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Preface 

Infectious diseases are the sicknesses caused by the pathogenic microbial organisms 
that include bacteria, viruses, fungi, or parasites. These infectious microorganisms 
can multiply and cause an infection once they enter the body. Several infectious 
diseases are known to be transmissible, that spread from person-to-person (human-
to-human transmission). Infectious diseases can also be transmitted by the vectors or 
from animals to humans (zoonotic transmission). In addition, the pathogens causing 
mild to life-threatening infectious diseases can be airborne, waterborne, foodborne, 
and soilborne. Several new microbial pathogens have emerged to cause several 
infectious diseases, sporadic cases, and deadly outbreaks worldwide. 

The biology of microorganisms is complex as every single microbial organism 
(species/genotype/sub genotype) occupies a unique ecosystem and a distinctive 
niche. Furthermore, it has been recognized that the strains and species of microbial 
organisms are not only typically restricted together but also compete for limited 
nutrients and space. These severe challenging environments frequently result in 
the evolution of unique phenotypes of microorganisms that can outcompete and 
displace the co-existing genotype/strain/species. Therefore, to control and prevent 
any infectious disease, it is warranted to characterize more known, as well as, 
unknown/little less known/less prevalent microorganisms, recovered from clinical, 
food, environmental, and other microbiological settings to understand the apparent 
biology of microbial organisms and to better predict the performance of microbes 
causing various infectious disease. It will also help in the development of more 
robust high-throughput diagnostic techniques for the rapid diagnosis of infectious 
microbial pathogens of public health importance. 

Thus, considering the above facts, this book has been compiled on the advancement 
that has been made in the recent past for the diagnosis of various human-pathogenic 
microorganisms of public health significance. This book includes nine chapters from 
experts in the field on the diagnosis of the following pathogenic microorganisms known 
to cause infectious diseases worldwide: (i) Diagnosis of Human-pathogenic Gram-
Negative Bacteria (Cronobacter species, Campylobacter), (ii) Diagnosis of Human-
pathogenic Gram-Positive Bacteria (Listeria monocytogenes, Staphylococcus), (iii) 
Diagnosis of Human-pathogenic Virus (Hepatitis B Virus and Hepatitis C Virus), 
and (iv) Diagnosis of Human-pathogenic Gastrointestinal Parasites (Intestinal 
Amebiasis, Toxoplasma gondii, Cyclospora cayetanensis Coccidian parasites). This 
book will help the scientific community to better understand the diagnosis of several 
disease-causing microbial pathogens of public health significance. 
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Chapter 1 

Recent Advancement in the 
Diagnosis of Cronobacter 

Species and Related Species 
Causing Foodborne Disease 

and Outbreaks# 

Hyein Jang*, Jayanthi Gangiredla, Isha R. Patel, Flavia Negrete, 
Leah M. Weinstein, Katie Ko, Ben D. Tall and Gopal R. Gopinath 

Taxonomy, Phenotypic Characteristics, Natural History of 
Cronobacter and Related Public Health Trends 
Cronobacter are Gram-negative, non-sporulating, mesophilic, facultatively anaerobic 
bacteria that belong to the phylum Proteobacteria, class Gammaproteobacteria, 
order Enterobacterales, and  family Enterobacteriaceae. Bacterial cells are  
rod-shaped measuring approximately 3 by 1 μm when growing exponentially. Cells 
are motile by peritrichously-expressed flagella (Iversen et al. 2008a). Figure 1 shows 
the morphological features of typical Cronobacter cells. The genus Cronobacter  
was first proposed in 2007 by Iversen et al. (2007a) with further clarification of 
the taxonomic relationships of the biogroups of Enterobacter sakazakii as described 
by Farmer et al. (1980) and Iversen et al. (2006) in a second report published in 
2008 (Iversen et al. 2008a). The species described by Iversen et al. (2008a) 

Center for Food Safety and Applied Nutrition, U.S. Food and Drug Administration, Laurel, 
MD 20708, USA. 

* Corresponding author: hyein.jang@fda.hhs.gov 
# Disclaimer: This book chapter reflects the views of the authors and should not be construed to represent 

FDA’s views or policies. 
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4 Diagnosis of Pathogenic Microorganisms Causing Infectious Diseases 

Figure 1.  Transmission electron photomicrograph of a typical ST  4 Cronobacter sakazakii  strain (LR632, 
synonym ES632) grown on TSA  supplemented with 1% sodium chloride and incubated at 37°C for 22 h. 
C. sakazakii  LR632 was isolated  from USA  dairy plant environment in 2005. The cells were negatively 
stained with 0.5% sodium phosphotungstate (pH 6.8). Note the typical undulating nature of the cell 
surface (outer membrane) and the many peritrichously-expressed flagella (arrows). The cells shown in 
the electron photomicrograph are in a clump which typically is found in cultures that are undergoing auto 

aggregation. Bar represents 1 μm. The image was adapted from Jang et al.  (2018a). 

included Cronobacter sakazakii, Cronobacter malonaticus, Cronobacter muytjensii, 
Cronobacter turicensis, Cronobacter dublinensis (three subspecies; lactaridi, 
dublinensis, and lausannensis) and Genomospecies 1. In 2012, Joseph et al. (2012a) 
renamed Genomospecies 1 as Cronobacter universalis and described Cronobacter 
condimenti. Of the seven species, the primary pathogens are C. sakazakii, 
C. malonaticus, and C. turicensis (Stephan et al. 2011; Joseph et al. 2012; 2012b; 
Holý et al. 2014; Alsonosi et al. 2015). 

However, the natural history of Cronobacter has had an arduous journey primarily 
because phenotypically this group of organisms was difficult to taxonomically place 
within the family Enterobacteriaceae, and there was an enormous lack of knowledge 
about their microbiological characteristics, clinical prevalence, and ecological 
distribution. Table 1 shows the key phenotypic traits possessed by Cronobacter 
species and similar phylogenetically related species. 

The first noted isolate dates back only to 1950 with NCTC 8155, a C. sakazakii 
strain that was obtained from a can of dried milk, and the first strain isolated from 
a human clinical specimen also dated in 1950 when C. sakazakii NCTC 9238 was 
isolated from an abdominal abscess (Farmer et al. 2015). The first clinical neonatal 
meningitis isolates were those that Urmenyi and White-Franklin described in their 
1958 case report published in 1961 (Urmenyi and White-Franklin 1961). For more 
information about the history of outbreaks and unique cases, refer to the review by 
Henry and Fouladkhah (2019). 

The isolates in these early cases were presumptively identified as either pigmented 
coliforms or yellow-pigmented Enterobacter cloacae (Urmenyi and White-Franklin 
1961). It was not until Farmer et al. in their seminal 1980 report provided critical 
microbiological and genomic characteristics of a collection of 57 strains (Farmer 



 
  

C
ronobacter D

isease and D
etection 

5 
Table 1. Typical phenotypic (biochemical) characteristics of Cronobacter and phylogenetically related species.a 

Reaction For: 

Phenotype Reaction C.
sakazakii 

C.
malonaticus 

C.
dublinensis 

C.
muytjensii 

C.
turicensis 

C.
condimenti 

C.
universalis 

S.
turicensis 

F.
pulveris 

F.
helveticus 

Voges-Proskauerb V + + + + + + – – – 

Methyl redc V – – – – – – + + + 

Mucate – – – – – – – + + + 

Dulcitol V – – + + – + + V + 

D-Arabitol – – – – – – – + + + 

5-Keto-D-gluconate – – – – – – – – + + 

Sucrose + + + + + + + – + – 

α-l-Rhamnose + + + + + + + + + + 

Raffinose + + + + + + + – + – 

Fumarate + + + + + ND + – + – 

Quinate + + + + + ND + – + + 

Ornithine decarboxylationd V V + + + + V – – – 

Acid frome :

D-Cellobiose + + + + + + + – + – 

Palatinose + + + + + + + – – –

Table 1 contd. ... 
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...Table 1 contd. 

Reaction For: 

Phenotype Reaction C.
sakazakii 

C.
malonaticus 

C.
dublinensis 

C.
muytjensii 

C.
turicensis 

C.
condimenti 

C.
universalis 

S.
turicensis 

F.
pulveris 

F.
helveticus 

Indole productionf – – + + – + – – – – 

Malonate utilizationg V # + V + + + V + – + 

a Data are derived from reports by Iversen et al. (2007a, b, 2008a), Joseph et al. (2012a), and Stephan et al. (2014). Negative tests should be incubated for seven days prior 
to being discarded unless otherwise indicated. Results for some of the phenotypic reactions, such as those for VP and ornithine decarboxylation, can be obtained directly 
by using the API 20E strip (bioMérieux, Inc., Hazelwood, Missouri) and by using reagents according to the manufacturer’s instructions. +, 90 to 100% positive; V, 20 to 
80% of members of the group are positive; –, 10 to 20% positive.

b The Voges-Proskauer test was performed by adding 40% potassium hydroxide in water and 5% 1-naphthol in 95% ethanol to cultures incubated for 24 h at 37°C in 
methyl red–Voges-Proskauer broth (CM0043, Oxoid, Inc., Thermo Fisher Scientific, Inc., Waltham, MA). 
The methyl red test was performed by adding the methyl red reagent (0.1 g per 300 mL of 95% ethanol) to cultures grown for 48 h at 37°C in 4 mL of methyl red–Voges-
Proskauer broth (Thermo Fisher Scientific, Inc.).

d Ornithine decarboxylation is shown by an alkaline reaction according to the API 20E instructions. 
e Acid production from carbohydrates was tested in phenol red broth base (BBL 221897, Thermo Fisher, Inc.) with the addition of filtered-sterilized carbohydrate solution 

(final concentration of 0.5% in cultures incubated for 24 h at 37°C).
f Determined using Kovac’s reagent after growth in peptone broth (CM0009, Oxoid, Inc., Thermo Fisher Scientific, Inc.) of cultures incubated for 24 h at 37°C. The James 

reagent (Thermo Fisher Scientific, Inc.) used in conjunction with the API 20E strip is an alternative test. 
g Determined using sodium malonate broth in cultures incubated for 24 h at 37°C.
# Gopinath et al. (2018) determined that ST64 C. sakazakii possesses the nine-gene malonate utilization operon that is found in the other Cronobacter species. 
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Cronobacter Disease and Detection 7 

et al. 1980). Using a systematic scientific approach comprised of both phenotypic 
characterization and DNA-DNA  hybridization (also known as DNA  reassociation, 
a new molecular technique at the time; Brenner 1973), Farmer et al. (1980) were 
able to assign 15 different biogroup designations to these strains primarily based 
on malonate and dulcitol utilization, indole production, and a positive methyl red 
test. Later, Iversen et al. (2006) defined a 16th biogroup. Farmer et al.  (1980) named 
the new species Enterobacter sakazakii  in honor of the Japanese bacteriologist 
Riichi Sakazaki for his many contributions to our current understanding of various 
members of the families Enterobacteriaceae and Vibrionaceae and for recognition of 
his lifelong interest in enteric bacteriology. The proposed classification change was 
based on differences in biochemical reactions, pigment production, and antibiotic 
susceptibility between E. cloacae and E. sakazakii. Even though the expression of 
the yellow Pantoea-related pigment was a criterion that was used in later isolation 
schemes, it was a trait that Farmer had argued not be used as a determinative 
characteristic because of poor production among strains (Farmer et al. 1980; Lehner 
et al. 2006a; Tall et al. 2014). In support of Farmer’s original  comment (Farmer  
et al. 1980) about pigmentation, up to 21.0% of the Cronobacter strains studied 
lacked yellow pigmentation on TSA  after incubation resulting  in white colonies 
(Besse et al. 2006; Cawthorn et al. 2008). 

The yellow pigment is encoded by a gene cluster with the organization 
crtE-idi-XYIBZ which was homologous to a similar gene cluster originally reported 
for Pantoea agglomerans (Lehner et al. 2006a). Additionally, Farmer’s study was one 
of the first examples of using DNA-DNA hybridization for the taxonomic placement 
of clinical strains. Close or highly related strains (e.g., belonging to the same species) 
are usually taken to have close relative DNA reassociation values of 70% or more. 
Farmer et al. (1980) found that the E. sakazakii strains were 83% to 91% related 
to each other but were only 31% to 54% related to E. cloacae. The new species 
was placed in Enterobacter rather than Citrobacter because its closer phenotypic, 
and DNA reassociation values were more similar to E. cloacae, the type species of 
the genus Enterobacter, and because these strains were only 41% related by DNA 
hybridization analysis to Citrobacter freundii, the type species of Citrobacter. 

During the initial research that led to the proposal for Cronobacter, Iversen 
et al. (2008a) thought that some strains did not fit the definition of Cronobacter and 
were thought to be more similar to Enterobacter. These strains were taxonomically 
placed into three novel species: Enterobacter pulveris, Enterobacter helveticus, and 
Enterobacter turicensis, which were characterized and described by Stephan et al. 
(2007; 2008). These organisms were isolated from dried fruit powders and other 
dried food ingredients, powdered infant formula (PIF) or infant milk formula (IMF), 
and several PIF-production environments. Iversen et al. (2008a) excluded them from 
the genus Cronobacter because these Enterobacter species more closely aligned with 
the description of E. sakazakii than that for Cronobacter. The decision to exclude 
them from Cronobacter was based on differences in their phenotypic characteristics, 
as well as data from DNA-DNA hybridization analysis and the phylogenetic 
analysis of the rpoB gene (Stephan et al. 2007; 2008). However, these novel 
species do share several phenotypic and metabolic characteristics with members of 
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the genus Cronobacter, such as resistance to desiccation, production of a yellow  
Pantoea-like, carotenoid pigment (Lehner et al. 2006a), and constitutive metabolism 
of 5-bromo-4-chloro-3-indolyl-α-D-glucopyranoside, which is the substrate used in 
the differentiation of presumptive colonies of members of the genus Cronobacter  
when grown on the well-recognized chromogenic Cronobacter isolation agars, 
Druggan Forsythe and Iversen agar (DFI; Iversen et al. 2004), and Enterobacter 
sakazakii  plating medium (ESPM; Restaino et al. 2006). Brady et al.  (2013)  
re-evaluated the taxonomy of the genus Enterobacterand based primarily on multilocus 
sequence analysis (MLSA) of partial sequences of four housekeeping genes (gyrB, 
rpoB, infB, and atpD), these authors proposed that E. helveticus, E. pulveris, and  
E. turicensis be recognized as Cronobacter  species. Stephan et al. (2014) subsequently 
presented new genome-scale data including average nucleotide identities, which is a  
sequence-based algorithm that has now replaced DNA-DNA  hybridization (Arahal 
2014). Genome-scale phylogeny and k-mer analyses, coupled with previously reported 
DNA-DNA  reassociation values and phenotypic characterizations, strongly indicated 
that these three Enterobacter species are not members of the genus Cronobacter; 
nor did they belong to the re-evaluated genus Enterobacter. Furthermore, data from 
this polyphasic study indicated that all three species represented two new genera. 
E. pulveris and E. helveticus were taxonomically placed in the newly described 
genus Franconibacter  as Franconibacter pulveris  and Franconibacter helveticus, 
respectively, and Enterobacter turicensis was placed in the genus Siccibacter as 
Siccibacter turicensis. The genus Franconibacter  was named after Augusto Franco 
for his contributions to the understanding of the various Cronobacter virulence 
plasmids and their associated virulence factors such as Cronobacter plasminogen 
activator, siderophore and iron acquisition systems, a Bordetella-like filamentous 
hemagglutinin, and a type 6 secretion system (T6SS) carried on them (Franco et al. 
2011a, b; Grim et al. 2012). 

Clinical Disease 
Cronobacter species are a group of opportunistic pathogens that cause life-threatening 
infections in individuals of all age groups (Iversen and Forsythe 2003; Holý et al. 
2014; Patrick et al. 2014; Alsonosi et al. 2015; Yong et al. 2018). Cronobacter can 
cause high fatality rates in immunocompromised individuals, such as the elderly, 
infants, and neonates (Lai 2001; Friedemann 2009). Except for C. condimenti, all 
species of Cronobacter  have been isolated from clinical specimens. At present, there 
is not enough epidemiological information to tease apart adult infections originating 
nosocomially from those acquired through community-associated sources (Jang  
et al. 2020a) because most of the reports document infections of individuals 
already hospitalized (Holý et al. 2014; Patrick et al. 2014; Alsonosi et al. 2015) and 
identification of isolates have been difficult. Despite some advances, knowledge of 
pathogenesis or the nature and action of putative virulence factors is limited. 

Infections Associated with Infants and Neonates 
Premature (or preterm) infants, low birth-weight neonates, and infants with underlying 
medical conditions are at the highest risk for developing severe Cronobacter 
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infections, such as septicemia, meningitis, and necrotizing enterocolitis (NEC) (Lai 
2001; FAO/WHO 2004; Bowen and Braden 2006; Patrick et al. 2014; Elkhawaga 
et al. 2020). Mortality rates among this group at one time were reported to be as high 
as 80%, but now the rate has steadied to be ~ 27%. However, infants who survive, 
frequently suffer developmental delays, hydrocephaly, mental retardation, and other 
neurological sequelae (Lai 2001; Friedemann 2009; Holý et al. 2014; Patrick et al. 
2014; Elkhawaga et al. 2020). 

NEC is a very common inflammatory intestinal disorder seen in neonates, 
especially in preterm infants with very low birth weights (VLBW; defined as an 
individual with a birth weight of < 1.5 kg). Although the exact etiology of NEC remains 
to be fully understood, multiple risk factors have been connected to its pathogenesis. 
Besides prematurity (birth occurring at less than 36 weeks of gestation), a history of 
formula feeding, and underdeveloped microbial colonization of the gastrointestinal 
tract have been identified as risk factors (Holman et al. 1997; Hunter et al. 2008a, b; 
Grishin et al. 2016). The incidence rate of NEC in VLBW infants has somewhat 
stabilized over the years and is currently observed in approximately 5% to 7% of all 
babies admitted to neonatal intensive care units (NICUs) (Blackwood and Hunter 
2016). Even though NEC has been associated with Cronobacter species, to date no 
single pathogen has been identified as being the sole etiologic agent responsible for 
the disease (Esposito et al. 2017). 

Several new trends have come about since acknowledging Cronobacter as a 
neonatal pathogen. For example, prior to 2001, the majority of the Cronobacter cases 
seen by public health agencies were coming from infants who were hospitalized and 
admitted to NICUs. These individuals often have other underlying health issues, such 
as failure-to-thrive syndrome, hypoxia, hypothermia, and intestinal ischemia. Several 
outbreaks occurred in NICUs worldwide and until 2008, around 120 documented 
cases of Cronobacter spp. infection and at least 27 deaths had been reported (Lai 
2001). From these studies, knowledge about infantile infections has shown that 
they have been epidemiologically linked to the consumption of intrinsically and 
extrinsically contaminated lots of reconstituted PIF (Noriega et al. 1990; Himelright 
et al. 2002; Henry and Fouladkhah 2019). Furthermore, Strysko et al. (2020) recently 
showed that within the United States, there are higher numbers of infections among 
full-term community-associated infants than hospitalized infants, which suggests 
that newborns are leaving hospitals after uncomplicated births only to return with 
severe onset disease. Another finding was that many of the cases were of infants who 
consumed PIF reconstituted from opened cans in a home setting (Strysko et al. 2020). 

Retrospectively, Jason (2012) described another trend by evaluating historical 
surveillance data on 82 Cronobacter infant cases (between 1958 and 2010) where 
she showed that these infants became ill (defined here as a confirmed culture-positive 
case of septicemia or meningitis) after ingesting breast milk exclusively (without 
consumption of PIF, follow up the formula, or powdered human milk fortifiers) prior 
to illness onset. Friedemann (2007) also reported similar observations. To emphasize 
this new important epidemiological warning, Bowen et al. (2017) and McMullan 
et al. (2018) described several infantile cases of C. sakazakii septicemia/meningitis 
where these infants only consumed expressed maternal milk (EMM) during their 
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first weeks after birth. Contaminated personal breast pumps were found to be the 
source of the contamination. Traceback investigations using molecular methods such 
as pulsed-field gel electrophoresis (PFGE) and whole genome sequencing (WGS) 
analyses of isolates concluded that the clinical isolates were indistinguishable from 
those cultured from frozen and stored contaminated expressed milk, a contaminated 
breast pump and home kitchen sink drain in the former case and the breast pump in 
the latter case. Together, these data suggest that there is a need to continue informing 
parents and infant care takers of the risks associated with breastfeeding and producing 
and storing EMM. Subsequent to these case reports, the Centers for Disease Control 
and Prevention (CDC) has provided breast pump cleaning instructions to infant care 
takers and nursing mothers (https://www.cdc.gov/hygiene/childcare/breast-pump. 
html, last accessed 5.20.2023). 

There are numerous benefits of breastfeeding such as providing the infant with 
all the nutrition required for normal growth and development. Human breast milk 
is ideal for infant digestion and allows for effective psychological bonding to occur 
between infant and mother. Thus, breastfeeding is the first choice for providing the 
proper nutrients  required for infant growth and development. When the option of 
breastfeeding is not available, IMF or PIF play essential roles; they are intended to 
be effective substitutes as they are formulated to mimic the nutritional components 
of breast milk. However, newborn infants are particularly vulnerable to infection due 
to the immaturity of their immune system (Lönnerdal 2012). Also, the establishment 
of the normal gut microflora, which acts as a barrier to infection may not be fully 
developed during the early weeks of neonatal life (Chap et al. 2009). 

Infections Associated with Adults 
Although Cronobacter species have been primarily associated with infections in 
infants, more than a few reports have emphasized the risk posed to adults, particularly 
the immunocompromised elderly (individuals with an age greater than 80 years of 
age) (Gosney et al. 2006; Holý et al. 2014; Patrick et al. 2014; Alsonosi et al. 2015). 
Various types of infections such as acute gastroenteritis, septicemia, urosepsis, 
osteomyelitis, wound infections, and pneumonia have been reported in adults (Holý 
et al. 2014; Patrick et al. 2014; Alsonosi et al. 2015; Yong et al. 2018). Additionally, 
the prevalence of Cronobacter  infections in adults who have experienced strokes has 
been noted by Gosney et al. (2006) and because the stroke may have also diminished 
their ability to swallow (known as dysphagia), subsequently leading to a high risk 
of aspiration pneumonia in these individuals. This population may use rehydrated 
powder protein supplements as part of their diet and rehabilitation efforts (Gosney 
et al. 2006). This is a problem that is likely to become more common because of 
the aging of the world’s population and an increase in the consumption of synthetic 
and dehydrated adult nutritional supplements in this population. Lastly, Yong  
et al. (2018) described an epidemiological investigation of an acute gastroenteritis 
outbreak in a high school, which was caused by a mixture of ST73 and ST4  
C. sakazakii  strains and ST567 C. malonaticus strains. The clinically implicated food
and environmental samples included rectal swabs, a bean curd braised pork dish,

https://www.cdc.gov
https://www.cdc.gov
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and food delivery boxes (Yong et al. 2018). This is the first report of a foodborne 
gastroenteritis outbreak involving young teens and adults caused by Cronobacter. 

There are few studies revealing that Cronobacter can be a member of the human 
intestinal tract microflora and may be carried in the intestinal tracts of healthy 
adults and neonates (Zogaj et al. 2003; Porres-Osante et al. 2015; Amaretti et al. 
2020). However, additional epidemiologic evidence is needed to realize the role that 
Cronobacter  may play as a member of the human gut microflora and whether its 
presence represents transient colonization or other related host-associations (Mao  
et al. 2015). Little is known about the perturbations associated with the gut microflora 
that may precede or develop during pregnancy and if there are any transient postpartum 
effects (Mutic et al. 2017). Lastly, surveillance studies using species-specific 
identification schemes that at least include results of species-specific PCR assays, or 
at best, species identities obtained from WGS or metagenomic studies are needed so 
that a clearer epidemiologic picture can be obtained as to which Cronobacter species 
are responsible for which infection (Savino et al. 2015; Chandrasekaran et al. 2018). 
Understanding the roles that the various members of the microflora of gut, vagina, 
and skin, both that of the mother and infant, are still in their early stages but hold 
promise to understanding postpartum recovery and newborn development. 

Animal and Tissue Culture Models of Infection and Virulence Factors 
It is commonly thought that for a pathogen to establish disease, successful colonization 
of target tissues must occur such as adherence to the upper respiratory mucosal 
epithelial layer in pneumonia, intestinal epithelium in necrotizing enterocolitis and 
gastroenteritis, or the cerebrospinal fluid-filled subarachnoid space in meningitis 
(Finlay and Falkow 1997).  Pagotto et al. (2003) showed that some clinical and 
food isolates of Cronobacter were lethal when administered intraperitoneally in 
mice, but only two strains caused death by the oral route. They also reported that 
some, but not all strains, produced an enterotoxin that caused fluid accumulation in 
suckling mice, whereas other strains produced factors that lyzed or “rounded” tissue 
culture cells. A  report by Raghav and Aggarwal (2007) described the purification 
and characterization of an E. sakazakii enterotoxin. However, at present, the linkage 
between enterotoxin production and pathogenesis is unclear because no gene (gene 
cluster) has been assigned. Additionally, Kothary et al. (2007) screened various 
clinical and environmental strains for the production of factors that affected Chinese 
hamster ovary (CHO) cells in tissue culture. A  qualitative and preliminary study 
showed that many of the strains produced factors that caused the “rounding” of CHO 
cells. The rounding of tissue culture cells has been reported to be due to the action of 
various bacterial proteases and enterotoxins (Lockwood et al. 1982). The Cronobacter  
rounding factor was shown to be a zinc-containing metalloprotease which was  
cell-associated and poorly secreted into the culture supernatant (Kothary et al. 2007). 
Eshwar et al. (2018) used the zebrafish embryo infection model to study the interaction 
of the zinc metalloproteinase Zpx expressed by Cronobacter turicensis  LMG 23827T  
with the eukaryotic MMP-9 proteinase that functions to cleave extracellular matrix 
gelatin and collagen. Cleavage and activation of the human recombinant pro-MMP-9 
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by Zpx-expressing C. turicensis cells were demonstrated in vitro, and the presence 
and increase of the processed, active form of zebrafish pro-MMP-9 were shown  
in vivo. This provides evidence that Zpx induces the expression of the MMP-9 but 
also increases the levels of processed MMP-9 during infection. Furthermore, this 
study provided evidence that MMP-9 is a substrate of Zpx and demonstrated a yet 
undescribed mutual cross-talk between these two proteases in infections mediated by 
C. turicensis  LMG 23827T. According to NCBI, zpx is now annotated as a peptidase 
(Zpx peptidase) and is a member of the M4 protein family (https://www.ebi.ac.uk/ 
merops/cgi-bin/pepsum?id=M04.023, last accessed 5.20.2023). Most members of 
this family have secreted enzymes that degrade extracellular proteins and peptides 
for use in bacterial metabolism. 

The gene encoding a hemolysin (hly) was identified as a hemolysin III homolog 
(COG1272) by Cruz et al. (2011). Since then, using WGS, several investigators 
predicted that all Cronobacter species may possess a hemolysin III homolog 
(COG1272) gene (Kucerova et al. 2010; Grim et al. 2013; Moine et al. 2016). 
Additionally, Jang et al. (2020b) identified three other hemolysin-like genes by using 
a parallel next-generation DNA sequence-based approach utilizing a Cronobacter 
microarray and WGS and showed the presence of several hemolysin-like genes 
such as a cystathionine β-synthase (CBS) domain-containing hemolysin, a putative 
hemolysin, and a 21-kDa hemolysin. However, more in-depth genetic studies are 
needed to assign the functionality of these various hemolysin genes to a hemolytic 
phenotype. 

Studies using animal infection and in vitro mammalian tissue culture models 
have shown that Cronobacter isolates demonstrate a variable virulence phenotype. 
However, several studies have demonstrated the role of the virulence plasmids 
(pESA3/pCTU1), several outer membrane proteins (OmpA and OmpX), exoproteins 
(Cpa, metalloprotease, Zpx, putative enterotoxin, and cis-trans prolyl isomerases 
(PPIases) such as Fkp), and a diffusible signal factor-type quorum sensing system 
in disease (Pagotto et al. 2003; Raghav and Aggarwal 2007; Nair et al. 2009; Franco 
et al. 2011b; Eshwar et al. 2015; 2016; Fehr et al. 2015; Suppiger et al. 2016). 
The authors refer readers to Jang et al. (2020a) for greater details of the role in the 
pathogenesis of these exoproteins. 

Cronobacter in Foods 
Cronobacter Associated With Powdered Infant Formula (PIF) and 
Persistence Mechanisms 
Even though many members of the scientific community had suspicions that PIF 
was a source of infantile infections, epidemiological evidence was provided 
without a doubt by Himelright et al. (2002) that linked intrinsically contaminated 
PIF to neonatal disease. Subsequently, several outbreak investigations were 
reconstructively dissected which came to similar conclusions (Caubilla-Barron  
et al. 2007; Townsend et al. 2008; Masood et al. 2015). However, it is clear now that 
contamination of reconstituted PIF can occur intrinsically and extrinsically, although 
the main reservoir(s) and routes(s) of contamination have yet to be fully established. 

https://www.ebi.ac.uk
https://www.ebi.ac.uk
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Also, contamination can occur at any time point during the manufacture of PIF, its 
reconstitution, or storage of reconstituted PIF (Noriega et al. 1990; Friedemann 
2007; Henry and Fouladkhah 2019; Strysko et al. 2020). Despite the best efforts 
of manufacturers, contamination of commercial PIF products still occurs, and 
Cronobacter spp. are routinely detected in microbiological analysis of products with 
a prevalence rate of 4.7% (Parra-Flores et al. 2020). 

Cronobacter survives under extreme desiccation (high osmotic stress) growth 
conditions such as that present in low water activity (aw) foods and this property 
is thought to influence its environmental persistence in PIF/FUF manufacturing 
facilities and other dried products or desiccated environments (Riedel and Lehner 
2007; Feeney and Sleator 2011; Srikumar et al. 2019). In fact, there are examples 
of strains persisting within manufacturing facilities for long periods, up to five 
years (Reich et al. 2010; Jacobs et al. 2011; Yan et al. 2013; Yan et al. 2015a; Chase 
et al. 2017a). Extensive traceback studies showed that left over PIF residues (PIF 
dust in production areas) from operations can collect in air filters, on floors, in 
vacuum cleaners used to clean up dry spills, and in filtering (sieving) machines. 
Additionally, residual fluids from drains and swabs from other product contact 
surfaces and soil samples collected adjacent to the production facilities are primary 
positive areas for Cronobacter persistence (Mullane et al. 2008a; Reich et al. 2010; 
Fei et al. 2015; Yan et al. 2015a). This was supported by findings that the majority 
(78%) of Cronobacter isolates were recovered from surfaces associated with dryers 
and blenders located in various manufacturing facilities processing areas (Proudy 
2009). Finding Cronobacter associated with residual powder in various vacuum 
cleaners located within PIF manufacturing facilities supports the outcomes reported 
by Srikumar et al. (2019), who showed that infant formula powder residue enhances 
the desiccation survival of persistent and xerotolerant strains such as C. sakazakii 
SP291 that was isolated from an Irish PIF manufacturing facility. 

The bacterial primary response to high osmotic environments involves the rapid 
accumulation of the electrolytes  potassium [K+] and glutamate to increase the cell’s 
internal osmotic pressure, thus counteracting the high external osmolar conditions 
(Srikumar et al. 2019). When a cell internalizes elevated potassium concentrations, 
glutamate also is co-transported (Srikumar et al. 2019). Eventually, the primary 
response transitions into a secondary response which is hallmarked by the synthesis of 
such osmoprotectants as glycine betaine, proline, carnitine, and trehalose (Srikumar 
et al. 2019). For more information about the osmotic response, see Feeney and Sleator 
(2011) and Srikumar et al. (2019). The widespread occurrence of Cronobacter and 
its resistance to desiccation are thought to be contributing factors to the commercial 
distribution of contaminated low aw type foods, which poses a risk to susceptible 
consumers (Yan et al. 2012; Jaradat et al. 2014; Yan and Fanning 2015a, b). From an 
applied food safety research perspective, an improved understanding of Cronobacter 
osmotolerance response should lead to more effective control measures, which 
will limit the survival and persistence of Cronobacter  in low aw  products and their 
manufacturing environments such as PIF/IMF production facilities. 

The ability of Cronobacter, as is the case for many microorganisms, to withstand 
the harmful effects of exposure to different environmental stresses is crucial for their 
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survival, persistence, and virulence (Hews et al. 2019). Results from additional 
studies conducted with several strains over a wide range of temperatures as well 
as survival in different foods suggest that most Cronobacter are thermotolerant in 
that strain-associated stress tolerance or prior heat adaptation can enhance thermal 
stability (Arroyo et al. 2009; Osaili et al. 2009; Arku et al. 2011; Huertas et al. 2015). 
Furthermore, besides the ability to tolerate osmotic stress or sudden changes in the 
solute concentrations surrounding a cell, Cronobacter can also adapt quite well to 
exposures of variable growth temperatures and this tolerance is beginning to be 
understood at the genomic level (Edelson-Mammel and Buchanan 2004; Arroyo  
et al. 2012). For example, Williams et al. (2005) identified a protein in heat-tolerant 
Cronobacter  strains that Edelson-Mammel and Buchanan (2004) determined were 
highly heat-resistant. The protein was determined to be a hypothetical protein found 
in the thermal tolerant bacterium, Methylobacillus flagellates  KT. Gajdosova et al. 
(2011) described an 18-kbp region that contained a cluster of genes, including the 
hypothetical protein found by Williams et al.  (2005) that had significant homology 
with other known bacterial proteins involved in stress responses including heat, 
oxidation, and acid stress. However, not every strain that possesses a thermotolerant 
phenotype has this gene cluster  (Yan et al. 2013), suggesting that other genomic 
mechanisms involving thermotolerance exist, quite possibly under the control of 
global regulators (Choi et al. 2012), of which little knowledge current exists. 

Numerous studies have revealed that Cronobacter species can grow in 
environments of low pH levels (pH 3.9–4.5) and are more acid tolerant than most 
other phylogenetically related enteric pathogens (Alvarez-Ordóñez et al. 2014; 
Jaradat et al. 2014). However, such studies are in their infancy and more information 
is needed to fully understand how Cronobacter species can survive under these 
very different stressful growth conditions and if multiple commercially available 
treatment regimens can be used to successfully prevent growth in RTE foods and PIF. 
An interesting study by Jang and Rhee (2009), revealed the dynamics of combining 
caprylic acid and mild heat to reduce Cronobacter growth in reconstituted PIF. 
The combined treatment resulted in a “synergistic effect,” in which Cronobacter 
populations were reduced much more rapidly by using increased temperatures 
and concentrations of caprylic acid compared to populations that were not treated. 
This study also pointed to how valuable the integrity of the Gram-negative outer 
membrane is in survival, and these data revealed that the addition of this natural 
GRAS antimicrobial agent to infant formula may have potential use for controlling 
Cronobacter prior to consumption. Understanding how Cronobacter persists under 
osmotic, thermal, and acidic stressful growth conditions is crucial for controlling this 
foodborne pathogen within the food manufacturing environment. 

Of equal significance is that Cronobacter species are largely thought now to be more 
ecologically widespread and have been found associated with many types of foods 
(including other low aw foods) besides PIF. For example, Cronobacter species have 
been found associated with dried dairy protein products (milk and cheese protein 
powders), cereals, candies such as licorice and lemon-flavored cough drops, dried 
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spices, teas, nuts, herbs, and pasta (Iversen and Forsythe 2003; Osaili et al. 2009; 
Sani and Odeyemi 2015; Hayman et al. 2020). It has also been found contaminating 
water and many different ready-to-eat and frozen vegetables, insect body surfaces 
and intestinal contents, and man-made environments such as PIF or dairy powder 
production facilities, and household sink drains (Iversen et al. 2006; Pava-Ripoll 
et al. 2012; Müller et al. 2013; Sani and Odeyemi 2015; Chase et al. 2017a, b; Jang 
et al. 2018a, b; 2020b; 2022; Hayman et al. 2020). Isolation from livestock has been 
uncommon and limited survival in the animal gut is indicative of a non-zoonotic 
nature, although contamination of meat and milk has been reported (Molloy et al. 
2010; Joseph and Forsythe 2012; Zeng et al. 2020). 

Cronobacter Isolation and Detection Methods 
Classical microbiology methods using both pre- and selective-enrichment broths, and 
differential and selective plating media are the mainstay procedures used to isolate 
Cronobacter  from foods. For proper identification to be accomplished, phenotypic 
analysis needs to be combined with molecular methods, including polymerase chain 
reaction (PCR) amplification or PCR coupled with immunomagnetic separation 
(IMS) or whole genome sequencing (WGS) of genes, such as fusA  or entire genomes. 
Eventually, culture-independent molecular methods such as metagenomic analyses 
will replace culture methods, but presently there are still many regulatory challenges 
that need to be considered (Dwivedi and Jaykus 2011; Carleton et al. 2019). 

Initially, the FDA described a protocol for the isolation of Cronobacter from 
PIF and closely related products, such as powdered substitutes for breast milk, 
which depended on standard methods used for the detection of all members of 
the Enterobacteriaceae (Muytjens et al. 1988; FAO/WHO 2004; 2008). Briefly, 
sterile water was added to PIF (1:10 dilution) followed by another 1:10 dilution 
in Enterobacteriaceae enrichment (EE) broth. Both broths were incubated at 
36°C for 18 hours. The EE broth is then streaked onto Violet Red Bile Glucose 
Agar (VRBGA) and incubated overnight at 36°C. Presumptive colonies are picked 
and plated on Trypticase Soy Agar (TSA) for at least 72 hours at 25°C. Yellow-
pigmented colonies that are oxidase negative are confirmed using a biochemical 
test strip (such as API 20E, BioMerieux, Hazelwood, MO). This protocol required 
5 to 7 days for completion and was very cumbersome and time-consuming. As 
mentioned earlier, the selection of yellow-pigmented colonies and their passage 
onto TSA lacks specificity for isolating Cronobacter spp. because other genera 
such as Proteus, Morganella, Enterobacter, Franconibacter, Siccibacter species, 
Erwinia, and Pantoea can be considered presumptive positives until the final 
biochemical/molecular confirmation steps are completed. Besides the lack of 
specificity in the above-mentioned method, other shortcomings exist such as the 
brilliant green component in EE broth has been found to inhibit some strains of 
Cronobacter (Fox and Jordan 2008) and as reported by Iversen and Forsythe (2007) 
it was also found that ~ 4% of the strains tested failed to grow in Brilliant Green Bile 
Broth (BGBB) incubated at 37°C and 44°C for 48 hours. EE agar also performed 
poorly with spiral plating for recovering normal and stressed Cronobacter spp. cells 
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(Gurtler and Beuchat 2005). For VRBGA, the crystal violet ingredient can inhibit 
certain strains of Cronobacter (Druggan and Iversen 2009).

In 2002, when this FDA method was developed, procedures for isolating 
Cronobacter spp. from PIF were lacking and since then improvements in culture 
techniques have occurred. In 2009 and 2010, a revised method for the isolation 
and detection of Cronobacter from PIF with greater sensitivity and specificity 
was developed, validated, and currently replaces the VRBGA method in the 
Bacteriological Analytical Manual (BAM) (Chen et al. 2009; Chen et al. 2010). The 
revised FDA method shown in Figure 2 includes a pre-enrichment step in Buffered 
Peptone Water (BPW) incubated at 36°C. After 4–6 h, 40 mL of the enrichment broth 
is centrifuged for 10 min at 3,000 × g, the supernatant is discarded, and the pellet 
is resuspended in 200 µL of Phosphate Buffered Saline (PBS). A real-time PCR 
procedure targeting the dnaG region first described by Seo and Brackett (2005) was 
developed that included primers and internal control was combined with the method 
and performed using a boiled DNA template preparation from the resuspended 
enrichment culture pellets (Chen et al. 2009; 2010; 2012). The real-time PCR method 
of Seo and Brackett (2005) with the modification of 40 total cycles was the basis 
of the improved BAM qPCR method. If the results from the PCR are positive, the 
centrifuge step is repeated on the 24 hours pre-enrichment broth and 100 µL of the 
PBS is spread-plated/streaked onto DFI and Enterobacter sakazakii Chromogenic 
Plating Medium (ESPM). The plates are incubated at 36°C for 24 hours. Typical 
colonies are confirmed using Rapid ID 32E or VITEK Compact 2.0 kits and with the 
genus-level PCR assay.

Figure 2. Schematic workflow describing the revised FDA Cronobacter method for isolation and detection 
of Cronobacter from PIF that is illustrated in Chapter 29 of the BAM. For details, please see https://www.
fda.gov/food/laboratory-methods-food/bam-chapter-29-cronobacter (last accessed 5.20.2023). Take note 
that two colonies from the Chromogenic plates are processed for the qPCR confirmation assay and either 

VITEK 2.0 or Rapid ID 32E as that described by Chen et al. (2012).

 

100 g/L

https://www.fda.gov
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Figure 3. Procedure steps of ISO 22964:2017 standard for Cronobacter detection, which describes a 
horizontal method for the detection of Cronobacter spp. in food, animal feed, and environmental samples 

(ISO 2017; de Benito et al. 2018). 

