-Hemorrhagic Necrotic Enteritis in Broilers
The causative agents of non-haemorrhagic
necrotic enteritis in broilers are C. perfrin-
gens type G strains producing the NetB toxin
(Table 28.1). Outbreaks mostly occur in broiler
flocks around the age of three to four weeks.
The disease can occur in both a relatively
uncommon clinical form and a more prevalent
subclinical form. The clinical form can be
peracute, in which birds drop dead within one
to two hours after showing signs of discomfort.
Birds suddenly display illness characterized
by increased huddling, depression, dullness,
decreased appetite, anorexia, dehydration,
ruffled feathers, and diarrhea. No premonitory

signs can be seen prior to disease development.
Despite a lack of mortality, the less severe
subclinical form of the disease is of greater
economic significance because of reduced
feed intake and poor absorption of nutrients
resulting in an increased feed conversion ratio
(around 10%) and drop in body weight gain
(around 12%).

Gross lesions are typically restricted to the
small intestine, in particular the jejunum and
ileum. The intestines are thin-walled, friable,
and enlarged due to enhanced gas produc-
tion. More chronic cases are characterized
by the presence of multifocal jejunal ulcers
in the form of a depression in the mucosal
surface. Often discolored, foul-smelling, and
yellowish amorphous material adheres to the
mucosal surface, which is a mixture of fib-
rin, sloughed-off mucosal debris and digesta.
In more severe cases, confluent mucosal
necrosis occurs, often presenting as a pseu-
domembrane. In subclinical non-hemorrhagic
necrotic enteritis, cholangiohepatitis in which
the liver is pale, enlarged and covered with
multifocal yellow necrotic foci, has also been
described (Dierick et al. 2021). Recently, a dis-
tinction was made between a non-hemorrhagic
(described above) and a hemorrhagic form of
necrotic enteritis in broilers, in which the
latter has been associated with netB-negative
C. perfringens type A strains (Goossens et al.
2020). Further work is needed to identify
the characteristics of and confirm the role
of C. perfringens associated with this hemor-
rhagic form.

Virulence Factors

C. perfringens is notorious for its extensive
toxin-producing ability contributing to its mul-
tifarious tissue damaging character. Numerous
toxins and degradative enzymes have been
identified (Table 28.3). Their mode of action
and crucial role during pathogenesis are often
still under investigation but the pore-forming
activity of the most tcp-plasmid-encoded tox-
ins is notable (Table 28.3). The characteristics



Table 28.3 Properties of some well-characterized important extracellular degradative enzymes and toxins produced by Clostridium perfringens involved in enteric
diseases; the bacterium produces numerous other degradative enzymes.

Enzyme or toxin Action Target Gene location Other

Enzymes
NanI Sialidase Mucus-surface

glycosylated lipids
Chromosome Likely important in intestinal disease

NanJ Sialidase Mucus-surface
glycosylated
lipids/proteins

Chromosome Likely important in intestinal colonization

NanH Sialidase Mucus-surface
glycosylated
lipids/proteins

Chromosome Likely important in intestinal colonization

Kappa toxin Collagenase Surface glycosylated
lipids/proteins

Chromosome Likely important in intestinal disease

Lambda toxin Protease Unknown tcp plasmid Nutrient acquisition
Mu toxin Hyaluronidase Hyaluronic acid Chromosome Tissue spread
α-clostripain Cysteine protease Unknown Chromosome Nutrient acquisition
ZmpA, ZmpB Zinc metalloproteases Mucus-surface

glycoproteins
tcp plasmid and
chromosome

Mucin binding M60 family proteases,
nutrient acquisition; avian necrotic
enteritis (Wade et al. 2020)

Toxins
BEC, binary
enterotoxin of
C. perfringens

Unknown action Cytoskeleton pcp conjugative plasmid Actin-specific ADP ribosyl transferase

CPA, alpha toxin Phospholipase C and
sphingomyelinase

Plasma membrane Chromosome Membrane destruction, best-characterized
CP toxin

CPB, beta toxin Pore formation Plasma membrane tcp conjugative plasmid Beta-pore-forming toxin family of
α-hemolysin family

CPB2, beta2 toxin Putative pore formation Plasma membrane tcp conjugative plasmid Widespread minor toxin, uncertain role

(continued)



Table 28.3 (Continued)

Enzyme or toxin Action Target Gene location Other

CPE, enterotoxin Pore formation Plasma membrane tcp conjugative plasmid Targets claudin in epithelial cell tight
junctions

ETX epsilon toxin Pore formation Plasma membrane tcp conjugative plasmid Beta pore-forming toxin of aerolysin family
ITX, iota toxin Pore formation Cytoskeleton tcp conjugative plasmid Clostridial binary toxin family;

actin-specific ADP ribosyl transferase
NetB, necrotic
enteritis CPB-like
toxin

Pore formation Plasma membrane tcp conjugative plasmid Beta-pore-forming toxin family

NetE, NetB-like
toxin

Putative pore formation Plasma membrane tcp conjugative plasmid Beta-pore-forming toxin family

NetF, NetB-like
toxin

Pore formation Plasma membrane tcp conjugative plasmid Beta-pore-forming toxin family

NetG, NetB-like
toxin

Putative pore formation Plasma membrane tcp conjugative plasmid Beta-pore-forming toxin family

PFO,
perfringolysin

Pore formation Plasma membrane Chromosome Cholesterol-dependent cytolysin toxin
family

TpeL, toxin
perfringens Large

Likely pore formation Cytoskeleton tcp conjugative plasmid Ras-specific mono-glucosyl transferase;
Large clostridial glucosylating family

Source: Modified from Gohari et al. (2021).
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of the best-characterized toxins are discussed
in this chapter. For decades, toxins were the
main research focus of C. perfringens-related
research, but more recently interest has been
importantly broadened to investigating the role
of numerous non-toxin factors involved in dis-
ease pathogenesis. These are involved in many
stages of disease development including adher-
ence and colonization, nutrient acquisition,
spore resistance, motility, biofilm forma-
tion, or enhancing toxin action. Non-toxin
virulence-associated attributes can be gen-
eral, expressed by most or all C. perfringens
strains (e.g. sialidases and hyaluronidases), or
specific for one particular toxinotype (e.g. the
carbohydrate-binding metalloprotease ZmpA
and collagen adhesive CnaA-associated pilus
specific for type G). Genomic analysis contin-
ues to contribute to identifying these non-toxin
virulence-associated factors.

Toxins
Many important toxins have been identified
in C. perfringens (Table 28.3), but there are
considerable strain differences. In addition
to the potent toxins used for toxinotype clas-
sification (Table 28.1), others such as BEC,
NetE, NetF, NetG and TpeL, and more minor
toxins such as PFO, CPB2 and others have
been described (Table 28.3). Although the
definitive function of some toxins in the patho-
genesis has yet to be determined, they can
be divided into three major classes based
on their mode-of-action: enzymes that act
upon the cell surface, pore-forming toxins,
and toxins that exert their action in the cyto-
plasm. Toxins can either act locally and/or
systemically, causing enterotoxemia. The most
prominent C. perfringens toxins are discussed
in this chapter, with their mode-of-action
summarized schematically in Figure 28.3.

Alpha Toxin
CPA is almost universally produced by C. per-
fringens (Table 28.1) and has numerous
pathological effects. Its indispensable func-
tion in disease pathogenesis has however only

been demonstrated in human gas gangrene
and bovine necrohemorrhagic enteritis but its
role in other diseases is either non-essential
or remains to be determined. This well char-
acterized and potent multifunctional zinc
metalloenzyme has both phospholipase C
and sphingomyelinase activities. As a result,
CPA disrupts the membrane of erythrocytes
and a variety of cultured mammalian cells. At
high concentrations, the toxin acts through
extensive degradation of phosphatidylcholine
and sphingomyelin, two major components
of eukaryotic cell membranes, followed by
membrane disruption and cell lysis. CPA is
hemolytic, cytotoxic, myotoxic, and lethal.
Next to its disruptive action, a more subtle
role can also be attributed to CPA through per-
turbation of the metabolism of the host cells.
At sublytic concentrations, the toxin causes
limited hydrolysis of phosphatidylcholine
and sphingomyelin into diacetyl glycerol
(DAG) and ceramide, respectively. These sec-
ondary messengers trigger various host signal
transduction pathways resulting in uncon-
trolled intracellular mediator production.
DAG production activates the arachidonic
acid metabolism (local inflammation and
vasoconstriction) and protein kinase C (induc-
tion of other signaling cascades). Ceramide
production can activate protein phosphatases
and various protein kinases involved in signal
transduction pathways associated to cell death
and cell cycle arrest.

In endothelial cells CPA induces the produc-
tion of two vasoactive lipids (platelet-activating
factor and prostacyclin) and the neutrophil
chemoattractant interleukin 8, potentially
contributing to vascular permeability and
neutrophil adhesion. CPA alters neutrophil
adherence and extravasation through upreg-
ulation of adhesion molecules in both
endothelial cells and neutrophils. In neu-
trophils, superoxide generation is promoted
by CPA, contributing to its cytotoxic and
myotoxic effects. Vascular occlusion can be
mediated through increased aggregation of
platelets. Furthermore, the CPA stimulates the
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Figure 28.3 Summary of action of important Clostridium perfringens toxins on enteric host cells. A
description is provided in Table 28.3 and in the text. Source: Modified from Uzal et al. (2016).

production of endogenous mediators such as
tumor necrosis factor α, indirectly contribut-
ing to the lethal effect when released into the
bloodstream (Theoret and McClane 2016).

Beta Toxin
CPB is a member of the β-pore-forming toxin
family. In the intestine, CPB causes necro-
sis of the endothelial cells by formation of
potential dependent, cation-selective chan-
nels in the cell membrane. Prior to pore
formation, CPB monomers bind to their
host cells by interaction with an unidenti-
fied receptor thought to be located in lipid
raft macrodomains of susceptible cells. The
bound CPB monomers oligomerize rapidly

to hexameric or heptameric rings, forming a
prepore, which is rapidly followed by toxin
insertion into the membrane by the amphi-
pathic transmembrane domain, resulting in
the generation of an active pore with a pore size
of approximately 12 Å. These channels permit
unregulated K+ efflux and influx of Na+, Ca+,
and Cl− ions, resulting in cell swelling and
lysis (Nagahama et al. 2015).

Epsilon Toxin
Host digestive enzymes (trypsin and chy-
motrypsin) or proteases synthesized by
resident bacteria (C. perfringens lambda
toxin) are crucial in ETX activation. The
mature ETX is approximately 1000 times
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more active than its progenitor and consid-
ered the third most potent clostridial toxin. A
member of the aerolysin subcategory within
the pore-forming toxin family, formation of
the transmembrane β-barrel pore results in
unregulated K+ efflux and influx of Na+ and
Cl− ions and in cell death. Inhibition of the
pore-formation process was not able to pre-
vent ETX induced cytotoxicity, indicating
other unidentified, underlying signal path-
ways involved in the activity of this toxin. The
toxin was found to stimulate AMP-activated
protein kinase, induce nuclear translocation of
apoptosis-inducing factor and depolarize the
mitochondrial membrane. Next to its direct
cytotoxic effect in the intestines, ETX traverses
the intestinal epithelium, exploiting the para-
cellular permeability routes and eventually
being taken up into the blood stream to cause
enterotoxemia and generalized disease (Alves
et al. 2014).

Iota Toxin
Besides the TpeL toxin, ITX is only one of
two identified toxins that act intracellularly.
In contrast to the other major toxins, ITX is
comprised of two polypeptides, the enzyme
component Ia and the binding component
Ib, making it a member of the binary toxin
family. Alone, the components are non-toxic
but together they have cytotoxic, lethal, and
dermonecrotic activity. Both polypeptides
are produced as inactive propeptides, which
are activated proteolytically by host digestive
enzymes as well as by bacterial proteases.
Once bound to the host cell, Ib monomers are
gathered through lipid rafts and oligomerized
into heptamers. Small ion-permeable channels
are formed, releasing K+ ions from the cells in
a dose -and time dependent manner. However,
this apparent biological activity of Ib does not
directly result in cell death. Next, Ia binds to
the Ca2+ binding motif within the N-terminal
part of the Ib component. The entire complex
composing both Ia and Ib is internalized by
receptor-mediated endocytosis. The Ib com-
ponent is continuously recycled between the

endosomal compartment and the cell surface.
The Ia component escapes the early endosome
by acidification of the compartment and enters
the cytoplasm. Thereafter, Ia binds to actin fila-
ments and facilitates cleavage of the N-glycosyl
bond between nicotinamide and the N-ribose
of NAD (NAD+-glycohydrolase, NADase) and
transfers the ADP-ribose moiety to target pro-
teins (ADP-ribosyltransferase, ARTase). As a
result, actin polymerization is hampered and
the cytoskeleton collapses, eventually leading
to cell death (Sakurai et al. 2009).

Enterotoxin
CPE is responsible for the majority of C.
perfringens-associated food and non-food
borne gastrointestinal disease in humans and
may be involved in enteric diseases in animals.
Around 5% of all C. perfringens isolates produce
CPE, including some types C, D, and E, and,
by definition, all type F strains. The toxin is
not secreted by the bacterium but rather is pro-
duced during sporulation under regulation of
the Spo01 master regulator. Large amounts
of CPE are produced due to the involvement
of multiple promotor regions and released into
the intestinal lumen during lysis of the mother
cell. In the lumen the toxin is proteolytically
activated after which it binds certain members
of tight junction proteins. Small complexes
containing the toxin and claudin (bound and
unbound) are formed and interact with each
other resulting in a larger CH-1 complex. Six
CPE molecules oligomerize and create the
450 kDa prepore. The β-hairpins penetrate
the membrane and assemble into a β-barrel
creating an active pore. Ca2+ influx is triggered
resulting in calpain activation eventually lead-
ing to cell death through classical apoptosis
or necrosis. CPE-induced enterocyte death
causes histologic lesions which trigger fluid
secretion, epithelial necrosis, desquamation
and villus blunting in both small and large
intestine (Freedman et al. 2016).

NetB Toxin
Non-hemorrhagic necrotic enteritis in broilers
is caused by type G strains producing NetB,
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a toxin closely related to CPB. It belongs to
the α-haemolysin family of the β-pore-forming
toxins. NetB induces cytolysis by forma-
tion of unregulated ion channels. The secreted
monomeric toxin binds to the host cell through
an unidentified receptor. The subsequent
oligomerization into a heptameric prepore is
followed by internalization of the toxin into
the host lipid bilayer. The assembled active
pores have a diameter of 26 Å and favor cations
over anions (Keyburn et al. 2010). NetE, NetF,
and NetG are related to this toxin (Table 28.3).

Regulation of Virulence

The production of both toxin and non-toxin
virulence-associated factors is tightly regu-
lated. The best-characterized regulator of vir-
ulence in C. perfringens is the two-component
regulatory expression system (TCRS)
VirR/VirS, which positively regulates the
expression of many toxins such as CPA, CPB,
CPB2, NetB, and PFO. An environmental
stimulus is detected by the membrane bound
sensor histidine kinase (VirS) after which
it is autophosphorylated. The phosphoryl
group is transferred to the cytoplasmatic tran-
scriptional regulator (VirR), which acts as a
transcriptional regulator by binding to the
promotor region of specific genes. Although
this global regulation system directly regulates
the expression of certain genes, the expression
of other virulence factors involves secondary
regulators such as the small regulatory RNA
VR-RNA, VirT, VirU, or VirX. Recently, a
second TCRS RevS/R was identified, which
is involved the expression of several degrada-
tive enzymes such as sialidases (NanH, NanI;
Ohtani and Shimizu 2015).

C. perfringens uses density-sensing quorum-
sensing systems to regulate the production of
certain virulence factors. The Agr-like system
is the most important quorum-sensing system
in C. perfringens and uses an autoinducing
peptide to signal the classical TCRS. This sys-
tem controls the expression of CPA, PFO, CPB,
CPB2 (only type D), ETX (only type D), and

NetB and is involved in biofilm formation. Fur-
thermore, a similar luxS/AI-2 quorum-sensing
system positively regulates the production of
CPA and PFO. More recently, a novel TCRS
system, PilR/PilS, has been shown to regu-
late expression of the virulence-associated
Cna-associated pilus found in chicken clade
1 type G strains, which may be negatively
regulated by the Agr-like QS system (Zhou
et al. 2021).

In addition to the TCRS and quorum-sensing
systems, other transcriptional regulators have
been described to control toxin production.
CodY has been identified as a global transcrip-
tional regulator that senses nutrient availability
through binding of GTP or branched amino
acids. In type D strains, CodY is involved in
ETX regulation. CcpA, a global regulatory
protein, acts as a repressor of certain genes
when glucose levels are high. CcpA positively
controls sporulation and the production of
both ETX and CPE (Mehdizadeh Gohari et al.
2021).

The Pathogenesis of Clostridium
perfringens Enteric Disease

Within different host species, different C. per-
fringens toxinotypes cause variable clinical
signs. Apart from the central role of toxins,
many general features of disease progression
are common to all C. perfringens-associated
enteric diseases although details of the patho-
genesis of these diseases will vary with the
toxinotype or strain and remain incompletely
understood. A general pathogenesis model
for intestinal disease caused by C. perfringens
is shown in Figure 28.4. The rapid, largely
necrotizing, and highly destructive nature of
C. perfringens infections enable the pathogen
to evade host innate immune system.

Since the general pathogenesis of C. per-
fringens type G strains in avian necrotic
enteritis has been studied most, its current
pathogenesis model is used to illustrate the dif-
ferent stages of enteric disease development,
which, although most details remain to be
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Figure 28.4 Schematic of the general features of the pathogenesis of enteric diseases caused by
Clostridium perfringens.

determined, is potentially applicable to other
enteric infections caused by this organism.

Predisposition
Enteric clostridial infections usually require
predisposing conditions which modify the
gastrointestinal environment and/or stim-
ulate C. perfringens colonization, prolifera-
tion, and toxin production. A wide variety

of predisposing factors have been identified.
These include dietary carbohydrate content,
dietary non-starch polysaccharide content,
dietary protein content and source, the physi-
cal properties of feed, the presence of trypsin
inhibitors in the small intestine, including
in the colostrum of ruminants, horses, and
swine, excess fermentable feed in the intestine,
enhanced availability of nutrients through
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malabsorption or intestinal damage by other
microorganisms, such as coccidia in avian
necrotic enteritis, the rapid proliferation in
the neonatal intestine as part of development
of the microbiome (Moore 2016), all factors
encouraging the growth of the organism in
the small intestine or failure to degrade toxins
produced by proliferating organisms. Protease
activity produced by large intestinal bacteria
largely confines these diseases to the small
intestine. The frequent additive effects of these
factors makes C. perfringens-associated enteric
diseases often multifactorial and complex.

Host Association
Enteric pathogens have to overcome numerous
obstacles to efficiently colonize the gastroin-
testinal tract. C. perfringens is an aerotolerant
spore-forming bacterium, facilitating its sur-
vival in harsh environments and entry into the
intestine. The degree of spore resistance is vari-
able between C. perfringens toxinotypes with
especially type C “Darmbrand” strains and
type F strains, with chromosomally encoded
cpe, being notorious for their highly resistant
spores. Spores germinate in the bile-soaked
environment of the intestine.

Inside the gastrointestinal tract, the multi-
plying vegetative cells contact the intestinal
mucus layer covering the epithelial cells. Since
C. perfringens is unable to synthesize all essen-
tial amino acids, some required nutrients have
to be obtained from its environment, includ-
ing foods, mucus, and sometimes including
exudates from mucosal epithelia damaged by
other pathogens. The genome of C. perfrin-
gens encodes numerous carbohydrate-active
enzymes that are predicted or known to target
glycosidic linkages within the mucus glycans
including sialidases, hexaminidases, galac-
tosidases and fucosidases (Low et al. 2020).
Sialidases such as NanI are produced by many
C. perfringens toxinotypes and are also impor-
tant in nutrient acquisition through release
of sialic acid from mucus and cell surface
sialoglycoconjugates exposing underlying
carbohydrates, proteins, or lipids to further

digestive enzymes. In addition to general
virulence factors, some toxinotype-specific
virulence factors could also be crucial during
nutrient acquisition. For example, toxinotype
G produces the carbohydrate-binding zinc met-
alloprotease ZmpA, encoded on the NEloc-1
locus, which has been shown to be crucial in
necrotic enteritis disease pathogenesis, and
which may target specific chicken mucus
components (Wade et al. 2020). Although
unconfirmed, ZmpA is believed to digest
the protein backbone of the mucin structure
and thus releases essential amino acids. The
related chromosomally encoded ZmpB is also
important in virulence (Wade et al. 2020). The
glycoside hydrolases (“chitinases”) encoded on
the NELoc1 and on the NELoc2 pathogenicity
locus on the chromosome of these strains
(Figure 28.2) are likely involved in mucus or
other glycoconjugate degradation, underlining
their important role in disease pathogenesis
and of nutrient acquisition in this process
(Dierick 2021). Speculatively, the host-specific
character of the different toxinotypes may
partly be related to their mucus-degrading
enzymes associated with the host-specific
mucosal composition.

The importance of adherence in bacterial
pathogenesis is well established and is typically
mediated by cell-surface adhesive structures
(Chapter 1), which often bind to host-specific
receptors. clade 1 necrotic enteritis-producing
type G strains encode a sortase-dependent
pilus on the pathogen-specific chromosomal
locus VR-10B, which has been shown to have
an important role in necrotic enteritis patho-
genesis. Lepp et al. (2021) have shown that
isogenic mutant strains, lacking the ability to
synthesize this pilus polymer, have a reduced
ability to cause disease and adhere to collagen,
stressing its critical role in and adherence.
NELoc1 also possesses genes for an extracel-
lular protein, bounded by critically important
cyclic-di-GMP regulators which is likely also
involved in adhesion (Parreira et al. 2016).

Sialidases may facilitate bacterial adherence
through the exposure of new receptor sites or
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the reduction of negative charge of sialic acids
on the mucosal surface. In a chicken necrotic
enteritis isolate, disruption of the entire type
G-specific collagen binding locus, including
the pilus-associated collagen binding adhesin
CnaA, reduced its ability to adhere to collagen
and rendered mutant unable to induce disease
(Wade et al. 2016).

Multiplication
Intestinal colonization and proliferation is crit-
ical in early infection but potentially leads to
nutrient depletion. To circumvent this, bacteria
will favor virulence over growth when a critical
population is reached. C. perfringens can sense
its environment through quorum sensing,
discussed in Chapter 1. Two quorum-sensing
systems have been described in C. perfringens,
namely the Agr-like and LuxS quorum-sensing
system. In C. perfringens type G strains, the
Agr-like quorum-sensing system has been
shown to be critical in necrotic enteritis patho-
genesis, often through TCRS activation (Yu
et al. 2017).

Damage
A complex interplay between virulence-assoc-
iated factors, including toxins (Figure 28.4),
results in the extensive often necrotizing tissue
damage observed. Microscopic examination
also reveals that disease manifestation is highly
variable when different toxinotypes infect dif-
ferent hosts. For instance, necrohemorrhagic
enteritis in cattle (type A) is characterized
by intestinal hemorrhage and cell necrosis
extending from the tip of the villus to the
crypt. The enterocytes are initially damaged at
the basement membrane and lateral domain
and subsequently detach from the underly-
ing tissue. By contrast, in necrotic enteritis in
broilers, no hemorrhage is observed and a clear
demarcation line of heterophilic granulocytes
can be distinguished, dividing the healthy
from the necrotic tissue. The variability in dis-
ease manifestation between the different host
species indeed indicates the differences in fac-
tors involved in the details of the pathogenesis
of disease caused by different strains.

Control

Antimicrobial growth promotors have long
contained the spread of clostridial diseases
in livestock such as broiler chickens. With
their widespread restriction, alternative con-
trol strategies are mainly based on one of
three major approaches: pathogen reduction
(increased farm-site biosecurity and sanita-
tion, control of predisposing pathogens, e.g.
coccidia), vaccination, and influencing the
intestinal environment (diet composition,
probiotic, prebiotics, feed enzymes, organic
acids, essential oils). To date, many of these
strategies have been explored only in an exper-
imental setting (Dahiya et al. 2006). Owing
to the toxin-producing capacity of C. perfrin-
gens, vaccination was quickly considered as an
alternative strategy to control necrotic enteritis
disease development in broiler chickens with
moderate to good success in experimental stud-
ies, although none have gone into commercial
production. Commercial toxoid-based vac-
cines are available against C. perfringens type
A (monovalent CPA toxoid – ruminant, poul-
try), type B (CPB and ETX toxoid – ruminant),
type C (CPB toxoid – ruminant, pig) and
type D (ETX toxoid – ruminant; Khiav and
Zahmatkesh 2021). Type D infections in sheep
and goats are generally well controlled by
immunization with ETX toxoid and type C
infection infections in piglets by CPB toxoid
immunization of sows. However, the efficacy
of CPA toxoid-based vaccines against type A
infections is generally poorly documented. A
commercial vaccine against type A disease
in calves was ineffective since the induced
antibody response against CPA was limited
and unable to neutralize this toxin (Goossens
et al. 2016).

Gaps in Knowledge and Anticipated
Directions

Despite remarkable advances of understanding
of pathogenesis in recent years, most details
of C. perfringens-associated enteric diseases
remain poorly characterized. The focus of past
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research on vaccine development and toxins
may have hampered understanding of the
complex multifactorial pathogenesis of the
different enteric infections, all of which have
unique aspects. Further work is needed to
understand the pathogenesis of these complex
infections in an integrated manner, to under-
stand the full functions of the pathogenicity
loci of the virulence plasmids, to understand
the basis and extent of host adaptation of differ-
ent strains, and to better characterize through
genome sequencing isolates from some of the
poorly characterized (and sometimes likely
non-existent) enteric diseases attributed to this
organism. Only with this type of understand-
ing can vaccine development or other control
approaches be effectively developed. There is
considerable scope to improve understanding
of this versatile bacterium.

Clostridioides difficile

Clostridioides difficile

Clostridioides (formerly Clostridium) difficile
is an important cause of diarrheal illness of
humans and of some animal species, especially
those treated with a variety of antimicrobial
drugs.

Characteristics of the Organism

The only pathogenic species in the genus,
C. difficile is a Gram-positive strictly anaerobic,
long spore-forming rod.

Source of Infection: Ecology, Evolution
and Epidemiology

C. difficile is widespread in the large intestine
of humans and animals, and in fecally contam-
inated environments. It is a nearly ubiquitous
environmental organism, with transmission
common between humans, animals, and the
environment, through different ways (Turner
et al. 2019; Lim et al. 2020). Transmission of
the infection through its highly resistant spores

is by the oral–fecal route, with germination
of spores on exposure to bile in the intestine
and growth in the anaerobic environment of
the large intestine. In the absence of microbial
competition, often the result of antimicrobial
treatment, the organism proliferates in the
large bowel, producing toxins and causing
typhlocolitis, which can be fatal. It is one of
the most common hospital-acquired infections
in humans, predisposed to by antimicrobial
use, immunocompromise associated with
older age, fecal contamination, proton-pump
inhibitors that reduce gastric acidity, by poor
antimicrobial stewardship, and by poor infec-
tion control. However, community-acquired
infection that does not involve recognized
predisposing factors is increasingly common.
Many hospital-associated infections are now
recognized to be community rather than hos-
pital sourced (Lim et al. 2020). Interestingly,
carriage of C. difficile is very common in young
human infants, as it is in young animals, but
disease in infants is rare.

Most isolates belong to six clades, of which
clades 1–5 contain the toxigenic (as well as
nontoxigenic) strains. Strains are currently
further differentiated into several hundred
ribotypes, of which a limited number are
of especial disease concern in humans but
may also be found in animals. Examples of
important human disease-associated ribo-
types are: clade 1, ribotypes 01, 012, 014;
clade 2, ribotype 027 (NAP1), a globally
distributed hypervirulent strain (“the epi-
demic strain”), which likely emerged as
a result of fluoroquinolone resistance and
increased sporulation and toxin production;
clade 4, ribotype 017, and other toxin variant
(TcdA−, TcbB+) ribotypes; and clade 5, ribo-
type 078, an often livestock-associated ribotype
(Martínez-Meléndez et al. 2020; Weese 2020).
Increasingly, whole-genome sequencing is
used in characterizing the epidemiology of
infections (Martínez-Meléndez et al. 2020).

Because the large intestine of animals is
frequently colonized by C. difficile, their role
and that of fecally contaminated meats or
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vegetables as a source of potential infection
for humans has been investigated extensively
(Candel-Perez et al. 2019). A small but perhaps
underestimated percentage (4–10%) of such
food sources may be contaminated. Dissem-
ination between humans and animals and
contaminated food sources occurs in a com-
plex pattern, with ribotype 078 derived from
animals being the most common source of
human infection by this type, but infection
with this and other ribotypes is sometimes
bidirectional. The use of cephalosporins in
food animal production in North America may
have led to food animals, especially swine,
becoming an important reservoir and amplifi-
cation host for C. difficile, an illustration of the
highly complex and dynamic epidemiology of
C. difficile infections (Turner et al. 2019; Lim
et al. 2020; Moloney et al. 2021).

Types of Disease and Pathologic Changes

Disease is typically characterized by diarrheal
illness, toxemia with dehydration, and by
severe inflammation of the colon and cecum
(typhlocolitis), so that it occurs especially
in animals with expanded large intestines
(Table 28.4). Mesocolonic edema is also char-
acteristic in piglets. Histopathology includes
severe necrotizing and sometimes hemor-
rhagic typhlocolitis. An unusual manifestation
in horses includes duodenitis-proximal jejuni-
tis (Arroyo et al. 2017).

Disease

Clinically, animals with classic C. difficile
colitis present with acute diarrheal illness,
toxemia, abdominal pain, and dehydration,
which may be fatal. As in humans, disease can
range over a broad spectrum from mild and
self-limiting to severe and fatal, depending on
the strain involved, host immunity, intestinal
microbe interactions and other less well iden-
tified factors. Severe cases in humans, and in
horses, can lead to pseudomembranous colitis
with plaques made up of fibrin, neutrophils
and cell debris.

Virulence Factors and Pathogenomics

Toxigenicity in C. difficile is caused by two
toxins, TcdA and TcdB, the genes for which are
found on a 19.6 kb chromosomal pathogenicity
locus (PaLoc) encoding the positive regulator
tcdD, tcdB, tcdE with a putative holin function,
tcdA, and the negative regulator tcdE. TcdA
and TcdB interfere with actin polymerization
by inactivating the Rho family of GTPases
within the cytoplasm causing cell rounding
and death and leading to fluid loss and diar-
rhea (Mileto et al. 2019). TcdA induces cell
damage through apoptosis by glucosyltrans-
ferase action whereas TcdB causes apoptosis at
low concentrations and necrosis at high con-
centrations. The role of both toxins in disease
has been contentious, reflecting the different
experimental approaches to understanding the
disease, but the use of toxin gene mutants, as
well as the importance in human disease of
TcdA–/TcdB+ strains in some regions of the
world has shown that TcdB is a key mediator
of disease with TcdA having a more minor but
synergistic role (Lyras et al. 2009; Mileto et al.
2019).

In about 25% of strains, disease is also associ-
ated with a binary toxin, cytolethal distending
toxin, with ADP-ribosyl transferase activity,
present on a separate chromosomal locus,
CdtLoc. The toxin appears to enhance the
virulence of Tcd+ C. difficile. These strains are
more common in animals, but are increasing
in humans. Some C. difficile clinical infections
in humans are apparently even associated with
Cdt+ but Tcd− strains (Mileto et al. 2019).

C. difficile has two distinct surface layer
proteins (SLPs), a conserved high molecular
weight SlpA and a variable lower molecular
weight SlpB, which are important in growth
and survival in the intestine as well as in
host cell adhesion and in cytokine induction
(Merrigan et al. 2013; Mori and Takahashi
2018). These important virulence factors are
expressed as two superimposed crystalline
latticed surface-layer structures on the outer
cell surface.
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Table 28.4 Clostridiodes difficile disease in animals.

Animal species Characteristic disease Comment

Horses Variable, but in adults typically
severe watery diarrhea, toxemia,
abdominal pain (colic),
dehydration, may be fatal. Occurs
in foals

A small proportion are antibiotic
associated.
Various ribotypes, including 078 and the
common human types. More prevalent in
foals than adults. Duodenitis-proximal
jejunitis an unusual manifestation

Swine Piglets up to two weeks of age;
diarrhea, abdominal distension,
failure to thrive, may be fatal.
Rarely older pigs treated with
antimicrobials

May be predisposed by broad-spectrum
antimicrobial injection in young pigs.
Ribotype 078 frequent, but common
human types also reported

Rodents Severe diarrheal illness in many
rodents, often fatal. Syrian
hamsters highly susceptible, used
in experimental infections

Rabbits, hamsters, gerbils, guinea pigs,
mice and rats, often predisposed by
broad-spectrum and anti-anaerobe
antimicrobials

Cats and dogs Unproven role in diarrheal
illness

Shedding more common in puppies, and
more likely if exposed to infected humans,
healthcare settings or young children. Low
shedding in cats. Ribotypes include
common human types

Ruminants No convincing evidence of
disease in ruminants.

Highest shedding in young ruminants.
Ribotype 078 common in cattle

Poultry No evidence of disease in poultry Shedding more common in young,
commonly nontoxigenic, some human
ribotypes

Genomic analysis has shown that disease-
causing isolates have evolved independently
in multiple highly epidemic lineages, with a
large and divergent pangenome formed by
extensive horizontal gene transfer and recom-
bination, by genome rearrangement and by
gene acquisition or loss (Moore and Lacey
2019). Although the species is of ancient ori-
gin, some of the unique regions in the ribotype
027 NAP1 “epidemic strain” have emerged
in the last 20 years. Like C. perfringens, it has
a large pangenome of which mobile genetic
elements are a significant component, with
different phage significantly affecting different
aspects of host virulence (Moore and Lacey
2019). The PaLoc genomic island found in
the genome of toxigenic strains, as well as
CdtLoc found in some strains, may be of phage
origin and spread by phage. Subtleties of strain

evolution include the enhanced virulence
of some ribotype 027 and 078 strains with a
mutation in a trehalose repressor gene, with
their enhanced virulence by small quantities of
trehalose apparently coinciding with the intro-
duction of trehalose as a growth promoter in
swine (Moore and Lacey 2019). Unlike C. per-
fringens, virulence is not usually associated
with plasmids although a conjugative plasmid
encoding PALoc and CdtLoc has recently been
described (Ramírez-Vargas and Rodríguez
2020).

Regulation of Virulence

TcdA and TcdB toxin production is positively
regulated by the PaLoc TcdR, an alternative
RNA polymerase sigma factor; TcdR is nega-
tively regulated by the anti-sigma factor TcdE.
TcdR and toxin production is influenced by



�

� �

�

Clostridioides difficile 629

other regulators, including those responding to
amino acid (CodY) or carbon source changes
(CCp), sporulation regulation (Spo0A) or
flagella regulation (SigD; Mileto et al. 2019).
Phase variation in production of toxin, flag-
ella and cell wall protein has been described
(Anjuwon-Foster and Tamayo 2018). An inte-
grated understanding of virulence regulation
is emerging only slowly.

Pathogenesis

The basis of the pathogenesis is unrestricted
multiplication of virulent C. difficile strains
in the colon in the absence of the inhibitory
effects of the normal microbial flora, adhe-
sion to the mucosal epithelium, production of
local inflammation, and epithelial cell disrup-
tion by the toxins TcdA and TcdB. The effect
is inflammation, fluid secretion and loss of
intestinal integrity (Mileto et al. 2019; Smith
et al. 2020).

Predisposition and Bacterial Multiplication
The association of C. difficile infection with
disruption of the protective effects of large
bowel microbiome by antimicrobial drugs is
well established in both humans and animals,
although numerous other risk factors have
been identified in humans. Primary bile acids
are the major inducers of spore germination
in the small intestine, while secondary bile
acids produced by their metabolism inhibit
both germination and the organism itself.
Antimicrobial use disrupts the metabolism of
primary to inhibitory secondary bile acids
by bile-metabolizing intestinal bacteria.
Antimicrobial treatment may also increase
fermentable substrates from different sources
including mucus and dietary substrates, thus

enhancing growth of C. difficile within the
anaerobic environment of the large intestine.
Although the basis of its efficacy is not clear,
and may have several additive aspects, the
critical role of the large bowel microbiome in
colonization resistance to C. difficile infection
is shown in the success of fecal microbiome
transplantation in controlling or treating
disease in humans.

Host Association
Multiple adhesins including flagella, fibron-
ectin-binding proteins, and binary toxin have
been identified as involved in colonic mucosal
cell attachment but SLPs and particularly
SlpA are the major contributors (Mileto et al.
2019). Variability in the surface layer may con-
tribute to variation in attachment to different
cells although the receptor(s) have not been
identified. SLPs are critical in proinflamma-
tory signaling through activation of Toll-like
receptor 4 on immature dendritic cells and
macrophages, in inflammasome activation,
and in downstream events involved in host
innate and acquired immune responses.

Evasion of Host Defenses
Apart from understanding of the importance of
the normal microflora in preventing coloniza-
tion and multiplication of C. difficile, and the
proinflammatory effects of mucosal adhesion,
other details of evasion of host defenses are
scant.

Damage
Although intestinal damage is initiated by
SlpA, the protein toxins TcdA and TcdB are
largely responsible for the intestinal pathology
and diarrhea caused by C. difficile. Collage-
nases, hyaluronidases, proteases and other
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enzymes, as well as the CDT binary toxin, may
contribute to further damage.

Resolution
Resolution is the result of antimicrobial treat-
ment or of development of acquired immunity
and re-establishment of normal colonic micro-
bial function. Although not described in
animals, recurrent infection is a frequent
occurrence in humans with C. difficile colitis.
Its basis may relate to persistence of the organ-
ism in a biofilm on the colonic mucosa (Frost
et al. 2021).

Immunity

The innate and acquired immune response to
C. difficile infection has been extensively
investigated (Sehgal and Khanna 2021).
Enhanced humoral immune response against
TcdA and TcdB toxins has been shown to
be protective against recurrent infection in
humans, with a monoclonal antibody to TcdB
showing significant benefit in preventing
recurrent infection in older immunocompro-
mised patients (Sehgal and Khanna 2021).
SlpA is being examined experimentally as a
potential vaccine candidate, although its vari-
ability may be a problem. Despite extensive
investigation, vaccine development in humans
is in its early preclinical phases.

Control

Disease is controlled by rapid diagnosis and
use of antimicrobial drugs (fidaxomicin,
vancomycin in human infections). Control of
C. difficile infections is still largely through
avoiding the adverse effects of predisposing
antimicrobial therapy, especially in hospital

settings or in predisposed patients. Probiotics
have largely proven ineffective in prevention
and treatment, but fecal microbiota transplan-
tation therapy is increasingly used in treatment
of human infection, especially of recurrent
infection. Monoclonal TcdB antibody treat-
ment has some value in treatment of recurrent
disease in humans. Other approaches to con-
trol, including blocking intestinal adhesion by
SLPs, are the subject of intensive continuing
research.

Gaps in Knowledge and Anticipated
Directions

Many aspects of the pathogenesis of C. difficile
infection are well understood, although the
toxigenic strains and ribotypes in humans
continue to evolve and the disease in humans
continues to change increasingly from a hos-
pital to a community-acquired infection. The
role of animals as a source of human infec-
tions including of the emerging more virulent
strains will continue to be investigated, increas-
ingly through whole-genome studies, as will
the importance of the disease, predisposing
factors, and optimal diagnosis in different ani-
mal species. Novel approaches to prevention
in human hospital settings are needed, for
example by blocking intestinal adhesins in
different ways. The value of fecal microbiota
transplantation therapy in commonly affected
animal species requires investigation.

Other Enteric Clostridia

The role of other clostridia involved in enteric
disease of animals is briefly summarized in
Table 28.5.
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Table 28.5 Summary of other clostridia associated with enteric disease in animals.

Organism Disease process Species affected Comment

Clostridium
colinum

Ulcerative enteritis; an acute enteric disease
in youngbirds. Punctate multifocal
hemorrhages in small intestine, often with
liver lesions

Chicken, grouse, partridge,
pheasant, pigeon, quail,
turkey, etc.

Pathogenesis not investigated
in detail

Clostridium
piliforme

Tyzzer’s disease, an infectious enteric
disease. Bacterium grows intracellularly in
the intestinal mucosal epithelial cells of the
ileum, cecum or colon, causing lysis and
necrosis, commonly also in often liver and
heart

Wide variety of animals, but
mainly horses (foals),
rabbits, and laboratory
rodents

Pathogenesis not investigated
in detail (Fresneda and
Carvallo Chaigneau 2016)

Clostridium
septicum

Braxy, clostridial abomasitis. Acute fatal
illness, death in 12–36 hours after first
clinical signs (depression, anorexia,
abdominal discomfort, bloating). Disease in
sheep associated with grazing on cold or
frozen pastures

Sheep (weaning to
12 months age); likely also
calves

Abomasal walls, upper small
intestine become edematous,
hemorrhagic, necrotic. Csa,
key virulence factor
(Chapter 29)

Clostridium
spiroforme

Acute typhlocolitis in rabbits, associated
with weaning or antibiotic use.
Characterized by watery diarrhea,
depression, dehydration and hypothermia.
The cecum becomes dilated and its
epithelium necrotic

Rabbits under intensive
rearing

CST, a clostridial binary toxin,
key virulence factor causing
actin skeleton disarray
through
mono-ADP-ribosylation

Paeniclostridium
sordellii

Enteritis and hemorrhage in horses, possibly
other species

Horses; abomasitis lambs;
necrotic enteritis chickens

Uncommon, more studies
needed

Csa, Clostridium septicum α-toxin; CST, Clostridium spiroforme toxin.
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Histotoxic Clostridia
Andrew N. Rycroft

Introduction

Histotoxic clostridia are those Clostridium
species able to cause histotoxic infections in
which living tissues are destroyed and digested
by the invading pathogen. This is routinely
referred to as gas gangrene: clostridial infec-
tions in which the main feature is myonecrosis
(destruction of living muscle tissue), com-
monly with emphysema (gas formation). The
clostridial pathogens involved are found in
soil and naturally colonize the intestinal tract
of animals and may gain access to the tissues
through wounds. However, at least in rumi-
nants, there is translocation of the endospores
from the intestine to the muscle tissue, where
they remain dormant unless and until there
is trauma causing lowered oxygen tension
and the conditions for germination, growth,
and toxin production in the live muscle. All
histotoxic clostridia exert their damaging
effects by production of enzymes and toxins
and the different histotoxic infections are
characterized by the toxins they elaborate.
It appears that histotoxic clostridial disease
plays a role in the transmission of the bacte-
ria and the survival of the species. By killing
the animal, grazing lands become grossly
contaminated with a high concentration of
long-persisting endospores. This allows these
microorganisms to transmit to new hosts facil-
itating persistence of species in the natural
environment.

Characteristics of the Organisms

Clostridium species are anaerobic, often tox-
igenic, spore-forming, Gram-positive rods.
In size they can range widely from 2 to
20 μm in length and are usually approxi-
mately 0.5–2.0 μm in width, and often carry a
bulge where the maturing endospore distends
the bacterial cell. The mature endospores
are released from the mother cell; these
endospores are highly resistant to heat, freez-
ing, ionizing radiation, disinfectants, and
desiccation. They are widely distributed in soil,
sewage, and feces. The vegetative (metabol-
ically active, growing form) of the bacteria
releases a profusion of enzymes into their
immediate environment to digest macro-
molecules for absorption as nutrients. In this
respect, clostridia are rather primitive bac-
teria and rely on some preformed organic
compounds and amino acids for energy and
growth rather than having the metabolic capa-
bility to build these compounds for themselves.
Alternatively, these bacteria can be viewed as
successful pathogens whose diverse toxins
enable them occasionally to proliferate rapidly
in animal tissues, leading to release of huge
numbers of the organism for subsequent trans-
mission to the alimentary tract of new hosts.

Clostridium species characteristically fer-
ment sugars such as glucose and other
carbohydrates to produce acid (usually acetic,
butyric and propionic acids) and gas (mostly
carbon dioxide and hydrogen).
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Source of Infection and Basic
Pathogenesis

Clostridium species are found in the gastroin-
testinal tract of all animals, and some are
free-living in soil. Hence, wounds that become
contaminated with feces or soil carrying
Clostridium spores, or material which has
been in contact with these, will often hold
endospores. If the wound is deep, and there is
low oxygen tension or devitalized anaerobic tis-
sues, the endospores will activate, germinate,
and grow into vegetative organisms.

In some animals, spores of some Clostridium
species can be found in the normal muscle
tissues. This is perhaps surprising because
internal tissues are popularly considered to be
sterile. Furthermore, since intestinal organ-
isms are known to enter the circulation after
death, finding bacteria in the muscle of a
carcass might be treated with skepticism.
However, careful investigations have provided
convincing evidence that viable spores do
persist quiescently in normal muscle tissue.
On impact trauma, such as the kick of another
animal, or another ischemic event, muscle

tissue may have a reduced oxygen tension,
causing the inactive spores to germinate, grow,
and produce secreted enzymes and toxins.

Underlying the pathogenesis of all the his-
totoxic clostridial infections are powerful
necrotizing extracellular toxins, the nature
and actions of these are outlined below with
the description of the individual species.
Figure 29.1 gives an integrated overview of the
action of the key toxins in histotoxic clostridial
infections.

Pathogenic Species

A number of Clostridium species are able to
cause histotoxic infections in which living tis-
sues are destroyed and digested by the invading
pathogen. However, most cases of myonecro-
sis in animals are caused by six species:
Clostridium perfringens, Clostridium sep-
ticum, Clostridium chauvoei, Clostridium novyi
types A and B, Paeniclostridium sordellii, and
Clostridium haemolyticum (previously C. novyi
type D). An overview of histotoxic clostridial
infections in animals is given in Table 29.1.

CctA
32 kDa β-barrel

membrane pore

Clostridium chauvoei

Cytotoxicity
Apoptosis

Clostridium septicum

α-toxin (Csa)
32 kDa

Glycosylphos-

phatidylinositol

-anchored proteins

Cleavage by 

host-cell protease

Cytotoxicity

Membrane pore
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Figure 29.1 Integrated view of the key toxin actions involved in pathogenesis of histotoxic Clostridium
species.



Table 29.1 Overview of clostridia involved in histotoxic infections in animals.

Genus, species Disease process Major animal species affected Species sometimes affected Major toxin

Clostridum chauvoei Blackleg; clostridial myositis;
activation of endogenous
spores in tissue

Cattle Sheep; other ruminants,
including wild ruminants, other
species

Alpha-toxin, a
β-poreforming toxin
(CctA)

Clostridium
haemolyticum

Bacillary hemoglobinuria Cattle Other ruminants in liver
fluke-endemic areas

Beta-toxin, a
phospholipase C (PlpC)

Clostridum perfringens
type A

Wound infections (gas
gangrene, malignant
oedema), includes
gangrenous mastitis cows

All; includes gangrenous
dermatitis chickens

Numerous Alpha-toxin, a
phospholipase (CPA)

Clostridium novyi, type A,
type B

Wound infections (“bighead”;
gas gangrene, malignant
oedema); infectious necrotic
hepatitis

Bighead sheep; wound
infections cattle, goats

Black disease of sheep

Wild ruminants, horses, other

Rarely cattle, horses, other

Large clostridial cytotoxin
(TcnA)

TcnA; PlpC

Clostridum septicum Abomasitis; wound infections
(gas gangrene, malignant
oedema)

Abomasitis (“braxy”) sheep;
avian cellulitis, gangrenous
dermatitis; wound infections
others

Numerous animals following
deep contaminated wound
infections

α-toxin, a β-forming toxin
(Csa)

Paeniclostridium sordellii Abomasitis; wound infections
(gas gangrene, malignant
oedema)

Abomasitis sheep; wound
infections calves, goats, many
species

Necrotizing colitis horses, dog;
chicken necrotic enteritis

Large clostridial cytotoxin
(TcsL; RhoGTPase (TcsH)
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Clostridium septicum (Malignant
Edema/Gas Gangrene)

Types of Disease and Pathological Changes
C. septicum is common in soil and the intesti-
nal tract of most animal species. It causes
myonecrosis known as malignant edema in
cattle, sheep, pigs, horses, and other animals
of all ages (Otter and Uzal 2020). This is a
gas gangrene and is not easily distinguished
from similar disease caused by C. perfringens,
C. novyi, and P. sordellii. In the abomasum of
sheep, the disease is sometimes known as braxy
in the United States, Australia, and Europe.
This disease affects young unvaccinated sheep
that have been feeding on frosted root crops
and frozen grass and it is therefore seen in
the winter months. The frozen feed damages
the mucosal epithelium of the abomasum,
which allows C. septicum already present
to colonize the tissue causing abomasitis
and enterotoxemia (Chapter 28). C. sep-
ticum also causes necrotizing enterocolitis in
humans.

Unlike blackleg, malignant edema is caused
by introduction of the pathogen into a wound,
and the wound must be sufficient to cause
anaerobic conditions. Where a wound is
contaminated with soil or feces, this may

include facultative anaerobes such as Enter-
obacterales. These grow vigorously in the
wound and consume available oxygen, causing
the anoxic conditions needed for growth of
anaerobes. Once clostridial spores have ger-
minated, the vegetative organism produces
the plethora of enzymes and toxins that cause
further tissue damage and initiate the charac-
teristic myonecrosis (Figure 29.2). At this stage
the facultative organism may be overtaken by,
or irrelevant to, the aggressive, toxin-driven
clostridial infection.