A  horizontal International Organization for Standardization (ISO) method was 
published and has undergone validation as a technical standard protocol, known as 
ISO 22964:2017. As shown in Figure 3, it can be used for the detection of Cronobacter  
species in food products for humans, animal feeds, and environmental samples  
(de Benito et al. 2019). 

This method, which technically revises an earlier protocol, ISO/TS 22964:2006, 
in addition to PIF now includes all food products for humans and feeds for animals 
as well as environmental samples. Other changes from the earlier ISO method 
include replacing the selective-enrichment broth, modified lauryl sulfate tryptose 
broth (mLST) with Cronobacter selective broth (CSB; Iversen et al. 2008b) and the 
isolation agar, E. sakazakii isolation agar (which is a formulation of DFI agar), with 
chromogenic Cronobacter isolation agar (CCI). ESPM agar can also be substituted 
or used in conjugation with CCI agar. The goal of CSB is to screen negative 
Cronobacter samples without any further evaluation or testing after 48 hours. CSB 
yielded more positive Cronobacter samples than mLST in artificially inoculated PIF 
at low levels, and compared favorably with the ISO/TS 22964 method for isolating 
Cronobacter from naturally contaminated PIF, PIF ingredients, and environmental 
samples (Iversen et al. 2008b). This updated ISO method has also been used by a 
variety of research groups to isolate Cronobacter from vegetables and RTE foods 
(Berthold-Pluta et al. 2017; Brandão et al. 2017; Ueda 2017; Moravkova et al. 2018; 
Vasconcellos et al. 2018). 

Since α-glucosidase activity is quite inclusive and unique to Cronobacter, 
in contrast to Enterobacter (Muytjens et al. 1984) and the Enterobacteriaceae 
family (Kämpfer et al. 1991), various plating media have used this characteristic 
for differentiation of Cronobacter from other isolates. The fluorogenic substrate 
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4-MU-α-Glc was added to nonselective nutrient agar (Leuschner and Bew 2004) 
and Cronobacter colonies displayed a blue/violet fluorescence on this agar using a 
longwave emitting ultraviolet light. For low-level contamination of Cronobacter in 
PIF, the sensitivity of this agar was like that of VRBGA (Lehner et al. 2006b) so its 
usefulness as a selective medium may be limited to confirmation of α-glucosidase 
activity. 

Various chromogenic plating media have incorporated the chromogen  
5-bromo-4-chloro-3-indoxyl-α-D-glucopyranoside (X-α-Glc) for the sole detection 
of Cronobacter's  α-glucosidase activity. Since the chromophore dimer complex is 
water-insoluble compared to the water-soluble 4-MU, the blue indigo color stays 
within the colony, displaying a distinct intrinsic improvement in an agar system 
versus the fluorogenic reaction. The various chromogenic plating media (including 
typical colonial morphologies and temperature parameters) using X-α-Glc to identify 
α-glucosidase activity in Cronobacter strains are presented in Table 2. 

A fast, simple, and reliable method for differentiating Franconibacter and 
Siccibacter from Cronobacter based on intact-cell matrix-assisted laser desorption 
ionization-time of flight mass spectrometry (MALDI-TOF MS) has been developed 
by Svobodová et al. (2017). Stephan et al. (2010) was the first group to apply 
matrix-assisted laser desorption ionization-time of flight mass spectrometry 
(MALDI-TOF MS) for species identification of Cronobacter species. Since 
then, other groups have applied and developed this technology for rapid species 
identification (Wang et al. 2017; Bastin et al. 2018). 

Table 2. Growth characteristics of Cronobacter on chromogenic plating media incorporating 
5-bromo-4-choro-3-indoxyl-α-D-glucopyranoside for α-glucosidase detection. 

Chromogenic Plating Medium Presumptive Positive 
Colonial Morphologies 

Incubation Parameters 
(Temp./Time) 

DFI/CCI Entirely blue-green color 37°C/24 hours 

mDFI Entirely blue-green color 42°C/24 hours 

COMPASS agar Blue-green to pale green color 44°C/24 hours 

ESIA Blue to turquoise color 44°C/24 hours 

Chromocult® Enterobacter 
sakazakii agar (CES) 

Entirely turquoise color 44°C/24 hours 

Rapid’ Sakazakii Medium (RSM) Turquoise color 44°C/24 hours 

ESPM (chromID™ Sakazakii) Blue-black to blue-gray 37°C as well as at 41.5°C/24 
hours 

Immunomagnetic Separation 
Cronobacter Detection Using Magnetic Bead Capture 
Using a cationic–magnetic capture procedure, Mullane et al. (2006) showed that 
1 to 5 Cronobacter cells artificially inoculated per 500 g of PIF could be reliably 
detected after enrichment. This protocol reliably detected Cronobacter in less than 
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24 hours (Mullane et al. 2006). The incorporation of a magnetic bead capture step 
showed promise, especially in reducing the time for a negative result, but needs 
to be further evaluated with respect to the duration of incubation of the sample, 
its feasibility of getting a negative result in 24 hours, and how it performs in other 
naturally contaminated food products. 

Lateral Flow Devices 
Several immunoassays have been developed to rapidly detect Cronobacter from 
cultures and PIF samples, for example using liposomes as the capture particle 
and enzyme-linked immunosorbent technology (Song et al. 2015; 2016). Other 
techniques such as enhanced lateral flow immunoassay (LFA) using nanogold 
particles conjugated with capture antibodies have been used to capture Cronobacter  
cells from food products (Pan et al. 2018), lateral flow devices  that could rapidly 
detect and simultaneously serotype cells contaminating PIF (Scharinger et al. 
2017), and lateral flow devices that combined technologies such as impedance and 
RNA  hybridization (Zhu et al. 2012; Tomas et al. 2018). Other technologies such 
as loop-mediated isothermal amplification-based lateral flow dipsticks that could 
simultaneously detect Cronobacter  (and other pathogens such as Salmonella and 
Staphylococcus aureus) in PIF have also been developed (Fan et al. 2012; Liu et al. 
2012; Jiang et al. 2020). 

Molecular Genus and Species Identification and Subtyping 
Characterization Methods 
The use of the PCR as a detection tool has become indispensable in the field of 
infectious disease diagnostics and its similar use in food safety is no exception. 
Primarily, PCR has been used to connect the gap between presumptive identification 
and confirmation and has replaced the batteries of biochemical and susceptibility 
tests, which were laborious and time-consuming. Several PCR assays have been 
developed for the detection and identification of Cronobacter. 

Detection of Cronobacter spp. Using PCR 
Not surprisingly, the 16S rRNA  gene was among the first gene targets for use in  
E. sakazakii-specific PCR detection assays (Hassan et al. 2007; Jaradat et al. 2009; 
Kang et al. 2007). Additionally, PCR assays targeting one of two genes encoding 
α-glucosidase activity, gluA, were also developed (Iversen and Forsythe 2007; Lehner 
et al. 2006b),  as well as a PCR used to detect the outer membrane protein, ompA  (Nair 
et al. 2006), and zinc metalloprotease, zpx  (Kothary et al. 2007). Another genus-
specific PCR assay targeting the dnaG  gene was developed by Seo and Brackett (Seo 
and Brackett 2005). However, as mentioned earlier it has been reported that some 
of the E. sakazakii-like organisms (e.g., F. helveticus, S. turicensis) may be falsely 
identified (Chen et al. 2009; 2010). As noted, most of these earlier PCR assays 
were developed for E. sakazakii and that, given the heterogeneity of this group of 
organisms (e.g., the description of seven species of Cronobacter), it is expected that 
most of them will yield a number of false negatives. This does in fact appear to be 
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the case, as reported by Jaradat et al. (2009), who compared several of the published  
end-point PCR assays described at the time. Indeed, Lerner et al. (2012) reported that 
16S rRNA  genes varied significantly (97.9%) between E. sakazakii  (C. sakazakii) 
ATCC 29544T  and (C. muytjensii) ATCC 51329T. Identification of Cronobacter 
by using 16S rDNA  gene sequence information  is further complicated by the fact 
that 16S rDNA  sequence analysis has failed to accurately provide species-level 
characterization because the sequence divergence is not great enough to sufficiently 
distinguish between all the Cronobacter  species, specifically between C. sakazakii and 
C. malonaticus  (Joseph et al. 2012b; Strydom et al. 2012). Additionally, the sequence 
diversity between multiple copies of the 16S rDNA  operon within Cronobacter can 
also introduce discrepancies (Acinas et al. 2004). Another target that was reported 
useful in detecting Cronobacter species was gyrB gene that encodes the B subunit 
of DNA  gyrase (topoisomerase  type II), which was found to be suitable for the 
identification of Cronobacter species (Chen et al. 2013). Lastly, several researchers 
have reported that the genus-level PCR assay targeting the zpx gene misses some  
C. muytjensii strains (B.D. Tall, personal communication). 

Species-Specific PCR Assays 
Following the change in taxonomic standing from E. sakazakii to Cronobacter 
spp., Stoop et al. (2009) and Lehner et al. (2012) described two Cronobacter 
species-specific PCR assays based on species-specific single nucleotide 
polymorphisms (SNPs) associated with the rpoB gene. This was followed by a 
description of a multiplex PCR assay targeting the cgcA gene (Carter et al. 2013; 
Hu et al. 2016). This PCR assay is best run as two duplex reactions using the DNA 
template sample with primers for C. sakazakii, C. malonaticus, C. turicensis, and C. 
universalis in a first reaction and then a second PCR assay with the same template with 
the C. dublinensis and C. muytjensii primers (B.D. Tall, personal communication). 

In addition to traditional end-point PCR assays, several real-time PCR assays 
have also been reported, including commercial products. Seo and Brackett first 
reported an E. sakazakii-specific real-time PCR assay targeting the macromolecular 
synthesis operon, in this case, the 39 bp region of rpsU to the 59 bp region of dnaG 
(Seo and Brackett 2005). Subsequently, Drudy et al. (2006) modified the Taqman 
probe sequence to improve the specificity of the assay. Liu et al. (2006) developed 
two real-time PCR assays based on TaqMan and SYBR green technology. Both 
assays used primers to target the 16–23S rRNA spacer region and could detect 
1.1 CFU of E. sakazakii per 100 g of infant formula after a 25-h enrichment. Several 
real-time assays followed, including those targeting 16S rRNA (Kang et al. 2007) 
and 16S–23S rRNA internal transcribed spacer (ITS) sequences (Liu et al. 2006; 
Chen et al. 2013). 

A number of commercially available kits for the detection of Cronobacter 
spp. (not inclusive) include the 3M™ Molecular Detection Assay 2 – Cronobacter 
(https://www.3m.com/3M/en_US/p/d/v000269173, last accessed 5.20.2023), the 
BAX® system PCR assay for Enterobacter sakazakii (https://www.hygiena.com/ 
bax-esak-std.html, last accessed 10.14.2020), the Assurance GDSTM Enterobacter 

https://www.hygiena.com
https://www.hygiena.com
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Cronobacter Disease and Detection 21 

sakazakii (https://www.thermofisher.com/order/catalog/product/4485034?SID=srch-
srp-4485034, last accessed 5.20.2023), and the foodproof® Enterobacteriaceae 
plus E. sakazakii Detection Kit (BIOTECON Diagnostics, Potsdam, Germany; 
https://www.hygiena.com/wp-content/uploads/2023/02/Product-Sheet-foodproof-
Enterobacteriaceae-and-Cronobacter-Detection-Kits.pdf, last accessed 5.20.2023), 
and Shukla et al. (2016) discusses the usefulness of several commercial products that 
detect Cronobacter. 

The FDA BAM Cronobacter chapter (https://www.fda.gov/food/laboratory-
methods-food/bam-chapter-29-cronobacter, last accessed 5.20.2023) has been 
updated to incorporate the real-time PCR method of Seo and Brackett (2005) 
with the modification of 40 total cycles (Chen et al. 2009; Chen et al. 2010; Chen 
et al. 2012). However, the 1,680 bp gluA PCR reported by Lerner et al. (2006b) has 
also been used by many researchers (Hogue et al. 2010; Giammanco et al. 2011; Ye 
et al. 2009; 2010). 

Molecular Subtyping of Cronobacter 
Molecular subtyping is a useful approach to help investigate outbreaks and connect 
contaminating pathogens in food sources with organisms present in clinical 
samples, and it clarifies the biology of bacteria colonizing other microbial habitats 
(Swaminathan et al. 2001).  Mullane et al. (2007) applied PFGE to characterize and 
follow Cronobacter  species colonizing econiches of a PIF processing facility. It 
was not long afterward that the PFGE protocol was validated and added to CDC’s 
PulseNet international epidemiological laboratory network system, which compares 
the DNA  fingerprints of bacteria  from patients to find clusters of disease that might 
represent unrecognized outbreaks (Brengi et al. 2012; Yan et al. 2012). PFGE was 
commonly considered the gold standard for epidemiologic studies, but now PulseNet 
has added WGS to the surveillance network. Using WGS for molecular subtyping 
enhances, PulseNet’s ability to detect and resolve outbreaks faster with more accuracy 
(Yachison et al. 2017) and allows for better source attribution. 

Multilocus Sequence Typing (MLST) 
Multilocus sequence typing (MLST) is a technique used in molecular biology for the 
typing of multiple loci. The procedure characterizes isolates of a microbial species 
using the DNA sequences of internal fragments (approximately 450–500 bp internal 
fragments of each gene) of multiple housekeeping genes, usually between five to 
seven alleles are used. For each housekeeping gene, the technique involves PCR 
amplification followed by DNA  sequencing, the different sequences present within 
a bacterial species are assigned as distinct alleles; for each isolate, the alleles at 
each of the loci define the allelic profile or sequence type (ST). The Cronobacter  
MLST  was initially applied to distinguish between C. sakazakii and C. malonaticus  
because the lack of resolution with 16S rDNA  sequencing is not always accurate and 
biotyping is too subjective (Baldwin et al. 2009). The Cronobacter  MLST  scheme 
uses 7 alleles: atpD, fusA, glnS, gltB, gyrB, infB, and ppsA which ultimately gives 
a concatenated sequence of 3,036 bp for phylogenetic analysis (MLSA; multilocus 

https://www.fda.gov
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https://www.thermofisher.com


 

 
  

   

 

 

 

 

 

22 Diagnosis of Pathogenic Microorganisms Causing Infectious Diseases 

sequence analysis) and comparative genomics. MLST has also been used in the 
formal recognition of new Cronobacter species (Joseph et al. 2012b). The method 
has revealed a strong association between one genetic C. sakazakii lineage, sequence 
type 4 (ST4), and cases of neonatal meningitis (Joseph and Forsythe 2011). The 
Cronobacter MLST site is at http://www.pubMLST.org/cronobacter (last accessed 
5.20.2023). 

CRISPR-Cas Subtyping System 
In general, CRISPR-Cas systems contain three genetic elements: a Cas gene cluster, 
an AT-rich leader sequence, followed by a CRISPR spacer array composed of short 
(~ 24- to 48-nucleotide) direct repeat sequences separated by similarly sized, unique 
spacers which are usually derived from mobile genetic elements such as bacteriophage 
and plasmids (Ogrodzki and Forsythe 2016). It is thought that CRISPR-Cas systems 
provide a type of adaptive immunity from invasive genetic elements (phages and 
plasmids), functioning to regulate lysogeny and biofilm formation. In 2016, Ogrodzki 
and Forsythe (2016)  described a clustered regularly interspaced short palindromic 
repeat (CRISPR)-Cas profiling system for C. sakazakii. It has been determined that 
the variability of a CRISPR array can provide a greater power of differentiation for 
genotyping within clonal lineages (Ogrodzki and Forsythe 2016). 

Zeng et al. (2017) found that genome sizes of C. sakazakii strains had a significant 
correlation with the total genome sizes of lysogenized prophages. The percentage 
that prophages contribute to the genetic diversity (pan-genome) of C. sakazakii was 
calculated to be 16.57%. They further described subtypes I-E CRISPR-Cas system 
and five types of CRISPR arrays which were in a conserved site in C. sakazakii 
strains. CRISPR1 and CRISPR2 loci with highly variable spacers were active and 
predicted to protect against unwanted phage attacks (Zeng et al. 2017). Zeng et al. 
in other studies (2019; 2020) further developed this molecular typing procedure by 
developing a routine PCR method to establish the CRISPR-Cas system. This group 
evaluated 257 isolates of C. sakazakii, C. malonaticus, and C. dublinensis to verify 
the feasibility of the method. Results showed that 161 C. sakazakii strains could be 
divided into 129 CRISPR types (CTs), among which CT15 (n = 7) was the most 
prevalent CT followed by CT6 (n = 4). Further, 65 C. malonaticus strains were 
divided into 42 CTs and CT23 (n = 8) was the most prevalent followed by CT2, 
CT3, and CT13 (n = 4). Finally, 31 C. dublinensis strains belonged to 31 CTs. They 
also found a relationship among CT, ST, food types, and serotypes. They proposed 
that the PCR-based CRISPR-Cas method could identify sources in Cronobacter 
foodborne outbreaks and source-attribute clinical cases to food sources as well as 
production sites. 

Molecular Serotyping 
For members of Salmonella, the Kauffmann and White classification scheme, 
was proposed in 1934 and listed 44 serovars and classifies the genus Salmonella  
into serotypes based on surface antigens which are encoded in lipopolysaccharide 
(LPS) O antigen biosynthesis, flagellar, and capsular gene clusters (Salmonella  
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Subcommittee 1934). The Cronobacter  LPS biosynthetic gene cluster like many 
members of the Enterobacteriaceae  is flanked by the galF and gnd genes, contains  
6 to 19 genes, and is generally conserved within a species  (Yan et al. 2015b). For many 
of the organisms found in Enterobacteriaceae, similar serological-based schemes 
have been established. However, there is no established serological classification 
system for Cronobacter or for that matter Enterobacter. To aid in the characterization 
of Cronobacter  strains isolated from foods, PIF manufacturing  environments, and 
clinical samples, a harmonized molecular serotyping (LPS) identification scheme 
was suggested by Yan et al. (2015b), which is based on information obtained 
from studies by Mullane et al. (2008b), Jarvis et al. (2011; 2013),  and Sun et al. 
(2011). Yan et al. (2015b) characterized 409 Cronobacter isolates representing the 
seven Cronobacter  species using the Mullane-Jarvis and Sun molecular serotyping 
schemes. PCR analysis revealed many overlapping results obtained by the two 
serotyping schemes. Interestingly, many of the LPS biosynthetic  gene loci contained 
species-specific SNPs which could be used to identify these O antigens (Mullane  
et al. 2008b). 

Virulence Plasmid Typing 
WGS of C. sakazakii  BAA-894 and C. turicensis LMG 23827T  (synonym = z3032) 
revealed that they harbor homologous plasmids identified as pESA3 (131 kb) and 
pCTU1 (138 kb), respectively (Kucerova et al. 2010; Stephan et al. 2011). In silico  
analysis showed that both plasmids have a single RepFIB-like origin of replication 
gene, repA, and encode both common and plasmid-specific virulence factors  
(Figure 4; Table 3) (Franco et al. 2011a). 

Shared gene attributes associated with both plasmids include the presence of 
two iron acquisition systems (eitCBAD and iucABCD/iutA). The iucABCD/iutA gene 

Table 3. Comparison of prevalence and distribution of pESA3/pCTU1 (incFIB), pESA2/pCTU2 (incF2), 
and pCTU3 (incH1) plasmids among 570 Cronobacter isolates. 

Species No. of 
Isolates 

No. of Isolates with the Indicated Plasmid Incompatibility Class (%)a 

pESA3/pCTU1 
(incFIB) 

pESA2/pCTU2 
(incF2) 

pCTU3 
(incH1) 

C. sakazakii 507 493 (97) 20 (4) 142 (28) 

C. malonaticus 30 30 (100) 3 (10) 12 (40) 

C. turicensis 13 13 (100) 1 (8) 8 (62) 

C. muytjensii 12 9 (75) 0 (0) 1 (8) 

C. dublinensis 5 4 (80) 0 (0) 0 (0) 

C. universalis 2 2 (100) 0 (0) 1 (50) 

C. condimenti 1 1 (100) 0 (0) 0 (0) 

Total 570 552 (97) 24 (4) 164 (28) 

a Numbers within parentheses are the percentage PCR-positive for each plasmid replicon gene locus 
(repA) as described by Franco et al. (2011a). The prevalence of pESA3/pCTU1 (incFIB), pESA2/ 
pCTU2 (incF2), and pCTU3 (incH1) plasmids among the strains were calculated using the total 
number of strains tested. The table was adapted from Jang et al. (2020a). 
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Figure 4. Sequence alignment of pESA3, pCUNV1, and pCTU1 produced on the CGView Server from 
the Stothard Research Group that uses BLAST analysis to illustrate conserved and missing genomic 
sequences (Available online: https://github.com/paulstothard/cgview, last accessed 5.20.2023). Two 
circular plasmid genomes, pCUNV1 (NZ_CP012258) and pCTU1 (NC_013283) were compared against 
the reference pESA3 (NC_009780). GenBank annotations of the reference pESA3 (CDS in blue arranged 
in two outside rings) were downloaded as a GFF file for analysis using the default configuration on 
the CGView server. Select genes or loci of interest are shown across the circular genomes as follows: 
Siderophore loci with Cronobactin gene, Iron ABC transporter genes, type 6 secretion system (T6SS), 
parAB genes and the toxin cpa gene are adapted from Franco et al. (2011a, b). Missing regions identified 
by the BLAST analysis on the CGView server are shown as ‘gaps’ on each of the two circular genomes. 
Genes and loci missing in pCUNV1 or pCTU1 plasmids are in red. As expected, T6SS is seen only on the 
reference pESA3 from C. sakazakii while the toxin encoding cpa gene is absent in the plasmid pCTU1 

from C. turicensis. The figure was adapted from Jang et al. (2020a). 

cluster is to date the only siderophore gene cluster, thus far identified in Cronobacter. 
Additionally, pESA3 contains a Yersinia pestis plasminogen activator-like (omptin) 
gene homolog named cpa  (Cronobacter plasminogen activator) and a 17-kb type 
6 secretion system (T6SS) locus, while pCTU1 contains a 27-kb region encoding 
a Bordetella pertussis-like filamentous hemagglutinin gene (fhaB), its specific 
transporter gene (fhaC), and associated putative adhesins (FHA locus). Taken 
together these results suggest that these are virulence plasmids. The role of pESA3/ 
pCTU1 plasmids that were described by Franco et al. (2011a) and Stephan et al. 
(2010) as virulence plasmids were confirmed by Eshwar et al. (2016), who showed 
that strains harboring plasmids pESA3 and pCTU1 exhibited twice the mortality 
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rate than isogenically plasmid-cured strains or naturally occurring plasmid-free 
strains using the zebrafish infection model. These data suggest that these plasmids 
are virulence-associated but may not represent the entire virulence factor gene 
repertoire of Cronobacter. Jang et al. (2020a) extended these studies by analyzing 
570 Cronobacter strains by the PCR primers described by Franco et al. (2011a) and 
showed that 97% of the strains possessed a pESA3/pCTU1-like  virulence plasmid, 
as shown in Table 3. 

Next Generation Sequencing (NGS) Approaches 
DNA Microarray 
Soon after the publication of the genome for C. sakazakii strain BAA-894, the first 
Cronobacter genome sequenced (Kucerova et al. 2010), DNA microarrays were 
developed to study the genomic diversity of members of this newly classified genus. 
Healy et al. (2009) developed a DNA microarray with 276 selected genes from the 
genome of C. sakazakii BAA-894 to compare it with other strains representing six of 
the seven Cronobacter species (C. condimenti had not been described at that time). 

Their results supported the reclassification scheme proposed by Iversen et al. 
(2008a) in which each species was grouped into clusters, except for some of the  
C. malonaticus strains grouped within a larger cluster of C. sakazakii strains. 
Other strains were grouped within a large cluster that also contained C. turicensis,  
C. universalis, and an unknown Cronobacter  species. The DNA microarray developed 
by Kucerova et al. (2010) featured the entire genome (387,000-probe oligonucleotide 
tiling DNA  microarray) of C. sakazakii  BAA-894 for comparison with strains 
representing five of the seven Cronobacter  species. Among the 4,382 annotated 
genes identified in C. sakazakii  BAA-894, approximately 55% were common to all 
C. sakazakii  isolates and 43% were common to all Cronobacter strains. Many of the 
genes absent in more than half of the strains evaluated were identified as phage genes, 
which emphasizes the importance of the accessary genome or mobilome in driving 
the genomic diversity of Cronobacter and supports the findings reported by Zeng  
et al. (2017). Both studies used a common method of analysis which incorporated the 
use of direct comparisons of gene probe intensities obtained for the different strains 
to probe intensities of similar genes from the reference strain, C. sakazakii  BAA-894. 

In contrast, to the two microarray approaches described above, a more 
general multi-genome array approach containing the annotated pangenomes from 
15 sequenced strains of Cronobacter, representative of all seven species, was 
developed by Tall et al. (2015) and was based on the design of Jackson et al. (2011) 
for Escherichia coli. The sequencing of these genomes was accomplished by a 
five-member international consortium in 2008–2009 that used complete and draft 
genomes from various sequencing efforts (Stephan et al. 2011; 2014; Grim et al. 
2013; Yan et al. 2013). The microarray was a custom-designed Affymetrix array that 
offered an opportunity to survey species-specific and unique genes from different 
Cronobacter species. Gene orthologs across the seven species were represented 
by the smallest number of probesets that theoretically covered all alleles of a gene 
target. The microarray consisted of 19,287 independent genomic targets and genes 
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Figure 5.  Phylogenetic analysis among 15 Cronobacter  isolates obtained from filth flies (identified with 
a red dot) and 45 other Cronobacter and phylogenetically related strains. The tree was inferred using 
the Neighbor-Joining method based on the 19,287 Cronobacter  gene targets (Saitou and Nei 1987) of 
the FDACRONOa520845F microarray. The optimal tree with the sum of branch length = 1.86949337 
is shown. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary 
distances used to infer the phylogenetic tree. The evolutionary distances were computed using the 
p-distance method (Nei and Kumar 2000) and are in the units of the number of base differences per 
site. The analysis involved 60 strains evaluated by using the FDA  Cronobacter  microarray. All positions 
containing gaps and missing data were eliminated. There was a total of 21,402 positions in the final 
dataset. Evolutionary analyses were conducted in MEGA7 (Kumar et al. 2016). These Cronobacter and 
phylogenetically related strains were analyzed from the presence-absence gene matrix (data not shown). 
The microarray experimental protocol as described by Jackson et al. (2011) and as modified by Tall et al. 
(2015) was used for the interrogation of the strains for this analysis. The phylogenetic tree illustrates that 
the Cronobacter microarray could clearly separate the seven species of Cronobacter with each species 
forming its distinct cluster, and that representative fly strains clustered (identified with red dots) according 
to their species taxon. The scale bar represents a 0.02 base substitution per site. The figure was adapted 

from Jang et al. (2020b). 

of 18 Cronobacter plasmids and 2,371 virulence factor genes of phylogenetically  
related Gram-negative bacteria (Tall et al. 2015). It was determined that the 
Cronobacter microarray could distinguish the seven Cronobacter species from 
one another and non-Cronobacter  species (Tall et al. 2015). Additionally, within 
each species, strains are grouped into distinct clusters according to ST  and clonal 
complexes. These results also supported the phylogenic divergence of the genus and 
clearly highlighted the genomic diversity in each member of the genus as shown 
in Figure 5. Other studies showed that microarray analysis could correctly assess 
the phylogenetic relatedness among persistent Cronobacter strains obtained from 
PIF manufacturing facilities, among strains isolated from plant-origin foods and 
flies, which showed that clinically relevant strains were phylogenetically related to 
these strains and helped to understand the nucleotide divergence of outer membrane 
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proteins captured within outer membrane vesicles (Tall et al. 2015; Yan et al. 2015a; 
Chase et al. 2017a; Kothary et al. 2017; Jang et al. 2018a, b, 2020a). This led to 
the finding that microarray and BLAST analyses of Cronobacter fly sequence 
datasets were corroborative and showed that the presence and absence of virulence 
factors followed species and ST evolutionary lines even though such genes were 
orthologous. The microarray was also able to accurately assess each strain’s identity, 
could differentiate Cronobacter species from phylogenetically related species such 
as Franconibacter and Siccibacter, and has been a useful tool to assess phylogenetic 
relatedness and gene content among strains. 

Genomic Features Obtained From BLAST Analyses of Genomes 
Malonate Utilization Metabolic Island 
Gopinath et al. (2018) determined that ST64 C. sakazakii possesses the  
nine-gene malonate utilization operon like that found in the other Cronobacter species 
(Table 1). Prior to this study, it was thought that C. sakazakii was generally unable 
to utilize malonate. Parallel WGS and MA  were useful in characterizing the operon, 
which found that the malonate utilization gene cluster-flanking regions were flanked 
upstream by gyrB; this encodes a topoisomerase IV  subunit B gene (EC 5.99.1), and 
downstream by katG, which encodes for a catalase/peroxidase gene (EC 1.11.1.6; 
EC 1.11.1.7). Interestingly, these two genes were found to be conserved among all 
Cronobacter species even malonate-negative C. sakazakii  strains; however, instead 
of the 7.7 kbp malonate utilization gene cluster, there is an undescribed 323–325 bp 
nucleotide region as shown in Figure 6. Also, within the gene cluster is a gene that 
encodes for an auxin efflux carrier. Auxin is a universal hormone in plants, which 
participates in many aspects of plant developmental and growth processes. Auxin is 
usually synthesized in the shoot apex, as well as the developing leaf primordia, and 
transported to the targeted tissues by bulk flow via vascular tissues or direct polar 
transport. Presently the role of the auxin efflux carrier protein in plant associations 
by Cronobacter and why it is within the malonate utilization operon is not known. 

Xylose Utilization Metabolic Island 
Xylose and arabinose combined make up more than 30% of the total sugars in 
agricultural by-products and xylose is the second most abundant sugar in nature 
besides glucose and primarily exists as D-xylose (Olofsson et al. 2008). However, 
it is usually found as a polymeric component of plant cell wall polysaccharides 
called xylans, e.g., arabinoxylans, hemicellulose (xylan and glucuronoxylan), and 
xyloglucan (Olofsson et al. 2008). A  xylose utilization operon (average size of  
~ 16,771 bp; 11 genes) which possessed a G+C content of 54.9%, was found among 
spice-associated C. sakazakii  strains (Jang et al. 2018a). A  map of the operon for  
C. sakazakii strain MOD1_AS15 is shown in Figure 7. 

The genomic structure of the Cronobacter xylose utilization operon was similar 
to that found in E. coli strain K-12 (strain MG1655; GenBank assembly accession: 
GCA_000005845; RefSeq assembly accession: GCF_000005845) except that two 
genes present in the Cronobacter xylose operon, xylS, and α-xynT are missing 
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Figure 6. (A) Map of the 7.7 kbp malonate utilization gene cluster consisting of nine genes flanked by gyrB and katG and as annotated from ST64 C. sakazakii strain 
GK1025. (B) Comparison of the malonate operons from different ST64 C. sakazakii strains: The reference C. sakazakii strains GK1025B and Cro2819A3 were previously 
reported by Gopinath et al. (2018). Only the partial sequence of gyrB was included for illustration. The two flanking genes, gyrB and katG are shown in the last two tracks 
which in C. sakazakii BAA-894 and other malonate-negative strains are separated by a 323–325 bp intergenic region. The figure was adapted from Gopinath et al. (2018).
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Figure 7. Xylose utilization operon. Schematic map made using XPlas, Map DNA for Mac OS XAp 
showing the annotated xylose utilization operon from C. sakazakii MOD1_AS-15. Figure was adapted 

from Jang et al. (2018a). 

from within the operon in E. coli  strain MG1655, which resulted in ~ 13,041 bp 
sized operon. Additionally, there was a genomic size variation noted for these  
C. sakazakii  strains (size ranged from 16,340 to 16,790 bp). Previously the presence 
of a xylose utilization operon in C. sakazakii  strain GP1999, which was isolated from 
a tomato’s rhizoplane/rhizosphere continuum (Chase et al. 2017b), further supports 
the hypothesis that plants may be the ancestral econiche for Cronobacter  spp. as 
posited by Schmid et al. (2009) and Joseph et al. (2012b). The G+C content of a 
17,970 bp region upstream and a 17,422 bp region downstream of the C. sakazakii  
xylose utilization operon possessed G+C contents of 58.1% and 59.6%, respectively 
(Jang et al. 2018a). This change in G+C content suggests that the Cronobacter xylose 
utilization operon may be a predicted genomic or metabolic island (Soares  et al. 
2016). However, such G+C content change was not seen in the genomes of E. coli and 
the X. axonopodis pv. citri strains. Xylose and arabinose utilization by Cronobacter  
and its role in a plant association lifestyle are currently not well understood. 

Plant Associations-Indole Production 
Indole-3-acetic acid (IAA), the most common naturally occurring auxin, is a 
hormone produced by plants, fungi, and bacteria (Woodward and Bartel 2005; Duca 
and Glick 2020). IAA  and its related metabolic intermediates [indole acetonitrile 
(IAN), indole acetamide (IAM), and indole pyruvic acid (IPA)] play central roles 
in modulating plant growth and development. In addition to being synthesized by 
plants, IAA  is also produced by some bacteria in the rhizosphere, where it acts as 
a signaling molecule that has significant effects on the communication between 
plants and microorganisms promoting plant growth (i.e., IAA  in microbial and  
microorganism-plant signaling) (Spaepen et al. 2007). In microbes, tryptophan 
is a main precursor for IAA  biosynthesis. IAA, which is produced by plant  
growth-promoting bacteria (PGPB) is thought to also improve bacterial stress 
tolerance and microbe-microbe communication. Interestingly, two separate reports 
by Afridi et al. (2019) and  Eida et al.  (2020) revealed that the inoculation of plants 
by ACC (1-Aminocyclopropane-1-carboxylic acid, a precursor of plant hormone 
ethylene) deaminase producing PGPBs is a potential tool for the enhancement of plant 
growth and stress tolerances. The presence of genes in Cronobacter  for plant nutrient 
acquisition and phytohormone production could explain the ability of Cronobacter  
to colonize plants and sustain plant growth under stress conditions as well as control 
the growth of phytopathogens. However, understanding how Cronobacter maintains 
its plant-associated lifestyle is only in its infancy. 
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Antibiotic Resistance 
Muytjens et al. (1986) reported  the antibiotic susceptibility of 195 Cronobacter  
(reported as E. sakazakii) strains compared with seven other Enterobacter species 
and showed that E. sakazakii was the most susceptible species but was resistant 
to cephalothin and sulfamethoxazole. This was followed up by a study by Pitout 
et al. (1997), which identified both Bush group 1 and Group 2 cephalosporinases 
which were thought to be expressed constitutively at high levels. Lai (2001) showed 
that increasing antibiotic resistance among E. sakazakii strains was occurring and 
proposed the judicious use of carbapenems or newer cephalosporins in combination 
with a second agent such as an aminoglycoside to treat infections, especially in 
view of the increased incidence of extended-spectrum β-lactamases capable of 
inactivating the cephalosporins and extended-spectrum penicillin. Clinically, Block 
et al. (2002) reported initial clinical descriptions of several cases of E. sakazakii  
neonatal infections along with three asymptomatic fecal carrier cases which were 
susceptible to ampicillin. However, these isolates were resistant to cefazolin but 
susceptible to all other agents tested, including the more advanced penicillins and 
cephalosporins, carbapenems, fluoroquinolones, aminoglycosides, tetracycline,  
trimethoprim-sulfamethoxazole, and chloramphenicol. All isolates tested were 
also β-lactamase positive, probably representing the Bush group 1 β-lactamase 
(cephalosporinase) produced constitutively at low levels as reported earlier by Pitout 
et al. (1997). In 2012, Kilonzo-Nthenge et al. (2012) determined the prevalence of  
C. sakazakii which was present in domestic kitchens in middle Tennessee. The 
authors observed multidrug resistance in Cronobacter strains with the highest 
resistance found to be against penicillin (76.1% of isolates) followed by tetracycline 
(66.6%), ciprofloxacin (57.1%), and nalidixic acid (47.6%). None of the C. sakazakii  
isolates were resistant to gentamicin. These results suggest that multidrug-resistant 
C. sakazakii strains could also be present at various sites in domestic kitchens. 

The increased use of WGS technology to genotype foodborne pathogens 
(Allard et al. 2016) has led to a simple approach to classifying the strain as either 
susceptible or resistant to specific antibiotics. This straightforward approach is to 
use a “rules-based” classification based on the presence of one or more known 
antimicrobial resistance (AMR) genes or mutations (Su et al. 2019). This requires 
cross-referencing the genome sequence against databases of antibiotic resistance 
determinants. Databases have been developed mostly from the curation of the 
literature on molecular genetic studies that link antibiotic resistance phenotypes to 
genes (Su et al. 2019) in a lot but not all pathogens. However, as more and more 
pathogens are sequenced these databases will only be further enriched. 

A report by Liu et al. (2017) showed the presence of a colistin resistance 
gene, mcr-1, and a Delhi metallo-β-lactamase gene, blaNDM-9, respectively 
in two carbapenem-resistant C. sakazakii strains. This is the first time that a 
mcr-1 resistance gene in C. sakazakii was found. This report was followed by another 
very alarming report by Shi et al. (2018) who described C. sakazakii strain 505108, 
which was isolated from a neonatal sputum specimen with severe pneumonia and 
showed that it co-harbored two plasmids that carried a large number of antimicrobial 
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drug resistance genes (total of 20 AMR genes), such as on p505108-MDR (NCBI 
accession #: KY978628) the following antimicrobial resistance/tolerance genes 
were found: blaTEM-1, dfrA19, aph(3’’)-Ib, aph(6)-Id, mcr-9.1, aph(3’)-Ia, catA2,  
tet(D), aac(6’)-Ib3, blaSHV-12, sul1, blaDHA-1, qnrB4, qacEdelta1, arr, aac(3)-II, and 
aac(6’)-IIc  with predicted resistances/tolerances to β-Lactam based compounds, 
Trimethoprim, Aminoglycoside, Colistin, Phenicol, Tetracycline, Sulfonamide, 
Quinolone, Quaternary Ammonium, and Rifamycin antibiotics, respectively. The 
antimicrobial resistance genes found on plasmid p505108-NDM (KY978629) were 
identified as ble, blaNDM-1, and blaSHV-12 with predicted resistances to bleomycin and 
NDM-1 β-Lactam antibiotics. These authors showed that the plasmid-borne antibiotic 
resistance genes were associated with numerous insertion sequences, integrons, and 
transposons, indicating that their assembly and mobilization were facilitated by 
transposition and/or homologous recombination. This report also provided a deeper 
understanding of plasmid-mediated multidrug resistance in Cronobacter that may be 
occurring nosocomially. 

Müller et al. (2014) described a family of class C β-lactamase (bla) resistance 
genes, blaCSA/CMA, carried by Cronobacter which were noninducible and were 
cephalosporinases. Using the AMRFinderPlus tool within the Center for Food Safety 
and Applied Nutrition’s GalaxyTrakR instance, Jang et al. (2020b) demonstrated that 
Cronobacter strains isolated from filth flies all possessed these β-lactamase genes. 
The C. turicensis and C. malonaticus strains carried a C. malonaticus (CMA) class C 
blaCMA resistance gene and the filth fly C. sakazakii strains carried a C. sakazakii CSA 
class C blaCSA resistance gene. Six of these CSA class C bla resistance genes were 
only identified at the family level, whereas the remaining class C bla resistance genes 
were identified as either blaCSA-2 or blaCSA-1 variants. Additionally, the C. turicensis 
strains also possessed a fosA family fosfomycin resistance glutathione transferase 
gene (Jang et al. 2020b). 