Virulence Factors and Pathogenomics
The toxin of primary importance in dis-
ease from C. septicum is the α-toxin (Csa;
Kennedy et al. 2005). This toxin is a lethal and
necrotizing, β-barrel, pore-forming cytolysin
belonging to the same family as aerolysin
from Aeromonas hydrophila and the ε-toxin
from C. perfringens types B and D. C. septicum
α-toxin is encoded by the csa gene and is
secreted as an inactive 46-kDa monomer.
The toxin binds to glycosylphosphatidylinosi-
tol (GPI)-anchored proteins on the cell surface
and is then cleaved to its 43-kDa active form by
host- cell-associated proteases (Gordon et al.
1997). It has been demonstrated to be essential
for the virulence of C. septicum: deletion of the
csa gene causes C. septicum to be avirulent in

Figure 29.2 Necrotic neck
muscles and facia at the site of
injection in a sheep with
malignant oedema (gas
gangrene). Source: From Otter
and Uzal (2020).
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the mouse model of myonecrosis and comple-
mentation of the mutation with the wildtype
csa gene restores its pathogenic ability.

As the 43 kDa toxin forms aggregates
(oligomers) on the cell surface, it under-
goes a conformational change such that the
β-hairpin transmembrane domain within
domain 2 is exposed and the oligomer forms a
heptameric prepore β-barrel structure. This is
then inserted into the host-cell membrane to
form a pore of approximately 1.6 nm. Forma-
tion of these pores in the host cells has been
shown to be essential for the pathogenesis
of disease. Furthermore, because the α-toxin
can bind to different types of GPI-anchored
proteins of different animal species, the toxin
can form pores in a broad range of animal host
cells.

Additional toxins of C. septicum are thought
to contribute to the development of lesions.
The beta-toxin is a DNase; gamma-toxin is a
hyaluronidase and delta-toxin as an oxygen-
labile hemolysin. There is also a neuraminidase
and a cholesterol-dependent cytolysin known
as septicolysin.

Pathogenesis
The lesions of malignant edema begin
with rapid swelling at the wound site,
which becomes distended with gas (emphy-
sema). Swelling is due to inflammation,
bloody subcutaneous edema fluid, and gas

(CO2 and H2) produced from the rapid fer-
mentation of sugars and other compounds
by the Clostridium. As the lesion develops,
it comprises necrotic muscle and fascia. The
diseased animal will become systemically ill
and die, usually within 36 hours of the lesion
first developing.

Clostridium chauvoei (Blackleg)

Types of Disease and Pathological Changes
C. chauvoei causes blackleg in cattle, some-
times also known as blackquarter or by other
local names. This is a severe myositis, or
myonecrosis, responsible for killing young
cattle (aged 2–24 months) worldwide. The
disease progresses rapidly with high mortality.
Animals are sometimes found dead without
previous clinical signs; others show difficulty
walking and become recumbent before dying.

The lesions are usually in skeletal muscle,
such as the leg or neck muscles, but may be
found in the diaphragm or even the tongue.
They are sometimes very large lesions of
hemorrhagic and necrotic tissue that appear
very dark, almost black, in color (Figure 29.3).
There are sometimes pockets of emphysema,
and serosanguinous fluid is often present.
Lesions may also occur in the heart, some-
times multiple lesions, together with fibrinous
exudate in the pericardial sac. If trauma is
required for anaerobic conditions to initiate

Figure 29.3 Hindleg
muscle with very dark, dry
necrohemorrhagic
inflammation and foci of
emphysema in a three
month-old suckler calf with
clostridial myositis (blackleg).
Source: From Otter and Uzal
(2020).
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spore germination, it is difficult to see how
that might occur in the heart, although racing
frantically to escape biting flies might be one
explanation. However, other factors might
cause altered redox or ischemia in the heart
muscle that allows the infection to begin, or
perhaps a different trigger starts the activation
of spores in that site.

Virulence Factors and Pathogenomics
During growth, toxins and enzymes are
produced. These include a neuraminidase
(NanA) that is thought to have an impor-
tant role in degradation of tight junctions
and hyaluronidase (NagH), both of which
contribute to rapid spreading of the lesion.
Another factor involved in spreading is motil-
ity and so the flagellae are considered to be
necessary for lesion development. However,
the most likely toxin required for the produc-
tion of the lesions is the cytotoxin CctA. This is
a β-barrel pore-forming toxin of 32 kDa and a
member of the pore-forming leukocidin super-
family related to the well characterized α-toxin
of Staphylococcus aureus and Staphylococcus
pseudintermedius. CctA is the main hemolytic
and cytotoxic protein produced by C. chauvoei.
Recombinant CctA has also been shown to
provide protection as an immunizing antigen
against blackleg (Frey et al. 2012), and the tox-
oid vaccine (discussed below) stimulates pro-
duction of antibody that neutralizes the CctA
toxin of C. chauvoei (Nicholson et al. 2019).

Strains of C. chauvoei isolated from four
different continents over a period of 64 years
(1951–2015) were sequenced and analyzed.
This showed that the genome of C. chauvoei is
highly conserved and homogeneous compared
with the closely related species C. perfringens.
Apart from minor genetic differences found
in the flagellar genes and in the CRISPR
spacers, analysis suggested that the genome
of C. chauvoei was highly conserved among
these strains. The conclusion was that C.
chauvoei is a highly specialized and successful
pathogen whose evolution has reached a dead
end (Rychener et al. 2017). Further analysis

showed there were no differences between
strains causing blackleg in the skeletal mus-
cles and visceral blackleg involving the heart
sublingual muscles, and the diaphragm. Noth-
ing is currently known of the regulation of
the toxins or other virulence determinants in
C. chauvoei.

Pathogenesis
Spores of C. chauvoei are ingested from grazing
pasture and colonize the intestinal tract of
cattle early in their lives. Once grazing land
becomes infected, disease reappears in suscep-
tible animals year on year. These have been
referred to as “poisoned pastures.” The spores
are thought to be carried from the intestine
via the circulation or lymphatics seeding the
liver and muscle tissues. Whether this trans-
port is inside macrophages or other cells is
not known. The spores become located in the
cytoplasm of macrophages in skeletal muscle
and in the heart muscle. It was shown many
years ago that 20% of healthy cattle carry the
pathogen in their liver or spleen but, since
this was demonstrable by taking a small tissue
sample, the actual proportion of animals car-
rying C. chauvoei in the tissues could be much
higher. There, the spores remain dormant,
and in most cases animals will live their full
lives without any disease arising from them.
Only when conditions in the muscle change to
lower the redox potential of the tissue, usually
through trauma and bruising such as might
be caused by a kick, will the spores become
activated, germinate and grow into vegetative
cells. In sheep, blackleg is more regularly
associated with wounds, such as those from
tail docking, and castration and shearing cuts
(Songer 1998). The organism will then prolif-
erate in the tissue for as long as the conditions
remain adequately anaerobic.

Paeniclostridium sordellii

Types of Disease and Pathological Changes
The organism previously known as Clostrid-
ium sordellii was renamed P. sordellii in 2016
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(Sasi Jyothsna et al. 2016). It is found in soil
and the gastrointestinal tract of animals. It
has been known for many decades but has
been increasingly recognized as a pathogen
of both animals and humans causing severe
and fatal infections in both. In animals P. sor-
dellii infection occurs particularly in sheep,
cattle and foals. Many strains are relatively
non-pathogenic, but those expressing lethal
toxin (TcsL), and in some strains the additional
hemorrhagic toxin (TcsH) are particularly
virulent. These toxins are encoded on a
plasmid designated pCS1 (Couchman et al.
2015).

P. sordellii is a cause of sudden death in
sheep. This is a rapidly fatal necrohemorrhagic
and emphysematous abomasitis (Otter and
Uzal 2020). It primarily affects lambs aged
between 4 and 10 weeks, but older sheep can
also become diseased. The consistent and
outstanding feature described was a partially
distended and displaced abomasum (Lewis
and Naylor 1998). Infection by P. sordellii has
also caused “malignant edema” (gas gangrene)
through contaminated vaccinations, and infec-
tion of the genital tract of ewes associated
with parturition (Costa et al. 2007). In cattle,
a similar course is seen leading to sudden
death. Infection takes place orally and calves
primarily suffer gastrointestinal disease in the
same manner as lambs.

In horses, P. sordellii causes enteric disease
with necrotic, hemorrhagic, and edematous
intestines. Severe mucosal necrosis and hem-
orrhage of the small and large intestine of
horses has been confirmed on histopathology
(Nyaoke et al. 2020). Another report confirmed
fatal atypical myopathy while the pathogen
also causes disease in neonatal foals by colo-
nization of the internal umbilicus (Ortega et al.
2007). A single case in a dog was investigated
carefully with genome sequencing. While the
infection caused hemorrhagic and necrotiz-
ing gastroenteropathy, and was rapidly fatal,
neither TcsL nor TcsH were produced by the
strain of P. sordellii isolated confirming that the
pathogen can cause natural disease without

involvement of these potent toxins (Capewell
et al. 2020). In poultry, P. sordellii has been
shown to be the cause of necrotic enteritis
(Rimoldi et al. 2015; Uzal et al. 2016).

Human disease is rare but carries a very
high mortality when it does occur. Humans
are commonly infected at sites of soft tissue
trauma, such as the uterus after childbirth
or particularly following medical termination
of pregnancy using the drugs mifepristone
and misoprostol. Infection leads to a toxic
shock-like syndrome with myonecrosis and
edema (Aldape et al. 2006). Use of these
drugs may perhaps impair the innate immune
response against P. sordellii in the female
reproductive tract.

Virulence Factors and Pathogenomics
Genome analysis shows P. sordellii pro-
duces a range of known virulence deter-
minants including collagenase (ColA), the
cholesterol-dependent cytolysin sordellilysin
(Sdl), neuraminidase (NanS), a phospholipase
C (Csp), polysialic acid capsule biosynthesis
protein SiaC, heat shock protein Hsp60, cap-
sular polysaccharide synthesis enzyme Cap8D,
Listeria adhesion protein (Lap) and a sigma
54-dependent response regulator ( fleR/flrC),
(Couchman et al. 2015; Kim et al. 2017).
However, the key toxins appear to be the large
clostridial cytotoxins (LCT) TcsH (290 kDa)
and TcsL (270 kDa) that are present in only a
small proportion of strains isolated (Just and
Gerhard 2004). The structural genes tcsL and
tcsH are carried on a plasmid (pCS-1). TcsH
and TcsL are closely related to the TcdA and
TcdB toxins respectively of Clostridium difficile:
the genes encoding them are orthologues of
those in C. difficile (Orrell and Melnyk 2021).
Without these two LCTs strains are unable
to cause disease in animal models and are
not usually associated with natural disease in
humans or animals.

Regulation of Virulence
Virulence regulation in P. sordellii is not well
studied and what is known has been largely
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inferred from orthologues in the human
pathogen C. difficile. In strains of P. sordellii
that have been sequenced and that produce
the TcsL or TcsH toxins, an orthologue of tcdE
designated tcsE is located in the pathogenicity
locus immediately downstream of tcsL. (Vidor
et al. 2015). This is thought to contribute to
secretion of the toxins. Another, tcsR, located
upstream of the toxin gene tcsH, is homologous
to a number of sigma factors. Experimental
evidence using a tcsR mutant of P. sordellii
supports the hypothesis that TcsR is a positive
regulator required for high-level transcrip-
tion of both the tcsH and tcsL toxin genes
(Sirigi Reddy et al. 2013). However, the signals
required for production of this sigma factor are
not yet known.

Pathogenesis
TcsL and TcsH glycosylate Rho-GTPases, such
as Ras, in mammalian cells. Rho-GTPases con-
trol the cell cycle, apoptosis, transcription, and
the structural consequences of actin polymer-
ization such as cell morphology. Inactivation
of the Rho proteins causing disruption of cell
signaling that results in cell rounding and
death due to altered cytoskeleton and loss of
structural integrity (Jank and Aktories 2008).
TcsL is a highly potent cytotoxin essential for
P. sordellii to cause toxic shock in experimental
mice and inducing lung vascular permeability
(Geny et al. 2007; Carter et al. 2011). Produc-
tion of TcsL is probably required for the most
aggressive actions of P. sordellii in natural
disease.

Clostridium novyi Type B (Black
Disease/Bighead)

Types of Disease and Pathological Changes
C. novyi was first identified in 1897 and
named Bacillus novyi. It was rediscovered and
renamed Bacillus oedematiens following its iso-
lation from gas gangrene in a soldier of World
War I and later named C. novyi in honor of the
US bacteriologist Frederick Novy, who first cul-
tured the pathogen. C. novyi is one of the largest

bacterial cells among the clostridia and one of
the most strictly anaerobic. It is found in two
recognized types, A and B, based the toxins
produced. Type A produces α, β, and ε toxins
whereas type B produces α and β. Both cause
gas gangrene in humans and animals: only
type A is associated with human disease but
both cause disease in animals. A type C is
recognized but this produces none of the above
toxins and is rarely involved in animal disease.

Virulence Factors and Pathogenomics
Types A and B C. novyi both produce a large
cytotoxin, known as α-toxin (TcnA), which is
a member of the family of six, related, LCT.
TcnA causes profound edema in infected tis-
sues and is lethal. It is responsible for the
subcutaneous swelling seen in “bighead.”
Although the role of α-toxin (TcnA) is less
well defined than TcsL of C. sordellii and the
related LCTs of C. difficile, it similarly acts
on host cells to glycosylate Rho-GTPases and
cause disruption of cell signaling that results
in an altered cytoskeleton and loss of structural
integrity. In addition to TcnA, C. novyi type B
produces β-toxin. This is closely related to the
phospholipase C produced in much greater
quantity by C. haemolyticum (below).

Pathogenesis
In young rams, infection is seen as a rapidly
spreading edema of the head and neck called
Bighead. This occurs following injuries due
to head-butting in fighting. C. novyi type A
which contaminates the wounds invades the
damaged subcutaneous tissues and initiates
the disease. Establishment of anaerobic con-
ditions in the wounds probably requires the
involvement of facultative anaerobes present
in feces and soil.

C. novyi type B is associated with infectious
necrotic hepatitis, also known as black disease
(Figure 29.4). Spores lying dormant in the
liver tissue are activated by the damage caused
by liver fluke (Fasciola hepatica) migration.
As the organism multiplies in the liver, it
produces large quantities of α-toxin and some
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Figure 29.4 Sectioned liver
showing irregular pale foci of
necrosis surrounded by darker
tissue in a cow with infectious
necrotizing hepatitis (black
disease). Source: from Otter
and Uzal (2020).

β-toxin. These access the circulation, damage
endothelium, and cause systemic edema. The
name, black disease, is derived from the dark,
blood-stained edema under the skin of dead
animals. It has also been associated with sud-
den death in sows in which the organism was
found to have been multiplying in the liver
at the time of farrowing. Rarely, outbreaks of
malignant edema in cattle have been recorded
in the alimentary tract.

Clostridium haemolyticum

Types of Disease and Pathological Changes
C. haemolyticum was previously known as
C. novyi type D. It is the causative agent of
bacillary hemoglobinuria, or redwater, in
cattle and occasionally in sheep. It is found
throughout the world in areas where pasture
is poorly drained together with an alkaline
pH. Such conditions are probably most suit-
able for the survival of the organism in the
environment from where it is ingested by graz-
ing ruminants. The endospores are typical of
Clostridium species in being able to survive in
dormant form for many decades (or centuries)
in soil. Viable spores have also been shown
to be present in the tissues of healthy cattle
including the liver).

Cattle with bacillary hemoglobinuria show
deeply red-colored urine and the kidneys are
dark red or brown from the hemoglobin in
the interstitial tissue. The carcasses are jaun-
diced from the large quantities of bilirubin
spilling from the liver into the circulation as
the liver fails to metabolize the large quan-
tity of hemoglobin released from the red
cells. Diagnosis is made by demonstration
of C. haemolyticum within the necrotic liver
lesions.

Virulence Factors and Pathogenomics
The primary toxin responsible for the patho-
genesis is known as β-toxin. This has phos-
pholipase C activity that is similar to the
β-lecithinase of C. novyi type B and is both
necrotizing and hemolytic. The toxin enzyme
causes hydrolysis of phosphatidylcholine in
the membrane of erythrocytes causing haemol-
ysis and damage to other cell types, such as
endothelial cells, causing increased vascular
permeability and platelet aggregation. To date,
little is known about the factors that regulate
toxin production or other aspects of virulence
in C. haemolyticum.

Pathogenesis
The disease is largely sporadic but is associated
with high levels of liver fluke (F. hepatica).
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Clinical signs are consistent with intravascular
hemolysis: jaundice and hemoglobinuria,
together with non-specific signs of reduced
appetite, fever, lethargy, and milk drop.
Endospores of C. haemolyticum are ingested
and are transported from the intestine to the
liver via the hepatic portal venous system.
Spores are phagocytized by resident fixed
macrophages (Kupffer cells) and then remain
dormant in the cytoplasm of the macrophages
for long periods (Navarro et al. 2017).

The migration of immature stages of liver
fluke, through the liver tissue, causes tissue
damage although cases have been reported
that do not have any liver fluke. This damage
results in local anaerobic conditions which
allows germination of C. haemolyticum spores
already present in the Kupffer cells. The vegeta-
tive cells then grow and elaborate toxin which
causes localized endothelial cell necrosis, with
this predisposing to thrombosis and ischemia
and necrosis, leading to further development
of anaerobic lesions (Navarro et al. 2017). From
these lesions, the toxin is able to access the cir-
culation causing the characteristic hemoglobin
release and the subsequent clinical signs of
hemoglobinuria, hemolytic anemia, jaundice,
and severe generalized illness.

Clostridium perfringens

C. perfringens, discussed in detail in Chapter 28,
is widespread among animals and humans,
and the most common cause of myonecro-
sis in animals and humans. It colonizes the
intestinal tract and has been used, alongside
fecal coliforms and enterococci, as a means
of recognizing fecal pollution of water. How-
ever, unlike many clostridia, C. perfringens
is a reluctant spore-former and forms spores
relatively rarely. The species is also small in
size, the individual bacteria often being no
larger than 2.5 μm × 1 μm.

The seven toxinotypes of C. perfringens are
described in Table 28.1 (Rood et al. 2018).
These types are partly associated with the

animals they colonize and the types of dis-
ease they are associated with. Many are
responsible for enteric disease or entero-
toxaemia (Chapter 28) but some also cause
histotoxic infections in animals. Although the
major toxins used for typing contribute crit-
ically to C. perfringens diseases, as described
in Chapter 28, numerous other toxins and
enzymes are contribute to disease development.

Types of Disease and Pathological Changes
C. perfringens type A is the cause of gas gan-
grene (myonecrosis) in humans in which
wounds contaminated with soil become
rapidly anoxic from the tissue damage and the
action of facultative anaerobic bacteria such
as coliforms. Such wounds have been very
common in battle casualties. The involvement
of C. perfringens in disease of animals is largely
as an enterotoxaemia and enteritis. Never-
theless, C. perfringens is capable of causing
myonecrosis and accumulation of gas in the
subcutaneous tissues and muscles. Type A is
particularly potent in this respect because of
the large quantity of α-toxin produced.

Virulence Factors and Pathogenomics
C. perfringens has the ability to produce
numerous extracellular enzymes and toxins
(Medizadeh Gohari et al. 2021; Chapter 28,
Table 28.3). However, the major extracellular
toxins known to contribute to gas gangrene
are α-toxin and θ-toxin (Stevens and Rood
2006). Alpha-toxin (CPA, PLC or Cpa) of C.
perfringens is a phospholipase C of 43 kDa.
It is a zinc metallophospholipase enzyme,
encoded by the chromosomal gene plc, that
hydrolyzes membrane phospholipids (lecithin,
phosphatidylcholine, and sphingomyelin). The
toxin is myonecrotic and the tissue damage
associated with gas gangrene can be partially
reproduced by administration of the toxin
to animals. Alpha-toxin is expressed in all
C. perfringens toxinotypes; the antigenic speci-
ficity of α-toxin has long been used as the
standard means of recognizing C. perfringens
by visible neutralization of the phospholipase
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activity on egg-yolk medium using anti-C.
perfringens α-toxin antiserum. This is the
Nagler reaction. Phospholipases from other
clostridia are antigenically distinct and are not
neutralized by the antiserum.

The structure and function of α-toxin is
described in Chapter 28; it has been shown
to promote myonecrosis and disrupted per-
fusion within minutes of application to a
muscle. These effects are consistent with the
histopathological appearance of affected tis-
sue. Furthermore, mutation of plc is associated
with more effective leukocyte recruitment to
the site of C. perfringens infection, suggest-
ing a critical role for this toxin in limiting
leukocyte recruitment. The structure and
function of perfringolysin O (θ-toxin is also
described in Chapter 28. It is not considered
essential for gas gangrene but does affect
the host inflammatory response, particularly
polymorphonuclear leukocyte influx into the
myonecrotic lesion (Awad et al. 2001), and has
been implicated in the accumulation of leuko-
cytes within blood vessels and the extracellular
matrix of host tissues. Experimental studies
have shown that both toxins act synergistically
so that the most severe pathological changes
are only seen when both toxins are present.
The regulation of these genes is outlined in
Chapter 28.

Pathogenesis
The pathology of gas gangrene caused by C.
perfringens is considered complex. It is usually
initiated by traumatic wound and introduction
and growth of the organisms into that wound.
Clostridia produce numerous extracellular
toxins, and there is toxin-mediated cell and
tissue damage. The pathogenesis is thought
to involve interruption of microvascular blood
flow (tissue perfusion) to infected tissues.
This is associated with alterations in platelet
aggregation and limits on leukocyte migration.
Histological investigation of infected tissues,
both in humans and experimental animals,
shows a characteristic pattern of extensive

myonecrosis, edema, thrombosis, and restric-
tion of leukocyte infiltration to the perivascular
regions in the infected site (Rood et al. 2018).

Control

Clostridial myonecrosis caused by the different
Clostridium species is readily diagnosed in
tissues in the generally fatal cases by use of flu-
orescent antibody tests, polymerase chain reac-
tion or by anaerobic culture, with further iden-
tification by matrix-assisted laser desorption/
ionization-time-of-flight mass spectrometry or
other means. Disease is effectively prevented
using toxoid vaccines. These have been avail-
able since the 1950s and there are currently
many licenced products available globally for
use in sheep and goats. Some products, such
as blackleg vaccine, also contain the whole
bacteria carrying cell-associated (somatic)
antigens. This is used in cattle on farms where
the disease is known to occur.

While toxoid vaccines are highly effective
in preventing histotoxic clostridial disease,
it may be necessary to maintain immunity
with vaccinations every few months because
immunity declines for some toxoids more than
others. Where outbreaks of disease occur, it is
often associated with failure to maintain an
adequate vaccination program. A successful
vaccine that prevents the disease may lead
to the assumption that the disease has dis-
appeared, and that vaccination is no longer
needed, only for it to reappear as immuno-
logically naïve animals occupy the same
contaminated pastureland.

Gaps in Knowledge and Future
Directions

Substantial advances have been made in defin-
ing the toxins necessary both for pathogenicity
of clostridia and immunological protection.
Vaccination to control clostridial disease in
animals with toxoids has largely relied on
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methods developed in the 1930s. These meth-
ods work but they do carry the safety risk of
growing pathogens to produce large quantities
of potent toxins for toxoid preparation. Instead,
we know enough that it should now be feasible
to generate vaccines using recombinant tech-
nology with biological or chemical adjuvants
for protection of animals against these aggres-
sive diseases. An example is the Cca toxin
now shown definitively as the key protective
antigen for blackleg. Similarly, serum from
hyperimmunized horses that is sometimes
used in the passive immunization of animals
such as lambs could now be replaced with
artificial antibody.

Another aspect of interest is the basis of
immunity to clostridial myonecrosis. The
antibody levels in animals sometimes decline
more rapidly than would be consistent with
protection if toxin-neutralizing antibody
was solely responsible for that protection.
A cell-mediated component might be more
important than has been supposed and future
research might shed light on the contribution

of different arms of the immune system in
protection.

Most of the agents of clostridial myositis
in animals however represent pathogens that
have evolved in some cases as “evolution-
ary dead-ends” over millenia, possibly for
the degradation of tissue under anaerobic
conditions, and are well controlled by toxoid
immunization. With the exception of plasmid
acquisition by C. sordellii, there is limited
evidence of acquisition of new genes and of
continuing evolution, so these pathogens are
generally not an active subject of ongoing
study. Further work is required to investigate
the role of C. sordellii in severe enteritis in
a number of species, including horses and
chickens (Chapter 28).
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Neurotoxic Clostridia
Michel R. Popoff

Introduction

The Clostridium genus contains bacterial
species which produce the highest number
of toxins including the most potent known.
Neurotoxic clostridia synthesize toxins that
specifically target neuronal cells and are
responsible for botulism and tetanus in
humans and animals. Despite contrasting
clinical signs, flaccid paralysis in botulism,
and spastic paralysis in tetanus, botulinum
neurotoxins (BoNTs) and tetanus neurotoxin
(TeNT) share a common mechanism of action.

Characteristic of the Organisms

Clostridium botulinum

Like other clostridia, C. botulinum and Clostrid-
ium tetani are anaerobic, spore-forming,
Gram-positive rods. In contrast to C. tetani,
which belongs to a single bacterial species,
C. botulinum are heterogeneous clostridia,
having in common the production of BoNTs.
These clostridia are divided into six groups or
Clostridium species (Table 30.1).

Genomic Diversity of Botulinum
Neurotoxin-Producing Clostridia
Analysis of ribosomal RNA genes and whole-
genome sequences show that C. botulinum
strains belong to four phylogenetic groups
(I–IV) corresponding to distinct bacterial

species (Table 30.1). The strains within each
group are highly similar but distantly related
to strains of the other groups. The strains of
group IV are called Clostridium argentinense.
The atypical neurotoxic strains of Clostridium
butyricum and Clostridium baratii (groups
V, VI) are related to the reference strains of
these species.

The genes encoding the neurotoxins and
associated non-toxic proteins, which assemble
with BoNT to form the botulinum complexes,
are closely linked and constitute the botulinum
locus in two operons. Bont immediately pre-
ceded by the non-toxic, non-hemagglutinin
(NTNH) component gene forms an operon
at the 3′ part of the botulinum locus. The
ntnh-bont operon is highly conserved in all
BoNT-producing clostridia. The hemagglu-
tinin (HA) or OrfX genes form a second
operon upstream of this, transcribed in the
opposite orientation. The ha operon (ha33,
ha17, ha70) is associated with bontB, bontC,
bontD, bontG, whereas the orfX operon (orfX1,
orfX2, and orfX3) is linked to bontA2, A3, A4,
E, and F and a gene (p47) encoding a 47 kDa
protein lies immediately upstream of ntnh. A
gene, botR, which encodes a regulatory alter-
native sigma factor lies either upstream of the
botulinum locus or between the two operons.
Most BoNT-producing strains contain only
one botulinum locus and synthesize one BoNT
type, but a few strains harbor two botulinum
loci and produce two BoNT types in different
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Table 30.1 Botulinum neurotoxin (BoNT)-producing clostridia, BoNT types and subtypes, and main physiological properties.

Neurotoxin-producing
Clostridium Group I Group II Group III

Group IV
C. argentinense

Group V
Clostridium
butyricum

Group VI
Clostridium
baratii

Toxin type A, proteolytic B, F E, non-proteolytic B, F C, D G E F
Subtype A1 to A8; B1, B2, B3; B5 to

B8; bivalent B (Ba, Bf, Ab);
trivalent A2F4F5; F1 to F5,
F8; H (or F/A or H/A); X

E1 to E12; B4; F6 C, D, C/D, D/C E4, E5 F7

Proteolysis + − − + − −
Lipase + + + − − −
Growth temperature:

Optimum 35–40∘C 25–37∘C 37–40∘C 30–37∘C 30–37∘C 30–45∘C
Minimum 10 ∘C 2.5∘C 15∘C 12∘C 10∘C

Toxin production minimum 10∘C 3∘C 15∘C 12∘C 10∘C
pH for growth:

Maximum 9 9 9
Minimum 4.6 5 6.1 4.6 4.8 3.7

Spore thermoresistance D121.1∘C = 0.21 min D80∘C = 0.6–1.25 min D104∘C = 0–0.9 min D104∘C = 0.8–1.2 min D100∘C < 0.1 min
Botulism Human botulism, rare

animal botulism
Human botulism,
healthy carrier animals

Animal botulism Soil Human botulism, no reported
animal botulism
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proportions (Table 30.1). One strain contains
three botulinum loci.

The botulinum loci are located on different
genetic elements: chromosome or plasmid in
group I strains, mainly plasmid in group II and
C. argentinense strains, and phage in group III
strains. The location of botulinum locus within
the chromosome or plasmid occurs at specific
sites. Such localization in numerous strains,
and the presence of insertion or transposon
sequences in genomes, is evidence of horizon-
tal transfer of these genes between Clostridium
strains and the subsequent evolution in each
strain notably by recombination events.

Each BoNT type contains variable isoforms
based on sequence variations. Therefore, BoNT
types are divided into subtypes which were ini-
tially defined as displaying at least 2.6% amino
acid sequence difference. However, some
BoNT subtypes, notably from types B and E,
only exhibit 0.9–2.1% amino acid sequence
difference, but were assigned to distinct sub-
types following phylogenetic clade analysis.
Forty-one subtypes have been identified in
over 500 BoNT sequences (Peck et al. 2017;
Table 30.1).

Genome analysis showed the presence
of a novel toxinotype called BoNT/X in a
C. botulinum type B, which also produces
BoNT/B2. BoNT/X retains a low sequence
identity with other types and is not recog-
nized by antibodies against these (Zhang
et al. 2017). bont related sequences identi-
fied in various non-clostridial species have
not been involved in clinical botulism such
as Weisenella oryzae (BoNT/Wo or BoNT/I)
from fermented rice, Chryseobacterium piperi
(Cp1) from sediment, an Enterococcus faecalis
strain (BoNT/J, or BoNT/En, or eBoNT/J)
isolated from a cow without clinical symptom
of botulism, and Paraclostridium bifermen-
tans (paraclostridial mosquitocidal protein 1,
PMP1; Rasetti-Escargueil and Popoff 2020;
Table 30.1), suggesting a complex and long
evolution of bont genes but the ancestral
source remains mysterious (Popoff and Bouvet
2013).

Physiological Properties and Diversity
of Botulinum Neurotoxin-Producing
Clostridia
BoNT-producing clostridia are usually straight
to slightly curved rods, 0.6–2 μm wide and
2–22 μm long, and are usually motile. Spores
are usually oval and subterminal (Figure 30.1).
BoNT-producing clostridia grow well in
usual anaerobic liquid media with produc-
tion of gas. Surface colonies can also be
grown on blood agar plates incubated under
anaerobic conditions. The main characteris-
tics of BoNT-producing clostridia are given
in Table 30.1.

Group I strains are mainly involved in
human botulism and more rarely in ani-
mal botulism. Group II strains are involved in
food-borne botulism in humans and very rarely
in animals. However, certain animal species
can be healthy intestinal carriers of group II
strains and can transmit botulism to humans
via uncooked or minimally heated, chilled
food products. Pigs often carry C. botulinum
type B in their intestines but rarely develop
clinical symptoms. Pork is one of the most
prevalent risk of human botulism in certain
countries. Fish and seafood products, notably
from the Baltic, are frequently contaminated
with C. botulinum type E, and to a less extent
C. botulinum types B and F (Peck 2006, 2009;
Rasetti-Escargueil et al. 2019). Group III
C. botulinum strains are mainly involved in
animal botulism. Botulism types C and D are
recognized as the main botulism types in ani-
mals, mainly birds and cattle. The sensitivity
to different BoNT types varies with animal
species (Rasetti-Escargueil et al. 2019).

Clostridium tetani

C. tetani is a Gram-positive anaerobe that is
usually highly motile by peritrichous flagella,
producing swarming growth on agar media.
It forms translucent terminal spores with the
typical appearance of drumsticks (Figure 30.1).
Germination of C. tetani spores occurs both
under anaerobic and aerobic conditions, but
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Figure 30.1 Morphology of Clostridium botulinum and Clostridium tetani, and structure of botulinum
neurotoxin (BoNT) and tetanus neurotoxin (TeNT). (a). Characteristic morphology of sporulating C. botulinum
A and C. tetani, using phase contrast microscopy. Oval spores of C. botulinum are subterminal whereas
C. tetani have round terminal spores. (b). Structure of BoNT/A and TeNT. Light chain (L) (blue), heavy chain
(H) half N-terminal part (HN) (red), half C-terminal part subdivided into N-terminal subdomain (HCN) (green)
and C-terminal subdomain (HCC) (yellow). The L catalytic site is in purple. BoNT/A and TeNT share the same
whole structure. In contrast to BoNT/A, L and HC domains of TeNT are on the same side of the translocation
domain (HN) and interacts mutually. (c). Schematic representation of BoNT and TeNT structures and their
functional activities.
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the outgrowth of C. tetani, which follows
spore germination, is strictly dependent upon
anaerobic conditions.

Genomic Properties
The TeNT-encoding gene and seven putative
regulatory genes are localized on a large plas-
mid, whereas the tetanolysin (a hemolysin)
gene and putative adhesin genes are located
on the chromosome. The tent gene is preceded
by tetR, analogous to botR. TeNT differs from
BoNT since it does not form any complex with
non-toxic proteins (Connan et al. 2013).

C. tetani genome is highly conserved but
the species is divided into two main closely
related clades, with most strains belonging to
clade 1. TeNT is not produced by other bac-
terial species. The large plasmids containing
tent are variable but have no relatedness with
C. botulinum plasmids. There is no evidence of
recent acquisition of tent-harboring plasmids
by horizontal gene transfer (Chapeton-Montes
et al. 2019).

Sources of Infection: Ecology
and Epidemiology

BoNT-producing clostridia and C. tetani are
environmental bacteria.

Distribution of Botulinum
Neurotoxin-Producing Clostridia

C. botulinum is widespread in soils, including
lake and sea sediments, in most parts of the
world. Some toxinotypes of C. botulinum are
restricted to particular ecological areas but
the factors responsible for the geographic
differences are poorly understood. In gen-
eral, toxinotypes A, B, E, F, and G seem to
have their principal habitat in soil, sea, and
freshwater sediments. Toxinotypes A and B
occur more frequently in soil samples, but
the regional distribution of these two toxino-
types are different. For example, C. botulinum
type A is predominant in the western United

States, in soil that is neutral with lower than
average organic content. In contrast, type B
prevails largely in the eastern United States, in
slightly more acidic soil samples with a higher
level of organic matter and mainly from culti-
vated soils (Smith 1978). Some investigations
reported that manure contamination was not
considered as significant factor responsible for
the frequent C. botulinum type B presence in
cultivated soils. Surveys from soil samples in
South America demonstrate the presence of
C. botulinum A and B, with a greater preva-
lence of type A, whereas type B is the most
common type from soil and sediment samples
in much of Europe.

Toxinotype E is more predominant in sea
or lake sediments and in fish than in soil and
is more regional than the other types. Type
E is found mainly in northern areas of the
northern hemisphere. Its ability to grow at low
temperature reflects its prevalence in these
areas.

Toxinotypes C and D appear to be obligate
parasites of birds and of other animals. The
cadavers of animals or birds dead of botulism
or from other causes are the main source of
these organisms. They are seldom encountered
in soil, except in the areas where the incidence
of animal botulism is high. The organism
is not usually found in the digestive tract of
healthy humans, but can be found in that of
animals, particularly C. botulinum C and D in
regions where botulism is frequent. Toxinotype
C is mainly found in muds, marsh sediments,
ponds, and the seashore where botulism in
waterfowl is endemic. Outbreaks of botulism
in birds and the presence of C. botulinum C
in their environment have been reported in
the United States, Europe and Japan. The
intestinal contents and corpses of susceptible
birds seem to be the principal habitat of C.
botulinum C. This type is also detected in soil
from tropical countries such as Indonesia,
Bangladesh, and Thailand.

C. botulinum D is more frequently associated
with botulism in mammals such as rumi-
nants, rodents, and horses, and their carcasses
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constitute the most common source of this
organism. This toxinotype can also be recov-
ered from soil samples in many parts of the
world where animal botulism is common.

Epidemiology of Animal Botulism
Naturally acquired botulism can result from
three means: food-borne botulism (intoxi-
nation) caused by ingestion of preformed
BoNT in food; toxico-infectious botulism,
intestinal colonization by C. botulinum with
BoNT production in the intestinal content (in
humans referred to as infant botulism and
adult intestinal toxemia botulism), and wound
botulism due to wound contamination and
BoNT production in situ (Figure 30.2). Animal
botulism is mainly a toxico-infection, to a lesser
extent food-borne intoxination, and rarely
found as wound contamination. Botulism is
not contagious, but numerous cases can occur
in groups of animals exposed to the same
contaminated environment or food.

Cattle
In Australia and South Africa, phosphorus
deficiency was the main risk factor of botulism
in cattle. In attempting to obtain phospho-
rus, animals developed pica and eat unusual
food such as decomposing C. botulinum-
contaminated carcasses of small animals or
other cattle. In more recent times, botulism
in cattle is recognized throughout the world
associated with other risk factors.

Botulism type A is rare in cattle. A few
outbreaks have been reported in France
(1945–1960), Brazil (1986), Northern Ireland
(2008), and the United States (2020). The iden-
tified contamination source was the presence
in feed of cadavers of small animals such as
rodents, cats, or raccoons.

Outbreaks of bovine botulism type B have
been described in the Netherlands due to
ingestion of contaminated brewer’s grains
that were poorly stored. Additional outbreaks
were reported in the United States and Israel
in cattle eating rye silage, plastic-packed hay,
or maize silage (Lindstrôm et al. 2010).

Botulism types C and D, mostly due to
C. botulinum genotype D/C, are the pre-
dominant botulism types in cattle globally.
Botulism in cattle has become more frequent
in recent decades in Europe, North America,
and Japan. Most outbreaks occur in cattle
in close association with intensive poultry
farms. Cattle are highly sensitive to BoNT/C
and BoNT/D whereas chickens are highly
resistant to BoNT/D (Rasetti-Escargueil et al.
2019). Spreading broiler litter, which can
also include chicken carcasses, on pasture
is one of the main risks for transmission of
botulism to cattle. The presence of chicken
carcasses in cattle feed such as insufficiently
acidified silage is also responsible for cattle
botulism (Popoff 1989; Le Marechal et al. 2016;
Rasetti-Escargueil et al. 2019). Interestingly,
the genotype C/D which is prevalent in birds
is rarely detected in cattle (Nakamura et al.
2013; Woudstra et al. 2015). Exceptionally,
cattle contamination results from wild birds
with botulism (Wobeser et al. 1997). Moreover,
healthy carrier cows and cows with mild or
chronic botulism contaminate with their feces
their environment and pasture or food.

Poultry
Farmed Poultry Botulism is a major prob-
lem in intensively reared poultry through the
world, notably in Europe since the 1990s.
The mortality rate is 4–100%. All farmed bird
species can be affected (broilers, laying hens,
ducks, turkeys, pheasants, geese, and quail),
but chickens are the most concerned.

Birds such as chickens are sensitive to
BoNT/C and to a greater extent to BoNT/CD,
but are quite resistant to BoNT/D (Takeda
et al. 2005). The genotype C/D predominates,
while the genotypes C, D, and D/C are less
frequently involved (Woudstra et al. 2012,
2015). Rare outbreaks of botulism type E
have been reported in chickens in France
(Rasetti-Escargueil et al. 2019). Botulism
results from introduction of spores into the
livestock house by feed or litter (bedding con-
taminated with soil, cadavers of small animals,
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Figure 30.2 Overview of pathophysiology of botulism and tetanus. (a) Botulism by intoxination due to
ingestion of preformed botulinum toxin (BoNT) in food. (b) Botulism by toxico-infection results from
ingestion of Clostridium botulinum spores with germination, bacterial multiplication, BoNT production and
absorption. (c) Tetanus results from wound contamination, spore germination, bacterial growth, tetanus
neurotoxin (TeNT) production (1), entry to peripheral nerve endings (2), axonal transport to the central
nervous system (CNS) (3), internalization to inhibitory interneurons, and blocking of inhibitory
neurotransmitter release (4). Full details are given in the text.
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the presence of bird decomposing carcasses,
irregular renewal of litter, poor food storage,
irregular cleaning of the house), as well as high
bird density, high temperatures, and wetness
(Anniballi et al. 2013; Le Marechal et al. 2016).
After a first botulism outbreak, spores persist
in the poultry house and recurrences in the
following years are common. The feces of birds
dry rapidly and become powdery, so that dust
containing C. botulinum spores can spread in
all parts of the poultry house and C. botulinum
spores from the feces of diseased or healthy
carriers can contaminate all surfaces of the
house. In addition, invertebrates are resistant
to BoNT/A to G, but can carry C. botulinum.
Thereby, maggots and flies from decomposing
cadavers might contain high BoNT levels and
might be responsible for botulism transmis-
sion to animals. Transmission between wild
and farmed birds has been suspected but most
bird farms are sufficiently isolated to avoid
direct contact between wild and farmed birds.
Moreover, the occurrence of botulism in wild
birds is seasonal whereas farmed birds can be
affected in any season.

Wild Birds The massive mortalities in water-
fowl reported in North America since the
1800s were diagnosed as botulism type C
(1922–1934). Avian botulism was subsequently
identified in many other parts of the world
(Eklund and Dowell 1987). Although nearly
all wild birds are susceptible, botulism is
mainly observed in waterfowl and mostly in
wild ducks. Carrion eating species are more
resistant.

Growth of group III C. botulinum requires
warm temperatures, high moisture or water,
and abundance of organic substrate. Most
outbreaks of botulism occur in duck marshes
during hot summer or fall weather. Lower
water levels and/or higher surface water
temperatures are important risks. Massive
botulism outbreaks have been recorded in
years with very hot summers in Europe
(notably 2003). Low levels of water during hot
times lead to increased density of waterfowl

around the decreasingly available water points,
increasing environmental contamination by
feces and cadavers. The corpses of diseased
or healthy carrier birds, and invertebrates,
contribute to the production of toxin as well as
to the growth and persistence of C. botulinum
in the environment. Spores can persist in the
sediment for at least several years and recur-
rences of botulism in contaminated areas are
common. Large amounts of BoNT/C have been
found in decaying cadavers and in maggots
feeding on them but not in mud or water
(Eklund and Dowell 1987; Le Marechal et al.
2016).

Botulism of waterfowl is mostly type C.
As in farmed birds, the genotype C/D is the
most frequent whereas the genotype C is rare
(Takeda et al. 2005; Anza et al. 2014; Woudstra
et al. 2015). Unusually, botulism type A was
identified in Western Gulls in California in
2019. The origin was unknown, but eating
human food waste was suspected (Rogers et al.
2021).

Massive outbreaks of type E botulism in
fish-eating birds have been reported on the
Great Lakes in North America. Eating mori-
bund or live fish containing C. botulinum
spores in their digestive tract and, to a lesser
extent, eating contaminated maggots or mol-
lusks is the main route of infection (Eklund and
Dowell 1987; Hannett et al. 2011). Botulism
type E in birds is rare elsewhere. In France,
however, outbreaks of type E botulism were
reported in gulls feeding on waste from the
fishing industry, as well as in farmed chickens
(10 outbreaks 1996–2002; Rasetti-Escargueil
et al. 2019).

Horses Types C and D are the most prevalent
forms in horses in Europe, whereas type B, and
to some extent type A, are common in North
America (Rasetti-Escargueil et al. 2019).

Distribution of C. tetani

C. tetani is a ubiquitous organism found in soil
samples in all parts of the world. Surveys in
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many parts of the world have yielded 30–42%
positive samples. Several factors influence
the different frequencies of C. tetani isolation
from soil sample, including pH, tempera-
ture, moisture, and the extent and type of
organic materials. Germination and mul-
tiplication of C. tetani have been observed
preferentially in neutral or alkaline soil, at
temperatures over 20∘C and with moisture
reaching 15%. The prevalence is higher in
southern regions, and the incidence of tetanus
is also higher in warmer than in the cooler
parts of the world. This bacterium can be
found in the intestine of animals. Different
surfaces and materials contaminated with
soil particles, dust, or feces may contain
C. tetani.

Epidemiology of Animal Tetanus
Animal tetanus is observed through the world.
Tetanus occurs mainly as sporadic cases, but
multiple cases can result from management
practices such as contaminated vaccinations
or castrations. Horses and sheep are the species
affected most commonly.

Tetanus results from wound contamination
with C. tetani spores from soil, feces, dust, or
the surfaces of contaminated surgical instru-
ments or other objects (Figure 30.2). Deep,
complicated wounds with reduced exposure
to air and necrosis provide the anaerobic con-
ditions that facilitate spore germination and
subsequent C. tetani growth and TeNT pro-
duction. C. tetani is not an invasive pathogen.
Damaged tissue with lysed cells is an appro-
priate substrate for C. tetani multiplication.
Contaminated wounds can be small and
difficult to find and may even have healed
before the onset of symptoms. Wounds in
parts of the body that are in contact with
the soil are the greatest risk. The umbilical
cord is a common risk for neonatal tetanus,
notably in lambs and foals. Punctures by
prickly plants, sheep shearing wounds, and
surgical wounds (castration, tail docking, ear
and other surgeries) are common causes of
tetanus.

Diseases

Botulism

The predominant clinical signs of botulism
are afebrile progressive, symmetrical, flaccid
paralysis with limb weakness, recumbency,
and respiratory difficulty. Death occurs by res-
piratory arrest. The sensitive nervous system
is unaffected. There are no visible pathologic
changes.

Botulism in Cattle and Small Ruminants
Clinical signs may appear 1–17 days after expo-
sure. In acute disease, animals show a stiff gait,
difficulty in rising and in lying down, anorexia,
dehydration, hypersalivation, and constipa-
tion. They then remain recumbent. Animals
may continue feeding and may chew but not
swallow and salivate with food falling from the
mouth. Dysphagia and hypersalivation may
develop before limb paralysis. Rumen hypo-
tonia is common. Death occurs within a few
days (Böhnel and Gessler 2010; Le Marechal
et al. 2016).

A chronic form of botulism in cattle (“vis-
ceral botulism”) has been described in which
there is alternating constipation and diar-
rhea, reduced milk production, dehydration,
lameness, frequent urination, ventral edema,
emaciation, apathy, a retracted abdomen
and arched back, ruffled fur, and respiratory
difficulty (Böhnel and Gessler 2010).

Although rare, the clinical signs of botulism
in sheep and goats are similar to those in cattle.

Botulism in Birds
Poultry show progressive paralysis, ranging
from marked loss of muscle tone to recum-
bency in a moribund state. Birds cannot raise
their heads and cannot stand or walk. The
neck is paralyzed with a typical “limber neck”
posture. Diarrhea may be observed due to the
C2 toxin. Birds show respiratory difficulty with
open beak breathing.

In waterfowl, the first signs are a progres-
sive inability to fly. Legs are paralyzed but
birds may move on their breast by flapping
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their wings. The neck is paralyzed, and eyes
are closed. Birds die in respiratory distress
(Eklund and Dowell 1987).

Botulism in Horses
Clinical signs may occur after 12 hours to
10 days of exposure. In acute disease, horses
show symmetric muscle paralysis, recum-
bency, and respiratory distress. In chronic
disease, the first clinical signs are muscle weak-
ness and dysphagia, but colic may be the initial
sign. Other early clinical signs include mydria-
sis, ptosis, and decreased tail and tongue tone.
These clinical signs increase progressively to
difficulty in eating or swallowing or walking,
excess salivation, urine retention, constipa-
tion, and muscle paralysis, progressing to
recumbency. Respiratory difficulty progresses
and death occurs by asphyxia. Weakness and
tremors of the muscles of limbs (“shaker foal”)
are common in foals.

Botulism in Carnivores
Botulism in dogs is rare, and exceptional in
cats. Botulism type C or D has been reported
in dogs after ingestion of decomposing car-
casses such as from waterfowl by hunting
dogs or contaminated poultry by farm dogs. In
contrast, farmed fur animals (minks, ferrets),
and to a lesser extent foxes, are highly sus-
ceptible to botulism type C (Lindstrôm et al.
2004). Feeding of slaughter waste or fishery
byproducts is the main risk for farmed fur
animals.

Botulism in Fish
Muscle paralysis with inability to swim and
tendency to sink and increased mortality are
observed in wild or farmed fish with botulism.

Tetanus

Although all animal species and humans are
susceptible to tetanus, there is considerable
variability between species. The most suscep-
tible species (in order) are horses, guinea pigs,
monkeys, sheep, mice, and goats, whereas

carnivores such as cats and dogs are less vul-
nerable, and birds are resistant. Cattle are
relatively resistant.

Tetanus is characterized by hyperactivity
of voluntary muscles leading to rigidity and
tetanic spasms. Rigidity consists of tonic,
involuntary, and prolonged muscle contrac-
tion, whereas spasms are shorter lasting
muscle contractions usually triggered by sen-
sory stimulations such as touch, light, or noise.
The symptoms of spastic paralysis are charac-
teristic, and the diagnosis is often based on this
clinical observation.

Tetanus can present as either a systemic
(generalized) or localized disease. In sys-
temic tetanus, increasing spasticity of the
muscles of mastication occurs initially, fol-
lowed by progressive spastic paralysis of the
muscles of the trunk, and upper and lower
limbs. Rigidity of the masseter and temporal
muscles (trismus) leads to the inability to
open the mouth. Generalized tetanic spasms
develop later. Spastic paralysis of the exten-
sors of the neck and back is accompanied by
opisthotonos.

In localized tetanus, the muscles of an
affected limb or other region become painful
and then later spastic. Local tetanus is more
often observed in species relatively resistant to
the toxin such as dogs.

The autonomic nervous system is also
affected by episodes of tachycardia, hyper-
tension, and sweating, alternating with
bradycardia and hypotension. Death occurs
because of respiratory failure due to the spastic
paralysis of the diaphragm, laryngeal, and
other respiratory muscles. Clinical symptoms
may last weeks (Popoff 2020).

Tetanus in Horses
Tetanus is common in non-immunized horses.
In acute disease, the symptoms of spastic
paralysis rapidly spread from the head (mus-
cles of mastication, ears, third eyelid) to the
respiratory muscles and then to the limbs.
Generalized convulsions are accompanied
by marked sweating. Respiratory failure and
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death can occur in one to two days. In the
subacute forms, symptoms develop in one to
three weeks and some animals may recover.
Hyperesthesia and prolapse of the third eyelid
are common early signs. Eating and swallow-
ing are difficult because of paralysis of the
mastication muscles. Nostrils are often flared,
and the ears are stiff. The muscles of the neck,
back, and tail are tense, and the tail is often
raised vertically. The limbs become stiff, and
the head is in an opisthotonos position. The
body is in extension, with an appearance com-
parable to that of a wooden horse. The animals
are anxious expressing pain. Most cases end
with death.

Tetanus in Sheep and Cattle
Tetanus in sheep occurs mainly as sporadic
cases, but outbreaks in lambs and sheep have
been described. Common risk factors include
umbilicus contamination in newborn lambs,
dog bites, puncture by fibrous plant thorns,
shearing, and surgical interventions (castra-
tion, tail docking). The predominant symptom
in sheep is stiffness of the limbs with a rigid
gait, but the symptoms are similar to those in
horses. Mortality is high.

Tetanus can occur in cattle although they
are relatively resistant. Common risk factors
are accidental wounds, surgical castration,
dehorning, and injections. The symptoms are
comparable to those observed in horses, but
less pronounced. Bloat is common and trismus
is pronounced. Severely affected animals die
in five to nine days.

Tetanus in Dogs and Cats
Tetanus in dogs and cats is rare, and clinical
disease is often localized and mild. Spastic
paralysis is observed in certain groups of mus-
cles, particularly trismus, stiff limbs, and body
stretching because of the large spinal extensor
muscle spasm. Muscle spasms are relatively
mild. The ears are usually erect and close
together, and the skin of the forehead often
wrinkled because of muscle tension.

Virulence Factors

Structure of Clostridial Neurotoxins

BoNTs and TeNT share a common struc-
ture. They are synthesized as a weakly active
precursor protein which does not contain
signal peptide and is released from the bac-
teria by a yet understood mechanism. The
precursor is proteolytically activated in the
extra-bacterial medium either by Clostridium
proteases or by exogenous proteases such as
intestinal proteases. The active neurotoxin
consists of a light chain (L, about 50 kDa)
and a heavy chain (H, about 100 kDa), which
remain linked by a disulfide bridge. The struc-
ture of BoNTs shows three distinct domains:
L containing α-helices and β-strands and the
catalytic zinc binding motif, the H N-terminal
part (HN) forming two unusually long and
twisted α-helices, and the H C-terminal part
(HC) consisting of two distinct subdomains
(HCN and HCC) involved in the recognition
of the receptor (Figure 30.1). While the three
domains are arranged in a linear manner
in BoNT/A and BoNT/B, both the catalytic
domain and the binding domain are on the
same side of the translocation domain in
BoNT/E and TeNT.

The overall sequence identity at the amino
acid level between BoNTs and TeNT ranges
from 34 to 97%. Several domains are highly
conserved which account for the common
mode of action of these toxins. The L cen-
tral domains are closely related in all the
clostridial neurotoxins and contain the consen-
sus sequence (His-Glu-X-X-His) characteristic
of a zinc-metalloprotease active site. The
HN domain is also highly conserved and is
involved in the translocation of L into the
cytosol. A similar mechanism of internaliza-
tion of the intracellular active domain into
target cells is shared by all the clostridial neu-
rotoxins. In contrast, HC is the most divergent
(Popoff and Marvaud 1999) and accounts for
the different receptors recognized by these
neurotoxins.
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Diversity of Botulinum Neurotoxins

Based on neutralization of the biological effects
with specific antisera, BoNTs are divided into
nine toxinotypes (A-H, X; Table 30.1), and
subdivided into more than 40 subtypes based
on amino acid sequence variations (Table 30.1;
Peck et al. 2017).

Group III BoNT/C and BoNT/D show two
variants, mosaic BoNT/CD and BoNT/DC,
which mostly result from hybrids between
BoNT/C and BoNT/D. BoNT/CD contains a
two-third BoNT/C N-terminus and one-third
BoNT/D C-terminus, while BoNT/DC has a
two-third BoNT/D terminus and one-third
BoNT/C C-terminus (Moriishi et al. 1996).
Antisera against BoNT/C and BoNT/D, respec-
tively, neutralize the corresponding BoNT.
BoNT/CD is neutralized by both antisera
(Takeda et al. 2005), whereas BoNT/DC is
neutralized by anti-BoNT/D and only partially
by anti-BoNT/C (Nakamura et al. 2010).

Most group III strains produce an addi-
tional toxin, C2 toxin, which ADP-ribosylates
monomeric actin and induces tissue necrosis.
C2 toxin is responsible for hemorrhagic and
necrotic lesions of the intestine sometimes
observed.

Amino acid sequence variations may impact
biological functions of subtypes including
receptor recognition, efficiency of entry into
cells and persistence, enzymatic activity,
and recognition by antibodies. For example,
BoNT/A2 has been shown to enter neuronal
cells more efficiently than BoNT/A1 and to
have a higher affinity for its receptor (Pier
et al. 2011; Kroken et al. 2017). BoNT/A2
induces faster paralysis than BoNT/A1/A4/A5
and BoNT/A3 has a shorter duration of effect
(Pellett et al. 2015). The diversity of BoNT
subtypes makes the diagnosis of botulism
more complex. Monoclonal antibodies against
BoNT/B recognize the different subtypes
BoNT/B1 to BoNT/B5 (Kalb et al. 2011), while
monoclonal antibodies against BoNT/A inter-
act and/or neutralize the distinct BoNT/A sub-
types with variable efficiency (Kalb et al. 2009).

Botulinum Neurotoxin Complexes
BoNTs associate by non-covalent bonds with
associated non-toxic proteins to form large
complexes of different sizes (medium cor-
responding to BoNT and NTNH, large,
large–large consisting of BoNT/NTNH and
HAs or Orfxs), also known as progenitor tox-
ins (Figure 30.1). Botulinum complexes are
synthesized in in vitro cultures and in natu-
rally contaminated food or intestinal content.
BoNT complexes are stable at acidic pH and
dissociate at alkaline pH (Benefield et al.
2013).

NTNHs from the different C. botulinum
types are the most conserved proteins among
the botulinum complex components (Popoff
and Marvaud 1999). NTNH shares a common
structure with BoNT despite a weak protein
sequence identity. NTNH is a non-toxic chap-
erone protein which associates with BoNT in
a pH-dependent manner, forming an inter-
locked compact medium complex resistant to
acid or protease degradation (Gu et al. 2012).
The BoNT/NTNH-HA complexes contain
three types of hemagglutinins (HA33, HA17,
and HA70). HAs exhibit carbohydrate-binding
sites responsible for hemagglutination. HAs,
notably HA33, are also involved in the binding
of botulinum complexes to the mucus layer
and to the apical side of intestinal epithelial
cells. In addition, HA complexes interact with
E-cadherin and disrupt intercellular junc-
tions facilitating the passage of the complexes
through the intestinal barrier (Fujinaga and
Popoff 2018). The BoNT/NTNH-OrfX com-
plexes consist of OrfX1, OrfX2, OrfX3, and
P47, the function of which remain unknown.

Only a single type of TeNT is known and
few variations have been found in amino acid
sequences (Chapeton-Montes et al. 2019).

Pathogenesis

Food-borne botulism (intoxination) arises
after consumption of food contaminated by
C. botulinum in which sufficient toxin has
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been produced. Toxico-infectious botulism by
intestinal colonization seems the most com-
mon form of botulism in animals and may be
predisposed by perturbations of the intestinal
microbiota, such as induced by rapid change
of feeding, overfeeding, transport, change
of environmental conditions, and unknown
factors, associated to C. botulinum spore inges-
tion. Wound botulism is extremely rare in
animals. Tetanus only results from wound
contamination.

BoNTs and TeNT are neurotoxins that specif-
ically interact with neuronal cells. BoNTs
and TeNT share a similar molecular mecha-
nism of action of blocking neurotransmitter
release. BoNTs act preferentially at the neu-
romuscular junctions blocking the release of
acetylcholine, thus causing flaccid paralysis,
whereas TeNT blocks the release of neuro-
transmitter at central inhibitory interneurons,
leading to spastic paralysis (Figures 30.2).

Differential Trafficking of BoNTs
and TeNT in the Host

BoNT ingested with food or produced in the
intestinal content crosses the intestinal bar-
rier and transits through the blood or lymph
to peripheral nerve endings, whereas BoNT
and TeNT produced in contaminated wounds
diffuse locally through the intercellular spaces
to nerve endings. In wound botulism, BoNT is
also transported through the blood circulation,
whereas TeNT is not detected in the serum of
tetanus patients.

BoNT complexes containing HAs can pass
the intestinal epithelial barrier through the
paracellular pathway by disorganization of the
intercellular junctions between epithelial cells.
HA complexes bind to epithelial E-cadherin
and disrupt the intercellular junctions, allow-
ing passage of BoNT complexes. HA complexes
might be absorbed by M cells to have access
to E-cadherin localized on basolateral side
of enterocytes (Fujinaga and Popoff 2018).
In contrast, the BoNT complexes with OrfX
and P47 have not been found to disorga-
nize the intestinal epithelium. BoNTs alone,

which dissociate from the BoNT complexes at
intestinal pH, can pass, albeit with low effi-
ciency, by transcytosis through the intestinal
epithelial cells without damaging the cells. A
mechanism of receptor-mediated transcytosis
involving the gangliosides GD1a, GD1b, and
GT1b has been elucidated (Connan and Popoff
2017).

Following dissemination of BoNTs through
the blood/lymph circulation, BoNTs recog-
nize specific receptors on demyelinated nerve
endings through their HC domains. BoNTs
and TeNT interact with peripheral cholinergic
nerve terminals, but also with sympathetic
and adrenergic neuronal cells. BoNT receptors
consist of a ganglioside part (mainly GD1a,
GD1b, GT1b) combined to a synaptic vesi-
cle (SV) protein. Each BoNT type interacts
with specific receptors. The protein recep-
tors are glycosylated SV2 for BoNT/A, E, F,
and D, and synaptotagmin for BoNT/B, G
and DC. The protein receptor of BoNT/C is
unknown (Poulain et al. 2020). TeNT binds
also to gangliosides, preferentially the G1b
series. In contrast to BoNTs which contain
one ganglioside binding site in their HCC
domain, TeNT exhibits two ganglioside sites
in the analogous domain. TeNT binds also
to nidogen, a protein of the basal membrane
between the cholinergic terminus and mus-
cle. The protein part of TeNT receptor on the
neuronal cell membrane is still controversial,
possibly a GPI-anchored protein. TeNT enters
peripheral neurons with the neurotrophin
receptors TrkB and p75NTR (Megighian et al.
2021). BoNTs and TeNT exploit distinct entry
pathways in motor-neurons. BoNTs enter
via endocytic vesicles and recycling synaptic
vesicles, which are acidified, allowing the
translocation of L into the cytosol, whereas
TeNT is routed to neutral pH endosomes.
BoNT L is delivered into the cholinergic neu-
ron endings, but TeNT undergoes axonal
retrograde transport to the central nervous
system (CNS). TeNT containing vesicles use
the neurotrophin microtubule-based trans-
port with the motor molecules, dynein and
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kinesin, and the signaling molecules Rab5 and
Rab7. In the CNS, TeNT is delivered to the
extracellular space and enters the final tar-
get neurons that are inhibitory interneurons
involved in the regulation of motor-neuron
activity, entering via acidified vesicles allow-
ing the translocation of the L chain into the
cytosol. TeNT suppresses the inhibitory inputs
afferent to motor-neurons, while the excitatory
inputs are not modified, inducing disinhibition
of motor-neurons and subsequent sustained
muscle contractions that lead to tetany (Surana
et al. 2018; Dong et al. 2019; Megighian et al.
2021). Retrograde transport and central effects
of BoNT, albeit to a lower extent than TeNT,
have also been reported (Caleo and Restani
2018).

Mechanisms of Neurotransmission

The release of neurotransmitter molecules by
the presynaptic elements enables activation
of receptors localized on the post-synaptic tar-
get. Neurotransmitters comprise more than 100
molecules including small organic molecules
and neuropeptides. Acetylcholine is the neu-
rotransmitter released by motor neurons at
the neuromuscular junctions, glycine and
gamma-amino butyric acid at the inhibitory
interneurons. The peptide neurotransmitters
are synthesized in the endoplasmic reticulum
and are stored in large dense core SVs formed
by vesicle budding from the trans-Golgi sys-
tem. The small organic neurotransmitters are
synthesized in nerve endings via enzymes
produced in the endoplasmic reticulum and
transported to nerve endings, then stored
in small lucent synaptic SVs where they
enter through a proton gradient generated by
vacuolar ATPase.

Neurotransmitter containing SVs move
in an actin-based cytoskeleton manner
to a plasma membrane area called the “ac-
tive zone.” The SV cycle includes docking
of SVs to the membrane close to Ca++ chan-
nels, priming that leaves the SVs ready for
release, fusion with the plasma membrane

upon a Ca++ influx triggered by an action
potential or activation of ionotropic receptors,
release of neurotransmitter, and recycling
(Figure 30.3). Among numerous proteins
involved in the Ca++ dependent exocytosis,
only a dozen participates in the neurotrans-
mission core machinery, while the other
have regulatory roles. Three SNARE (soluble
N-ethylmaleimide-sensitive factor attachment
protein receptors) proteins have a critical role
in docking and membrane fusion machinery
including VAMP (vesicle-associated mem-
brane protein or synaptobrevin), SNAP
(synaptosomal associated protein)-25, and
syntaxin. SNAP-25 and syntaxin are anchored
to the plasma membrane and VAMP to SV
membrane. The three SNAREs having heli-
cal structures assemble in a tight SNARE
complex of four-helix bundle that brings SV
and plasma membrane into proximity, which
is critical for membrane fusion. Munc18 is
another protein that binds tightly to syn-
taxin and then to the four-helix-bundle of
the SNARE complex. Munc18 orchestrates
the SNARE complex assembly. Synaptotag-
min, an integral SV membrane protein, is
the major Ca++ sensor for triggering fusion.
Synaptotagmin contains two C2 domains
which acquire high affinity for membrane
lipids when bound to Ca++. It is proposed
that in the absence of Ca++ binding, the two
C2 domains act as electrostatic switches that
inhibit fusion and that Ca++ influx promotes
phospholipid binding. One of the C2 domains
binds to SV membrane and the other to the
plasma membrane, thus bridging the two
membranes. Neurotransmitters released in
the synaptic cleft recognize and stimulate
specific receptors on the post-synaptic cells
(Rizo 2018).

Mechanisms of Action of Clostridial
Neurotoxins

Clostridial neurotoxins L chains drive the
intracellular activity of BoNTs and TeNT.
They are zinc metalloproteases. In the target
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neurons, L of each BoNT types and TeNT
cleave one of the three SNARE proteins at spe-
cific cleavage site thus blocking the exocytosis
machinery of neurotransmitters (Table 30.2;
Figure 30.3). Proteolytic cleavage of one of
the three SNARE proteins results in impaired
fusion of SVs with the plasma membrane.
SNAP25 cleavage by BoNT/A or BoNT/E alters

SNAP25 and synaptotagmin interaction, thus
strongly reducing the responsiveness to Ca++ of
exocytotic machinery. Truncation of SNAP25
alters both SNAP25 and Ca++ binding to synap-
totagmin, leading to non-fusiogenic SNARE
complexes upon Ca++ increase. Cleavage of
VAMP prevents functional assembly of SNARE
complexes and thus blocks the exocytosis of
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Figure 30.3 Mechanism of action of botulinum (BoNT) and tetanus toxin (TeNT). (a). Neurotransmission at
the neuromuscular junction. Neurotransmitters are stored in small vesicles called synaptic vesicles (SV). SVs
dock to the presynaptic membrane close to Ca++ channels through the SNARE (soluble
N-ethylmaleimide-sensitive factor attachment protein receptors) complex and are hemifused in the
presynaptic membrane. Action potential results in depolarization opening of Ca++ channels. Ca++ enters the
cytosol and binds to synaptotagmin (Syt), a SV membrane protein leading to complete SV-presynaptic
membrane fusion and release of neurotransmitter into the synaptic cleft, which interacts with specific
postsynaptic receptor. At the neuromuscular junction, for example, acetylcholine targets the acetylcholine
receptor on muscular fiber, induces Ca++ entry and muscle contraction. (b). BoNTs and TeNT are
metalloproteases which cleave one of the three SNARE proteins at specific cleavage sites. Each BoNTs and
TeNT have different targets. (c). BoNTs recognize specific receptors (ganglioside + Syt or glycosylated SV
protein 2, gSV2) on nerve terminal surface and enter endocytic vesicles which are acidified facilitating the
release of the L chain into the cytosol. This results in impaired SNARE complexes, inhibition of SV fusion
with presynaptic membrane, and blockade of neurotransmitter release. TeNT enters peripheral nerve
terminals through endocytic vesicles and is delivered to central nervous system via axonal retrograde
transport in non-acidified vesicles. TeNT is internalized into inhibitory interneurons, and TeNT L released
into the cytosol where it cleaves VAMP (vesicle-associated membrane protein or synaptobrevin) blocking
the release of inhibitory neurotransmitters. TeNT and BoNT/B cleave the same target, VAMP, at the same
site but the distinct symptoms of tetanus versus botulism are the result of being at different sites. See text
for more details.

Table 30.2 Clostridial neurotoxins, intracellular
targets, and cleavage sites.

BoNT type
and TeNT

Synaptic
target

Cleavage
site

BoNT/A SNAP25 qr-198
BoNT/E SNAP25 ri-181
BoNT/B VAMP-1, VAMP-2 qf-77
TeNT VAMP-1, VAMP-2 qf-77
BoNT/D VAMP-1, VAMP-2 kl-60
BoNT/DC VAMP-1, VAMP-2 kl-60
BoNT/F1, F2,
F4, F6, F7

VAMP-1, VAMP-2 qk-59

BoNT/F5 VAMP-2 le-55
BoNT/C syntaxin ka-264

SNAP25 ra-199

BoNT, botulinum toxin; SNAP, synaptosomal
associated protein; TeNT, tetanus toxin; VAMP,
vesicle-associated membrane protein or synaptobrevin.
Source: Based on Peck et al. (2017).

neurotransmitter. Interestingly, TeNT and
BoNT/B cleave the same target at the same
site. However, BoNT/B acts at motor-neuron
endings leading to flaccid paralysis, and TeNT
at central inhibitory interneurons causing
spastic paralysis (Poulain et al. 2015).

Control

No specific treatment is available for animal
botulism, but antibodies against the major
BoNTs are sometimes used in foals.

Vaccines based on formaldehyde inacti-
vated BoNT/C or BoNT/C and BoNT/D are
available for birds and cattle, respectively.
Recombinant vaccines based on non-toxic and
immunogenic BoNT/A and BoNT/D Hc have
been developed for protection of cattle and
horses (Stahl et al. 2009; Moreira et al. 2020).
Vaccination to prevent botulism is indicated in
situations at risk of botulism: on chicken farms
with recurrent disease, in farmed fur-bearing
animals, in outbreaks in cattle, and in ducks
reared for hunting (Anniballi et al. 2013).
Antibiotics (beta-lactams in drinking water
in farmed birds) reduce the spread of the
toxico-infectious botulism.

Removal of diseased and dead waterfowl
in periods at risk of botulism is important
to limit the expansion of the disease in wild
birds.

No specific treatment is available for tetanus
of farmed animals. Tetanus in horse and sheep
is almost always fatal. Standard treatment of
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tetanus in dogs consists largely of supportive
treatment and nursing including tetanus anti-
toxin, penicillin G, sedation, hospitalization in
dark and quiet room. Species at risk (horses,
sheep) should always be immunized against
tetanus.

Surgical interventions (tail docking and
castration) must be performed with sterilized

instruments and proper surgical hygiene.
Disinfection of the umbilicus in newborn foals
and lambs is important. Animals, especially
horses, suffering deep wounds of the type
predisposing to tetanus must have appro-
priate wound debridement and cleaning to
remove soil and necrotic material, penicillin,
and be revaccinated.
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Mycoplasmas
Pollob K. Shil, Nadeeka K. Wawegama, Glenn F. Browning,
Amir H. Noormohammadi, and Marc S. Marenda

Introduction

All members of the class Mollicutes are com-
monly referred to as mycoplasmas. Each of the
major domestic animal species is host to several
different species of pathogenic mycoplasmas,
which typically cause chronic, endemic dis-
ease. Mycoplasmas lack a cell wall and have
the smallest cell size (down to approximately
300 nm diameter) and the smallest genomes
(down to 580 kb) of all free-living organisms, a
consequence of their reductive evolution from
Gram-positive bacteria with a low genomic
G+C mol% content. They have a broad bio-
logical distribution as parasites of mammals,
birds, reptiles, fish, cephalopods, crustaceans,
arthropods, and plants. They are divided
into four phylogenetic groups, Pneumoniae,
Hominis, Anaeroplasma and Spiroplasma, but
exhibit considerable genetic plasticity, with
massive horizontal genetic transfer events
between species in different phylogenetic
groups shaping the evolution of a number of
important pathogenic species. This is exempli-
fied by the Mycoides cluster, a group of highly
pathogenic species that only infect ruminants
but lie within the Spiroplasma group, which is
predominantly composed of insect-transmitted
plant pathogens. While the core genomes of
the members of this cluster are most closely
related to the spiroplasmas, approximately
20% of their genome is most closely related

to the genomes of ruminant mycoplasmas in
the Hominis group. One member, Mycoplasma
mycoides subspecies mycoides, causes conta-
gious bovine pleuropneumonia (CBPP), one
of the most important bacterial diseases of
domestic animals.

Characteristics of the Organisms

Mycoplasmas are obligate parasites and most
survive on moist mucosal surfaces of their
vertebrate hosts, although the hemophilic
mycoplasmas are exclusively parasites of ery-
throcytes. They are highly pleomorphic, but do
have a cytoskeleton that controls their shape
(Balish and Krause 2006). They lack most of
the biosynthetic capacity of other bacteria
and thus rely on import systems to scavenge
complex nutrients from their hosts and have
fastidious requirements for growth in vitro.
In all mycoplasmas except acholeplasmas,
the osmotic stability of the cell is maintained
by incorporation of cholesterol into the cell
membrane (uniquely among the procaryotes),
which must be obtained exogenously. Unlike
all other bacteria, the proteins and lipoproteins
embedded in the cell membranes of mycoplas-
mas interact directly with their host, playing a
key role in adhesion, acquisition of essential
complex nutrients and evasion of the immune
response.

Pathogenesis of Bacterial Infections in Animals, Fifth Edition.
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As a consequence of the phylogenetic dis-
tance between the mycoplasmas and other
bacteria, and their unique adaptations to a
dedicated parasitic lifestyle, a large propor-
tion of their genes, and particularly genes
predicted to encode surface proteins, only
have identifiable orthologues within other
mycoplasmas, and sometimes only in closely
related mycoplasmas.

While the mycoplasmas share some common
features, they are nevertheless a diverse group,
particularly with respect to their pathogenic
potential, which varies widely both between
species and among strains within species.
Many species are commensals, while a few
can cause acute mortality. Assessing the
pathogenic role of mycoplasmas can be prob-
lematic. Their isolation from mucosal surfaces
in disease states does not necessarily indicate
etiological significance, because the same
species often can be isolated from the same
sites in clinically normal animals. Intercur-
rent factors, including co-infection with other
agents and adverse environmental influences,
can play an important role in precipitating
disease.

While animal mycoplasmas are generally
regarded as extracellular parasites, at least
some species have the capacity to invade
non-phagocytic cells.

Pathogenic Species

Mycoplasmas are usually considered to be
relatively host specific. Although infection
may occur in more than one host species,
there is usually a primary host, to which dis-
ease is mostly confined. Table 31.1 lists the
important pathogenic species of the major
domestic animal species. However, a number
of these pathogenic species can also cause
disease in minor domestic species and in
wildlife, and there are pathogenic species that
are only found in minor domestic species or in
wildlife.

Source of Infection: Ecology,
Evolution, and Epidemiology

The distribution of mycoplasmas generally
mirrors the distribution of their hosts, and
global dissemination of most pathogenic
species has occurred as a result of the inter-
national trade in livestock. However, some
species are restricted nationally or locally as a
result of the implementation of disease control
policies in domestic livestock.

Infected animals and prolonged carriers are
the principal sources of pathogenic mycoplas-
mas, with the organisms persisting on mucosal
surfaces or in sequestrated lesions, and occa-
sionally in unusual body sites such as the ear
canals of ruminants.

Pathogenic mycoplasmas may be trans-
mitted horizontally by aerosols from the
respiratory tract, milk and reproductive tract
secretions, or vertically in eggs. Because they
lack a cell wall, mycoplasmas are susceptible
to desiccation and disinfectants, and do not
survive in the environment for long periods,
although some species can form biofilms that
may provide some protection (McAuliffe et al.
2006). Despite their cellular fragility, transmis-
sion over considerable distances via wind or
fomites is suspected under intensive animal
husbandry conditions. The sources of infection
and patterns of transmission can vary between
species. For example, directional airborne
transmission of Mycoplasma hyopneumoniae
in airflows has been demonstrated by follow-
ing the progression of infection across the pens
of a piggery over time (Clavijo et al. 2021),
whereas, for Mycoplasma hyorhinis, a longitu-
dinal study has shown that, when there is low
prevalence of infection in sows and suckling
piglets, transmission occurs mainly by contact
between piglets after weaning (Clavijo et al.
2019). Risk factors for transmission, such as
levels of excretion and duration of contact,
have been explored for some mycoplasmas in
wildlife populations, including Mycoplasma
ovipneumoniae in bighorn sheep (Manlove
et al. 2017), Mycoplasma agassizii in desert
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Table 31.1 Pathogenic mycoplasmas of domestic animals.

Animal Mycoplasma species Diseases

Cattle Mycoplasma mycoides subsp.
mycoides

Contagious bovine pleuropneumonia, arthritis
in calves

Mycoplasma bovis Pneumonia, mastitis, arthritis, otitis media,
surgical wound infections, infertility, abortion,
endometritis, salpingitis, vesiculitis

Mycoplasma leachii Polyarthritis, mastitis, abortion, pneumonia
Mycoplasma californicum,
Mycoplasma canadense

Mastitis

Mycoplasma dispar Pneumonia, mastitis
Mycoplasma alkalescens Arthritis, mastitis, pneumonia, otitis media
Mycoplasma bovoculi Conjunctivitis, keratoconjunctivitis
Mycoplasma bovirhinis Pneumonia, otitis, conjunctivitis, mastitis
Mycoplasma wenyonii Anemia

Sheep and goats Mycoplasma capricolum subsp.
capripneumoniae

Contagious caprine pleuropneumonia (and a
similar disease in sheep)

Mycoplasma agalactiae Contagious agalactia (arthritis, mastitis,
conjunctivitis), pneumonia, abortion, granular
vulvovaginitis in sheep and goats

Mycoplasma mycoides subsp. capri Contagious agalactia, pneumonia, peritonitis,
septicemia in goats; balanitis and vulvitis in
sheep

Mycoplasma capricolum subsp.
capricolum

Contagious agalactia and septicemia in goats

Mycoplasma adleri Arthritis in goats
Mycoplasma putrefaciens Contagious agalactia, abortion, salpingitis,

metritis, testicular atrophy in goats
Mycoplasma conjunctivae Keratoconjunctivitis in sheep and goats
Mycoplasma ovipneumoniae Pneumonia, conjunctivitis and mastitis in

sheep and goats
Mycoplasma ovis Anemia

Pigs Mycoplasma hyopneumoniae Pneumonia
Mycoplasma hyorhinis Arthritis, polyserositis, otitis media
Mycoplasma hyosynoviae Synovitis, arthritis, pericarditis
Mycoplasma suis Anemia

Poultry Mycoplasma gallisepticum Respiratory disease in chickens and turkeys
Mycoplasma synoviae Respiratory disease and synovitis in chickens

and turkeys; eggshell deficits in chickens
Mycoplasma meleagridis Respiratory disease, chondrodystrophy,

bursitis, synovitis, embryonic death in turkeys
Mycoplasma iowae Airsacculitis and embryonic death in turkeys

Dogs Mycoplasma cynos Pneumonia, bronchitis, cystitis
Mycoplasma haemocanis Hemolytic anemia

Cats Mycoplasma hemofelis Hemolytic anemia

(continued)
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Table 31.1 (Continued)

Animal Mycoplasma species Diseases

Multiple
species

Mycoplasma argininii Pneumonia, vesiculitis, keratoconjunctivitis, mastitis
in cattle; pneumonia and keratoconjunctivitis in
sheep; arthritis in goats

Mycoplasma bovigenitalium Vulvovaginitis, vesiculitis, epididymitis, abortion,
infertility, mastitis, pneumonia, conjunctivitis and
arthritis in cattle; pneumonia and conjunctivitis in
dogs

Mycoplasma felis Conjunctivitis, rhinitis, ulcerative keratitis,
polyarthritis in cats; respiratory disease in horses

Ureaplasma species Urogenital tract disease and pneumonia

tortoises (Aiello et al. 2016), and Mycoplasma
gallisepticum in house finches (Adelman et al.
2013, 2015). In the latter example, the rel-
atively recent incursion of M. gallisepticum
into wild bird populations in North America
has resulted in considerable coevolution of
these new hosts and the pathogen (Bonneaud
et al. 2018). Despite their reductive evolution,
mobile genetic elements, such as phages and
integrative and conjugative elements (ICEs),
appear to shape the virulence potential of
many mycoplasma species (Citti et al. 2020).

Virulence Factors
and Pathogenomics

The genetic basis of mycoplasma virulence is
multifactorial, and varies between different
mycoplasma species, with many character-
ized virulence factors only found in relatively
closely related species.

Adhesins

Mycoplasmas produce surface-exposed pro-
teins, and in some cases complex structures,
capable of binding to host tissues or the extra-
cellular matrix. Specific adhesins have only
been characterized in a limited number of
mycoplasmas, but it is clear that there may be
different molecules and structures involved in
adhesion in different mycoplasma species.

Terminal Organelle in M. gallisepticum
A distinct tip structure, or terminal organelle,
is seen in the poultry pathogen M. gallisep-
ticum. The cell surface proteins GapA and
CrmA, which are localized on this tip struc-
ture, are required for its formation (Indikova
et al. 2014), and for colonization of the res-
piratory tract (Goh et al. 1998; Papazisi et al.
2003). A similar tip structure is also seen in
the phylogenetically related turkey pathogen
Mycoplasma iowae. M. gallisepticum also has
cytoadhesins that are not part of this tip struc-
ture, including PvpA (Boguslavsky et al. 2000)
and VlhA (Browning et al. 2011). The chicken
apolipoprotein A-I can act as a receptor for
VlhA (Hu et al. 2016). VlhA homologs are also
found in the closely related avian pathogen
Mycoplasma imitans and the phylogenetically
distant avian pathogen Mycoplasma synoviae
(Noormohammadi et al. 2000).

Ciliary Adhesin of M. hyopneumoniae
M. hyopneumoniae possesses two paralogous
families of specific ciliary adhesins, P97 and
P102. A recombinant mutant lacking the P97
ciliary adhesin has been shown to have a
reduced capacity to bind purified cilia and cell
cultures (Clampitt et al. 2021). In addition to
their capacity to bind to cilia, these proteins
bind to highly sulfated glycosaminoglycans,
fibronectin and plasminogen, and P102 can
control plasminogen activation (Seymour et al.
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2012). Complete genome analysis of M. hyop-
neumoniae identified six paralogous genes
for P97 and P102 (Minion et al. 2004), but
the role of these multiple copies is unclear.
In addition to these adhesins, other surface
proteins have also been implicated in binding
to porcine cells and to heparin (Burnett et al.
2006).

Adhesins of Other Species
The ruminant mycoplasma Mycoplasma bovis
causes pneumonia, mastitis, otitis, and arthri-
tis in cattle. It is phylogenetically related to
Mycoplasma agalactiae, one of the agents
causing contagious agalactia in sheep and
goats. M. bovis and M. agalactiae possess
homologous families of phase variable cell
surface lipoproteins, the Vsps and Vpmas,
respectively (Figure 31.1). Both Vsps (Thomas
et al. 2003) and Vpmas (Hegde et al. 2018)
are involved in cytoadhesion. Adherence of
M. bovis to bovine cell cultures is also medi-
ated by the fibronectin-binding, leucine-
rich repeat lipoproteins P27 (Chen et al. 2018)
and MbfN (Adamu et al. 2020). Other adhesins
for extracellular matrix proteins have been
identified, including the surface-exposed,
plasminogen-binding fructose-1,6-bisphos-
phate aldolase (FBA; Gao et al. 2018; Huang
et al. 2019), the fibronectin-binding methyl-
transferase TrmFO (Guo et al. 2017) and the
fibronectin-binding nicotinamide adenine din-
ucleotide (NADH) oxidase homolog Nox (Zhao
et al. 2017). Furthermore, a putative transmem-
brane protein, Mbov_503 (MBOV_RS02440),
binds tight junctions and may contribute to
cell invasion (Zhu et al. 2020), demonstrating
the wide repertoire of potential adhesins in
M. bovis.

In Mycoplasma conjunctivae, a primary cause
of infectious keratoconjunctivitis in domestic
sheep and goats, as well as wild Caprinae, the
150 kDa protein LppS mediates adherence to
lamb synovial cells (Belloy et al. 2003).

Monoclonal antibodies against the lipopro-
teins Maa1 and Maa2 of the rodent path-
ogen Mycoplasma arthritidis partially inhibit

adherence to rat lung cells. Further studies
using transposon mutagenesis of maa1 and
maa2, followed by complementation of each
with wild-type alleles, showed that only Maa1
mediated adherence, while Maa2 inhibited
adherence (Bird et al. 2008).

The uncultivable hemotropic mycoplasma
Mycoplasma suis possesses two surface-exposed
proteins, the 336 aa MSG1, a homolog of
glyceraldehyde-3-phosphate dehydrogenase
(Hoelzle et al. 2007), and a 540 aa homolog
of α-enolase (Schreiner et al. 2012), which
can both bind to porcine erythrocytes when
expressed as recombinant proteins.

Hydrogen Peroxide Production

Hydrogen peroxide (H2O2) is the final product
of the flavin-terminated electron transport
chain. Production of H2O2 by M. ovipneumo-
niae affects ciliary movement in ovine tracheal
organ cultures and is also responsible for
the hemolysis induced by several pathogenic
mycoplasmas. Differences in virulence of some
strains of M. mycoides subsp. mycoides have
been attributed to the amount of hydrogen per-
oxide they produce. An ATP-binding cassette
(ABC) transport system for glycerol uptake is
intact in virulent African strains, but incom-
plete in less virulent European isolates, and
this difference has been proposed to account
for differences in production of hydrogen per-
oxide, as it is a product of the metabolism of
glycerol (Figure 31.1; Pilo et al. 2005). While
the levels of H2O2 produced in culture media
by virulent M. mycoides subsp. mycoides do
not affect embryonic calf nasal epithelial cells,
the close proximity of mycoplasma cells to
host cells may allow the transfer of hydrogen
peroxide across the cell membrane, resulting
in cytotoxic effects (Bischof et al. 2008). Pro-
duction of H2O2 by M. bovis has been detected
in strains isolated from caseonecrotic lung
lesions (Schott et al. 2014). In M. gallisepticum,
production of H2O2 is a potential virulence
factor in house finches (Perez et al. 2020), but
seemingly not in chickens (Szczepanek et al.
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Figure 31.1 Overview of virulence factors in mycoplasmas and their role in the pathogenesis of the diseases they cause. Source: Based in part on Pilo et al.
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2014). M. gallisepticum possesses a homolog
of the Ohr (organic hydroperoxide resistance)
family protein (MGA_1142), which enables it
to detoxify some of the reactive oxygen species
found at the site of infection (Jenkins et al.
2008).

Biofilm Production

Biofilms are formed in vitro by M. bovis,
M. agalactiae, Mycoplasma pulmonis, M. mycoi-
des subsp. mycoides and M. gallisepticum. They
are associated with resistance to desiccation,
heat, complement-mediated lysis, antimicro-
bials and detergents (McAuliffe et al. 2006;
Simmons and Dybvig 2007; McAuliffe et al.
2008; Chen et al. 2012). Biofilm-like structures
have also been observed in vivo, on the surface
of endothelial cells of splenectomized pigs
experimentally infected with M. suis (Sokoli
et al. 2013), but their role in virulence is yet to
be clearly defined.

Capsules

Capsules of mycoplasmas may aid the for-
mation of biofilms, impede host defenses,
and improve persistence in the environment.
The galactan capsule of M. mycoides subsp.
mycoides has a dramatic toxic effect in calves
when injected intravenously, and also increases
the duration of bacteremia in infected mice
and confers survival in serum (Gaurivaud
et al. 2014). In M. mycoides subsp. capri,
capsule-defective mutants are less pathogenic
in goats (Jores et al. 2019).

Sialidase Activity

Sialidase and hyaluronidase cause apoptosis
in alligator pulmonary fibroblast cultures,
and together, or with other cofactors, may
contribute to the pathogenicity of Mycoplasma
alligatoris (Hunt and Brown 2007). Both
M. synoviae (Vasconcelos et al. 2005) and
M. gallisepticum (Papazisi et al. 2003) express
sialidases. Although knockout mutants lack-
ing sialidase activity are less pathogenic in

chickens, complementation experiments failed
to restore their virulence to wild-type levels, so
the role of this enzyme in virulence is yet to be
fully elucidated (May et al. 2012).

Superantigens and Lipoproteins

Superantigens elicit a massive T-cell response
through interaction with the major histo-
compatibility complex on antigen presenting
cells and the T-cell receptors on T cells. The
arthritogenic pathogen of mice and rats,
M. arthritidis, produces a superantigen known
as MAM. Diacylated lipoproteins, which are
major components of mycoplasma cell mem-
branes, have also been identified as potent
non-specific stimulators of immune responses
through activation of Toll-like receptor (TLR)
2 (Hasebe et al. 2007).

Immunoglobulin Binding Protein
and Immunoglobulin Protease

M. mycoides subsp. capri strains produce a
two-component cell-surface system, com-
prising a mycoplasma immunoglobulin
(Ig)-binding protein (MIB) and an associ-
ated Ig protease (MIP), which act sequentially
to bind and then cleave the heavy chain of
IgG (Figure 31.1; Arfi et al. 2016). The system
can also dissociate antibody–antigen com-
plexes (Nottelet et al. 2021). Homologs of these
proteins are observed in many pathogenic
mycoplasmas, with numerous species hav-
ing multiple copies of the genes for each
component. It is thought that this system
may facilitate evasion of humoral immune
responses in infected hosts.

Other Virulence Factors

Cell-surface degradative enzymes and nutrient
transporters also appear to play a role in viru-
lence. The p65 antigen of M. hyopneumoniae is
a cell-surface lipoprotein with lipolytic enzy-
matic activity and a preference for long-chain
fatty acids. In addition to its probable role in
catabolism to supply nutrients, it may play a
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role in disease by damaging lung surfactant
(Schmidt et al. 2004). Oligopeptide transport
also appears to be an essential virulence fac-
tor (Figure 31.1). M. gallisepticum mutants
with transposon insertions in the oligopeptide
transporter oppD have reduced virulence in
experimentally infected chickens (Tseng et al.
2017). In M. synoviae, comparative genomic
analysis of the attenuated strain MS-H and
its virulent parent 86079/7NS has identified a
frameshift mutation in the oppF-1 gene, result-
ing in expression of a truncated version of the
protein (Zhu et al. 2019). In M. gallisepticum,
an ABC transporter for glycerol is essential for
colonization of the host (Mahdizadeh et al.
2021) (Figure 31.1).

Regulation of Virulence

Mycoplasma genomes lack homologs of many
of the known virulence regulators character-
ized in other bacterial pathogens, although
a novel sigma factor has been identified in
the human pathogen Mycoplasma genitalium
that controls the recombination underlying
generation of antigenic variation (Torres-Puig
et al. 2015). As discussed below, considerable
phase variable expression of cell surface pro-
teins occurs via variations in the length of
polynucleotide repeats or through site-specific
recombination. In chickens experimentally
infected with M. gallisepticum there is a dis-
tinct temporal change in levels of expression
of different members of the vlhA gene fam-
ily and expression of different members of
this gene family appears to be influenced
by specific host tissues (Pflaum et al. 2020).
Expression of phase variable antigens is also
influenced by exposure to specific antibodies
against these antigens (Browning et al. 2011).
Increased expression of certain virulence genes
has been detected in in vitro models of infec-
tion (Pritchard and Balish 2015; Cizelj et al.
2016) and in experimentally infected animals
(Madsen et al. 2008), but the mechanisms
underlying this are yet to be elucidated.

Types of Disease and Pathologic
Changes

From a pathogenetic point of view, it is con-
venient to define two types of mycoplasmal
disease: (i) disease resulting from invasive
infections characterized by dissemination via
the blood; and (ii) disease where infection
remains primarily localized. In the latter,
mycoplasmemia may occasionally occur, but
is not a regular feature of pathogenesis. Lists
of diseases within the two categories for dif-
ferent hosts and their etiology is provided in
Tables 31.2 and 31.3. Where other manifesta-
tions of disease are regularly recognized, they
are also included in these tables.

Invasive Infections

Invasive mycoplasmas have the capacity to
penetrate epithelial barriers and enter the
blood stream, although this usually requires,
or is exacerbated by, intercurrent factors.
Common sequelae following a usually inap-
parent mycoplasmemia are localization in,
and inflammation of, serosal cavities or joints,
manifesting as one or a combination of poly-
serositis, tenosynovitis or arthritis. Sometimes
more generalized infection and even acute
septicemia may occur. Septicemic diseases
are acute and associated with fever, and
often death. Infections leading to polyserosi-
tis/arthritis tend to become persistent and are
accompanied by more chronic inflammatory
processes.

Septicemia and Multiple System Diseases
M. mycoides subsp. capri can cause septicemia,
principally in young goats. This may occur
when host immunity is poor or as a sequela of
primary disease at another site (conjunctivitis,
pneumonia or mastitis). Clinical, pathologi-
cal and clinicopathological signs in kids are
typical of acute septicemic disease. Mortality
is high, with lesions including fibrinopuru-
lent polyarthritis, embolic pneumonia and
thromboembolic lesions in various organs,
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Table 31.2 Mycoplasma diseases of animals characterized by invasive blood-borne infection.

Primary disease Host(s) Species Other manifestations

Septicemia Goats, sheep Mycoplasma mycoides subsp.
capria)

Polyarthritis, pneumonia,
mastitis, conjunctivitis

Mycoplasma capricolum
subsp. capricolum

Arthritis, mastitis,
pneumonia

Polyserositis/arthritis Swine Mycoplasma hyorhinis Pneumonia
Alligators (Alligator
mississippiensis)

Mycoplasma alligatoris Pneumonia

Tenosynovitis/arthritis Chickens, turkeys Mycoplasma synoviae Airsacculitis
Turkeys Mycoplasma meleagridis Airsacculitis and

chondrodystrophy
Arthritis/polyarthritis Cattle Mycoplasma bovis

Mycoplasma leachiib)

Mycoplasma alkalescens

Mastitis, pneumonia

Mastitis
Sheep, goats Mycoplasma agalactiae Mastitis, conjunctivitis,

pneumonia
Swine Mycoplasma hyosynoviae
Rats Mycoplasma arthritidis
Crocodiles (Crocodylus
niloticus)

Mycoplasma crocodyli Pneumonia

Hemolytic anemia Cats, cattle Mycoplasma
haemofelis,c) Mycoplasma
wenyonii

Hyperthermia, lower limb
and teat edema, transient
milk drop

Meningoencephalitis Dogs M. canis

a) Includes former subspecies M. mycoides subsp. mycoides large colony type and M. mycoides subsp. capri.
b) Formerly Mycoplasma sp. Bovine Group 7.
c) Formerly Haemobartonella felis.

indicating a generalized intravascular coagula-
tion crisis.

Disease associated with Mycoplasma capri-
colum subsp. capricolum in goats and sheep
is acute and severe and typically occurs as a
generalized infection, which may proceed to
fatal septicemia or result in joint localization
with a fibrinopurulent polyarthritis.

M. alligatoris has also been identified as
the cause of a fatal multisystemic disease,
including fibrinous polyserositis, arthritis, and
necrotizing pneumonia, in captive American
alligators (Alligator mississippiensis; Clippinger
et al. 2000; Brown et al. 2001a).

Mycoplasma zalophi has been isolated from
several different lesions in California sea
lions (Zalophus californianus) undergoing

rehabilitation. The most common lesion seen
was subdermal abscessation, although intra-
muscular abscesses, septic arthritis and lym-
phadenopathy were also seen (Haulena et al.
2006). In Australian fur seals, Mycoplasma
phocicerebrale has been isolated from the
fetal thymus. Infected fetuses had interstitial
pneumonia and inflammatory cardiac lesions,
suggesting a role in gestational failure (Lynch
et al. 2011).

Polyserositis/Arthritis/Synovitis Syndromes
In pigs, M. hyorhinis colonizes the upper res-
piratory tract, and Mycoplasma hyosynoviae
the tonsils, without apparent signs, although
M. hyorhinis is a common secondary oppor-
tunistic pathogen in pre-existing pneumonia.
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Table 31.3 Mycoplasma diseases of animals characterized by localized extension of infection.

Primary disease Host(s) Species Other manifestations

Pneumonia Cattle Mycoplasma dispar
Mycoplasma bovis Mastitis, arthritis

Sheep Mycoplasma ovipneumoniae
Swine Mycoplasma hyopneumoniae
Dogs Mycoplasma cynos
Mice, rats Mycoplasma pulmonis Salpingitis, endometritis,

placentitis
Pleuropneumonia Cattle CBPP Mycoplasma mycoides subsp.

mycoides
Arthritis in calves

Goats CCPP Mycoplasma capricolum subsp.
capripneumoniae

Pleuritis Horses Mycoplasma felis
Airsacculitis Chickens/turkeys Mycoplasma gallisepticum Tracheitis, sinusitis,

conjunctivitis
Mycoplasma synoviae Sinusitis (turkeys)

Turkeys Mycoplasma meleagridis Osteodystrophy
Conjunctivitis Cattle Mycoplasma bovoculi

Sheep, goats Mycoplasma conjunctivae
Cats Mycoplasma felis
Mice Mycoplasma neurolyticum “Rolling disease”
Songbirds and
house finches

Mycoplasma gallisepticum

Tortoises; Gopherus
and Testudo spp.

Mycoplasma agassizii Rhinitis

Vulvovaginitis Cattle Ureaplasma diversum Infertility, abortion,
pneumonia

Seminal vesiculitis Cattle Mycoplasma bovigenitalium Decreased sperm motility
Mastitis Cattle Mycoplasma bovis Pneumonia, arthritis

Mycoplasma bovigenitalium Vulvovaginitis
Mycoplasma californicum
Mycoplasma canadense
Mycoplasma alkalescens Arthritis

Sheep, goats Mycoplasma agalactiae,
Mycoplasma putrefaciens,
Mycoplasma capricolum subsp.
capricolum and
Mycoplasma mycoides subsp. capri

Arthritis, septicemia,
keratoconjunctivitis

Mycoplasma capricolum subsp.
capricolum

As for M. agalactiae

Mycoplasma mycoides subsp. capri As for M. agalactiae
Goats Mycoplasma putrefaciens

Erythrodermatitis Freshwater fish
(Tinca tinca)

Mycoplasma mobile Necrotizing gill lesions

Chondrodystrophy Turkeys Mycoplasma meleagridis,
Mycoplasma iowae,
Mycoplasma gallisepticum

Airsacculitis,
tenosynovitis/arthritis

Otitis Cattle Mycoplasma bovis Pneumonia, arthritis
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However, in young pigs around weaning
age, M. hyorhinis may on occasion cross the
epithelial barrier and disseminate to cause
acute inflammation in serosal and synovial
cavities that subsequently becomes chronic.
Affected pigs fail to thrive and may become
runts. Serofibrinous pleuritis, pericarditis and
peritonitis are present and, in chronic cases,
fibrous adhesions are prominent. Affected
joints initially contain serosanguineous syn-
ovial fluid and the synovial membranes in the
chronic stages show non-suppurative prolifera-
tive changes. Virulent strains of M. hyosynoviae
cause arthritis in older growing pigs following
stresses such as movement or vaccination.
Joint lesions are similar to, but milder than,
those caused by M. hyorhinis. Heavy breeds are
more susceptible.

Two avian mycoplasmas are known to cause
tenosynovitis. Mycoplasma meleagridis is a
specific pathogen of turkeys and colonizes
the respiratory tract and joints. M. synoviae
infects the respiratory tract of chickens and
turkeys, usually as a subclinical infection.
Strains vary greatly in virulence and some may
have a tropism for synovial tissues, causing
clinical signs of tenosynovitis and arthritis.
Exudate that is initially clear, then turbid, and
later caseous is a prominent feature. Some
strains of M. synoviae are reported to induce
amyloid arthropathy, with accumulation of
orange-colored exudates within joints, espe-
cially during the chronic stages (Landman and
Feberwee 2001).

Several mycoplasma species are associated
with arthritis and polyarthritis in cattle, par-
ticularly in young cattle soon after arrival at a
feedlot. With M. bovis, arthritis often follows a
primary pneumonia. It also occurs at high inci-
dence in calves suckling cows with M. bovis
mastitis. M. agalactiae is invasive and may
localize in joints of sheep and goats following
a primary mastitis (contagious agalactia).

Polyarthritis and subacute pneumonia
caused by Mycoplasma crocodyli has been
described in farmed Nile crocodiles (Crocodylus
niloticus), and a strong correlation has

been seen between arthritis/tenosynovitis
in American black vultures (Coragyps atratus)
and the isolation of Mycoplasma corogypsi
from the joints (Van Wettere et al. 2013).