WGS Analysis Using Core Genes 
Previously, whole genome SNP-based clustering or phylogenetic analysis with 
conserved homologs of C. sakazakii BAA894 and other species had been carried 
out by Stephan et al. (2014), Tall et al. (2015), Chase et al. (2016; 2017a, b), 
Gopinath et al. (2018), and Jang et al. (2020b). The core gene reference loci data set 
(2,000 core genes) that are developed by spine analysis can be used as a powerful 
tool to accurately capture subtle differences in strains belonging to the same ST or 
ecological niche (as demonstrated in Figure 8). This standardized genome-wide SNP 
finding tool thus provides the community with a method to query an ever-expanding 
repertoire of Cronobacter genome draft assemblies from different geographical 
areas and/or sources without any sample-bias, allowing the least ambiguity in 
SNP calls. It was noted that several of the ST4 C. sakazakii fly strains clustered 
indistinguishable from C. sakazakii strains 8155 and SP291 which are strains that 
were isolated from a can of dried milk in the 1950s and the environment of an Irish 
PIF manufacturing facility in 2014, respectively (Yan et al. 2015a). These results 
suggest that the genomic backbone of these isolates from very disparate sample 
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Figure 8.  WGS analysis of Cronobacter strains using core genes. The phylogenetic analysis was inferred 
using the Neighbor-Joining method (Saitou and Nei 1987). The optimal tree with the sum of branch  
length = 10.02357736 is shown. The tree is drawn to scale, with branch lengths in the same units as 
those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were 
computed using the Maximum Composite Likelihood method (Tamura et al. 2004) and are in the units 
of the number of base substitutions per site. The analysis involved 32 nucleotide sequences. All positions 
containing gaps and missing data were eliminated. There was a total of 308,989 positions in the final 
dataset. Evolutionary analyses were conducted in MEGA7 representing 2,000 core genes obtained from 
Spine analysis (Ozer et al. 2014; Kumar et al. 2016). The sequenced fly strains are labeled with an asterisk 

and the type strains are labeled with an uppercase T. Figure was adapted from Jang et al. (2020b). 

sources (fly strains, dried milk, and PIF manufacturing environment) appear to be 
similar and highly conserved. Nevertheless, using the resulting data matrix from 
applying the 2,000 wg-core gene analysis, it is possible to extract SNP  profiles in the 
wg-core loci shared by these two sets of isolates from exclusive sample sources for 
further analysis and methods development. Moreover, a robust dataset is generally 
needed for rigorous statistical analysis with bootstrap values to increase confidence 
in any phylogenetic analyses. Unlike traditional MLST  methods that are susceptible 
to loss of resolution due to missing allelic information in the query dataset, the spine 
analysis approach uses hundreds of conserved core genes for detecting phylogenetic 
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features in a collection of isolates (Ozer et al. 2014). As the populations of pathogens 
like Cronobacter  are subject to varied evolutionary forces in different environments 
impacting genome sequences differentially, it will result in the emergence of smaller, 
but distinct clades. Results from surveillance studies by Chase et al. (2017a) and 
Jang et al. (2018a, b) reported emerging diversity of Cronobacter  isolates. Recently, 
a comprehensive and deep analysis of plant-origin and low-moisture foods using 
WGS datasets identified major and minor ‘lineage groups’  representing sub-clades 
within C. sakazakii  (Jang et al. 2022). Studies like these using sequence data 
from strains isolated from new and less-sampled food and environmental niches 
suggest a genus with broader sequence variations than currently recognized. A  
standardized genome-wide tool that combines SNP  data points with phylogenetic 
tree topologies and bootstrap support enhances the better interpretation of WGS 
data (Pightling et al. 2018). The 2,000 wg-core gene schema presented here fills a 
critical gap for such a genome-wide analysis. This genome-wide approach was also 
applied to corroborate the overall similarity in the pattern of clustering as seen from  
pan-genomic microarrays. 

Future Considerations 
Cronobacter  are opportunistic pathogens with remarkable adaptability in interacting 
with their environment whether during colonization of the gastrointestinal tract, 
breast pump internal tubing, or a PIF manufacturing facility surface. Outbreaks of 
disease due to Cronobacter  can affect susceptible individuals, including neonates, 
infants, and elderly individuals alike, and continues to galvanize national and 
international media headlines. Epidemiologically, there are more adult infections 
seen than there are infant infections. However, neonates and immunocompromised 
elderly individuals are most at higher risk for severe disease. Though extrinsically 
and intrinsically contaminated PIF has historically been an important known vehicle 
of infant disease, less information has been found to understand the principal 
sources leading to adults becoming infected. Although Cronobacter  species have 
been found associated with dried dairy protein products (milk and cheese protein 
powders), cereals, candies such as licorice and lemon-flavored  cough drops, dried 
spices, teas, nuts, herbs, and pasta, there is no epidemiological evidence linking these 
sources to adult infections. These organisms can persist for long periods within PIF 
manufacturing facilities. However, little knowledge is known about its presence and 
persistence in other food manufacturing facilities. Species-specific virulence factors 
have been found that adversely affect a wide range of host processes including 
protein synthesis, cell division, and pro-inflammatory host responses. These factors 
are encoded on a variety of mobile genetic elements such as plasmids, transposons, 
and pathogenicity islands. This genomic plasticity denotes ongoing re-assortment 
and possibly acquisition of future virulence factors that will undoubtedly complicate 
our efforts to categorize these organisms into sharply delineated genomo-pathotypes. 
NGS technologies such as WGS analysis have the potential to be used as a powerful 
tool to accurately capture subtle differences in strains belonging to the same ST  or 
ecological niche. The recent finding of multidrug antibiotic resistance in strains from 
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a variety of sources advocates for continued surveillance of this foodborne pathogen. 
This dynamic nature will only present additional challenges for the global food 
safety and public health communities in the diagnosis, treatment, and prevention of 
infections. 
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Introduction 
Campylobacter is one of the leading causative agents of diarrheal diseases and bacterial 
gastroenteritis worldwide (World Health Organization 2018). As it is a self-limited 
disease, often the patients do not require visiting the hospital or doctors. Though in 
many cases the infection caused by Campylobacter, known as campylobacteriosis, 
can go unreported; the Center for Disease Control (CDC) estimates that over  
1.3 million people suffer from campylobacteriosis each year in the US (Centers 
for Disease Control and Prevention 2017). Symptoms of Campylobacter infection 
include a range of gastrointestinal issues, such as diarrhea, severe abdominal cramps, 
vomiting, and fever (Food Safety 2019). These symptoms usually resolve within 
2–5 days for a healthy individual, though serious complications or consequences 
can occur in those individuals with pre-existing health conditions or compromised 
immune systems, and in such cases, the infected person may require antibiotic 
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treatment or even hospitalization (Galanis 2007). The most common sources of 
Campylobacter are common food products, particularly poultry meat and milk. 

Campylobacters are unable to grow in atmospheric oxygen concentration and 
rather need a microaerophilic condition (5% O2, 10% CO2, and 85% N2) for growth 
in laboratory conditions (Garénaux et al. 2008). Campylobacter grows at a wide 
variety of temperature ranges, though at a lower temperature; Campylobacter goes 
into a viable but non-culturable (VBNC) state (Federighi et al. 1988; Garénaux 
et al. 2008). Due to these special growth requirements, it is very difficult to detect 
and grow Campylobacter in laboratory conditions, and special growth conditions 
are required. Campylobacter has 31 species reported but only a few are important 
with respect to pathogenicity to humans, including C. jejuni, C. coli, and C. fetus. 
Therefore, in this chapter, we talk about various sources of Campylobacter, current 
practices of Campylobacter detection and characterization, and recommendations 
for better practices mostly focusing on C. jejuni, C. coli, and C. fetus. 

Potential Food Sources of Campylobacter and Current 
Microbiological Methods of Analysis 
Common Food Sources of Campylobacter 
The most common sources of Campylobacter include raw poultry meats, 
unpasteurized milk, and contaminated water (World Health Organization 2018). 
Consumption of raw fruits and vegetables has also been linked to increased 
incidence of campylobacteriosis in humans. Fruits and vegetables can become 
contaminated throughout many steps of the retail process. For example, contact with 
contaminated raw poultry meats or water in a packaging facility can be the source of  
cross-contamination of produce products. Levels of Campylobacter are much lower 
in produce products than in raw poultry meats and meat products. The presence of 
bacteria in or on produce products can be largely eliminated by careful processing of 
produces for sale at the facility and then washing the produces before eating on the 
consumers’  end (Mohammadpour et al. 2018). In this section, we will focus on the 
more common breeding grounds for Campylobacter and sources of Campylobacter  
infection, like poultry, meat, milk, and sea-foods. 

Meat and Meat Products as Sources of Campylobacter 
Campylobacter sometimes exhibits commensal relationships with their animal 
hosts (Silva et al. 2011). Campylobacter often resides in the intestinal tract of 
warm-blooded animals, such as chicken and cattle, and only causes gastrointestinal 
problems when it transfers to humans. Animals infected with Campylobacter are 
typically asymptomatic, making  it difficult to prevent the spread of the bacteria to 
humans through contact with contaminated raw meat or other contaminated sources 
(Mezher et al. 2016). Processing and handling of raw animal products coupled 
with the unique survival ability of Campylobacter allow for cross-contamination to 
a variety of foods (Silva et al. 2011). Raw poultry meat and other poultry-related 
products are the most common sources of Campylobacter and play a huge role in 
the infection and cross-contamination of foods, surfaces, and subsequently humans. 
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Poultry 
Among other meat and avian sources of Campylobacter, raw poultry constitutes the 
leading cause of campylobacteriosis  in humans (Sahin et al. 2015). Not only poultry 
is the most widely consumed meat product worldwide, but also poultry gut provides 
ideal conditions for the growth of Campylobacter. Campylobacter grows in the 
warm intestinal tract of poultry with most of the bacteria residing in the colon and the 
cecum (Silva et al. 2011). When the poultry carcass is processed, the intestinal walls 
may rupture, allowing the Campylobacter to spread to other parts of the processed 
poultry, including channels in the skin. This migration of Campylobacter to the 
poultry skin increases the possibility of cross-contamination with other foods, which 
are also processed in the same facility (Berrang et al. 2001). Additionally, while they 
survive best under warm conditions, Campylobacter can survive within the poultry 
carcass under colder temperatures, allowing chances of further cross-contamination 
even after the poultry is processed, refrigerated, and distributed (Silva et al. 2011). 
So, improper storage of raw poultry can lead to the further spread of the bacteria 
(Scherer et al. 2006). 

Beef 
While Campylobacter is the most prevalent in poultry, contamination with 
Campylobacter  can also occur in red meat, such as cows (Silva et al. 2011). Like 
in poultry, the bacteria inhabit the digestive tracts of these animals and can be 
transferred to humans via improper handling of raw or unprocessed meats and  
cross-contamination of surfaces, and human contact with infected animal feces 
(Humphrey et al. 2007). While studies are still being done to better understand 
the optimal environment for Campylobacter survival, studies have shown that 
contamination of red meat and beef products may be less common than in  
poultry/poultry products in part due to the different processing procedures. In a 
study, Humphrey et al. (2007) found that the drying aspect of processing meats 
helps to reduce relative amounts of Campylobacter  growth in red meats. The lower 
prevalence of Campylobacter  in red meat sources can also be due to the overall lower 
body temperature of cows in comparison to chickens (Lopes et al. 2018). 

Milk and Other Food Products as Sources of Campylobacter 
Due to the high prevalence of cross-contamination involving Campylobacter, the 
bacteria are not only limited to raw poultry and meat products, but some other key 
sources of Campylobacter include raw (unpasteurized) milk, contaminated water, 
and shellfish. As mentioned earlier, contamination at the retail processing is a crucial 
point and improper handling during food preparation can be another major point at 
the consumers’ end. For example, not washing hands between preparation of dishes 
like chicken and fish and as a result, contaminating the fish dish. Though the bacterial 
load will be less in fish, still it can be a source of Campylobacter. 

Milk 
Raw milk can also be a source of Campylobacter due to cross-contamination of 
the milk during the milking process by feces from an infected dairy cow. Raw milk 
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can also contain Campylobacter due to the infection of the udders of the dairy 
cow by the bacteria (Silva et al. 2011). Maintaining milking hygiene by washing 
the udders of the cows and keeping the milking facility clean can help to reduce 
Campylobacter  levels in raw milk, but the most effective and safe way is done 
during post-processing, i.e., exterminating the bacteria via pasteurization (Humphrey 
and Beckett 1987). Based on multiple case studies of campylobacteriosis related 
to raw milk consumption in the USA, CDC recommends the consumption of 
pasteurized milk only as current testing procedures of raw milk may not be sensitive 
enough to detect Campylobacter (Davis et al. 2016). Fortunately, cheeses are not 
considered a major source of Campylobacter as the bacteria can only live-in fresh 
cheeses for much shorter amounts of time than they can in raw milk (Butzler and  
Oosterom 1991). 

Water 
Water supplies can be contaminated by animal feces containing Campylobacter. 
While Campylobacter live and reproduce primarily in the intestinal tract of animals, 
they are capable of completely changing their survival abilities once they enter a 
water source. For this reason, it is very difficult to isolate and culture Campylobacter  
from contaminated water sources (Schallenberg et al. 2005). Interestingly, studies 
done by Korhonen and Martikalnon (1991) have shown that Campylobacter survive 
better in filtered water than in untreated water, suggesting that Campylobacter survive 
best without competition with other organisms for nutrients in the water. But they 
do not survive when the water is treated to remove most of the potential nutrients 
for the bacteria (Korhonen and Martikalnon 1991). Certain strains of the bacteria 
can survive for months in various water sources, causing the contaminated water to 
be a major source of infection (Schallenberg et al. 2005). Human consumption of 
contaminated water, or the use of contaminated water to wash produce, can directly 
lead to campylobacteriosis (World Health Organization 2018; Centers for Disease 
Control and Prevention 2017). 

Shellfish and Seafood 
Studies have shown that consumption of various types of infected shellfish can be 
linked to increased occurrence of campylobacteriosis in humans. Both WHO and 
CDC warn against the consumption of raw shellfish due to the potential for infections 
by different enteric pathogens including campylobacteriosis (Centers for Disease 
Control and Prevention 2019). Shellfish can be infected by the bacteria through 
contaminated waters (Teunis 1997) and improper handling during retail processing 
and/or food preparation. 

Microbiological Methods Used for Campylobacter Detection in 
Food Industries 
The genus Campylobacter  are mostly small (0.2–0.8 μm × 0.5–5 μm), Gram-negative, 
slender, and are spirally curved rods, where most species have an unsheathed polar 
flagellum at one or both ends (Silva et al. 2011). Under unfavorable conditions, 
Campylobacter  can form VBNC cells (Portner et al. 2007). The optimum temperatures 
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for the growth of Campylobacter are between 37°C and 42°C. Campylobacter grow 
optimally at pH 6.5–7.5 and will not survive above pH 9.0 or below pH 4.9. They 
are microaerophilic and non-spore-forming fastidious bacteria growing in lower 
oxygen atmospheric conditions (5% O2, 10% CO2, and 85% N2) (Garénaux et al. 
2008). This selective spectrum for the growth of Campylobacter  has enabled it to 
grow on very particular media, such as blood, ferrous iron, pyruvates, etc., and with 
selective agents like antibiotics in laboratory conditions (Corry et al. 1995). Diverse 
types of broths, like Bolton broth, Preston broth, etc., are used to enrich and grow 
Campylobacter (Baylis et al. 2000). The presence of the enzyme oxyrase is known 
to be effective in reducing oxygen levels and isolating Campylobacter from various 
sources (Abeyta et al. 1997). The most common plating method for Campylobacter  
growth and isolation is to use mCCDA  (modified Charcoal Cefoperazone 
Deoxycholate Agar) as the selective agar after enrichment in Bolton broth at 37°C 
in a microaerophilic atmosphere for 4–6 hours, followed by incubation at 41.5°C for 
40–48 hours. Another agar medium named Karmali can also be used to increase the 
efficacy of the detection procedure. A  study by Federighi et al. (1990) showed that 
Park and Sanders’  broth followed by the isolation on Karmali agar is a very effective 
combination for the isolation of Campylobacter. 

Campylobacter is one of the main causes of bacterial gastroenteritis in 
developed countries around the world and one of the most common organisms that 
cause bacterial infections which make their way through basic diet. These bacteria 
follow a commensal lifestyle with various livestock like poultry and dairy sources 
as mentioned above and ultimately behaves like a pathogen after being ingested by 
humans. Hendrixson et al. (2004) used signature-tagged transposon mutagenesis to 
identify various Campylobacter to understand precisely how C. jejuni bacterium 
promotes commensalism by identifying different mutants, each representing 
different genes involved in the chicken gastrointestinal tract. Campylobacter 
naturally colonize the gastrointestinal tract of birds and animals, but it is a pathogen 
for humans and results in productive gastroenteritis, which causes mild to bloody 
diarrhea—one of the main symptoms that can help identify Campylobacter as 
the likely pathogen (Hendrixson et al. 2004). Campylobacter isolates can mainly 
be found in the caeca and the large intestine of poultry birds (Beery et al. 1988). 
Colonization of the chicken gastrointestinal tract usually occurs in chickens at an 
early age and can last up to the time of the slaughter (Lindblom et al. 1986). Different 
Campylobacter can be identified according to the region of colonization. Pathogenic 
strains of C. jejuni have a commensal relationship with chickens, favoring the caeca, 
and this was confirmed by studies done by Beery et al. (1988). The identification 
of Campylobacter was done by performing a competition assay between different 
strains of Campylobacter mutants. It has been shown that, for successful colonization 
by Campylobacter, motility is very important (Nachamkin et al. 1993; Wassenaar 
et al. 1993). The mutations in the genes that cause flagellar motility usually result 
in a 10 to 1,000-fold reduction of the bacterial loads in the chick caeca (Hendrixson 
et al. 2004). Although the role of motility is currently unknown, Campylobacter 
with flagellar apparatus can colonize a more substantial area for a longer time, 
providing a distinction between the strains that contain flagella from the ones that do 
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not contain apparatus for motility. One of the genes that can help identify C. jejuni 
specifically is cj0019c, which encodes a methyl-accepting chemotaxis protein, which 
signals proteins that help transduce signals to the chemotaxis regulatory proteins 
(Hendrixson et al. 2004). 

Another way to identify different species of Campylobacter  from animals 
and humans is with the help of bacterial restriction endonuclease DNA analysis 
(BRENDA) (Kakoyiannis et al. 1984). The inability of C. jejuni to hydrolyze 
hippurate in the BRENDA  test is the key feature that distinguishes C. jejuni from 
C. coli  (Skirrow et al. 1980). The intestinal tract of pigs is usually colonized by 
C. coli  (Munroe et al. 1983), which is the most commonly found Campylobacter  
species in pigs, while the other predominant species, C. jejuni  is frequently isolated 
from poultry (Rossef et al. 1982). Presently, there are two serotyping techniques to 
identify Campylobacter  species developed by Lior et al. (1982). One technique deals 
with C. jejuni where 14% to 17% of strains are untypable, while another technique is 
able to identify both C. coli and C. jejuni  (Penner et al. 1980). It is also worthwhile 
to mention that plasmid typing is necessary as an additional means of differentiation 
(Bradbury et al. 1983). BRENDA  patterns of the strains that are isolated from pigs 
are usually uncommon and are typically not found in the isolates from humans. But 
the BRENDA  patterns that are found in the isolates from chickens are remarkably 
similar to the patterns found in the isolates from humans. One of the advantages 
of using BRENDA  to identify different Campylobacter  species is that the patterns 
remain stable for a very long time (Kakoyiannis et al. 1984). These BRENDA  
patterns can be used as reference standards to be compared with other patterns to 
identify a specific type of strain. BRENDA  can also be used to identify strains that 
are very similar and only differ from each other in degrees of pathogenicity. To make 
it more precise, the BRENDA  patterns can be applied to restriction enzymes of two 
organisms which show identical patterns after digestion with the initial enzyme 
(Kakoyianis et al. 1984). However, it should be noted that minor differences in 
the patterns of the same organism as C. coli  exists, but these differences are only 
due to a change in the number of plasmids which vary between each individual  
organism/strain. BRENDA  can also be used to identify C. pyloridis isolates. Just like 
different species of Campylobacter  colonizing different areas of the gastrointestinal 
tract, C. pyloridis usually colonize the gastric mucosa of the upper abdominal region 
in human (Langenberg et al. 1986). No biotyping or serotyping schemes exist for  
C. pyloridis. This strain is only identifiable by the analysis of its proteins by sodium 
dodecyl sulfate-polyacrylamide (SDS) gel electrophoresis, which results in rather 
uniform patterns (Langenberg et al. 1986). However, this analysis has limitations to 
identify C. pyloridis  after the restriction endonuclease identification because other 
species like C. jejuni and C. coli  can also be identified by the method showing a 
similar pattern. An exclusive characteristic of C. pyloridis is that they can hydrolyze 
urea rapidly. This production of urease excludes C. jejuni-like organisms which 
are also able to inhabit the gastric mucosa occasionally. Langenberg et al. (1986) 
demonstrate that restriction endonuclease analysis with HindIII is a very sensitive 
method for differentiating C. pyloridis isolates. However, there is a possibility 
that the colonization of the gastric mucosa is possible by more than one strain of  



 

 Another method used to identify  Campylobacter is multiplex-polymerase chain 
reaction (PCR). Multiplex PCR is a common laboratory technique used for the 
detection of C. jejuni and C. coli. In most diagnostic laboratories, at least 95% of 
human Campylobacter isolates belong to either C. coli or C. jejuni when a selective 
medium is applied (Endtz et al. 1991). Primers used in PCR operate on different loci 
in these two organisms. For C. jejuni, the hippuricase gene (hipO) primer and for  
C. coli, an aspartokinase gene (lysC) primer is used and for the positive control of the 
PCR, a universal 16S rDNA  gene primer is used (Persson et al. 2005). Previously, 
the only method used for distinguishing between C. coli and C. jejuni was 
hippurate hydrolysis, but this method was less accurate and more time-consuming  
(Rautelin et al. 1999). In the study by Persson et al. (2005), a three-gene  
multiplex-PCR-based method was used when Campylobacter is exposed to room 
temperature and atmospheric air, their survival rate decreases dramatically (Holler  
et al. 1998), thus making PCR-based detection methods more accurate. 
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C. pyloridis isolates. This is evident from the identity of the DNA digest patterns 
which are produced by different colony-type isolates recovered from one patient 
on various occasions (Langenberg et al. 1986). This method of identification of  
C. pyloridis isolates is more accurate and can be used for epidemiologic surveillance, 
like the investigation of hospital infections, or to study hypochlorhydria, a disease 
attributed to the infection of C. pyloridis. 

Characterization of Campylobacter Isolated From Food Products 
Campylobacter is microaerophilic meaning they “require O2  for growth but 
are sensitive to high oxygen tensions” (Kaakoush et al. 2007). Due to their 
sensitivity to high oxygen tensions, Campylobacter grow best in atmospheres 
with low oxygen tensions (5% O2, 10% CO2, and 85% N2) (Silva et al. 2011). 
Although  Campylobacter  utilizes oxygen as its terminal electron acceptor for 
respiration, numerous alternative electron acceptors can also be utilized (Sellars  
et al. 2002). For example, in reduced oxygen conditions growth of  C. jejuni  is 
possible when fumarate, nitrite,  and TMAO are utilized as electron acceptors for 
respiration (Sellars et al. 2002). However, the growth of  C. jejuni  is not supported 
under strictly anaerobic conditions (Sellars et al. 2002). 

The growth of Campylobacter is also highly dependent on the temperature 
of the environment. Different Campylobacter isolated from food products are 
thermotolerant, growing between 37°C and 42°C with optimal growth at 41.5°C 
(Silva et al. 2011). As the temperature approaches the lower temperature limit, the 
growth of Campylobacter drops dramatically unlike other microorganisms where 
growth decreases gradually (Park 2002). By 30°C, there is a complete absence of 
growth in Campylobacter (Park 2002). This dramatic decline in growth can be 
explained by the absence of cold shock proteins in Campylobacter (Park 2002). 
The presence of cold shock proteins in other microorganisms allows them to 
adapt and grow at lower temperatures (Park 2002; Levin 2007). Therefore, the 
lack of cold shock proteins in Campylobacter does not allow the species to grow 
at lower temperatures (Park 2012; Levin 2007). Although unable to grow at lower 
temperatures, Campylobacter can still be metabolically active below their optimal 
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growth temperature (Park 2002). Respiration and ATP generation are supported at 
temperatures as low as 4°C in C. jejuni, the primary cause of enteric illness in the US 
(Park 2002). However, although unable to replicate, the motility of C. jejuni remains 
unaffected at lower temperatures (Park 2002). The ability of C. jejuni to survive and 
retain motility allows the species to migrate to more favorable environments for 
survival (Park 2002). The ability of C. jejuni to survive and be motile at temperatures 
associated with food storage allows for C. jejuni to be successful in human infection 
(Park 2002). Although Campylobacter grows at higher temperatures, they are better 
classified as “thermotolerant” due to their inability to grow at temperatures above 
55°C (Levin 2007; Silva et al. 2011). Their sensitivity to higher heat makes cooking 
and pasteurization successful tools in killing Campylobacter (Park 2002). 

Unlike other gastrointestinal bacteria, the nutritional needs  of Campylobacter  are 
unique requiring a diet low in carbohydrates and high in proteins (Hofreuter 2014). 
This diet is highly dependent on the inability of  Campylobacter to utilize many 
common carbohydrates as carbon sources (Hofreuter 2014; Epps et al. 2013; Stahl 
et al. 2012). The absence of metabolic pathways necessary for the breakdown of 
glucose, galactose, and many other carbohydrates results in the non-saccharolytic 
nature of these bacteria (Hofreuter 2014; Stahl et al. 2012). Due to the absence 
of glucokinase, the phosphorylation of extracellular glucose is not possible by 
Campylobacter  (Stahl et al. 2012).  Campylobacter also lack the key enzyme 
6-phosphofructokinase which is responsible for “the irreversible phosphorylation 
of fructose-6-phosphate to fructose-1,6-diphosphate during glycolysis” (Stahl et al. 
2012).  Although glycolysis is not possible, the enzyme, pyruvate kinase which is 
necessary for a different irreversible step of glycolysis is present (Stahl et al. 2012).  
Similarly, even though the enzymes for the non-oxidative portion of the pentose 
phosphate pathway are present, the pentose phosphate pathway cannot be performed 
because the oxidative portion is absent (Hofreuter 2014). Although unable to utilize 
extracellular glucose,  Campylobacter possess the enzymes required to convert 
pyruvate to glucose-6-phosphate and therefore can perform gluconeogenesis (Stahl 
et al. 2012). 

Because  Campylobacter  is unable to utilize many carbohydrates as carbon 
sources, they rely on amino acids for their primary nutrient sources (Stahl et al. 
2012; Weingarten et al. 2009). Both amino acids and the intermediates of the citric 
acid cycle are important carbon sources necessary for the growth and survival of   
C. jejuni  (Epps et al. 2013).  C. jejuni  can utilize amino acids in the following 
sequential order: serine, aspartate, asparagine, and glutamate (Epps et al. 2013; Stahl 
et al. 2012). However, certain  C. jejuni  strains can also metabolize proline after 
the other amino  acids have been completely utilized (Epps et al. 2013; Stahl et al. 
2012). The most common amino acids found in chick excreta are serine, aspartate, 
glutamate, and proline, therefore, explaining the colonization of  C. jejuni  in the 
intestines of chickens (Stahl et al. 2012). 

Flagella-mediated motility is an essential characteristic of the virulence 
of Campylobacter (Silva et al. 2011). Campylobacters have single polar flagella 
that mediate rapid, darting motility (Guerry 2007). This flagella-mediated motility 
is essential for the colonization of the small intestine by Campylobacter (Silva et al. 
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2011). The spiral shape along with the polar flagellum of Campylobacter, allows for 
motility in highly viscous environments such as in mucous which typically causes 
paralysis in other motile rod-shaped bacteria (Park 2002). Campylobacter flagellin 
are made up of FlaA and FlaB, the major and minor flagella protein respectively 
(Guerry 2007). The classic flagellin promoter σ28 regulates the flaA gene while 
the flaB  gene is regulated by a σ54-dependent promoter (Guerry 2007). When 
the flaA gene is mutated a severe reduction in motility has been reported causing 
the production of a truncated flagellar filament made up of flaB protein (Silva 
et al. 2011; Guerry 2007). However, mutations in flaB do not result in structural 
and motility differences (Silva et al. 2011; Guerry 2007). Adherence, gastrointestinal 
colonization, and invasion of host cells are dependent on the flaA gene, therefore 
mutations of flaA genes affect virulence properties (Silva et al. 2011). Many reports 
have also described that Campylobacter flagella can secrete non-flagellar proteins 
that may regulate virulence (Silva et al. 2011; Guerry 2007). 

The ability of Campylobacter to produce a cytolethal-distending toxin (CDT) is 
also thought to be an important mechanism regulating virulence  (Silva et al. 2011; 
Park 2002). CDT is responsible for ceasing the division of eukaryotic cells in the 
G2  phase of the cell cycle (Silva et al. 2011; Park 2002). This leads to cell death 
by preventing the cells from entering mitosis (Silva et al. 2011). It is hypothesized 
that when this occurs in the intestine, it can cause loss of function or erosion of the 
epithelial layer triggering diarrhea (Park 2002). CDT is made up of three subunits 
encoded by the  cdtA,  cdtB,  and cdtC  genes (Silva et al. 2011). For CDT  to be 
functionally active,  cdtA,  cdtB,  and cdtC  genes all must be present (Silva et al. 2011). 
It is thought that  cdtA  and  cdtC are necessary to transport   cdtB  into the host cell 
(Silva et al. 2011). Then this active  cdtB  subunit can break the double strand of the 
host DNA inflicting damage on the host (Silva et al. 2011). 

Treatment of infections caused by Campylobacter is becoming increasingly 
difficult with antibiotics. Antibiotic treatment with macrolides, tetracycline, and 
fluoroquinolones is generally only used in severe cases of infection (Silva et al. 2011). 
However, due to the rise in antibiotic resistance of Campylobacter, treatment with 
fluoroquinolones, tetracycline, and erythromycin has become increasingly difficult 
(Silva et al. 2011). It is hypothesized that the unregulated use of antibiotics in food 
animal production has caused this increasing trend of antibiotic resistance (Silva et al. 
2011). For example, following the approval of the use of fluoroquinolones in poultry 
in Europe and the US, an increase in fluoroquinolone-resistant Campylobacter was 
found in human and animal samples (Silva et al. 2011). Genetic mutations 
in Campylobacter are largely attributed to antibiotic resistance (Reddy and Zishiri 
2017). Amino acid substitutions in the quinolone resistance-determining region 
(QRDR) regulate antibiotic resistance to fluoroquinolones (Reddy and Zishiri 2017). 
Point mutations in gyrA genes are responsible for high-level resistance to nalidixic 
acid as well as low-level resistance to ciprofloxacin (Reddy and Zishiri 2017). 
Unlike resistance in fluoroquinolones and macrolides, tetracycline resistance is 
plasmid-mediated (Reddy and Zishiri 2017). The tetO gene, which is responsible 
for encoding ribosomal protection proteins (RPPs), is present in both C. jejuni and 
C. coli (Reddy and Zishiri 2017). The presence of the tetO gene leads to extremely 
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elevated levels of tetracycline resistance (Reddy and Zishiri 2017). Due to the increase 
in antibiotic resistance among species of Campylobacter, treatment of infections in 
humans are becoming more complicated to treat using antibiotics. 

Limitation of Currently Used Detection Techniques 
Many methods and procedures have been developed and used for the detection 
of Campylobacter, as described in previous sections of this chapter. The standard 
for the detection of Campylobacter is culturing and enrichment, which can be a  
time-consuming process. Other methods have been explored such as real-time PCR 
detection, and they are equally reliable but faster than culturing and enrichment. In 
one study conducted by De Boer et al. (2015), real-time PCR far outpaced culturing, 
taking 4 hours compared to the 2 days expended for culturing. Additionally, 
dead-end ultrafiltration (DEUF) has been utilized to detect low concentrations 
of Campylobacter in contaminated water sources (Ferrari et al. 2019). Another 
technique used to characterize Campylobacter is whole-genome sequencing, which 
analyzes genes, markers, and phylogeny for the identification  of Campylobacter  
(Redondo et al. 2019). Other methods have been validated and more are currently 
being investigated. 

Methodological Difficulties Due To Complex Cultural Requirements 
There are many complications and shortcomings associated with the various methods 
of detection of Campylobacter. These often have to do with the rapidity and accuracy 
of Campylobacter identification by the method in question. As already mentioned, 
the standard Campylobacter detection method is enrichment and culturing, which 
lacks speed. It can take up to 2–3 days for results to be collected, which is extremely 
slow in most laboratory settings (De Boer et al. 2015). Although this method has 
been in use far longer than any other method and has proven itself to be accurate, it 
is inefficient and laborious. Additionally, culturing only allows the identification of 
bacteria, in this case, Campylobacter,  to the genus level (Kulkarni  et al. 2002) and so 
different species may not be differentiated through the culturing  method. Therefore, 
to increase efficiency, other methods have been developed but also come with their 
limitations. 

Studies conducted using real-time PCRs for the detection of Campylobacter 
have shown that the method can be reliable and much faster than enrichment 
followed by culturing. However, in a study comparing the two methods, there were 
a small number of Campylobacter-containing samples for which only the classic 
culturing worked (the real-time PCRs returned false negatives) (Lund et al. 2004). 
This defection could be attributed to the lack of expertise in sample collection and 
processing. Additionally, there can be certain chemicals, termed inhibitory substances 
in the samples that alter the efficacy of real-time PCR (Lund et al. 2004). These 
inhibitory chemicals inhibit the real-time PCR from functioning correctly, which can 
lower or nullify the yield of DNA amplification and result in false-negative results. 

Although real-time PCRs have been widely discussed as a faster alternative 
to enrichment and culturing method, conventional PCR has also been used in the 
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detection of Campylobacter. However, more shortcomings come with this method 
as it is not nearly as specific as real-time PCR. While real-time PCR allows for 
quantification of the DNA  that has been amplified, conventional PCR techniques 
involve the separation of the DNA strands and visualization of the bands by gel 
electrophoresis as the only indicator of amplification and specificity. This is 
problematic since the method for detection must be specific enough to precisely 
determine the presence or absence of Campylobacter in each sample. Additionally, it 
is difficult to set apart the dead and viable bacterial cells through PCR analysis since 
both are usually detected by this method (Giesendorf  et al. 1992). Another setback in 
conventional PCR is the issue of contamination, as a carryover from previous PCRs 
can introduce new nucleic acids that can be amplified and result in false positives 
(Lund et al. 2004). 

Dead-end ultrafiltration is another technique that is used for the detection of 
Campylobacter, specifically in the detection of small numbers in large quantities of 
water. Although it is effective in some cases, its use also carries various weaknesses. 
For example, if Campylobacter is in a non-culturable state, but is still viable and 
can reproduce but this method may return false negatives (Ferrari et al. 2019). 
Additionally, false negatives could also result when Campylobacter is not evenly 
distributed throughout the water sample or when the amount of Campylobacter is 
simply below the detection limit of the method (Ferrari et al. 2019). Another difficulty 
with dead-end ultrafiltration is that its filter can be clogged by highly turbid water 
(Ferrari et al. 2019). Since the clogging of the filter prevents accurate detection, 
dead-end ultrafiltration is best used with water samples with low or moderate 
turbidity. 

An alternate detection method, whole-genome sequencing has been used to 
identify Campylobacter based on the presence of virulence genes and antimicrobial 
resistance markers and through phylogenetic analysis. This method was effective in 
covering some of the shortcomings of enrichment and culture analysis and showed 
high specificity for cluster detection. However, it too had its shortcomings with regard 
to the detection of Campylobacter. For example, when analyzing for the presence 
of virulence genes through whole-genome sequencing, different species cannot be 
identified (Redondo et al. 2019). Since all pathogenic species of Campylobacter 
carry these genes, it is difficult to separate the species but nevertheless is useful in 
the detection of Campylobacter at the genus level. Additionally, when testing for 
antimicrobial resistance markers, simply the presence of these markers does not 
guarantee antimicrobial resistance, phenotypic tests for resistance would be more 
reliable (Redondo et al. 2019). The degree of specificity and representativeness 
of whole-genome analysis is limited by the database of isolates that it is based on 
(Redondo et al. 2019). Therefore, this type of genomic analysis should be approved 
by regulatory agencies and standardized to be more accurate and reliable. 

Another method that has been developed is the utilization of a sensitive DNA 
microarray to detect Campylobacter. This method has been compared to the standard 
use of culture and PCR analysis in the detection of Campylobacter and revealed 
some defects in these techniques. In a study conducted by Keramas et al. (2004), 
chicken feces were analyzed for their contents, specifically for the presence of 
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Campylobacter. When conventional cell culture was used, only 60% of the samples 
were positive for any strain of Campylobacter. However, when PCR analysis was 
utilized, 95% of samples were positive and when the DNA microarray was used, all 
the samples returned positive (Keramas et al. 2004). It has been explained that this 
was because the PCR and DNA microarray techniques were not only able to detect 
alive and viable Campylobacter cells, but they were also able to detect dead and 
uncultivatable Campylobacter cells (Keramas et al. 2004). 

Lack of Expertise and Training Opportunities 
The reliability of the detection of Campylobacter is also related to the methods 
by which the samples are collected and processed. Without proper collection and 
processing procedures, contamination and false positives/negatives result could be 
present, skewing the data. The lack of expertise in sample collection and processing 
is present in most methods of Campylobacter detection. The way that the samples are 
processed is unique to the method of Campylobacter detection, as different methods 
require different inputs. 

In one study comparing the standard enrichment/culturing and the real-time PCR 
techniques, there were a handful of samples that returned positive after enrichment 
and culturing but returned negative through real-time PCR (De Boer et al. 2015). 
This was unexpected since the overall conclusion of the experiment was that  
real-time PCR was not only faster but more accurate than culturing and enrichment. 
These false negatives could be attributed to the lack of expertise in sample processing 
before subjecting the samples to the PCR. 

As with real-time PCR, conventional PCR techniques also require specific 
processing of samples before detection and analysis. In a study comparing the 
enrichment/culturing and conventional PCR detection methods by Lawson et al. 
(1999), there were a significant number of samples that were culture-negative but 
PCR-positive and another set of samples that were culture-positive but PCR-negative. 
The culture-positive/PCR-negative abnormalities could be attributed to the handling 
of the samples in the period of 10 days between culture and DNA extraction. Given 
this long amount of time, it is possible that the DNAs were degraded and unable to be 
amplified by the PCR procedure, and therefore resulted in a negative PCR reading. 
The culture-negative/PCR-positive abnormalities may be resultant of the presence 
of VBNC or dead Campylobacter that would still be detectable via PCR previously 
discussed. These presumptions were supported by a study by Kulkarni et al. (2002) 
since the reduction of the period between culture and DNA extraction from 10 days 
to 24 hours resulted in the elimination of culture-positive/PCR-negative sample 
readings. Therefore, the lack of expertise in the handling and time duration of the 
processing of the samples can skew the data and generate inaccurate results. 

Time Constraints and Limitations of Commonly Allocated Resources 
As previously stated, there are many defects associated with the various methods for 
Campylobacter  detection. Two significant ones are time constraints and the limitation 
of resources. The classic enrichment and culturing method has been widely accepted 
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in scientific communities around the world. However, when looking at this method 
in terms of time constraints, an obvious problem arises. Conventional enrichment 
and culturing of samples usually require at least 72 hours to produce results  
(De Boer et al. 2015). This is a great deal of time and renders the method incredibly 
inefficient. With regards to resources, the enrichment and culturing method requires 
media for the enrichment and growth specific to Campylobacter. These materials 
come with significant costs and must be continually bought and replaced according 
to use. Therefore, the classic enrichment and culture method is lengthy and relatively 
resource-consuming. 

To solve the time constraints associated with the culturing method, real-time 
PCR utilizes genetic information to quickly analyze and identify the presence of 
Campylobacter and related species. Many studies have shown that when the whole 
procedure was conducted, results were available in only 4 hours (De Boer et al. 
2015). Compared to the enrichment and culturing method, real-time PCR was around 
20 times more efficient at detecting Campylobacter in terms of time. In terms of 
resources, real-time PCR utilizes molecular techniques to amplify the DNA of interest. 
There are certain materials necessary for this procedure, including primers, enzymes, 
and other necessary biomolecules. However, in the large picture, real-time PCR is 
relatively cheap and can be conducted with little handling. As with real-time PCR, 
conventional PCR has its advantages when compared to the enrichment and culturing 
method. The method involves nucleic acid extraction, DNA amplification, and other 
analytical techniques (Giesendorf et al. 1992). The time required for the whole 
procedure is more than real-time PCR but is becoming more streamlined over time. 
Comparatively, the resources needed for conventional PCR and real-time PCR are 
similar, although more handling efficiency is needed for conventional PCR methods. 

Another valid detection method,  dead-end ultrafiltration for water samples also 
has its respective limitations with regard to time and resources. The timeline for this 
method includes the processing of the contaminated water samples. The amount of 
time needed to process the samples is proportional to the volume of contaminated 
water. In one study, Ferrari et al. (2019) found that the time to process 60 liters of 
water was around 25 minutes. This is extremely quick; however, it can only be used 
with water samples and cannot be used with solids. With regards to resources, the 
method necessitates specific pumps and filtration systems that may not be easily 
acquirable. Overall, dead-end ultrafiltration can be an efficient, time-saving method 
for the detection of Campylobacter in only water samples. 

Whole-genome sequencing is another technique used to detect Campylobacter  
and is useful for specific cluster detection. The procedure is largely dominated by 
computational and genetic analysis. Given this, the method requires little handling 
past the initial sampling and processing period (Redondo et al. 2019). After this 
period, whole-genome sequencing is conducted, and the sequences of the samples 
are determined. Much of the data  analysis after whole-genome sequencing was done 
with specific computer programs and databases that are publicly available. Therefore, 
apart from sample processing, the procedure for this technique is quick. However, 
specific technology for whole-genome sequencing is necessary. This method is a 
time-efficient way to detect Campylobacter given that the technology is present. 
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In addition to these methods, a DNA microarray can be utilized to detect 
Campylobacter. The technique consists of several steps including the preparation 
of the microarray, the hybridization process, and the optical readout. Combining all 
the steps, the method is very quick and a rapid, accurate detection technique. In one 
study, Keramas et al. (2004) compared the use of a specialized DNA microarray to 
culture method and PCR analysis for the detection of two species of Campylobacter. 
From the results of this experiment, Keramas et al. concluded that the use of DNA 
microarrays is more time-efficient and more resource efficient than both classic 
culturing and PCR analysis. Specifically, when DNA microarrays were used, the 
presence of Campylobacter was detected in samples within 3 hours (Keramas et al. 
2004). Not only was the procedure timeline hastened, but the number of reagents 
and materials required for detection was also lessened when using the microarray. 
Though DNA microarrays serve as both a timely and resource-efficient method for 
the detection of Campylobacter, further studies are needed to validate the procedure. 