Hemotropic Infections
The hemotropic mycoplasmas (previously
Haemobartonella and Eperythrozoon species)
are predominantly epicellular parasites of
red cells. A number of species have been
described, with each specific for a particular
host. Mycoplasma haemofelis in cats, M. ovis
in lambs and M. suis in pigs are regularly
associated with clinically apparent hemolytic
anemia. Anemia is thought to result from
increased erythrophagocytosis rather than
intravascular hemolysis. Persistently infected
animals act as infectious reservoirs and trans-
mission occurs via transfer of infected blood,
which for some species is effected by biting
arthropods. Vertical transmission may also
occur. A novel strain of M. suis has been shown
to invade erythrocytes and to cause severe
anemia and mortality in pigs (Groebel et al.
2009). Mycoplasma wenyonii has been detected
in cattle with anemia, edema of the limbs
and/or the udder, and a transient drop in milk
production (Nouvel et al. 2019).

Localized Infections

Respiratory Tract
There are two main manifestations of mycopl-
asmal respiratory disease in mammalian
species. In calves, lambs, pigs, dogs, mice and
rats, bronchitis, bronchiolitis and pneumonia
are a feature of respiratory mycoplasmoses,
which are frequently part of a respiratory
disease complex (referred to as enzootic pneu-
monia in food-producing animals). The second
form is pleuropneumonia, with two specific,
well-recognized conditions: CBPP and con-
tagious caprine pleuropneumonia (CCPP).
Pleuritis in the horse is occasionally associ-
ated with Mycoplasma felis. In avian species
mycoplasmal respiratory disease occurs mainly
as sinusitis, tracheitis and airsacculitis.
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A persistent airway infection is a fea-
ture of many mycoplasmal pneumonias
(see Table 31.3 for species most commonly
involved). Early stages involve direct damage
of the ciliated epithelium of the bronchi and
bronchioles by the organism, provoking a
predominantly neutrophil and mononuclear
cellular response. This progresses to a chronic
interstitial pneumonia, with lymphocytes,
plasma cells and macrophages the predom-
inant cell types involved. A characteristic of
most chronic mycoplasmal pneumonias is
proliferation of bronchiolar lymphoid tissue
(cuffing pneumonia). Bronchiectasis is a fea-
ture of the disease caused by M. pulmonis
in rats and mice. Mycoplasma cynos in dogs
causes a mild bronchointerstitial pneumonia
and may contribute to the kennel cough com-
plex. M. bovis is more aggressive than other
mycoplasma species associated with pneu-
monia in calves, and produces lesions that
include foci of necrosis. M. hyopneumoniae is
of global economic importance as the cause
of porcine enzootic pneumonia and as a key
component in the porcine respiratory disease
complex.

Pneumonic lesions typically occur in ventral
parts of the apical and cardiac lobes of the
lung, a distribution consistent with gravita-
tional effects on the deposition of infectious
aerosols and drainage of inflammatory prod-
ucts. It should be emphasized that pneumonic
lesions caused by Mycoplasma species alone
are often mild and, in the case of M. ovipneu-
moniae (non-progressive pneumonia) in lambs
and Mycoplasma dispar in calves, typically
subclinical. However, they may predispose to
secondary bacterial infections and more severe
pneumonic lesions. Complex respiratory dis-
eases with mycoplasmas as a key primary
component are common and important and
will be described in more detail below.

CBPP and CCCP are caused by M. mycoides
subsp. mycoides and M. capricolum subsp.
capripneumoniae, respectively. Both diseases
are characterized by fibrinonecrotic pneumo-
nia, serofibrinous pleuritis, and accumulations

of serosanguinous fluid. Lung lesions may
become sequestrated in a fibrous capsule.
Organisms may remain viable in these lesions
for long periods. Animals with sequestrated
lesions may be long-term carriers. Many
cases of CBPP are subclinical and mortality
is variable (up to 50% of diseased animals),
depending on the susceptibility of the animal
and the virulence of the strain involved. Strains
isolated in more recent years in Europe are less
virulent than classical strains. CCCP is highly
contagious and mortality may reach 80%.

M. gallisepticum is one of the primary eti-
ological agents of chronic respiratory disease
in poultry. Uncontrolled proliferation of the
organism in susceptible birds causes severe
inflammation of the mucosa of the sinuses
and/or trachea, and infection frequently
extends to the lungs and air sacs. Clinical
signs may include tracheal rales, nasal dis-
charge and coughing. Gross swelling of the
paranasal sinuses and ocular discharge are
common in turkeys. Production may be com-
promised, with reduced feed consumption,
egg production and weight gain. A similar
respiratory syndrome may be seen in chick-
ens and turkeys infected with M. synoviae,
especially when there is concurrent infection
with other respiratory pathogens. However,
infection with M. synoviae is often subclinical.
M. meleagridis infection is confined to turkeys,
where it causes mild airsacculitis in poults
and has been incriminated in chondrodys-
trophic conditions. All of the pathogenic avian
mycoplasmas can be transmitted horizontally
via infectious aerosols or vertically via the
egg. M. meleagridis can also be transmitted
venereally. Lesions induced by pathogenic
avian mycoplasmas are mainly found in the
nasal cavity, infraorbital sinuses, trachea
and air sacs, and include thickening of the
mucosa, hyperplasia and/or metaplasia of the
epithelial layer, infiltration and proliferation
of lymphocytic cells, and infiltration of other
mononuclear inflammatory cells into the lam-
ina propria. Granulomatous changes in the
lungs are also common.
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Mycoplasma nasistruthionis sp. nov. and
Mycoplasma struthionis sp. nov. have been
isolated from ostriches (Struthio camelus
var. domesticus) with upper respiratory dis-
ease (Botes et al. 2005; Spergser et al. 2020),
although their role as primary pathogens has
not yet been established.

Conjunctivitis
Mycoplasmas have been associated with con-
junctivitis in several animal species, either as
a primary infection or in conjunction with
respiratory disease. M. gallisepticum in chick-
ens and turkeys is a good example of the
latter. Conjunctivitis seems to be a feature
of outbreaks of disease in house finches and
other songbirds in North America caused by
M. gallisepticum. In cattle, Mycoplasma bovo-
culi causes mild conjunctivitis but predisposes
to more severe infection with Moraxella bovis.
M. conjunctivae causes transient conjunctivitis
and keratitis in sheep, goats, ibex and chamois,
but the transient disease affects vision and
can result in death through misadventure,
particularly in wild chamois and ibex living in
alpine environments (Giacometti et al. 2002).
M. felis is reported as a cause of conjunctivitis
in cats, but it may also be isolated from the
eyes of clinically normal cats. Mycoplasma
neurolyticum also occurs in the conjunctivae
of both clinically normal and diseased mice.
The organism is of interest in that it appears to
be the only mycoplasma known that produces
an exotoxin. When inoculated intravenously
into mice it elicits a neurological syndrome
and rapid death. M. agassizii is widespread
in tortoise populations in North America and
Europe and is associated with conjunctivitis
and chronic upper respiratory tract disease
(Brown et al. 2001b).

Reproductive Tract Disease
Reproductive tract disease caused by mycoplas-
mas is relatively uncommon in animals despite
their frequent isolation from this site. In birds,
colonization of the oviduct by pathogenic
mycoplasmas is important in determining

vertical transmission of the organism to
progeny, but disease of the reproductive tract
of the hen is not a feature of this infection.
Some strains of M. synoviae can induce abnor-
malities of the egg shell around the apex,
leading to economic loss in layer farms due to
shell cracks and breaks (Feberwee et al. 2009).
Mycoplasma anserisalpingitidis has been iso-
lated from the reproductive tracts (oviduct,
ovary, phallus and testis) of diseased geese,
but its role in disease has not yet been fully
established (Volokhov et al. 2020).

Granular vulvovaginitis has been described
in cattle (Ureaplasma diversum and Mycopl-
asma bovigenitalium), sheep (M. capricolum
subsp. capricolum and M. mycoides subsp.
capri) and goats (M. agalactiae). Prominent
granules composed of hyperplastic lymphoid
tissue are present on the mucosa. U. diversum
is also an occasional cause of infertility and
abortion in cows.

In the bull, M. bovigenitalium is a commen-
sal of the lower urethra and prepuce. It is an
occasional cause of seminal vesiculitis and epi-
didymitis, characterized by chronic fibrosing
inflammation. In such cases, it is persistently
shed in the semen and seems to be associated
with poor sperm motility.

Mastitis
Several mycoplasma species can cause mastitis
in cattle (Table 31.3), but M. bovis is the most
common and causes the most severe disease.
The mammary gland in acute M. bovis mastitis
is swollen and milk secretion is scant, with
fibrin deposits and a clear whey. A persistent
carrier state is common and may result in
recurring clinical disease in subsequent lacta-
tions, and also act as a source of infection for
other cows.

Contagious agalactia is a syndrome in lactat-
ing sheep and goats caused by M. agalactiae.
It is primarily a severe mastitis, but the organ-
ism is invasive and enters the bloodstream rela-
tively frequently to cause arthritis, pneumonia,
and septicemia. It is also associated with kera-
toconjunctivitis.
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While M. agalactiae is considered the classi-
cal cause of contagious agalactia, Mycoplasma
putrefaciens, M. capricolum subsp. capricolum
and M. mycoides subsp. capri can also cause a
disease with very similar signs and lesions in
goats.

Gill Erythrodermatitis in Fish
Mycoplasma mobile has been isolated from
freshwater fish with gill erythrodermatitis and
disease can be reproduced by experimental
inoculation of the organism (Brown 2002).

Chondrodystrophy in Birds
A number of mycoplasma species, including
M. meleagridis, M. iowae and M. gallisep-
ticum, are known to cause chondrodystrophic
lesions, manifested as short, bowed and/or
rotated bones, and deviated toes in turkey
poults (Figure 31.2). These manifestations
are part of turkey syndrome 65, in which
poor feathering, airsacculitis and stunt-
ing are also prominent features. The exact
etiology and pathogenesis of this condi-
tion are unknown, although it is suspected

that mycoplasmas may deprive the growing
cartilage and bone of key nutrients, in par-
ticular biotin, required for normal skeletal
development.

Otitis
M. bovis can cause exudative otitis media
in calves. Clinical signs include unilateral
or bilateral ear droop, epiphora, head tilt,
and recumbency in severely affected calves.
Lesions include fibrinosuppurative to caseous
exudates in the tympanic bullae, ulceration
and thickening of the tympanic mucosa, and
infiltration mononuclear cells and neutrophils
into the fibrous connective tissue.

Pathogenesis

Most infections with mycoplasmas are chronic
and most of the damage to the host, and
the clinical manifestations of disease, result
from immunological and inflammatory
responses, rather than from direct toxic effects
of mycoplasma cell components.

(a) (b)

Figure 31.2 Chondrodystrophic lesions in: (a) a turkey poult infected with Mycoplasma meleagridis
compared with (b) a normal turkey poult. Note the short and bowed tarsometatarsus, and enlargement of
the hock joint in the affected bird.
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Adhesion and Motility

Adhesion and motility are interrelated and
complementary aspects of colonization and
infection. In many bacterial pathogens,
distinct, dedicated organelles, such as flag-
ella (motility) and fimbriae (adhesion) are
involved, but these structures do not exist in
the mycoplasmas. Rather, alternative adhesion
and motility systems have evolved in these
organisms. A specific attachment organelle is
found in several mycoplasmas, including the
avian pathogens M. gallisepticum, M. iowae
and M. imitans. This unique, electron-dense
polar structure located at the tip of the cell
controls both adherence and motility (Hatchel
and Balish 2008). However, mycoplasmas that
do not possess this organelle can still move
and adhere to surfaces. Adhesion to host tis-
sues relies on surface proteins that are either
associated with the attachment organelle or
diffusely distributed over the cell surface.
Many adhesins are anchored to the cell mem-
brane as lipoproteins, but alternate systems
also exist. For example, M. hyopneumoniae
adheres to the tips of the cilia of respiratory
epithelial cells, but does not have an attach-
ment organelle and the adhesins used are not
lipoproteins (Djordjevic et al. 2004; Burnett
et al. 2006).

Adhesion has been best studied in the res-
piratory pathogens and plays an important
role in some specific virulence mechanisms.
In M. mycoides subsp. mycoides, adhesion
appears to be a prerequisite for the effective
delivery of cytotoxic compounds like hydro-
gen peroxide into host cells (Bischof et al.
2008).

Adhesion is also seen in the hemotropic
mycoplasmas, which are often found in
close contact with the surface of red blood
cells. In the hemotropic porcine pathogen
M. suis, adhesion to erythrocytes appears
to be mediated by two membrane proteins,
MSG1 and HspA1 (Hoelzle et al. 2007; Hoelzle
2008). Both these proteins have alterna-
tive functions in the cytoplasm, MSG1 is a

glyceraldehyde-3-phosphate dehydrogenase
and HspA1 is a heat-shock protein. It is pos-
sible that these proteins have evolved dual
functions in response to the reduction in
genome size in mycoplasmas.

Another aspect of adhesion is binding to
extracellular matrix components. For example,
the M. gallisepticum surface protein MG1142,
a homolog of osmotically induced proteins in
other bacteria (OsmC), binds strongly to hep-
arin and glycosaminoglycans (Jenkins et al.
2007).

The presence of multiple adhesins in best
studied pathogenic species suggests that adher-
ence is a multistep process. It is probable that
initial attachment is effected by one adhesin,
with subsequent closer adherence, or adher-
ence to a different site, promoted by a second
adhesin. In M. gallisepticum initial attachment
to the surface of the respiratory tract may be
promoted by the diffusely distributed VlhA
hemagglutinin. Likewise, in M. bovis, attach-
ment to bovine bronchial epithelial cells is
mediated by the Vsp lipoproteins (Thomas
et al. 2003).

At least 12 mycoplasma species (M. mobile,
M. pulmonis, M. agassizii, Mycoplasma tes-
tudineum, Mycoplasma pneumoniae, Mycopl-
asma testudinis, Mycoplasma amphoriforme,
Mycoplasma pirum, M. gallisepticum, M. imi-
tans, M. genitalium and Mycoplasma pene-
trans) show gliding motility (Miyata 2008).
This motility relies on membrane-associated
proteins, which are hypothesized to pass
through successive cycles of attachment to
a surface, movement, detachment and repo-
sitioning. Although mycoplasmas are highly
pleomorphic bacteria, such motility requires
a degree of cellular organization so that the
movement proceeds in the direction of the
terminal organelle or an equivalent polar point
on the cell (Miyata et al. 2000). Motility is
likely to facilitate penetration of mucus layers
and insertion of the attachment organelle
between the cilia. In respiratory infections, the
organisms adhere with the terminal organelle
closely associated with the membranes of
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Figure 31.3 Transmission electron
micrograph of Mycoplasma
gallisepticum attaching to ciliated
tracheal epithelial cells via the
terminal organelle. Bar is 100 nm.

tracheal epithelial cells at the base of the cilia
(Figure 31.3).

Ciliostasis

Within 48 hours of attachment to respiratory
epithelia, mycoplasmas induce ciliostasis.
Close attachment to the epithelial membrane
is essential for this effect, implicating produc-
tion of reactive oxygen intermediates and the
subsequent oxidative damage to the epithelial
cells and their membranes, or alternatively
use of crucial nutrients, such as arginine. In
a process that may be involved in ciliosta-
sis, attachment of virulent M. hyopneumoniae
rapidly increases intracellular calcium ion con-
centrations in tracheal epithelial cells, acting
through a cytoplasmic pathway that involves
phospholipase C (Park et al. 2002). Ciliostasis
reduces the efficacy of respiratory clearance
mechanisms and predisposes the respiratory
tract to infection with other pathogens.

Antigenic Variation

A common feature of many pathogenic
mycoplasmas is the capacity for antigenic
and phase variation of cell-surface proteins
at high frequency (Figure 31.1). The proteins
involved differ between the species, as do the
mechanisms used to generate variation, but

in the most dramatic example over 500 000
variants of the same protein may be able to be
generated (Browning et al. 2011). It is probable
that in some pathogens this variation facilitates
immune evasion, although in others it may
enable expression of alternative functions,
such as adherence to different tissues or cell
types.

VlhA in M. gallisepticum and M. synoviae
M. gallisepticum possesses between 30 and
70 variant vlhA genes, most of which are
translationally competent (Browning et al.
2011). In M. gallisepticum strain Rlow there
are 43 vlhA genes organized into five clusters
(Papazisi et al. 2003). In contrast, in M. syn-
oviae there are a large number of pseudogenes
covering different discrete extents of the vlhA
gene, organized in a single cluster (Vascon-
celos et al. 2005). The vlhA genes appear
to have been acquired by M. gallisepticum
by lateral gene transfer between these two
avian pathogens. In M. gallisepticum, only one
gene appears to be transcribed at a time, and
hence only a single variant of the lipopro-
tein hemagglutinin VlhA is expressed on the
cell surface. In M. synoviae, although the
structural gene for VlhA is clearly homolo-
gous to those in M. gallisepticum, antigenic
variation is achieved by a distinctly different
means. There is only a single full-length gene,
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but many partial copies of different extents
of the region of the gene encoding the car-
boxyl end of the protein. These partial copies
can recombine at two of five different spe-
cific sites in the expressed gene to generate
novel, chimeric variants of the expressed gene
(Noormohammadi et al. 2000). It is predicted
that this has the potential to generate over
500 000 variants, with most variation gener-
ated in the region of the gene that encodes
the hemagglutinin (Browning et al. 2011).
Such variation would enable evasion of the
immune response of the chicken during
infection.

The expression of VlhA in M. gallisepticum
is controlled by a trinucleotide repeat region
adjacent to the promoter, with genes only tran-
scribed when they are preceded by 12 repeats
of GAA (Browning et al. 2011). Switching of
expression between different members of the
gene family is promoted in vitro by antibody
against the expressed gene product (Browning
et al. 2011). During infections in chickens
the vlhA genes expressed by the population
of M. gallisepticum rapidly switch over the
first week, with variation seen as early as
one day after infection, suggesting that some
host signal other than antibody is responsible
for this phase variation (Pflaum et al. 2016).
There are further changes in expression of
VlhA lipoproteins from two weeks after infec-
tion, coinciding with the development of the
humoral immune response in the tracheal
mucosa (Glew et al. 2000a). This suggests that
a specific VlhA may only be used in the early
stages of adherence and that phase variation in
expression facilitates evasion of the immune
response, with expression of alternate genes
ensuring that antigenic variants that have not
yet been recognized by the immune response
are able to adhere to new target cells in the
chronic stages of infection.

Vlp in M. hyorhinis
The vlp gene family encodes variant cell-surface
lipoproteins that are the immunodominant
antigens of M. hyorhinis. Expression of the

seven or more different members of the family
is controlled by variation in the length of a
polyadenosine tract between the −10 and −35
boxes of their promoters, with genes only
transcribed when the length of the polyadeno-
sine tract is exactly 17 (Citti and Wise 1995).
Multiple members of the family appear to
be transcribed and translated concurrently,
suggesting that the purpose for this phase
variation is not likely to be immune evasion.

Vsp in M. bovis, Vpma in M. agalactiae and Vsa
in M. pulmonis
M. pulmonis contains a family of at least 11 vsa
genes encoding variable surface antigens. Only
one gene possesses a promoter and the amino
terminal end of the coding sequence and thus
only this gene is expressed. Site-specific inver-
sions within the locus bring this single copy
expression region into apposition with differ-
ent family members, which drives variation in
vsa transcription (Bhugra et al. 1995).

M. bovis contains a similar gene family of at
least 13 genes encoding variants of the immun-
odominant lipoprotein Vsp (Lysnyansky et al.
2001) and in M. agalactiae there is a family of
homologous vpma genes (Glew et al. 2000b).
Transcription of different family members
is achieved by the site-specific inversion of
segments of the region encoding these genes,
resulting in the apposition of one gene with the
single promoter sequence (Lysnyansky et al.
2001).

A site-specific recombinase that is homolo-
gous to the Xer recombinase of phage lambda
is encoded by a gene adjacent to the vpma
locus and controls the DNA inversions (Glew
et al. 2002). Inactivation of this gene results in
“phase-locked” mutants that can only express
one of the Vpma proteins (Chopra-Dewasthaly
et al. 2008). Homologous recombinases are
suspected to play a similar role in M. bovis and
M. pulmonis.

As the mechanism employed to generate
variation in these gene families results in
expression of a single member at a time, it is
possible that it may be involved in immune
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evasion. When a M. pulmonis clone is inoc-
ulated into mice with a functional immune
system, Vsa phase variation occurs at high
frequency, whereas little Vsa variation occurs
following infection of mice without B or
T cells (Denison et al. 2005). Experimen-
tal intramammary infections of sheep with
phase-locked mutants of M. agalactiae have
shown that phase variation plays a major role
in persistence in the host and that expres-
sion of specific Vpmas is required for optimal
colonization (Chopra-Dewasthaly et al. 2017).

Vmm and Vmc in the Mycoides Cluster
M. mycoides subsp. mycoides (strain PG1) con-
tains a family of six vmm genes. Transcription
is switched on or off by dinucleotide insertions
or deletions in a repetitive region in the pro-
moter (Persson et al. 2002). The six vmm genes
are expressed in vitro and in vivo, and at least
two genes can undergo high-frequency phase
variation (Hamsten et al. 2008).

M. capricolum subsp. capricolum has another
family of six variable lipoproteins, vmcA-F. As
in the vmm system, vmc phase variation
is controlled by insertion and deletion of
dinucleotide repeats within the promoters
leading to combinatorial expression of the
corresponding lipoproteins.

Size Variation of Lipoproteins

Many of the variably expressed lipoprotein
genes can also vary dramatically in length
(Figure 31.1). This is achieved by variation
in the number of repetitions of specific short
sequences in the gene. Multiple different
repeated regions can occur in any one gene
and different types of repeats occur in different
members of the family. Such size variation
occurs in the vlp family of M. hyorhinis, the
vsa family of M. pulmonis and the vsp fam-
ily of M. bovis. While the function of many
of these repeated peptide sequences is only
partially understood, it appears that they can
shield the mycoplasma cells from complement
and modulate biofilm formation (Simmons

et al. 2007). In M. hyorhinis, longer variants of
Vlp increase resistance to growth inhibitory
antibody (Citti et al. 1997). In M. pulmonis,
the expression of diverse Vsa proteins with
high numbers of tandem repeats confers pro-
tection against killing by complement and
promotes formation of microcolonies, whereas
Vsa proteins containing fewer repeats pro-
mote cytoadherence (Simmons and Dybvig
2003).

Phase Variation

A number of lipoproteins of different mycoplas-
mas encoded by single copy genes have also
been shown to be subject to high-frequency
phase variation in expression. This has been
observed in the MAA2 gene of M. arthri-
tidis (Washburn et al. 1998) and the pvpA
gene of M. gallisepticum (Boguslavsky et al.
2000). The control of expression is, in most
cases, achieved by variation in the length of a
repeated sequence, either in the promoter, as
for the different vlp genes, or at the 5′ end of the
coding sequence, with frame shifts resulting in
premature termination of translation.

A potential function of phase variation
of lipoproteins may be to control access
of antibody, or possibly other proteins, to
constitutively expressed surface proteins.

Intracellular Invasion and Fusion
with Host Cells

Although mycoplasmas have previously been
considered extracellular pathogens, several
species have been shown to invade eukaryotic
cells in vitro. Invasion by M. gallisepticum
appears to be dependent on microtubular,
but not microfilament, function in the host
cell (Winner et al. 2000). This species is also
able to invade erythrocytes in vivo during
infection, which could assist colonization
and dissemination in the host (Vogl et al.
2008). While persistence in the invaded cell
for at least 48 hours has been demonstrated,
it is not yet certain whether intracellular
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replication can occur. If prolonged intracel-
lular survival and/or replication does occur,
this may help account for the chronicity of
mycoplasmosis. Even in the absence of pro-
longed survival, intracellular invasion may
facilitate penetration of the mucosal epithelial
barrier.

The presence of a single bounding mem-
brane in mycoplasmas permits direct interac-
tions between their cell membrane and that
of eukaryotic cells. Some species have been
shown to fuse with eukaryotic cells in vitro,
thus delivering their cell contents into the
cytoplasm of the host cell (Rottem 2002).

Lymphoid Responses

A major feature of mycoplasma infections is
intense lymphoid proliferation (Figure 31.4).
Studies in M. gallisepticum have shown that
the lymphocytes infiltrating the mucosa of the
trachea in the first week after infection are
likely to be natural killer cells (CD8+ TCR−)
(Gaunson et al. 2000; Gaunson 2001). In the
second and third weeks after infection there
is an influx of helper T cells (CD4+ TCR+)
and an increasing number of cytotoxic T cells
(CD8+ TCR+). It is only later in infection
that large numbers of B cells, in follicular
arrangements, are seen (Gaunson et al. 2006b).
In the early stages of infection, this lymphoid
accumulation seems likely to be a consequence
of the effect of mycoplasma lipoproteins on
host macrophages, mediated by the release
of proinflammatory chemokines. In the later
stages, when B cell proliferation is domi-
nant, antigenic variation in the lipoproteins
may cause chronic lymphoid stimulation. A
similar pattern is observed in the mammary
glands of goats infected with M. agalac-
tiae (Castro-Alonso et al. 2008) or cattle
infected with M. bovis (Kauf et al. 2007), with a
rapid initial accumulation of neutrophils and
macrophages and secretion of cytokines into
the udder. A moderate antibody response
occurs later (Castro-Alonso et al. 2008).
These responses reduce the concentration

of mycoplasmas, but do not eliminate them
completely, resulting in chronic mastitis and
long-term shedding.

Studies on M. pulmonis infections have
shown that CD8+ T cells play a significant
role in the control of the immunopathology
associated with disease, as depletion of these
cells increases the severity of pulmonary
lesions (Jones et al. 2002). In contrast, deple-
tion of CD4+ T cells results in less severe
disease, implying that they are responsible for
the immunopathology. Notably, depletion of
CD4+ and CD8+ cells has no influence on the
number of organisms in the lung. However,
in mice with a predisposition for asthma,
infection with M. pulmonis triggers a series
of pathophysiological changes linked to an
increased T helper (Th) 2 response, which
in turn exacerbates bacterial colonization of
the airways (Bakshi et al. 2006). Activation of
CD4+ and CD8+ lymphocytes, with an appar-
ent skew toward a Th2 response, is also seen
in the respiratory tract of calves infected with
M. bovis (Vanden Bush and Rosenbusch 2003).
In contrast, in cattle infected with M. mycoides
subsp. mycoides, there is a Th1 response, with
an increase in CD4+ lymphocyte activation
in animals developing chronic pleuropneu-
monia (Totte et al. 2008). A Th1 response,
characterized by the production of interleukin
12 and interferon gamma, also occurs dur-
ing infection of pigs with M. hyopneumoniae
(Rodriguez et al. 2007).

The macrophages and neutrophils recruited
at the site of infection produce oxidative bursts
that may kill mycoplasmas, with superoxides
reacting with cellular iron to form molecules
that can damage DNA. Mycoplasmas appear
to adapt rapidly to these situations. In M. hyop-
neumoniae, exposure to oxidative stress leads
to the increased expression of 13 genes and
the reduced expression of 25 genes. While the
functions of these genes need to be studied in
detail, a gene encoding a putative iron-binding
protein, NapA, is among those downregulated
(Schafer et al. 2007).
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(a)

(b)

Figure 31.4 Sections of tracheas of 10-week-old chickens: (a) uninfected, and (b) infected 2 weeks
previously with virulent Mycoplasma gallisepticum. (a) shows normal ciliated epithelium. In (b) there is
prominent thickening caused by infiltration of the lamina propria with macrophages, lymphocytes, plasma
cells and some heterophils. Metaplasia and loss of the cilia of the epithelial cells are also evident. Bar is
50 μm.

Mycoplasma lipoproteins also stimulate
other cells, including osteoclasts, which are
derived from the monocyte line. This stimu-
lation increases bone resorption in vitro and
thus may play a role in arthritides caused by
mycoplasmas.

Tissue Necrosis

The acute phase of disease caused by
M. mycoides subsp. mycoides is characterized
by an atypical host response, with infiltration of
large numbers of neutrophils, deposition of
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fibrin, extensive edema, necrosis and absces-
sation, with the necrotic areas eventually
encapsulated by a dense layer of connective tis-
sue. This acute response appears to be effected
by a diffusible toxin, possibly capsular galactan,
which causes tissue necrosis (Figure 31.1).

Microbial Interactions

Synergistic interactions with other infectious
agents are a common occurrence in many
mycoplasmoses, and particularly respiratory
diseases. Interactions between mycoplas-
mas and viral agents may result in more
severe manifestations of the viral disease or
of the mycoplasmal disease. For example,
M. hyopneumoniae induces the production of
proinflammatory cytokines leading to inflam-
matory changes in the lung that diminish
the capacity of the immune system to con-
trol other respiratory pathogens, including
porcine reproductive and respiratory system
virus, thereby exacerbating pneumonic lesions
and contributing significantly to the porcine
respiratory disease complex. The lesions may
be exacerbated further by secondary infec-
tion with Actinobacillus pleuropneumoniae or
with pathogens such as Bordetella bronchisep-
tica, M. hyorhinis, and Pasteurella multocida.
In calves, M. bovis is often isolated from
lung lesions that also contain Mannheimia
haemolytica (Gagea et al. 2006) and synergistic
interactions between these species are sus-
pected to exacerbate disease (Rice et al. 2007).

Mycoplasmal colonization of the epithelial
surface can also be facilitated by prior dam-
age caused by viral infection. For example,
infectious bronchitis virus or Newcastle dis-
ease virus infections in chickens predispose to
more severe infections with M. gallisepticum
or M. synoviae. Some of these interactions
can have distant consequences in the host.
For instance, co-infections of the respiratory
tract of chickens with M. synoviae and infec-
tious bronchitis virus increase the incidence
of mycoplasmal arthritis (Landman and
Feberwee 2004).

Hemotropic mycoplasmas also appear to
be involved in co-infections, as shown by the
frequent association of Mycoplasma turicensis
with Mycoplasma haemominutum (Peters et al.
2008), and M. haemofelis and feline leukemia
virus or feline immunodeficiency virus (Sykes
et al. 2008), in cats.

Influence of Environmental Factors

Environmental factors have a significant
influence on many mycoplasmal diseases. Of
particular importance has been the intensi-
fication of animal production. High stocking
densities favor transmission from animal
to animal and can thus increase the infec-
tive dose, as well as inducing physiological
stress that lowers host resistance to infection.
The severity of porcine enzootic pneumonia,
caused by M. hyopneumoniae, varies substan-
tially with standard of management, season,
ventilation, stocking density and other envi-
ronmental factors. When husbandry is good,
disease in the absence of secondary infection
is mild and may have negligible effects on
growth rate and mortality. A similar effect of
environment occurs with M. gallisepticum and
M. synoviae in poultry, and with M. bovis and
M. dispar in intensively reared calves. Herd
size is an important epidemiological factor in
bovine mycoplasmal mastitis and it is mainly a
problem in very large herds.

Environmental stress and pollutants such as
ammonia and nitrites increase susceptibility to
mycoplasmosis. This may be through a detri-
mental effect on the mucosal lining or through
impaired macrophage function and activity of
natural killer (NK) cells. Nutritional factors
may also play a significant role in the outcomes
of infection. The reduction in egg production
caused by infection with M. gallisepticum can
be ameliorated by supplementation of the diet
with higher concentrations of fat (Peebles et al.
2003).

Age has an important influence on the
severity of a number of mycoplasmoses. For
example, more severe pneumonia at slaughter
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is correlated with infection with M. hyopneu-
moniae prior to weaning (Fano et al. 2007), and
much more severe disease is seen in chickens
infected with M. gallisepticum when they are
less than four weeks of age (Gaunson et al.
2006a).

The severity of anemia caused by the hemot-
ropic mycoplasmas is significantly affected by
splenectomy, presumably because of less effi-
cient removal of infected erythrocytes.

Immunity

Immune Responses During Infection

Innate immunity is important in determining
the outcome of the initial interaction between
pathogenic mycoplasmas and their hosts by
helping to confine the organisms to their nat-
ural ecological niches as mucosal parasites of
upper respiratory or lower urogenital tracts.
The result is that many mycoplasmoses are
subclinical and the only evidence of their
occurrence may be seroconversion, unless
environmental stressors or other infectious
agents reduce the efficacy of this first line of
defense.

The earliest inflammatory response involves
an influx of neutrophils, macrophages and
natural killer cells. Increased expression of
proinflammatory cytokines and chemokines,
such as interferon γ, tumor necrosis factor α,
interleukin (IL)-1β, IL-6 and RANTES after
infection of lung and mammary cells with
M. bovis (Rodriguez et al. 2015; Zbinden et al.
2015), and IL-6, IL-8, chemokine ligand 20,
IL-1β and RANTES in the trachea of chickens
after infection with M. gallisepticum (Beaudet
et al. 2019), attracts neutrophils (heterophils
in chickens), lymphocytes and NK cells dur-
ing the early stages of acute infection. The
activation of TLR2 and TLR6 by Mycoplasma
lipoproteins results in potent activation of
macrophages (Muneta et al. 2003; Rharbaoui
et al. 2004). However, mycoplasmas have been
shown to be able to suppress the neutrophil
oxidative burst (Wiggins et al. 2011) and

degrade neutrophil extracellular traps (Mitiku
et al. 2018). They have also been shown to
survive phagocytosis by macrophages (Klein-
schmidt et al. 2013) and the NK cells appear
to promote the inflammatory response, rather
than clearance of mycoplasmas, unless the
effect is countered by production of interferon
γ (Woolard et al. 2005). Overall, the earliest
protective immune responses seem unable to
clear infection and instead can only reduce the
bacterial load.

Within the first week after infection,
mycoplasmas induce potent proinflammatory
cytokine responses, usually with a pronounced
Th2 bias. This has been seen in respiratory tract
(Rodriguez et al. 2015) and mammary gland
infections with M. bovis (Kauf et al. 2007). In
the chronic stages of respiratory tract infection
with M. gallisepticum, the Th2 biased response,
mediated by TLR5, TLR7 and TLR15, results
in significant influxes of polymorphonuclear
and mononuclear leukocytes, a more dysreg-
ulated than protective immune response, and
significant tracheal pathology, with reduced
expression of genes encoding proteins involved
in formation of epithelial intercellular junc-
tions and cilia (Kulappu Arachchige et al.
2020). While innate immunity plays a role in
resistance, in naturally occurring infections
in immunologically naïve animals it may be
insufficient to prevent disease. However, ani-
mals that have previously been exposed to a
specific mycoplasma infection have a high
level of resistance to reinfection, indicating a
role for adaptive immunity in protection.

Local adaptive immune mechanisms appear
to be an important line of defense. While the
precise mechanism(s) of protection remain
to be determined, neonatally bursectomized
chickens show increased susceptibility to
M. gallisepticum infection, suggesting a key
role for antibody. Mycoplasma lipoproteins
have been shown to stimulate matura-
tion and enhance antigen processing and
presentation by dendritic cells. In chick-
ens, M. gallisepticum stimulates mucosal
proliferation of B lymphocytes during the
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first week after infection and the tracheal
mucosa has significantly increased concentra-
tions of both IgA- and IgG-secreting plasma
cells, resulting in higher concentrations of
mucosal IgG and IgA against M. gallisepticum
(Javed et al. 2005). IgA and IgG may prevent
the attachment of mycoplasmas to mucosal
epithelial cells, while IgG may opsonize organ-
isms, thus enhancing phagocytosis. Antibody
is also important in preventing dissemina-
tion of infection to extrapulmonary sites by
M. pulmonis.

The nature of the cellular response in
mycoplasma-infected lung tissue (i.e. perivas-
cular and peribronchiolar accumulations
of small mononuclear cells) suggests that
T cells are involved in the response to,
and recovery from, infection. Local recruit-
ment and aggregation of CD4+ and CD8+ T
cells in respiratory tissue are seen during
mycoplasma infections (Gaunson et al.
2006b). T lymphocyte-dependent antibody
responses have been shown to be responsible
for the angiogenesis, lymphangiogenesis and
epithelial remodeling observed in chronic
inflammatory responses to M. pulmonis in
mice (Aurora et al. 2005). These T cell aggrega-
tions are involved in complex mechanisms that
drive the Th response, antibody production
and localization of the infection (Dobbs et al.
2009). In summary, it would appear that both
innate and adaptive mechanisms are important
in immunity to mycoplasma infections.

Vaccinal Immunity

Some mycoplasmoses have been successfully
controlled by vaccination including, notably,
M. mycoides subsp. mycoides in cattle, M. hyop-
neumoniae in pigs, and M. gallisepticum and
M. synoviae in poultry.

Various live-attenuated strains of M. mycoides
subsp. mycoides have been developed as vac-
cines to control CBPP. Bacterins have failed
to confer protection and may even sensitize
cattle, resulting in a more severe reaction to
subsequent challenge.

Bacterins are commercially available for the
control of porcine enzootic pneumonia (Jensen
et al. 2002). Experimental studies with these
bacterin vaccines against M. hyopneumoniae
have shown that they induce both systemic
antibody responses and mucosal cellular and
humoral responses (Marchioro et al. 2013),
and reduce the severity of lung lesions, but
are unable to prevent transmission to any sig-
nificant extent (Meyns et al. 2006). A bacterin
has also been reported to protect against pneu-
monia induced by experimental challenge
with M. bovis (Nicholas et al. 2002). Bacterins
have also been used against M. gallisepticum
and M. synoviae, but have been superseded
by live attenuated vaccines. Experimental
studies have shown that attenuated vaccines
against M. gallisepticum are more effective
in preventing transmission than bacterins
(Feberwee et al. 2006). Strain ts-11, a highly
attenuated temperature sensitive mutant of
M. gallisepticum, has been used successfully
in many countries to control M. gallisepticum.
Experimental studies with a novel vaccine can-
didate strain ts-304, a clone of strain ts-11 with
enhanced capacity to adhere to the respiratory
tract epithelium, have shown that it induces
stronger systemic humoral responses than
the ts-11 strain (Shil et al. 2011), has improved
protective efficacy in chickens (Kanci Condello
et al. 2020), and also is efficacious in turkeys
(Kanci et al. 2018). Temperature-sensitive
mutant vaccines have also been developed
and used widely to protect chickens and
turkeys against M. synoviae (Jones et al. 2006;
Noormohammadi et al. 2007).

The efficacy of vaccinal immunity induced
by a live-attenuated M. gallisepticum vaccine
can be diminished by infection with immuno-
suppressive viruses that predominantly affect
either B cells or T cells, suggesting that both
humoral and cell-mediated immunity are
significant contributors to effective protection
(Kulappu Arachchige et al. 2021).

Current commercially available vaccines for
use in animals have been empirically devel-
oped because of our lack of knowledge about



�

� �

�

690 31 Mycoplasmas

the identity of protective immunogens, the
mechanisms of protective immunity and the
key factors involved in virulence. However,
significant advances are being made toward
development of defined attenuated mutants
by deletion or disruption of virulence genes
in some species, including M. gallisepticum
(Gates et al. 2008) and M. mycoides subsp.
mycoides (Janis et al. 2008). Some progress
has also been made in using synthetic biology
to develop attenuated strains of M. mycoides
subsp. capri (Lartigue et al. 2019).

Although there have been a number of stud-
ies of immune responses to selected purified
mycoplasma proteins, the limited success of
bacterins and the prevalence of immune eva-
sion mechanisms in mycoplasmas suggest that
subunit vaccines are unlikely to be as effective
as attenuated vaccines.

Control

Treatment

Because they lack a cell wall, mycoplasmas are
resistant to treatment with β-lactam antimi-
crobials. However, a broad range of other
antimicrobial agents are effective against
mycoplasmas and have been used for treat-
ment. Whilst medication with antimicrobials
reduces shedding and the severity of clinical
signs, it does not entirely eliminate the organ-
ism from the host. Therefore, recurrence of
infection after medication is not uncommon.

Eradication

Eradication of mycoplasma infections in ani-
mals is generally difficult and requires an
integrated approach. CBPP was eradicated
from a number of countries using vaccination,
serological testing and culling of infected indi-
viduals, and movement restrictions. Similarly,
strict biosecurity, extensive testing and surveil-
lance, tracing and movement controls have
been implemented to eradicate M. bovis from
cattle in New Zealand after a recent incursion.

A combination of antimicrobial treatment of
fertile eggs, strict biosecurity measures, and
serological screening to identify and eliminate
infected groups of birds has been successful in
eradication of mycoplasmas from elite poultry
flocks in some countries.

Vaccination

Given the multiple routes of transmission of
mycoplasmas (horizontally, vertically and/or
venereally), and the inability of medication to
eliminate them from infected animals, most
control and prevention strategies in farm ani-
mals have been directed toward vaccination.
Both killed and live vaccines have been used
for the prevention and control of a number of
pathogenic mycoplasmas in animals. Killed
vaccines generally have low efficacy in pre-
venting lesions and transmission and therefore
are less commonly used. Live attenuated vac-
cines have been developed and are increasingly
used for the prevention and control of a num-
ber of important mycoplasma infections in
farm animals, including M. gallisepticum and
M. synoviae in poultry, M. hyopneumoniae in
pigs and M. mycoides subsp. mycoides in cattle.

Gaps in Knowledge
and Anticipated Directions

The molecular basis of the pathogenesis of
mycoplasmoses continues to be an area of
active research, with most emphasis on fur-
thering understanding of the mechanisms
and the significance of antigenic variation,
the mechanisms involved in motility, the
host responses to infection, the mechanisms
involved in adherence, and the function of
cell surface proteins that are likely to play
a role in virulence. While phase variation in
expression of major lipoproteins has been char-
acterized in some detail in several pathogenic
species, and has been shown to be selected
for during infection, a clear demonstration
of its role in pathogenesis remains elusive.
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A number of the proteins involved in the
gliding motility of mycoplasmas have been
defined in some species, and some of their
functions determined (Mizutani et al. 2021),
but a detailed understanding of the mecha-
nisms involved across the mollicutes is still
needed. Transcriptomic analyses have fur-
thered our understanding of the immune
response to infection, the cytokines involved
in the generation of the lymphoid response,
and the crucial effectors of protective immu-
nity. Further studies of adherence will provide
improved detail of the structure of the attach-
ment organelle, and identify adhesins used
by other pathogenic species, some of which
are likely to be novel proteins, rather than
homologs of those already known.

The genomes of most of the pathogenic
mycoplasmas have been fully character-
ized, but the phylogenetic distance between
mycoplasmas and more genetically manip-
ulable bacteria has limited assignation of
function to many genes, so considerable work
is now needed to determine the role of genes

of unknown function in these pathogenic
mycoplasmas, many of which are likely to play
a role in virulence. A number of lipoprotein
multigene families have been found in the
genomes of the fully sequenced mycoplas-
mas, but in most cases the functions of the
lipoproteins they encode are not known, and
the mechanisms used by the organisms to
control expression of different family members
is not obvious. A further area of research that
is likely to yield considerable understanding
of the evolution of virulence in mycoplasmas
is further investigation of the mechanisms
involved in the massive horizontal transfer
that has been detected in some of the avian
and ruminant mycoplasmas.

Finally, the molecular pathogenesis of
hemophilic mycoplasmas is yet to be studied
in any detail, due in part to the lack of an in
vitro culture system for these organisms. Given
the atypical habitat of these pathogens, it is
likely that details of their pathogenesis will be
found to differ significantly from those of the
other mycoplasmas.
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Corynebacterium

The genus Corynebacterium belongs to the
family Corynebacteriaceae, order Corynebac-
teriales, class Actinobacteria and phylum
Actinobacteria (Tauch and Sandbote 2014).
This genus is usually referred as a part of
the CMNR group of pathogens that also
includes the genera Mycobacterium, Nocardia
and Rhodococcus. Corynebacterium species
are Gram-positive, non-motile, pleomorphic
(irregular or club-shaped), non-sporulating
bacteria, with a high G+C content in the
DNA. A defining characteristic is the pres-
ence of a corynomycolic acid layer that covers
the bacterial cell wall, giving it a structure
which may be functionally equivalent to the
outer membrane of Gram-negative bacteria
(Burkovski 2018).

Corynebacterium species can be found in
diverse environments and include pathogenic,
non-pathogenic, and species with biotechno-
logical applications. Corynebacterium pseu-
dotuberculosis, Corynebacterium diphtheriae
and Corynebacterium ulcerans are the three
principal species of most human and animal
medical relevance, due to production of toxins
such as diphtheria toxin and phospholipase
D (PLD). C. pseudotuberculosis is the major
species that infects animals. A summary of
Corynebacterium species and their main hosts
and diseases is provided in Table 32.1.

Corynebacterium
pseudotuberculosis

Caseous lymphadenitis (CLA), a disease that
affects sheep and goats, is the most preva-
lent disease caused by C. pseudotuberculosis,
although this bacterium can infect horses
and cattle to cause ulcerative lymphangitis.
More rarely, infections have been reported in
buffaloes, pigs, and humans. Two C. pseudo-
tuberculosis biotypes are described, the ovis
and the equi biovars (Songer et al. 1988). Dif-
ferences have been noted between the protein
expression profiles of the biovars (Silva et al.
2017). CLA is found worldwide and can cause
significant economic losses due to decreases in
the production of wool, milk, and meat, and
reduction of the market value of leather from
affected animals due to scarring (Dorella et al.
2006). There are two clinical manifestations of
CLA: (i) granulomatous lesions, culminating
in the necrosis of superficial lymph nodes
and subcutaneous tissues, and (ii) the vis-
ceral form, resulting in lesions within internal
organs and lymph nodes (Figure 32.1).

Virulence Factors and Pathogenomics

Cell-wall lipids of C. pseudotuberculosis were
the first factors recognized to have proper-
ties that could contribute to pathogenesis.
Extracted surface lipids had a lethal effect on

Pathogenesis of Bacterial Infections in Animals, Fifth Edition.
Edited by John F. Prescott, Janet I. MacInnes, Filip Van Immerseel, John D. Boyce, Andrew N. Rycroft, and José A. Vázquez-Boland.
© 2023 John Wiley & Sons, Inc. Published 2023 by John Wiley & Sons, Inc.
Companion Website: www.wiley.com/go/prescott/pathogenesis
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Table 32.1 Main hosts and diseases caused by Corynebacterium species.

Species Host Disease

C. amycolatum Human Nosocomial endocarditis, sepsis
C. accolens Human Pelvic osteomyelitis
C. ammoniagenes Human Nappy rash
C. argentoratense Human Tonsillitis
C. aurimucosum Human Urinary tract infection
C. auriscanis Dog External otitis
C. bovis Cattle Mastitis
C. camporealensis Sheep Mastitis
C. capitovis Sheep Dermatitis
C. cystitidis Cattle Cystitis, pyelonephritis
C. diphtheriae Human Diphtheria
C. epidermidicanis Dog Pruritus
C. falsenii Human Bacteremia
C. freneyi Human Bacteremia
C. genitalium Human Urethritis
C. glucuronolyticum Human Genitourinary tract infection
C. imitans Human Pharyngeal diphtheria-like disease
C. jeikeium Human Endocarditis
C. kroppenstedtii Human Granulomatous mastitis
C. kutscheri Mice Abscesses, pneumonia
C. lactis Dog Cutaneous abscess
C. lipophiloflavum Human Bacterial vaginosis
C. mastiditis Sheep Mastitis
C. minutissimum Human Erythrasma
C. mustelae Ferret Sepsis
C. pilosum Cattle Pyelonephritis
C. propinquum Human Respiratory tract infection
C. pseudodiphtheriticum Human Nosocomial pneumonia
C. pseudotuberculosis Sheep/goat Caseous lymphadenitis
C. renale Cattle Pyelonephritis
C. resistens Human Bacteremia
C. riegelii Human Urinary tract infection
C. sputi Human Pneumonia
C. striatum Human Endocarditis
C. suicordis Pig Pericarditis
C. tuberculostearicum Human Surgical wound infections
C. ulcerans Human Skin infection
C. ulceribovis Cattle Skin infection
C. urealyticum Human Urinary tract infection
C. ureicelerivorans Human Septicemia
C. xerosis Human/pig Nosocomial pneumonia/abscesses
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(a) (b)

(c) (d)

Figure 32.1 Examples of lesions caused by Corynebacterium pseudotuberculosis. External granulomatous
lesion in a sheep, before (a), and after (b) surgical incision. Internal lesions in mice lungs (c), and liver (d)
after experimental challenge with a viscerotropic strain.

mouse macrophages (Hard 1975) and it has
recently been shown that the corynomycolic
acids of the cell wall activate macrophages
following sensing by the C-type lectin receptor
Mincle and the Toll-like receptor 2 (Schick
et al. 2017).

A PLD exotoxin is recognized as the princi-
pal virulence factor of C. pseudotuberculosis.
PLD is essential for virulence; targeted PLD
deletion mutant strains of C. pseudotubercu-
losis are completely avirulent (Hodgson et al.
1992). The PLD can hydrolyze sphingomyelin,
weakening cell membranes and increasing
vascular permeability, thereby favoring the
systemic spread and establishment of infection
(Pépin et al. 1989). The membrane damage
caused by PLD has also been shown to inhibit
the entry of calcium ions into T lymphocytes

by inhibiting the Orai channel, thereby inhibit-
ing the lymphocyte activation process (Combs
and Lu 2015). PLD expression is regulated by
environmental factors and has been shown to
be highly expressed in cultured macrophages
(McKean et al. 2007a, 2007b). Other C. pseu-
dotuberculosis genes, such as a non-ribosomal
peptide synthetase and a propionyl CoA car-
boxylase, have been identified as upregulated
in macrophages, indicating that they may have
a role in maintenance of infections within
macrophages (McKean et al. 2005).

A 40 kDa protein, CP40, originally identified
as a serine protease but more recently shown to
be an endo-β-N-acetylglucosaminidase, may be
a virulence factor involved in immune evasion
(Wilson et al. 1995; Shadnezhad et al. 2016).
Analysis of the genome of C. pseudotuberculosis
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strain FCR41 identified genes encoding puta-
tive virulence factors such as the SpaC protein
characterized as a pilus protein capable of
facilitating the host–pathogen interaction and
delivery of virulence factors, serine proteases,
neuraminidase H, nitric oxide reductase, and
proteins involved in mycolic acid biosynthesis
(Trost et al. 2010). As with many bacteria, iron
acquisition is vital for C. pseudotuberculosis
infection and spread. Mutation of an iron
uptake system encoded by the fagBCD operon
decreased the pathogenicity of the mutant
strain in goats (Billington et al. 2002).