Future Recommendations for Better Practice 
Current methods of detection have adequately succeeded in the identification of 
Campylobacter. However, these methods have limitations, such as the inability 
to differentiate between closely related species due to high sequence similarity 
(Magana et al. 2017). Additional limitations include inhibitors that prevent assays 
from obtaining precise quantification and a high number of false positives. Improved 
molecular methods of containment and detection can help to bridge the gap left by 
the current methods. 

Immune-based methods of foodborne pathogen detection, such as flow 
cytometry, enzyme-linked immunosorbent assays (ELISA), and quantitative 
immunofluorescence have been well-established. Compared to conventional 
culturing techniques, the enzyme immunoassay (EIA) kits demonstrated greater 
sensitivity and specificity (Ricke et al. 2019). However, the EIA kits may result in 
false positives due to cross-reactivity (Ricke et al. 2019). Attempts to address these 
issues have led to the innovation of technology that has produced self-contained 
immune-based biosensors and nano-based assays. The biosensors would allow for 
a more precise evaluation of the pathogen due to the ability to convert the binding 
activities of antibodies into electrical signals (Ricke et al. 2019). The Surface 
Plasma Resonance (SPR) sensor was developed to detect C. jejuni by covalently 
attaching rabbit polyclonal antibodies to gold chips, resulting in an improved limit of 
detection (LOD) as compared to a direct assay (Masdor et al. 2017). A cotton-swab 
immunoassay was developed by immersing swabs into cocktails of various colored 
nano-beaded conjugated assays and a high LOD score was achieved with no observable 
cross-reactivity (Alamer et al. 2018). Immunoassays could also be improved with 
the use of proteomics to aid in antigen target refinement. Proteomics are used to 
demonstrate that different proteins are expressed under different conditions, such as 
between the microaerophilic and aerobic culture conditions (Rodrigues et al. 2016). 
Similarly, a difference in protein expression was detected using proteomics when 
C. jejuni changed from the stationary to the exponential growth phases (Turonova 
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et al. 2017). By determining differences in protein expressions under various 
environments and growth phases, novel antibodies may be discovered to use in 
immunoassays. 

The methods for Campylobacter detection in meat have undergone many 
alterations. For example, initially the reference methods called for enriching meat in 
a broth under microaerobic conditions (Zhou et al. 2011). While these methods could 
detect Campylobacter, they were not optimized to obtain the true number of positive 
samples in meat. A change in the reference methods occurred, which now enrich 
meat in a broth under aerobic conditions because it is a simplified and cost-effective 
procedure, but still is not optimized to determine the true number of positive samples 
(Zhou et al. 2011). An alternative method has recently been developed where meat 
samples have been rinsed in buffered peptone water with selective antimicrobials 
and incubated under aerobiosis (Oyarzabal et al. 2013). Compared to the reference 
methods, this alternate method of rinsing meat was found to be less time-consuming, 
required less sample preparation, and was more sensitive in the isolation of naturally 
occurring Campylobacter (Oyarzabal et al. 2013). 

Quantifying bacteria can be challenging because bacteria can lose the ability to 
grow in culture due to cold or oxygen stress during storage (Pacholewicz et al. 2019). 
This highlights the need to develop culture-independent quantification methods. One 
method that has been used as an alternative is a real-time PCR which discriminates 
between live and dead cells to detect and quantify various bacteria. The problem 
with real-time PCR is that the discrimination between live and dead cells is not finite 
enough; an insufficient reduction of signal from dead cells leads to false positives 
and skews the quantification of the bacteria (Pacholewicz et al. 2019). To improve  
real-time PCR, an internal sample process control (ISPC) has been developed. In 
a recent  study, a number of peroxide-killed C. sputorum  cells were added to the 
samples and a species-specific gene fragment (similar to the C. jejuni, C.  coli or  
C.  lari  target) was used as the target for the real-time PCR  (Pacholewicz et al. 2019). 
This ISPC was used to monitor the level of reduction of the signal from dead cells 
and DNA  losses during sample processing (Pacholewicz et al. 2019). Real-time PCR 
using the ISPC was found to be lacking in false positives, thus presenting an increased 
sensitivity and efficiency to the previous methods (Pacholewicz et al. 2019). Again,  
real-time PCR uses intercalating fluorescent dyes to quantify pathogens by introducing 
fluorescence through non-specific dyes that bind to the DNA  or by using probes with 
different fluorescent labels (Ricke et al. 2019). Fluorescent dyes accumulate with 
an intensity directly proportional to the amount of target template DNA. Compared 
to conventional PCR, real-time PCR has increased speed and specificity. However,  
real-time PCR is limited in its ability to detect Campylobacter from a diverse sample 
due to the presence of inhibitors  or other biological challenges (Ricke et al. 2019). 
One way to overcome this limitation is to use the same paramagnetic beads to separate 
the DNA  and determine cell concentration. This integrated approach allowed for a 
fully automated and rapid sample preparation and DNA  extraction method (Rudi  
et al. 2004). 

Conventional PCR has been used for decades to detect foodborne pathogens 
by exploiting the genomic variation of a particular organism to differentiate it from 
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related and unrelated organisms (Ricke et al. 2019). However, as new Campylobacter 
species are discovered, conventional PCR presents challenges in determining species 
specificity and avoiding false positives. Innovations in PCR-based techniques could 
address many limitations. 

Multiplex PCR can be used for the rapid identification of multiple species from 
one food production sample. Compared to conventional PCR, which can only amplify 
one target sequence, multiplex PCR is capable of amplifying more than one target 
sequence using up to six pairs of primers (Elnifro et al. 2000). Multiplex assays are 
able to specifically determine if Campylobacter is present in a complex sample. A 
study used multiplex PCR without pre-enrichment of the bovine fecal samples to 
determine the identity of the pathogens in the sample (Inglis and Kalischuk 2003). 
Genus-level identification of Campylobacter was found to be more sensitive than 
other microbiological isolation techniques, showing that multiplex assays have more 
sensitivity and specificity (Inglis and Kalischuk 2003). In the same study, the QIAamp 
DNA stool mini kit was found to be an effectual method. This mini kit effectively 
removed inhibitors to extract added control DNA from bovine feces, which has been 
a challenge for many PCR-based techniques (Inglis and Kalischuk 2003). Multiplex 
PCR has been shown to be faster than conventional PCR assays because it does 
not rely on the enrichment step. It is also a more cost-effective method due to the 
decreased number of tests that must be run to identify multiple pathogens at once. 

Digital PCR (dPCR) is able to determine the absolute copy number of a gene 
target by utilizing the fraction of negative replicates and a Poisson statistical algorithm 
(Baker 2012). First, a sample is separated into many small reaction chambers. After 
the amplification is complete, the ratio of positive and negative reactions indicates 
the actual number of gene copies present in the test sample (Baker 2012). Compared 
to real-time PCR, which uses fluorescence intensity during amplification, dPCR 
is far more precise. Another advantage of dPCR is that it is less vulnerable to 
enzyme amplification inhibitors that are often present in the samples (Baker 2012). 
A variation of dPCR is droplet dPCR (ddPCR). In ddPCR, the samples are mixed 
with the necessary reagents and then dispersed into droplets (Baker 2012). Then, 
a droplet reading machine, which functions similarly to a flow cytometer, analyzes 
each sample droplet to determine whether a reaction has taken place (Baker 2012). 
A study compared real-time PCR with ddPCR using the same primers and probes 
and found that ddPCR detected more pathogens at each sampling point, indicating 
that ddPCR has higher sensitivity than real-time PCR (Rothrock et al. 2013). These 
digital techniques do not require the calibration and internal controls necessary for 
qPCR. However, the disadvantages to these PCR-based techniques are that they are 
more expensive and have a narrower dynamic range than real-time PCR. 

Many of the methods that have been discussed in this section have improved on 
existing methods. Novel techniques have been developed with the goal of increasing 
specificity and precision, as well as decreasing the time required to obtain the results. 
Further research can determine the feasibility of these techniques, but they have 
all been shown to improve the detection, identification, and quantification of the 
Campylobacter genus. 
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Conclusion 
In recent years, research has rapidly developed to explain much of the information 
about Campylobacter (Taboada et al. 2013). However, even with the technology that 
has been used recently, there are still many disagreements surrounding the methods 
used as they are not completely precise. Therefore, it is yet a challenge to identify 
and characterize Campylobacter  with time constrain and given resources. So much 
more research is necessary in order to identify and characterize Campylobacter in a 
stable, time and cost-efficient way. 
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Chapter 3 

Detection of 
Listeria monocytogenes in 

Food and Environment 
Atin. R. Datta1,* and Laurel S. Burall2 

Introduction 
Listeria monocytogenes (Lm), a Gram-positive, facultative aerobic, and 
non-spore-forming bacterium, is the causative organism of foodborne human and 
animal listeriosis. The human disease is characterized by both invasive illness, 
which includes septicemia, meningitis, abortion, and death (Vazquez-Boland et al. 
2001b), and also a relatively rare but well-documented gastroenteritis characterized 
by symptoms, including diarrhea, nausea, and fever (Norton and Braden 2007). The 
invasive form of listeriosis is associated with more than 95% hospitalization and 
20–30% mortality. According to Scallan et al. (2011), about 1,600 cases of human 
listeriosis and 250 deaths have been reported in the USA each year. The global burden 
of human listeriosis, as estimated for 2010, is about 23,150 illnesses, resulting in 
5,463 deaths and 172,823 DALYs (disability-adjusted life year) (de Noordhout et al. 
2014). The susceptible population includes neonates, the elderly, pregnant women, 
people with underlying health conditions, and people with weakened immunity. 
However, a few recent reports indicate that a small percentage of invasive illnesses 
were not associated with these risk factors (Angelo et al. 2017; Charlier et al. 2017). 
The febrile gastroenteritis listeriosis cases, on the other hand, have been reported to 
affect all individuals, irrespective of their health status, with high attack rates and 
no mortality (Norton and Braden 2007). The economic burden of human listeriosis, 
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including the burden on the food industry, has been estimated to be billions of dollars 
(Hoffmann et al. 2012). 

Lm, the only human pathogen of the genus Listeria, is ubiquitous in 
the environment and as a result, can contaminate foods and food processing 
environments. The organism has been serologically classified into 13 serotypes 
based on both somatic (O) and flagellar (H) antigens (Seeliger and Hohne 1979). 
Recently, a new serotype of Lm, termed 4h, has been isolated from ovine outbreaks 
in China (Yin et al. 2019). The major contributors to human infections, including 
major outbreaks (Table 1), and food contamination events belong to serotypes 1/2a, 
1/2b, and 4b. A genetic variation of serotype 4b, termed 4bV (Burall et al. 2016) 
or IVb-v1 (Leclercq et al. 2011; Lee et al. 2012), has also been recognized to be 
associated with several outbreaks (Burall et al. 2017b). Serotype 4b appears to be the 
dominant outbreak-causing serotype; although, a few large listeriosis outbreaks have 
been reported as caused by serotypes 1/2a and 1/2b (Table 1). Based on genomic 
sequences, Lm strains can be grouped into four distinct lineages, some consisting of 
multiple overlapping serotypes (Orsi et al. 2011). Lineage I strains are predominantly 

Table 1. Major invasive listeriosis outbreaks.* 

Year Location Cases (% Mortality) Food Serotype 

1980–81 Canada 41 (34) Coleslaw 4b 

1983 USA 49 (29) Pasteurized Milk 4b 

1984 Switzerland 57 (32) Soft Cheese 4b 

1985 USA 142 (34) Jalisco Cheese 4b 

1987–89 UK 823 (?) Pate 4b 

1992 France 279 (30) Rillettes (Pork) 4b 

1998–99 USA 101 (21) Hot Dogs, Deli Meats 4b 

1998–99 Finland 25 (24) Butter 3a 

2000 USA 29 (7) Deli Turkey Meat 1/2a 

2008 Canada 57 (40) Deli Meat 1/2a 

2010 USA 10 (50) Celery 1/2a 

2011 USA 147 (33) Cantaloupe 1/2a, 1/2b 

2012 USA 22 (25) Ricotta Salata Cheese 1/2a 

2014 USA 35 (20) Caramel Apple 4b, 4bV 

2010–15 USA 10 (30) Ice Cream 1/2b 

2015 USA 30 (10) Soft Cheese Unknown 

2016 USA 19 (5) Packaged Greens 4bV 

2015–18 EU 47 (19) Frozen Corn 4b 

2017–18 South Africa 1,060 (20) Polony 4b 

2015–18 EU 47 (19) Frozen Corn/Vegetable 4b 

2018–19 Germany 112 (6) Blood Sausage 4b 

2019–20 USA 36 (11) Enoki Mushroom 1/2a, 1/2b 

* Outbreaks with a number of reported illnesses ten and above. 
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responsible for sporadic cases and outbreaks, while lineage II strains are frequently 
associated with foods and natural environments (Orsi et al. 2011). Based on gene 
sequences, Lm strains have been grouped into 22 clonal complexes and several 
epidemic clones (genetically similar strains involved in separate outbreaks) (Ragon 
et al. 2008). Distinct genetic, phenotypic, and virulence characteristics have been 
found to be associated with these lineages and clonal complexes (Hingston et al. 
2017; Pirone-Davies et al. 2018). In addition, Lm strains involved in gastrointestinal 
disease outbreaks (Table 2) were found to be genetically distinct from the invasive 
outbreak strains (Laksanalamai et al. 2012) and also differed in their virulence 
potential in insect larvae Galleria mellonella model (Rakic Martinez et al. 2017). 

Since 1985, following a large foodborne outbreak in California involving Jalisco 
cheese (Linnan et al. 1988), research activities in many countries have generated 
a vast resource of information on Lm growth and survival, physiology, virulence 
mechanisms, and genomics (Glaser et al. 2001; Vazquez-Boland et al. 2001a; 
Radoshevich and Cossart 2018; Marik et al. 2019). These activities resulted in a 
greater understanding of the genomic architecture of the organisms and key genetic 
attributes of Lm that are responsible for infection and disease processes (Hilliard 
et al. 2018), survival under stress conditions whether inside the human host or 
outside the host in foods, food processing environment (Kathariou et al. 2002), and 
the natural environment (Vivant et al. 2013). It is important to recognize that many 
of these genes have overlapping roles in these important phenotypes, and many of 
the purported house-keeping genes have also been shown to have important roles 
in pathogenesis, stress tolerance, and biofilm formation (Bucur et al. 2018). Lm can 
form a biofilm on a variety of surfaces, either by itself or in combination with other 
microorganisms. As biofilms are often resistant to cleaning and sanitizing efforts (Pan 
et al. 2019; Hua et al. 2019), Lm in these biofilms may lead to persistence in the food 
processing environment and recurring food contamination (Ferreira et al. 2014). The 
knowledge gained from these studies has led to the development of better detection 
strategies, e.g., chromogenic agars based on the detection of the plcA gene product 

Table 2. Major non-invasive (gastrointestinal illness) listeriosis outbreaks.* 

Year Country Cases Food Serotype 

1993 Italy 18 Rice Salad 1/2b 

1994 USA 45 Chocolate Milk 1/2b 

1997 Italy 1,566 Corn, Tuna Salad 4b 

2000 New Zealand 32 Corned Beef, Ham 1/2 

2001 USA 16 Sliced Turkey Meat 1/2a 

2001 Sweden 48 Raw Milk Cheese 1/2a 

2001 Japan 34 Soft Cheese 1/2b 

2002 Canada 86+46** Cheese 4b 

2008 Austria 12 Jellied Pork 4b 

* Outbreaks with more than ten reported cases. 
** Two separate outbreaks including five cases of invasive symptoms. 
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phosphatidylinositol-specific phospholipase C (PI-PLC), and the identification 
of high-risk foods in terms of Listeria survival and growth (USDA 2003). Lm is 
a psychrophilic organism that grows reasonably well at refrigerated temperatures 
(Chan and Wiedmann 2008) and often outcompetes associated mesophilic microbiota 
at refrigerated temperatures, further emphasizing the need for strict adherence to 
time-temperature guidelines for foods. With the rapid improvements in DNA 
sequencing technologies and computational tools, it was possible to develop whole 
genome sequencing (WGS) based methods for subtyping and outbreak investigation 
(Jackson et al. 2016). 

During the initial series of listeriosis outbreaks, several laboratories were 
involved in the development of cultural/biochemical methods for the detection 
of Lm in food samples. It was clear from the onset that a single method would 
not work for different foods, e.g., dairy and meat products, as these products are 
chemically different and may contain different microbiota. Globally, regulatory 
agencies and food industries initiated analyzing foods both during outbreaks, as well 
as for surveillance, to reduce the burden of listeriosis. Risk analyses on foodborne 
listeriosis (USFDA 2003; FAO 2004) indicated that although most of the population 
is exposed to Lm through food, only a few people develop invasive infections. 
Dose-response studies based on the data from animal models showed that the successful 
infection by Lm requires a relatively high dose of the microorganism, roughly 
> 8 log cfu for healthy individuals and 2–3 log cfu for susceptible individuals (Takeuchi 
et al. 2006; Williams et al. 2007). As most naturally contaminated foods contained 
low numbers of organisms, it was reasoned that some kind of time temperature 
abuse was probably needed to attain a level suitable for an infectious dose, even for 
susceptible populations, although recent listeriosis outbreaks involving frozen foods 
challenge that notion (Chen et al. 2016; Pouillot et al. 2016; Weissfeld 2017; ECDC 
2018). An emphasis on risk was given to ready-to-eat (RTE) foods as these foods 
do not go through a kill step before consumption. Currently, two different standards 
for Lm in RTE foods are followed. In the USA, detection of Lm in an analytical unit 
of any food, including RTE, is violative (zero tolerance) and therefore subject to 
regulatory actions (USFDA 2008). However, in the EU, Canada, and other countries, 
some RTE foods have an enforced zero tolerance while Lm < 100 cfu/g is permitted 
in some other RTE foods at the end of shelf life. For example, in Canada (Health 
Canada 2011), RTE foods are divided into two categories: one, in which Lm can 
grow and the shelf life of these products is more than five days, has a zero tolerance. 
Second, for all other RTE foods, the tolerance limit is 100 cfu/g. In the EU, all RTE 
foods, irrespective of their ability to support Lm growth, other than those intended for 
infants which are held to the zero-tolerance standard, < 100 cfu/g during marketing 
are allowed (Luber 2011). In Chile, zero tolerance is enforced in foods that can 
support Lm growth and foods intended for children, while in other foods < 100 cfu/g 
is the enforced limit (Moreno Switt 2020). These regulatory policies are often the 
driving force behind the development of detection and enumeration methods of Lm 
in foods. In the US in 2011, the adoption of more preventive approaches for the 
reduction of foodborne listeriosis following the Food Safety Modernization Act (US 
Government 2011) has led to environmental sampling requirements for Listeria spp. 
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and Lm in food processing plants. These sampling requirements have necessitated 
the development of detection methods specific to environmental samples so that 
corrective actions can be taken to mitigate the possibility of food contamination in 
affected plants. The following paragraphs deal with the development of detection 
methods in foods and environmental samples, as well as the enumeration of Lm  in 
these samples. Focus is given to more recent developments as older methods are 
slowly being phased out and replaced by newer methods. The main objective of 
this review is not to discuss all the methods currently used but to focus on the basic 
principles and challenges associated with these methods. 

Detection of Lm in Food 
Detection of Lm in foods poses a unique challenge as the level of contamination 
appears to be low for direct detection by microbiological and/or molecular methods, 
especially relative to other microbes naturally present in many foods. This is different 
from the detection of Lm  from sterile sites, e.g., blood and cerebro-spinal fluid (CSF) 
from clinical samples, which are normally free of background microorganisms and 
have higher numbers of target organisms. The strategy chosen was the development 
of selective enrichment followed by the use of selective screening of the enrichment 
cultures. A  review of Table 1 and Table 2 reveals that the majority of outbreaks 
are caused by contaminated dairy or meat products; although, recently several 
major outbreaks have been caused by vegetables and fruits. The earlier efforts on 
detection methods, therefore, were geared toward the detection of Lm  in these food 
categories. Initial attempts at the development of selective enrichment broths were 
carried out by the US Food and Drug Administration (FDA) for dairy products and 
the United States Department of Agriculture (USDA) for meat products, based on 
their regulatory authority in the US. The research leading to the development of 
these selective enrichment broths identified the various concentrations of several 
antibacterial and anti-fungal ingredients critical to enrichment for Lm. The idea was 
that most of the Listeria  strains would have a higher tolerance to these antimicrobials 
at the concentrations present in these selective broths than competing microorganisms 
present in the foods. Particularly challenging were foods containing many diverse 
background microorganisms, e.g., different cheeses, fruits and vegetables, sprouts, 
etc. To overcome the challenge between the expansion of very low numbers of 
Listeria  and suppression of background microflora, it was recognized early in the 
development of these protocols that the use of selective enrichment was needed. The 
selective enrichment broths ideally would suppress the outgrowth of background 
microorganisms while supporting Listeria  growth within a reasonable amount of 
time. These considerations have led to the development of three major selective 
enrichment media and several different protocols (varying media, time, and 
temperature for incubation). Table 3 summarizes some major differences in the three 
major enrichment broths. These enrichment broths utilize nutrient-rich ingredients as 
basal media, e.g., extracts and enzymatic digests of animal tissues and yeast extract, 
and different combinations of phosphates for buffering.  Fraser broth formulation 
is unique; it allows a visual assessment of Listeria growth because the esculin 
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Table 3. Major differences in Listeria selective enrichment broths commonly used. 

Ingredient/1,000 ml BLEB UVM Fraser* 

Acriflavine 10 mg 12 mg 25 mg 

Nalidixic acid 40 mg 20 mg 20 mg 

Cycloheximide** 50 mg 0 0 

Lithium chloride 0 0 3 g 

Esculin 0 1 g 1 g 

Ferric ammonium citrate 0 0 0.5 g 

Sodium pyruvate 1.11 g 0 0 

Sodium chloride 0 20 g 20 g 

* Half-Fraser broth contains half the amount of acriflavine and nalidixic acid compared to 
Fraser broth. 

** Natamycin (Pimaricin) may be an alternative to more toxic cycloheximide. 

hydrolysis product, 6, 7-dihydroxy-coumarin, produces a black precipitate when 
reacted with ferric (Fe3+) ion, turning culture media black. However, Enterococci, 
which hydrolyzes esculin, also produced a black color, when present in food, causing 
false-positive assessments. To minimize this problem, LiCl was added to specifically 
inhibit Enterococci  (Fraser and Sperber 1988). However, Lm strains carrying a 
mutation in lmo 1930 have been shown to possess increased sensitivity to lithium 
chloride and also an inability to hydrolyze esculin and reduced growth rate in BHI 
(Brain Heart Infusion) and TSAYE (Tryptic Soy Agar-Yeast Extract). Such strains, 
therefore, most probably would be missed in standard enrichment protocols using 
Fraser broth or other media that  utilize a similar mechanism for detection (Parsons 
et al. 2019). The selection of enrichment broth, as well as the time and temperature 
of incubation for food analysis, varies among laboratories, but the majority follow 
one of three protocols: the FDA  Bacteriological Analytical Manual (BAM) (Hitchins  
et al. 2016), the USDA method (USDA 2016), or the International Organization for 
Standardization (ISO) method (ISO 2012). The steps of these three methods are 
summarized in Table 4. Many commercial detection kits follow one of these three 
protocols for enrichments for a seamless workflow with their detection kits. 

Table 4. Major Listeria enrichment protocols. 

Enrichment FDA USDA ISO 

Primary BLEB @30°C for 4h 
followed by the addition of 
antimicrobials and further 
incubation for the remainder 
of 24 or 48 hours 

m-UVM @30°C for 
20–26 h 

Half-Fraser broth@30°C 
for 26 ± 2 h 

Secondary None 1:100 dilution of primary 
enriched medium in 
MOPS-*mBLEB @ 35°C 
for 18–24 h 

1:100 dilution of primary 
enriched medium to 
Fraser broth @37°C for 
24 ± 2 h 

* mBLEB contains 15 mg/1,000 ml of acriflavine. 
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Effects of Antimicrobials on Detection of Sub-Lethally Injured Lm 
Lm in food, whether naturally grown or processed, undergoes both physical and 
chemical stresses of various proportions. These stresses often trigger a plethora of 
biochemical and physiological changes, leading to the development of injured cells. 
These injuries may result from food additives/preservatives (e.g., NaNO2, NaCl, and 
lactic acids), processing (e.g., heating, freezing, drying, smoking), anti-microbial 
treatments (e.g., sanitizers in processing plants), or the natural environment 
(e.g., harsh condition, chemicals, microflora in soil, lack of nutrients, etc.). 

Some stresses cause irreversible damage, leading to the death of the 
microorganism, while others cause “sub-lethally” injured microorganisms, leading 
to the formation of a viable but non-culturable (VBNC) state. For example, exposure 
to sanitizers like chlorine or benzalkonium chloride can shift Lm to VBNC without 
affecting pathogenicity (Afari and Hung 2018; Highmore et al. 2018; Noll et al. 2020). 
The presence of a VBNC state poses a significant public health challenge as these 
cells cannot be detected by standard cultural methods. Whether an organism survives 
a stress factor depends on the successful expression of many genes controlled by 
sigB and other regulatory genes. The ability to successfully revive these “stressed” 
microorganisms during an enrichment process poses an enormous challenge as these 
enrichment broths contain various antibacterial and anti-fungal chemicals in differing 
amounts. Allowing microorganisms to outgrow in a non-selective environment for a 
brief period, followed by the addition of selective agents, is often considered to be a 
pragmatic approach. The FDA BAM, in addition to allowing 4 hours of incubation 
in a non-selective environment, also includes pyruvate in its formulation to help 
in the recovery process via a nutritive enhancement. Some experimental protocols 
completely avoid any antimicrobials in their enrichment broths and depend on 
immunomagnetic separation (IMS) for selective enrichment after culture in a 
non-selective broth (Gorski et al. 2014). Both UVM and Fraser broth formulations 
exclude cycloheximide, and the half-Fraser broth formulation contains half the 
concentrations of nalidixic acid and acriflavine as used in Fraser broth, which is 
supposed to help the recovery of stressed microorganisms by reducing the stress 
presented initially. Lithium chloride in Fraser and half-Fraser broths also interfere 
with injured Lm growth. It is also important to realize that different stressors cause 
different types of injury, thereby a single protocol may not work for all kinds of 
sub-lethal injuries an organism may experience. Several authors have compared the 
efficacies of commonly used enrichment broths for the detection of artificially injured 
Lm cells, either by freeze or heat treatment, and concluded that these enrichment 
broths are comparable in their ability to recover stressed cells (Busch and Donnelly 
1992; Ryser et al. 1996; Donnelly 2002). 

Comparison of Standard Enrichment Broths With Selective 
Foods: Effect of Food Microbiota 
Food-specific enrichment protocols, using different formulations of enrichment 
broths, were the main driving force behind the development of BLEB (FDA), UVM 
(University of Vermont), and Fraser (USDA) broths. From the beginning, it was 
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appreciated that different food categories, in this case, dairy and meat products, may 
provide different challenges for Lm detection and hence required optimization of 
inhibitory compounds, time, and temperature for incubation, as well as downstream 
selection using selective agars. The food-specific interaction emanated from food 
composition, food additives, microbial load including other Listeria species present 
in the foods, and inhibitors that might be produced by one or more members of the 
food’s microbial  community. For example, whole cantaloupe, fresh sprouts, cheese, 
and other processed foods often contain large numbers of background microflora 
compared to pasteurized milk. Even after selective enrichment, some background 
microflora might persist, which could complicate the detection of typical Lm 
colonies when plated on selective agar plates, e.g., Rapid L’mono or ALOA. Under 
these circumstances, a molecular-based approach may serve better in detecting Lm, 
presuming the target is readily detected from the background. It has been shown 
that many naturally occurring microbes, including many lactic acid bacteria, may 
produce small molecular weight peptides, collectively known as bacteriocins, some 
of which may inhibit Lm outgrowth. Therefore, the presence of such organisms may 
interfere with Lm growth during enrichment, thereby resulting in false-negative 
detection (Nilsson et al. 2004). 

Comparison of Standard Enrichment Broths for Supporting 
Different Serotype and Lineages of Lm Strains 
Isolation of major disease-causing serotypes belonging to various lineages is 
important from both public health and epidemiological standpoints. This is 
particularly relevant as Lm isolation from clinical samples, e.g., blood, CSF, etc., do 
not undergo similar protocols as are often used for food and environmental samples. 
Food and environmental samples, in general, contain very small numbers of Lm and 
in some samples a large amount of non-Lm  microflora, especially when compared to 
the relevant clinical samples. The challenge presented is how to enrich all Lm strains, 
while simultaneously suppressing the growth of the background microflora. From an 
epidemiological perspective, foods and environmental samples may contain multiple 
genotypes of Lm; thus, it is critical that our detection methods isolate all strains 
equally well. Outbreaks caused by multiple genotypes and serotypes (Walsh et al. 
2014; Angelo et al. 2017) have been reported, highlighting that thorough efforts to 
identify contaminating strains are critical when determining which foods are linked 
to specific cases. That raises questions about whether current enrichment protocols 
can detect all genotypes of Lm  equally efficiently and how such differences affect 
the epidemiological investigation. For example, although 4b is associated with 
the majority of disease cases, the majority of food and environmental isolates are 
often found to be 1/2a or 1/2b (Loncarevic et al. 1996). Additionally, it has been 
observed that Lm strains isolated from foods using a direct plating method are more 
genetically diverse than when isolated by a selective enrichment method indicating 
bias in enrichment protocol. Similarly, Ryser et al. (1996) demonstrated that different 
ribotypes of Lm, indicative of different genotypes, showed different recovery rates 
in UVM and Listeria Recovery broth (LRB) from samples of ground meat. Bruhn  
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et al. (2005) showed that lineage II strains of Lm outcompete lineage I strains in both 
UVM I and UVM II broths. When inoculated at identical cell densities, L. innocua  
outcompeted lineage I strains but not lineage II strains. Interestingly, when grown in 
BHI, a standard non-selective broth, no difference in growth was observed between 
lineage I, lineage II, and L. innocua strains. Work with watershed samples (Gorski  
et al. 2014) demonstrated that a selective enrichment protocol recovers more serotype 
1/2a strains compared to non-selective enrichment. Although it is not clear why 
certain serotypes/lineages do well in certain selective media, the serotype-specific 
genetic footprints have been well documented (Zhang et al. 2003; Laksanalamai  
et al. 2012). Picking multiple colonies from selective agar plates and identifying their 
serotypes may alleviate part of this problem, presuming all strains have been able to 
reach levels suitable for plate-based detection. In addition, an outgrowth advantage of 
L. innocua over Lm in selective enrichment broths (Cornu et al. 2002) poses serious 
problems with false-negative results leading to increased public health concerns. 

Detection of Lm from Environmental Samples 
Detection of Lm from the environment encompasses a broad spectrum of sample 
types and environments. These samples can refer to swabs taken in the environment 
of a food processing facility, as well as samples taken from the natural environment. 
Swabs in a processing facility may encompass a variety of surfaces, including food 
contact, floor drains, ladders, and various types of tools and equipment, as well as 
a wide variety of facilities that may be enclosed or partially open, such as packing 
sheds. The natural environment includes a broad spectrum of samples including fecal 
material, water, soil, vegetative material, and air. Each of these samples, because of 
their varied physicochemical properties, can affect the recovery and detection of Lm. 
Careful consideration of these factors is necessary before deciding on the optimal 
method for the specific investigative need. 

Lm in the Food Production Environment 
Samples taken from food processing facilities have been subjected to varying nutrient 
conditions, sanitizers, and cleaning procedures that can include harsh chemicals and 
mechanical disruption. These conditions can trigger different stress responses or serve 
as drivers for the formation of biofilms, both of which can impact recovery. Different 
environments are also likely to have different and/or more diverse background flora. 
Floor drains, a common contamination site for Listeria spp. (Estrada et al. 2020), 
collect drainage from throughout the facility and maintain a moist environment 
that is ideal for Lm and other members of the Listeria genus. Sampling these sites 
for pathogen presence in the facility can lead to the pooling of a wide variety of 
organisms from throughout the facility. Conversely, food contact surfaces would 
be subjected to regular cleaning routines that would reduce the microbiota load in 
those samples. The routine use of sanitizers, along with other control mechanisms, 
throughout the food production environment is likely to result in the presence of Lm 
that is sub-lethally injured. This can complicate recovery as these cells may not be 
readily cultured, especially as the selective conditions in enrichments can lead to 
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further loss of these cells. These factors can hinder the recovery of the pathogen via 
enrichments. 

Lm in the Natural Environment 
While most efforts associated with Lm detection have focused on clinical and 
food-related detection, it is important to consider that Lm is naturally present in 
the environment. Its presence in this environment has critical implications for Lm  
food contamination, especially regarding fresh produce. Reservoirs in the natural 
environment may result in the introduction of the pathogen to the production 
environment. For example, domestic and wild animals may introduce Lm via their 
waste (Skovgaard and Morgen 1988; Bouttefroy et al. 1997; Parsons et al. 2020). 
Separately, the presence of Lm in the soil or water may result in transfer directly 
via soil contact, irrigation, or watershed transfer (Oliveira et al. 2011). When 
evaluating the natural environment, studies have shown that recovery is highest in 
moist environments (Chapin et al. 2014), suggesting that the potential for watershed 
transfer is significant. 

Due to annual weather patterns, temperature and moisture can vary widely 
within the same location. Temperature and moisture changes seen in the natural 
environment are unlikely to be present in most food processing facilities due to the 
presence of climate control systems but represent a unique stress for Lm in the natural 
environment that may affect recovery. Soil contamination is variable, depending on 
the geographic region, usage, soil type, and study methods (Dowe et al. 1997; Fox 
et al. 2009; Locatelli et al. 2013; Vivant et al. 2013; Harrand et al. 2020). This detection 
variability based on soil characteristics highlights the potential for interplay between 
environmental stress associated with a source and the method used for detection. 
Therefore, evaluation of these diverse samples can provide a critical understanding 
of Lm survival in the environment to aid disease control but also present a wide array 
of unique challenges. 

Impact of Stress and Sub-lethal Injury on the Recovery of Lm 
While it has been stated that many methods allow 24-hour recovery for stresses 
organisms, data suggest that recovery of stressed bacteria could take longer 
as the lag phase is increased in most recovery media (Silk et al. 2002). Stresses 
can encompass a variety of conditions including sanitizer exposure, temperature, 
nutrient deprivation, and osmotic pressure, which can lead to sub-lethal injury or 
growth alterations of the cells (Giotis et al. 2007; Vail et al. 2012; Noll et al. 2020). 
Culture-based methods rely on the use of selective pressures to recover Lm but these 
pressures can result in the failure to recover injured cells that are unable to initiate 
replication events for a variety of reasons. The failure to consider the possibility 
of sub-lethal injury when developing detection methods has the consequence of 
under-detecting Listeria contamination events (Donnelly 2002; Giotis et al. 2007). 
This has led to the development of various recovery broths to aid the recovery of 
Listeria from environmental samples. One evaluation comparing various selective 
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media, including Fraser, UVM, and FDA  Listeria enrichment broth (LEB), suggested 
that none of these media provided a significant advantage over the other, though 
the absence of selection in Trypticase soy broth did result in a significant shorter 
lag phase than observed for Fraser (Silk et al. 2002). However, other work led to 
the development of Listeria Repair Broth (LRB), which is used as a brief recovery 
enrichment prior to selective enrichment media (Busch and Donnelly 1992). A  
review of studies analyzing this broth against FDA  and USDA  enrichment protocols 
suggested that the incorporation of LRB into detection protocols could result in 
improved detection of Listeria spp. (Donnelly 2002; D’Amico and Donnelly 2008). 
While other differences were observed suggesting possible benefits, the differences 
noted in these works raise concern as the study was done in the absence of competing 
microorganisms. A  significantly longer lag time could result in out-competition 
by background flora, reducing the likelihood of detecting microorganisms with  
sub-lethal cell injury. The effect of this lag time was observed when comparing three 
enrichment schemes for the recovery of desiccation-injured cells. This study found 
that enrichment schemes using 24-hour incubations had reduced detection rates 
compared to ones using the same media with a 48-hour incubation (Sheth 2018). 

Sampling Considerations 
Understanding where, when, and how to sample is just as important as choosing the 
correct detection method when detecting Listeria  spp. in the environment. These 
considerations are especially critical in food processing facilities, as robust sampling 
for the presence of Listeria spp.  and Lm is key for the prevention of contamination of 
the final food product. Within facilities, it is best to sample equipment that is active 
or immediately after a production run is completed, as opposed to immediately after 
cleaning. Vibration and movement associated with equipment activity can introduce 
pathogens to food contact areas from hard-to-sample areas. Therefore, evaluation 
after cleaning, prior to equipment activity, can result in a false sense of security as 
readily reached surfaces are likely to be free of contamination. Furthermore, it is 
possible that bacteria may have sub-lethal injuries that can reduce their recovery 
but not reduce the potential for downstream contamination events. Swab types 
and neutralizing  broth can affect the ability of the pathogen to be collected from 
the equipment and neutralize sanitizers that could complicate pathogen recovery. 
A survey of processing plants in the EU found that most of the responding 
facilities preferred friction-based sampling (e.g., swabs, sponges and pads) versus  
contact-based methods (e.g., contact plates and Petrifilm™) (Brauge et al. 2020). The 
latter detection method, using contact-based sampling, is exemplified by Petrifilms 
(3M), which have been found to yield similar results to other detection methods, 
though independent studies comparing Petrifilm™ to the BAM method found 
that Petrifilm™ had much lower recovery yields (Cruz et al. 2012; Benesh et al. 
2013; Hitchins et al. 2016). This result was verified when a comparison, evaluating 
three friction-based methods and contact plates, found no significant difference in 
the recovery of Lm between the methods, based on colony-forming units (Brauge 
et al. 2020). A variety of transport media are available but the incorporation of a 
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neutralizing agent to prevent further loss of microorganisms due to sanitizer presence 
is critical (Dey and Engley 1983; Zhu et al. 2012). Downstream detection methods, 
however, should be evaluated to verify that they are not inhibited by components of 
the transport medium selected. 

When creating a sampling plan for a facility, the focus should be designed to 
detect contamination at points in the processing line after a lethal treatment, such as 
heating, and before packaging as this is the highest risk period for contamination. 
Previous knowledge suggested that frozen foods were unlikely to represent a risk, 
as no outgrowth was likely, and sampling did not need to be as extensive (Tompkin 
2002); however, recent outbreaks linked to frozen foods suggest that this is not true 
(CDC 2015; ECDC 2018). As the presence of moisture generally correlates with the 
presence of Listeria spp. (Hsu et al. 2005; D’Amico and Donnelly 2008; Chapin et al. 
2014; Estrada et al. 2020), frozen food production with its potential for condensation 
may represent a particularly challenging environment for the control of Listeria 
spp. Food production environments are also subject to routine cleaning protocols 
to prevent contamination of the facility and the food products. The presence of 
these sanitizers as residues on the surfaces may be transferred to the sample, further 
abrogating the ability of a method to detect the pathogen if the transport medium 
lacks compounds to neutralize the effect of these sanitizers as noted earlier. 

Considerations for Methods When Evaluating 
Environmental Samples 
In broad terms, there are three main categories of detection methods,  
culture-based, molecular, and biosensors. Validation of these methods, where 
available, is a critical consideration when choosing a method for a specific purpose. 
However, it should be noted that most validations are performed with spiked samples 
and it is possible that naturally contaminated samples may lead to different detection 
rates than observed during method validation testing (Warburton et al. 1991). Each 
of these detection methods has advantages related to detection limits, hands-on time, 
potential automation, overall processing times, and cost. Additionally, dependent on 
facility-specific requirements, tests may need to be performed on-site rather than 
off-site so that results can be rapidly relayed to address affected areas. This also 
reduces turnaround time on analysis by eliminating transport of the sample to the 
off-site facility, which can be a critical determinant when considering the release of 
a production lot to the market. 

Another consideration when choosing a method for the detection of Listeria 
spp. is whether the method results in the recovery of a viable organism or simply 
indicates the presence of the pathogen. Many rapid methods rely on the amplification 
of an input template derived via a variety of approaches. This amplification may 
be performed using nucleic acid amplification or it may be performed via antibody 
or phage detection recognizing multiple protein epitopes. However, these methods 
often lead to the destruction of the target organism to release the analyte. As a result, 
rapid methods, like biosensors, which eschew prior culture enrichment to reduce 
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the time to results, may not yield culturable microorganisms. These approaches can 
be beneficial when rapid results for food contact surfaces are needed to verify food 
safety prior to product market release. However, the lack of an isolate can hinder 
outbreak and traceback investigations and the determination of the persistence of a 
strain in an environment. WGS of isolates detected in food processing environments 
has revealed the presence of continuing contamination by an original source strain, 
indicating the need for improved mitigation strategies and/or repeated reintroduction 
from an external source (Orsi et al. 2008; Stasiewicz et al. 2015). Additionally, the 
lack of an enrichment step may complicate the detection of stressed cells and/or low 
numbers of cells in a high-background sample. 

A final consideration when choosing a method for environmental sampling 
is what target organism will be detected. Many of the rapid tests evaluated here 
focus on the detection of Listeria spp. This is likely due to advantages when 
performing environmental sampling for detecting Listeria spp., as opposed to 
specifically the pathogen Lm. When testing food samples, it is critical to identify 
Lm both to facilitate the removal of adulterated foods from markets and to rapidly 
identify the correct mitigation strategy. However, when evaluating environmental 
samples, a different set of considerations alters the range of options. For food contact 
surfaces, the identification of Lm is critical for the same reasons as detection in the 
foods themselves as contamination of these surfaces is highly likely to indicate 
contamination of foods. However, surfaces in a facility in zones 2, 3, and 4, while 
critical for controlling contamination, allow the consideration of simply identifying 
Listeria spp. which would indicate conditions that have the potential to support the 
presence of Lm, allowing producers to take corrective action. This approach has key 
regulatory considerations, depending on the region and food product, that must be 
evaluated carefully before choosing a method. 

As noted, many of the rapid tests only detect Listeria spp. Several of these tests 
allow producers to further evaluate a Listeria spp.-positive sample to determine if 
Lm is present, in order to rule out potential risk to the food product, which is a 
critical step. This is possible because these tests utilize an enrichment, prior to the 
rapid detection method, that can subsequently be used for culture on selective agar. 
Alternatively, species-specific tests are available, although most of these have been 
evaluated only for food. This mixed approach, used as part of a seek-and-destroy 
strategy for eliminating Lm in the food production environment, can provide faster 
results due to faster processing times (Table 5). The concern with this detection 
approach is that detection of Listeria spp. may result in the failure to detect Lm, 
even if it is present due to the growth biases that may occur in methods optimized 
for Listeria spp. versus Lm. Growth biases preventing the detection of Lm in the 
presence of L. welshimeri and L. innocua have already been observed, suggesting that 
this potential is worthy of careful consideration (Zitz et al. 2011; Dailey et al. 2015). 
This could mean that a facility could fail to detect Lm from a reserved enrichment 
sample even after secondary analysis due to competition from other members of the 
genus. Therefore, it is possible that a Listeria spp. positive result may indicate an 
even higher risk for Lm than just as a potential indicator. 
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Table 5.  Select rapid methods for the detection of Listeria in environmental samples. 

Assay Name Company Target 
Organism 

Technology Enrichment* 

ANSR® Listeria 
monocytogenes 

Neogen Lm Isothermal nucleic acid 
amplification 

16–24 hr 

Listeria RightNow™ Neogen Listeria Isothermal nucleic acid 
amplification 

No 

RapidChek® Romer Labs Lm LFI 44–48 hr 

ANSR Listeria Neogen Listeria Isothermal nucleic acid 
amplification 

16–24 hr 

Veriflow® Listeria 
Species 

Invisible 
Sentinel 

Listeria PCR & lateral flow device 24 hr 

MicroSEQ® Applied 
Biosystems 

Listeria Real-time PCR 28–32 hr 

Solus One Listeria Solus 
Scientific 

Listeria ELISA 22–30 hr 

iQ-Check Listeria spp. Bio-Rad Listeria Real-time PCR 18 hr 

Sample6 DETECT/L™ Weber Listeria Bioillumination 22 hr 

Reveal® Listeria 2.0 Neogen Listeria Immunodiagnostic 27–30 hr 

3M Molecular 
Detection Assay 

3M Listeria Isothermal nucleic acid 
amplification 

3M™ Petrifilm™ 3M Listeria Culture detection 28 hr 

PDX-LIB Paradigm 
Diagnostics 

Listeria Culture detection 48 hr 

Path-Chek Microgen 
Bio 

Listeria Culture detection 24–48 hr 

InSite Listeria Hygiena Listeria Culture detection 24–48 hr 

* Indicates if the methods require enrichment and, if so, the length of the incubation recommended. 

Culture-Based Listeria Detection in Environmental Samples 
Culture-based methods are slower than molecular approaches due to the generation 
time required to enrich for the presence of Lm or Listeria spp. from within the 
background flora. However, these methods are optimal for certain sample types. 
For example, bacterial levels in soil appear to be low and often require the use of  
culture-based methods to reliably detect them. A study by Locatelli et al. found that 
while culture-based methods were able to detect Lm in 17% of the soil samples 
evaluated, a parallel analysis of those samples using molecular detection was only 
able to detect Lm in only 2% of the samples (Locatelli et al. 2013). The authors 
attributed this to levels of Lm in the soil below 104 cfu/g. It is also possible that 
the detection of Lm and other pathogens from the soil via molecular techniques is 
hindered by the presence of various compounds in the soil that may interfere with 
preparations of the sample and downstream detection (Watson and Blackwell 2000; 
Locatelli et al. 2013). These methods use a combination of nutrients and antimicrobials 
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to reduce or eliminate the ability of background flora to grow. The utility of these 
media, therefore, will be impacted by which flora are likely to be present in the 
sample. Given that background flora and chemical compositions will vary depending 
on sample type, no one medium will be ideal for all potential samples. Additionally, 
it is worth noting that while mixed contaminations in foods and clinical cases are not 
generally considered the norm, in environmental samples this potential is increased. 
Therefore, it is wise to consider that each medium has the potential to introduce 
bias in the recovered organisms from environmental samples. As noted earlier,  
lineage II strains have been found to have an outgrowth advantage over lineage I 
strains when co-cultured in UVM, as has L. innocua over Lm (Bruhn et al. 2005). This 
latter growth advantage for various other members of the Listeria  genus over Lm, as 
well as genetic subtypes of Lm  over others, has been seen in other media (Ryser et al. 
1996; Donnelly 2002; Keys et al. 2013; Dailey et al. 2015). In fact, UVM was shown 
to result in the failure to detect isolates linked previously to outbreaks (Donnelly 
2002). Awareness of these potential biases is critical as the presence of these other 
members can be indicators of the conditions for contamination, but their presence 
could also hinder the detection of Lm in the event of co-contamination (D’Amico 
and Donnelly 2008). Early comparison of culture methods utilizing modifications 
of early USDA  and US FDA  methods, found no notable difference between the 
two methods, though the authors noted slightly higher recoveries when the FDA  
enrichment broth was coupled with a secondary Fraser enrichment (Warburton et al. 
1991). This observation may indicate that the ideal enrichment scheme could involve 
coupling different enrichment media and potential multiple enrichment protocols to 
optimize the reduction of the background flora. 

Most methods rely on a 24–48 hour culture time, with an increasing trend 
to shorter incubation times, particularly for environmental samples, to reduce 
turnaround time to results. However, studies have shown that the duration of 
enrichment prior to sampling from an enrichment can affect whether a positive 
result is observed. While logic might suggest longer incubation times are better and 
this has been shown particularly for Fraser broth (Donnelly 2002), converse data 
were observed by Fortes et al. showed that, while most samples gave similar results 
at 22 hours and 48 hours, some yielded positive results at 22 hours and others at 
48 hours (Fortes et al. 2013). A separate study found a similar pattern with 22% of 
the positive samples being identified at 24 hours or 48 hours but not both (Sullivan 
and Wiedmann 2020). These studies indicate that neither incubation time is likely to 
detect all positive samples and that a mixed approach, evaluating for the presence 
of Listeria spp. and/or Lm at 24 hours and 48 hours, would lead to the detection 
of more positive events and result in a more robust detection effort (Ryser et al. 
1996). This approach would work readily for a solid or liquid medium that uses color 
changes to identify the presence of the organism, as it would simply require a visual 
assessment at a later time point. However, this approach could be problematic for 
methods that lack an integrated detection system or for phenotypes that are variable, 
depending on the cost and time. Many selective media have incorporated visual 
alterations that rely on esculin hydrolysis to darken the medium or phospholipase 
C activity to hydrolyze compounds, resulting in either a haze such as is seen with 
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ALOA  or blue color as seen with Rapid L’mono agar (Bio-Rad). However, these 
phenotypes may not be uniformly expressed in all isolates, which could result in 
false-negative results for both phenotypes (Donnelly 2002; Leclercq 2004; Burall 
et al. 2014; Maury et al. 2017). Reliance on medium darkening, such as when using 
Fraser broth, is likely to result in false negatives and all such enrichments should be 
streaked on a secondary medium  to confirm the absence of Listeria spp. (Donnelly 
2002). These studies suggest that reliance on such observable phenotypes may 
result in the failure to detect Lm. The pairing of these methods with downstream 
molecular identification methods would help identify atypical strains that may still 
be capable of causing disease (Maury et al. 2017). One such mechanism is the BAX®  
System Real-Time PCR for Listeria (Hygiena). An analysis comparing this system to 
selective Oxoid medium culture detection found a slightly higher detection rate using 
a culture-based method for the identification of Listeria spp.  (Norton et al. 2000). A  
key limit of the BAX®  analysis was the identification of false-negative results (9 of 
89 culture-positive samples) (Norton et al. 2000). This was presumed to be due to 
poor enrichment and the authors suggested that the use of a two-step enrichment, as 
recommended by the manufacturer, could correct this problem (Norton et al. 2000). 
Conversely, the detection of Listeria spp. from samples with culture-negative results 
(5 of 125 culture-negative samples) suggested the possibility of the detection of  
non-viable cells, a problem associated with molecular techniques (Norton et al. 
2000). Separate work pairing a PCR-based screening with culture enrichment found 
that detection was generally equivalent with the culture-based approach but yielded 
faster results (D’Amico and Donnelly 2008). The use of these screening methods 
could also eliminate the concerns associated with atypical phenotypes. 

Separate from the enrichment media considerations, culture-based methods are 
paired with a final selective agar medium to isolate colonies from the enrichment. 
These media can also impact the ability to recover Lm.  A separate study, evaluating 
different ALOA-type agars ability  to detect Lm, found that, while 24 hours was enough 
for most instances, several isolates needed an additional 24 hours to fully develop 
the typical Lm colony morphology (Stessl et al. 2009). Further work from Leclercq 
suggests that up to 96 hours may be needed for atypical isolates to yield colonies 
suitable for further analysis, independent of stress or background flora (Leclercq 
2004). While this method relied  on isothermal nucleic acid amplification for final 
detection, a preliminary enrichment was necessary for the detection of low levels of 
Listeria spp. These authors postulated that the failure to detect Listeria at 48 hours 
may be due to the overgrowth of competing organisms, inhibiting detection (Fortes 
et al. 2013). This overgrowth of background flora hindering the detection of Lm has 
been seen elsewhere, especially when using half-Fraser brother, further highlighting 
the need to consider a sample’s native microbial population when selecting an 
enrichment scheme (Stessl et al. 2009). Further, different Listeria species and, even 
lineages, have differing growth rates in selective media, depending on the media and 
compared Listeria members (Bruhn et al. 2005). 

Previous sections have discussed the traditional methods associated with 
enrichment from food, which are often used for environmental detection as well. 
However, newer media have also been developed to reduce incubation time and have 
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focused on environmental surfaces, which, due to regular cleaning and sanitation, 
may have reduced organic and microbial load compared to foods. These media are 
often formulated for the detection of Listeria  spp. One such medium is ACTERO™ 
Listeria  Enrichment Media (FoodChek Systems, Inc.) which was shown to be 
better at recovering Listeria from plastic surfaces with a 24-hour enrichment than a 
UVM-BLEB 48-hour enrichment protocol (Claveau et al. 2014). Listeria Indicator 
Broth (PDX-LIB, Paradigm Diagnostics, Inc.) is another such enrichment medium 
designed and recently modified for rapid culture-based enrichment and detection 
of Listeria spp. from the food production environment and was compared with the 
original formulation (Olstein and Feirtag 2019) and found to have higher sensitivity 
and reduced false positives. However, a thorough analysis comparing this medium 
to other standard media is still needed and the manufacturer notes that it is only 
intended to detect four species of Listeria (www.pdx-inc.com). Another such 
medium is RapidChek Listeria  enrichment media (Romer Labs), developed for use 
in conjunction with a rapid screening lateral flow detection device (Muldoon et al. 
2012; Juck et al. 2018). Unfortunately, assessment of the enrichment capabilities 
of the proprietary media, which are commonly associated with various rapid 
screening methods, is complicated because these methods also use a proprietary 
endpoint detection system. However, other proprietary enrichment systems have 
been developed that incorporate detection within the culture via color change, like 
seen with Fraser broth, which can allow a more direct assessment of their ability 
to enrich Listeria spp. A comparison of two of these, designed for the detection of 
Listeria spp., found a high rate of false positives which would be problematic in an 
environment where a positive result requires significant interventions (Schirmer et al. 
2012). These methods likely rely on the same principles used for other chromogenic 
media and, therefore would have the same concerns raised earlier, regarding atypical 
phenotypes or background flora that have confounding phenotypes. 

A trend in the method development has been the development of enrichment 
and detection methods to detect multiple pathogens, frequently Lm, Salmonella, and 
E. coli O157:H7 (Kawasaki et al. 2005; Germini 2009). These methods pair PCR 
with a multi-target enrichment medium. However, a key gap in this principal is that 
the growth of Lm is generally much reduced compared to the two Gram-negative 
pathogens and may also be reduced compared to other background flora. Indeed, 
the medium may compromise the ability to detect low-level contamination events 
because it is not optimized for Lm. This was seen in a study of SEL, a selective 
enrichment medium developed to enrich the three main pathogens, Salmonella,  
E. coli O157:H7, and Lm. However, there was an observation of reduced growth 
of Lm in independent culture, compared to Salmonella and E. coli O157:H7. 
Additionally, the only error when evaluating the ability to detect pathogens occurred 
when detecting low levels of Lm  from a meat sample (Kim and Bhunia 2008). For 
these reasons, while the convenience of a single enrichment protocol to detect these 
three pathogens may be appealing, there is an elevated risk of missing Lm when 
utilizing these approaches. Additionally, a second study, evaluating the ability of 
SEL to recover the three pathogens after sub-lethal injury, found that SEL had a 
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reduced ability to recover Lm compared to the recovery observed for Salmonella and 
E. coli (Suo and Wang 2013). 

Molecular Detection Methods 
In an effort to develop more rapid detection methods, research shifted toward 
molecular techniques to detect Lm, some protocols are paired with partial enrichments. 
Molecular detection of Lm or Listeria  spp. has key benefits for the industry. The 
use of a “test and hold” approach can provide significant savings for companies 
as they help avoid costly recalls as well as any negative effects on the company’s 
reputation associated with a public recall. However, this approach is only practical if 
testing can be completed quickly, relative to the shelf life of the product. Molecular 
approaches, which amplify signals specifically via PCR or antibody recognition, can 
reduce or eliminate the need for culture-based signal enrichment. These molecular 
assays, such as PCR and immune-based assays, can therefore be very sensitive and 
rapid, facilitating rapid determination of the safety of a food product prior to market 
release. However, these techniques may not be able to discriminate between viable 
cells and cells that have been properly neutralized, which is a possibility on surfaces 
that have been treated to eliminate pathogens. The development of methods that can 
rapidly identify the presence of viable Lm in the food product or food processing 
environment can help companies move quickly to determine whether a lot is safe for 
market release. These methods use a variety of approaches and may use a preliminary 
enrichment to partially separate out Lm or Listeria spp.  from the background flora 
to provide a more detectable signal. Critically, many of these methods focus on the 
detection of Listeria spp., not Lm, which may affect when they can be used and/or 
require additional typing methods after detection to determine if Lm was the detected 
organism. Varying targets may be selected  including rRNA  (Wendorf et al. 2013; 
Caballero et al. 2016b), DNA (Petrauskene et al. 2012; Klass et al. 2019), or proteins 
(Juck et al. 2018; Tonner et al. 2019). 

These methods can be divided into two categories, as noted earlier. This is 
dependent on whether there is a pre-enrichment step or not, which additionally also 
affects whether a method will have the potential to yield a culturable organism for 
downstream subtyping analyses. There are a limited number of methods that do not 
rely on at least a partial enrichment, as enrichment is a useful tool when attempting 
to amplify a specific signal to detectable levels above a background signal. One of 
these methods is Listeria Right Now™ (LRN)(Neogen Corp.), which relies on the 
numerous copies of rRNA present in a bacterial cell as its target (Le et al. 2019). 
The signal is then amplified using an isothermal nucleic acid amplification approach 
with a fluorescent marker for final detection, leading to results within 1 hour (Le 
et al. 2019). Validation studies of this assay with the FDABAM method (Hitchins et al. 
2016) found no significant difference when evaluating samples from environmental 
surfaces typical of food production facilities, suggesting that this method could be a 
fast alternative to culture methods (Le et al. 2019; Roman et al. 2019). An alternate 
approach is seen with Sample6 DETECT/L™ (Weber Scientific), which does not 
rely on enrichment, though does have extended processing time compared to LRN 
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with 6–10 hours before results are achieved (Cappillino et al. 2015; Banerjee et al. 
2018). This method couples the bacteriophage with a luciferase assay and is designed 
to only detect viable cells, though assays evaluating non-replicative or injured cells 
have not been performed (Banerjee et al. 2018). A  modified version of this method 
was compared in a validation study to an enrichment scheme the USDA method uses 
(Table 4) and found equivalent performance between the two methods, suggesting 
that both are equally capable of detecting Listeria spp. from stainless steel surfaces 
(Banerjee et al. 2018). While both methods provide rapid results that are comparable 
to culture-based methods, they detect Listeria  as a genus and do not differentiate Lm 
from other members of the genus. Furthermore, sample processing for the analysis 
makes it challenging to further assess the contamination event if that becomes 
necessary. 

Most commercial molecular detection methods partner with an enrichment step 
that is often proprietary. The enrichment-detection schemes are inherently linked in 
their validation studies, which, as mentioned earlier, requires them to be considered 
as a joint process. These methods pair an enrichment step that is usually no longer 
than 24 hours with a variety of downstream rapid molecular detection approaches. 
These include lateral flow immunoassay devices (LFI), PCR, and isothermal nucleic 
acid amplification. ANSR® uses this latter approach with rRNA as the target, like 
LRN, that can provide results in 40 minutes, not counting the 16–24 hr enrichment 
(Wendorf et al. 2013). While the assay was found to be comparable in the initial 
validation to the reference culture method, a reduction in the probability of detection 
for positive samples was observed with the 16 hours incubation timepoint, suggesting 
that a 24-hour enrichment would provide a more robust evaluation (Wendorf et al. 
2013; Caballero et al. 2016a). Several systems have paired real-time or conventional 
PCR assays with an enrichment protocol. Two examples of this are BAX, discussed 
earlier, and MicroSEQ (Life Technologies). MicroSEQ has the advantage of being 
developed using the non-proprietary BAM enrichment protocols and was found to 
be reliable when detecting Listeria spp. from various environmental surfaces but 
required a longer processing time (Petrauskene et al. 2012). Bio-Rad’s iQ-Check 
Listeria spp. the system also uses real-time PCR as its final detection after enriching 
in proprietary Listeria special broth (LSB) for 18–26 hours (Klass et al. 2019). 
Comparison with the USDA method (Table 4) found comparable results using the 
iQ-Check protocol for several environmental surfaces (Klass et al. 2019). 

Lateral flow devices as a detection method offer ease of use to facilities, as 
well as rapid detection after an initial enrichment. These assays may rely on the 
antibody recognition of a target or PCR coupled with a visual flow assay. The latter 
method is the principle behind the Veriflow®  Listeria spp. assay that, when compared 
to the USDA  method (Table 4), showed no significant difference in detection ability 
(Joelsson et al. 2017). This assay has the drawback, compared to other lateral 
flow devices, that PCR must be performed. Rather than detection via a real-time 
machine or gel electrophoresis, the reaction is loaded into a cassette that, when the 
amplicon is present, produces a chromogenic band as the positive indicator (Joelsson  
et al. 2017). This approach provides amplification of the signal via enrichment and 
PCR, allowing rapid, specific identification of the target organism. Conversely, 
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Reveal®  2.0 (Neogen) and RapidChek®  (Romer Labs) both rely on antibodies and 
an immunochromatographic signal to indicate the presence of Listeria spp. (Alles 
et al. 2012; Juck et al. 2018). These methods rely on proprietary enrichments, but 
RapidCheck®  requires a 48-hour incubation versus the 27–30 hour incubation for 
Reveal® 2.0 (Alles et al. 2012; Juck et al. 2018). Intriguingly, validation studies 
indicated that the Reveal® 2.0 system had an equivalent, if not slightly improved, 
detection compared to the USDA method (Table 4) (Alles et al. 2012). A similar 
result when evaluating samples from environmental surfaces were observed for the 
RapidCheck® method when compared to the USDA method (Table 4) but only with 
a 40-hour enrichment (Juck et al. 2018). These results suggest that LFI are likely 
to provide an important advantage in environments needing faster results as they 
couple ease of use, potentially shorter enrichment times, and high accuracy. Another 
approach used that also uses immune-based detection is Solus One, which relies on 
enzyme-linked immunoassay (ELISA) that takes just under 3 hours but requires a 
proprietary enrichment of 22–30 hours (Tonner et al. 2019). This method was shown 
to be able to detect Listeria spp.  from spiked plastic and stainless steel surfaces 
with an equivalent probability of detection to the FDA  BAM method via manual 
and automated methods (Tonner et al. 2019). Another variant of this is employed 
by the VIDAS LMO2, which is designed to specifically detect Lm (Johnson and  
Mills 2013). 

Unfortunately, there are a limited number of studies that compare these rapid 
methods and, as these methods rely on proprietary technology, it can be challenging to 
draw conclusions based on these studies. Furthermore, there are limitations to drawing 
conclusions about a method’s utility based on validation studies that lack incorporation 
of stress, surface wear, and diverse background flora. A comparison between the 
VIDAS LMO2 method, RT-PCR, and direct plating, after a brief pre-enrichment, 
suggested that the VIDAS may have reduced sensitivity to detect dry stressed biofilm 
cells compared to RT-PCR (Rios-Castillo et al. 2020). This would suggest that the use 
of this assay and other assays based on ELISA may be impaired when detecting cells 
subjected to desiccation stress. A study comparing the FDA BAM method (Hitchins 
et al. 2016) to various rapid tests found that none of the rapid tests evaluated, which 
included Reveal®, had as high a recovery rate when evaluating via a most probable 
number (MPN) approach, suggesting that these methods may not perform well with 
samples that have lower concentrations of cells, injured cells, or inhibitory backgrounds 
(Cruz et al. 2012). Critically, this study assessed an environmental surface that had been 
used in industry and might therefore more accurately represent some of the challenges 
that might occur when sampling from a used surface. A separate study compared the 
detection rates of three methods, Petrifilm™, Reveal®, and BAX as representatives of 
three classes of detection methods, using ISO 11290-1 as the basis of comparison, found 
that the Petrifilm™ had greatly reduced sensitivity compared to the other two methods, 
suggesting that this method is insufficient for the needs of a food production facility 
(Kovacevic et al. 2009). The Reveal® system had reduced sensitivity compared to the 
BAX and reference methods, suggesting that while LFI may offer some advantages, 
they come at a cost when evaluating naturally contaminated samples (Kovacevic 
et al. 2009). Taken together, these efforts highlight the need to further evaluate 
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available methods in more direct comparisons with samples better representing natural 
contamination events. 

Enumeration 
Enumeration of Lm in food and/or environmental samples is important to understand 
the extent of contamination, verification, and assessment of any disinfection and 
food processing technique to establish regulatory thresholds where required and for 
estimation of exposure and infectious dose assessment. Enumeration provides the 
amount of Lm found in the food or environmental samples at the time of collection, 
provided there is no loss or gain of the target organism between collection and 
analysis. The biggest challenge is the enumeration of low numbers of organisms 
generally present in food and environmental samples. Two general enumeration 
methods are currently employed: direct plating of sample preparation on selective 
agars or MPN using selective broths. Direct plating and MPN are used by various 
regulatory agencies (Pagotto 2011; Hitchins et al. 2016; ISO 2017). Both methods 
have their advantages and disadvantages and the selection of a specific method 
should be decided based on the nature of the sample (solid vs. liquid food, 
environmental swabs, etc.). Studies with artificially contaminated (Gnanou-Besse 
et al. 2004) and naturally contaminated foods using a membrane filtration system 
showed that such methods could be a useful alternative to direct plating on selective 
agars. The ability to filter solid food, however, poses an additional challenge 
as the sample must be homogeneously suspended in a liquid, thereby further 
compromising the ability to enumerate a very low number of Lm. Several recent 
studies with naturally contaminated ice cream samples (Chen et al. 2016; Burall et al. 
2017a) showed that MPN methods are more sensitive and reliable (less variability) 
when the contamination level is low (1–100 cfu/g or ml) while the direct plating 
methods appear to be a more reliable method where contamination levels are high  
(> 1,000 cfu/g or ml). Concerns are raised regarding the effect of stressed Lm cells in 
these samples when subjected to immediate challenge to the variety of antimicrobials 
present in selective agars and/or selective broths. In addition to failure to recover 
Lm due to injury, the potential for induction of filamentous cells  by various stresses 
raises the possibility of underestimating numbers present in a food (Giotis et al. 
2007). Lavieri et al. (2014) have shown that a thin layer of a non-selective agar, e.g., 
TSA on top of MOX agar, can help the recovery of heat-stressed  Lm 2–3 fold better 
than direct plating onto MOX agar but had no significant effect on the recovery of 
pressure stressed Lm. Additional research is thus needed to achieve the maximum 
resuscitation of injured cells without changing their numbers before enumeration. 

Future 
During an ongoing foodborne outbreak investigation, rapid analysis of suspected 
foods and/or environmental samples with the aid of epidemiological investigation 
is crucial to identify the contaminated food and remove it from circulation. Rapid 
detection of contamination events is key to minimizing consumer exposure and 
reducing the incidence of illness. Standard microbiological analysis of food and 
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environmental samples is time-consuming, as cultural techniques require several 
days before one obtains suspected bacterial colonies and identifies them by a battery 
of biochemical, serological, and molecular biological tools. The entire process is 
hard to reduce as bacteria require time to multiply and produce single colonies for 
further analysis. Molecular tools can provide some amount of rapidity if we target 
specific markers, either protein, RNA, or DNA. This can be achieved by limited 
initial growth of the samples in a suitable broth, followed by utilization of a  
so-called rapid diagnostic kit. A  detailed discussion of these methods is described 
under “molecular detection methods.” Recently, the Centers for Disease Control 
and Prevention (CDC) in the USA has been utilizing so-called “culture-independent 
diagnostics tests” (CIDT) in parallel with the standard cultural method to assess the 
relevancy of such CIDT  tests in foodborne outbreaks (CDC 2019). With the rapid 
improvement of DNA sequencing technologies, it is now possible to investigate 
the use of a metagenomics approach, as it provides several advantages over the 
standard culture-based method or molecular methods. Detection of pathogens 
based on a metagenomic approach is pathogen agnostic in the sense that initial 
sequencing information can be achieved by standard procedures applicable to the 
16S rRNA  gene or of entire genomic content (shotgun). The latter has the advantage 
of being more versatile as one can obtain additional information beyond genus  
and/or species, including information about the presence or absence of  
virulenc-related genes, e.g., hlyA, plcA, inlA, of Lm and other genetic information. 
Besides being used as an identification tool, sequence-based approaches can also 
be utilized for the establishment of genetic relatedness aiding epidemiological 
investigation during outbreaks. The metagenomics approach, however, has 
plenty of challenges: the improvement and optimization of enrichment protocols, 
standardization of the lysis protocol for a diverse set of organisms, improvement 
and standardization of DNA  amplification, and the need for improvement and 
standardization of bioinformatics tools for data extraction, analysis, and interpretation 
(Grutzke et al. 2019). Research and future investments in these areas, however, holds 
great promise to make the entire endeavor of finding “a needle in the haystack” much 
more sensitive and rapid than the current detection methods. 
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Introduction 
The name Staphylococcus originated from the Greek word staphyle (meaning a 
bunch of grapes) and kokkos (meaning berry). Staphylococcus was first described 
by Sir Alexander Ogston in 1880. The Scottish surgeon isolated the microorganism 
from the pus of a patient, who was suffering from a surgical abscess in the knee joint 
area. In 1884, Friedrich Julius Rosenbach, a German physician, described the two 
species of Staphylococcus based on the colors of the colony. The bacterial colony that 
appeared yellow was named Staphylococcus aureus (originated from the Latin word 
“aurum” meaning gold). The bacterial colonies with white pigments were named 
Staphylococcus albus (originated from the Latin word that means white). Later, 
Staphylococcus albus was renamed S. epidermidis because it is predominantly found 
on the surface of human skin. Many Staphylococcus species reside on the skin surface 
and in the nasopharynx of humans and usually do not cause any health problems. 
However, a few strains of Staphylococcus can cause mild to severe infections in 
humans under certain conditions. S. aureus, S. epidermidis, and S. saprophyticus are 
the most clinically important species known to be responsible for human infections. 
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Staphylococcus has been recognized as the most frequently reported agent 
of nosocomial infection. S. aureus is known to be associated with skin infections, 
including skin abscess, boil, and carbuncle (Mukherjee et al. 2014). In addition,  
S. aureus is known to be responsible for food poisoning with severe vomiting 
and diarrhea. In 1914, Barber described the association of food poisoning and 
Staphylococcus in a case where the food poisoning was due to the ingestion of 
unrefrigerated milk from a cow suffering from mastitis caused by Staphylococcus. 
Later, it was discovered that enterotoxins produced by Staphylococcus are responsible 
for Staphylococcus-associated food poisoning. In addition to this, S. aureus can 
cause bacteremia, toxic shock syndrome, meningitis, deep abscesses, pneumonia, 
endocarditis, and surgical wound infection in hospitalized patients. S. aureus is 
responsible for causing many diseases ranging in a milder degree of severity to  
life-threatening infections. It is also infamous for causing disease both in nosocomial 
and community settings. S. aureus  infection was fatal until the introduction of 
penicillin as an antibiotic. The mortality rate of S. aureus infection was approximately 
80% before the introduction of penicillin. The first cases of penicillin resistance  
S. aureus  were reported in a hospital setting (Barber and Rozwadowska-dowzenko 
1948; Kirby 1944) and later it was spread into the community. During this period, the 
other β-lactam antibiotics, which are resistant to penicillinases such as methicillin, 
oxacillin, cloxacillin, dicloxacillin, and flucloxacillin were widely used to treat  
S. aureus infections. 

Both S. epidermidis and S. saprophyticus  are part of the normal flora of the 
human body and are known as opportunistic pathogens. S. epidermidis is known 
to colonize on human skin surfaces, predominantly in the axillae, head, and nares.  
S. epidermidis is known to be associated with infections related to indwelling 
medical devices, including peripheral or central intravenous catheters, central 
nervous system shunts, cardiovascular devices, and artificial heart valves. In addition 
to this, S. epidermidis has been reported to be associated with bloodstream infections 
in patients in the intensive care unit. S. epidermidis  is responsible for a high rate 
of mortality due to prosthetic valve endocarditis infections with severe intracardiac 
abscesses. Staphylococcus saprophyticus, which colonizes the perineum, rectum, 
urethra, cervix, and gastrointestinal tract, is the second leading cause of bacterial 
urinary tract infections after Escherichia coli. S. saprophyticus has been associated 
with acute cystitis in young women (Raz et al. 2005). Many species of Staphylococcus  
are commensals of many animals and can be transmitted to the human body through 
the ingestion of contaminated food or occupational exposure. 

Genus Staphylococcus: Physiological and 
Morphological Characteristics 
Classification 
Staphylococcus has been described as a member of the family Micrococcaceae 
in Bergy’s Manual of Determinative Bacteriology. From a taxonomical point of 
view, Staphylococcus genus has been observed to form a coherent group upon 
DNA-ribosomal rRNA hybridization and comparative oligonucleotide analysis of 
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16S rRNA. Staphylococcus has low genomic guanine and cytosine (G+C) content of 
DNA  (approximately 33 mol%) that helps to differentiate it from its closely related 
family members. There are more than 30 Staphylococcus  species classified based on 
several biochemical analyses and by DNA-DNA  hybridization methods. S. aureus, 
S. epidermidis, and S. saprophyticus  are the human normal flora and can cause 
infections under certain conditions. Other clinically relevant staphylococcal species 
include S. intermedius, S. chromogens, S. cohnii, S. caprae, S. delphini, S. felis,  
S. gallinarum, S. hemolyticus, S. hyicus, S. lugdunensis, S. lentus, S. sciuri,  
S. simulans, S. warneri, and S. xylosus. 

Habitat 
Most of the Staphylococcus species are part of the normal flora of humans and animals. 
In humans, it normally resides on the skin surface and in the nasopharynx area. For 
example, S. aureus resides in the nasal passage and axillae. S epidermidis colonizes 
in axillae, head, nares, and human skin surface. S. saprophyticus resides in the 
perineum, rectum, urethra, cervix, and gastrointestinal tract. Many Staphylococcus 
species are commensals of other animals. 

Morphology 
Staphylococci are Gram-positive and spherical-shaped (approximately 0.5–1.0 µm 
in diameter) bacteria that appear as grape-like clusters under a light microscope. This 
bacterium appears spherical with a smooth surface under the electron microscope. 
Staphylococcus appears as bunches as they can divide into two planes and this 
characteristic helps to distinguish micrococci and staphylococci from streptococci. 
Staphylococcus are non-spore-forming and non-motile bacteria. 

Biochemical Characteristics 
Staphylococcus are classified into two groups, coagulase-positive (S. aureus and 
S. intermedius) and coagulase-negative (S. epidermidis), based on their ability to 
react to the blood clotting (the coagulase reaction). Most of the coagulase-positive 
Staphylococcus species are known as pathogenic to humans (S. aureus), and animals 
(S. intermedius and S. hyicus). There are more than 30 species known to belong to 
coagulase-negative staphylococci and among them, many are associated with human 
infections, including S. epidermidis, S. saprophyticus, and S. lugdunesis. 

Staphylococci are catalase-positive and oxidase-negative. The catalase test 
helps to differentiate Staphylococcus (catalase-positive) from its closely related 
genus Streptococcus (catalase-negative). Bacteria belonging to the Staphylococcus 
genus exhibit tolerance characteristics against high salt concentration and heat. 
Staphylococcus are known as facultative anaerobes since they can grow by aerobic 
respiration or by fermentation at temperature ranges between 18℃ and 40℃. Most 
of the Staphylococcus species require nitrogen, vitamin B, thiamine, nicotinamide, 
and certain essential amino acids, including arginine, valine, etc., for their growth 
and survival. S. aureus produces golden-yellow colonies and hemolysis in Tryptic 
Soy Agar and Blood Agar plates, respectively. The golden-yellow pigmented 
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colonies represent the presence of Staphyloxanthin, a virulence factor that helps 
Staphylococcus to evade the host immune system. 

Sources of Pathogenic Staphylococcus 
Foodborne Source 
Staphylococcus aureus (S. aureus)  is carried by approximately 30–50% of the human 
population, and it is the causative pathogen for staphylococcal food poisoning (SFP). 
It is often associated with symptoms like nausea, vomiting, cramps, and diarrhea 
within 6 hours of the consumption of food contaminated by the strains of S. aureus. 
The quantity of Staphylococcal  enterotoxin (SE) can be as small as 20–100 ng to 
cause SFP in humans. The severity and onset of the symptoms vary depending on the 
individual and the enterotoxin amount (Hennekinne et al. 2012). The production of 
SEs is promoted by the growth of S. aureus strains in foods with high protein content 
like meat and dairy products at a temperature of around 10–46℃ with other suitable 
environmental conditions like pH (5–9.6) and water activity (0.8–0.9) (Schelin et al. 
2011). SEs sustain after food processing operations like drying and freezing because 
they are heat stable and tolerant to protein denaturation. Also, the pathogenic activity 
tends to get retained in the digestive treat after consuming the contaminated food 
(Fisher et al. 2018). 

In the last few years, there has been an increase in incidences of 
Methicillin-resistant S. aureus (HA-MRSA, CA-MRSA, and LA-MRSA) 
contaminating human foods causing SFP. The enterotoxin activity of both Methicillin 
susceptible S. aureus (MSSA), and MRSA is the same and under the conditions 
discussed above, they are foodborne pathogens. Outbreaks due to MRSA are assumed 
to be less severe because of their low presence in food (Sergelidis and Angelidis 
2017). An SFP outbreak on April 13, 2013, was due to enterotoxins present in the 
ice cream at a christening party in Germany. The ice cream was freshly produced at 
the hotel venue. Out of 31 guests, 13 developed SFP symptoms within 3–4 hours 
post-lunch. Seven people were provided with treatment, and they recovered within 
a day. Twelve food samples were collected from the leftovers which included five 
ice cream samples of different flavors and seven other dishes. The strain isolated 
from ice cream samples and human cases produced SEA and also had the same 
spa-type (t127). After consideration of the phenotypic and genotypic typing results, 
it was clear that ice cream was the SFP vehicle. The primary source can either be 
the ice cream production equipment or any contaminated ingredient since the hotel 
employees did not carry the strain responsible for the outbreak (Fetsch et al. 2014). 
Egg products are an excellent source of protein both nutritionally and economically. 
They are retailed as shell eggs, and other kinds of liquid, frozen, or dried products 
(Munoz et al. 2015). Eggs have various other functional qualities like emulsification, 
gelling, and foaming due to which they find a lot of usage in food manufacturing 
industries. However, there is a high possibility of contamination of shell eggs and 
other egg products as they have suitable attributes to harbor a host of pathogenic 
bacteria and thus they are often associated with several food poisoning outbreaks 
(Moyle et al. 2016). Therefore, Sánchez et al. (2019) simulated the contamination of 
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egg and structured egg products by the genus Staphylococcus. In the current study, 
S. warneri is regarded as the representative of the Staphylococcus genus, and its 
survival and development are analyzed on model egg foods (egg white, yolk, whole 
egg, and potato omelet). Multiple parameters like cooking and storage temperature 
and availability of oxygen were examined to find the growth rate (μ) of S. warneri 
in different conditions. Besides, rheological studies were done on solid egg food 
to identify any changes in the food structure due to bacterial growth. The study 
concluded that to lower the chance of SFP, the egg products should be cooked for a 
couple of minutes and high temperature should be provided (> 100℃) followed by 
storage at refrigerated temperature. 

Chicken meat and giblets require extensive processing operations and thus 
more time in temperatures above refrigeration (greater than 4℃) can promote 
SE production. Also, broiler chicken products are moist and rich in proteins and 
glycogen and are known to favor enterotoxin production. A study was conducted by 
Abolghait et al. (2020) which confirmed the prevalence of MRSA (mecA positive and 
mecC negative) and three-fourth of MRSA isolates initiated the production of SEB 
within 24 hours when kept at a temperature higher than 8℃. 

The SFP outbreak occurred at a sports event in Luxembourg in which 31 people 
were hospitalized. The suggested vehicle of infection was pasta salad with pesto, 
but this food had no leftovers and thus cannot be sampled. However, the ingredients 
of this dish (basil leaves, cheese, and pine nuts) were all negative for any S. aureus  
contamination. Also, strains unrelated to the outbreak strain were isolated from other 
food samplers and staff. Thus, disruption of the cold chain after food preparation can 
be the cause of this outbreak. 

A study done by Pu et al. (2009) investigated the presence of S. aureus and 
MRSA in 120 samples of retail meat collected from 30 grocery stores across 
Louisiana, USA. Out of 90 pork samples, 45.6% confirmed the presence of S. aureus 
strains, and 5.6% were contaminated with the strains of MRSA. Whereas in the case 
of 30 beef samples, the prevalence was found to be 20% and 3.3% for S. aureus 
and MRSA, respectively. Thus, six meat samples harbored the MRSA strains, which 
were mainly of two types, USA100 and USA300. 

Castro et al. (2020) recently investigated the presence of S. aureus in cheese 
production farms situated in rural areas. The food samples consisted of raw milk, 
starter cultures, and Minas artisanal cheese. The samples showed a high prevalence 
of strains producing SEA and tsst-1. Toxigenic isolates collected from samples of 
raw milk and workers’ hand indicated that strict guidelines ought to be followed on 
dairy farms. Another SFP outbreak happened at a boarding school in Switzerland 
after the consumption of raw milk cheese. All 14 persons, including 10 children and 
four staff members, demonstrated SFP symptoms within 7 hours of consumption. 
The sampled cheese had high levels of SED (> 200 ng/g of cheese) and low levels 
of SEA (> 6 ng/g of cheese). Similarly, another extensive outbreak happened in 
Japan affecting around 13,000 consumers of low-fat milk, which was manufactured 
from the incriminated powdered skim milk. The thermal operation destroyed the 
staphylococcal strains but SEs sufficient enough to cause the SFP retained in the milk 
(Asao et al. 2003). 
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RTE foods of all categories were sampled with a focus on investigating the 
prevalence of MRSA  in 1,128 samples. They were categorized  into animal-based 
products and fresh-cut fruits and vegetables. Samples also consisted of ice desserts, 
rice products, and low-water activity (LWA) foods. The overall staphylococcal 
contamination was 62.5% and the greatest in fresh-cut fruits/vegetables whereas the 
lowest (10.8%) was in the case of LWA foods (Wang et al. 2019). 