Whole-genome analysis of C. pseudotubercu-
losis biovar ovis isolates has identified encoded
proteins likely to be involved in adherence and
iron uptake as potential virulence factors and
has also characterized a series of pathogenic
islands within the genomes (Blanco et al.
2020). Comparative genome analysis has not
identified any differences in the carriage of vir-
ulence genes that could explain the differences
between the different types of infection that
C. pseudotuberculosis biovar equi can produce
(Baraúna et al. 2017).

Pathogenesis

Infection by C. pseudotuberculosis commonly
occurs through superficial wounds where the
bacteria enter the host and then spreads via
the lymphatic system to the lymph nodes and
other organs. The invading bacteria are phago-
cytosed by neutrophils and macrophages, the
bacteria multiply intracellularly, and then the
host cells degenerate and die (Dorella et al.
2006). The uncontrolled growth of the bac-
teria inside the macrophages leads to a host
response based on an attempt to restrict the
infection through the formation of granulo-
mas, characterized by the encapsulation of
the infected cells (Batey 1986). Intracellular
invasion by C. pseudotuberculosis does not
induce the production of nitric oxide (Bogdan
et al. 1997), and therefore the potentiation
of phagocytosis by the adaptive immune
response appears to be an important mech-
anism to eliminate the bacterium or at least

contain C. pseudotuberculosis spread (Lan et al.
1998).

C. pseudotuberculosis classical and puta-
tive virulence factors that may be involved in
pathogenesis are summarized in Figure 32.2.
Considerable further work is needed to under-
stand details of intracellular survival and other
aspects of the pathogenesis of this infection.

Immunity

Protective immune responses against C. pseu-
dotuberculosis are mainly based on cytokine
activation of macrophages, interferon-γ
(IFN-γ) stimulus derived from lymphocytes,
leading to the death of phagocytosed microor-
ganisms and lysis of infected cells, carried out
by CD8+ cytotoxic T cells (Alves et al. 2007).
The fundamental role of IFN-γwas observed in
rats, in which an increase in bacterial growth
was detected after administration of anti-IFN-γ
monoclonal antibodies (Lan et al. 1998). Gene
expression analysis of leukocyte subpopula-
tions present in granulomas has shown that
several cytokines are expressed during infec-
tion, including interleukin 2 and interleukin 4
in draining lymph nodes, and tumor necrosis
factor (TNF) and IFN-γ at the inoculation
site (Pépin et al. 1997). There is evidence that
the production of IFN-γ and TNF, stimulated
by C. pseudotuberculosis, occurs through the
mitogen-activated protein kinase p38 and
ERK 1/2 signaling pathways (de Souza et al.
2014).

Vaccines based on toxoids have been avail-
able for decades. Attenuated live strains of
C. pseudotuberculosis, in which the PLD gene
has been deleted or mutated to an inactive
form, have also been shown to be effective
(Hodgson et al. 1992, 1999). Commercially
available vaccines are based mainly on toxoids,
as seen in formulations of Glanvac® (Zoetis),
Websters® cheesy gland vaccines (Virbac) and
Biodectin® (Fort Dodge Animal Health). Live
attenuated vaccines are available in Brazil
Vacina 1002® (Labovet Produtos Veterinários)
and Linfovac® (Laboratórios Vencofarma do
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Figure 32.2 Scheme of virulence factors present in Corynebacterium pseudotuberculosis. After the bacterium
enters the host at the infection site, the exotoxin phospholipase D (PLD) damages the cells membrane and
therefore facilitates bacterial spread. Once within the host, the bacterium may be phagocyted by a
macrophage. The PLD plays a role in disrupting the phagosome while the protein kinase G (PknG) may be
responsible for the inhibition of phagosome and lysosome fusion. The copper/zinc-dependent superoxide
dismutase (SodC) may inhibit the action of reactive oxygen species (ROS). These virulence factors facilitate
the bacterial evasion of cellular clearance mechanisms, leading to cell death after intracellular
multiplication with subsequent bacterial spread. Other putative virulence factors in the figure are:
adherence pilus structure (SpaA, SpaB, SpaC, SpaD, SpaE and SpaF); mycolic acids that covers the bacterium
cell wall (corynomycolic acids); an endo-β-N-acetylglucosaminidase (CP40); and neuraminidases (NanH)
that may have functions in C. pseudotuberculosis pathogenesis.

Brasil Ltda). Even though commercial vaccines
are available, they only deliver partial protec-
tion against CLA, and there are differences in
protection between sheep and goats (de Pinho
et al. 2021).

Control

Bacterial isolation from animal lesions is the
standard diagnostic approach for CLA. This
approach is most easily applied to animals
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with superficial lesions, however animals
often have internal forms of the disease and
lesions cannot be easily accessed (Ribeiro et al.
2013). Immunological methods have therefore
been developed to aid in the diagnosis of CLA.
Throughout the years, a variety of immuno-
logical tests such as serum agglutination,
complement fixation, hemolysis inhibition,
and enzyme-linked immunosorbent assay
(ELISA), have been developed using different
antigens. The currently used tests are based on
the ELISA method, using antigen preparations
such as secreted proteins (Seyffert et al. 2010;
Rebouças et al. 2013), native exotoxin (Baird
and Malone 2010), and recombinant proteins
(Barral et al. 2019).

To date, there is no efficient treatment for
CLA since antibiotics are not able to pene-
trate the encapsulated granulomas formed
by the host to contain the bacteria. Although
some treatments based on silver nanoparticles
(Santos et al. 2019) and Brazilian green propo-
lis (Kalil et al. 2019) ointments were tested
with good outcomes, the internal form of the
disease remains without effective treatment.
Consequently, herd vaccination, discussed
above, is the best approach for CLA control
and prevention.

Bovine Pyelonephritis Caused
by Corynebacterium Species

Pyelonephritis is a renal and lower urinary
tract bacterial inflammation that mostly
affects cattle and is associated with infection by
Corynebacterium cystitidis, Corynebacterium
pilosum, and frequently Corynebacterium
renale, although bacterial species such as
Trueperella pyogenes, Escherichia coli, Staphy-
lococcus aureus, and others may also be
involved. Its clinical signs may include brown
or red urine, anorexia or reduced appetite and
weight loss, fever and colic, swishing of the
tail and gross hematuria or pyuria, dilatations
of kidney and ureters (Braun et al. 2008). One
of the main virulence factors of C. renale may

be a urease that has been hypothesized to be
responsible for the kidney necrosis, due to lib-
eration of ammonia from the urease-catalyzed
hydrolysis of urea (Jerusik et al. 1977). Risk
factors such as parity, twin calving, endometri-
tis and ketosis may be predisposing factors
associated with this disease (Solomon et al.
2020).

It has been shown that C. cystitidis, C. pilo-
sum, and C. renale adhere to bovine urinary
bladder epithelium by attaching to the most
aged cells first (Sato et al. 1982), and this adhe-
sion is mediated by the pili structure, but its
cellular receptors are not well understood and
could have an increasing age-related factor.
These species have long survival periods in soil.
C. renale, C. cystitidis, and C. pilosum survived
for 56, 63, and 210 days in the environment,
respectively, and the cycle of infection was
suggested to include bacteria shed in the urine
from infected cows that contaminate the soil;
bacteria survives in the soil for a consider-
able period of time, and attachment to the
epithelial cells of the vulva of uninfected cows,
followed by a retrograde infection, may result
in pyelonephritis (Hayashi et al. 1985).

Because of ease of control of infection by
treatment with penicillin G, there has been
minimal investigation of its pathogenesis in
recent decades.

Other Animal Pathogenic
Corynebacterium Species

Corynebacterium auriscanis

Corynebacterium auriscanis was first isolated
from dogs presenting otitis (Collins et al.
1999). It is generally found mixed with other
pathogens, causing bacterial otitis externa,
therefore it is considered an opportunistic
pathogen (Boynosky and Stokking 2015). Nev-
ertheless, this organism may have zoonotic
and pathologic significance since it has also
been isolated from a human who suffered a
dog bite (Bygott et al. 2008).
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Corynebacterium bovis

Corynebacterium bovis is generally a com-
mensal microorganism of the bovine udder
and can also be isolated from fresh milk, but
has been occasionally been implicated in the
development of mastitis (Dalal et al. 2008).
On rare occasions the infection may be severe,
and may result in the loss of the udder and
death, and can form multiple musculoskeletal
abscesses (Lipsky et al. 1982). This bacterium
has been described as causing hyperplastic and
hyperkeratotic dermatitis in mice (Scanziani
et al. 1998).

Corynebacterium kutscheri

Corynebacterium kutscheri was first isolated in
mice and is defined as a part of the commensal
microbiota of the oral cavity of mice, rats, and
other rodents, although it may cause pseu-
dotuberculosis in immunosuppressed mice
(Amao et al. 1995). When illness occurs, it is
characterized by a bacteremia that culminates
in septic emboli and may affect organs such
as the kidneys, liver, and lungs. C. kutscheri is
generally not considered zoonotic but infection
was reported in a child who was bitten by a rat
(Holmes and Korman 2007). It has been shown
that C. kutscheri may upregulate a proinflam-
matory type of lectin called galectin-3, which
has been shown to participate in different
cellular inflammation processes, and may play
an important role in pathogenesis (Won et al.
2007).

Other Zoonotic Species of Relevance
to Human Health

Several corynebacterial species, including
C. diphtheriae, Corynebacterium striatum, and
C. ulcerans, may colonize animals, mainly as
commensals, without causing serious disease.
Infected animals can act as sources of infection
for in-contact humans. Human infections with
these corynebacteria can sometimes result in
clinical disease. C. diphtheriae infections can
result in symptoms such as inflammation of

the respiratory tract with the development of
a pseudomembrane in the tonsils, orophar-
ynx, and pharynx, dysphagia, headaches, and
low fever (Hadfield et al. 2000). C. striatum
has been isolated from wounds, respiratory
tract, bones and other tissues specimens, with
the most common clinical symptoms being
pneumonia, bacteremia/septicemia, endo-
carditis, and peritonitis (Zhang et al. 2020).
Since C. ulcerans and C. diphtheriae are closely
related to C. pseudotuberculosis, the genomes
encode many of the putative but unproven vir-
ulence factors previously identified by analysis
in the C. pseudotuberculosis genome, including
neuraminidase H, CP40, the surface anchored
Spa proteins, and serine proteases. Pathogen-
esis is probably driven by the production of
PLD and diphtheria toxin (Hadfield et al. 2000;
Hacker et al. 2016).

Arcanobacterium

The Arcanobacterium genus contains Gram-
positive, non-motile, non-spore-forming and
pleomorphic bacteria. These microorganisms
are facultative anaerobes with optimal growth
at 37∘C (Yassin et al. 2011). The differences
in its cell wall composition (e.g. absence of
mycolic acids) contributed to the reclassifica-
tion of some species from Corynebacterium to
the Arcanobacterium genus (Collins and Jones
1982). In 2011, Arcanobacterium abortisuis,
Arcanobacterium bernardiae, Arcanobac-
terium bialowiezense, Arcanobacterium bonasi
and A. pyogenes were further reclassified into
the Trueperella genus (Yassin et al. 2011).
Arcanobacterium have been isolated from
many hosts (Table 32.2). Several species of
Arcanobacterium may act as opportunistic
pathogens, causing diseases mainly in the
human respiratory tract and the skin of a
diverse range of domestic, production, and
wild animals. Marine mammals can also be
affected, and several new species have been
isolated from these animals. Some diseases,
such as mastitis, may represent economic
problems in livestock breeding (Table 32.2).
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Table 32.2 Arcanobacterium species that cause infections in different hosts.

Arcanobacterium species Clinical manifestations Isolation Host

A. bovis Mastitis Milk Cow
Dermatitis Skin Finn raccoons
Pododermatitis Fur Foxes
Pyoderma Paws Sealions

A. canis Necrotizing fasciitis Fur Cat
Mastitis Milk Cow

A. haemolyticum Otitis Ear Dog
Dermatitis, osteomyelitis Skin Human
Pharyngitis, sepsis Pharynx
Dermatitis, wound infection Skin Horse

A. hippocoleae None Vagina Mare
A. ihumii None Vagina Human
A. phocae Abscess Paw Finn raccoons

Conjunctivitis Eye Foxes
Dermatitis Skin Mink
Various Various Marine mammals, otters

A. phocisimile None Anus, vagina Harbor seals
A. pinnipediorum None Anus Harbor seals
A. pluranimalium Mastitis Milk Cow

Pneumonia Internal organs Griffe
Abscess Lung Deer
None Spleen Porpoise

A. urinimassiliense None Urine Human
A. wilhelmae None Vagina Rhinoceros

Arcanobacterium hippocoleae, Arcanobac-
terium ihumii Arcanobacterium phocisimile,
Arcanobacterium pinnipediorum, Arcanobac-
terium urinimassiliense, and Arcanobacterium
wilhelmae have been isolated from several
hosts, but have not yet been reported to cause
disease in animals (Table 32.2).

Arcanobacterium haemolyticum is the most
studied bacterium of the genus and causes
clinically significant infections in humans
(Miyamoto et al. 2015) and less frequently
has been isolated from animal infections.
The disease in its mild form usually affects
the respiratory tract, causing pharyngitis
that can progress to moderate cases with
symptoms similar to streptococcal scarlet
fever, which in some cases may progress to

a severe form characterized by meningitis
and septicemia (Kain et al. 1991). Cutaneous
infections by A. haemolyticum are presented
in the form of abscesses, ulcers or cellulitis,
which can progress to osteomyelitis (Ther-
riault et al. 2008). Unlike other β-hemolytic
bacteria, A. haemolyticum takes up to 48 hours
to hemolyze blood agar, making it difficult
to identify the pathogen and often leading
to an erroneous laboratory diagnosis (Bruins
et al. 2020). Although there are selective cul-
ture media to assist in this differentiation,
newer technologies, such as mass spectrom-
etry, have been used to differentiate bacterial
species from the genera Arcanobacterium and
Trueperella (Hijazin et al. 2012; Nonnemann
et al. 2017).
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Little is known about the pathogenesis
of the Arcanobacterium genus. Two poten-
tial virulence factors have been described
in A. haemolyticum, arcanolysin and PLD.
Arcanolysin is a cholesterol-dependent
cytolysin that can induce the formation of
pores in the host cell membrane through inter-
action with cholesterol (Gellings and McGee
2018). The PLD of Arcanobacterium may be
involved in the adhesion, invasion, and necro-
sis of host cells (Gellings and McGee 2018).
Comprehensive studies are necessary to eluci-
date the molecular mechanisms of virulence
and pathogenicity of the bacterial species of
the Arcanobacterium genus.

Trueperella

Trueperella are Gram-positive, non-motile,
non-spore-forming, β-hemolytic coccobacilli
of variable shape and size, and DNA G+C
content of 56–66 mol%. They are aerobic and
facultative anaerobic and strictly fermen-
tative. They have been differentiated from
other CMNR bacteria based on cell-wall
components; peptidoglycan is type A5α with
N-acetylated muramic acid and they lack
mycolic acids (Yassin et al. 2011).

Trueperella pyogenes

Trueperella pyogenes is a commensal of the res-
piratory and urogenital tract of production and
to a minor extent companion animals, but as
an opportunist pathogen it can cause variable
pyogenic infections, such as mastitis, arthritis,
pneumonia, and abscesses. It is an etiologic
agent of skin and respiratory infections in
pigs and is frequently detected in cattle as
an important cause of abortion, abscesses,
bacteremia, endocarditis, endometritis, mas-
titis, and secondary pneumonia, among other
infections (Plavec et al. 2020). It has been
isolated from infections in a broad range of
other domestic and wild animals, including
antelopes, water buffalo, camels, deer, goats,
sheep, reptiles, and even birds.

Numerous studies have identified T. pyo-
genes as the one of the most prevalent bacteria
causing mastitis in lactating cows, resulting
in high somatic cell counts, a marked reduc-
tion in milk production, mammary gland
dysfunction, and in severe cases a need to cull
(Ericsson Unnerstad et al. 2009). An interest-
ing epidemiological feature of this infectious
agent is that it is the causative agent, together
with non-spore-forming anaerobic bacteria, of
a condition known as summer mastitis, with
transmission by the insect Hydrotaea irritans
(Chirico et al. 1997). For mastitis in general,
it is well accepted that contact with other
infected animals, specifically with secretions,
is the major route for T. pyogenes infection.

Despite its importance as a major oppor-
tunist infection in cattle and swine, among
other species, detailed understanding of its
pathogenesis is surprisingly limited. T. pyo-
genes expresses several putative virulence
factors, including neuraminidases (NanH and
NanP), collagen-binding protein (CbpA) and
other putative factors that promote adhe-
sion of pathogen to the host cells (fimbriae
FimA, FimC, FimE, FimG), and most of
them have been identified in isolates obtained
from cases of mastitis and endometritis in
cows (Risseti et al. 2017). However, the roles
of these virulence factors are still poorly
understood, mainly due to the fact that no
association was observed between the pres-
ence of genes that encode most of these
virulence factors and clinical signs of the
disease, or even affected hosts. Pyolysin, a
typical member of the thiol-activated cytolysin
family, is associated with significative tissue
damage. It has been demonstrated to be
regulated by a two-component regulatory
system, PloSR, and is considered the most
important virulence-associated factor of this
pathogen (Jost and Billington 2005).

The main pathological change associ-
ated with this bacterium is the formation
of purulent, abscessating, and sometimes
pyogranulomatous lesions. The capsule that
is sometimes formed around the abscess or
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pyogranuloma, besides isolating the bacte-
ria, can impair the penetration of antibiotics.
Although details have not been investigated for
T. pyogenes, the immune response is based on a
highly activated innate response characterized
by the strong production of chemokines, and
a protective Th1 response characterized by
the induction of phagocytosis through IFN-γ
production. The induction of this type of
strong immune response in bovine endometri-
tis, especially in the late puerperium, can
negatively impact reproductive performance
(Peter et al. 2015). Despite its importance,
understanding of the basis of immunity to T.
pyogenes is poor, although it is clear that the
organism is a master at evading the innate and
acquired immune response

T. pyogenes infections are usually treated
with penicillin G, but the treatment of uterine
infections in cows are based in the systemic
administration of long-acting tetracyclines due
to the pharmacokinetics of this class of antibi-
otics and its ability to penetrate the uterus
(Mileva et al. 2020).

T. pyogenes has zoonotic potential. Cases
of human infection have been reported
with a variety of clinical presentations such
as meningitis, septic arthritis, abdominal
infections, lumbar abscesses, prosthetic joint
infection, endocarditis, and thrombocytopenic
purpura. Seven cases of infectious endocardi-
tis have been described, and it is thought
that this situation can be more common,

because the cases are often misidentified and
under-diagnosed (Deliwala et al. 2020).

Other Trueperella Species

Several other Trueperella species have been
isolated from animals, including Trueperella
bernardiae, Trueperella bialowiezensis, and
Trueperella bonasi, but infections are rare, they
are little studied, and nothing is known about
virulence and pathogenesis.

Gaps in Knowledge and Future
Directions

There is considerable scope to improve
understanding of numerous aspects of the
pathogenesis of the major pathogens in
this group of bacteria, notably the urinary
pathogenic Corynebacterium spp., and C. pseu-
dotuberculosis and T. pyogenes, including host
colonization, evasion of host defenses, the
basis of host damage, and pathogen-specific
details of acquired immunity. T. pyogenes
has been particularly neglected since it is
arguably the most important opportunist
pathogen of important farm livestock glob-
ally. Whole-genome sequencing and other
modern investigation techniques offer enor-
mous potential to understand the pathogenesis
of these fascinating, important, and heavily
neglected infections.
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Rhodococcus equi
José A. Vázquez-Boland, Macarena G. Sanz, and John F. Prescott

Introduction

The genus Rhodococcus is a group of metaboli-
cally versatile aerobic actinomycetes currently
containing 58 defined species and an ever-
increasing number of unclassified isolates. The
rhodococci are widespread in the environment
and have considerable interest in industrial
microbiology because of their applications
in a variety of biotechnological processes,
including biotransformation, biocatalysis, and
bioremediation. Only two species are rec-
ognized as pathogenic, Rhodococcus equi in
mammals and Rhodococcus fascians in plants.
This chapter focuses on R. equi, with emphasis
on recent findings. Known as a horse pathogen
and opportunistic human pathogen, R. equi
has recently emerged as a specialized multi-
host pathogen with a unique mechanism of
plasmid-driven animal host tropism, a novel
paradigm in microbial pathogenesis.

Characteristics of the Organism

Rhodococci are classified in the family
Nocardiaceae, order Corynebacteriales, class
Actinomycetia of the Actinobacteria, also
known as the high G+C Gram-positives. They
belong to the mycolata together with important
genera such as Mycobacterium, Nocardia or
Corynebacterium, all characterized by a protec-
tive lipid-rich cell envelope with mycolic acids
as the main constituents. R. equi are obligately

aerobic, non-motile, non-spore-forming, mor-
phologically irregular coccoid to rod-shaped
bacteria. Culture in solid rich media results
in heavy coalescent growth after 48 hours
at 30–37∘C with buff to salmon-pigmented,
smooth, glistening colonies (Figure 33.1a).
Nutritionally undemanding, R. equi can grow
vigorously if supplied only with ammonia,
with a short-chain organic acid as a carbon
source (e.g. lactate or acetate), and thiamin
for which it is auxotrophic due to a thiCD
mutation (Letek et al. 2010).

Named Corynebacterium equi at the time
of its first description in 1923 by Magnusson
in Sweden, the species was transferred to
the genus Rhodococcus in 1977, but its clas-
sification remained problematic until recent
phylogenomic studies unequivocally placed
it within one of the major rhodococcal lines
of descent (Anastasi et al. 2016). In 2014 it
was renamed as Rhodococcus hoagii, but in
2022 it reverted back to R. equi by decision of
the Judicial Commission of the International
Committee on Systematics of Prokaryotes
because the name change was proposed in
error (Vázquez-Boland et al. 2020).

Niche-Adaptive Features

Like other rhodococci, R. equi is primarily an
environmental bacterium. Soil is its natural
habitat, but it is a coprophilic organism that
multiplies in herbivore manure and in the large
intestine of foals, and as a result is ubiquitous
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(a) (b)

Figure 33.1 (a) Rhodococcus equi colonies on LB medium incubated at 30∘C for 48 hours. Source:
Vázquez-Boland and Meijer (2019), used under Creative Commons Attribution (CC-BY) license.
(b) Intracellular replication of GFP-tagged R. equi in murine J774 macrophages. Source: Vázquez-Boland
et al. (2013); reproduced with kind permission of Elsevier B.V.

in the fecally contaminated farm environment
(Takai 1997; Muscatello et al. 2007). This is
aided by a number of niche-adaptive features.
A salient one is a primarily asaccharolytic
metabolism, linked to absence of a phospho-
enolpyrurate:carbohydrate phosphtransferase
transport system (PTS), a characteristic shared
with Mycobacterium tuberculosis. Primary
carbon sourcing is from short-chain organic
acids and lipid catabolism. Lactate is a pref-
erential growth substrate, with a dedicated
transporter and redundant pathways for its
conversion into acetate, which is also a main
exogenous carbon source for R. equi. Together
with a marked alkalophilia (optimal growth
between pH 8.5 and 10), the metabolic pro-
file of R. equi is likely to confer a distinct
advantage in manure and the large intestine
by allowing growth on byproducts of the fer-
mentative activity of competing microbiota,
such as lactate, acetate, and short-chain fatty
acids, as well as microbially derived thiamin
(Letek et al. 2010). A potential capacity for
denitrification via a NarK nitrate/nitrite trans-
porter, NarGHIJ nitrate reductase and a NirBD
nitrite reductase, and/or obtaining energy
from H2 derived from microbial fermenta-
tive activity via a NiFe-type hydrogenase,
may help supporting R. equi growth and

persistence in oxygen-deprived habitats such
as the intestine.

Figure 33.2 summarizes the main metabolic
characteristics and other significant traits
encoded in the R. equi genome (Letek et al.
2010).

Genome

The R. equi genome comprises a covalently
closed circular chromosome of a little over
five mega base pairs and a conjugative vir-
ulence plasmid. Two closely related circular
plasmid variants of around 80–100 kb in size,
designated pVAPA and pVAPB (as per a uni-
fied nomenclature for the R. equi virulence
plasmids; Letek et al. 2008; Vázquez-Boland
et al. 2013), are carried by equine and porcine
isolates, respectively. A third type of R. equi
virulence plasmid of linear topology and
around 120 kb, pVAPN (“N” standing for
“No A/No B”), is present in isolates from cattle
and other ruminants (Ocampo-Sosa et al. 2007;
Valero-Rello et al. 2015; MacArthur et al. 2017).
Each of the three host-specific virulence plas-
mid types possesses a type-specific copy of the
horizontally acquired vap pathogenicity island,
discussed under VapA Pathogenicity Island,
below. The corresponding plasmid backbones
share homology with other conjugative repli-
cons found in environmental (non-pathogenic)
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Figure 33.2 Overview of relevant metabolic and virulence-related traits encoded in the Rhodococcus equi
genome. Primarily an asaccharolytic bacterium, R. equi has been recently shown to possess RbsCB and GlcP
non-PTS sugar transporters through which it can use D-ribose and D-glucose, albeit inefficiently (and
inconsistently for glucose; Anastasi et al. 2016). R. equi can convert lactate into acetate either directly via
L-lactate monooxygenase or via pyruvate involving a lutABC operon and pyruvate dehydrogenase
(cytochrome). A putative bifunctional D-xylulose 5-phosphate (X5P)/fructose 6-phosphate (F6P)
phosphoketolase (Xfp) may provide flexibility in carbon and energy metabolism by catalyzing the direct
conversion of the pentose phosphate pathway intermediate X5P and the glycolytic intermediate F6P into
acetyl phosphate (and acetate/acetyl-CoA). A number of mycobacterial virulence-associated virulence gene
homologs are present, including three complete mce lipid transport operons, genes encoding four
Fbp/Antigen 85 mycolyltransferases, HbhA and Lbp/Hlp (laminin-binding histone-like protein aka
HupB)-like cytoadhesins, and MPT83 antigen-like secreted lipoprotein (MBP70 and MBP83 in Mycobacterium
bovis), as well as an esx gene cluster encoding ESAT-6 and CFP-10 homologs and corresponding type VII
secretion system (T7SS), and a pe/ppe locus. Source: Letek et al. (2010), Public Library of Science, CC BY.

rhodococci, in this case carrying catabolic or
detoxification pathways in their variable
regions instead of virulence determinants
(Figure 33.3a). Comparative genomic analyses
show that R. equi is genetically homogeneous
and clonal, with a large core genome equiva-
lent to around 80% of an isolate’s gene content.
All isolates radiate at relatively short genetic
distances from each other, suggesting that
it is an evolutionarily young species. R. equi

genome evolution is primarily driven by gene
gain/loss processes, with a significant con-
tribution of horizontal gene transfer events
(Letek et al. 2010; Anastasi et al. 2016).

Source of Infection
and Epidemiology

R. equi infection is contracted through
exposure to contaminated soil, primarily
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(a)

(b)

(c)

Figure 33.3 (a) Comparison of the pVAPA and pVAPB circular virulence plasmids and the recently
characterized ruminant-associated linear plasmid pVAPN with corresponding closest homologs from
environmental Rhodococcus spp. Regions of significant similarity are connected with gray stripes, vap
pathogenicity islands (PAIs) are shaded in light blue. Green and pale red bars indicate conjugation and
replication/portioning modules, dashed underline indicate horizontal gene transfer regions. (b) Genetic
structure of the vap PAIs from pVAPA (15.1 kb), pVAPB (21.5 kb) and pVAPN (15.9 kb). PAI genes in gray or
black (vap genes). Straight lines connect vap allelic variants, curved lines indicate vap gene duplications,
crosses denote vap gene loss and asterisks, pseudogenes. (c) Fate of the vap PAI and host-driven vap
multigene family evolution. Source: Vázquez-Boland and Meijer (2019), John Wiley & Sons, CC BY 4.0.
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via inhalation of airborne dust particles. The
exhaled breath of foals with advanced pneumo-
nia can also be a source. Conditions favoring
soil aerosolization, such as hot dry weather,
high stocking density and crowded paddocks,
are considered the main risk factors (Chaffin
et al. 2003; Muscatello et al. 2007). On some
horse farms the infection is endemic, with dev-
astating impact. Endemic farms are generally
those where foals have been intensively reared
over many years, where summer temperatures
are high, soil type is sandy, and dust is exten-
sive. Dissemination of equine rhodococcosis
is through movement of mares and their foals
between breeding farms.

Zoonotic Transmission

Evidence that human infections are zoonotic
has been recently provided by the identifica-
tion of the animal host-associated virulence
plasmids, pVAPA, pVAPB, and pVAPN. Despite
their host specificity for, respectively, equids,
swine, and ruminants, each of these virulence
plasmids can be found in human isolates.
Among these, the porcine-type pVAPB is the
most common, followed by the ruminant-type
pVAPN and equine-type pVAPA. A signifi-
cant proportion of human isolates appear to
lack a virulence plasmid, but the data before
the discovery of pVAPN (Valero-Rello et al.
2015) need to be interpreted with caution,
since many strains reported as “plasmidless”
turned out to be carrying the ruminant type
(Ocampo-Sosa et al. 2007; Takai et al. 2020).

Molecular Epidemiology and Population
Genomics

Phylogenomic studies provide evidence of
extensive global circulation of R. equi genomo-
types, presumably linked to international live-
stock trade (Anastasi et al. 2016). There is no
obvious association between the animal host
species and the chromosomal genotype; such
association exists in contrast with the virulence
plasmid type carried by the isolates (see Ani-
mal Species-specific Virulence Plasmids and

Host-tropism, below). There is also evidence
of active exchange of the host-specific pVAPA,
pVAPB, and pVAPN virulence plasmids across
the R. equi population, accompanied by cor-
responding host jumps. Not only are any of
the three animal host-specific virulence plas-
mids commonly carried by human isolates,
but strains with an identical chromosomal
genomotype and host-associated plasmid type
can also be identified in both the adapted
animal species and people (MacArthur et al.
2017). In ecological and evolutionary terms,
humans should be considered as “occasional”
or “opportunistic” hosts, as opposed to equids,
swine and ruminants, which are bona fide
hosts to which the bacterium is specifically
adapted and from which it is transmitted to
people (Vázquez-Boland et al. 2010, 2013).

Virulence plasmid loss can occur across
the R. equi population independently of the
genetic lineage (MacArthur et al. 2017). The
proportion of R. equi strains lacking a virulence
plasmid is much higher among environmental
isolates compared to strains recovered from
clinical specimens. About 40–50% of soil iso-
lates (even if equine farm-associated) do not
carry a virulence plasmid, whereas virtually
all freshly isolated equine clinical strains are
pVAPA positive. Among strains kept in iso-
late collections, only 5–14% of equine origin
and 0% from cattle are devoid of a virulence
plasmid. Like in the case of human isolates,
the virulence plasmid is absent in a significant
proportion of porcine isolates (up to 30%),
but these are difficult to categorize because
they have mostly been collected in abattoir
surveys from the tonsils of healthy carriers
(in contrast to those of equine or ruminant
origin, which almost invariably derive from
pathological samples; Makrai et al. 2002,
2005; Ocampo-Sosa et al. 2007; Duquesne
et al. 2010). The available evidence indicates
that the R. equi virulence plasmid tends to
be lost in the absence of host selection, but
can be easily regained from host-associated
(plasmid-positive) bacteria (Vázquez-Boland
et al. 2013). Conjugal transfer of the R. equi
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virulence plasmid is efficient, with frequencies
of up to 10−1/recipient (Tripathi et al. 2012).

Types of Disease and Pathologic
Changes

Like other related pathogenic actinomycetes,
R. equi causes subacute to chronic pyogranu-
lomatous infections, with the portal of entry
defining their primary location in the body. The
lungs are the organ most commonly affected.
Clinical R. equi infections are relatively rare
except in foals, in which they represent a
significant economic burden.

Foal Rhodococcosis

The most common manifestation is a life-
threatening multifocal purulent bronchopneu-
monia with abscessation. Exposure is thought
to occur early after birth (Horowitz et al. 2001)
and infection develops insidiously until onset
of severe symptoms between 4 and 12 weeks
of age (Giguère et al. 2011a). Clinical disease
is rarely seen in adult horses even on endemic
farms where a large proportion of foals man-
ifest rhodococcal pneumonia. Progression
to overwhelming pneumonia occurs in foals
that do not develop an effective cell-mediated
immune response. Ulcerative typhlocolitis
and mesenteric lymphadenitis may result
from swallowing contaminated soil or infected
sputum. Intestinal lesions are observed in
approximately 50% of foals with rhodococcal
pneumonia. Other less common extrapul-
monary manifestations result from bacteremic
spread from primary infection sites in the
lungs or intestine and include osteomyelitis,
purulent arthritis, and ulcerative lymphangi-
tis. Reactive arthritis and ocular inflammatory
processes may be also observed. Thoracic
ultrasonographic studies have revealed that
subclinical pneumonic abscesses can be very
common in foals on endemically infected
farms, and that most affected foals do not
progress to develop clinical illness and recover

without antimicrobial therapy (Venner et al.
2013).

Disease in Other Animals

In swine and cattle, R. equi causes pyogran-
ulomatous lesions in the submandibular and
bronchial or mediastinal lymph nodes, discov-
ered at slaughter and confused grossly with
tuberculosis (TB). Carriage in pig tonsils is fre-
quent (Makrai et al. 2005) while the prevalence
in cattle may be underrecognized, as suggested
by an abattoir survey in Ireland, which found
R. equi in 4% of bovine TB-like lesions (Flynn
et al. 2001). Severe systemic forms with multi-
ple caseating abscesses in the lungs, liver, and
other organs have been reported in goats and
camelids. Infections in other animal species,
particularly dogs and cats, are rare and usually
associated with immunosuppression.

Disease in Humans

First isolated from a human infection in 1966,
R. equi emerged as an opportunistic pathogen
affecting immunocompromised people in
the mid 1980s, coincident with advances in
organ transplantation and cancer therapy,
but particularly with the advent of the AIDS
pandemic. Most cases are associated with
immunosuppressive conditions and usually
present as subacute cavitary pneumonia with
constitutional symptoms, requiring differen-
tial diagnosis from pulmonary TB. Bacteremia
and secondary dissemination are also com-
mon. R. equi infections in immunocompetent
individuals are rare and tend to be localized
(Weinstock and Brown 2005; Yamshchikov
et al. 2010).

Pathologic Changes

Lesions in all species correspond to the ability
of the organism to replicate in macrophages
and therefore are characteristically granulo-
matous. Once macrophage destruction occurs
through necrosis (Luhrmann et al. 2004),
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and in the absence of an effective type 1
cell-mediated immune response, lesions
become pyogranulomatous and progressive.
The ulcerative lesions sometimes present
in the Peyer’s patches of the large intestine
of foals suggest an ability of the pathogen
to invade cells other than those only of
monocyte–macrophage origin, but this has not
been proven and these alterations may result
from local inflammatory or necrotizing pro-
cesses. The pathological findings in humans
are often described as malakoplakia, character-
ized by a dense infiltration of foamy histiocytes
with intracellular coccobacilli and basophilic
inclusions termed Michaelis–Gutmann bodies,
likely representing partially destroyed intra-
cellular bacteria (Yamshchikov et al. 2010).
Resolution of lesions is the result of an effec-
tive, largely cell-mediated, immune response,
discussed in Section 33.8.

Virulence Factors

R. equi infectivity is plasmid determined. Loss
of the virulence plasmid renders R. equi unable
to proliferate within macrophages in vitro
and in mouse tissues in vivo, and to cause
disease in foals (Takai et al. 1991; Hondalus
and Mosser 1994; Giguère et al. 1999). The
virulence plasmid is also responsible for the
specific adaptation of R. equi to its three main
animal hosts, i.e. equids, swine, and cattle
(ruminants). These properties are linked to
the vap pathogenicity island, a horizontally
acquired locus inserted in the variable region
of the corresponding plasmid replicons.

vap Pathogenicity Island

The plasmid pathogenicity island (PAI)
receives its name from the family of vap
(virulence-associated protein) genes it harbors.
A total of six vap genes (plus three vap pseu-
dogenes) are present in the 15-kb PAI of the
equine-type plasmid pVAPA (Figure 33.3b).
One of the proteins of the Vap complement

encoded by each of the three host-associated
virulence plasmids, designated VapA in the
equine type, VapN in the ruminant type, and
VapK in the porcine type, is essential for
R. equi intramacrophage replication and viru-
lence (Jain et al. 2003; Valero-Rello et al. 2015;
Willingham-Lane et al. 2018); the other Vaps
appear to play an accessory role. The Vaps are
small, secreted antigenic proteins which struc-
turally fold in a cork-shaped eight-stranded
antiparallel β-barrel (Geerds et al. 2014; Whit-
tingham et al. 2014) that provides few clues
as to their mechanism of action. Based on
the phenotype of a vapA mutant in infected
macrophages, Vap proteins are likely to play
an important role in the biogenesis of the mod-
ified phagocytic vacuole where R. equi survives
and replicates intracellularly (Fernandez-Mora
et al. 2005). The vap PAI also harbors a number
of conserved non-vap genes, including the
five-gene vir operon (Figure 33.3b). Except
for the virR and virS regulators in the vir
operon, the precise role in virulence of the
non-vap genes of the PAI remains largely
uncharacterized

Regulation of vap Pathogenicity Island
Genes

Plasmid virulence genes are weakly expressed
at 30∘C and pH 8.0, but fully activated at
37–38∘C and pH 6.5 (Byrne et al. 2007). The
main effect is exerted by temperature and
these conditions are thought to mimic the
cues sensed by R. equi during its transition
from the environment to the mammalian host.
Treatment with hydrogen peroxide, which
reproduces the oxidative stress within acti-
vated macrophages, also results in significant
increase of vap gene transcription as measured
with vapA and vapG (Benoit et al. 2002). The
two regulators encoded in the vir operon of the
PAI, VirR and VirS (Figure 33.3b), are neces-
sary for vap PAI virulence gene expression, but
whether and how they contribute to the mod-
ulation exerted by temperature (and pH) and
oxidative stress remains to be determined. Low
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free iron, a well-known “host signature” cue
in the control of bacterial virulence, appears
to also activate the expression of vapA and the
other vap genes of the pVAPA plasmid (Ren
and Prescott 2003).

Animal Species-Specific Virulence
Plasmids and Host Tropism

Analysis of the virulence plasmids carried by
isolates from different origins made it obvious
that R. equi infectivity and specific adaptation
to equids, swine and ruminants (cattle, sheep,
and goats) is linked to the virulence plasmid
type (pVAPA, pVAPB, and pVAPN, respec-
tively; Ocampo-Sosa et al. 2007; Valero-Rello
et al. 2015). The first R. equi virulence plas-
mid to be genomically characterized was the
VapA-encoding pVAPA, found in virulent
isolates of equine origin and occasionally in
human isolates (Takai et al. 2000b). Next was
the VapB-encoding pVAPB, found in isolates
recovered from slaughtered pigs and human
clinical specimens but never from equine iso-
lates (Letek et al. 2008). Strains carrying pVAPB
are of intermediate virulence in mice and
weakly pathogenic in experimentally infected
foals (Takai et al. 2000a). The more recently
identified third R. equi virulence plasmid,
pVAPN (Valero-Rello et al. 2015), is found in
ruminant and some human isolates but not in
equine or porcine isolates (Ocampo-Sosa et al.
2007; MacArthur et al. 2017; Suzuki et al. 2021).

The equine pVAPA and porcine pVAPB
plasmids are variants of the same circular
replicon that differ only in vap PAI struc-
ture, specifically in vap gene complement
(Letek et al. 2008). The ruminant-associated
pVAPN is an unrelated linear plasmid that
carries a copy of the vap PAI (Figure 33.3a).
This indicates that the R. equi vap PAI was
at some point part of a mobile element,
consistent with the presence of transposon
invertase/resolvase or transposase/integrase
genes or pseudogenes at the right flanking
region of the three PAIs (Valero-Rello et al.
2015). The vapN PAI has the same general

arrangement of the vapA and vapB PAIs but
again differs in a unique vap gene complement
(Figure 33.3b). Exquisite conservation of the
vap PAI, with 100% PAI product sequence
identity (notably, of the cross-type-variable vap
multigene family products), is observed within
each host-specific plasmid type, indicative
of strong selection. Mismatches between the
pVAPA/B/N plasmid type and animal host
source are exceptional among equine, porcine
and ruminant isolates, suggesting the existence
of stringent host-driven exclusion of the het-
erologous (non-adapted) virulence plasmids
(Ocampo-Sosa et al. 2007; MacArthur et al.
2017).

Chromosomal Virulence Determinants

R. equi survival in macrophages, mice and
foals requires the aceA gene encoding isoci-
trate lyase, a key anaplerotic enzyme essential
for biosynthesis of carbohydrates and other
metabolic intermediates from acetate- or fatty
acid-derived acetyl- CoA (Wall et al. 2005).
Like M. tuberculosis, R. equi therefore appears
to use lipids as the primary carbon source for in
vivo replication, consistent with its inability to
assimilate carbon from carbohydrates . Choles-
terol may be critical because inactivation of
ipdAB encoding a heterodimeric coenzyme A
transferase in the sterol utilization pathway
significantly attenuates R. equi virulence in
macrophages and foals (van der Geize et al.
2011). Two other metabolic genes encoding an
AroQ chorismate mutase and a bifunctional
TrpE/G anthranilate synthase were shown
to be required for optimal intramacrophage
proliferation (Letek et al. 2010), implying that
the R. equi in vivo replication niche is poor
in aromatic amino acids, and/or that in vivo
R. equi requires chorismate-derived biosyn-
thetic products such as folate, menaquinones,
or siderophores. A role for the latter has
been demonstrated with the hydroxamate
siderophore “rhequichelin” synthesized by
the R. equi non-ribosomal peptide synthase
rhbABCDE (Miranda-Casoluengo et al. 2012;
Figure 33.2).
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One of the four R. equi catalases, KatA
(Bidaud et al. 2012), and an extracellu-
lar thioredoxin encoded by the etrx3 gene
(Mourenza et al. 2020), contribute to intra-
macrophage survival, presumably by con-
ferring protection against oxidative damage
caused by reactive oxygen intermediates
following phagocytosis.

Chromosomal islands encoding pili and a
capsular polysaccharide are part of the core
genome of R. equi (Figure 33.2). The R. equi
pili (Rpl) are of the Flp type IVb subfamily,
form long appendages, and appear to pro-
mote attachment to mammalian cells (Letek
et al. 2010). The importance of the R. equi
exopolysaccharide in virulence is unclear
because a “transposome” insertion mutant
with defective capsule integrity showed no
intracellular proliferation or cytotoxicity defect
in macrophages and was fully virulent in mice
(Sydor et al. 2008).

As in M. tuberculosis, the R. equi lipid cell
envelope is likely to play an important role
in in vivo survival and pathogenesis by either
affording protection against host-derived
antimicrobial effectors and lytic enzymes, or by
modulating host responses. Early evidence for
the latter was provided by lethality and granu-
loma formation experiments in mice in which
strains with a longer carbon chain mycolic acid
were more virulent than those with shorter
chains (Gotoh et al. 1991). Analysis of a kasA
mutant lacking the β-ketoacyl-(acyl carrier
protein)-synthase A enzyme required for the
elongation of the β-hydroxy meromycolate
side chain showed impaired proliferation
in macrophages and enhanced phagolyso-
some formation, suggesting a role for R. equi
long-chain mycolic acids in the modulation
of vacuolar trafficking (Sydor et al. 2013).
However, the kasA mutant was fully cytotoxic
and only had a minor survival defect in vivo
in mice.

The R. equi surface proteome and exopro-
teome also comprises a number of homologs
of well-known mycobacterial virulence-
associated factors (Letek et al. 2010; Figure 33.2)

the role of which in pathogenesis remains to
be determined.

Evolution of Rhodococcus equi
Virulence

Cooptive Evolution Model

Two observations derived from the functional
analysis of the R. equi 103S genome led to the
formulation of a model for the evolution of
R. equi virulence (Letek et al. 2010). One was
that, except for a few horizontal gene transfer
loci (notably the vap PAI), most of the putative
or confirmed virulence-associated genes iden-
tified in R. equi, including all mycobacterial
virulence gene homologs (e.g. the mce, esx,
pe/ppe, and mmpL gene families), were widely
distributed among non-pathogenic Actinobac-
teria and, thus, clearly did not originally evolve
to play a role in the host-pathogen interac-
tion. The other was the finding that a number
of chromosomal metabolic genes (including
the previously mentioned chorismate mutase
and anthranilate synthase genes involved
in R. equi virulence) were recruited into a
coregulated network together with the vap
PAI genes. Based on these observations, the
concept of “cooptive evolution of virulence”
was proposed to explain how pathogenicity can
rapidly emerge in saprophytic bacteria through
the appropriation or cooption of existing core
microbial functions (Letek et al. 2010).

Gene cooption (also known as “pre-
adaptation”) is a well-recognized evolution-
ary process whereby existing genes and traits
acquire new roles (True and Carroll 2002).
In pathogens, any important housekeeping
bacterial function (e.g. general stress tolerance
mechanisms, the mycolic acid cell envelope, or
the above mentioned isocitrate lyase enzyme,
to name a few) will be also needed during
the host–pathogen interaction and thus have
a perceived role in virulence. This can easily
progress into bona fide gene cooption through
regulatory rewiring of the “appropriated”
gene(s) to adapt and optimize their expression
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pattern to the new conditions (True and Car-
roll 2002), for example during infection. This
appears to be the case for those chromosomal
housekeeping genes that became integrated
into a coexpressed gene network with the vap
PAI, a mechanism that would ensure their
coordinated spatiotemporal expression with
the plasmid virulence genes. Gene cooption is
likely to play a major role in the adaptive pro-
cesses triggered by key horizontal gene acqui-
sition events that give access to new niches,
such as the phagocytic vacuole of macrophages
in the case of the vap PAI (Letek et al. 2010).

Evolution of vap Pathogenicity Island

Phylogenetic analysis of the 20 vap multigene
family proteins encoded in pVAPA, pVAPB,
and pVAPN showed that they correspond to
allelic variants of seven vap genes carried by
the last common ancestor of the three extant
host-specific vap PAIs. These seven “progeni-
tor” vap genes originated by gene duplication
(either in the preparasitic R. equi ancestor or
in other bacteria) from an ancestral proto-vap
gene, and further evolved to give rise to the
vap gene complements unique to each pVAPA,
pVAPB, and pVAPN (Valero-Rello et al. 2015)
(Figure 33.3c).

A likely hypothesis is that the proto-vap
gene, eventually aided by other non-vap deter-
minants present in the vap PAI last common
ancestor, acquired at some stage the ability
to facilitate survival to phagocytosis, perhaps
originally as a defense mechanism against
soil and/or intestinal bacteriovorous pro-
tists. Evasion of macrophage killing is clearly a
primordial function of the vap PAI that is disso-
ciable from its role in host tropism because the
three host-specific virulence plasmids (pVAPA,
pVAPB, VAPN) promote intramacrophage
survival and confer virulence in accidental
(non-adapted) hosts such as mice and humans
(Valero-Rello et al. 2015). The critical proto-vap
determinant responsible for intramacrophage
survival is most likely the common ancestor of
the vapA, vapN, and vapK1/2 allelic variants,

the only vap gene essential for virulence in the
equine-, ruminant- and porcine-type virulence
plasmids, respectively (Valero-Rello et al. 2015;
Willingham-Lane et al. 2018). Subsequently,
the host tropism properties emerged by coevo-
lution of the vap genes with equids, swine
and ruminants, probably coincident with the
origin and spread of animal domestication and
farming. This process may have started in the
circular virulence plasmid that diverged into
the pVAPA and pVAPB variants, followed by
horizontal transfer of the PAI from an earlier
form of pVAPA to the linear replicon of pVAPN
(Valero-Rello et al. 2015; Figure 33.3c), or vice
versa. Apart from a few small hypothetical
genes that are not conserved, the main differ-
ences between the three PAI types lie in the
vap genes, suggesting that their products are
instrumental in determining species-specific
restriction by as yet unknown mechanisms.

Pathogenesis

R. equi pathogenicity results from the abil-
ity of the bacterium to survive, multiply
within, and destroy macrophages. This
section and Section 33.8 discuss the basic
processes involved in R. equi interaction with
macrophages and the immune responses in the
context of what is known about R. equi in foals.

Entry into the Host: Internalization into
Macrophages

At the portal of entry, R. equi is taken up
by local macrophages, particularly alveolar
macrophages in the lungs. R. equi exploits
these key effector cells of the immune sys-
tem as their primary survival and replication
niche within the host (Hondalus and Mosser
1994) (Figure 33.1b). Although R. equi has
been shown to be internalized and survive
within a human alveolar epithelial cell line
in vitro (Ramos-Vivas et al. 2011), entry
was inefficient and productive intracellular
infection seems to be restricted to cells of the
monocyte–macrophage lineage. In the infected
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foal, R. equi is found within phagocytic cells
but is not observed in lung epithelial cells
(Johnson et al. 1983).

R. equi phagocytosis results from binding
of ligand molecules on the bacterial surface
by specific macrophage receptors. Optimal
macrophage uptake in vitro requires comple-
ment and is mediated by complement receptor
3 (CR3, aka macrophage-1 antigen/Mac-1;
Hondalus et al. 1993). R. equi lipoarabino-
mannan (ReqLAM) binds to recombinant
mannose-binding protein, which may acti-
vate complement C3b deposition onto R. equi
via the lectin pathway, and thus promote
CR3-mediated uptake into macrophages.
ReqLAM may be speculated also to bind other
collectins since M. tuberculosis LAM is a ligand
for human pulmonary surfactant protein A,
promoting phagocytosis, and equine surfactant
proteins bind mannose (Garton et al. 2002).
In addition, entry to macrophages through
ReqLAM binding to the pattern-recognition
mannose receptor may occur.