Animal Origin 
Staphylococcus aureus is a contagious and common udder pathogen that is often 
associated with the clinical mastitis of dairy cows. A study conducted by Capurro 
et al. (2010), indicated that the S. aureus PFGE pulsotype found in raw milk samples 
were mostly the same ones that got isolated from the extra-mammary sites of lactating 
cows spread during milking. Thus, the study aimed to find the sources of infection 
in dairy herds. It highlighted that hock skin is a major reservoir of S. aureus besides 
the other extra-mammary sites. The common reservoirs of Staphylococcus in dairy 
environments are teat skin, milking liners, milkers, and other body sites of lactating 
cows or other fomites (Haveri et al. 2008; Piccinini et al. 2009). 

There has been a wide usage of antimicrobial drugs in animal husbandry resulting 
in increased incidences of isolation of drug-resistant strains from food animals (Kwon 
et al. 2006; Kwon et al. 2005). Samples were collected from the noses and cloacae of 
chickens in 2006 and were compared to the lyophilized samples of diseased chickens 
of 1970 which indicated that the overall antimicrobial resistance of the recent 
isolates increased. This was the first study in which LA-MRSA was isolated from 
healthy poultry (Nemati et al. 2008). Another investigation in Korea, comprising 
1,913 samples from major food animals like cattle, pigs, and chickens resulted in the 
isolation of S. aureus from around 421 (22%) samples. Out of these, mecA-positive 
MRSA was isolated from 15 samples (12 dairy cows and three poultry) (Lee 2003). 

In 2008, Khanna et al. studied MRSA  colonization in pig farms and found that 
out of 20 farms, 9 were contaminated with MRSA (Khanna et al. 2008). The results 
of the study reflected that MRSA  is quite common in pigs and poses a high risk of 
transmission between pigs and pig farmers. The prevalence of MRSA in pigs and 
pig farmers was 24.9% and 20%, respectively. Studies have shown the same kind 
of high MRSA prevalence in Dutch slaughterhouses and other than the pig farmers 
they can be frequently found in persons who are in close contact with pigs like pig 
transporters, personnel working in slaughterhouses, and veterinarians (De Neeling 
et al. 2007). Few other studies have reported incidences of MRSA  colonization in 
which they were responsible for causing infection in humans (Van Rijen et al. 2007; 
Vandenbroucke-Grauls and Beaujean 2006; Voss et al. 2005). 

Environment 
The outdoor, as well as indoor environmental surfaces, play a significant role in 
S. aureus and MRSA transmission from infected to healthy individuals. The 
staphylococcal species can survive on environmental surfaces (Beard-Pegler et al. 
1988) and therefore there is an increased possibility of their persistence in household 
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settings. Eells et al. (2014) surveyed the household fomites collected from the home 
environment of infected people. They found that even after three months of skin 
infection the S. aureus isolates persisted in the abiotic environment and continued 
to be an important reservoir that had the potential to cause the infection in the 
future. The factors affecting their survival are the composition of dust, temperature, 
humidity, the surface of the material, and the staphylococcal strain (Dietze et al. 
2001; Wagenvoort et al. 2000). Besides direct contact, S. aureus transmission can also 
take place through an indirect route via aerosols, dust, and fomites. Some previous 
studies have isolated MRSA from the following indoor sites, such as doorknobs 
and computer desks (Masterton et al. 1995), sweep plates including bedding and 
carpets (Allen et al. 1997), kitchen sponges, toys (Scott et al. 2008), toilet areas  
(Medrano‐Félix et al. 2011), sofa (Uhlemann et al. 2011), top of the shelf (Davis  
et al. 2012), etc. MRSA and other drug-resistant strains have also been isolated from 
samples collected from outdoor sites, like sand and water samples from recreational 
beaches and university and community environmental surfaces (Roberts et al. 2013). 

Dairy cows suffering from intra-mammary infection (IMI) due to S. aureus often 
shed the infecting bacteria in the milk and can therefore contaminate the bulk tank 
milk (BTM). The biofilm formation on the various milking equipment can also be a 
potential source of BTM contamination (Latorre et al. 2020). A study was done by 
collecting samples from BTM and adherences from the surface of milking equipment 
to assess the virulence profiles. S. aureus isolates were prevalent in the adherences 
from rubber liners, milk collectors, collector valves, short milk tubes, long milk 
hoses, bulk tank outlets, agitator blades, milk cans, jars, jar covers, milk hoses, and 
milk line sections (Pacha et al. 2020). 

Waterborne transmission is also often linked with the spread of the pathogen 
in the human species. MRSA and other resistant genes have been isolated from 
various wastewater sites and wastewater treatment plants (Goldstein et al. 2012; Wan 
and Chou 2014). Studies have demonstrated that MRSA can survive up to 14 days 
after inoculation in water and surface water is a major reservoir for MRSA (Tolba 
et al. 2008). In a similar study, MRSA isolates mostly LA-MRSA was isolated from 
water in the Puzih River basin in Taiwan, indicating the tributary’s proximity to 
the livestock farms. Waste and wastewater discharge have suggested suggest the 
presence of MRSA isolates in water bodies which pose a huge threat to human 
health and thus drainage from industries and farms should be consistently kept under 
monitoring (Tsai et al. 2020). 

Food Handlers 
SFP outbreaks, which are a result of food contamination through food handlers 
like the hotel staff and caterers,  are caused when infected handlers have their skin 
uncovered in case of skin infection or they cough or sneeze over food that will not 
be exposed to high temperature or cooked further. The risk of growth of S. aureus  
and enterotoxin production increases when the food is left in certain temperature 
conditions that are conducive to the proliferation of the bacteria. 

In 2012, a buffet served at a sporting event caused SFP poisoning to 
22 individuals, out of which six were hospitalized. The limitation to study this 
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outbreak was that no food samples were available for analysis. The findings 
indicated that chicken stir-fry and/or fried rice could be the contaminated food 
vehicle. Although the catering company reported no evidence of time/temperature 
abuse and no infected staff members, there were many limitations associated with the 
investigation. The known epidemiology of this SFP outbreak suggested that food was 
contaminated by the handler and the food might have undergone further temperature 
abuse while catering (Pillsbury et al. 2013). 

In 2016, Castro et al. assessed the prevalence of S. aureus in the anterior nares 
and hands of 160 food handlers working in the food industry. Out of 162 subjects, 
40 were found to be S. aureus carriers (Castro et al. 2016). Furthermore, 18% of the 
handlers carried the bacteria in their hands, 32% in the nose, and 10% in both hands 
and nose. Out of all 50 isolates, none were MRSA but 82% of them were resistant to 
at minimum one antibiotic. The isolation of MRSA from food handlers is generally 
rare but prevalent (De Boer et al. 2009; Udo et al. 2009). 

Companion Animals 
Methicillin-resistant Staphylococcus aureus, usually known as a human pathogen 
is also getting known as a pathogen for companion animals. It is responsible for 
some serious health conditions in animals like tissue infection, wound infection, 
joint problems, or even death in certain cases (Van Duijkeren et al. 2003). It has 
been reported that MRSA infection in companion animals can pose a health risk to 
humans around them and vice versa (Van Duijkeren et al. 2004). Rankin et al. (2005) 
have reported the detection of PVL-positive, MRSA isolates not only from dogs and 
rabbits but also cats and African gray parrots. This toxin is responsible for severe 
illnesses requiring clinical treatment. 

Samples were collected from the environment of horse-riding centers to identify 
the dominant species and the drug-resistant profile. Air, manure, and nostrils of 
horses showed the presence of 408 strains of Staphylococcus. Most of the collected 
strains were MDR type and it should be noted that the horses tested had never been 
hospitalized or treated with any kind of antibiotic. Thus, it can be inferred that horses 
are a natural reservoir of drug-resistant staphylococci. S. vitulinus was the dominant 
species in this study (Wolny-Koładka 2018). 

Mink farms are another important reservoir of LA-MRSA. It was isolated from 
air, gloves, cages, paws, and pharynx of minks, carcasses, etc., and four out of five 
farms showed persistence of LA-MRSA. The study hypothesis suggests the route of 
colonization of mink by ingestion of by-products from contaminated pigs. They also 
pose a substantial health hazard to farmers handling them as they are prone to bites 
and scratches from colonized minks (Fertner et al. 2019). 

Virulence Factors, Drug Resistance, and Biofilm Formation 
Virulence Factors 
S. aureus is responsible for causing different diseases by producing a wide range 
of virulence factors, surface components (capsule, teichoic acid, protein A, etc.), 
enzymes (coagulase, esterases, Hyaluronidase, lipases, deoxyribonuclease, 
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β-lactamase, staphylokinase, lipase, etc.), and several toxins (cytolytic toxins such 
as α, β, γ, δ-hemolysins; leukocidins such as Panton-Valentine leukocidin or PVL; 
enterotoxins such as staphylococcal enterotoxins or SEs; exfoliative toxins such as 
ETA and ETB; and the toxin associated with toxic shock syndrome-1 or TSST-1). 
These virulence factors help S. aureus to adhere to the host cells, evade the host 
immune system and colonize the host cells. 

Hemolysins 
Staphylococcus secretes several cytolytic exotoxins that are responsible to damage 
the integrity of the cell by destroying the plasma membrane. Hemolysins play an 
important role in destroying the host immune cell, which is very helpful for the 
bacteria to spread out within the host (Kaneko and Kamio 2004). Table 1 shows 
the different types of hemolysins produced by several Staphylococcus spp. and the 
disease caused by them. 

Table 1. Staphylococcal Hemolysins. 

Staphylococcus 
Species 

Types of 
Hemolysins 

Disease Reference 

S. aureus α, β, γ, and δ Sepsis (Watkins et al. 2012) 

S. auricularis α Sepsis (Becker et al. 2014) 

S. carnosus Lack of 
hemolysins 

- (Löfblom et al. 2017) 

S. epidermidis α and δ Catheter-associated blood stream 
infections 

(Pinheiro et al. 2015) 

S. haemolyticus α and δ Responsible for blood infections in 
newborns 

(Becker et al. 2014) 

S. hyicus δ Exudative epidermitis in pigs  (Fudaba et al. 2005) 

S. lugdunensis δ Commonly infect Skin and soft tissue (Böcher et al. 2009) 

S. saprophyticus α Acute cystitis in young women (Raz et al. 2005) 

S. sciuri β, δ Responsible for endocarditis, septic 
shock, peritonitis, pelvic inflammatory 
disease, and wound infections 

(Stepanović et al. 
2001) 

S. simulans δ Urinary tract and wound infections (Hébert and Hancock 
1985) 

S. warneri δ Septic arthritis (Becker et al. 2014) 

Leukotoxins 
Leukotoxins are pore-forming toxins capable of channeling through the plasma 
membrane of host cells. These bi-component toxins can cause cell lysis by osmotic 
dysregulation. Staphylococcus aureus strains associated with infection in humans are 
known to produce four leukotoxins each having a specialized function, but they have 
sequence similarity. Each of these two subunits is termed slow (S) or fast (F) for the 
corresponding leukotoxin. It is based on the component which binds first (F) or which 
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binds second (S). The four bi-component leukotoxins are Panton-Valentine leukocidin  
(subunit S: LukS-PV, F: LukF-PV), LukAB/LukGH (subunit S: LukA/LukH,   
F: LukB/LukG), LukED (subunit S: LukE, F: LukD), and γ-Hemolysin   
(subunit S: HlgA, HlgC, F: HlgB). After localization on the host cell surface, subunits  
combine to form an octameric pore (β-barrel) with four F and four S components  
arranged in an alternative manner (Aman et al. 2010). The leukotoxins can attack and  
lyse the leukocytic cells, but there are differences observed in the susceptibility of  
different host cells. All four leukotoxins can lyse the human neutrophils but not red  
blood cells. γ-Hemolysin and LukED can only affect the red blood cells that too on a  
lesser extent. The almost similar functions explain the near structural similarity of the  
four leukotoxins. The susceptibility to leukotoxins also varies among different animal  
species. For instance, neutrophils in mice are resistant to PVL and LukAB/GH, unlike  
human neutrophils. The susceptibility also varies from cell to cell in the same animal;  
for example, LukAB/GH can lyse the monkey neutrophils but not PVL leukotoxin. 

γ-Hemolysin is the only leukotoxin capable of lysing red blood cells explaining 
the upregulation of hlg genes in human blood. The ex vivo findings in mouse models 
indicate that it aids in the survival of S. aureus in blood. However, it might be having 
different modes of infection because almost 99% of S. aureus strains have hlg gene, 
even in cases other than bloodstream infection. LukED has demonstrated its toxicity 
against mouse phagocytes and rabbit red blood cells besides human neutrophils. 
It promoted lethality in mouse models having S. aureus infection by lysing the 
phagocytes. This leukotoxin is found to be prevalent in 87% of the clinical strains 
including the resistant strains. LukAB/GH works synergistically with PVL, thereby 
further increasing its toxicity. It can kill most human leukocytes like neutrophils, 
monocytes, macrophages, and dendritic cells. It is not just secreted like other toxins 
but is also one of the only leukotoxins that are shown to get attached to the surface 
of S. aureus. It is primarily toxic to neutrophils, and it might be possible that it helps 
in S. aureus survival not just by lysis but also by helping the bacteria to escape from 
the phagosome. Unlike γ-Hemolysin it shows no hemolytic activity. The virulence of 
this toxin was confirmed using a systemic model, which resulted in a higher bacterial 
load in the infected kidney in presence of LukAB/GH. Since it is identified recently 
compared to other leukotoxins, not much analysis is done about its prevalence in the 
S. aureus clinical strains but the limited number of strains isolated by the researchers 
were all shown to be positive with this leukotoxin (DuMont et al. 2011). 

PVL  is associated more with community-acquired MRSA  strains than the  
S. aureus clinical strains. Although it is linked to virulent strains which cause serious 
infections like pneumonia and skin/tissue, its virulent factors are still not completely 
proven due to divergent conclusions on animal models. Even after decades of 
research done on PVL  production and its effect on the pathogenicity of S. aureus 
strains, it remains uncertain (Sharma-Kuinkel et al. 2012). PVL is known to activate 
innate immunity and turn up the immune defenses of the host cell. In some studies, it 
outweighed its lytic action and instead helped the host cells to fight the infection by 
activation in immunity (Perret et al. 2012). LukAB/GH also showed an inflammatory 
response in the rabbit study model. In addition, the expression and production of 
leukotoxin vary with different tissue sites and growth conditions, increasing the 
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complexity of leukotoxin studies. Overall, the contribution of leukotoxin during 
S. aureus infection is dependent on multiple factors including toxin concentration 
(Yoong and Torres 2013). 

Exfoliative Toxin 
The exfoliative toxin also called epidermolytic toxins are serine proteases that 
recognize and then cleave desmosome proteins in the outer layers of skin causing 
staphylococcal scalded skin syndrome (SSSS). This disease causes the infants to 
lose the superficial skin layer and dehydration along with other forms of secondary 
infections. Early SSSS symptoms are fever, lethargy, etc., which gets aggravated by 
large, big rashes and fragile blisters filled with fluid substances. When the blisters 
burst due to some mechanical action, it leaves the skin without an epidermis. A  
disease with a similar etiology but more localized to a site of infection is called 
“bullous impetigo.” Until 2019, four isoforms of exotoxins were identified as ETA, 
ETB, ETC, and ETD with exfoliative toxin C not associated with human infection. It 
was first isolated  from horses and known to cause exfoliation in mice and chickens. 
However, in 2019, a new exfoliative toxin ETE was identified by Imanishi et al. 
(2019). It was initially named as ETD-like protein because it showed 59% identity 
with ETD toxin and differed from ETA  and ETB. But further studies confirmed its 
toxin activity like ETA and ETB, which made the researchers propose this newly 
identified toxin as ETE. It is currently associated with ewe mastitis and subsequent 
research will clarify more about the animal, which can get infected with this strain. 
Although ETs were getting studied from 1970 until the 21st  century, no conclusive 
theory about their proteolytic activity and association with skin exfoliation was 
established. Different studies favored this hypothesis but there were also many 
contradictory results. ETA and ETB have a molecular mass of approximately 27 kDa 
and contain 242 and 246 amino acids respectively. 

In SSSS, the blistering takes place only in the superficial layer of the skin. The 
ETs are highly selective and only hydrolyze Desmoglein 1 (Dsg-1). It is a desmosomal 
cadherin that is responsible for maintaining cell-to-cell adhesivity. Dsg-1 is present 
in all skin layer strata along with Dsg-3 except stratum granulosum. Therefore, the 
deeper layer of skin gets protected due to the additional presence of Dsg-3, but the 
stratum granulosum gets severely affected. This also explains why ETs cause blisters 
in epidermal layers in SSSS conditions, although they are even produced in upper 
respiratory organs and cause toxemia. It is rare to occur in adults and occurs mainly 
in neonates and children who have weak immune responses. In addition, renal 
clearance of the toxins and in general a higher microbial load of microorganisms 
makes them more susceptible to SSSS than adults. The mortality rate is usually low 
if diagnosed and treated immediately. Other than S. aureus there are other strains like 
Staphylococcus chromogenes and Staphylococcus hyicus causing exfoliative skin 
disorders in other animals like pigs, mice, etc. The toxin production and resistance 
mechanism differs among different animal models but the interaction between ET 
and Dsg-1 is mainly considered the reason behind SSSS (Bukowski et al. 2010). 

Staphylococcus aureus enterotoxins are an important food safety concern and 
are often associated with SFP. Besides SFP they also cause toxic shock syndrome 
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(TSS) which is a much more severe condition. To date, SEs are the superfamily of  
26 superantigens and are further categorized into SEs and staphylococcal  
enterotoxin-like proteins (SEls). They belong to the family of superantigens (SAgs) 
because they release a high quantity of inflammatory cytokines  due to the sudden 
activation of T-cells. Out of these 26 SAgs, one is toxic shock syndrome toxin 
(TSST-1), which was earlier referred to as SEF, 11 are staphylococcal enterotoxins 
(SEA–SEE, SEG–SEI, SER–SET) and 14 are SE-like proteins (SElJ–SElQ,  
SElU–SElZ) (Abdurrahman et al. 2020). It is expected that in coming years the 
exotoxin family will keep on growing with technological advancement in the 
detection and characterization of these toxins. The categorization is done based on 
the toxin’s activity of invoking emesis. SEs typically attack the intestine cells causing 
gastroenteritis, diarrhea along with emesis. However, the more recently identified 
SEls are the staphylococcal superantigens that have not been tested or do not invoke 
emesis. The growth and SE production of the S. aureus strains is dependent mainly on 
temperature, pH, water activity, NaCl concentration, redox potential and atmosphere, 
and also preferred aerobic. 

SEs and SEls are single-chain globular proteins having a low molecular weight 
of approximately 20 to 30 kDa. Their amino acid sequence varies greatly between  
21–83% but the crystallographic analysis indicates its structural similarity (Rödström 
et al. 2015). They are known to be carried by different MGEs like plasmids, 
prophages, transposons, and S. aureus pathogenicity islands (SaPIs). However, 
there is an exception in the case of selx and selw,  which are located on the core 
chromosome instead (Benkerroum 2018). 

There is not enough conclusive evidence about the spread of TSS via food, but 
this transmission route cannot be eliminated. Numerous studies were done to study 
the relationship between TSS and SFP. They both are caused by staphylococcal 
enterotoxins, but TSS can only be caused when SEs manage to damage the epithelial 
cells of the organs either through the oral route or otherwise. The consensus after 
decades of research is that the dissemination of SEs leading to TSS after intestinal 
exposure depends on how much toxin transcytosis took place, which again primarily 
depends on the type of SEs and the amount of toxin ingestion. SFP, on the other hand, 
is confined to gastrointestinal infection, but the high dosage can trigger a systemic 
TSS-like effect. It is mainly linked to food products like meat and milk because of the 
high protein content, which provides a suitable condition for the growth of S. aureus. 
Classical SEs (SEA–SEE) and mostly SEAs (80%) are implicated in SFP outbreaks. 
Other SEs like SEG, SEH and SEI are also reported to cause SFP incidents (Cao 
et al. 2012). 

SEs/SEls impact on human health is difficult to assess due to a highly diverse 
amino acid sequence, their action mechanism, immunological reaction, and 
food matrix interactions. The environmental factors, which are discussed above 
also need to be considered to understand and apply the control measures to curb 
S. aureus-associated outbreaks and infections. There has been a paucity of reports, 
especially on newer SEs and SEls. 
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TSS Toxin 1 
As discussed above, the TSS toxin is a member of the staphylococcal superantigen 
family. TSST-1 and a few SEs are the superantigens associated with Staph toxic 
shock syndrome. Superantigens are consequential because they do not follow the 
conventional way of invoking an immune response. The conventional process of 
T-cell activation is that first the antigen molecules interact with antigen-presenting 
cells (APC) and get hydrolyzed inside them. The antigen peptides formed are 
bound to the APC along with the MHCII complex and attract T-cell receptors which 
have variable α and β chains. The Vβ chain specifically recognizes this complex 
of peptide, TCR, and MHCII stimulating 1 out of 10,000 or 1,000,000 (106) cells. 
However, superantigens like TSST-1 and SEs can skip this entire  specific interaction 
and directly bind to activate up to 20% of the total T-cells. This results in almost 
5,000 times increased T-cell activation. This massive outburst of cytokine, also 
called “cytokine storm” puts the body in a shock which depending on the severity 
can lead to multiorgan failure or sometimes even death (Que and Moreillon 2015). 

In earlier pieces of literature, TSS was reported as staphylococcal scarlet fever 
(Stevens 1927). This condition gained attention when in the 1980s many young 
women started suffering from TSS on using tampons while on their menses. This 
condition is categorized into menstrual and nonmenstrual TSS. The agr gene that 
regulates the production of TSST-1 requires certain protein, oxygen, and carbon 
dioxide conditions to be fulfilled to produce the toxin. All these requirements are met 
with the use of high-absorbency tampons, which does the final job of introducing 
a high concentration of oxygen in the vaginal environment. This stimulates the 
production of TSST-1 and the associated toxic shock syndrome. The nonmenstrual 
TSS is comparatively less popular but it can happen with anyone. Besides TSST-1, 
SEB and SEC enterotoxins which are regulated by the same agr gene are responsible 
for nonmenstrual TSS. Colonization can happen at different body sites, like surgical 
wounds, lungs, skin, catheters, etc. The important characteristic of this syndrome 
that distinguishes it from other infections is that the affected tissues will not undergo 
inflammation because TSST-1 prevents macrophage influxion. There is a higher risk 
of TSS in patients who lack the specific antibody against SAgs. The most common 
symptoms are fever, hypotension, and macular rash. Different organ systems are 
involved like a lever, blood, renal, CNS, mucous membrane, muscular, and intestines 
because it is a systemic syndrome (Stevens and Bryant 2011). 

Drug Resistance 
Staphylococcus species are known for their ability to express several drug-resistant 
genes and virulence factors, which in turn help the bacteria to evade the host defense 
system and survive. Staphylococcus species often acquire resistance against various 
antibiotics via horizontal gene transfer as well as chromosomal mutation. Infections 
caused by antibiotic-resistant Staphylococcus aureus have been a public health 
concern worldwide (Grundmann et al. 2006). The mutation rate in bacteria is very 
high which helps bacteria to become resistant to antibiotics. In 1942, researchers 
have reported the occurrence of penicillin-resistant S. aureus within a few years of 
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the discovery of penicillin (Barber et al. 1948; Kirby 1944). Most of the S. aureus  
strains produce penicillinases enzymes which hydrolyze the beta-lactam ring of 
penicillin and make it inactive. The infections resulted from penicillin-resistant   
S. aureus strains, primarily the phage-type 80/81, reached the community settings 
and became pandemic by the early 1960s (Bynoe et al. 1956; Rountree and Freeman 
1955), and ended after the introduction of methicillin in 1959. 

Methicillin-resistant  S. aureus  strains (MRSA) were first identified in 1962 
from a hospital in the United Kingdom. The structural gene that is responsible for 
methicillin resistance, mecA, encodes penicillin-binding protein 2a (PBP2a), which 
has reduced affinity for β-lactam  antibiotics. Acquisition of the mecA gene helps  
S. aureus to develop resistance against methicillin and all other β-lactam antibiotics. 
During the 1970s, MRSA strains were predominantly reported from European 
hospitals (Crisóstomo et al. 2001), whereas, very few cases were reported 
from hospital settings in the United States (Barrett et al. 1968; Bra et al. 1972).  
MRSA-associated outbreaks were reported in the hospitals of the United States 
in the late 1970s and became endemic by the 1980s (Crossley et al. 1979; James 
E. Peacock et al. 1980). The overall burden of infections caused by MRSA has 
been increasing in healthcare and community settings globally (Hersh et al. 2008; 
Hope et al. 2008; Kaplan et al. 2005; Laupland et al. 2008). A  rapid spread of  
community-associated MRSA (CA-MRSA), causing skin and soft-tissue infections 
(Fridkin et al. 2005; Moran et al. 2006), has been observed in the United States. The 
first cases of CA-MRSA  (USA400 clone) have been reported in children from the 
USA  during the 1990s (CDC 1999; Herold et al. 1998). The death of children who 
had no exposure to the risk factors for hospital-associated MRSA suggested that the 
USA400 clone is a virulent strain of CA-MRSA. In addition to this, another epidemic 
clone, USA300, emerged during the early 2000s, are known to be responsible for 
CA-MRSA  infections in the USA  (Aiello et al. 2006; Kazakova et al. 2005; Miller 
and Diep 2008; Pannaraj et al. 2006). Later, S. aureus USA300 clone spread globally 
and became responsible for global epidemics in the skin and soft-tissue infections, 
as well as severe pneumonia in many countries around the world (Nimmo 2012). 
CA-MRSA has been reported from various populations regardless of the age of 
the subjects, including Native Americans (Sutcliffe et al. 2020) and Alaska natives 
(Baggett et al. 2004); Pacific Islanders (CDC 2004); athletes (Kazakova et al. 2005); 
prisoners (Aiello et al. 2006); military personnel (Aiello et al. 2006); and children in 
daycare facilities (Adcock et al. 1998). In addition to the United States, CA-MRSA  
strains have been reported in other countries including Canada,  Australia, Sweden, 
Netherlands, Denmark, Finland, Switzerland, Argentina, Korea, India, and China 
(Conly and Johnston 2003; Fang et al. 2008; Francois et al. 2008; Gardella et al. 
2008; Kanerva et al. 2009; Larsen et al. 2007; Nimmo and Coombs 2008; Park et al. 
2009; Sangeeta Joshi 2013; Stam-Bolink et al. 2007; Wu et al. 2019a). 

The overall increase in MRSA infections remains a significant threat to 
public health globally. This led to finding out an alternative treatment for MRSA 
infections. Vancomycin, a glycopeptide class of antibiotics, has been approved 
for humans in 1958 and was used to treat severe MRSA infections since the late 
1980s (T C Sorrell 1982). Staphylococcus species with intermediate or complete 
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resistance against vancomycin have been reported since the late 1990s (Hiramatsu 
et al. 1997) and have become a serious public health concern. In the United States, 
the first cases of vancomycin-resistant S. aureus (VRSA) infection were reported 
in Michigan in 2002 (CDC 2002; Chang et al. 2003). In addition to this, a second 
VRSA strain was isolated from Pennsylvania, the USA in 2002 (Tenover et al. 
2004). A  total of approximately 52 VRSA  strains have been identified so far globally 
(Cong et al. 2020). With the reduced susceptibility to vancomycin, S. aureus has 
been classified into three groups based on the Clinical and Laboratory Standards 
Institute. These are vancomycin-susceptible  S. aureus  (VSSA) (MIC  ≤  2  μg/ml),  
vancomycin-intermediate  S. aureus  (VISA) (MIC of 4–8  μg/ml), and  
vancomycin-resistant S. aureus  (VRSA) (MIC  ≥  16  μg/ml). VRSA  is generally 
confirmed with the presence of approximately 11 van gene clusters, including VanA, 
VanB, VanD, Van F, VanI, VanM, VanC, VanE, VanG, VanL, and VanN, described to 
date  (Boyd et al. 2008; Courvalin 2006; Kruse et al. 2014; Lebreton et al. 2011; Xu 
et al. 2010) with the help of molecular techniques. 

Biofilm 
Nowadays, the control of biofilm-producing candidate pathogens like Staphylococcus 
sp. is a challenging and serious threat to human health. Biofilm can be defined as the 
assemblage of the cell, covered by a hard layer that is made up of polysaccharides, 
lipids, proteins, and extracellular DNA. However, Staphylococcus aureus produces a 
slimy glycocalyx layer made up of protein (both host and agent) and teichoic acids (a 
polymer of alcohol phosphate and sugar) (Hussain et al. 1993). Later on, a specialized 
polysaccharide [poly-N-acetylglucosamine (PNAG) or polysaccharide intercellular 
adhesin (PIA)] has been identified, which is a linked polymer of non-N-acetylated 
D-glucosaminyl residues and β-1,6-linked N-acetylglucosamine residues (Nguyen 
et al. 2020). Interestingly, PIA is not present in Staphylococcus sp. but also have 
been detected in a wide range of biofilm-producing candidates  like Pseudomonas 
fluorescens, Yersinia pestis, Escherichia coli, Bordetella bronchiseptica,  B. pertussis, 
etc. (Nguyen et al. 2020). In the case of Staphylococcus sp., the operon called 
icaADBC is responsible for the production of enzymes required for the synthesis 
of PIA  which is situated in ica  locus. According to Hoang et al., the production 
of PIA among Staphylococcus sp. varies greatly; in the case of S. epidermis,  it is 
controlled by two regulators called icaR  and tcaR  which can completely repress 
the icaADBC (Hoang et al. 2019). There is another regulator called staphylococcal 
accessory regulator (sarA) which produces a protein (14.5 kDa) with the help of 
sarA locus (1.2 kda region of DNA consisting of arB,  sarC, and  sarA  units) which 
has the ability to bind the RNA and enhances the expression of agr gene cluster and 
RNAIII promoters, which ultimately reduces the production of biofilm (Morrison 
et al. 2012). On the other hand, sarA also plays a vital role in the agr-independent 
pathway (Valle et al. 2003) in which lower expression or mutation of sarA reduces 
the expression of ica operon. It is observed that there is a correlation between the 
ica gene cluster and the colonization on the surface of medical devices caused by  
S. epidermidis (Harris et al. 2016). Thus, it can be concluded that PIA plays a critical 
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role in biofilm formation and this information might be useful in understanding the 
mechanism of biofilm formation in Staphylococcus sp. 

Biofilm formation is a protective mechanism to avoid host immunity and 
antibiotics; however, it is negatively correlated with toxin production (Figure 1). 
The infection (mostly sepsis and bacteremia) caused by Staphylococcus sp. becomes 
notorious due to its ability to form resistant biofilm on several medical devices 
(mainly S. epidermidis) like joint prosthetics, pacemakers, and catheters (Zheng et al. 
2018), which enhance the rate of mortality and morbidity. From a molecular biology 
perspective, biofilm formed by Staphylococcus sp. can be categorized into five major 
stages: adherence and attachment (stage1), division or multiplication (stage 2), 
exodus (stage 3), maturation (stage 4), and release or dispersal (stage 5) (Moormeier 
and Bayles 2017). A general diagram of biofilm formation in Staphylococcus sp. is 
presented in Figure 2. 

The structure and architecture of the biofilm depend on several environmental 
factors and its thickness varies from a single-cell layer to multiple layers (Costerton 
et al. 1995). The cellular activities and metabolic states of the Staphylococcus cells 
inside the biofilm enclosure differ greatly. Bacterial cells on the upper surface 
of the matrix layer remain in an oxygen-enriched environment and become very 
active metabolically. Similarly, cell present near the attachment surface gets more 
nutrients compared to other (Rani et al. 2007). However, most of the cells in the 
biofilm are dormant or dead and remain in an anoxygenic environment. Thus, 
the expression profile of the biofilm gene varies from one cell to another (Archer 
et al. 2011). The biofilm formation in bacteria including Staphylococcus sp. is a 
multievent phenomenon (Table 2). In the case of Staphylococcus sp., the formation 
of biofilm varies greatly depending on the surface (biotic and abiotic) in terms of cell 
surface molecule profiling. During the formation of biofilm on the biotic surface, a 
variety of cell surface adhesin molecules (plasmin sensitive protein, serine-aspartate 
repeat family proteins, iron-regulated surface determinants, fibronectin-binding 

Figure 1.  Biofilm formation is negatively regulated with toxin production and is a part of the quorum 
sensing network in S. aureus. RNAII and RNAIII are the main regulatory transcript that controls the 

expression of biofilm genes and toxin-producing genes in a density-dependent manner. 



 

  

   

 

 

 

 

 

 
 

 

 
 

 
 

 

 

 
 
 

 
 

112 Diagnosis of Pathogenic Microorganisms Causing Infectious Diseases 

Figure 2. Different stages of biofilm formation from stage 1 (attachment) to stage 5 (dispersal) through 
sequential events. 

Table 2. Different stages and their associated events during biofilm formation in Staphylococcus sp. 

Stages Names Events References 
1 Attachment a. Express surface proteins belong to the adhesin group 

(MSCRAMMs.) 
b. Adhesin can recognize and bind to glycoprotein receptors 

present on the surface host cell 
c. A wide diversity of this adhesin molecule helps 

bacteria to bind a variety of tissue surfaces like bone, 
nasopharynx, and vascular tissue 

(Kot et al. 
2018) 

2 Multiplication a. Cell start dividing, binding to each other and 
accumulating 

b. Cell-cell attachment is achieved by electrostatic 
interaction between PIA (positively charged) and teichoic 
acids (negatively charged) present in the cell wall 

c. Different types of CWA proteins help in the accumulation 
d. Formation of ECM starts with the help of cytoplasmic 

proteins 
e. ECM structure is stabilized by binding several proteins 

(GAPDH, enolase, Immunodominant surface antigen B, 
and beta-toxin) with eDNA 

(Jan-Roblero 
et al. 2017) 
(Speziale et 
al. 2014) 

3 Exodus a. An early dispersal event helps in biofilm restructuring 
b. Nuc gene express in a small population of cells that 

produce nuclease and degrades the eDNA 
c. Nuc gene expression is controlled in a Sae-

dependent manner 

(Moormeier 
et al. 2017) 

4 Maturation a. Increase surface area for metabolic waste removal and 
nutrient exchange 

b. Fast-growing cells emerge from slow-growing basal layer 
cells 

c. The biofilm structure is shaped like a mushroom 
d. The emergence of metabolically distinct populations 

(Nguyen et 
al. 2020; 
Moormeier 
et al. 2017) 

5 Dispersal a. PSMs play a critical role in dispersal by disrupting the 
non-covalent interaction between the matrix molecules 

b. It is controlled by Agr mediated quorum-sensing network 
c. Release of cells from the biofilm matrix 

(Le et al. 
2014) 

MSCRAMMs: Microbial surface components recognizing adhesive matrix molecules 
CWA: Cell wall-anchored 
PSMs: Phenol soluble modulins 
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proteins, collagen adhesin, bone sialoprotein, etc.) are expressed and linked to the 
peptidoglycan layer with the help of another protein called sortase A  (Moormeier  
et al. 2017). On the other hand, the formation of biofilm on abiotic surfaces like 
glass and polystyrene carries out with the help of another set of gene clusters like 
AtlA and agr  (Jenul and Horswill 2019). However, the expression profile of these 
cell wall surface proteins varies among different species of Staphylococcus (Foster 
et al. 2014). 

The ECM of biofilm in Staphylococcus sp. is composed of different types of 
polysaccharides, proteins, lipids, and eDNA. It is already established that ECM 
maintains the structural integrity  of the biofilm and plays a very important role in 
protecting biofilm cells from antibiotics, host immune molecules, and environmental 
stress. The function of each ECM molecule and its interaction in forming the 
extraocular matrix is not elucidated clearly. In an experiment with biofilm produced 
by Staphylococcus aureus  ATCC 25923, researchers have identified a total of  
460 proteins that are associated with biofilm matrix formation (Hiltunen et al. 
2019). However, protein concentration and abundance vary greatly from one surface 
to another at different time intervals. Furthermore, Hiltunen  et al. (2019) also 
reported that 66 proteins are common in biofilm formed on all the different surfaces 
(borosilicate glass, hydroxyapatite, titanium, and plexiglass). Among several proteins, 
stress proteins, chaperones, hemolysins, leukocidins, and response regulators 
are considered to be the most important biofilm protein for infection (Hiltunen 
et al. 2019). However, other classes of proteins like surface protein C and G, the  
biofilm-associated protein, fibrinogen-binding proteins, clumping factor B, and serine 
aspartate repeat protein are important for attachment and host tissue interaction in 
Staphylococcus aureus  (Speziale  et al. 2014). In Staphylococcus epidermidis, there 
is another set of a protein called accumulation-associated protein which helps in 
attachment and host-cell interaction. The extracellular DNA (eDNA) is an important 
component of Staphylococcus biofilm matrix. Several researchers have tried to 
explore the importance of eDNA and its relationship with PIA using DNase I assay 
(Houston et al. 2011; Izano et al. 2008). However, their results are contradictory and 
did not provide a clear relation between PIA-eDNA-MRSA and MSSA. Similarly, 
a detailed experiment among 47 S. aureus strains was conducted to understand the 
dependency of eDNA  on PIA-dependent and PIA-independent biofilm formation 
(Sugimoto et al. 2018). Their result indicated that PIA independent candidate poses a 
significantly higher eDNA  level compared to PIA  dependent produced. However, it 
is not always true as the eDNA level also depends on culture media and the genetic 
makeup of the strain. 

Epidemiology 
Different species of Staphylococcus are considered to be potent pathogens in clinical 
sectors and food industries. World Health Organization (WHO) has considered 
Staphylococcus aureus also to be a foodborne pathogen that causes serious illness in 
humans. Whereas biofilm forming (on implanted medical devices) Staphylococcus 
epidermidis is considered to be very dangerous in medical sectors. It was well known 
that S. aureus produces heat-stable toxins in the food matrix (like milk, meat, egg, 
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and cream-filled bakery products), which cause a very common  illness named SFP  
(e Silva et al. 2017). Staphylococcus aureus bacteremia (SAB) is the most common 
infection manifestation which causes 20% to 25% mortality (Monnier et al. 2020),  
and its prevalence and prognosis have been diagnosed mostly in the industrial region 
of the world. Several reports have been published regarding the rate of SAB in 
different time frames. In Denmark, the SAB rate during the period of 1957–1990 
was increased from 3 per 100,000 people to 20 per 100,000 (Frimodt-Møller et al. 
1997); however, it increased by 48% from 2008–2015 (Thorlacius-Ussing et al. 
2019). The prevalence of healthcare-associated MRSA is recorded to be highest in 
Asian countries (28% in Indonesia and > 70% in Korea), whereas the occurrence of  
community-associated MRSA varies from 5% to 35% depending on geographical 
area and age structure (Chen and Huang 2014; Wu et al. 2019b). Along with the 
previous strains of MRSA, a new strain of S. aureus has emerged (in China) in a 
farmed animal that was diagnosed as a potent human pathogen (Wan et al. 2013). 
In the United States, healthcare-associated MRSA-causing bloodstream infection 
was more common, but community-associated infections affecting the skin and 
soft tissue also emerged in the early 1990s and started to increase rapidly thereby 
(Kourtis et al. 2019). However, according to the surveillance system (National 
Healthcare Safety Network and Emerging Infections Program), the MRSA infection 
rate might have decreased in recent years but still the United States is not on track 
to fulfill the goal taken by Healthcare-Associated Infection National Action Plan in 
2020 (Health and Services 2011). According to Frimodt-Møller et al. (2019), both 
hospital and community-associated bloodstream infection (from 2005–2016) caused 
by MRSA has been reduced by 74% and 40%, respectively. In the last 60 years, 
S. aureus has become resistant to a wide range of antibiotics (like carbapenems, 
penicillin, monobactams, cephalosporins, and carbacephem), which is a big challenge 
for clinical management to control the SAB infection (Monnier et al. 2020). The 
emergence of MRSA varies greatly (1.2% to 50.5% in different European countries) 
depending on geographical location (Struyf et al. 2017). Due to the hard work of 
the surveillance committee, good clinical practice, and proper management, SAB 
infection reduced significantly in UK and France in recent years (Lawes et al. 2015). 

The rate of SAB infection depends on several factors and age is considered 
to be the most important one. It was recorded that people in the first year of age 
and later age (> 70 years) are more susceptible to SAB compared to younger (Tong  
et al. 2015). Furthermore, the rate of infection is observed to be 4.0% (people below 
80 years of age), 8.4% (people between 80–89 years of age), and 13.0% (people 
above 90 years of age) depending on geographical regions (Thorlacius-Ussing  
et al. 2019). Not only age, gender, and ethnicity are also considered to be important 
for SAB infection. Clinical data strongly supports that males are more susceptible 
than females, however, the logical argument is not clear (Landrum et al. 2012). In 
the United States, the black population is more susceptible to the SAB risk group 
compared to the white population (Kallen et al. 2010). Similarly, skin and soft-tissue 
infections caused by S. aureus  vary significantly in people’s lives in Australia and 
New Zealand based on indigenous and nonindigenous origin (Hill et al. 2001; Tong 
et al. 2009). Infection caused by the hospital and community-associated MRSA has 
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Table 3. MRSA outbreaks at different times in different locations. 