Internalization through these mechanisms
bypasses the antibody-mediated Fc receptor
(FcR) pathway and may play a key role in pro-
moting R. equi intracellular survival, because
opsonic uptake with specific antibodies results
in enhanced intracellular killing of R. equi
by equine macrophages (Hietala and Ardans
1987; Darrah et al. 2000). In M. tuberculo-
sis, for example, mannose receptor-mediated
phagocytosis is known to lead to inhibi-
tion of phagosomal maturation (Chapter 34).
Much remains to be investigated about the
effect of the different routes of entry into the
macrophage on the fate of R. equi and the
outcome of infection.

Intracellular Survival Strategy

R. equi survives within macrophages by inter-
fering with phagosome maturation, a strategy
which it shares with M. tuberculosis. While
the latter arrests the vacuole at the Rab5 early
endocytic stage, the R. equi-containing vac-
uole (RCV) recruits the Rab7 late endosomal

marker and appears to be a modified endolyso-
somal compartment. Critically, the RCV
does not acquire the vacuolar ATPase pro-
ton pump, preventing vacuole acidification
(Fernandez-Mora et al. 2005).

The precise molecular mechanisms by which
RCV trafficking is altered remain unknown,
but virulence plasmid products are clearly
involved because the effects are not observed
with avirulent (virulence plasmid-cured)
R. equi (pH of vacuoles 7.2 and 5.2 when
containing virulent and avirulent R. equi,
respectively; Toyooka et al. 2005; von Bar-
gen et al. 2019). The VapA protein appears
to play a critical role, because vacuoles con-
taining a vapA deletion mutant follow the
normal maturation course, with acidifica-
tion (pH 5.8), phagolysosome formation with
recruitment of the V-ATPase, and progressive
bacterial killing. VapA localizes to the RCV
membrane and spreads to LAMP-1-positive
lysosome-like compartments during infection.
Recombinant VapA functionally complements
the replication defect of a vapA mutant (or
enhances the persistence of Escherichia coli in
macrophages), raises lysosomal pH, and causes
transient lipid bilayer perturbations allowing
passage of ions (Wright et al. 2018; von Bargen
et al. 2019). It also perturbs and causes swelling
of late endosome organelles (Rofe et al. 2017).
The primary function of VapA (and presum-
ably its homologs VapN and VapK1/K2 in
the ruminant-type pVAPN and porcine-type
pVAPB virulence plasmids) appears thus to be
to create a permissive pH-neutral vacuole for
bacterial replication by causing phagolysosome
membrane permeabilization and exclusion of
the proton pump ATPase.

In Vivo Multiplication

Little is known about the nutritional and
metabolic determinants of R. equi in vivo
growth, but interpretation of the pheno-
types in infection models of specific mutants
provides some insights. As discussed above
in the Section on chromosomal viruence
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determinants, the nutritional environment of
the R. equi in-host replication niche appears
to be limiting in aromatic amino acids and
free iron while providing sufficient access to
lipids. The critical importance of the latter
is demonstrated by the severely attenuated
phenotype in foals of knockout mutants in
aceA (isocitrate lyase; Wall et al. 2005) and
ipdAB (coenzyme A transferase in the choles-
terol utilization pathway; van der Geize et al.
2011). All fatty acids released from lipids are
catabolized through β-oxidation, producing
acetyl-CoA, which enters the tricarboxylic
acid cycle for further oxidation and release of
energy, or alternatively bypasses the oxidative
steps of the cycle via the glyoxylate shunt to
be used for carbohydrate biosynthesis. The
latter anabolic pathway involves conversion
of isocitrate and acetyl-CoA into succinate
and malate via the isocitrate lyase enzyme.
Beta-oxidation of the side chain of choles-
terol also generates propionyl-CoA which
is converted into succinate. The R. equi in
vivo replication niche also appears to provide
sufficient thiamin (to which the bacterium is
naturally auxotrophic), whereas riboflavin is
probably at limiting concentrations because
an auxotrophic mutant showed full atten-
uation in immunocompromised mice and
young foals (Lopez et al. 2008). A mutant
in narG encoding the nitrate reductase
α-subunit was also attenuated in mice (Pei
et al. 2007), suggesting that nitrate is an impor-
tant substrate for R. equi survival in vivo by
serving either as a nitrogen source or electron
acceptor.

Ultimately, the vap PAI-dependent intracel-
lular replication of R. equi leads to macrophage
cytotoxicity, which in vitro starts to be observed
at 8 hours and becomes very apparent at
24 hours. Macrophage killing by R. equi is by
necrosis rather than apoptosis (Luhrmann
et al. 2004), probably generating a cascade
of proinflammatory signals leading to the
tissue destruction and abscess formation char-
acteristically observed in the infected host
tissues.

Immunity

Research on immunity to R. equi has been
largely driven by the need of developing
an effective vaccine, which is not avail-
able despite numerous efforts over the last
30 years. Another focus of major interest is the
age-related susceptibility of horses to R. equi.
The fact that foals are likely to become infected
during the first week of life, when they are
most susceptible to R. equi (Sanz et al. 2013),
represents a significant challenge for vaccine
development. While differences in the immune
system of neonatal foals probably account for
their increased susceptibility, young foals
appear to be as competent as adult horses
in mounting an IFN-γ response (critical for
clearance of the pathogen; Jacks et al. 2007a),
adding to the conundrum. Mouse studies have
provided key insight into the basic mecha-
nisms of protective immunity to R. equi, but
research in the equine system is essential to
understand the specificities and subtleties of
the interaction with the developing immune
system of the young foal.

Innate Immunity

The first step to R. equi killing is macrophage
activation mediated by IFN-γ, which results in
nitric oxide (NO) generation and superoxide
(O2

−) production during the respiratory burst.
Studies in mice deficient in the nitric oxide
(iNOS−/−) or the oxidative burst (gp91phox−/−)
pathways indicated that both are required,
reflecting that effective R. equi killing depends
on nitric oxide and superoxide combining
to form peroxynitrite (ONOO−; Darrah et al.
2000). TNFα may contribute to restricting
intracellular growth of R. equi in macrophages,
because it is required together IFN-γ for clear-
ance of virulent R. equi in mice (Kasuga-Aoki
et al. 1999). Toll-like receptor (TLR) signal-
ing is involved in the response to R. equi
as indicated by the lack of activation and
cytokine response in MyD88-deficient mice
and impaired ability of TLR2(−/−)-deficient
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mice to clear virulent R. equi (Darrah et al.
2004). This may be significant regarding the
age-dependent susceptibility of horses to
R. equi, because neonates are known to have
diminished TLR-mediated cytokine responses
compared with adults. In addition to inducing
expression of proinflammatory cytokines such
as TNFα, IL-6 and IL-1β, R. equi infection has
been shown to activate cytosolic DNA sens-
ing in macrophages, eliciting a strong type I
IFN response including interferon-stimulated
genes, similar to M. tuberculosis (Vail et al.
2021). Type I IFNs are known negative reg-
ulators of host defenses against intracellular
bacterial infections, reducing macrophage
activation by IFN-γ, and may be important for
R. equi pathogenesis.

In contrast to macrophages, neutrophils
from foals and adult horses kill R. equi and
are important in the early host defense against
the pathogen (Yager et al. 1987; Martens et al.
2005). A several-fold increased predisposition
to rhodococcal pneumonia has been identi-
fied in Quarter Horse foals associated with
single nucleotide polymorphisms and mod-
ulation of expression of the TRPM2 innate
resistance gene, a regulator of oxidative stress
in neutrophils (McQueen et al. 2016).

Antibody-Based Immunity

Antibodies to R. equi are widespread in horses
but their significance in immune protection
is unclear. Healthy foals naturally exposed to
R. equi mount a predominantly immunoglob-
ulin (Ig) Ga response to R. equi (IgGa together
with IgGb are the predominant opsoniz-
ing and complement fixing IgG isotypes in
horses), whereas IgG(T) is the isotype that
increases in foals that develop pneumonia
(Hooper-McGrevy et al. 2003; Sanz et al.
2016b). In foals, IgGa correlates with IFN-γ
expression while IgG(T) correlates with IL-4
expression, suggesting that IgGa and IgG(T)
are Th1 and Th2 subisotypes, respectively
(Jacks and Giguère 2010).

A possible contribution of maternal antibod-
ies to immune protection has been suggested
based on the coincidence of the age of onset
of clinical signs with the waning of maternal
titers, although this may just reflect the slow
development of the granulomatous disease
after infection. The clearest evidence for a
role of antibodies in immune protection is the
opsonic killing of R. equi, particularly with
IgGb antibodies, after Fc-mediated uptake
by neutrophils and macrophages. Opsonic
killing may explain the protective effects
reported in some studies upon adminis-
tration of R. equi-hyperimmune plasma to
neonate foals (Sanz et al. 2016a). However,
non-specific factors (e.g. fibronectin, com-
plement or cytokines) may also have a role
because plasma preparations containing either
R. equi-specific or non-specific antibodies have
been shown to have similar effects in vitro and
in vivo (Perkins et al. 2002).

Cell-Mediated Immunity

Being an intracellular parasite, IFN-γ and
cell-mediated responses are pivotal in pro-
tective immunity against R. equi infection.
Studies in mice have shown that T lympho-
cytes are critical for clearance of virulent
R. equi, whereas natural killer cells are dis-
pensable. CD8+ (cytotoxic) T cells contribute
to host defense against R. equi, but CD4+
(helper) T cells are both necessary and suffi-
cient to completely clear the pathogen from
mouse lungs. This effect is attributable to the
IFN-γ-secreting Th1 CD4+ subpopulation
while Th2 cells secreting IL-4 fail to control
the infection and are unable to prevent the
formation of pulmonary granulomas (Kanaly
et al. 1996). The general conclusion from the
mouse studies is that a Th1 immune response
is critical for effective clearance of R. equi
whereas animals with Th2 biased response
develop characteristic pulmonary lesions
(Hines et al. 1997). Assuming a similar sce-
nario in foals, R. equi disease is most likely
an immunopathological process similar to
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that in human pulmonary TB and similar
mycobacterial infections (Chapter 34).

Studies in horses essentially mirror those in
mice and indicate that both CD4+ and CD8+
T cells secreting IFN-γ mediate protective
immunity to R. equi, although evidence points
to a major role for cytotoxic T lymphocytes
(CTLs; Hines et al. 2003; Patton et al. 2004;
Harris et al. 2011).

Several lines of evidence suggest possible
explanations for the unique age-related sus-
ceptibility of foals to R. equi. For example,
R. equi-specific CTL activity was shown to
be deficient in three-week-old foals while it
progressively developed to adult-like levels
above six weeks of age (Patton et al. 2005).
Also, monocyte-derived macrophages from
foals showed reduced expression of CD1
when compared with adults, while R. equi
infection appeared to downregulate CD1
expression (Pargass et al. 2009). This is poten-
tially significant because the lytic activity
of both pulmonary and blood-derived CTLs
is not equine leukocyte antigen A (ELA-A,
classical major histocompatibility complex,
MHC, class I) restricted but depends on
recognition of lipid antigens presented to
T lymphocytes via the CD1 system, as also
observed in M. tuberculosis (Patton et al.
2004; Harris et al. 2010). R. equi-infected
monocyte-derived macrophages and dendritic
cells appear to show significantly lower MHC
class II molecule expression (Pargass et al.
2009; Flaminio et al. 2009), potentially leading
to reduced antigen presentation to helper T
cells. Some studies also report age-related
differences in the production of cytokines,
noting a deficiency in IFN-γ in young foals
(Boyd et al. 2003; Breathnach et al. 2006).
Additionally, cells of the monocytic lineage
from foals, which includes dendritic cells and
macrophages, responded to IFN-γ stimulation
by greater production of the immunomod-
ulatory, Th1- and MHC II-downregulating
cytokine IL-10 than similar cells from adult
horses, potentially predisposing to R. equi
infection (Sponseller et al. 2009).

Although neonatal cell-mediated responses
are thought to be generally Th2 biased and
thus potentially ineffective at clearing R. equi,
evidence indicates that foals can mount a
strong Th1 response to the pathogen so long as
the stimulus is appropriate. Bronchial lymph
node cells of young foals can mount an IFN-γ
response to R. equi infection, although naïve
foals responded poorly to R. equi antigens
in lymphoproliferative assays (Jacks et al.
2007a). By contrast, young foals appear to be
as immunocompetent as adult horses in recall
responses to Vap antigens (Jacks et al. 2007b).
Other studies have shown that infection with
a low R. equi inoculum resulted in a predom-
inant IgGa (Th1 nature) response, whereas
foals infected with a high inoculum developed
a primarily IgG(T) (Th2 nature) response
(Jacks and Giguère 2010). Together with the
fact that most foals on endemic farms can
clear the infection without treatment (Venner
et al. 2013), this observation suggests that the
susceptibility of foals to R. equi is not due to a
general default Th2 response in neonates but
rather that an overwhelming exposure results
in disease by modulating immune responses.

In summary, besides “naïvety” of the neona-
tal immune system because of lack of exposure
to microbial and other antigens before birth,
there may be age-related impairments in
foals both in response to antigen-presenting
molecules and in cytokines important for
effective cell-mediated immune responses.
These synergize with the pathogen in driv-
ing an ineffective immune response, thus
allowing the continued replication of R. equi
in macrophages and the development of
progressive pyogranulomatous infection.

Treatment and Control

R. equi is susceptible to many antimicrobials in
vitro, but their in vivo efficacy or clinical appli-
cability may be limited due to poor penetration
into intracellular or necrotic infection sites,
inadequate pulmonary pharmacokinetics, or,
in equine medicine, undesirable effects in
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foals or deficient oral bioavailability. Variable
susceptibility has been also noted for some
drugs such as chloramphenicol, β-lactams,
and quinolones, owing to intrinsic or muta-
tional resistance compounded by the reduced
permeability of the mycolic acid bacterial
envelope.

The mainstay treatment in foals con-
sists in rifampin in combination with a
macrolide (erythromycin, later clarithromycin
or azithromycin; Vázquez-Boland et al. 2013)
to avoid the occurrence of rpoB mutations
conferring resistance to the former, of regular
occurrence in R. equi (Asoh et al. 2003; Petry
et al. 2020). Unsurprisingly, application of
the macrolide-rifampin combination for mass
antibiotic prophylaxis at endemic farms in the
United States has led to clonal multidrug resis-
tance. The clone, named multidrug-resistant
R. equi (MDR-RE), emerged in the 2000s by
coacquisition of a conjugative resistance plas-
mid, pRErm46, and a specific chromosomal
rpoBS531F mutation, novel in R. equi and unique
to the clone. pRErm46 confers resistance to
macrolides, lincosamides and streptogramins
via a novel erm(46) gene carried on a highly
mobile transposon, TnRErm46, and to sul-
fonamides, streptomycin, spectinomycin,
tetracycline, and doxycycline conferred by
a class 1 integron and associated tetRA(33)
determinant (Alvarez-Narvaez et al. 2019; Erol
et al. 2021). Currently circulating in the United
States, MDR-RE 2287 is likely to spread to
other countries and is problematic because of
the limited selection of effective antimicrobials
for treatment in foals and the risk of zoonotic
transmission.

For human R. equi infections, no standard
treatment has been established and therapy
should be guided by susceptibility testing and
include two or more drugs, specifically bacte-
ricidal antibiotics reaching high intracellular
concentrations (Weinstock and Brown 2005;
Yamshchikov et al. 2010). With the excep-
tion of imipenem, β-lactams/cephalosporins
are often discouraged due to the relatively
high minimum inhibitory concentrations, but

application of interpretive criteria for rapidly
growing mycobacteria and nocardiae, and
other aerobic actinomycetes (instead of the cur-
rently used Staphylococcus aureus guidelines)
may enable considering their use, in combi-
nation with β-lactamase inhibitors and other
antimicrobials (Erol et al. 2021). Relapse is
relatively common and prolonged courses are
required, of several weeks with oral antibiotics
for localized infections and up to a minimum
of six months with intravenous therapy, fol-
lowed by oral drugs, for immunocompromised
patients with pulmonary disease. Surgical
resection or drainage of affected areas might
be necessary (Weinstock and Brown 2005;
Yamshchikov et al. 2010).

Control of R. equi pneumonia in foals on
endemically affected horse breeding farms
is challenging (Giguère et al. 2011b). Lung
abscesses can be found in over 50% of foals at
endemic farms and thoracic ultrasonographic
screening and prophylactic administration of
macrolides such as azithromycin plus rifampin
before development of clinical disease was, as
mentioned earlier, adopted as a control strat-
egy in the late 1990s/early 2000s, leading to the
emergence of resistance. Antibioprophylaxis is
of further questionable value because most of
these foals do not develop clinical illness even
without antibiotic treatment (Venner et al.
2013).

Administration of hyperimmune plasma to
foals in the first week of life has been associ-
ated with reduction of morbidity and mortality,
although evidence is not completely clear and
some sources of plasma are ineffective, per-
haps because donor horses were vaccinated
with R. equi having lost the VapA-encoding
pVAPA virulence plasmid. Immunization of
mares to provide maternally derived Ig to foals
has generally not been shown experimentally
to have value, with the possible exception of
a recent study of mare immunization with
poly-N-acetyl glucosamine (Cywes-Bentley
et al. 2018).

Active immunization of foals is highly desir-
able, but development of an effective vaccine
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has proven elusive. An apparently highly effec-
tive live attenuated vaccine strain based on an
ipdAB deletion mutant (see above) delivered
enterally to foals (van der Geize et al. 2011) has
for unknown reasons not been developed for
field use.

Common-sense environmental interven-
tions such as reducing crowding or frequent
removal of feces in the paddocks have been
recommended in equine farms, but there
is currently no objective validation of their
preventive value (Giguère et al. 2011b).

Gaps in Knowledge
and Anticipated Directions

Recent findings on the R. equi host-adapted vir-
ulence plasmids have shifted the paradigm in
our understanding of this pathogen away from
the “equinocentric” focus to a broader perspec-
tive. R. equi is a multihost zoonotic pathogen
specifically adapted to colonize and flexibly
jump between the main large livestock species,
while also capable of opportunistically infect-
ing other animal species, including humans.
In this new light, R. equi emerges as a superb
example of microbial saprophyte-pathogen
adaptation to the farm habitat.

The availability of molecular and genomic
analysis tools for the three host-adapted viru-
lence plasmids, pVAPA, pVAPB, and pVAPN,
will enable a better understanding of R. equi
infection ecology and tracing the zoonotic ori-
gin of human R. equi infections. How the three
R. equi virulence plasmids determine animal
species-specific infectivity, and in particular
the role of the vap multigene family and of host
factors in this process, will be an important
focus of future attention. The same applies
to the mechanism by which VapA and its
ruminant- and porcine-associated homologs,

VapN and VapK, divert endosomal traffic to
create a phagosomal vacuole conducive to
R. equi survival and proliferation within host
macrophages. A particular point of interest
is elucidating whether “plasmidless” clinical
isolates really lack a virulence plasmid, and if
so, what mechanisms support R. equi in vivo
survival in the absence of the vap PAI. Another
important unanswered question is the relative
roles of natural ecosystems and the farm habi-
tat as reservoirs of virulent (plasmid-bearing)
strains.

Regarding rhodococcal disease in the horse,
the subtleties of the foal’s immune response to
R. equi and the factors that determine whether
animals will control the infection or develop
progressive disease remain to be determined,
as do the immune correlates of resistance and
the confirmation of antigens important in pro-
tective immunity. Mounting evidence indicates
that this is the result of an immunopathologi-
cal process and efforts are needed to determine
whether redirecting the immune response of
the foal may facilitate rhodococcal infection
resolution. R. equi vaccine development will
remain a priority given the significant impact
that this pathogen has in horse breeding and
the equine industry, particularly in the con-
text of the recent emergence of multidrug
resistance.
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Introduction

The Mycobacterium genus includes diverse
pathogenic and non-pathogenic species. Non-
tuberculous mycobacteria are prevalent in
the environment and can cause opportunistic
tuberculosis-like infections in many ani-
mals, including humans. Non-tuberculous
mycobacteria infections are important as
they can cause false-positive test results due
to cross immune reactions and may not
be distinguished from obligate pathogenic
mycobacteria. The Mycobacterium tuberculosis
complex (MTC) responsible for tubercu-
losis (TB) includes M. tuberculosis (Mtb),
Mycobacterium africanum, Mycobacterium
canettii, Mycobacterium bovis (Mb), Mycobac-
terium caprae, Mycobacterium pinnipedii, and
Mycobacterium microti. While Mtb is largely
responsible for TB in humans and 1.7 mil-
lion deaths/year, Mb, responsible for bovine
TB (bTB) is present in cattle and wildlife.
Mb displays zoonotic potential; human TB
cases acquired from infected animals are
underestimated due to lack of resources to
distinguish these genetically closely related
species. Control of TB is a real challenge today
and requires “one health” approaches, con-
sidering that the health of animals, humans,
and the environment are connected. The
vaccine Bacillus Calmette–Guérin (BCG)
was obtained in 1921 by attenuation of a
virulent Mb isolate. Today, this vaccine has

been administered to more than three billion
people and is recommended by the World
Health Organization in countries with a
high incidence of TB to protect children
from the most severe forms of TB. Cattle
and wildlife are also affected by Mycobac-
terium avium subspecies paratuberculosis
(Map), which is responsible for paratubercu-
losis (paraTB) or Johne’s disease; this disease
is widespread globally and represents an
important source of animal suffering and
economic loss.

Characteristics of the Organism

Mycobacteria Represent a Large Family
with Few Successful Pathogens

The mycobacteria are a very large and diverse
group of predominantly environmental organ-
isms, a small proportion of which have
evolved opportunistic pathogenic tenden-
cies and still fewer have become dedicated,
obligate, pathogens of humans and animals
(Table 34.1). Technically, the mycobacteria
are Gram-positive because of their cell-wall
architecture and peptidoglycan chemistry, but
more importantly they are characterized by
an in vitro characteristic: even when exposed
to acid and heat, mycobacterial cell walls
do not allow penetration of organic solvent.
This enables the retention of a pink dye,
carbol fuchsin, which is revealed through
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Table 34.1 Examples of pathogenic Mycobacterium infections of animals.

Mycobacterium species Natural host(s)a) Infection/disease characteristics

M. avium avium/M. avium
silvaticum

Birds Avian tuberculosis
Ruminants Enteric disease similar to paratuberculosis
Cats Panniculitis, skin lesions/ulcers, disseminated

infection
Macropods Granulomas in liver, lymph nodes, spleen

M. avium hominissuis Pigs Granulomatous lesions in lymph nodes (neck) and
gastrointestinal tract

Humans Pulmonary infections, submandibular adenopathies,
disseminated infections in patients suffering from
acquired immunodeficiency syndrome

M. avium paratuberculosis Ruminants, camelids,
lagomorphs

Johne’s disease/paratuberculosis; chronic
granulomatous enteritis

Humans?b) Crohn’s disease in humans?
M. tuberculosis/
M. africanum/
M. canettii

Humans Tuberculosis, primarily respiratory infection but can
disseminate to other organs.

M. bovis Ruminants, wild boar,
mustelids, possums, cats,
dogs, humans

Bovine tuberculosis: chronic granulomatous
caseous-necrotizing inflammation affecting primarily
lymph nodes and lungs but can disseminate

M. caprae Ruminants, pigs, humans As for bovine tuberculosis
M. microti Rodents, cats Tuberculous skin lesions
M. pinnipedii Flipper-footed marine

mammals
Tuberculous lesions in lymph nodes, lungs,
mediastinum, pleura, liver and spleen

M. orygis Antelope, humans As for bovine tuberculosis
“Dassie bacillus” Rock hyrax Granulomatous lesions in the lungs, liver and spleen
M. mungi Mongoose Tuberculous lesions in nose, nasal cavity, skin and

lungs
“Chimpanzee bacillus” Chimpanzees Granulomas in liver and spleen
M. suricattae Meerkats Granulomatous lesions in spleen, liver, head lymph

nodes and lungs
M.genevense Birds Avian tuberculosis
M. leprae/M. lepromatosis Humans Hansen’s disease in humans characterized by skin

lesions and infection of peripheral nerves
Eurasian red squirrels,
armadillos (M. leprae)

Leprosy-like skin lesions in Eurasian red squirrels;
skin ulcers and infection of peripheral nerves in
armadillos

M. lepraemurium Rodents, cats Leprosy-like skin lesions
Non-tuberculous
mycobacteria (NTM):
M. abscessus, M. celatum,
M. chelonae, M. fortuitum,
M. gordonae,
M. intracellulare,
M. kansasii, M. marinum,
M. nonchromogenicum,
M. phlei, M. scrofulaceum,
M. szulgai, M. terrae,
M. triviale

Environment, various
animals

NTM are prevalent in the environment but cause
opportunistic tuberculosis-like infections of many
animals, including humans

a) Full host range is unknown for many Mycobacterium species.
b) The zoonotic potential of M. avium paratuberculosis is a controversial issue
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light microscopy. This commonly used taxo-
nomic feature makes them “acid fast.” This
resistant cell wall makes many disinfectants
ineffective, allows ingested organisms to with-
stand gastric acid, and, through complex
interplays with innate immune mechanisms,
allows pathogenic mycobacteria to persist
within tissues. Perhaps because of their
environmental origins in diverse niches,
the pathogenic mycobacteria have evolved
a range of strategies to perpetuate their
lineages in animal hosts: environmental
persistence, resistance to lysis within phago-
cytes, avoidance or perturbation of adaptive
immunity, long incubation periods before
the health of the host is severely compro-
mised, and exit from the host by a range of
routes.

Genome Peculiarities

Mycobacterial genomes characteristically have
a high G+C content and a small number of
ribosomal RNA genes in relation to the size
of the genome. Mb and Map have genomes of
4.32 Mb and 5.2 Mb with 66% and 69% G+C,
respectively. Mycobacterial genomes contain
numerous repeat sequences that present a
challenge for sequencing and genome assem-
bly. These include mobile genetic elements
such as prophages and insertion sequences
(IS) belonging to various families. Some IS
have been targeted for diagnosis and molec-
ular typing of mycobacterial species. The
most important of these are IS1110 for the
MTC, IS1245 and IS1311 for the M. avium
complex, IS901 for M.a. avium, IS902 for M.a.
silvaticum and IS900 and IS1311 for Map.
Mycobacterial genomes encode a large num-
ber of genes involved in lipid metabolism,
consistent with the presence of cell walls
and membranes rich in lipids, glycolipids,
lipoglycans and polyketides. Also present are
many genes encoding enzymes involved in
lipid oxidation pathways used for metabolizing
putative degradation products of host cell
membranes.

Sources of Infection

Both Mb and Map are perpetuated through an
obligate parasitic relationship with animals,
but both species can persist in the environ-
ment after they have been shed from an
infected host. In most cases, the source of
obligate pathogenic mycobacterial infection
is an infected host, either through direct con-
tact or by indirect contact in a contaminated
environment. Spread of mycobacterial infec-
tions over larger distances is generally through
trade in livestock, facilitated by the cryptic
nature of both infections during lengthy sub-
clinical stages. The relative contributions of
direct contact versus environmentally acquired
infections to persistence of these pathogens
in a population of animals will depend on
the husbandry system. For example, envi-
ronmentally acquired infections may be
important in barn-raised calves (Eisenberg
et al. 2010).

Mb and Map have spilled over into sym-
patric wildlife populations from their endemic
domestic animal life cycles. Mb wildlife reser-
voirs include white-tailed deer (Odocoileus
virginianus) in North America, the European
badger (Meles meles) in France, Ireland, and
the UK, brush-tailed possum (Trichosurus
vulpecula) in New Zealand, wild boar (Sus
scrofa) and red deer (Cervus elaphus) in the
Iberian peninsula, and buffalo (Syncerus caf-
fer) and lechwe antelope (Kobus leche) in
Africa. Map circulates in wild deer populations
in many parts of the world, and rabbits are
a reservoir of Map in regions of Scotland. It
is generally believed that this has arisen as a
result of spillover infections from domestic
livestock. For example, rabbits are a reservoir
of Map in regions of Scotland. Evidence for
interspecies transmission has been demon-
strated by molecular typing and experimental
infection. Furthermore, wildlife infections
potentially compromise disease control in
domestic species because of spillback into
livestock. The best-known examples of this
are Mb infection in brush-tailed possums in
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New Zealand and badgers in England. Rabbits
excrete high numbers of Map bacilli in fecal
pellets that can be ingested by grazing live-
stock. This, combined with a relatively high
prevalence of infection, the high population
density of rabbits with access to livestock
pastures and the lack of avoidance of rabbit
feces by grazing livestock presents a risk of
Map infection for sympatric livestock. Map
can persist on pasture and in soil or water and
sediment for months, protection from incident
solar radiation favoring longer-term survival
(Whittington et al. 2004, 2005; Eppleston
et al. 2014). Mb also can survive in soil and
water for months particularly in cooler tem-
peratures (Barbier et al. 2017). Mycobacteria
may have acquired parasitic and pathogenic
lifestyles by coevolution in the environment
with phagocytic amoebae, and both MTC
and Map have been found in amoebae in the
environment (Drancourt 2014; Samba-Louaka
et al. 2018).

Source of Infection: Evolution
and Epidemiology

Whole-genome sequencing (WGS) has facil-
itated construction of the most reliable
phylogenetic trees of Mycobacterium strains
to date. The evolutionary rate of pathogenic
mycobacteria is very slow, ranging from 0.15
to 0.53 substitutions/genome/year for Mb
(Crispell et al. 2019) and less than 0.5 for
Map (Bryant et al. 2016). Owing to these slow
evolutionary rates, just a few single nucleotide
polymorphism (SNP) differences could repre-
sent decades of evolution. The MTC is thought
to have evolved by clonal expansion from a
smooth tubercule bacillus population within
M. canettii (Galagan 2014). Several major
lineages of human adapted pathogenic Mtb
(designated L1-L4, L7) and M. africanum (L5,
L6, L9) and a recently discovered earlier lin-
eage (L8) evolved, each primarily associated
with a distinct geographical distribution and
lineage-associated differences in virulence,

transmission and acquisition of drug resis-
tance. The animal-adapted members of the
MTC, often referred to as ecotypes, and of
which there are at least nine, are thought to
have derived from an L6 ancestor with the
characteristic chromosomal region of differ-
ence (RD) deletions RD7 to RD10 and are
paraphyletic with some members more closely
related to L6 than other animal-adapted
strains. Despite their similar host distribution,
Mb and M. caprae ecotypes correspond to two
monophyletic groups.

The Mb lineage is itself divided into 12
monophyletic groups; four corresponding to
the previously described clonal complexes
Eu1, Eu2, Af1 and Af2 and eight unclassified
groups. Other divergence events occurred from
the Mb ancestral strains, but all strains remain
classified as Mb. Phylogeography of Mb strains
suggests an origin in East Africa and while
some groups appear to have remained in East
or West Africa, others have spread across the
globe (Loiseau et al. 2020). The evolutionary
success of Mb is due to its capacity to infect
and transmit effectively in cattle, resulting in
global spread through cattle trading.

Phylogenetic analysis of the M. avium sub-
species has shown that Map and M. a. avium
evolved independently from M. a. hominissuis.
WGS studies have clarified the phylogeny
of Map strains. The Map lineage is subdi-
vided into two major sub-lineages designated
S (sheep-type; MAP-S) and C (cattle-type;
MAP-C) (Bryant et al. 2016). Members of these
two groups can be distinguished with respect
to their cultural characteristics, virulence
and pathogenicity (Stevenson 2015). MAP-S
strains have been isolated from sheep, goats
and camels whereas MAP-C strains have a
broader host range encompassing all rumi-
nant types, humans and some wildlife. Strain
type is not exclusive to host provenance since
interspecies transmission can occur where
prevalence of disease is high and where dif-
ferent species are in close proximity. MAP-S
can be further subdivided into type I and
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type III strains and MAP-C has a subdivi-
sion encompassing the “bison-type” strains.
MAP-S and MAP-C can be differentiated by
genetic polymorphisms, particularly by the
presence/absence of large-sequence polymor-
phisms that can be the result of insertions
or deletions (Stevenson and Ahlstrom 2020)
but also by highly conserved SNPs such as in
IS1311. MAP-S strains appear to have retained
more ancestral genetic sequences and are more
diverse than MAP-C strains. Like Mb, MAP-C
strains appear to have evolved via a process of
deletion of genetic regions, indels and SNPs.
They are the predominant strains isolated from
cattle, are also very efficient in infecting and
transmitting between cattle and have probably
been spread around the globe through cattle
trading.

The high discriminatory power of WGS
has revealed greater diversity among viru-
lent mycobacterial strains than previously
recognized and has facilitated detection and
differentiation of mixed strain infections
(concomitant or sequential infections of a
single host by genetically distinct strains) and
microvariation (where an isolate undergoes
intra-host evolution) (Byrne et al. 2020). The
presence of multiple strains with different
genotypes can result in altered phenotypes
such as antibiotic resistance and virulence
and affect clinical outcome and transmission
dynamics.

WGS data has revealed the close genetic
relatedness of cattle and badger isolates in
sympatric populations and persistence of bac-
terial lineages on or near farms for several
years despite interim clear herd tests (Biek
et al. 2012). Combining Bayesian phylogenetic
and machine learning approaches to analyze
WGS data, Crispell et al. (2019) were able
to infer that transmission of Mb occurred
more frequently from badgers to cattle than
vice versa and that intraspecies transmission
occurred at higher rates than interspecies
transmission for both, suggesting that both
cattle and badgers need to be targeted in
control programs.

Virulence Factors
and Pathogenomics

Current knowledge of virulence factors is
derived from mining mycobacterial genomes
(Mtb mostly) for homologs of genes encoding
factors known to be virulent in other organ-
isms, as well as the construction and analysis
of mutant libraries associated with appropriate
screens in cellular and animal models. It is
not within the scope of this chapter to give a
comprehensive account of mycobacterial vir-
ulence factors but key factors pertinent to Mb
and Map virulence will be briefly described.

The Cell Wall

The pathogenesis of mycobacterial disease
largely depends on the immunoregulatory cell
envelope. This highly structured and complex
entity is a virulence factor per se that com-
prises unique lipids and glycolipids. The cell
envelope also confers on mycobacteria their
hydrophobicity and participates in natural
resistance to some antibiotics. The cytoplasmic
membrane comprises phosphatidylinositol
mannosides (PIMs) and lipomannans and
lipoarabinomannans (LAM) which both
derive from PIMs. LAM from slow-growing
pathogenic mycobacteria, modified by man-
nose residues, exquisitely manipulate the
immune system. LAM inhibits maturation of
the phagosome upon entry into macrophages
(MPs) by interfering with intracellular calcium
concentrations; it antagonizes apoptosis of
infected MPs to the benefit of mycobacte-
rial multiplication and downregulates major
histocompatibility complex-II antigen pre-
sentation to favor mycobacterial escape
from the immune response; and it targets
the C-type lectin receptor DC-SIGN (den-
dritic cell-specific intercellular adhesion
molecule-3-grabbing non-integrin) on the sur-
face of dendritic cells (DCs) to downmodulate
their maturation and capacity to activate the
adaptive immune response (Koul et al. 2004;
Dulberger et al. 2020). The external face of the
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cell envelope is composed of mycolic acids that
are essential to the growth of mycobacteria.
They can be free or attached to trehalose sugar
to give trehalose dimycolate (TDM), also called
“cord factor” in reference to the capacity of
mycobacteria to grow as serpentine cords,
which relies on TDM production. TDM is
highly inflammatory and is involved in gran-
uloma evolution and caseation. Free lipids at
the surface of the cell envelope include phthio-
cerol dimycocerosate (PDIM) that is crucial for
infection. PDIM masks pathogen-associated
molecular-patterns (PAMPs) present in the
mycobacterial envelope to avoid recognition by
PAMP-receptors and immune signaling (Cam-
bier et al. 2014). The cell wall of Rhodococcus
equi (Chapter 33) has similar characteristics
and roles in its pathogenesis.

ESAT-6/CFP-10

ESAT-6 (early secreted antigenic target of
6 kDa) and CFP-10 (culture filtrate protein of
10 kDa) are secreted by virulent mycobacteria
from the MTC. The history of discovery of
these key virulence proteins goes back to the
late 1990s when genomic comparison of all
BCG vaccine strains used in different countries
revealed deletion of one common chromoso-
mal region called RD1. It appeared that RD1
loss was the principal cause of BCG attenuation
(Behr et al. 1999). The RD1 locus encodes the
ESX-1 type VII secretion system that allows
the ESAT-6/CFP-10 heterodimeric complex
to be secreted. Both Mtb and Mb genomes
encode 5 ESX systems in total but only ESX-1
and 5 are involved in virulence. ESX-1 is key
to virulence: mutant strains deleted of the
system are highly attenuated in mice and other
animal models. Together with the cell wall
compound PDIM (Augenstreich et al. 2017)
ESAT-6 breaks the phagosomal membrane of
the MP to allow escape of bacteria into the
cystosol. The ESAT-6/CFP-10 heterodimeric
protein also drives necrosis of infected cells
allowing progression of the disease, interferes
with signaling pathways in infected MPs, and

downregulates the immune response of the
infected host. Since the ESX-1 system is absent
from M. avium and Map, which are also suc-
cessful pathogens, why the ESX-1 secretion
system contributes to virulence only in some
species remains unknown.

PE and PPE Proteins

Mycobacterial genomes contain numerous pe
and ppe genes encoding the PE and PPE protein
families, named after the conserved proline
(P) and glutamic acid (E) residues in their N
terminal domains. In Mtb, pe/ppe genes cover
up to 10% of the genome. PE/PPE proteins may
be membrane nutrient proteins or involved in
pathogenesis and are transported across the
inner mycobacterial membrane by the type VII
secretion systems ESX-1, ESX-3, and ESX-5.
PE/PPE proteins can be membrane or cell wall
associated, or secreted heterodimers. The PPE
protein has three highly conserved N-terminal
alpha helices that bind to its cognate PE pro-
tein via hydrophobic interactions, which form
a composite type VII secretion signal. The
C-terminals of the proteins are highly variable
and have been used to classify the PE and
PPE proteins each into five subgroups. They
are involved in a number of mycobacterial
virulence mechanisms: they inhibit phagocy-
tosis by MPs and prevent acidification and/or
maturation of the phagosome; interact with
Toll-like receptor (TLR) 2 and mediate cell
apoptosis, cytokine secretion and necrosis as
well as maturation and activation of dendritic
cells; and inhibit reactive nitrogen species
production. Enzymatic functions have been
attributed to a few PE proteins; for example,
they can function as lipases during starva-
tion. They scavenge and cleave triacylglycerol
as a nutrient source and have a role in iron
homeostasis through mycobactin-mediated
and heme-iron acquisition. Different members
of the PE/PPE family express this large range
of functions. Finally, all PE and PPE proteins
possess many predicted and experimentally
validated immunogenic epitopes that are of
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interest for development of diagnostics and
vaccines. Of particular note are PPE18IV and
PPE42V, which form part of the M72/AS01E
and ID93 subunit vaccines against human TB,
in development (Schrager et al. 2020).

Mammalian Cell Entry Proteins

The number of mammalian cell entry (Mce)
proteins in Mycobacterium spp. varies from 6 to
66. The genes encoding these proteins are orga-
nized into operons usually composed of two
yrbE genes and six mce genes (mceA-mceF).
The number of operons varies but all mycobac-
teria possess the mce1operon. Mtb has four
(mce1-mce4), Mb has three (mce1, mce2,
and mce4) and Map has eight (mce1-mce4
and two copies each of mce5 and mce7). The
operons do not appear to be co-regulated and
may function at different stages of infection.
The Mce1, Mce2 and Mce4 proteins show
99.6–100% homology between Mtb and Mb.
The homology between M. avium Mce pro-
teins and the respective individual Mtb Mce
proteins ranges from 56.2 to 85.5%. Alignment
of Mtb and M. smegmatis Mce proteins reveals
58.5–68.5% identity. Since Mce proteins are
present in non-pathogenic mycobacteria and
deletion mutants of some mce genes are still
pathogenic, Mce proteins are also likely to have
roles in mechanisms other than virulence. Our
knowledge of the function of Mce proteins is
derived from studies with Mtb. Mce1 proteins
have been most studied for their role in mam-
malian cell invasion. They are functionally and
structurally similar to ATP-binding cassette
transporters and are involved in the transporta-
tion of fatty acids and mycolic acids. Deletion
of the mce1 operon leads to a decrease in the
expression of genes required for lipid transport
and metabolism, affecting the cell wall. Mce2
proteins may be involved in the metabolism
and import of sulfolipids and deletion mutants
of the mce2 operon in Mb are attenuated. Mce3
proteins also appear to be involved in adhesion
and penetration of cells, are immunogenic
and mutations have been associated with drug

resistance. Mce4 proteins are involved in the
catabolism of cholesterol, cell invasion and
formation of granulomas. Mce proteins also
play a role in modulating host cell signaling
(Fenn et al. 2020).

Regulation of Virulence

Successful infection by pathogenic mycobac-
teria relies on their ability to adapt to their
extracellular and intracellular living condi-
tions. They need to adapt to harsh environ-
ments, such as exposure to reactive oxygen
species and reactive nitrogen species that are
abundantly produced by the host cell, low pH,
hypoxia in the granuloma, nutrient starvation,
or change in carbon sources. Moreover, these
conditions vary during the lengthy infectious
process and so mycobacteria constantly adapt,
doing so through several transcription factors
and two-component systems that sense the
environment and upregulate or downregulate
specific genetic programs.

The PhoPR Two-Component System

This two-component system, composed of
the PhoP sensor that activates the PhoR
transcriptional regulator, is central to Mtb
and Mb virulence. PhoP controls produc-
tion of key virulence factors such as ESAT-6
(Frigui et al. 2008) and the lipids from the
cell wall (Walters et al. 2006). Deletion of the
PhoPR system in Mb also attenuates virulence
because bacteria become less resistant to acidic
stress and display reduced capacity to arrest
phagosomal maturation in the MP (García
et al. 2018). Interestingly, the PhoPR system
allows fine tuning of virulence depending
on the targeted host: in animal-adapted Mb
and M. africanum strains, the PhoPR system
induces low secretion of ESAT-6 and lipids,
which is compensated for by other mutations
in the genome to allow productive infection.
Humans are normally spill-over hosts for Mb
infections. However, there was an exceptional
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outbreak of Mb infections transmitted between
humans in Spain in the 1990s which was due to
overexpression of the PhoPR two-component
system (Gonzalo-Asensio et al. 2014).

The Dos R/S/T Dormancy Regulon

Redox reactions are a normal component of
life that help maintain the balance between
the oxidants and reactive species and the
antioxidants inside the cell. In the lung, Mtb
is exposed to a range of environments and
so must constantly adapt its redox balance,
which it does through two main mechanisms.
The Dos/R/S/T dormancy regulon is a sys-
tem where the two sensors DosT and DosS
relay to the DosR response regulator infor-
mation about the redox environment. DosR
upregulates a set of 47 genes in the DosR
regulon that helps Mtb adapt to the hypoxic
environment of the granuloma. Mtb enters
into dormancy, a non-replicative state char-
acterized by metabolic quiescence. In this
reversible state, Mtb can long-survive in a
harsh intracellular environment.

Sigma Factors

Sigma factors, some of which are involved in
virulence and pathogenesis, form part of a
tightly regulated network. Mb has 11 sigma
transcription factors and Map has 19. A Mb
SigA mutant is attenuated in guinea pigs but
not in the Australian brushtail possum, which
supports the hypothesis that mycobacteria
employ different mechanisms to replicate and
survive in different hosts. SigH and SigL both
have key roles in survival in MPs and Map
SigH and SigL deletion mutants are signifi-
cantly attenuated in mice. A Mtb SigC mutant
is unable to induce early immune responses
and form necrotic granulomas in the lungs
and spleens of guinea pigs. SigE is one of the
major regulators involved in mycobacterial
stress responses. SigE regulates genes involved
in maintaining cell envelope integrity, lipid
metabolism and the methyl citrate cycle. SigF is

induced by cold shock, hypoxia, and oxidative
stress in BCG, but not in Mtb. Furthermore,
using some sigma factors mutants as live atten-
uated vaccines confers significant immunity to
challenge with virulent mycobacteria in mice
and goats.

Iron Regulation

Acquisition and storage of iron is essen-
tial for intracellular survival of pathogens.
In mycobacteria, iron acquisition is medi-
ated by small, soluble iron chelators called
siderophores. These include mycobactins
and exochelins, which are produced specifi-
cally in response to iron starvation. In some
mycobacteria both cell-associated and secreted
siderophores are often present. Mb pro-
duces only mycobactins and is unable to use
water-soluble exochelins for iron uptake. Map
cannot synthesize mycobactin when grown in
vitro and it therefore has to be added to the
culture medium for growth to occur. Mutations
have been identified within the genes required
for mycobactin biosynthesis, most notably
in mbtA and mbtE, that could explain this
deficiency. However, transcriptomic studies
have shown that, despite these mutations, Map
transcribes the mycobactin genes inside MPs
and infected tissues. In the host, Map may also
acquire iron by the mycobactin-independent
and iron dependent mechanism. The IdeR
regulator upregulates mbtB (iron acquisition)
and bfrA (iron storage). Polymorphisms in the
promoter of bfrA in MAP-S relative to MAP-C
strains results in differential gene regulation.

Types of Disease

Most mycobacterial diseases are characterized
by chronic inflammation typified by an accu-
mulation of MPs and sometimes multinucleate
giant cells, together with lymphocytes and vari-
able degrees of fibrosis. Acute inflammatory
cells may also be present in pyogranulomas,
depending on the host species. Typical acid-fast
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bacilli are visible in light microscopy within
MPs, often in very low numbers (e.g. only
one or a few per high power field), except
in so-called multibacillary conditions (e.g.
M. avium infection in birds and pigs, leproma-
tous paratuberculosis) where vast numbers of
acid-fast bacilli are visible.

The location of these lesions varies with the
pathogen. Predilection sites for Mb are the
lung and lymph nodes of the head and thorax,
while for Map they are the small intestine
and mesenteric lymph nodes. The clinical
diseases caused by these organisms are related
to the organ systems involved: typically, there
are respiratory signs for Mb and intestinal
dysfunction for Map. However, weight loss
despite adequate nutrition is a sign common of
advanced stages in both infections, consistent
with systemic effects on metabolism.

In most individuals, infection with viru-
lent mycobacteria leads to a chronic disease
state that is termed “latent infection” in
human TB or bTB (individuals are skin test
or interferon-γ responders but may have no
detectable lesions) or subclinical disease in
paraTB. This is a silent stage of infection
during which inflammatory processes are ini-
tiated and progress, and in which the bacterial
burden eventually increases in individuals
that succumb to clinical disease. In other
individuals, infection may persist for life, and
reactivate at some stage, a situation referred to
as “latency.” The phenomenon is the subject
of intense research focused on the granuloma
and persistence of the mycobacterium within
MPs (Figure 34.1). Assumptions about life-long
infection, latency and its importance in human
TB have been questioned (Behr et al. 2019).
In the case of Map, dormancy of the organism
occurs in the environment, suggesting that
latency may occur in vivo, but a wide range of
pathogenic pathways including recovery from
infection and disease have been documented
(Whittington et al. 2017). The magnitude, type
and individual variations of the host immune
response are a key part of the divergent clinical
outcomes of mycobacterial infections. Some

animals progress to a clinical form of the dis-
ease and die whereas others apparently clear
the infection or remain subclinically infected.

Pathogenesis

An overview of the pathogenesis of viru-
lent mycobacterial infection is shown in
Figure 34.2.

Initial Uptake, Intracellular Persistence
and Role of Innate Cells in Early
Physiopathology

Interaction with Pathogen-Recognition
Receptors
Glycolipids and glycopeptidolipids from the
cell wall are recognized by pattern recognition
receptors (PRRs) of targeted cells. The main
PRRs for mycobacteria are: (i) the C-type
lectins receptors that include the mannose
receptors recognizing LAM and mannosylated
LAM from the cell wall; DC-SIGN also inter-
acting with LAM and other ligands; Mincle
that recognizes TDM (cord factor) and Dectin
1, although the mycobacterial ligand remains
elusive; (ii) the TLRs are mainly surface TLR1,
2 and 4 recognizing cell-wall glycolipids and
endosomal TLR9 recognizing bacterial DNA,
and (iii) the nod-like receptors including
NOD1, NOD2 which detect peptidoglycan and
muramyl dipeptide. Early interactions taking
place between the range of mycobacterial com-
ponents and PRRs allow non-opsonic entry
into target cells, such as MPs and dendritic
cells, and orchestrate the immune response by
production of cytokines and chemokines.

Epithelial Cells
Mycobacteria are able to enter and to live in
various cell types including non-professional
phagocytes. It is largely accepted that upon
entry into the lung, alveolar MPs phagocytose
Mtb and traverse the alveolar barrier via dia-
pedesis to establish infection, a mechanism
referred to as the “Trojan horse” (Nguyen and
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Figure 34.1 The mycobacterial granuloma. Immediately after entry into the body at mucosal sites (mainly
the lung for Mycobacterium bovis and the intestine for M. avium subspecies paratuberculosis) bacilli are
engulfed by resident macrophages. In the early hours and days following this first event, innate cells are
recruited to the infection site to destroy bacilli. If not successful, the adaptive immune response is initiated
and T lymphocytes that have been primed in the lymph node draining the site of infection are recruited to
form a highly organized cellular structure: the mature granuloma. This circumvents infection and either
clears bacilli or establishes a lesion where mycobacteria enter a dormant state. This latency phase can last
for months or years until an immunosuppressive event takes place, which allows bacilli to actively replicate
again. Destruction of the granuloma leads to bacilli expelling in the airways or shedding in feces and
contact animals can be infected. CMI, cell-mediated immunity; MHC, major histocompatibility complex; TCR,
T-cell receptor; Th, T helper.

Pieters 2005). A role for alveolar epithelial cells
(AECs, also called pneumocytes) in primary
infection is also accepted. Mtb infects type 2
AECs in humans and in an AEC type cell line,
Mtb replicates around 15–20-fold more than
in MPs (Mehta et al. 1996). Several mecha-
nisms are proposed for Mtb internalization in
type 2 AEC, including the ESAT-6 virulence
factor that both lyses AEC membranes and
acts as an adhesin for laminin expressed at the
basolateral surface of pneumocytes (Kinhikar
et al. 2010). Another adhesin, heparin-binding
hemagglutinin produced by Mtb, specifically
targets AEC and allows Mtb dissemination

(Pethe et al. 2001). During replication in AEC,
Mtb seems to increase in virulence. paraTB
in ruminants begins in the small intestine
and follows ingestion of Map-contaminated
milk or fecal material. In the small intestine
Map invades M cells that cover the dome of
Peyer’s patches (Momotani et al. 1988). Map
also uses enterocytes to cross the epithelial
barrier and access underlying MP. Interest-
ingly, Map infection in the intestinal mucosa
downregulates inflammatory genes such
as IL-1 and tumor necrosis factor (TNF),
which may help the bacterium to establish a
niche.
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Figure 34.2 Overview of the pathogenesis of virulent Mycobacterium bovis (Mb) and M. avium subspecies
paratuberculosis (Map). Infection with virulent mycobacteria leads to a chronic disease state, with
progression in the shedding of mycobacteria from low, intermittent, shedding in the early and subclinical
phases to continuous, high levels of shedding associated with clinical disease. The key routes of exposure
are via direct aerosol transmission and shedding into the milk for Mb and via fecal shedding and oral
transmission for Map. Other exposure routes have also been reported, including environmental and wildlife
reservoirs. Initial uptake is via alveolar macrophages and alveolar epithelial cells for Mb, or via M cells in
the intestinal Peyer’s patches for Map. Binding of glycolipids and glycopeptidolipids from the mycobacterial
cell wall to pattern recognition receptors including DC-SIGN and Toll-like receptors on macrophages
enables non-opsonic cell entry, persistence in the phagosome, and inhibition of the maturation of the
phagolysosome for the benefit of the mycobacterium. However, infected animals generally mount both a
humoral and a cell-mediated immune response of varying efficacy, where interferon-γ is key to protection.
Granulomas are central to mycobacterial control. However, granulomas within the same individual are
heterogeneous and autonomous. Peripheral blood cell transcriptomics are also offering novel insights into
the complexity of the systemic immune response to mycobacterial infection.

Alveolar macrophages in the lung (Mb)
or intestinal MPs in the submucosa (Map)
are central to pathogenesis. MTC complex
bacilli enter the MP via a variety of receptors
including the complement receptors (CR1,
CR3, and CR4), the immunoglobulin receptors
(FcR), the scavenger receptors or the C-type
lectin receptors (mannose receptor, dectin 1,
dectin 2, Mincle, DC-SIGN), some of which
being also PRRs. Mb and Map have evolved
numerous strategies to subvert MP defense.
Uptake via complement receptors or the MR
limits phagosome maturation and may repre-
sent a strategy to evade microbicidal activity.

Phagolysosome acidification, that normally
occurs through action of the vacuolar H+ pro-
ton pump V-ATPase, is blocked by pathogenic
mycobacteria that inhibit recruitment of the
pump to the vacuole. The maturing phagosome
acquires and loses molecules, and the matu-
ration speed depends on the receptor used
for entry. complement receptor- or mannose
receptor-mediated entry favors slow matura-
tion to the advantage of the mycobacterium.
Lipids and glycolipids tailor phagocytosis by
MP: for example, LAM targets the mannose
receptors to route mycobacteria to the early
phagosome. Both LAM (Fratti et al. 2003) and
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PIM (Vergne et al. 2004) interfere with acquisi-
tion of the lysosome cargo to block phagosome
maturation.

Exclusive localization of mycobacteria inside
the phagosome has long been the dogma,
established by seminal work from Armstrong
and Hart (1971). However, this scenario was
later debated when virulent strains of Mtb, but
not avirulent Mtb or the BCG vaccine, were
shown by electronic microscopy to escape into
the cytoplasm of the MP (McDonough et al.
1993; van der Wel et al. 2007). The major type
VII secretion system ESX-1 is involved in this
mechanism and evidence of this happening in
vivo has been obtained in the mouse model
(Simeone et al. 2015). Escape to the cytosol
may explain why Mtb (Stanley et al. 2007)
or Mb (Malone et al. 2018) induces a strong
type 1 IFN response, a feature long thought
to be restricted to viral infections. Mtb DNA
is detected by the cytosolic sensor cGAS and
triggers the type 1 IFN response to the benefit
of virulent mycobacteria (Collins et al. 2015;
Wassermann et al. 2015; Watson et al. 2015).
Map does not express the type VII secretion
system ESX-1 and there is no report of type 1
IFN produced in response to this infection in
calves or animal models.

MP death is induced by different pathways.
Under physiological conditions, apoptosis
and autophagy respectively dispose of mal-
functioning cells and organelles to maintain
cell homeostasis. Necrotic cell death occurs
in infected tissues to eliminate the assault-
ing pathogen. These different forms of MP
cell-death are observed during Mtb infec-
tion and are either pro-host or pro-pathogen.
Autophagy is one of the most efficient anti-
Mtb cell death programs and the bacterium has
numerous strategies to avoid apoptosis among
which ESAT-6 role is prominent (Mohareer
et al. 2018).

Neutrophils are the first cells recruited in
response to a danger signal. They are ying and
yang in mycobacterial infections. For humans
as for cattle, some individuals in close contact
with active TB transmitters remain free of

every sign of infection, i.e. negative in the
tuberculin skin test. This is strong indication
that their innate immune system is efficient
at eliminating mycobacteria. Neutrophils are
probably involved in such defense: in humans
there is a positive correlation between the
number of neutrophils circulating in blood
and resistance to Mtb infection (Martineau
et al. 2007) and neutrophils are actively
involved in early protective inflammation and
granuloma formation. However, neutrophils
are also overrepresented cells during active TB
in humans (Eum et al. 2010) and in susceptible
mouse models (Kroon et al. 2018), and their
highly toxic arsenal is destructive for the lung.
In laboratory models, neutrophils are recruited
to the lung in several waves following infection
with Mtb (Lombard et al. 2016). In experimen-
tally infected cattle, they reach the granuloma
together with T cells coincidentally with necro-
sis development (Palmer et al. 2019). In Map
infected cattle there is upregulation of IL-8, a
master cytokine involved in neutrophil recruit-
ment. Although the role played by neutrophils
in Map control or paraTB pathophysiology
remains less defined, an in vitro study sug-
gests that neutrophils are effective in killing
Map but encounter with MPs later during the
infection could dampen this effective control
(Ladero-Auñon et al. 2021). To complicate
the situation, it is now established that, like
MPs or dendritic cells, neutrophils are not a
homogenous population. Some subsets, akin
to granulocytic suppressive myeloid-derived
suppressor cells, are recruited in numbers
during active TB in humans and mouse mod-
els where, by suppressing T cells, they may
help the pathogen to multiply (Magcwebeba
et al. 2019). In cattle, suppressive neutrophils
similar in phenotype and function to mouse
suppressive neutrophils have recently been
discovered (Rambault et al. 2021).

Dendritic cells are professional antigen-
presenting cells (APCs) that bridge innate
and adaptive host immune responses. Their
key function is in antigen presentation and in
directing the downstream immune response.
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The C-type lectin receptor DC-SIGN expressed
by dendritic cells recognizes the cell-wall LAM
to downmodulate dendritic cell maturation
and the adaptive immune response (Koul et al.
2004; Dulberger et al. 2020). Mucosal dendritic
cells have an anti-inflammatory phenotype
that aids mycobacterial survival. Dendritic
cells may also serve as shelters for persistence
of mycobacteria as demonstrated in animal
models (Jiao et al. 2002) and human cells
(Tailleux et al. 2003).

Adaptive Immunity
and Mycobacterial Pathogenesis

The outcome of a mycobacterial infection
results from a complex interplay between
the immune response of the host and the
ability of the mycobacteria to persist and sub-
vert these responses. The adaptive immune
response has two distinct arms: cell-mediated
immunity involving T cells and humoral
immunity-producing antibodies. The first is
of major importance to clear intracellular
pathogens while the second is the most impor-
tant to eliminate extracellular pathogens. Both
arms are triggered in response to mycobac-
terial infections. However, the intracellular
lifestyle of virulent mycobacteria points to T
cell-mediated responses as the most critical.

Adaptive Immunity and the Granuloma

The core function of the granuloma that is
formed in response to mycobacterial tissue
infection is to contain the bacteria. It is the
focus of the immune response, with lympho-
cytes, monocytes and neutrophils, recruited
from blood to the tissue, to form this cellu-
lar lesion, (Krüger et al. 2015; Palmer et al.
2019) (Figure 34.1). However, mycobacteria
have strategies to survive intracellularly and
persist within the granuloma, hence complete
eradication of infection does not usually occur.
This leads to the establishment of a contin-
uing “battleground” aimed at the control of

the proliferation of the mycobacteria, which
involves a balanced cellular immune and
cytokine response to limit tissue damage as
well as mycobacterial dissemination. Mycobac-
teria subvert these defenses in a dormant state,
waiting until they are able to proliferate and
break through the local immune response to
spread the infection both within the animal
and to other individuals. The granuloma is a
dynamic lesion. The site of granuloma forma-
tion varies depending on the tissue tropism
of the mycobacterial species, but there are
similarities in the cellular composition and
dynamics regardless of location. In naturally
and experimentally Mb infected cattle, CD4+
and CD8+ T cells and (WC1+) γδ T cells are
present in early-stage lesions, with activated
CD8+ T cells on the margins, whereas CD4+
and γδ T cells are located both on the periphery
and in the MP-rich central part of the lesions.
At the later stage, bTB lesions evolve and
are characterized by a fibrotic capsule and a
central necrotic core. Both CD4+ and CD8+
T cells are present (Liebana et al. 2007). A
recent study highlighted the heterogeneity
of granulomatous lesions both over time and
within individual animals, with a somewhat
self-governing nature of individual lesions
(Palmer et al. 2021). This heterogeneity and
apparent autonomy for each granuloma has
also been described in human TB.

In paraTB, the granuloma contains CD4+
T cells as the predominant T cell population
interspersed with MPs in the granulomatous
lesions in subclinically infected goats. Smaller
numbers of CD8+ T cells and γδ T cells were
also seen (Valheim et al. 2004). In sheep with
paraTB, there are two distinct lesion types:
multibacillary and paucibacillary. Paucibacil-
lary lesions in the ileum have high numbers of
CD4+ and γδ T cells, in contrast to the more
severe multibacillary lesions (Little et al. 1996).

IL-8 or C-X-C motif chemokine ligand
(CXCL) 8 binds to its receptors CXCR1 and
CXCR2 that are highly expressed on neu-
trophils as well as T cells. IL-8 is expressed by
Mb-infected MPs, suggesting that it may be
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involved in recruiting cells to the granuloma.
A study of early granulomas in Mb identi-
fied high levels of CXCL9 and MCP-1/CCL2
(Palmer et al. 2019). CXCL9 binds to CXCR3,
which is expressed on effector CD4+ and
CD8+ T cells, natural killer (NK) and NK
T cells. This chemokine would therefore
lead to recruitment of CD4+ T cells to the
lesion. MCP-1 is one of the main chemokines
involved in migration and infiltration of mono-
cytes/MPs. Similarly, CXCL10, also known
as interferon-induced protein-10, mediates T
cell recruitment to inflammatory sites. This
chemokine is produced in cattle granulomas
after aerosolized Mb infection (Palmer et al.
2015) and by peripheral blood cells and in ileo-
cecal valve tissue, the primary site of infection
with Map (Alonso-Hearn et al. 2019).

Cell-Mediated Immune Responses

Upon encountering antigen presented by an
APC, naive CD4+ T cells differentiate into
various cell lineages, including the classi-
cal effector Th1 and Th2 subsets, and more
recently identified Th17, Th9, T follicular
helper and induced T regulatory cell subsets.
Th1 cells support proinflammatory, protec-
tive immune responses against mycobacterial
infections whereas Th2 cell activation sup-
ports B cell maturation and the production of
anti-inflammatory cytokines. During the early
stages of infection with both Mb and Map,
a pro-inflammatory Th1 immune response
predominates but wanes as animals progress
in disease severity or to the clinical stage. Th1
cells produce a range of cytokines, but the key
to mycobacterial protective responses is the
production of IFN-γ. IFN-γ is a vital media-
tor of MP activation for bacterial clearance
by promoting phagolysosomal maturation
(Arsenault et al. 2012). Patients genetically
deficient in the IFN-γ signaling cascade are
highly susceptible to mycobacterial infections
(Bustamante et al. 2014), as are gene knock-
out mice (Flynn et al. 1993; Mogues et al.
2001). Th1 cytokines are also important in MP

proinflammatory activation and to stimulate
protective reactive oxygen and nitrogen species
that aid mycobacterial killing. IFN-γ and TNFα
mRNA levels are elevated within the granulo-
mas in the lungs of Mb infected animals and
in the ileal lesions of Map infected animals
(Palmer et al. 2015; Fernández et al. 2017).
IL-17, a proinflammatory cytokine associated
with Th17 cells, is also induced in granulomas
of cattle with bTB (Shu et al. 2014).

Humoral Immunity to Mycobacteria

In response to infection with Mb or Map,
elevated serum antibody levels are associated
with the later stages of infection and severity of
the disease. The main role of B cells is to secrete
antibodies, but they can also act as APCs and
present antigen to T cells. Th2 cells are impor-
tant for the activation of B cell responses,
however Th2-dominant immune responses
and the cytokines they produce, such as IL-10,
IL-4, and IL-13, are considered non-protective
against mycobacterial infections and support
anti-inflammatory MP polarization (Biswas
et al. 2012). More recent studies have provided
supporting evidence for a greater role of B cells
in immune control of mycobacterial infections.
In bTB cattle, B cells are present within the
granuloma and develop into IgM, IgG, and IgA
expressing memory B cells (Lyashchenko et al.
2020). In human TB patients, in vitro killing
capacity of peripheral blood cells is correlated
with the proportion of activated and atypical
memory B cells and IgG1 responses (O’Shea
et al. 2018). Elevated Map-specific fecal IgA is
associated with resilient animals (Begg et al.
2015). Together, these findings support a pos-
itive role of humoral immunity in protective
responses in bTB and paraTB.

Subversion of Adaptive Immune
Responses

Mycobacteria subvert or modulate many adap-
tive immune pathways to counteract the host
immune protection mechanisms. During anti-
gen presentation by APCs, the costimulatory
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molecules present on the T cell or APC surface
interact to modulate activation and T cell dif-
ferentiation. They include CD28 that binds to
CD80/CD86, CD40 that binds to CD40 ligand
(or CD154) and ICOS that binds to ICOSL.
Mycobacteria can downmodulate MP expres-
sion of CD80/CD86 as well as CD40 signaling
such that there is a deficit of proinflammatory
cytokines and iNOS. In turn, the killing capac-
ity of the MP is decreased. Similarly, limitation
of IL-12 expression is beneficial to survival of
the mycobacterium since it negatively impacts
the protective Th1 cell response. Lipoproteins
secreted by Mb and Map, such as LprG, are
among virulence factors that inhibit major
histocompatibility complex class II expression
on the surface of APCs to decrease antigen
presentation and enhance in vivo survival of
Mb and Map (Harding and Boom 2010).

Control

In countries with well-developed surveillance
programs, bTB is a regulated disease in cattle.
bTB case detection relies on the tuberculin
skin test where a poorly defined mixture of
antigens from Mb is injected in the skin of the
animal to reveal delayed-type hypersensitivity
cell-mediated immune responses developed in
response to previous exposure to mycobacteria.
However, in the field, animals are also exposed
to environmental mycobacteria that share
many antigens with virulent Mb. Thus, this in
vivo test can be complemented by an in vitro
IFN-γ release assay where peripheral blood
cells are stimulated with molecularly defined
antigens such as ESAT-6 and CFP10 that are
present in virulent Mb strains (Smith et al.
2021). If the animal has been in contact with
Mb, CD4 T cells proliferate and release IFN-γ.
However, the detection of immune responses
systemically is only part of the picture since
the true battlefield is at the site of infection.
Unfortunately, control of bTB and paraTB is
hampered by a perceived lack of diagnostic
tests that can identify early cases to enable

their removal before shedding of pathogens
and transmission to other individuals.

WGS can be employed for epidemiological
tracing, identifying additional links between
herds and cases not revealed by other stan-
dard genotyping methods, and thus suggest
other sources of infection. These benefits and
the reducing cost of WGS have led to some
countries integrating WGS into control or
surveillance programs for bTB. The US official
bTB eradication program has employed WGS
for tracing new cases since 2013, which has
reduced both time and costs associated with
epidemiological investigations (Orloski et al.
2018).

There is no commercial vaccine currently
available for bTB. Experimental vaccination
with BCG shows good levels of protection and
decrease in the shedding of Mb in the envi-
ronment. However, because of interference
with diagnostic tests, BCG vaccination is not
allowed in countries that have based their
bTB surveillance programs on detection and
slaughter of infected animals. While effica-
cious commercial vaccines exist for paraTB,
they tend not to be used in cattle in most
countries because they cause cross reactions
in immunological tests for bTB, thus adversely
impacting trade in livestock. Perversely, the
regulations in place to limit spread of bovine
TB, which are mandated by the World Organi-
sation for Animal Health and therefore impact
most countries, hamper the control of paraTB
(Whittington et al. 2019).

Gaps in Knowledge
and Anticipated Directions

First, it is important to emphasize that most
of the knowledge on the mechanisms of vir-
ulence of pathogenic mycobacteria has been
gained from studies in humans, cell lines or
mouse models. For example, regarding the MP
as the key cell for early mycobacterial uptake
and evolution of the infection, the picture may
be different in cattle alveolar MP, as compared
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with the mouse, encountering Mb or to human
alveolar MP encountering Mtb. More knowl-
edge needs to be gained from the natural host
of each pathogen, experimentally or naturally
infected, and from physiological models such
as cattle precision-cut lung slices, for example
(Remot et al. 2021).

There are knowledge gaps regarding the
distribution and frequency of different
pathogen genotypes and how these relate
to transmission, virulence, pathogenicity,
immunogenicity, and persistence. More WGS
studies could help address these knowledge
gaps and help inform the choice of strains
for vaccine development. Additionally, more
needs to be known about the effects of mixed
genotype infections and superinfection in
co-infection of hosts with different mycobacte-
ria and how this influences disease outcomes,
diagnosis and control.

Regarding human TB, it is estimated that
one third of the world population is latently
infected with Mtb, representing a huge chal-
lenge to control and eradication of the disease.
In animals infected with Mb or Map, this
latent phase of the disease is also challenging
in control programs. For bTB, control pro-
grams generally remove contaminated animals
before they progress to clinical disease. How-
ever, these costly programs can only be run
on a yearly basis at best and shedding from
contaminated animals may occur before the
animal is removed. For paraTB, animals in a
latent or subclinical phase also have low level,
intermittent, shedding of mycobacteria in the
feces and thus remain a risk for disease spread
in the herd. The ability to predict individuals
that will progress and become highly infec-
tious and/or succumb to the disease would be
of great help to divert or prevent this disease
progression. The diagnosis of subclinical or
latent infection and the mechanism(s) of pro-
gression from latent to active disease are areas
of intensive research in human and veterinary
medicine (Plain et al. 2011; Carranza et al.
2020). Systems biology approaches, such as
transcriptomic studies that are now being

conducted for both Mb and Map to assess host
responses to infection are a highly promising
avenue. They should help to identify new
biomarkers detectable in blood cells that will
help to predict bacilli shedding in correlation
with the status of the immune system. Some
potential biomarkers such as chemokines
CXCL10 and CXCL8 (IL-8) have already been
identified (Alonso-Hearn et al. 2019; Fang et al.
2020). Others could also be associated with
lipid metabolism and angiogenesis (Purdie
et al. 2019).

Vaccination of cattle with BCG would cer-
tainly help to control bTB disease in cattle.
This will require the development of strategies
allowing to differentiate infected from vacci-
nated animals, the so-called DIVA approach.
This approach relies on molecularly defined
diagnostic tools, based on proteins or pep-
tides that are present in Mb strains but absent
from BCG, to replace the poorly discrimi-
nating tuberculin skin test currently in use
in control programs. Remarkable progress
has been made along those lines and some
countries such as the United Kingdom are
considering using such tools in their national
program (Srinivasan et al. 2020). There is a
similar need for paraTB since, although vac-
cines are commercially available for sheep and
cattle, vaccine uptake in cattle is limited by
cross-reactivity impacting bTB surveillance
programs and a lack of DIVA. Epidemio-
logical tracing by WGS, clearly shows the
important role of the wildlife reservoir for
interspecies transmission of Mb. A comple-
mentary approach is to vaccinate the wildlife
reservoir with BCG to reduce transmission to
cattle and some countries are undertaking this
strategy (Gormley and Corner 2013). However,
uncertainties remain about routes of trans-
mission from wildlife reservoirs to cattle and
confound approaches to control bTB in regions
where there is high prevalence (Allen et al.
2021). More research is needed on transmis-
sion dynamics between Mb, Map and wildlife
and WGS studies could provide a way forward
in this respect.
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Mb and Map remain very complex and
widespread organisms and to control their dis-
eases we need to understand more about these
pathogens, the physiopathology of the diseases
they cause, and how best to achieve lifelong
immune protection in the host. Avenues to
better control of these diseases are numerous
and not mutually exclusive, since Mb and Map

must be tackled from several directions and
can infect the same animal species. This will
require time and investment in research and
development as well as coordination between
the different international and national policy
agencies and livestock industry leaders who
have the final decision on the deployment of
such measures in the field.
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Gram-Negative Anaerobes
John F. Prescott

Introduction

Gram-negative anaerobes represent an extre-
mely diverse group of bacteria, so that
generalization about their pathogenesis is
difficult. Their study has been hindered by
their requirement for anaerobic growth condi-
tions, and often for specialized media; indeed,
many species have never been successfully
cultured. Modern metagenomic analysis of
clinical specimens is potentially clarifying
(Yip et al. 2021) but sometimes gives challeng-
ing discrepancies about the role of different
species in animal diseases, for example in
the role of mixed aerobic-anaerobic bacteria
in bovine metritis (Jeon and Galvão 2018).
Most of the anaerobic species encountered in
veterinary clinical practice form part of the
normal microbiota found in the mouth and
other parts of the intestinal, upper respiratory,
and female genitourinary tracts of various ani-
mals. In these sites, they are normally present
in often dense polymicrobial consortia, for
example forming biofilms at the gingival mar-
gin. A small number of well-defined species
of these bacteria are recognized as important
pathogens of animals; these species primarily
belong to the genera Bacteroides, Dichelobacter,
Fusobacterium, Porphyromonas, Prevotella and
Treponema, and are discussed individually
in the chapter. These infections are often
associated with the common aerobic oppor-
tunist pathogens of different animal species,

sometimes with facultative species such as
Escherichia coli and frequently with mixtures
of anaerobic species (“mixed aerobic-anaerobic
infections”). In vivo, these often polymicrobial
mixtures, commonly containing five to eight or
more bacterial species, may act synergistically
in enhancing disease, particularly in the pres-
ence of predisposing conditions such as local
trauma. Cooperative mechanisms involved in
these synergistic interactions include the sup-
ply of energy substrates, provision of essential
growth factors, production of a lower redox
potential, the additive effect of virulence fac-
tors in protection against host defenses or in
enhancing host damage, and a combination of
these mechanisms.

General Bacterial Pathogenesis
Aspects

In the process of establishing infection, and
depending on the site involved, pathogenic
anaerobic bacteria either need to generate
a local anaerobic microenvironment or be
able to tolerate oxygen exposure. Anaero-
bic microenvironments may be created by
bacterial damage to the host or because of
synergy with facultatively anaerobic bacte-
ria that consume oxygen, or both. Similarly,
oxygen tolerance allows anaerobes to survive
in infected tissues until conditions are more
conducive for their multiplication and inva-
sion. Many pathogenic anaerobes can grow
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at low oxygen tensions by using superoxide
dismutase, catalase or nicotinamide adenine
dinucleotide oxidase to protect themselves
against the toxic effects of oxygen.

In many cases the mechanisms by which
Gram-negative pathogenic anaerobes cause
disease are often ill defined. Until recently,
progress has been hampered by difficulties
in growing the bacteria, by a lack of genomic
information, by the large number of differ-
ent opportunist pathogens involved in these
often polymicrobial infections, and by the
inability to genetically manipulate many
of the species involved. Tissue destruction
may arise from host immune responses and
inflammation that are triggered by specific

bacterial products causing the local release
of a wide variety of inflammatory cytokines,
chemokines and other mediators. Fermen-
tation products such as lactic acid, butyric
acid, and ammonia, which create the char-
acteristic putrid odor of anaerobic infections,
may also have inflammatory and cytotoxic
effects.

A summary of common anaerobic infec-
tions in selected important animal species
is given in Table 35.1. A description of the
main pathogenic genera and what is known
about their pathogenesis follows. To conserve
space, some older key references have not been
included but can be found in previous editions
of this chapter.

Table 35.1 Common examples of mixed aerobic-Gram-negative and anaerobic bacterial infections in
selected animal species.

Species Infection Common aerobic pathogen(s) Anaerobes

Cattle Metritis Trueperella pyogenes,
Escherichia coli

Fusobacterium necrophorum,
Porphyromonas melaninogenica

Interdigital
necrobacillosis

? F. necrophorum, Porphyromonas
melaninogenica

Liver abscesses T. pyogenes F. necrophorum
Cats Cat bite abscesses

and infections
Pasteurella multocida,
Streptococcus spp.

Fusobacterium spp., Porphyromonas spp.,
Bacteroides spp., Prevotella spp.,
Propionibacterium spp.

Dogs Bite infections Pasteurella canis, other
Pasteurella spp.,
Streptococcus spp.,
Staphylococcus spp.

Fusobacterium spp., Porphyromonas spp.,
Prevotella spp., Propionibacterium spp.,
Bacteroides spp.

Periodontal disease Aggregatibacter
actimomycetemacomitans,
Campylobacter rectus,
Eikenella corrodens,
Streptococcus spp.

Actinomyces spp., Porphyromonas
gingivalis, Porphyromonas gulae, Prevotella
intermedia, Prevotella nigrans, Tannerella
forsythia

Horses Pleuritis,
pleuropneumonia

Streptococcus equi subsp.
zooepidemicus, Pasteurella
caballi

Fusobacterium equinum, Bacteroides spp.,
Prevotella spp.

Kangaroos,
wallabies

Macropod
progressive
periodontal disease
(“lumpy jaw”)

Mannheimia spp. (?) Porphyromonas spp., including P. loveana,
Fusobacterium spp., Bacteroides spp.,
Fretibacterium spp., Desulfomicrobium spp.

Sheep Footrot Dichelobacter is
aerotolerant

Dichelobacter nodosus, F. necrophorum

Swine Injection site
abscess

T. pyogenes F. necrophorum, Bacteroides spp.,
Porphyromonas spp.
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Fusobacterium

Characteristics of the Organisms
and Pathogenic Species

The genus Fusobacterium are obligate anaero-
bic, non-motile, Gram-negative often spindle-
shaped (fusiform) or long filamentous, bacilli.
There are 17 species currently recognized in
the genus, including both pathogenic and
non-pathogenic species; all produce large
amounts of butyric acid as a fermentation
product.

Fusobacterium necrophorum is a major
animal pathogen (Nagaraja et al. 2005).
Fusobacterium canifelinum, Fusobacterium
nucleatum, and Fusobacterium russi are mem-
bers of the normal oral microbiota of dogs
and cats and are frequently isolated from
their bite wounds in humans (Citron 2002;
Conrads et al. 2004). Fusobacterium equinum,
part of the normal oral microbiota of horses, is
isolated from oral-associated and respiratory
diseases of horses (Racklyeft and Love 2000).
F. nucleatum, which has three subspecies, is
also found in the mouth of humans and is an
important cause of gingivitis and periodontal
disease in humans and is also linked to the
severity and progression of colonic cancer
(Umana et al. 2019).

Fusobacterium necrophorum

F. necrophorum contains two subspecies,
necrophorum and funduliforme, which differ
in cellular morphology, colonial characteris-
tics, growth patterns in broth, extracellular
enzymes, virulence factors and virulence,
as well as in frequency of occurrence in
infections (Nagaraja et al. 2005). Subspecies
necrophorum, which is more common in ani-
mal disease, is more virulent for mice (Zhang
et al. 2006) and possesses a haemagglutinin
(haem) gene (Narongwanichgarn et al. 2003).
F. necrophorum is also a human pathogen,
with most isolates from human infections
being subsp. funduliforme (Riordan 2007;
Tadepalli et al. 2008c).

Source of Infection: Ecology, Evolution
and Epidemiology
F. necrophorum is a normal inhabitant of the
mouth, gastrointestinal and urogenital tracts of
animals, and survives well in soil, especially in
well-manured soil.

Types of Disease and Pathologic Changes
F. necrophorum is a major bovine pathogen,
associated with numerous necrotic disease
conditions often termed “necrobacillosis.”
These occur in many domestic and wild
animals and may involve any part of the
body (Nagaraja 1998; Nagaraja et al. 2005). It
causes a variety of necrotic infections includ-
ing necrotic stomatitis of calves, lambs, and
pigs, footrot in cattle and sheep, lung and
liver abscesses in cattle and pigs, and jaw
abscesses in wild ruminants and marsupials.
Among F. necrophorum infections in cat-
tle, hepatic necrobacillosis (liver abscesses),
necrotic laryngitis (calf diphtheria), and
interdigital necrobacillosis (footrot) have the
most severe economic impacts but mixed
aerobic–anaerobic uterine infections involving
Trueperella pyogenes and F. necrophorum are
also a significant cause of loss.

In humans, it is a common cause of Lemierre
syndrome (also called necrobacillosis or
post-anginal sepsis), a severe infection of
young adults spreading from the throat by
septic thrombophlebitis of the jugular vein
(Riordan 2007).

Virulence Factors and Pathogenomics
Several structural features, toxins, and
enzymes play a role in the pathogenesis
of F. necrophorum infections. Hemagglu-
tinin, endotoxic lipopolysaccharides (LPS),
and leukotoxin are proven virulence fac-
tors that participate in the pathogenesis of
fusobacterial infections (Table 35.2). Suggested
more minor virulence-associated factors
include hemolysin, polysaccharide capsule,
adhesins or pili, platelet aggregation factor, der-
monecrotic toxin, and extracellular enzymes
including proteases, lipases and DNases. A



�

� �

�

760 35 Gram-Negative Anaerobes

Table 35.2 Major virulence factors of Fusobacterium necrophorum.

Factor Characteristics Mechanism of action Role in pathogenesis

Haemagglutinin Outer membrane
protein (19 kDa)

Agglutinates erythrocytes
of various animals

Mediates attachment to rumen
epithelial cells and hepatocytes

Leukotoxin Extracellular
protein (molecular
weight 336 kDa)

Cytotoxic to neutrophils,
macrophages, hepatocytes,
and rumen epithelial cells

Protects against phagocytosis by
neutrophils and Kupffer cells,
damages hepatic parenchyma by
the release of cytolytic products

Endotoxin Cell-wall (lipid A)
component of
lipopolysaccharide

Cytotoxic and necrotic
effects and induces
disseminated
intravascular coagulation.

Creates anaerobic
microenvironment conducive for
anaerobic growth

42 kDa outer-membrane protein (OMP) may
be involved in adhesion to cells (Menon et al.
2018). As discussed below, a role in virulence
for type Vc secretion system (T5cSS) trimeric
autotransporter adhesins has been suggested
(Umana et al. 2019).

Hemagglutinin is a low molecular weight
OMP (19 kDa) that may play a significant role
in adherence to epithelial cells, an initial step
in pathogenesis (Kanoe et al. 1998; Narong-
wanichgarn et al. 2003). The concentration
and chemical composition of endotoxic LPS
varies depending on the subspecies, with
the biological activity of LPS of subspecies
necrophorum greater than that of subsp.
funduliforme (Garcia et al. 1999).

Leukotoxin is a secreted protein that is toxic
to ruminant leukocytes, macrophages, hep-
atocytes, and possibly rumen epithelial cells
(Narayanan et al. 2002; Nagaraja et al. 2005).
Bovine neutrophils are more susceptible to
toxin than peripheral blood mononuclear cells,
whereas leukotoxin is less toxic to horse neu-
trophils and is non-toxic to swine and rabbit
neutrophils. This specificity may be a function
of the presence of high-affinity receptors, or
increased numbers of receptors on the surface
of ruminant leukocytes. At high concentrations
leukotoxin causes primary cell necrosis.

Leukotoxin mediates several potentially
important pathogenic mechanisms, including
modulation of the host immune system by its
toxicity, cellular activation of leukocytes, and

apoptosis-mediated killing of phagocytes and
immune effector cells (Narayanan et al. 2002).
The importance of leukotoxin as a virulence
factor in F. necrophorum infections is indicated
by a correlation between toxin production
and ability to induce abscesses in laboratory
animals, an inability of leukotoxin-negative
strains to induce foot abscesses in cattle follow-
ing intradermal inoculation, and a relationship
between anti-leukotoxin antibody titers and
protection against infection in experimental
challenge studies (Nagaraja et al. 2005). Car-
riage of the leukotoxin structural gene lktA is
almost universal in invasive bovine strains of
F. necrophorum, although it is less common in
non-bovine invasive animal and human strains
(Ludlam et al. 2009).

The leukotoxin operon consists of three
genes, lktB, lktA, and lktC. The 335 kDa LktA
protein is considerably larger than leukotox-
ins produced by other bacteria (Narayanan
et al. 2001). The protein may represent a
new class of bacterial leukotoxins since it has
no sequence similarity to other leukotoxins
and is also unusual in that it lacks cysteine.
The 62 kDa LktB protein has sequence
similarity to HxuB, the heme–hemopexin
utilization protein of Haemophilus influen-
zae. The LktB protein contains a putative
polypeptide-transport-associated domain,
suggesting that it is involved in the secretion of
the LktA leukotoxin. The function of the LktC
protein is currently unknown. The subspecies
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funduliforme lkt operon is organized iden-
tically to the subsp. necrophorum operon.
Although the overall sequence similarity of
the Lkt proteins is high between the two sub-
species, the LktB and LktA proteins have signif-
icant differences in their N-terminal sequences
(Tadepalli et al. 2008b). The toxic activity of the
LktA protein when expressed in E. coli indi-
cates that the other proteins encoded in the
leukotoxin operon are not required to produce
biologically active toxin. They likely play a role
in secretion of the toxin across the cytoplasmic
and outer membranes of F. necrophorum.

All three lkt genes appear to be co-transcribed
from a promoter located in the intergenic
region upstream of the lktB gene (Zhang et al.
2006). The sequence and the size of the inter-
genic region differs in the two subspecies, being
548 bp in subsp. necrophorum and 337 bp in
subsp. funduliforme. The subsp. funduliforme
promoter activity is weaker than that of subsp.
necrophorum (Tadepalli et al. 2008b) and the
differences in toxicity may relate to enhanced
transcription in subsp. Fusobacterium.

Bioinformatic analyses indicate that Fuso-
bacterium species may be unique among
pathogens in possessing only the major pro-
tein type V secretion system (T5SS) and lacking
types I–IV and VI (Umana et al. 2019). The
T5SS system is further uniquely divided into
five distinct categories (T5aSS–T5eSS) of
autotransporters, with the majority of those
characterized, including the F. necrophorum
system, having adhesin properties. F. necropho-
rum, however, lacks the T5SS-secreted FadA
protein family and most strains lack the oth-
erwise numerous surface-associated proteins
with MORN (membrane occupation and
recognition nexus) 2 domains associated with
the adhesiveness and invasiveness of other
fusobacteria, including F. nucleatum (Manson
McGuire et al. 2014; Umana et al. 2019).

Pathogenesis
Although the general process is clear, a detailed
understanding of the molecular basis of
F. necrophorum pathogenesis is still lacking.

The basic processes of the pathogenesis of
bovine liver abscessation is illustrated in
Figure 35.1.

In respect to host association, F. necropho-
rum lacks the genes associated with the
actively invasive characteristics of species such
as F. nucleatum and has been characterized as
a “passively invading” Fusobacterium species
(Manson McGuire et al. 2014; Umana et al.
2019). Although the organism can attach
to different cell lines, possibly through the
action of hemagglutin and a 42 kDa OMP, the
precise mechanisms have not been fully deter-
mined. Bioinformatic analysis supports earlier
understanding that F. necrophorum infection
in animals generally requires local epithe-
lial damage of some type. For example, liver
abscesses in cattle occur secondary to infection
of the rumen wall (the “rumenitis–liver abscess
complex”) as a result of rapid fermentation of
grain by rumen microbes and the consequent
accumulation of organic acids resulting in
rumen acidosis (Nagaraja and Lechtenberg
2007). This acid-induced rumenitis, some-
times together with damage to the protective
surface by coarse objects (e.g. sharp feed par-
ticles, hair), predispose the damaged rumen
wall to colonization by F. necrophorum. The
organism then causes local infection and small
rumen wall abscesses. Bacterial emboli are
subsequently shed into the portal circulation
where they are filtered by the liver, resulting in
infection and abscess formation.

Evasion of host defenses is primarily by
leukotoxin-mediated cytotoxicity, prevent-
ing neutrophil phagocytosis and clearance
of organisms from the rumen wall and liver.
In addition, neutrophil death likely leads
to parenchymal cell damage and abscess
formation, thus maintaining an anaerobic
environment in the aerobic hepatic tissue. A
decrease in the local neutrophil response due
to leukotoxin-mediated death of neutrophils
could also enhance colonization by the oppor-
tunistic pathogens with which this organism
is very commonly associated, such as T. pyo-
genes in the rumen wall, liver, and feet, and
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Trueperella pyogenes -
often synergistic

Fusobacterium
necrophorum

Rumen mucosa

1. F. necrophorum attaches to 

exposed unknown extracellular 

matrix proteins via 

Haemagglutinin, 42 kDa OMP, 

T5cSS adhesin.

Rumen acidosis damages rumen

mucosa, exposes extracellular

matrix proteins

2. Neutrophils 

recruited to site by 
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leukotoxin destroys 

them.

3. Development of 

submucosal 

ruminal abscesses.

4. Bacteremic spread 

to liver  →  liver 

abscesses.

Abscess

Figure 35.1 Basic pathogenesis of liver abscessation of cattle caused by Fusobacterium necrophorum. Many
details of the pathogenesis of this and other important diseases caused by this organism remain to be
determined. LPS, lipopolysaccharide; OMP, outer-membrane protein; T5cSS, type Vc secretion system.

Prevotella melaninogenica in the feet (Nagaraja
1998; Amachawadi et al. 2017). Host damage
is likely a result of both phagocyte destruction
and of LPS-induced release of inflammatory
mediators. Metagenomic analysis of cattle liver
abscesses suggests an additional opportunistic
role for Pseudomonas species, among other
genera (Amachawadi et al. 2021).

Calf diphtheria is a necrotic laryngitis
occurring in cattle up to three years of age
characterized by necrosis of the mucosa and
underlying tissues of the larynx and adjacent
structures. The organism is normally present
in the upper respiratory tract, but does not
penetrate healthy mucosa; hence, a breach in
the mucosal integrity is required for the onset
of infection. The infection can be acute or
chronic and is non-contagious. In severe cases,
cattle may die from aspiration pneumonia.

Interdigital necrobacillosis in cattle (footrot,
foot abscesses, foul-in-the-foot) is character-
ized by acute or subacute necrotizing infection
of the skin and of the adjacent underlying
soft tissues of the feet. Soil likely seeded with
F. necrophorum from soil is believed to provide

the primary source of infection, with host
predisposition associated with local trauma
or softening of the interdigital skin following
standing in mud or water. The infection is
the major cause of lameness in dairy and beef
cattle in the United States (Nagaraja et al.
2005). In suppurative infections of the feet,
F. necrophorum is frequently associated with
T. pyogenes and P. melaninogenica.

F. necrophorum contributes to the develop-
ment of severe footrot in sheep once infection
is established by Dichelobacter nodosus (see
Section 35.6; Maboni et al. 2016).

Immunity
Serum antibodies against F. necrophorum are
present in both healthy and infected cattle
and therefore the importance of F. necropho-
rum antibodies is unclear. Protection against
necrobacillosis afforded by using a variety of
antigenic components, including whole-cell
cultures, cytoplasmic fractions, LPS, OMPs,
leukotoxins, and culture supernatants has
varied from none to significant (Nagaraja
and Chengappa 1998). Leukotoxin is strongly
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immunogenic and, consistent with it being the
primary virulence factor involved in the pro-
duction of liver abscesses, antibodies directed
against it correlate with protection. A vaccine
combination of F. necrophorum leukotoxoid
and T. pyogenes bacterin reduced the preva-
lence and severity of liver abscesses in feedlot
cattle (Jones et al. 2004).

Control
Approaches to control of liver abscesses in
feedlot cattle include the oral administration of
tylosin, an approach that is increasingly under
scrutiny because of concern about long-term
antimicrobial use in food animals. Alternative
approaches include use of rations that include
more fiber or that otherwise lead to reduction
in rumen acidosis. Vaccination, which would
be widely welcomed, is not normally used
since it is not particularly effective, and the
disease can be controlled by other means.

Fusobacterium equinum

F. equinum is a normal inhabitant of the gas-
trointestinal, respiratory, and genitourinary
tracts of horses (Racklyeft and Love 2000). It
is an opportunistic pathogen generally associ-
ated with abscesses and various necrotic mixed
aerobic–anaerobic infections in horses, par-
ticularly oral, para-oral, and lower respiratory
tract infections. In racehorses, bacteriological
examination of intra-abdominal and hepatic
abscesses has revealed F. equinum as the eti-
ological agent in approximately 33% of the
cases caused by obligate anaerobes. Little is
known about the virulence factors associated
with F. equinum infections in horses; however,
members of the species contain a leukotoxin
lktA gene homolog and exhibit leukotoxin
activity (Tadepalli et al. 2008a).

Bacteroides

The genus Bacteroides currently includes
numerous species of Gram-negative rods,
but of these only Bacteroides fragilis and

Bacteroides thetaiotaomicron are common and
clinically important. Commensal Bacteroides
species are present in the large intestine
of many animals and, like other intestinal
bacteria, are important in the development
and maintenance of normal intestinal func-
tion and immunological reactivity. Although
B. fragilis constitutes only about 0.5% of the
normal colonic population in humans, it is
the most common anaerobe isolated from
monomicrobial or polymicrobial infections of
humans and a variety of clinical samples due
to its potent virulence factors (Wexler 2007;
Yekani et al. 2020). It has also been isolated
from dogs and cats, among other animals
(Tsuyuki et al. 2020). Outside the intestinal
tract it is associated with abscesses, which are
mainly intra-abdominal, peritonitis, soft tissue
infections, and bacteremia.

Bacterial Virulence Factors

Bacteroides species, particularly B. fragilis, have
numerous features that contribute to adhesion,
invasion and tissue destruction (Yekani et al.
2020). Associated surface features include pili,
the capsule, and LPS; toxins include hemolysin
and enterotoxin; enzymes with tissue damag-
ing potential include proteases, collagenase,
fibrinolysin, neuraminidase, heparinase,
chondroitin sulfatase and glucuronidase. The
capsular polysaccharide complex of B. fragilis
is the major virulence factor involved in the
abscess formation that is characteristic of
infection. Experimental injection of purified
capsular polysaccharide (PsaA or PsaB) in
the absence of organisms induces abscess
formation in animal models (Tzianabos et al.
1993). The capsule complex is composed of at
least three distinct polysaccharides, PsA, PsB
and PsC (Coyne et al. 2000). The repeating
units PsA and PsB contain both positively
and negatively charged groups, with the
zwitterionic charge motif a critical promoter
of abscess formation; the presence of both
types of charged units are required to cause
abscessation (Tzianabos et al. 1993).
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Strains (EBFT) of B. fragilis that possess the
B. fragilis enterotoxin (BFT) cause diarrhea in
lambs, calves, piglets, foals, infant rabbits, and
children, but its role in naturally occurring
diarrhea in animals has not been investigated
in detail. The fragilysin (bft) gene encodes
a proenzyme that is activated to the mature
protein by the cysteine protease fragipain
(Yekani et al. 2020). The mature BFT is a
20-kDa heat labile polypeptide with multiple
biological properties, including causing chlo-
ride and fluid secretion in intestinal loops,
and causing morphological changes in, and
increasing permeability of, intestinal epithe-
lia. BFT is a zinc metalloprotease with three
different isoforms, with toxic properties that
result from its proteolytic activity (Yekani et al.
2020). BFT attaches to the colonic epithelial
receptor leading to cleavage of the cell adhe-
sion molecule E-cadherin, thus damaging the
colonic epithelial barrier and causing chloride
secretion. There is intense interest in many
aspects of B. fragilis because of evidence that
EBFT strains are a driver of colorectal cancer
in humans (Carrow et al. 2020; Valguarnera
and Wardenburg 2020).

Prevotella and Porphyromonas

The genera Prevotella and Porphyromonas
are composed mainly of saccharolytic (Pre-
votella) and asaccharolytic (Porphyromonas)
pigmented and non-pigmented species of
Gram-negative coccobacilli, with both species
at one time classified as Bacteroides. The
genus Prevotella currently includes 58 species
(https://lpsn.dsmz.de/genus/prevotella) wher-
eas Porphyromonas includes 19 pigmented
and one non-pigmented species, half of
animal origin (https://lpsn.dsmz.de/genus/
porphyromonas).

Porphyromonas gingivalis is the best-known
species isolated from humans, and forms
part of the “red complex” of anaerobes
that together with Treponema denticola and
Tannerella forsythia is strongly associated
with the advanced stages of periodontitis in
humans (Holt and Ebersole 2005). The species

occurs in animals, but many Porphyromonas
isolates from the gingival sulcus of various
animals belong to the species Porphyromonas
gulae. The vitamin K dependency of these
genera is met by the presence of other bacteria,
so that they are only found in mixed bacterial
infections in animals.

Virulence Factors and Pathogenomics

Black-pigmented anaerobes produce a vari-
ety of virulence factors. These include those
that help protect the organisms from oxygen
toxicity in less than optimal anaerobic envi-
ronments (catalase, superoxide dismutase,
hemolysin, and LPS), those that protect the
organisms from host defenses (capsule, com-
plement degradation, proteases that degrade
immunoglobulin, Ig, A, IgG, and leukotoxin),
those that promote attachment (capsule, pili,
hemagglutinins) and others that facilitate
invasion and tissue destruction (including
collagenase, proteases, RNases, DNases, phos-
pholipase, neuraminidase, hyaluronidase, and
heparinase). Among the numerous Prevotella
species found in the gingival pockets of dogs,
only P. gulae shares some of the virulence
characteristics of P. gingivalis, including the
gingipain extracellular proteases and the Fim
fimbrial adhesins (Lenzo et al. 2016). Pre-
votella gulae proteases play an important role
in adhesion, coaggregation of and adhesion to
Actinomyces viscosus, as well as degradation of
adherence-junction related proteins of human
gingival epithelial cells (Urmi et al. 2021).
P. gulae LPS activates inflammatory responses
in human gingival epithelial cells through the
toll-like receptors 2 and 4 (Inaba et al. 2020).

Features of the Prevotella pan-genome likely
associated with adaptation to the anaerobic
oral environment, such as resistance to oxida-
tive stress and CRISPR-Cas systems, have been
identified (Ibrahim et al. 2017).

Types of Disease and Pathogenesis

Prevotella and Porphyromonas species have
a prominent role in oral disease and in bite
wound infections in humans and animals.

https://lpsn.dsmz.de/genus/prevotella
https://lpsn.dsmz.de/genus/porphyromonas
https://lpsn.dsmz.de/genus/porphyromonas
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Periodontal disease affects a wide range of
animal species and is the most common oral
disease of adult animals; it includes gingivi-
tis, periodontitis, and periodontal abscesses,
initiated by bacteria in the dental plaque, and
is exacerbated by ineffective host immune
responses. The microbiology of periodontal
disease in humans and animals, including cats
and dogs, is both fascinating and daunting in
its complexity (Özavci et al. 2019). Prevotella
and Porphyromonas are frequently isolated
from infected dog and cat bite wounds in
humans (Talan et al. 1999; Abrahamian and
Goldman 2011). P. melaninogenica is readily
cultured from footrot or foot abscesses of cattle
and acts in synergy with F. necrophorum to
enhance the infection.

Dichelobacter nodosus

D. nodosus, a large relatively slow-growing
aerotolerant Gram-negative anaerobic rod with
enlarged ends, is an obligate parasite of the feet
of cloven-hoofed animals. It is the principal
causative agent of ovine footrot, an econom-
ically important and painfully debilitating
disease of sheep and goats (Rood et al. 2005).

Source of Infection: Ecology, Evolution
and Epidemiology

Infected sheep and goats are thought to be the
main reservoir of D. nodosus, and the anaerobe
generally cannot survive for more than a few
days outside the feet of ruminants, although
it may survive up to six weeks on hoof horn
clippings (Whittington 1995). Footrot is a
seasonal disease that occurs in warm moist
conditions, with a temperature of above 10∘C
required for transmission. Under optimal cli-
matic conditions, transmission can occur to
other uninfected animals via contaminated
pastures and soil, and from transport vehicles
contaminated with infected soil and feces
(Depiazzi et al. 1998).

D. nodosus, which has one of the smallest
genomes among Gram-negative anaerobes,
appears to have reduced its genome to that

required to survive and cause disease in the
ruminant hoof (Kennan et al. 2014).

Types of Disease and Pathologic Changes

Footrot is characterized by the separation of
the keratinous hoof from the underlying tissue,
resulting in severe lameness and the loss of
body condition. The severity of the disease
varies greatly, depending on the D. nodosus
strain (benign, virulent), the host (immu-
nity, genetics), environmental factors, and
the involvement of F. necrophorum and other
anaerobic bacteria. The spectrum of severity
ranges from benign, which presents as an
interdigital dermatitis that does not progress,
to virulent, which results in severe underrun-
ning of the horn of the hoof and separation of
the hoof from the underlying tissue.