Area/countries Year of 
outbreak 

Strains Symptoms References 

Australia and Canada 1953 80/81 penicillin-
resistant 
S. aureus 

Pneumonia, 
skin infection, 
and sepsis in 
children and 
adults 

(DeLeo et al. 
2011) 

Northamptonshire (England) 1991 to 
1992 

EMRSA-16 Throat infection (Cox et al. 
1995) 

The Health Sciences Center, 
Manitoba, Canada 

1996 NM Skin, throat, and 
burn wound 

(Embil et al. 
2001) 

Hospitals in Chicago and Los 
Angeles 

2006 NM Skin and soft-
tissue infection 
in newborn 

(Waknine 
2006) 

The University Hospital of 
Lausanne (Switzerland) 

2008 to 
2012 

MRSA ST228-I NM (Senn et al. 
2016) 

Cambridge University Hospitals 
National Health Service (UK) 

2011 MRSA spa-type 
t2068 

Skin infection in 
infants 

(Brown et al. 
2019) 

Affiliated People’s Hospital of 
Jiangsu University, China 

2012 MRSA T0131 
and TW20 

NM (Kong et al. 
2016) 

Aga Khan University Hospital 
(AKUH), Pakistan 

2013 NM Urine infection 
in newborn 

(Irfan et al. 
2019) 

Hvidovre Hospital, Denmark 2013 to 
2017 

MRSA spa type 
t267 

NM (Rubin et al. 
2018) 

Germany 2018 MRSA spa-type 
t020 

Skin infection in 
adult 

(Baier et al. 
2020) 

Tama district, Tokyo, Japan 2018 to 
2019 

MRSA ST8-IV Pneumonia and 
Surgical site 
infection in 
adult and old 
people 

(Kobayashi et 
al. 2020) 

NM: not mentioned 

been reported from different parts of the world (Table 3), and still it is one of the 
major threats for human being. Most of the time, MRSA cause infection on the skin, 
and thus it spread easily from one person to other in community transmitted manner. 
According to the Centers for Disease Control and Prevention, US (CDC) MRSA 
infection spread can be controlled through proper clinical management like washing 
hands with soap or alcohol, regular cleaning of hospital bed, cleaning of medical 
devices with detergent and alcohol, regular monitoring of wound site, sampling of 
germ from nose and skin, and wearing gloves during patient visit. 
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Identification of S. aureus Using Molecular Techniques 
Identification of S. aureus Using Polymerase Chain Reaction (PCR) 
S. aureus produces an extracellular thermostable protein, thermonuclease with a 
molecular mass of 17,000 Da (Tucker et al. 1978). Thermonuclease, an endonuclease 
that can degrade both DNA and RNA, can resist 1,000 C for 1 hour (Lachica  
et al. 1972). Thermonuclease is encoded by the nuc gene which is known as highly 
conserved in most S. aureus strains. Brakstad et al. (1992) developed primers Nuc1 
and Nuc2 (Table 2) for PCR assay to identify the presence of the nuc genes in  
S. aureus. The primers (Nuc1 and Nuc2) were able to amplify the nuc genes of clinical 
S. aureus  isolates, however, did not amplify the nuc  genes of other Staphylococcus  
species and non-Staphylococcus species (Brakstad et al. 1992). The staphylococcal 
coagulase enzyme, encoded by the coa gene, is an important virulence factor S. aureus. 
Goh et al. (1992b) developed a typing method to identify S. aureus by amplifying a 
variable region of the coagulase  genes in PCR followed by AluI restriction enzyme 
digestions and RFLP (Restriction fragment length polymorphism) analysis. The 
primers COAG1 and COAG4 (Table 4) were able to amplify the 1557-bp size of the 
coa  gene. The nested primers COAG2 and COAG3 (Table 4) were used to amplify 
the variable tandem 3’ region of the coa gene. This method was successfully used to 
identify the source of the MRSA outbreak that occurred at a hospital. In the year 1995, 
Saruta et al. developed a primer set (16SSAIII:5’-TATAGATGGATCCGCGCT-3’, 
and 16SSAIV:5’-GATTAGGTACCGTCAAGAT-3’) considering 16S rRNA gene 
as a target to identify the S. aureus (Saruta et al. 1995). They have considered  
28 staphylococcal and non-staphylococcal strains, and the primer (273 bp amplicons) 
can effectively identify S. aureus. Later on, Martineau et al. developed another set of 
primers: Sa442-1 (5′-AATCTTTGTCGGTACACGATATTCTTC ACG-3′; positions 
5 to 34), and Sa442-2 (5′-CGTAATGAGATTTCAGTAGATAATACAACA-3′; 
positions 83 to 112) based on the chromosomal sequence of 442 bp long to 
identify S. aureus (Martineau et al. 1998). Results of their investigation indicated 
that the primer set was very much specific to S. aureus but not other species of 
Staphylococcus. Similarly, Hookey et al. targeted the coagulase gene (coa) 
to develop a novel typing method for identifying S. aureus  (Hookey et al. 
1998). The primer set coa-F (5′-ATAGAGATGCTGGTACAGG-3′), and coa-R 
(5′-GCTTCCGATTGTTCGATGC-3′) produces  875, 660, and 603 bp amplicon 
for coagulase-positive staphylococci, while 547 bp amplicon is produced in case 
of the MRSA isolates. Marcos et al. have developed an another developed another 
typing method to rapidly identify S. aureus targeting the aroA gene which encodes 
5-enolpyruvylshikimate-3-phosphate synthase (Marcos et al. 1999). The primer 
Set FA1 and RA2 (Table 2) can effectively identify S. aureus by amplifying the  
1,153 bp region of the aroA gene. Furthermore, Lange et al. have used three sets 
of primer (Table 4) to amplify the region of coagulase gene, protein A gene, and 
intermediate space between 16S and 23S rRNA to detect the S. aureus from the milk 
obtained from dairy cows diagnosed with subclinical mastitis (Lange et al. 1999). 
The results of their study depicted that all these PCR typing methods are sensitive. 
However, the spacer region of 16S rRNA and 23S rRNA was reported to be more 
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Table 4. List of primer used to detect and identify Staphylococcus species. 

PCR
Methods 

Genes Primers Amplicon
Size (bp) 

Functions Candidate
Pathogens 

References 

Singleplex
PCR 

nuc GCGATTGATGGTGATACGGTI
AGCCAAGCCTTGACGAACTAAAGC 

267 Ø It encodes a nuclease which 
acts as a virulence factor 

S. aureus (Brakstad et
al. 1992) 

coa ATACTCAACCGACGACACCG
GATTTTGGATGAAGCGGATT 

1,557 Ø Encodes the virulence
factor coagulase 

S. aureus (Goh et al.
1992a) 

16S rRNA
Gap 

GGAATTCAAAGGAATTGACG GGGGC
CGGGATC CCAGGCCCGGGAACGTATTCAC
ATG GTTTTGGTAGAATTGGTCGTTTA
GACATTTCGTTATCATACCAAGCTG 

479
933 

Ø Part of the 30S subunit
Ø Encodes glyceraldehyde-3-

phosphate dehydrogenase 

S. aureus and
Staphylococcus sp. 

(Ali, Al-
Achkar et al.
2014) 

Sau-02 GTAAAAAGACGACATGCAGGAA
CCATCATTTCAAAACTTTGACA 

110 Ø Small RNA that does not 
code any protein 

S. aureus and 
MRSA 

(Soo Yean et 
al. 2016) 

mecA

PVL
nuc 

AACCATCGTTACGGATTGCTTC
AAATGCTGGACAAAACTTCTTGG
TTTGCAGCGTTTTGTTTTCG
GGCATATGTATGGCAATTGTTTC
CGTATTGCCCTTTCGAAACATT 

107
108
73 

Ø Produces PBP2a enzyme
helps from methicillin

Ø Produces a cytotoxin
Ø Produces a thermonuclease 

S. aureus (both
MRSA and 
MSSA) 

(Galia et al.
2019) 

aroA AAGGGCGAAATAGAAGTGCCGGGC
CACAAGCAACTGCAAGCAT 

1,153 Ø Encodes
5-enolpyruvylshikimate-3-
phosphate synthase 

S. aureus (Marcos et al
1999) 

coa

spa

ribosomal
gene 

CGAGACCAAGATTCAACAAG
AAAGAAAACCACTCACATCA
CAAGCACCAAAAGAGGAA
CACCAGGTTTAACGACAT
TTGTACACACCGCCCGTCA
GGTACCTTAGATGTTTCAGTTC 

Ø Encodes coagulase
Ø Encodes a surface protein

that helps in virulence and
survival 

Ø Encodes the structural part
of the ribosomal RNA 

S. aureus (Lange et al.
1999) 

23S rRNA

23S rRNA 

ACGGAGTTACAAAGGACGAC
AGCTCAGCCTTAACGAGTAC
ATCATCTGGAAAGATGAATCAA
ATCGATTAAAACGATTATAGGT 

Ø Both primers amplified the
structural region of 23S
rRNA 

S. aureus (Straub et al.
1999)

Table 4 contd. ... 
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PCR
Methods 

Genes Primers Amplicon
Size (bp) 

Functions Candidate
Pathogens 

References 

Multiplex
PCR 

sea

seb

sec

sed

see

femA

etaA

etaB

tst

mecA 

GGTTATCAATGTGCGGGTGG
CGGCACTTTTTTCTCTTCGG
GTATGGTGGTGTAACTGAGC
CCAAATAGTGACGAGTTAGG
AGATGAAGTAGTTGATGTGTATGG
CACACTTTTAGAATCAACCG
CCAATAATAGGAGAAAATAAAAG
ATTGGTATTTTTTTTCGTTC
AGGTTTTTTCACAGGTCATCC
CTTTTTTTTCTTCGGTCAATC
AAAAAAGCACATAACAAGCG
GATAAAGAAGAAACCAGCAG
GCAGGTGTTGATTTAGCATT
AGATGTCCCTATTTTTGCTG
ACAAGCAAAAGAATACAGCG
GTTTTTGGCTGCTTCTCTTG
ACCCCTGTTCCCTTATCATC
TTTTCAGTATTTGTAACGCC
ACTGCTATCCACCCTCAAAC
CTGGTGAAGTTGTAATCTGG 

102

164

451

278

209

132

93

226

326

163 

Ø Encodes enterotoxins A 

Ø Encodes enterotoxins B 

Ø Encodes enterotoxins C 

Ø Encodes enterotoxins D 

Ø Encodes enterotoxins E 

ØHelps in methicillin
resistance 

Ø Encodes exfoliative toxins
A 

Ø Encodes exfoliative toxins
B 

Ø Encodes TSS toxin 1 

Ø Provides resistance to
methicillin 

S. aureus and 
MRSA 

(Mehrotra et
al. 2000) 

etd

arcA

seh

lukPV 

CCCGTTGATTAGTCATGCAG
TCCAGAATTTCCCGACTCAG
TTGCTCAAACTTTGAGAGATGAA
TTACGTACGCCAGCCATGAT
CAACTGCTGATTTAGCTCAG
GTCGAATGAGTAATCTCTAGG
ATCATTAGGTAAAATGTCTGGACATGATCCA
GCATCAAGTGTATTGGATAGCAAAAGC 

607

215

358

432 

Ø Encodes exfoliative toxin
D 

Ø Encodes arginine 
deiminase 

Ø Encodes enterotoxin H 

Ø Produces leukocidin 

CA-MRSA (Strommenger
et al. 2008) 

...Table 4 contd. 
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Tuf

vanA

cns

16S rRNA 

TACCAGCATTAGTAGTATTCTTAAACAAAGTTG
TGCTGAACCAGCGATTACAG
GCTGTGAGGTCGGTTGTG
GCTCGACTTCCTGATGAATACG
TATCCACGAAACTTCTAAAACAACTGTTACT
TCTTTAGATAATACGTATACTTCAGCTTTGAATTT
CTAGTAATCGCGGATCAGCAT
GATACGGCTACCTTGTTACGACTT 

143

111

204

174 

Ø Encodes Tu protein that 
involves in translation

ØHelps bacteria from
vancomycin 

Ø Bb 

Ø It is a part of 30S unit 

S. aureus and
coagulase-negative
staphylococci 

(Okolie et al.
2015) 

mecA

spa

pvl 

TGGTATGTGGAAGTTAGATTGGGAT
CTAATCTCATATGTGTTCCTGTATTGGC
CAGCAAACCATGCAGATGCTA
CGCTAATGATAATCCACCAAATACA
TTACACAGTTAAATATGAAGTGAACTGGA
CGCTAATGATAATCCACCAAATACA 

155

101

118 

ØHelps from methicillin
Ø Encodes a virulence factor

called protein A
Ø Produces a toxin called

Panton-Valentine 
leucocidin 

CA-MRSA,
S. aureus and
coagulase-negative
staphylococci 

(Nakagawa
et al. 2005;
Okolie et al.
2015) 

mecA

femA 

TGGCTATCGTGTCACAATCG
CTGGAACTTGTTGAGCAGAG
CTTACTTACTGGCTGTACCTG
ATGT CGCTTGTTATGTGC 

Ø Provides resistance to
methicillin 

Ø Encodes protein which is
responsible for enhancing
methicillin resistance level 

MRSA and other 
staphylococci
species 

(Vannuffel et 
al. 1995) 

mecA

femA

ileS-2 

CTTACTTACTGCTGTACCTG
ATCTCGCTTGTTATGTGC
TAGAAATGACTGAACGTCCG
TTGCGATCAATGTTACCGTAG
GTTTATCTTCTGATGCTGAG
CCCCAGTTACACCGATATAA 

684

154

237 

Ø Provides resistance to
methicillin 

Ø Encodes protein which is
responsible for enhancing
methicillin–resistance level

Ø Provides resistance to
mupirocin 

Mupirocin
resistance MRSA 

(de Castro
Nunes et al.
1999) 

mecA

coa 

CGGTAACATTGATCGCAACGTTCA
CTTTGGAACGATGCCTAATCTCAT
GTAGATTGGGCAATTACATTTTGGAGG
CGCATCAGCTTTGTTATCCCATGTA 

214

117 

Ø Provides resistance to
methicillin 

Ø Encodes coagulase 

MRSA (Kearns et al.
1999)

Table 4 contd. ... 
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PCR
Methods 

Genes Primers Amplicon
Size (bp) 

Functions Candidate
Pathogens 

References 

sea

seb

sec

sed

see

seg

seh

sei

sej

sek

sel

sem

sen

seo 

ATGGTTATCAATGTGCGGGTGIIIIICCAAACAAAAC
TGAATACTGTCCTTGAGCACCAIIIIIATCGTAATTAAC
TGGTATGACATGATGCCTGCACIIIIIGATAAATTTGAC
AGGTACTCTATAAGTGCCTGCCTIIIIIACTAACTCTT
GATGAAGTAGTTGATGTGTATGGATCIIIIIACTATGTAAAC
AGATTGGTCAAACTTATCGCCTGGIIIIIGCATCATATC
CTGAATTAAGTAGTACCGCGCTIIIIIATATGAAAC
TCCTTTTGCAAATAGCGCCTTGIIIIIGCATCTAATTC
CGGGGGTGTAACATTACATGATIIIIICCGATTGACC
CCCTTGAGCATCAAACAAATCATAAIIIIICGTGGACCCTTC
ATAGACTGAATAAGTTAGAGGAGGTIIIIIGAAGAAATTATC
TTAGTGAGCCAGTGTCTTGCIIIIIAATCTAGTTC
CATTCACATCATATGCGAAAGCAGIIIIITTACACG
CTTCTGAGCTAAATCAGCAGTTGCIIIIITTACTCTC
AGGCGTCACAGATAAAAACCTACCIIIIICAAATCAACTC
ACAAGGACCATTATAATCAATGCCIIIIITATCCAGTTTC
TGTATGGTGGAGTAACACTGCATGIIIIIAATCAACTTTATG
CTAGCGGAACAACAGTTCTGATGCIIIIIATCCATAAAT
GTGTCTCTAATAATGCCAGCGCTIIIIICGATATAGG
CGTTAGTAGCTGTGACTCCACCIIIIITGTATTTAG
ATTCACCAGAATCACACCGCTIIIIITACTCGTA
GTGTAAAATAAATCATACGAGIIIIIAGAACCATCATTC
CGCAACCGCTGATGTCGGIIIIITGAATCTTAGG
CAGCTTGTCCTGTTCCAGTATCIIIIIAGTCATAAG
TCATGCTTATACGGAGGAGTTACGIIIIITGATGGAAATC
AACCTTCTTGTTGGACACCATCIIIIIATACATTAACGC
GTGGAATTTAGCTCATCAGCGATTTCIIIIIAATTTCTAGG
GTACAGGCAGTATCCACTTGATGCIIIIIATGACAATGTGC 

344

196

399

451

286

594

218

154

102

282

469

572

103

116 

ØAll these genes (sea–see 
and seg–sei) encode
different types of
enterotoxins 

ØAll the genes (sej-ser and 
seu) encode SE-like toxins 

S. aureus (Hwang et al.
2007) 

...Table 4 contd. 
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sep

seq

ser

seu

tst

femA 

ATCATAACCAACCGAATCACCAGIIIIIGGGTGAAACTC
GTCTGAATTGCAGGGAACTGCIIIIIGCAATCTTAG
GGTGGAATTACGTTGGCGAATCAIIIIITAGATAAACC
CTCTGCTTGACCAGTTCCGGTGIIIIICAAATCGTATG
TTCAGTAAGTGCTAAACCAGATCCIIIIICTGGAGAATTG
CTGTGGAGTGCATTGTAACGCCIIIIIATATGCAAACTCC
ATGGCTCTAAAATTGATGGTTCTAIIIIITTAAAAACAG
GCCAGACTCATAAGGCGAACTAIIIIITTCATATAAA
GTTGCTTGCGACAACTGCTACAGIIIIIACCCCTGTTC
TCAAGCTGATGCTGCCATCTGTGIIIIITATACGCATAG
ACAGCTAAAGAGTTTGGTGCCTIIIIIGATAGCATGC
TTCATCAAAGTTGATATACGCTAAAGGTIIIIICACACGGTC 

547

330

368

410

209

723 

Ø Encodes TSS toxin-1
Ø Encodes proteins that

influence the resistance to
methicillin 
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sensitive, followed by coagulase and protein A gene. In the same year, Straub et al. 
also have developed a PCR protocol taking 23S rRNA as a gene of interest (Straub 
et al. 1999). The amplicon size of 1,250 bp and 1,122 bp produced by the primer 
sets Staur4 and Staur6, and Staur5 and Staur9 (Table 4) were very much specific to 
S. aureus  collected from various milk product. In 2016, Mukherjee et al. conducted 
a risk assessment study taking 32 samples collected from the surface of different 
exercise equipments from fitness centers located in Tennessee, USA, and have 
identified the community-associated MRSA  amplifying the four target genes (16S 
rRNA, mecA, femA, and femB)  (Mukherjee et al. 2016). 

The use of multiplex PCR in the identification of bacterial species is another 
typing method that has more advantages (i. provides more information, ii. requires 
less sample, iii. cost-effective, and iv. time-saving) than conventional PCR. In 1995, 
Vannuffel et al. developed a multiplex PCR considering mecA and femA genes 
to identify MRSA (Vannuffel et al. 1995). The primer sets (Table 4) produce a 
310-bp and a 686-bp amplicon for mecA and femA, respectively, and were very 
much sensitive to identifying all the tested species of staphylococci. In 1999, 
de Castro Nunes et al. used three sets of primers (Table 4) and to identify MRSA 
(de Castro Nunes et al. 1999). The primer sets femA (Vannuffel et al. 1995), mecA 
(Del Vecchio et al. 1995), and ileS-2 (this work) amplified 684 bp, 154 bp, and 
237 bp region, respectively, and have successfully identified the mupirocin resistance 
in MRSA. Later on, in 2000, a researcher group from Canada used the analytical 
power of multiplex PCR targeting five sets of enterotoxin-encoding genes, TSS 
toxin 1 encoding gene (tst), exfoliative toxins encoding genes (etaA and etaB), and 
methicillin resistance genes (mecA) (Table 4) to identify MRSA (Mehrotra et al. 
2000). In 2007, Hwang et al. (2007) designed a novel multiplex strategy taking 
19 genes (Table 4) for an investigation to identify the S. aureus contamination in 
raw meat. In recent years, Qin et al. developed a unique technique of multiplex 
PCR coupled with propidium monoazide and sodium dodecyl sulfate to detect and 
identify live food pathogens including S. aureus in milk (Qin et al. 2020). They 
have targeted gltS gene (primer F-TTCTTCACGACTAAATAAACGCTCA and 
primer R-GGTACTACTAAAGATTATCAAGACGGCT), which encodes glutamate 
transporter for the identification of S. aureus. To date, several primers set for 
singleplex and multiplex PCR were developed by different research groups which 
are tabulated in Table 4. 

Identification of S. aureus Using Mass Spectrometry and VITEK 2 
Like PCR, MALDI-TOF-MS is another gold standard technique for the identification 
of a wide spectrum of bacterial candidates. Compared to PCR, it is a rapid method 
and does not require any DNA  extraction process. The detail of sample preparation 
is given in Figure 3. 

The use of MALDI-TOF-MS has been started several years ago and different 
research groups have successfully used this technique for the molecular identification 
of bacterial candidates (Bernardo et al. 2002; Edwards-Jones et al. 2000). Singhal 
et al. (2015) have stated that MALDI-TOF-MS is gaining popularity in the 
microbiology method developments process due to its strength in detecting and 
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Figure 3.  Sample preparation for MALDI-TOF analysis. Usually, a single colony is used for identification. 

identifying bacterial pathogens from different sources, like food, blood samples, urine, 
water, and many others (Singhal et al. 2015). The identification of Staphylococcus  
sp. using MALDI-TOF-MS is a very common method nowadays, and its accuracy 
depends on the algorithm and the bioinformatics pipeline (Table 5). In the year 2020, 
a research group from the UK tested the efficiency of MALDI-TOF in identifying 
Staphylococcus sp. from blood culture samples (Hamilton et al. 2021). According to 
their observation, MALDI-TOF is very accurate in identifying  S. aureus (93.6%), 
however, sometimes it fails to identify coagulase-negative staphylococci. There are 
several advantages (rapid, cost-effective, accuracy, etc.) of using  MALDI-TOF-MS in 
bacterial candidate identifications. However, due to the limited database, sometimes 
it is not able to identify bacterial candidates (Tonamo et al. 2021). Furthermore, for 
identifying Staphylococcus sp. MALDI-TOF-MS works well but there are a few 
bacterial candidates which cannot be discriminated against using MALDI-TOF-MS 
(for example E. coli  from Shigella ) (Rychert 2019). 

VITEK MS is an automated system that uses the technology of MALDI-TOF 
and is very popular for the identification of bacterial isolates. In 2016, Shan et al. 
(2016) developed a novel approach to distinguish between MRSA and MSSA from 
clinical samples using the VITEK MS system based on the MS peak (2,305.6 and  
3,007.3 Da for MRSA, and 6,816.7 Da for MSSA). Later on, in 2017, Sulaiman  
et al. used the VITEK MS system to identify 47 staphylococci isolated from 
different sources like the cosmetic product, environment, clinical samples, food, etc. 
(Sulaiman et al. 2018). Guo et al. have compared the efficacy of MALDI-TOF-MS 
and VITEK 2 taking 1,025 isolates that belong to 25 genera (Guo et al. 2014). The 
result of their investigation indicated that MALDI-TOF-MS offers more resolution 
in species identification compared to VITEK 2 in terms of accuracy and lower 
error rates. Similarly, Martins et al. (2018) also compared the resolution depth of  
MALDI-TOF-MS and VITEK 2 in the identification of coagulase-negative  
staphylococci isolates. Their study clearly stated the superiority of  
MALDI-TOF-MS over VITEK 2. 

Outbreak Detection and Identification of S. aureus Using Whole 
Genome Sequencing 
Hospital-acquired and community-associated infection caused by S. aureus is a 
worldwide burden and whole genome sequencing (WGS) plays an important role 
in identifying such entities for better health management. In recent year scientist 
have used the enormous power of WGS in revolutionizing the infection biology of  
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Table 5.  Identification of Staphylococcus sp. using MALDI-TOF-MS. 

Model Bacterial candidates M/Z range (Da) References 

Autoflex (Bruker Daltonics) Coagulase-negative staphylococci 1,000 to 11,000 (Carbonnelle 
et al. 2007) 

Ultraflex (Bruker Daltonics) 22 species of Staphylococcus 2,000 to 20,000 (Dubois et al. 
2010) 

Microflex LT (Bruker 
Daltonics) 

Different species of 
Staphylococcus including 
S. aureus, S. epidermis, 
S. xylosus, S. lentus, etc. 

3,000–15, 000 (Szabados 
2010) 

MALDI Biotyper (Bruker 
Daltonics) 

MRSA NM (Nix et al. 
2020) 

4800 Proteomics Analyzer 
(with TOF-TOF Optics, 
Applied Biosystems) 

MRSA and MSSA 399 to 4,012 (Tang et al. 
2019) 

Autoflex (Bruker Daltonics) Coagulase-negative staphylococci 2,000–20,000 (Dupont et al. 
2010) 

UltrafleXtreme device 
(Bruker Daltonik) 

S. aureus subsp. aureus and 
anaerobius 

2,000–20,000 (Pérez-Sancho 
et al. 2018) 

Biotyper Microflex (Bruker 
Daltonik) 

Different species of 
Staphylococcus 

2,000–20,000 (Zhu et al. 
2015) 

Microflex LT (Bruker 
Daltonics) 

MRSA 1,960 to 20,000 (Kim et al. 
2019) 

MRSA: Methicillin-resistant Staphylococcus aureus 
MSSA: Methicillin sensitive Staphylococcus aureus 
NM: Not mentioned 

S. aureus like virulence determination, antibiotic resistance, lineage, and the emergence 
of disease and genetic variation (Humphreys and Coleman 2019; Price et al. 2013). 
In a study, researchers from a semirural health board in Scotland used WGS in testing 
different areas in a hospital (surfaces, staff hands, and air in the intensive care unit) to 
address the load and transmission efficiency of hospital-acquired S. aureus (Adams 
et al. 2020). The result of their investigation clearly indicated that transmission of  
S. aureus  was least contributed from surface and staff hand, while the infection in the 
ICU care unit was autogenous. A similar WGS study was also conducted in a territory 
care hospital in Tanzania to understand the epidemiology and antibiotic resistance of 
S. aureus (Kumburu et al. 2018). The result of their investigation indicated that the 
population structure of S. aureus in a hospital environment  is diverse and unrelated. 
Due to high resolution, WGS can detect a single nucleotide mutation in the genome 
and predict the genetic basis of antimicrobial resistance in bacteria which provides a 
new mechanistic insight into antibiotic resistance. 

Due to low cost, accuracy, and rapidity, WGS is used for source tracking and 
outbreak detection, and many government authorities including the U.S. Food and 
Drug Administration (FDA) is sequencing it is all collected pathogens spanning 
20 years for better health management practices (Allard et al. 2018). In this direction, 
several investigations have been done on S. aureus to explore antibiotic resistance, 
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Table 6.  Use of WGS in characterizing S. aureus strains. 

Platform used Findings References 

Illumina HiSeq 
2000 

501 isolates were sequenced to predict the antimicrobial 
resistance profile and compared the result with phenotypic 
characteristics using 12 antibiotics 

(Gordon et al. 
2014) 

Illumina HiSeq 
or MiSeq 

20 outbreak isolates of MRSA and MSSA were used to 
understand the genetic variation and to predict the most recent 
ancestor 

(Gordon et al. 
2017) 

Illumina MiSeq 42 outbreak and 12 reference strains of S. aureus were used to 
compare the WGS and PAGE result 

(Cunningham et 
al. 2017) 

Illumina HiSeq They have identified 131 isolates of MRSA and MSSA belongs 
to different clonal complexes like CC1, CC5, CC8, CC30 

(Durand et al. 
2018) 

Illumina MiSeq 152 isolates of MRSA and MSSA were sequenced to determine 
the virulence genes responsible for adhesion and immune 
evasion 

(Park et al. 
2019) 

Illumina MiSeq 100 isolates from prosthetic joint infection and 101 isolates 
from nares were sequenced and compared to check the 
relatedness. The result indicated no significant difference in the 
genomic constitution 

(Wildeman et 
al. 2020) 

Illumina MiSeq 69 outbreak isolates have been sequenced to understand the 
virulence factors and evolutionary relationship 

(Hait et al. 
2021) 

PFGE: pulsed-field gel electrophoresis 

virulence factor determination, genomic comparison, identification of the strain, 
and outbreak detection (Giulieri et al. 2016; Kashif et al. 2019; Price et al. 2013; 
Sullivan et al. 2019) (Table 6). The understanding of WGS data  is quite tricky and 
the prediction depends on downstream analysis. Until now, a series of bioinformatics 
software is available, and the result varies slightly from one pipeline to another. 
In this direction, the Swiss clinical bacteriology community conducted a ring trial 
(nine clinical laboratories) to evaluate the variation in the data analysis pipeline 
considering three parameters (sample preparation, SNP calling, and phylogenetic tree 
construction) for better characterization of the outbreak strain of S. aureus (Dylus  
et al. 2020). The result indicated that there are differences in SNP  calling using 
different bioinformatics software, however, the construction of the tree and 
identification of cluster based on SNP  from the core genome (defined by cgMLST  
scheme) of S. aureus was almost similar. 

Conclusion 
Staphylococcus aureus has a widespread occurrence in humans and animals. Different 
sources like foodborne, animal origin, environment, food handlers, and companion 
animals cause transmission of the bacteria. Identification methods like PCR and more 
recently MALDI-TOF-MS and WGS are widely used in laboratory and industrial 
settings. There are certain advantages and disadvantages associated with each of 
the methods. The biofilm formation property of the Staphylococcus epidermidis 
is a crucial factor in medical settings whereas Staphylococcus aureus is more of a 
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foodborne pathogen. Drug resistance has caused the increased occurrence of MRSA, 
attempts are being made to develop drugs to combat community-associated as well 
as hospital-associated MRSA. 
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Introduction 
Viral hepatitis is a major global health burden caused by five diverse hepatotropic 
viruses. Hepatitis A, hepatitis B, hepatitis C, hepatitis D, and hepatitis E viruses 
are unrelated viruses with distinct replication mechanisms that are named in the 
order of their discovery (Table 1). Clinical signs and symptoms are similar among 
infections caused by these viruses and include jaundice, fever, fatigue, abdominal 
pain, dark urine, and clay-colored stool. Hepatitis A virus (HAV) and hepatitis E 
virus (HEV) are both small, non-enveloped, RNA viruses transmitted via the 
fecal-oral route, usually through the ingestion of contaminated food or water. 
Disease caused by HAV or HEV infection is acute and typically resolves in weeks to 
months in most individuals. HAV is vaccine-preventable. Hepatitis B virus (HBV) 
and hepatitis C virus (HCV) are unique bloodborne viruses that can establish long-
term chronic infections. HBV is a small, enveloped DNA virus that is primarily 
transmitted perinatally or via unsafe sexual and injection practices. HCV is an 
enveloped RNA virus that is mostly associated with transmission via unsafe injection 
practices or other percutaneous exposure to contaminated blood. Recent therapeutic 
advancements have led to a reliable cure for HCV infection. Hepatitis D virus (HDV) 
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Table 1. Hepatitis virus overview. 

Hepatitis A virus (HAV) Hepatitis B virus (HBV) Hepatitis C virus (HCV) Hepatitis D virus (HDV) Hepatitis E virus (HEV)

Virus family Picornaviridae Hepadnaviridae Flaviviridae Kolmioviridae Hepeviridae 

Genome (size in kb) RNA (7.5) DNA (3.2) RNA (9.6) RNA (1.7) RNA (7.2) 

Transmission route Fecal-oral Percutaneous/permucosal Percutaneous/permucosal Percutaneous/permucosal Fecal-oral 

Vaccine preventable Yes Yes No Yes (hepatitis B vaccine) Yes (approved in few 
countries) 

Progression to chronic 
infection No > 90% in neonates;

< 10% in adults > 50% Only with chronic HBV
infection 

Only in
immunocompromised
people 

Cure for chronic 
infection N/A No Yes No Yes 
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is a bloodborne virus that can exacerbate the clinical manifestation of HBV infection. 
HDV is a satellite virus that is dependent on HBV for its replication. Since infection 
with each hepatitis virus can present similar signs and symptoms, accurate diagnoses 
rely on the detection of virus-specific and host immune markers. This chapter will 
focus on HBV and HCV infection diagnostics, particularly current advances and 
opportunities for further development and improvements in diagnostic assays. 

HBV and HCV are major worldwide health problems, infecting an estimated 
296 million and 58 million people worldwide in 2019, respectively (WHO 2021a). 
Both viruses can cause chronic infections that lead to long-term liver damage and 
cancer. Despite the availability of an efficacious hepatitis B vaccine and the recent 
development of highly effective drugs against HCV infection, there continue to 
be over one million deaths attributed to these viral infections annually. The World 
Health Organization (WHO) has set goals for the elimination of HBV and HCV 
infections, which include a 90% reduction in the number of new cases and a 65% 
reduction in deaths by the year 2030 (Figure 1; WHO 2016). To realize these goals, it 
will be necessary to make improvements to the entire cure cascade, including access 
to affordable and reliable diagnostic testing, and expeditious referral to curative 
treatment after diagnosis. There continues to be a high rate of new cases in certain 
populations and only 10% of chronic HBV and 21% of chronic HCV infections 
have been diagnosed (WHO 2021a). The recent global SARS-CoV-2 pandemic has 
hindered testing and linkage to care efforts for HBV and HCV infections, but it has 

Figure 1. World Health Organization viral hepatitis elimination goals. The WHO has set worldwide goals 
for reducing the number of annual new infections and deaths caused by HBV and HCV by 2030 (WHO 
2016). In 2015 there were estimated to be between six and ten million new HBV and HCV infections 
and 1.5 million deaths attributed to these viral infections annually. Current goals for the year 2030 are to 

reduce new infections by 90% and deaths by 65%. 
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also been the impetus for the development of stronger healthcare infrastructures, and 
novel diagnostic platforms and technologies that may be leveraged for infections by 
other pathogens including hepatitis viruses (Laury et al. 2021). 

Virus-specific antibodies, viral antigens, and viral nucleic acids, alone or 
in various combinations, can be used to diagnose or determine the stage of 
infection with any of the hepatitis viruses. Many of the current methods for 
detecting diagnostic markers of HBV and HCV infection need to be performed in 
laboratory settings and require trained personnel for testing. Most tests use serum 
and/or plasma samples, which require phlebotomists to collect blood and cold storage 
conditions during transportation. These requirements make access to HBV and HCV 
infection testing challenging for some populations with high burdens of disease, 
such as persons who inject drugs (PWID), men who have sex with men (MSM), sex 
workers, incarcerated persons, and persons infected with human immunodeficiency 
virus (HIV), especially in low- and middle-income countries (LMICs). Accurate 
and timely diagnosis of these viral infections is important for preventing further 
transmission and initiating antiviral therapy. There are several areas where additional 
diagnostic markers, novel technologies, or expansion of existing technologies could 
improve options for diagnosing and monitoring treatment against viral hepatitis 
(Figure 2). Recent technological advances in testing methods that are rapid or can 
be performed at the site of sample collection have the potential to increase access 
to accurate diagnostics. Additional opportunities to increase access to testing can 
be achieved by using alternative sample types, such as dried blood spots (DBSs) 
and oral fluids, that are simpler to collect and transport than the commonly used 
plasma or serum. Advances in laboratory techniques have opened possibilities 
for testing multiple diagnostic markers in a multiplex format with the potential to 
streamline testing, reduce cost, and decrease the time to diagnosis. Since HBV and 
HCV infections continue to be common in some populations, accurate incidence 
measurements are needed to monitor progress toward disease control and prevention. 
Methods for differentiating recent HCV infections from long-term chronic infections 
that could assist with incidence measurements and monitoring progress toward 
elimination have recently regained attention. Finally, with the lack of an effective 
cure for HBV infection, monitoring the effectiveness of antiviral drug therapy and 
predicting when it is advisable to cease therapy has renewed importance for achieving 
elimination goals. 

Hepatitis Virus Infection and Diagnostics 
Hepatitis B Virus 
It was known by the 1940s that a blood-transmitted form of hepatitis was distinct 
from other forms of infectious hepatitis. Seminal work characterizing the agent 
that would come to be known as HBV and the discovery of the Australia antigen, 
now known as HBV surface antigen (HBsAg), by Baruch S. Blumberg earned 
him the 1976 Nobel Prize in Physiology and Medicine. HBV contains a small, 
partially double-stranded DNA genome approximately 3.2 kb in length and utilizes a 
replication mechanism that involves the reverse transcription of an RNA intermediate 
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Figure 2. Opportunities for advancement in HBV and HCV infection diagnostics. Areas, where 
testing-related advancements can improve sampling, diagnostics, and therapy monitoring, are shown in 
dark gray circles. Dried blood spots (DBSs) and other easy-to-collect bodily fluids, such as saliva, show 
potential for improving access to testing in resource-limited settings. Point-of-care (POC) diagnostic tests 
for the detection of virus-specific antibodies, antigens, and nucleic acids have been developed or are in 
development for diagnosis of HBV and HCV infections. These tests allow diagnosis at the patient site and 
reduce the need for centralized laboratory testing. New multiplex assays that allow for the simultaneous 
detection of multiple viral markers could lead to easier and more efficient sample testing, both in the 
laboratory and at the patient site. Diagnosis of current HCV infection is done primarily by the detection 
of HCV RNA. Expansion of the use of HCV core antigen (HCV cAg) could promote simpler or less-
expensive diagnoses of HCV infection. Recent work suggests that the avidity of antibodies targeting 
HCV (anti-HCV) is a reliable marker for detecting recent HCV infections and would aid in incidence 
estimations. Quantitative levels of HBV surface antigen (HBsAg), HBV RNA, and HBV core-related 
antigen (HBcrAg) show promise for monitoring and more accurately predicting HBV drug therapy 

outcomes. Anti-HBc = Antibodies Targeting HBV Core Antigen. 

(Figure 3). HBV genetic sequences can be divided into at least nine genotypes 
(A–I) that differ by more than 7.5% of nucleotide positions (Velkov et al. 2018). 
These genotypes are geographically distributed around the world and may differ in 
their disease progression and clinical outcomes. Genetic populations of HBV are 
diverse, leading to rapid intra-host evolution (Revill et al. 2020). Viral particles 
are composed of the DNA genome, a capsid made of HBV core antigen (HBcAg), 
and a lipid envelope containing HBsAg (Seeger and Mason 2015). Although an 
effective vaccine has been available since the late 1980s, HBV is estimated to infect 
296 million people worldwide with 1.5 million new infections each year, most of 
them undiagnosed (WHO 2021a). HBV replicates in the liver and is transmitted by 
blood, primarily perinatally and through unsafe injection and sexual practices (CDC 
2021a). Upon infection, the first diagnostic marker to appear is HBV DNA followed 
by HBsAg. HBsAg is secreted from infected cells into the blood in viral particles and 
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Figure 3. HBV genome organization. The HBV genome is a partially double-stranded circular DNA 
molecule (relaxed circular DNA; rcDNA) approximately 3.2 kilobases in length. The negative-sense 
strand is full-length, not covalently closed, and bound by the viral polymerase. The positive-sense strand is 
variable in length. Upon infection, the genome traffics to the nucleus where it is repaired into a covalently 
closed circular DNA (cccDNA) containing two full-length strands. The cccDNA is the transcriptional 
template for four mRNAs (not shown) that encode open reading frames (ORFs, indicated by arrows) 
for seven proteins. The core ORF encodes the HBV core antigen protein (HBcAg) that makes the virus 
nucleocapsid while the longer preC ORF encodes the HBV e antigen protein (HBeAg) that is secreted 
from infected cells and may modulate the infected host’s immune system. The polymerase ORF encodes 
the HBV polymerase that carries out a reverse transcription of the HBV DNA genome from pre-genomic 
RNA. The S, preS2, and preS1 ORFs have the same 3’ ends and encode the small, medium, and large HBV 
surface antigen proteins (HBsAg) that are found in the envelope of HBV virions. The X ORF encodes the 

X protein, which modulates cellular functions and viral replication. 

subviral particles that lack HBcAg and viral nucleic acid. The virus also expresses 
and secretes high concentrations of HBV e antigen (HBeAg) into the blood. The 
function of HBeAg is poorly understood, but it is thought to modulate host immunity 
(Kramvis et al. 2018). A few weeks after the appearance of HBsAg, antibodies 
targeting HBcAg (anti-HBc) begin to be produced and IgG antibodies persist for 
life. Anti-HBc IgM antibodies appear first and remain detectable for approximately 
six months (Mast et al. 2006). Many commonly used diagnostic tests measure total 
anti-HBc, which includes both IgG and IgM. These antibodies do not provide immune 
protection against HBV infection. Greater than 95% of adults resolve HBV infection 
and become negative for HBsAg and HBV DNA by six months after exposure 
(Figure 4A; Terrault et al. 2018). Antibodies targeting HBsAg (anti-HBs) appear 
in patients with resolved HBV infection and are a marker of immunity to the 
virus. On the other hand, infants and young children have a high probability of 
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Figure 4. Timing of HBV markers in acute and chronic infections. (A) During an acute HBV infection 
that resolves, HBV DNA (light gray rectangle) and HBsAg (black dashed line) are detectable in the blood 
several weeks after infection. Antibodies targeting HBcAg (anti-HBc) appear after HBsAg, but they 
do not provide immunity to HBV infection. Anti-HBc IgM appears earlier than IgG but is short-lived, 
typically declining to undetectable levels six months after its first appearance. Anti-HBc IgG is long-lived 
and indicates exposure to HBV. Most commercial assays detect total anti-HBc which includes both IgG 
and IgM. Upon resolution of HBV infection, generally within six months, HBV DNA and HBsAg become 
undetectable. Antibodies targeting HBsAg (anti-HBs) begin to appear during or shortly after resolution 
and indicate immunity to HBV infection. Symptoms are rare and can range from two to six months after 
infection (dark gray rectangle). (B) When an acute infection does not resolve within six months it is 
classified as a chronic infection. During chronic infection, HBV DNA and HBsAg persist and anti-HBs 

antibodies do not appear. 

developing chronic HBV infections that can increase the risk for liver cirrhosis and 
hepatocellular carcinoma (Figure 4B; Fattovich et al. 2008). Most acute infections 
are asymptomatic, but when signs and symptoms such as jaundice, fever, fatigue, 
and abdominal pain are present, they usually occur approximately two months after 
exposure. It is estimated that only 10% of HBV infections are diagnosed because 
of low testing rates and the asymptomatic nature of most infections (WHO 2021a). 