Virulence Factors and Pathogenomics

The major virulence determinants of D. nodosus
are summarized in Table 35.3. D. nodosus has
two proven virulence factors, Type IV fimbriae
and extracellular serine proteases, with LPS a
potentially contributing factor.

Fimbriae
D. nodosus produces type IV fimbriae, associ-
ated with twitching motility, located at their
poles (Rood et al. 2005). Genome sequenc-
ing of a virulent D. nodosus isolate identified
21 genes involved or potentially involved in
fimbrial biogenesis and 10 genes involved
or potentially involved in the regulation of
fimbrial biogenesis (Myers et al. 2007). Dis-
ruption of the fimA gene, which encodes the
major fimbrial subunit, resulted in a mutant
unable to produce fimbriae, no longer nat-
urally competent for DNA uptake, unable
to undergo twitching motility and unable to
secrete extracellular proteases (Kennan et al.
2001). The fimA mutants were avirulent for
sheep, confirming that these fimbriae are
essential for virulence (Kennan et al. 2001).
An intact fimbrial biogenesis system is also
required for protease secretion in D. nodosus
(Han et al. 2007) but it is the twitching motil-
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Table 35.3 Major virulence factors of Dichelobacter nodosus.

Factor Characteristics Mechanism of action Role in pathogenesis

Type IV
fimbriae

31 genes involved in type
IV fimbrial biogenesis and
regulation

Twitching motility Essential for virulence; motility,
secretion of extracellular
proteases

Extracellular
serine
proteases

Virulent strain proteases
(AprV2, AprV5, BprV)
similar to benign strain
proteases (AprB2, AprB5,
BprB)

Proteolytic action,
underrunning of horn of
the hoof. One amino acid
substitution in AprV2
defines difference between
virulence in strains

Essential for virulence;
elastolytic and caseinolytic
activity critical to destruction of
growing hoof epithelium,
underrunning the hoof

ity that is essential for virulence (Han et al.
2008).

The fimbriae are highly immunogenic and
provide the basis for the classification of
D. nodosus strains into 10 major serogroups,
designated A–M, and 18 serotypes.

Extracellular Serine Proteases
D. nodosus isolates secrete several serine pro-
teases responsible for at least part of the tissue
damage observed in diseased animals. The pro-
teases require an intact fimbrial biogenesis sys-
tem for secretion, and appear to be secreted via
a type II secretion pathway that uses the type
IV fimbrial apparatus (Han et al. 2007).

Virulent isolates produce two acidic (AprV2,
AprV5) and one basic protease (BprV), whereas
the equivalent proteases secreted by benign
strains are designated AprB2, AprB5, and BprB
(Lilley et al. 1995; Riffkin et al. 1995). All the
proteases have a similar organization, with
62% amino acid sequence identity across all
regions (Riffkin et al. 1995). The AprV5 and
AprB5 enzymes are 99% identical and BprV
and BprB have 96% identity (Lilley et al. 1995).
Quite remarkably, a single amino acid differ-
ence (Y92R) between AprV2 and AprB2 is
responsible for the difference between virulent
and benign strains (Kennan et al. 2014); the
AprV2 protein from virulent strains has greater
thermostability, and higher elastinolytic and
caseinolytic activity than AprB2 found in
benign strains. These same properties have
been used in the past in diagnostic tests to
distinguish benign and virulent isolates.

D. nodosus has a relatively small and highly
conserved (> 95%) genome (1.39 MB), and
comparison of multiple genomes identifies
two distinct clades (Kennan et al. 2014). These
correlate with the single amino acid difference
between virulent and benign strains. Core
single nucleotide polymorphisms distributed
notably in 11 other genes spread through the
entire genome correlate with the difference
between virulent and benign strains, although
the contribution of these genes to the more
virulent phenotype is unclear (Kennan et al.
2014). None of the fimbrial biogenesis genes
contribute to the major genetic difference
between the two clades.

Regulation of Virulence

The production of type IV fimbriae is con-
trolled at the level of transcription by a
two-component regulatory system PilRS
and the alternative sigma factor σ54. PilR is a
transcriptional activator that binds specifically
to the σ54-dependent promoter upstream of the
fimbrial biogenesis locus; thus, both pilRS and
rpoN mutants show markedly reduced surface
fimbriae (Parker et al. 2006).

Pathogenesis of Footrot

New infections always commence at the inter-
digital skin, which becomes predisposed to
infection after prolonged exposure to wet con-
ditions. These conditions enable colonization
and invasion by D. nodosus using its type IV
fimbriae.
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Once the interdigital infection is established,
the footrot lesion may progress to the under-
lying tissue, with F. necrophorum enhancing
the invasion of the epidermal matrix of the
hoof and the severity of disease. However,
D. nodosus alone can cause footrot in exper-
imental settings. The primary invader of the
epidermal matrix is D. nodosus, which is
considered essential for the development of
clinical footrot (Maboni et al. 2016). Once a
D. nodosus infection is established, and the
process of hoof separation has commenced, an
environment is produced in which F. necropho-
rum can flourish and penetrate more deeply
into the tissue, causing further inflammation
and tissue destruction (Maboni et al. 2016). The
extracellular proteases secreted by D. nodosus
are critical for the initial separation of the hoof
from the underlying tissue. Footrot is accom-
panied by a foul smell and by severe lameness.

Immunity

The primary immune response of sheep to
D. nodosus infection is dependent on the
length and severity of the infection, with the
fimbriae providing the strongest and most
specific response (Whittington and Nicholls
1995). Other D. nodosus proteins have also
been shown to invoke an antibody response
in infected animals (Myers et al. 2007). The
fimbriae are the major immunoprotective
antigens, but protection is serogroup specific.
Recombinant fimbrial vaccines have been
prepared from heterologous expression of
D. nodosus fimbrial subunits in Pseudomonas
aeruginosa. Multiple fimbrial subunits have
been combined in a single vaccine formu-
lation to elicit protection against multiple
serotypes; however, this leads to a reduced and
unpredictable immune response due to anti-
genic competition (Hunt et al. 1995). Overall,
immunization gives moderate protection
and reduces clinical illness. Monovalent and
bivalent vaccines specific to the infecting
serogroups have been used to successfully
eradicate virulent footrot (Egerton et al. 2002).

The immune response to infection is variable
among different breeds of sheep. All breeds
are susceptible, but the older breeds of British
sheep appear to be less susceptible than Meri-
nos. This natural resistance results in milder
lesions, delayed infection and self-curing
lesions, and may be paternally inherited and
involve alleles of the ovine major histocom-
patibility complex class II region (Escayg et al.
1997).

Control
Rapid diagnosis of footrot and the differ-
entiation of benign and virulent strains are
important for the control and eradication
of virulent footrot. Different laboratory tests
based on the activity of the secreted proteases
have been used in the past, but DNA-based
tests have now replaced these.

The identification of the infecting serotype(s)
is also essential if specific vaccination is to
be performed, and polymerase chain reac-
tion (PCR) methods have been developed to
enable the rapid identification of fimbrial
serotypes (Dhungyel et al. 2002). A tiered mul-
tilocus sequencing typing scheme has been
developed that allows strain and serogroup
characterization as well as prediction of vir-
ulence via the AprV2/B2 allele; however,
whole-genome sequence data is required
(Blanchard et al. 2018). A V2/B2 specific PCR
also used to predict virulence.

Control involves local treatment of infected
animals, immunization and, since D. nodosus
is confined to the foot and survives poorly in
soil, resting of pastures before restocking with
uninfected or treated animals.

Treponema

Anaerobic Treponema species colonize the
mouth, intestinal and genital tracts of many
animals. As in humans, combinations of
different Treponema spp. and other anaer-
obes in the oral cavity of dogs are associated
with periodontitis, a chronic destructive
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condition of the structures supporting the
teeth (Nordhoff et al. 2008b).

Bovine digital dermatitis is an economi-
cally significant and endemic disease of dairy
cows that also is associated with treponemal
infection (Orsel et al. 2018). Affected feet
have variable presentation from moist, painful
strawberry-like ulcers, to chronic, raised, hairy
wart-like lesions (Evans et al. 2016). Lesions
mainly occur at the rear of the hoof between
the bulbs of the heel, and lead to lameness.
Combinations of at least three phylogenetic
groups of treponemes, some related to human
oral treponemes, are linked with and con-
sistently present in this condition (Nordhoff
et al. 2008a; Evans et al. 2009). Contagious
ovine digital dermatitis is similarly linked to
the presence of Treponema species related to
those found in cattle with digital dermatitis
(Sullivan et al. 2015). Lesions in sheep, like
those in cattle, begin on or above the coronary
band, resulting in a localized or extensive
aggressive dermatitis (Duncan et al. 2014).
Currently, the is little detailed understanding
of the epidemiology or pathogenesis of these
polytreponemal and complex polymicrobial
anaerobic infections, including the role of

D. nodosus, F. necrophrum and Porphyromonas
spp. in cattle and sheep (Orsel et al. 2018;
Staton et al. 2020).

Gaps in Knowledge
and Anticipated Developments

Detailed knowledge about the virulence
factors and the pathogenesis of infections
with Gram-negative anaerobes has generally
lagged that for many other bacterial species.
However, major advances continue to be
made through whole-genome sequencing and
bioinformatic analyses, which are addressing
different aspects of pathogenesis. These and
other studies of pathogenesis are an important
prerequisite for the development of improved
methods for their diagnosis, control and
treatment.
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enterotoxemias 613t,
614–615

enterotoxin, CPE 613t, 615,
621

enzymes, degradative
617–618t

epsilon-toxin, ETX 613t,
620–621

gas gangrene and 637t, 644,
645

genome 608, 609–611
histotoxic disease 645
host specificity 609, 610,

611, 624–625
iota toxin, ITX 609t, 613t,

621
lamb dysentery 613–614
necrotic enteritis, avian 616
necrotizing enteritis, CPB

614
necrotizing enterocolitis,

foals, NetF 613t, 615
NetB toxin 613t, 621–622
NetE toxin 615–616
NetF toxin 609t, 613t,

615–616
NetG toxin 615
pathogenesis 620, 622–624,

623t
pathotypes, See toxinotypes
plasmids and virulence

609–611
quorum sensing 622, 623,

625
sialidases 617t, 624
sources 608–609
toxinotypes 608, 609t
toxins 609t, 619–622
TpeL 610, 620
type A disease 612–613,

613t
type B disease 613t, 613–614
type C disease 613t, 614
type D disease 613t,

614–615
type E disease 613t, 615
type F disease 613t, 615
type F, NetF 613t,

615–616

type G disease 613t, 616,
621, 623–625

types of disease 611–612,
613t, 613–616

vaccines 625
virulence factors 616–625
virulence regulation 622

Clostridium piliforme 631t
Clostridium septicum 631t,

637t, 638–639
virulence factors 638–639

Clostridium spiroforme 631t
Clostridium tetani 650–664

characteristics 648
control 663
disease 657
genome 650, 652
neurotoxin 658, 660
pathogenesis 652, 660
plasmid 652
sources, epidemiology 655,

656
virulence factors 658

COGS, Clusters of Orthologous
Genes 40

Complement interactions
Bacillus 598
degradation 137, 298, 328,

513
evasion 74, 81–82
Escherichia 140, 149, 160
Leptospira 515
Pasteurella 227, 236
Staphylococcus 548, 557
Streptococcus 548, 557
Yersinia 212

Complement receptor-mediated
entry 90, 725, 746

Corynebacterium 701–707
C. cystitidis 702t, 706
C. kutscheri 707
C. pilosum 706
C. renale 702t, 706
C. species, other 702t, 706

Corynebacterium
pseudotuberculosis
701–707

control 705–706
disease 701

immunity 704–705
pathogenesis 704, 705
vaccines 704
virulence factors of 701–704

Coxiella avium 445
Coxiella burnetii 443–449

characteristics 444–445
disease 445–446
genome 447
humans 446–447
immunity 448
life cycle 444–445
pathogenesis 90, 93,

447–448
Q fever 443, 446
source 445
T4SS 447
vaccines 448–449
virulence factors 447–448
wildlife 446

Coxiella cheraxi 445
CRISPR-Cas knockdown

screening 73
Cyclomodulins 93t, 93–94,

135, 493
Cystic fibrosis transmembrane

conductance regulator
(CFTR) 130, 131, 135,
532

Cytokines and immune
response 85, 86

IFNγ 85, 91, 189, 254, 462,
473, 479, 704, 726, 747

IL-1 84, 88, 92, 156, 180,
187, 254, 307, 727, 745

IL-2 254
IL-10 85, 187, 188, 272, 383,

479
IL-12 188, 190, 750
IL-17 189, 272, 749
IL-18 190
TNFα 84, 88, 92, 142, 156,

188, 273, 303, 473, 516,
726, 745

Cytolethal distending toxins
(CDT) 136, 291, 304,
400, 425, 627

Cytolysins,
cholesterol-dependent
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Cytolysins,
cholesterol-dependent (contd.)

perfringolysin 608
pyolysin 709
septicolysin 639
sordellilysin 641
suilysin 581
streptolysin O 566
tetanolysin 652

Cytotoxin
Bordetella 378, 382
clostridial 637t, 641, 642
Clostridioides 640
Helicobacter 417, 418
Moraxella 346
Pseudomonas 324
tracheal 80, 378, 382

d
Damage-associated molecular

patterns 11, 88
Defensins 3, 80, 186
Dendritic cells 10, 90, 180,

188, 382, 419, 558, 688,
728, 747

Dermonecrotic toxin (DNT)
224, 228, 382, 493

Dichelobacter nodosus
765–767

control 767
disease 765
extracellular serine proteases

766
immunity 767
pathogenesis 766
pili 763
source 765
virulence factors 765–766

DNT. See Dermonecrotic toxin

e
E-cadherin 2, 401, 418, 659,

764
Edema disease 118, 121, 127,

134, 148
Efflux pumps, inhibition 112
Ehrlichia 457t, 463–474

cattle 457t, 463, 464, 465,
466

control 474
disease 457t, 465–466
dogs 457t, 464–465, 468
E. canis 464–465, 466
E. chaffeensis 457t
E. ewingii 457t, 465–466
E. minasensis 457t, 466
E. ruminantium 457t, 464,

466
E. species, other 457t, 463,

464
genome 467–468
horses 457t, 465
host cell remodelling

469–472
humans 457t, 464, 465
immune evasion 467
immunity 472–473
immunopathogenesis

472–474
immunopathology 473–474
mice 457t, 464, 466–467
pathogenic species 457t,

463
pathogenesis 468–472
pathology 466
ruminants 465, 466
sources 457t, 464
taxonomy 457t, 463
ticks, transmission 464–465
T4SS 468, 470

Enterotoxemias 612, 613t, 614,
619

Enterotoxin
Bacteroides fragilis 764
Clostridium perfringens 615,

617–618t, 621
EAST1 132
Escherichia coli LT 119, 130
Escherichia coli STa 119, 130
Escherichia coli STb 119,

130
Staphylococcus 547, 557

Enzymes
adenyl cyclase 88, 131, 133,

593
ADP-ribosyl transferases

133, 134, 178, 325, 617,
627, 630

botulinum toxin 663
catalase 3, 270, 419, 543,

565, 723
chondroitinase 418
Clostridium 608, 617–618t,

636
coagulase 543, 544
collagenases 293, 418, 513,

566, 608, 629, 641, 763
exoenzyme S 325t
exoenzyme T 325t
exoenzyme U 326t
exoenzyme Y 326t
exotoxin A 325, 326
gamma-glutamyl

transpeptidase 418
glyceraldehyde-3-phosphate

dehydrogenase 7, 581,
671, 681

N-glycosidase 134
hydrogen peroxide 543, 671
metalloproteases, See

Metalloproteases
moonlighting proteins 7,

268, 581
mucolytic 6, 617, 624
neuraminidase, See Sialidases
phospholipase B 348
phospholipase C 325, 469,

513, 613, 619, 636, 642,
643, 644

proteases 89, 204, 208, 249,
766

Rho GTPases 136, 167, 387,
493, 550, 642

sialidases, See Sialidases
sialoglycoprotease 246
sialyltransferase 303, 309
streptokinase 566t
superoxide dismutase 3,

270, 471, 478, 492, 505,
764

tetanus toxin 662
urease 206, 267, 270, 413,

706
Epigenetic modulation 92–94
Escherichia coli 117–161

acid resistance 140–141
adhesins 126–130
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ADP-ribosyl transferase
133, 134

AIDA-1 adhesin 128, 136
attaching and effacing 122
autotransporters 136–138
avian cellulitis and 125–126
avian pathogenic E. coli,

APEC 126, 150–152
calves 119–121, 147–148,

150
capsule 144, 146
cats 120t
cattle 119t, 120t, 122t, 143
cyclomodulins 135
cytolethal distending toxin,

CDT 136
cytotoxic necrotizing factor,

CNF 136
diseases 118t, 120t, 122t,

123t, 125t
dogs 119t, 120t, 121, 123,

144, 146, 148
EAST1 132
edema disease 122, 148–149
enteric diseases 119t
enterohemolysin 135, 146
enterohemorrhagic, EHEC

117, 118, 135, 137,
141

enteropathogenic, EPEC
122–124, 144–146

enterotoxigenic, ETEC
119–121, 141–144

extraintestinal pathogenic,
ExPEC 124–126,
129–130, 149–156

fitness factors 140–141
hemolysin 135
hemolytic uremic syndrome

122
iron uptake 139, 151, 153
lambs 121, 143
LEE 144
LPS 118, 155–156
LT enterotoxin 119,

132–134
mastitis 126, 154–155
O157 147
pathogenicity island 117

pathogenesis of EPEC
144–146

pathogenesis of ETEC
141–144

pathogenesis of ExPEC
149–156

pathogenesis of STEC
146–149

pathotypes 117, 118t, 119f,
121t

pili 126–128
poultry 120t, 125t, 125–126
protectins 140
pyometra 154
rabbits 119t, 124, 146
secretion systems 138–139
septicemia 124–126, 149
serotyping 118
serum resistance 140,

149
sheep 122t, 143
Shiga toxin-producing, STEC

121–122, 146–149
Shiga toxins 134–135
STa enterotoxin 119,

130–131
STb enterotoxin 119,

130–131
swine 119t, 119–121, 121t,

122, 123, 124, 142–143,
146, 149–150

toxins 130–135
uropathogenic, UPEC

152–154
verotoxigenic, See Shiga

toxin-producing
virulence evolution 19, 23
virulence factors 126–140
virulence plasmids 117,

127, 128, 129, 130, 135,
136, 139, 140

Evolution of virulence. See
Virulence, evolution

Exopolysaccharide 108, 271,
310, 328, 548, 723

Extracellular protein factor
581

Exudative epidermitis 545,
554

f
Facultative intracellular

pathogens 3, 11, 93t
Brucella 363, 366, 368
Corynebacterium 704
Escherichia 153–154
Mycobacterium 744f
Rhodococcus 721, 724, 726
Salmonella 167, 180, 184,

188
Falkow’s molecular Koch’s

postulates 59, 63, 69
FC. See Fowl cholera
Ferric uptake regulator protein

(Fur) 111, 205, 233,
274, 351

Fibronectin-binding proteins
Actinobacillus 281
Brucella 370
Campylobacter 401
Clostridiodes 629
Glaesserella 308
Mannheimia 251
Mycoplasma 671
Staphylococcus 103, 547
Streptococcus 566t, 572, 577

Filamentous hemagglutinin
(FHA)

Actinobacillus 279
Bordetella 380
Moraxella 348, 353
Pasteurella 229, 233, 236

Fimbriae. See Pili
Fitness and virulence 8, 18,

66, 124, 140–141
Flagella and pathogenesis 26,

85, 101, 118, 153, 322t,
368, 387, 401, 413, 512,
515, 531, 640

Footrot 759, 765
Fowl cholera (FC) 224
Fur protein. See Ferric uptake

regulator protein
Fusobacterium equinum 763
Fusobacterium necrophorum

759–763
characteristics of 759
disease 759
immunity 762–763
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Fusobacterium necrophorum
(contd.)

leukotoxin, LktA 760
pathogenesis 761–762
sources 759
virulence factors 759–761

g
Gallibacterium anatis 295–301

control 300–301
disease 295–296
immunity 300
pathogenesis 299, 300
source 295
virulence factors 296–299

Gallibacterium, species 295
Gallium 111
Gas gangrene 619, 635, 637t,

641, 644
Genome 32–44

analysis 39–40
assembly 38–39
comparative analyses 12,

34, 41–42, 64t, 66, 68–69
evolution 15–18, 19, 34
functional genomics 44–46
gene prediction and

annotation 39–40
genomic islands 21, 165,

402, 608
horizontal gene transfer

20–23, 124, 165, 609
mutation 34
pan-genome 12, 41–43
pathoadaptation 19, 21
pathogenicity islands 20–22
pathogenonomics 32f
population structure 18
proteomic analysis 46–48,

70–71
phylogenomics 42–44
pseudogenes 169, 184, 369,

447, 463, 682, 718
rearrangements 19, 20
reduction 19, 26–27
RNA sequencing 12, 44–46,

70
sequencing technology 34,

36–38

sources of diversity 18, 33,
35

vaccine development 48–51
Genomes. See individual

pathogens
Glaesserella australis 301
Glaesserella parasuis 301–309

characteristics 301
control 308–309
disease 302
pathogenesis 306–308
source 302
virulence factors 302–306
virulence regulation 306

Glycoconjugates 6, 7, 81, 230,
611, 624

Gram-negative anaerobes
757–771

pathogenesis 757–758, 758t,
761, 764, 766

pathogenic species 758t
See also Bacteroides;

Dichelobacter; Fuso-
bacterium; Porphyro-
monas; Prevotella

h
Haemophilus 223, 301, 309
Helicobacter 413–432

genomes 417, 418
H. mustelae 419–420, 423
H. pylori 413, 414, 418, 422
H. species, other 414–416t
H. suis 420–421
pathogenesis 413

Helicobacter, gastric (non-H.
pylori) 413–425

cats 421–422
colonization 413, 418
dogs 421–422
gamma-glutamyl transferase,

GGT 418
hamsters 423–425
horses 422
immune evasion 85,

418–420
immune response 420
inflammation 419–420, 421
LPS 419

mustelids 423
pathogenesis 413, 417–418
pathogenic species

414–416t
rabbits 423–425
ruminants 422
swine 420–421
virulence factors 413–420
zoonotic 424–425

Helicobacter, enterohepatic
414–416t, 425–426

H. species 425
in animals 426
urease 425
zoonotic aspects 426

Hemagglutinin 130, 297, 648,
681, 760, 764

See also Filamentous
hemagglutinin

Hemolytic uremic syndrome
122

Hemorrhagic septicemia (HS)
224

Hfq, virulence riboregulator
234, 268, 369

Histophilus somni 309–311
control 311
disease 309, 311
immunity 311
LOS of 310
pathogenesis 310–311
virulence factors 309–310
virulence regulation 310

Horizontal gene transfer 18,
34, 35, 68, 124, 165, 402,
609

Host species specificity
Bacillus anthracis 589
Brucella 362, 366
Chlamydia 440
Escherichia coli 129
Glaesserella 302
Lawsonia 489
Leptospira 502
Mycoplasma 668
Pasteurella 224, 231
Rhodococcus 719
Salmonella 178, 184,

186
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Staphylococcus 545, 546,
551, 553, 557, 559

Streptococcus 565
Hyaluronidase 566t, 572, 608,

629, 639, 764
Hydrogen peroxide 82, 141,

671–673

i
Immune response subversion

epigenetic and genetic
modulation 92–94

See also Innate immunity,
evasion; Adaptive
immunity, evasion

Immunity. See Innate
immunity; specific
pathogens, immunity

Immunoglobulin-degrading
proteases 88, 279, 281,
291, 298, 305, 566, 673

Infection process
association with host in

2–3, 8–9, 58–59
establishing infection 2,

4–5, 58
multiplication/evasion of

host defenses in 3,
9–11

pathogen damage to host in
3–4

pathogen transmission from
host in 4

Infectious bovine keratoconjun-
ctivitis (IBK) 344–346

Inflammasomes 11, 89, 473
Innate immunity 3, 170, 270,

332, 367, 548, 688, 726
See also specific pathogens,

immunity
Innate immunity, evasion

antimicrobial peptides 80
complement 81–82
epithelial barriers 80
innate immune receptors

subversion 84–85
phagocytes 82–84

Interdigital necrobacillosis
759

Invasion 11, 58
Actinobacillus 272, 281
Bordetella 382, 385
Brachyspira 530, 532
Campylobacter 399, 401t
Dichelobacter 766, 767
Escherichia 136, 141, 150,

153
Fusobacterium 761
Gallibacterium 298
Glaesserella 302, 303, 307
Lawsonia 491
Leptospira 515
Mycobacterium 742
Mycoplasma 671, 684
Pseudomonas 322, 325
Salmonella 165, 171, 174,

179, 180, 183
Staphylococcus 103, 547,

550, 557
Streptococcus 107, 568, 571,

580
Yersinia 3, 212

Iron and pathogenesis
Actinobacillus 270, 274,

282
Bordetella 384
Escherichia 139, 151, 153,

155
Glaesserella 303, 305
Histophilus 315
host defense 2, 102
limitation 110–111
Mannheimia 255, 256
Moraxella 351
Mycobacterium 743
Pasteurella 230, 233
Pseudomonas 320, 325t
Rhodococcus 722
Streptococcus 572, 578
Yersinia 205

j
Johne’s disease 736, 737t

k
Koch’s postulates 5, 57
Koch’s postulates, molecular

5, 60

l
Lawsonia intracellularis

486–501
apoptosis 492
characteristics of 486–488
control 497
disease 490–491
environmental factors

influencing 489
genome 488
host range 489
immunity 496–497
lesions 486, 494
pathogenesis 492–496
sources 489–490
virulence factors 491–492

Leptospira 502–527
carrier 505, 506
cats 507t
cattle 508t, 511
characteristics 502–505
clinical presentation 511,

515–516
colonization 515
complement resistance

513
control 518
disease 507–510t
dogs 507t, 511, 516
epidemiology 505–506
evasion of host defenses 85,

505, 506, 513, 515
flagella 503–504, 512
genome 504, 505, 511–512
goats 509t
hemolysins 513
horses 508t, 511, 513
host damage 515–516
host specificity 502
immunity 516–517
inflammation 516
invasion 506
lipoprotein 512
LPS 513, 516
oxidative stress 505, 513
pathogenesis 506, 512, 513,

514–516
rodents 510t
serovars 505, 510t
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Leptospira (contd.)
sheep 509t
sources 505–506, 507–510t
swine 508t, 511
taxonomy 505
vaccines 517–518
virulence factors 511,

512–514
virulence regulation 514
zoonosis 500, 505–508,

511
Leptospira serovars

Autumnalis 507–509t
Canicola 507–509t
Grippotyphosa 507–509t
Hardjo 507–509t
Icterohaemorrhagiae

507–509t
Other serovars 507–509t
Pomona 507–509t

Lipoarabinomannan 725, 740,
744, 746, 748

Lipooligosaccharide (LOS)
Brachyspira 532, 537
Campylobacter 86, 401
Glaesserella 301, 303
Histophilus 309, 310
Moraxella 349

Lipopolysaccharide (LPS) 3,
58, 80, 85, 101, 107, 228,
236

Actinobacillus 264, 267,
272–273, 280

Avibacterium 291
Bordetella 378, 383
Brucella 367–368
Campylobacter 399
Coxiella 447
Escherichia 118, 122, 140,

150
Fusobacterium 759, 760
Helicobacter 418
Leptospira 503
Mannheimia 246, 249–250
Pasteurella 222, 226, 228
Pseudomonas 322, 329
Rickettsia 479
Salmonella 167
Yersinia 212

Lipoteichoic acid 58, 81, 566,
581

Listeria monocytogenes,
evolution 25

LktA. See Leukotoxin
LOS. See Lipooligosaccharide
LPS. See Lipopolysaccharide
Lymphocyte suppression

86–88

m
M protein 581
MAC. See Membrane attack

complex
Macrophages 11, 82, 84, 85

Actinobacillus 267, 273
Bacillus anthracis 593, 594,

595
Bordetella 386
Brucella 88, 363, 366
Corynebacterium 703
Coxiella 90
Escherichia 142, 145, 150
Glaesserella 307
glyoxylate shunt 726
Histophilus 310
Leptospira 515
Mannheimia 252, 253
Mycobacterium 91, 92
Neorickettsia 475
persistence in 84, 725,

746
phagosome maturation 3,

725, 740, 746
Rhodococcus 720, 722,

724–725
Rickettsia 84, 477
Salmonella 23, 91, 175, 178,

180, 184, 188, 190
Yersinia 208

Malignant edema 638, 641
Mannheimia 244–261

characteristics 244
disease 247–249
pathogenic species 245,

249
sources 245

Mannheimia haemolytica
245–256

adherence 249, 251
capsule 244, 249, 252
cattle 245–247, 251–254
characteristics 244
colonization 251
control 254–255
disease 247, 248
genome 251
immunity 251
iron acquisition/regulation

251
lesions 247–249
LktA 246, 249–250, 253
LPS 250, 252
O-sialoglycoprotease 250
outer membrane proteins

251
pathogenesis 246, 250,

251–253
septicemia 247
serotypes 244
source 245
transferrin-binding protein

250
vaccine 254
virulence factors 246,

249–250
virulence regulation

250–251
Matrix metalloproteases

(MMPs) 442
Membrane attack complex

(MAC) 513
Metalloproteases 270, 281,

291, 298, 513, 594, 611,
661, 764

Microarray analysis 71–72
MicroRNAs 91–92
MLST. See Multilocus sequence

typing 118, 424, 565,
572

Molecular Koch’s postulates 5,
60, 74

Moonlighting proteins 7, 268,
581

Moraxella bovis 344–360
adherence 346–348
control 354
cytotoxin 349–351
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filamentous hemagglutinin,
FHA 348

genome 351
hemolysin 349–351
humoral immune responses

during 352–353
immunity 352–354
infectious bovine keratocon-

junctivitis, IBK
344–355

iron acquisition 351–352
pathogenesis 345, 346–352
pili 346–348
vaccines 347, 353–354
virulence factors 346–352
virulence regulation 352

Moraxella bovoculi 344,
345

Moraxella species, other 345t
Motility, inhibition 106–107
Multidrug efflux pumps 331,

332
Multilocus sequence typing

(MLST) 118
Mycobacterium 736–756

birds 737t
bovine tuberculosis 736,

744, 748, 749, 750
cats 737t
cattle 737t, 739, 740
characteristics 736–738
cell entry 742, 744–745
cell-mediated immunity

749
cell wall 740–741
control 750
disease 743–744
genome 738, 739–740,

741
granuloma 741, 742, 743,

745, 747
hosts 737t, 738
humans 737t
humoral immunity 749
immune subversion

749–750
immunity 748–750
Johne’s disease 736, See

paratuberculosis

macrophages 740–742,
744–748

M. avium subsp. avium 737t
M. avium subsp. hominissuis

737t
M. avium subsp.

paratuberculosis 737t
M. bovis 737t
M. canettii 737t
M. caprae 737t
M. chelonae 737t
M. kansasii 737t
M. leprae 737t
M. pinnipedii 737t
M. species, other 737t
M. tuberculosis 737t
rodents 737t
ruminants 737t
paratuberculosis 736, 744,

745, 748
pathogenesis 744, 745–748
pathogenic species 737t
sources 737t, 738–740
swine 737t
virulence factors 740–742
virulence regulation

742–743
wildlife 737t, 738–740

Mycoplasma 667–700
adherence 670–671
antigenic variation 682–684
arthritis 675t, 675–676
attachment and motility

681–682
biofilm formation 673
capsule 673
cats 669t
cattle 669t, 670, 676t
characteristics 667–668
chondrodystrophy 676t, 680
ciliostasis 682
conjunctivitis 679
control 690
disease 669t, 674, 675t, 676t
diseases, invasive 674, 675t
diseases, localized infection

676t, 676–678
diseases, reproductive tract

676t, 679

diseases, respiratory tract
676t, 677–679

dogs 669t
environmental factors

influencing 687
genome 671, 674, 681, 685,

686, 688, 691, 692,
700

goats 669t, 676t, 680
hemotropic 677
hydrogen peroxide 671–673
immunity 688–689
immune evasion 673–674,

682–686
inflammation 688–689
invasion 684–685
lipoproteins 682–684
M. agalactiae 669t, 671,

675t, 676t
M. arthritidis 675t
M. bovigenitalium 676t
M. bovis 669t, 671, 675t,

676t
M. bovoculi 669t
M. capricolum 669t, 675t,

676t, 678
M. conjunctivae 669t, 671
M. crocodyli 675t
M. cynos 669t
M. dispar 669t
M. felis 669t, 676t, 677
M. gallisepticum 669t, 676t,

681, 683, 685
M. haemofelis 669t, 675t
M. hyopneumoniae 669t,

670, 676t
M. hyorhinis 669t, 675t, 677
M. hyosynoviae 669t, 675t
M. meleagridis 669t, 676t,

678
M. mobile 676
M. mycoides subsp. capri

669t, 673, 674, 675t
M. mycoides subsp. mycoides

669t, 671, 673, 678
M. ovipneumoniae 246,

669t, 676t, 678
M. synoviae 669t, 677, 678,

679, 682
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Mycoplasma (contd.)
mastitis 679–680
microbial interactions 687
pathogenesis 672, 680–687
pathogenic species

669–670t
phase variation 684
polyserositis 675t
poultry 669t, 676t
septicemia 674
sheep 669t, 676t, 680
sialidase 673
sources 668–670
superantigens 673
swine 669t
synovitis 675–676
tissue necrosis 686–687
vaccines 689, 690
virulence factors 670–674
virulence regulation 674

n
Natural-resistance associated

macrophage protein
185, 186

Necroptosis 10, 88, 89
Necrotic enteritis, avian

lesions of 616
pathogenesis 622
risk factors 623–625
virulence factors 611, 612,

621–622
Neorickettsia 457t, 474–476

bears 457t,
474

canines 457t, 474–475
control 476
diseases 475
Elokonin fluke liver disease

457t, 474
genomes 475–476
immunity 476
N. helminthoeca 474–475,

476
N. risticii 475
N. species, other 457t, 474
pathogenesis 476
Potomac horse fever 457t,

475, 476

Salmon poisoning 457, 474
sources, vectors 474–475

NetB toxin 621–622
NetF toxin 610, 615
Neutrophil extracellular traps

(NETS) 253, 269, 513,
688

Neuraminidase. See Sialidases
Nickel uptake 270
Notch signalling 90, 470, 492
NRAMP. See Natural-resistance

associated macrophage
protein

Nucleomodulins 86, 87t, 92,
93t, 471, 472

o
Obligate intracellular pathogens

27, 84, 433, 492
Outer-membrane vesicles 91,

133, 277, 297–298,
419

Oxidative stress 84, 141, 167,
366, 492, 505, 533, 685,
721, 727

p
Paeniclostridium sordelli 631t,

637t, 640–642
PAMPs. See

Pathogen-associated
molecular patterns

Pasteurella 221–243
characteristics 221
diseases 222t, 223
pathogenic species 221,

222t
sources 223

Pasteurella multocida 221–243
adherence 229–230
atrophic rhinitis, AR

224–225
capsule 225–227
control 238
disease 222t, 223–225
fowl cholera 224
genome 231–233
hemorrhagic septicemia

224

immunity 236–238
iron 230, 233
lesions 223–225
LPS 222, 228
pathogenesis 226, 235–237
pili 229
pneumonia 225
sialometabolism 230–231
sources 223
toxin, PMT 228–229
vaccines 238
virulence factors of 225–231
virulence regulation

233–235
zoonoses 225

Pasteurella species, other 222t
Pasteurella trehalosi. See

Bibersteinia trehalosi
Pasteurella volantium. See

Avibacterium
paragallinarum

Pathoadaptation 23
Pathogen-associated molecular

patterns (PAMPs) 4,
10, 82, 85, 90, 92, 741

Pathogenomics 32, 34
Pathogens, evolution 15–28
Pathogenesis

basic elements 1–5, 58–59
experimental approaches

57f
host-pathogen

communication 9–11
pathogenomics and

bioinformatics 32f
regulation 4–5
virulence concepts 5–9

Pathogenicity islands (PAI)
characteristics 20, 21t
Escherichia coli 23–25, 117,

129, 135, 138, 140,
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Helicobacter 418
Moraxella 350
Rhodococcus equi 718, 721,

724
Salmonella 23, 72, 165, 174,

177, 178
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Streptococcus 568, 582
Yersinia 205

Pattern recognition receptors
(PRRs) 4, 10, 82, 252,
448, 471, 506, 515, 725,
744

Peptidoglycan and pathogenesis
7, 10, 81, 85

Bacillus 595, 596
Mycobacterium 744
Staphylococcus 544
Streptococcus 572, 573, 574

Pertactin 382
Phagocytosis. See specific

pathogens
Phagolysosomal fusion

inhibition 84, 371, 595,
746

Phase variation 35, 50, 86,
153, 310, 441, 629, 672,
684

Phospholipases 325, 637t,
348, 469, 513, 613, 619,
637, 641, 642, 643,
644–645

Pili 2, 100, 101, 102, 103
Actinobacillus 268, 281
Bordetella 111, 381
Corynebacterium 706
Dichelobacter 765–766
Escherichia coli AIDA-1 128
Escherichia coli,

bundle-forming 129
Escherichia coli F4 126
Escherichia coli F5 126, 127
Escherichia coli F6 126, 127
Escherichia coli F18 126,

127
Escherichia coli F41 128
Escherichia coli, other

128–130
Escherichia coli P 129
Escherichia coli type I 103,

129
Gallibacterium 297, 299
Moraxella 346–348
Pasteurella 229
Pseudomonas 111, 319, 322,

323

Salmonella 174, 175, 182
Plasmids, virulence-associated

Bacillus anthracis 589
Chlamydia 440
Clostridium botulinum 650
Clostridium tetani 652
Escherichia coli 117, 127,

129, 130, 132, 135, 136,
139, 140

Paeniclostridium sordellii
641, 646

pathogen evolution 19, 20,
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Rhodococcus equi 718,
719–720, 722

Salmonella 164, 166, 173,
178

Yersinia 202, 203, 205,
208

Plasminogen activation 82,
208, 513, 567, 570, 572,
670

Porphyromonas 764–765
Prevotella 764–765
Programmed cell death 10
Protectins 3, 139
Proteomic analyses 46–47,

70–71
PRRs. See Pattern recognition

receptors
Pseudomonas 318–343

characteristics 318–319, 320
pathogenic species 319

Pseudomonas aeruginosa
319–336

alginate 322t, 328
antibiotic resistance 331t,

331–334
biofilm-associated

polysaccharides 324
colonization 328, 329
control 331–335
disease 320, 321, 321t
exoenzyme S, T 325t, 330
exoenzymes U, Y 326t, 330
exotoxin A 325t, 328
flagella 323
host defense evasion 87, 328
immunity 329, 330–331

iron 319, 325t, 328
LPS 323–324
pathogenesis 328–330
phospholipase C 325t, 329,
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proteases 325t, 328
pyocins 334–335
pyoverdine 319–320
quorum sensing 324–326,

327
secreted products 324–326,

325t
sources 320
T3SS 324–325, 325t
vaccines 330
virulence factors 321–327,

322t, 325t, 330
virulence regulation 326,
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Pyroptosis 10, 88–89
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Bibersteinia 251
Brucella 368
Clostridium 625
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Staphylococcus 558
quenching 104–105
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Regulated cell death 88–91
Reverse vaccinology 48–51,

238
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control 728–730
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719
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pathogenesis 724–726
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Rhodococcus equi (contd.)
virulence evolution

723–724
virulence factors 717, 721
virulence regulation

721–723
zoonosis 719, 720

Rickettsia 476–479
animal pathogens 476
canines 457t
control 479
diseases 477–478
genomes 478
host range 457t, 477
human pathogens 476
immunity 479
immunopathology 479
pathogenesis 84, 478–479
R. conorii 457t, 476
R. prowazekii 457t, 476
R. rickettsii 457t, 476
R. species, other 457t,

476–477
sources, vectors 477
squirrels 457t
T4SS 478

Rickettsiales 456–479
classification 456, 457t
pathogenic Rickettsiales

456, 457t
See also Anaplasma, Ehrichia,

Neorickettsia, Rickettsia
RNA chaperone Hfq 234, 268,

369
RNA-seq 44–46, 70, 74
RTX toxins 4, 82, 87t, 135, 138,

154, 249, 272, 279, 281,
296, 349, 350, 382
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S-layer proteins. See

Surface-layer proteins
Salmonella 162–199

age-related resistance 169,
170, 174, 179

antimicrobial resistance
190–191

carriers 170
cattle 169, 170–171

cell-mediated immunity
189–190

characteristics 162
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179–183
disease 167–169
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174
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genome 162–167, 164t
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host adaptations 19, 168,

169, 184
host susceptibility 168, 170,
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immunity 186–190
invasion 174, 175, 183
LPS 85, 187
macrophage 176
pathogenesis 179–183
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165, 175–179
pathovars 167–169
pili 182
plasmids 166–170
poultry 172–174
prophages 165, 166–167
pseudogenes 166, 181
Pullorum disease 173
S. Abortusovis 168, 171
S. arizonae 165
S. bongori 163, 171
S. Choleraesuis 168,

171–172
S. diarizonae 171
S. Dublin 170, 171
S. enterica 167
S. Enteritidis 168, 172, 173,

174, 182
S. Gallinarum 167, 168, 173,
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S. Paratyphi 167
S. Pullorum 168, 172, 173
S. Typhi 166
S. Typhimurium 164t, 166,

169, 171, 172
sheep 170–171
SPI-1 175–176

SPI-2 177–178
SPI-3 178
SPI-4 178
SPI-5 178
SPI-6 178
SPIs, other 178–179
swine 171–172
systemic disease of 177,

184–185
tissue multiplication

185–186
TLRs 187
T3SS 174–178
vaccines 190
virulence evolution 23,

163–167
virulence factors 174–179
virulence plasmids 166–170
zoonoses 162, 167

Secretion systems, inhibition
107–110

Secretion systems, types
108–110, 138–139

See also Type I-Type VIII
secretion systems

Serum resistance
Escherichia 140–149
Glaesserella 303
Histophilus 309

Sialic acid 81, 82, 230–231,
280, 305, 419, 568, 581,
624, 641
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Clostridium 608, 617t, 619,

624, 639, 640
Corynebacterium 703
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Mycoplasma 673
Paeniclostridium 641
Pasteurella 230–231
Prevotella 764
Streptococcus 566
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Siderophores 111, 153, 230,
270, 305, 328, 351,
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Signature-tagged mutagenesis
71–72

Staphylococcus 543–564
adherence 100–103
biofilms 544, 548, 549
capsule 547–548
cattle 546–551
cell-wall anchored proteins

100–103, 544
characteristics 543–544
clades 544, 545, 556
clonal complexes 546, 551
coagulase-negative 544
coagulase-positive 543–544
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colonization 546, 547, 549,

552
control 550, 552, 553, 554,

556
diseases 545, 546, 547, 551,

553, 555, 556–557
dogs 556–559
enterotoxins 557
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genomes 545, 546, 553,

555
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horses 545
host adaptation 545, 546,

547, 551
immune evasion 80, 83, 87,

102, 547, 548, 549, 550,
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545, 551
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pathogenesis of 549, 552,

554, 555, 558–559
pathogenic species 544–546
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rabbits 553–554

sheep 545
sources 546–547, 551, 553,

556
superantigens 548
swine 545, 554–556
vaccines 550–551
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552, 554, 558
virulence factors 544, 547,

551–552, 553–554, 555,
557–558

von Willebrand-binding
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554
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source 554–555
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556–559

antimicrobial resistance 559
disease 556–557
pathogenesis 558
source 556
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543–544, 545

Streptococcus 565–587
adherence 566t, 568,

578–579
capsule 567, 568, 572
cats 566t, 579–580
cattle 566t, 567, 569, 570
characteristics 565
diseases 566t, 567, 568, 569,

570
dogs 566t, 579–580
evasion of host defenses

567, 568, 569, 571,
572–574, 578, 581

genomes 567, 568, 570, 573,
574, 578, 581–582

horses 512, 566t, 578
hosts 566t
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566t
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pathogenesis 568–569, 570,

574–576
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566t
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pyrogenic exotoxins 567,

573
sources 565, 567, 572, 579,

580
swine 566t, 578, 580
vaccines 569, 571, 577, 579,

582
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568, 569, 571, 572–573,
580–581

Streptococcus agalactiae 566t,
567–569

Streptococcus canis 566t,
579–580

Streptococcus dysgalactiae
566t, 569–570, 579

Streptococcus equi 566t,
571–577

evolution 575
pathogenesis 574–576
surface proteins 573, 574
virulence factors 572–574

Streptococcus species, other
566t

Streptococcus suis 580–582
pathogenesis 582
virulence factors 580–582

Streptococcus uberis 566t,
570–571

Streptococcus zooepidemicus
566t, 577–579

Superantigens 88
Mycoplasma 673
Staphylococcus 88, 548
Streptococcus 88, 566, 573,

574, 578
Surface layer (S-layer) proteins

399, 400, 627, 629
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t
Tetanus. See Clostridium tetani
Toll-like receptors T

lymphocytes (TLRs)
10, 11, 82, 84, 85,
90

Actinobacillus 272, 273
Bordetella 383
Brucella 367, 371
Chlamydia 448
Escherichia 153, 155
Helicobacter 418, 419
Leptospira 515, 516
Mycobacterium 741, 744
Mycoplasma 673, 688
Rhodococcus 726–727
Salmonella 186, 187

Toxic shock syndrome
Staphyococcus 545
Streptococcus canis 579

Toxin classification 3–4
Toxin type I, membrane-acting

toxins
Bordetella, DNT 382
Escherichia coli CNF 136
Escherichia coli Sta 119,

130–131
Pasteurella PMT 228
See also Superantigens

Toxin type II, membrane
damaging toxins

Bacteroides fragilis BFT
764

Clostridium chauvoei CctA
637t, 640

Clostridium perfringens CPA
609t, 619–620

Clostridium perfringens CPB
609t, 620

Clostridium perfringens CPB2
617t, 620

Clostridium perfringens CPE
609t, 621

Clostridium perfringens ETX
609t, 620–621

Clostridium perfringens ITX
609t, 618t, 621

Clostridium perfringens NetB
609t, 621–622

Clostridium perfringens NetF
609t, 618t

Clostridium septicum Csa
637t, 638

See also Cytolysins,
cholesterol-dependent

See also Phospholipases
See also RTX toxins

Toxin type III, intracellular
toxins

Clostridium perfringens BEC
618t

Escherichia coli, Shiga toxins
124–135

Large clostridial cytotoxins
618t, 621, 627, 641, 642

See also ADP-ribosyl
transferases

See also Adenyl cyclase toxins
See also Clostridium

botulinum, neurotoxins
See also Clostridium tetani,

neurotoxin
Transcriptomics 44–46,

69–70
Transferrin-binding proteins

279, 291, 305, 310
Transmissibility 17
Transposon-insertion

sequencing 72
Transposon mutagenesis 66,

71, 72, 75, 182, 514
Trimeric autotransporter 290,

303, 304, 370
Trueperella 707, 709–710

T. pyogenes 251, 570, 706,
709–710

Two-component regulatory
systems 5, 105–106,
177, 306, 322, 368–369

Type I secretion system (T1SS)
108, 138, 296, 468

Type II secretion system
(T2SS) 106, 108, 133,
138, 517

Type III secretion system (T3SS)
5, 20, 26, 108, 138

Bordetella 378, 383, 384
Chlamydia 434, 440, 441

Coxiella 447
Escherichia coli 129, 138,

145
Lawsonia 492
Pseudomonas aeruginosa

324
Salmonella 165, 167, 174,

175, 186
Yersinia 203–205, 208

Type IV secretion system (T4SS)
5, 108, 138

Anaplasma 460, 462
Brucella 366, 368
Campylobacter 400

Type V secretion system (T5SS)
109, 139, 213, 761

Type VI secretion system (T6SS)
109, 139, 209, 326,
384

Type VII secretion system
(T7SS) 109, 717, 741

Type VIII secretion system
(T8SS) 110, 130, 149

v
Vaccines. See specific

pathogens, vaccines
Virulence

bacterial pathogen fitness
17–18, 124, 126,
140–141

bacteriophages 22–23, 166
concepts 5–9
definitions 6
evolution of 15–27, 34–36,

101, 117, 165–167
factors 6–7, 72–75
factors, pathogenesis-based

targets 99–112
gene discovery 63, 64–65t,

67–69
genetic diversity, sources

18–20
microRNAs 91–92
regulation 4, 9–10
See also Plasmids,

virulence-associated
See also Specific pathogens,

virulence factors
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Wnt signalling pathway 11,

91, 469, 470, 492

x
Xenophagy 89, 90

y
Yersinia 200–220

characteristics 200
diseases 201
genome 201–203, 212
highly pathogenic species

202, 203–205
non-pathogenic species

201, 202
pathogenic species

200–201, 202
taxonomy 201–203
vaccine 214

Yersinia enterocolitica 209–213
adhesin, YadA 204, 211,

212–213
control 214
diseases 201, 210–212
genome 201–203, 212
lymph node tropism 210
pathogenesis 212–213
sources 209–210
virulence factors 203–205

Yersinia entomophaga
213–214

Yersinia pestis 205–209
control 214
disease 205, 207–209
fleas 205, 206–207
genome 202–203
immune evasion 203–205
iron acquisition 139, 140,

205

virulence factors 203–205
virulence plasmids 203,

205, 212
sources 205–207
T3SS 203–205, 213
transmission cycles 206
Yops 203–204, 208

Yersinia pseudotuberculosis
209–213

adhesin, YadA 204, 211,
212–213

control 214
disease 210–211
genome 201–203, 212
lymph node tropism

210
pathogenesis 212–213
sources 209
virulence factors 203–205

Yersinia ruckeri 213


	 Cover
	Pathogenesis of Bacterial Infections in Animals, Fifth Edition.pdf