The diagnostic landscape of hepatitis B provides a rich array of markers that 
can be detected using various serological assays. These markers allow for the 
determination of a patient’s HBV infection status, the stage of chronic infection, 
and whether immunity in a patient is from vaccination or natural infection. The 
presence of total anti-HBc indicates that a person has been exposed to HBV during 
their lifetime. Whether someone is currently infected is determined by the presence 
of HBsAg and/or HBV DNA. Immunity is identified by the presence of anti-HBs. In 
the absence of other HBV markers, anti-HBs suggest immunity due to vaccination. 
When total anti-HBc exists, anti-HBs indicate immunity due to a resolved infection 
(Table 2; Mast et al. 2006). Acute HBV infection can be differentiated from chronic 
infection by the presence of IgM antibodies targeting HBcAg (Gerlich et al. 1986). 

Chronic HBV infections can be divided into stages that are differentiated by 
quantifying HBV DNA, determining HBeAg and anti-HBe status, and assessing liver 
damage using the level of liver enzymes, such as alanine aminotransferase (ALT), 
in serum. Multiple classification and naming schemes for these stages exist, but they 
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Table 2.  Interpretation of HBV serological markers. 

Interpretation HBV serological marker 

HBsAg Total anti-HBc Anti-HBc IgM Anti-HBs 

Susceptible - - - -

Immune (natural infection) - + - + 

Immune (vaccination) - - - + 

Infected (acute) + + + -

Infected (chronic) + + - -

HBsAg = HBV surface antigen, anti-HBc = antibodies targeting HBV core antigen, IgM = immunoglobulin 
M, anti-HBs = antibodies targeting HBsAg. 

are generally similar (Villeneuve 2005; Gish et al. 2015; EASL 2017; Terrault et al. 
2018). The first stage (immune tolerance, HBeAg-positive chronic HBV infection, or 
high replicative and low inflammatory) is typically short in adults but can last decades 
in people infected at birth. It is characterized by high HBV DNA levels, HBeAg 
expression, and normal ALT levels. During the second stage (immune clearance, 
immune-active, or HBeAg-positive chronic hepatitis B), the immune system targets 
the HBV infection leading to liver necrosis, inflammation, and elevated ALT levels. 
High viral titers persist during this phase and the virus continues to express HBeAg. 
This stage generally lasts until HBeAg seroconversion (presence of anti-HBe), 
which occurs in approximately 8–12% of chronically infected adults annually (Lok 
and McMahon 2007). 

Once HBeAg seroconversion is achieved, patients enter the third stage (inactive 
carrier, non-replicative, or HBeAg-negative chronic HBV infection), which is 
characterized by immune control of virus replication, low viral titers, undetectable 
HBeAg, normal ALT levels, and minimal liver inflammation. Most patients in the 
inactive carrier state will have prolonged control of viral replication with a small 
percentage resolving their HBV infection indicated by HBsAg loss and anti-HBs 
seroconversion. The likelihood of resolution increases with drug therapy. The 
probability of transmission, especially during childbirth, is reduced during the 
inactive carrier stage of chronic infection (Cryer and Imperial 2019). The partial 
immune control of anti-HBe can select for mutations in the HBV genome that 
prevent or downregulate HBeAg expression (Hadziyannis and Papatheodoridis 
2006). If these mutations are selected, patients can experience reactivation of the 
virus. This reactivation stage of chronic infection (HBeAg-negative chronic hepatitis 
B) is characterized by elevated serum HBV DNA and ALT levels and the recurrence 
of liver necrosis and inflammation that can lead to serious health complications. 

The final stage of chronic HBV infection (HBsAg-negative, or occult) is 
classified by the loss of detectable HBsAg while maintaining replication-competent 
HBV DNA within the liver. During this stage, HBV DNA can sometimes be detected 
at low levels and ALT levels are normal. Some, but not all, patients at this stage have 
anti-HBs antibodies. If this stage is reached prior to the development of cirrhosis or 
hepatocellular carcinoma (HCC) there is a low risk of new liver damage. 



 

   
 
 
 
 

    
 

  

  
 

 
 

Advances and Opportunities in Hepatitis B Virus and Hepatitis C Virus Diagnostics 149 

Several drugs have been approved for the treatment of HBV infection (Terrault 
et al. 2016; 2018). These drugs, including Lamivudine, Telbivudine, Entecavir, 
Adefovir, and Tenofovir, are nucleos(t)ide analogues (NUCs) that inhibit the viral 
polymerase to prevent viral replication. They can be used alone or in combination 
with interferon treatment. These therapies are not a cure but suppress viral replication. 
As a result, HBV-infected individuals are often on therapy for long periods. 

Hepatitis C Virus 
Even after the discovery of HBV, many cases of bloodborne hepatitis were 
unexplainable. During the 1970s, 80s, and 90s, groundbreaking work to identify and 
characterize this “non-A, non-B” form of infectious hepatitis led to the discovery of 
HCV. The importance of this monumental effort was recently recognized with the 
2020 Nobel Prize in Physiology and Medicine awarded to Harvey J. Alter, Michael 
Houghton, and Charles M. Rice. HCV  has an approximately 9.6 kb single-stranded 
RNA  genome that encodes 10 proteins (Figure 5). HCV  is classified into at least eight  
genetically distinct genotypes (1–8) that have different geographical distributions 
(Gower et al. 2014; Smith et al. 2014). As an RNA  virus, HCV  has high levels of 
intra- and interhost genetic diversity that can promote rapid evolution. Most HCV  
proteins play non-structural roles in the replication cycle and are not found as part 
of the viral particles. Viral particles are composed of the RNA  genome, a capsid 
made of core antigen protein, and a lipid envelope containing two envelope proteins  
(E1 and E2) (Dubuisson and Cosset 2014). HCV  infects an estimated 58 million 
people worldwide and causes 1.5 million new infections each year, although most 
cases are undiagnosed (WHO 2021a). Major risk factors for infection include unsafe 

Figure 5. HCV genome organization and protein functions. The HCV genome is a positive-sense RNA 
approximately 9.6 kilobases in length. It encodes a single open reading frame (ORF) flanked by the 5’ 
and 3’ untranslated regions (UTRs). A single polyprotein is translated from the ORF and subsequently 
processed into 10 proteins by cellular and virally encoded proteases. The three structural proteins 
that are found in mature HCV virions are encoded at the N-terminus of the polyprotein. Core protein 
(HCV cAg) makes the viral nucleocapsid while E1 and E2 are glycoproteins found in the viral envelope 
that allow for virus attachment and entry into cells. The p7 protein (sometimes called NS1) creates small 
pores in membranes and is involved in virus assembly and release. NS2, NS3, and NS4a are involved 
in polyprotein processing and viral replication. NS4B and NS5A modulate cellular functions and are 
involved in the formation and activity of viral replication complexes. NS5B is the RNA-dependent RNA 

polymerase that replicates the viral genome. 
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infection practices and having a blood transfusion prior to routine screening of 
donated blood in the early 1990s (CDC 2021b). The first diagnostic markers that 
appear are HCV RNA and HCV cAg, which can be detected as early as one-to-two 
weeks after infection (Figure 6A). Only 15–30% of HCV infections are symptomatic 
with jaundice, fever, joint pain, nausea, and abdominal pain. If symptoms do occur, 
they are typically first observed six to seven weeks after infection. Antibodies 
targeting HCV (anti-HCV IgG) can be detected in most people using immunoassays 
by 4–12 weeks after HCV exposure (Colin et al. 2001). Antibodies target various 
structural and non-structural proteins, primarily core, NS3, NS4a, NS4b, and 
NS5a. The HCV targets of the antibody response vary from person to person and 
do not typically provide protective immunity. Neutralizing antibodies are thought 
to target the E1 and E2 proteins, but these antigens are highly variable and can 
evolve quickly in response to immune pressures (Law 2021). Some HCV infections 
resolve in six months, but more than half of infections persist and become chronic 
(Figure 6B; EASL 2015; Seo et al. 2020). Chronic HCV infections can last for 
the life of the patient, increasing the risk of liver cirrhosis and cancer (Westbrook 
and Dusheiko 2014). Rapid advancements in the treatment of HCV infection have 
occurred in the past decade. Current-generation HCV direct-acting antiviral (DAA) 
drug therapies are well tolerated, effective against all HCV genotypes, and have 
cure rates > 95% after 12–24 weeks of therapy (Cuypers et al. 2016; Falade-Nwulia 
et al. 2017; EASL 2018). Unfortunately, most chronic HCV infections remain 
undiagnosed. With the increasing availability of highly effective DAAs, expanding 
access to accurate testing is needed to effectively link infected persons to treatment. 

Figure 6. Timing of HCV markers in acute and chronic infections. (A) During an acute HCV infection that 
resolves, HCV RNA and HCV core antigen (HCV cAg), which indicate current infection, are detectable in 
the blood several weeks after exposure. Antibodies targeting HCV (anti-HCV IgG) begin to be detectable 
approximately one to three months after HCV infection and gradually increase. These antibodies indicate 
exposure to HCV and do not indicate immunity to HCV infection. HCV RNA and HCV cAg levels begin 
to decrease around the time that anti-HCV titers begin to increase. In resolved acute infections, HCV RNA 
and HCV cAg become undetectable by six months after HCV infection. Symptoms are rare but generally 
begin to appear one to two months after infection (dark gray rectangle). (B) When an acute HCV infection 
does not resolve within six months it is classified as a chronic HCV infection. During chronic infection, 

HCV RNA and HCV cAg often decline slightly after the appearance of anti-HCV but then persist. 
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Initial screening for HCV infection relies upon the detection of anti-HCV, which 
indicates exposure to HCV. Most anti-HCV tests detect a combination of antibodies 
targeting antigens in the core, NS3, NS4, and NS5 proteins, which increases sensitivity 
and allows for detection earlier after infection (Colin et al. 2001; Kamili et al. 2012). 
Reflex or follow-up testing for HCV RNA or core antigen is needed to determine if 
an anti-HCV positive individual is currently infected with HCV (CDC 2013). While 
assays that detect HCV RNA are more commonly used for this purpose, testing for 
HCV cAg may be a promising and cost-saving alternative in most settings (Mixson-
Hayden et al. 2015; Freiman et al. 2016; Pollock et al. 2020). 

Laboratory Diagnostics 
Quality assurance is an important aspect of all in vitro diagnostic testing. It is important 
to have assays that are verified to be robust, accurate, reliable, and clinically valid. 
The regulatory bodies that grant quality certifications to commercially available 
assays vary by country. In the United States, the Food and Drug Administration 
(FDA) grants approvals to in vitro diagnostics (FDA 2021). In the European Union, 
the Directorate General for Internal Market, Industry, Entrepreneurship, and SMEs 
grants a Conformitè Europëenne (CE) Mark to approve diagnostic tests. The 
WHO grants prequalification as an indication of diagnostic test quality to promote 
faster regulatory approval by individual member states (WHO 2021c). These 
quality certifications indicate to a user that a test will perform as advertised if the 
manufacturer’s instructions are followed. Therefore, tests with quality certifications 
are much easier than laboratory-developed or non-quality-certified tests to implement 
broadly for patient diagnosis. Throughout this chapter, we will highlight test types 
that currently have FDA approval, CE Mark, or WHO prequalification. Currently 
available tests with quality certifications are summarized in Table 3. 

Testing for HBV and HCV infection diagnostic markers is generally performed 
in centralized laboratories. A variety of immunoassay techniques and formats are 
utilized for the qualitative and quantitative detection of HBsAg, HBeAg, total anti-
HBc, anti-HBe, anti-HBs, anti-HCV, and HCV cAg. These include laboratory-
developed and commercially available tests in a range of manual and automated 
formats. The most used are enzyme immunoassays (EIAs) and chemiluminescence 
immunoassays (CIAs). When used with serum or plasma samples, these HBV and 
HCV laboratory immunoassay methods generally have very high sensitivities and 
specificities. Many of the laboratory assays used for the detection of HBV and HCV 
serological markers have quality certifications. Currently, there are a broad range of 
commercially available tests and testing platforms that have received FDA approval 
or are CE-marked for the detection of HBsAg and anti-HCV. 

HBV DNA and HCV RNA are most frequently measured using quantitative 
PCR (qPCR) and quantitative reverse transcription PCR (qRT-PCR), respectively. 
Depending on the laboratory, these measurements may be performed using 
laboratory-developed tests, commercial assays, or automated sample-to-answer 
platforms. Nucleic acid tests (NATs) performed in the laboratory have very 
high sensitivity and specificity with limits of detection often on the order of 
10–1,000 IU/mL when used with serum or plasma samples. There are many options 
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Table 3.  Quality certifications granted to HBV and HCV diagnostic tests. 

Analyte Test type FDA approved1 CE marked2 WHO prequalified3 

HBsAg Laboratory > 5 > 5 3 

RDT/POC 0 3 3 

HBeAg Laboratory > 5 > 5 0 

RDT/POC 0 0 0 

HBV DNA Laboratory > 5 > 5 0 

RDT/POC 0 1 0 

Anti-HCV Laboratory > 5 > 5 5 

RDT/POC 1 4 4 

HCV cAg Laboratory 0 1 1 

RDT/POC 0 0 0 

HCV RNA Laboratory 5 > 5 4 

RDT/POC 0 2 2 

The numbers indicate how many commercially available tests have been granted quality certifications 
by each regulatory body. 
RDT = rapid diagnostic test; POC = point-of-care. 
1 Approval granted by the United States Food and Drug Administration (FDA 2021). 
2 European Union market approval granted by the Directorate General for Internal Market, Industry, 

Entrepreneurship, and SMEs. 
3 Prequalification approval granted by the World Health Organization (WHO 2021c). 

for quality-certified laboratory-based HBV DNA and HCV RNA tests on the market. 
Testing for HBV and HCV nucleic acids is typically more expensive than testing for 
antibody or antigenic markers. 

Both HBV and HCV are divided into several genetically distinct genotypes. The 
genotype of the infecting virus can be important for epidemiological purposes and 
clinical decision-making (Lin and Kao 2011; Cuypers et al. 2016). Genotyping can 
be performed for both HBV and HCV using genetic sequencing, genotype-specific 
PCR primers, or hybridization probes that differentiate among genotypes (Guirgis 
et al. 2010; Yusrina et al. 2018). For HCV infections, routine genotyping may become 
less important due to the pan-genotypic activity of many current DAA therapies. 

Point-of-Care Testing 
Diagnosing infections caused by HBV and HCV is the first step toward decreasing 
transmission and linking people to therapy. Infections caused by both viruses remain 
underdiagnosed, with recent estimates suggesting that only 10% of HBV-infected 
and 21% of HCV-infected people are aware of their infection status. In LMICs or 
at-risk populations with low access to testing and high infection rates, awareness 
of HBV or HCV infection status may be below 5% (WHO 2021a). People who are 
unaware that they are infected may be more likely to transmit the virus to others, 
particularly through risky behaviors. Therefore, to meet the WHO’s 2030 elimination 
goals, increased access to testing and accurate diagnosis of HBV and HCV infections 
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among all the world’s populations are urgently needed. Diagnostic tests that can be 
performed rapidly or at the patient site without the need for highly trained personnel 
represent a promising approach to achieving this goal. These tests include rapid 
diagnostic tests (RDTs), which provide results quickly, often within 30 minutes, 
and point-of-care (POC) tests that can be performed outside of a laboratory by 
non-laboratory staff, generally at or near the patient or sample collection site. Most 
POC tests are RDTs, but RDTs are not necessarily compatible with POC use. 

Laboratory-based techniques, including quantitative PCR and immunoassays, 
such as EIAs and CIAs, remain the most used methods to diagnose HBV and HCV 
infections. However, these techniques are labor-intensive, require highly trained 
staff, and depend on expensive instruments and reagents. POC testing options 
would eliminate or reduce these challenges and facilitate the access by more people 
(Table 4). The WHO endorses the development of tests that are appropriate for use 
in resource-constrained settings. They have developed the ASSURED criteria as a 
point of reference to determine if an assay addresses the following needs: Affordable, 
Sensitive, Specific, User-friendly, Rapid and robust, Equipment-free, and Deliverable 
to end-users (Peeling et al. 2006). Also, the WHO recently released guidance on 
HCV self-testing to support the efforts of national programs to reach people who may 
not otherwise be tested (WHO 2021b). 

POC lateral-flow immunochromatographic RDTs can detect antibodies or 
antigens. These tests are simple and rapid, use easy-to-collect finger-stick blood 
or saliva, and do not require the transport of samples to a laboratory. Lateral-flow 
tests provide qualitative results that are observable by the eye in 15–30 minutes. 
In these tests, the sample is added to a nitrocellulose membrane and flows laterally 
over test and control detection lines to create visible bands if the analyte of interest 
is present, and the assay is performing properly. The test line contains immobilized 
antigen-specific antibodies for antigen detection or immobilized antigens for 
antibody detection. The observable bands are generated by colloidal gold-conjugated 
antibodies that bind to the analyte of interest. The control line contains immobilized 
antibodies that bind to colloidal-gold-conjugated detection antibodies that do not 
bind to the analyte at the test line. 

Lateral-flow tests for HBsAg are affordable and generally have sensitivities above 
90% with near-perfect specificity (Amini et al. 2017; Sullivan et al. 2019; Dembele 
et al. 2020; Kabamba et al. 2020; Xiao et al. 2020). These tests can detect common 
HBsAg mutants (Hirzel et al. 2015). Lower sensitivities for HBsAg detection have 
been reported in HIV-infected populations (Nyirenda et al. 2008; Geretti et al. 2010). 
The use of HBsAg RDTs to screen for HBV infections can result in less-expensive 
diagnosis and greater patient linkage to care compared with laboratory serology 
testing (Ho et al. 2020). Testing for HBeAg can be used to determine the level of 
HBV replication to evaluate the risk of mother-to-child-transmission but POC tests 
for this analyte have low sensitivities (30–82%) or poor specificity (Seck et al. 2018; 
Leathers et al. 2019). Likewise, POC tests for anti-HBs and anti-HBe exist, but they 
generally have poor sensitivity (20–80%), making them impractical for assessing 
HBV immunity or vaccine uptake (Bottero et al. 2013; Cruz et al. 2017; Poiteau 
et al. 2017). There are currently a few RDTs for the detection of HBsAg that have 
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Table 4.  Comparison of sampling and testing approaches for detecting HBV and HCV infection. 

Objective Approach Advantages Disadvantages 

Sample 
Collection 

Plasma/serum Gold-standard sample 
material 

Requires phlebotomist, cold 
storage, and cold transport 

Dried blood spots 
(DBSs) 

Non-invasive collection, 
room temperature transport, 
low cost 

Lower sensitivity, lengthier 
processing time in the laboratory 

Saliva/oral fluids Non-invasive collection, 
low cost 

Lower sensitivity; requires cold 
storage and transport 

Serology 
Testing 

Laboratory (EIA, 
CIA) 

High sensitivity and 
specificity 

Requires trained personnel, 
expensive instrumentation, 
and transport of specimens to a 
laboratory 

POC rapid diagnostic 
tests (RDTs) 

Portable, rapid, low cost, 
POC use, no need for 
trained personnel 

Lower sensitivity 

Nucleic 
Acid 
Testing 

Quantitative PCR High sensitivity and 
specificity, low limits of 
detection, quantitative 
results 

Requires expensive 
instrumentation, lengthy 
procedure 

Isothermal 
amplification 

Rapid, single temperature 
(simpler instrumentation), 
compatible with visual 
detection methods 

Lower sensitivity and specificity; 
only qualitative results possible 

POC platforms Rapid result to patients, 
high sensitivity and 
specificity 

May require chemical waste 
disposal and expensive 
instrumentation. May require 
serum/plasma samples, Not yet 
widely available 

EIA = enzyme immunoassay, CIA = chemiluminescence immunoassay. 

been CE-marked or WHO-prequalified but no POC tests for HBeAg or HBV-specific 
antibodies have yet received quality certifications (WHO 2021c). 

For HCV, many POC lateral-flow tests for the detection of anti-HCV are 
accurate, with most studies reporting sensitivities and specificities above 95% (Tang 
et al. 2017; Chevaliez et al. 2021). Sensitivities are generally lower (76–95%) when 
these rapid tests are used with saliva or oral fluid compared with finger-stick blood 
or plasma (Scalioni et al. 2014; Tang et al. 2017; Pallarés et al. 2018; Uusküla et al. 
2021). Several options exist for CE-marked or WHO-prequalified POC anti-HCV 
tests but only the OraQuick HCV Rapid Antibody Test is currently FDA-approved 
in the United States. Rapid lateral-flow assays for the detection of HCV cAg have 
been developed, but their performance needs to be further evaluated using clinically 
relevant samples (Mikawa et al. 2009; Patel and Sharma 2020). 

While HBsAg can indicate current HBV infection, testing for anti-HCV does not 
identify whether someone is currently infected with HCV. Testing for HCV RNA or 
HCV cAg is still needed to identify the current infection. Positive test results from 
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HBsAg or anti-HCV RDTs should be followed by the quantification of viral nucleic 
acid to identify viremia and to inform decision-making for treatment and monitoring. 
However, this typically requires samples to be sent to a laboratory or multiple patient 
visits. Recent advances may allow for POC detection of these analytes. 

Adapting nucleic acid detection to a POC format has proven to be more 
challenging than for antibodies or antigens. The challenges associated with this 
process are the need for simplified and robust extraction and/or purification of nucleic 
acids from viral particles and inexpensive, portable, and easy-to-use methods for 
amplifying and detecting those nucleic acids. Laboratory methods for extracting and 
purifying nucleic acids require multiple steps that include precision pipetting and, 
in some cases, high-speed centrifugation. Simplification of these methods for POC 
use is especially difficult for blood-based samples which contain components that 
can interfere with downstream amplification. Various protocols including viral lysis 
buffers, high-temperature incubations, and filter or bead-based purifications have 
been developed for the extraction of viruses from blood or other bodily fluids, but 
these may still require a few precision pipetting steps (McFall et al. 2015; Benzine 
et al. 2016; Joung et al. 2020; Paul et al. 2020). Portable microfluidics devices have 
been developed to simplify nucleic acid extraction and purification, but most of 
these technologies have not been advanced beyond proof-of-concept studies (Dong 
et al. 2019; Zhang et al. 2019; Paul et al. 2020; Sharma et al. 2020). PCR is the 
most common way that nucleic acids are amplified in the laboratory, but this process 
requires instrumentation capable of precise temperature changes. Methods that can 
be performed at a single temperature (isothermal) in a simple heating block or water 
bath are promising alternatives. There are a wide variety of isothermal nucleic acid 
amplification techniques that have been developed to detect viral nucleic acids and 
novel methods are constantly being developed (Ding et al. 2019; Carter et al. 2021). 
Two isothermal techniques that have been investigated for the detection of HBV 
and HCV nucleic acids are loop-mediated isothermal amplification (LAMP) and 
recombinase polymerase amplification (RPA). 

LAMP uses four or six primers and a DNA polymerase with high strand 
displacement activity to amplify a target DNA molecule by auto-cycling strand 
displacement nucleic acid synthesis at a constant 60–65°C (Notomi et al. 2000). 
Incorporation of a reverse transcriptase allows LAMP amplification of an RNA 
analyte. RPA uses two opposing primers with a recombinase, a single-strand 
binding protein, and a strand displacing DNA polymerase to rapidly amplify DNA at 
37–42°C (Piepenburg et al. 2006). These isothermal methods are fast, allowing for 
the sensitive detection of viral nucleic acids in 30 minutes or less. Strict limits on the 
timing of the amplification are needed to maintain high specificity as amplification of 
non-target nucleic acids can occur. LAMP and RPA have been applied to the detection 
of HBV or HCV nucleic acids. When laboratory-based nucleic acid extraction 
methods are used with patient serum samples, isothermal methods can achieve high 
sensitivities (84–100%) and specificities (> 95%) for HBV or HCV nucleic acid 
detection compared to quantitative PCR methods (Nyan and Swinson 2016; Zhao 
et al. 2017; Shen et al. 2019; Chen et al. 2020; Yi et al. 2020; Hongjaisee et al. 2021). 
However, when simple extraction methods like sample heating are used, limits of 
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detection and sensitivities decline (Nyan et al. 2014; Shen et al. 2019; Vanhomwegen 
et al. 2021). Therefore, for these methods to become more attractive for POC use, 
alternative rapid and simple nucleic acid extraction methods should be investigated. 

For POC nucleic acid detection, several methods are compatible with isothermal 
amplification, including fluorescent, colorimetric, or lateral-flow techniques that can 
be visualized by the eye (Goto et al. 2009; Zhao et al. 2017; Daskou et al. 2019; Yi 
et al. 2020). Some of these easily visualized detection techniques are generic in 
nature, detecting either a pH change, a reduction in magnesium ion concentration, 
or the presence of double-stranded DNA, while others specifically recognize the 
amplified nucleic acid of interest. One recently developed approach that has gained 
attention for its ability to both increase analytical sensitivity and specificity of 
detecting isothermally amplified nucleic acids involves Cas12- and Cas13-based 
techniques. 

Clustered regularly interspersed short palindromic repeat (CRISPR)-associated 
(Cas) proteins come from the adaptive immune systems of prokaryotes. These 
systems adapt to recognize and destroy foreign nucleic acids found within bacterial 
or archaeal cells. Trans-activating CRISPR RNA (crRNA) direct their associated Cas 
proteins to specifically target complementary DNA or RNA molecules. The recently 
characterized Cas12 and Cas13 proteins have enzymatic properties that make 
them useful for nucleic acid detection. When Cas12 encounters its target DNA it 
indiscriminately cleaves single-stranded DNAmolecules (Chen et al. 2018). Similarly, 
Cas13 indiscriminately cleaves RNA when it encounters RNA complementary to its 
crRNA (Abudayyeh et al. 2016). These discoveries have led to the development of 
the DNA endonuclease-targeted CRISPR trans-reporter (DETECTR) assay that uses 
Cas12 and the specific high-sensitivity enzymatic reporter unlocking (SHERLOCK) 
assay that uses Cas13 (Gootenberg et al. 2017; Chen et al. 2018). In these approaches, 
short single-stranded DNA or RNA probes containing fluorophore/quencher or 
biotin/fluorescein modifications are cleaved by Cas12 or Cas13 when they encounter 
their targeted nucleic acids. Detection can be fluorescence-based or use lateral-flow 
paper strips, making these approaches amenable to POC applications. The DETECTR 
and SHERLOCK approaches have been demonstrated to work for the detection of 
HBV DNA and HCV RNA (Ackerman et al. 2020; Ding et al. 2021). 

Integrating nucleic acid extraction, purification, amplification, and detection 
using microfluidics-based chips or cartridges may be a promising approach for 
POC testing that requires minimal user intervention, but many of these approaches 
have not advanced beyond use in laboratory research studies (Song et al. 2016; 
Sharma et al. 2020). However, some portable, easy-to-use, and commercially 
available platforms, including the Cepheid GeneXpert Xpress and the Genedrive 
System, have recently been developed and received WHO prequalification and are 
CE-marked. These platforms integrate extraction, purification, and quantitative PCR 
into portable platforms that can detect HBV DNA or HCV RNA in 60–120 minutes 
from finger-stick blood and/or serum and plasma (Lamoury et al. 2018; Llibre et al. 
2018; Poiteau et al. 2020). These assays have comparable sensitivities and limits 
of detection to traditional laboratory quantitative PCR assays. However, drawbacks 
include that these tests may still need trained personnel, require an initial investment 
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in equipment, involve precision pipetting steps, or require access to appropriate 
waste disposal for hazardous chemicals and cartridges. 

As low-cost POC diagnostic tools for the detection of HBV and HCV markers 
continue to be improved and validated across diverse patient populations and 
settings, they will gain more widespread use and reduce the need for follow-up or 
confirmatory testing in a laboratory. Testing, from screening through diagnosis and 
long-term monitoring, may occur at the patient site with quick and reliable results 
that can inform immediate decisions regarding care. As we make progress toward the 
WHO’s 2030 viral hepatitis elimination goals, the expansion of existing technologies 
and continued research into new POC technologies will be an important component 
of ensuring that every person and population that needs testing has access to it. 

Alternative Sample Types for Diagnostic Assays 
Laboratory diagnostics for HBV and HCV infections commonly use patient serum 
or plasma as the testing matrix. These bodily fluids reliably contain the diagnostic 
markers of infection but require skilled personnel to perform venipuncture and cold 
storage until they can be tested in a laboratory. These requirements can prohibit 
sample collection for diagnostic testing from certain populations and in low-resource 
settings or sites that are distant from a central laboratory. Sample materials that are 
easier to collect, store, or transport to the testing laboratory have been investigated 
for their utility in hepatitis virus diagnostics (Table 4). Here we describe the potential 
use of DBSs and saliva as sample types for HBV and HCV diagnostics. 

DBS specimens are collected by blotting blood from a finger-stick or heel-stick 
onto a filter paper card. Whatman 903 paper cards are the most used and evaluated, 
although other products, such as FTA cards that preserve nucleic acids, are also 
available. Once dried, the paper card can be stored at ambient temperature, refrigerated, 
or frozen until tested for markers of viral infection (Grüner et al. 2015). Tolerance of 
ambient temperature storage simplifies the transportation of samples from the site of 
collection to the testing laboratory. Blood and viral analytes can be easily eluted or 
extracted from the filter paper in a buffered solution and used with various diagnostic 
assays. DBS specimens are amenable to at-home self-collection, which could lead 
to increased testing of at-risk populations (van Loo et al. 2017). DBSs have been 
extensively evaluated for the detection of several HBV and HCV diagnostic markers 
with varying levels of success. The WHO’s current hepatitis B testing guidelines 
recommend DBS use in locations where testing capacity or access is limited 
(WHO 2017). 

Detection of the two markers of current HBV infection, HBsAg and HBV DNA, 
from DBSs, have shown high sensitivity and specificity when compared to paired 
serum or plasma samples. Sensitivities for the detection of HBsAg are generally 
above 96% and specificities are above 97% (Mössner et al. 2016; Lange et al. 2017a; 
Villar et al. 2019). Some studies, however, report lower sensitivities (62–85%) in 
certain populations including people co-infected with HIV (Flores et al. 2017a; Cruz 
et al. 2021; Flores et al. 2021). Reported sensitivities for the detection of HBV DNA 
from DBSs are between 86% and 100% and specificities are above 99% (Lange 
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et al. 2017b; Villar et al. 2019). False negatives in these studies have generally been 
from samples with low HBsAg or HBV DNA levels. This loss of sensitivity can be 
attributable to the small volume of the spotted blood (~ 50 µL) and the inherent sample 
dilution that occurs during elution from the filter paper. HBsAg assay cutoff limits 
may be different for serum and DBS samples and should be determined empirically 
for the assay being used (Lange et al. 2017a). Limits of detection for HBV DNA 
from DBSs are often 10–100-fold higher than from serum, but most assay protocols 
can still reliably detect HBV DNA above 2,000 IU/mL (Lange et al. 2017b; Villar et 
al. 2019). Despite this sensitivity loss, most chronic infections would be detected at 
this level. Current studies suggest that there is no effect of DBS storage condition on 
HBsAg or HBV DNA detection. The detection of the HBV antibody markers, anti-
HBc, and anti-HBs, have shown more variable results than HBsAg and HBV DNA. 
Some studies report high sensitivities above 90% for these antibody markers from 
DBSs, while others report much lower sensitivities or poor specificity, particularly 
for anti-HBs (Mössner et al. 2016; Flores et al. 2017a; Villar et al. 2019; Cruz et al. 
2021; Flores et al. 2021). Therefore, the utility of HBV antibody testing from DBSs 
may depend upon the testing method being used and the user’s acceptable levels of 
sensitivity and specificity. 

DBSs are a promising sample material for the detection of anti-HCV, HCV 
RNA, and HCV cAg. Most studies evaluating the detection of anti-HCV from DBSs 
report sensitivities above 90% and specificities above 95% compared to serum 
samples, although a few found lower sensitivity (Mössner et al. 2016; Soulier et al. 
2016; Lange et al. 2017a; Flores et al. 2017b; Vázquez-Morón et al. 2018; 2019; 
Carty et al. 2021; Flores et al. 2021). Published protocols for the detection of HCV 
RNA from DBSs generally have sensitivities above 90% and specificities above 
95% when compared to serum samples (Soulier et al. 2016; Lange et al. 2017b; 
Vázquez-Morón et al. 2018; 2019; Saludes et al. 2019; Carty et al. 2021). As with all 
testing from DBSs, there is a decreased ability to detect low-titer analytes compared 
to testing from serum due to the volume of the DBS and the elution process. Limits 
of detection for both anti-HCV and HCV RNA from DBSs are generally at least 
10-fold higher than from serum, but still adequate to detect most chronic infections 
(Lange et al. 2017b; Weber et al. 2019). Storing DBSs at ambient temperature 
may reduce the quantitation of HCV RNA compared with refrigerated or frozen 
storage, but qualitative detection of samples is unlikely to be affected unless the 
sample is near the assay limit of detection (Abe and Konomi 1998; Tuaillon et al. 
2010; Tejada-Strop et al. 2015). Recently, plasma separation cards that separate and 
preserve plasma from spotted blood have been developed. These cards may have 
higher sensitivity for detecting HIV nucleic acids than traditional DBSs and should 
be evaluated for HCV RNA testing (Carmona et al. 2019). Detection of HCV cAg 
from DBSs has been found to have sensitivities in the 64–94% range with near 100% 
specificity when compared to HCV RNA from serum (Soulier et al. 2016; Nguyen 
et al. 2018; Biondi et al. 2019; Catlett et al. 2019; Carty et al. 2021). These studies 
also suggest that the detection of HCV cAg from DBSs is less sensitive than HCV 
RNA detection from DBSs. As with other markers, HCV cAg detection signal from 
DBSs is systematically lower than from serum. Storage temperature of the DBS does 
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not appear to have a major impact on HCV cAg detection. DBSs are also compatible 
with immunoassays that simultaneously detect both anti-HCV and HCV cAg, 
maintaining high sensitivity and specificity compared to serum samples (Brandão 
et al. 2013). 

Saliva or oral fluids have also been proposed as an alternative bodily fluid to 
test for HBV and HCV infection markers. Saliva can be collected and transported 
using commercial devices and then tested in a laboratory. The collection is easy and 
non-invasive making it a useful tool for sampling children, the elderly, incarcerated 
persons, people who inject drugs, and other individuals with difficult venous access. 
Using saliva greatly simplifies sample collection but is generally less sensitive than 
serum due to its much lower concentrations of antibodies and bloodborne viruses 
or viral markers. Additionally, unlike DBSs, saliva samples need to be stored and 
transported to the testing site while frozen. Several studies have evaluated the 
use of saliva for testing HBsAg and found sensitivities greater than 75% but with 
sometimes poor specificity (Flores et al. 2017a; Villar et al. 2019). Few studies 
have assessed saliva for anti-HBc and anti-HBs detection, but these have identified 
wide-ranging sensitivities (13–85%) that are generally lower than for HBsAg (Villar 
et al. 2019). Similarly, HBV DNA detection from saliva appears to be impractical 
due to low sensitivity, with most studies reporting less than 50% of serum-positive 
patients having detectable HBV DNA in saliva (Villar et al. 2019). 

Detection of anti-HCV from saliva may be a promising screening approach 
for HCV infections. Sensitivities are generally in the 80–95% range, and the false 
negatives may be primarily from HCV RNA-negative individuals that have resolved 
their infections and have low antibody titers (Elsana et al. 1998; Cameron et al. 1999; 
De Cock et al. 2004; Elsana et al. 1998; Flores et al. 2017b). Immunoassay cutoffs 
are often adjusted for use with saliva samples to preserve sensitivity. Saliva can be 
used as a sample type in some anti-HCV RDTs that are marketed commercially 
(Kimble et al. 2019). On the other hand, detection of active HCV infection using 
saliva would be impractical. While HCV RNA can be detected in the saliva of some 
infected patients, it has poor sensitivity when compared to serum for patients with 
low viral titers (Hermida et al. 2002; Gonçalves et al. 2005). 

Though DBSs have been extensively investigated for their use in HBV and HCV 
infection diagnostics, quality certification of commercial assays for use with this 
sample type is uncommon. Future work should be directed toward standardizing best 
practices for DBS collection, transport, elution, and testing to ensure that results from 
this sample type are reliable and of high quality (Tuaillon et al. 2020). Additionally, 
DBSs may be poorly amenable to high throughput testing due to the need for 
lengthy elution and pre-testing preparation procedures. Saliva testing for HBsAg or 
anti-HCV may be appropriate for certain uses or populations, but a general lack of 
sensitivity for detecting viral nucleic acids and HBV-specific antibodies in saliva 
limits broad applicability for these markers. Despite these shortcomings, DBSs and 
oral fluid samples for testing HBV and HCV infection markers may still represent 
important opportunities for expanding the reach of centralized laboratory testing to 
low-resource or difficult-to-access populations, many of whom have high HBV and 
HCV infection burdens. 
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Multiplex Diagnostic Assays 
Most assays used for the diagnosis or characterization of HBV and HCV infections 
are singleplex, meaning that they measure or detect a single marker at a time. While 
this approach is established and works well for cases with straightforward diagnoses, 
it may not be the most efficient approach for population screening purposes or 
syndromic surveillance where patient symptoms could be caused by a variety of 
agents. In these situations, having the ability to multiplex, or assess multiple markers 
simultaneously using a single sample input, could streamline the laboratory testing 
process. For example, screening populations for antibody markers of HBV and HCV 
infection, or vaccination against vaccine-preventable diseases could be streamlined 
if these markers were tested simultaneously. Likewise, multiplexing the detection 
of diagnostic markers for all hepatitis viruses would simplify diagnosis because 
acute infections by these viruses have similar clinical signs and symptoms that are 
difficult to distinguish in the absence of known risk factors or exposure. Including 
markers for HIV infection in multiplex assays could be advantageous because co-
infections of HBV or HCV with HIV are common in some populations. Many assays 
for the multiplexed detection of hepatitis virus markers, as well as other infectious 
disease markers have been developed. These assays include tests for the detection 
of antigens, antibodies, and nucleic acids and range from measuring two markers to 
hundreds of markers simultaneously. Here, we briefly describe the types of assays 
that have been developed by research laboratories or commercial test manufacturers 
that allow for multiplexed detection of analytes and include markers specific to HBV 
and HCV infections. 

Viral NATs are often the gold standard for the detection of current viral 
infections. Several methods for the multiplexed detection of nucleic acids from 
different viruses or different viral sequences from a single sample input have been 
developed. These methods all involve a means of amplifying multiple targeted 
nucleic acids and differentially detecting which targets amplify successfully. The 
simplest of these approaches is a quantitative PCR using multiple primer and 
fluorescent probe sets, with one set specific for each target. Alternatively, a general 
marker for nucleic acid amplification like SYBR green can be used with melting 
curve analysis to distinguish which analyte amplified (De Crignis et al. 2010; Zhang 
et al. 2020). Since nucleic acid amplification and detection occur in a single well, 
assay conditions need to be identical for all analytes. Fluorescent probe detection 
is limited to three or four targets due to spectral compatibility, and multiplex melt 
curve analysis is generally limited by the inability to reliably discriminate more than 
two or three DNA products by their melting temperatures. Multiplex quantitative 
PCR assays have been used for genotyping, subtyping, identifying genetic variants, 
and the simultaneous detection of hepatitis and other viruses (Irshad et al. 2016; 
Singh et al. 2017). Automated commercial assays to simultaneously detect HBV, 
HCV, and HIV for blood screening purposes have been developed (Margaritis et al. 
2007). Multiplex quantitative PCR assays often have similar performance to their 
singleplex counterparts. Isothermal methods that could be amenable to POC settings 
can also be multiplexed (Xie et al. 2021). 
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Alternative detection techniques have been applied to increase the number 
of amplified nucleic acid targets that can be detected or the genotypes/subtypes 
that can be differentiated in a single assay. These include various capture-probe, 
line-probe, and oligonucleotide microarray assays (Song et al. 2006; Bouchardeau 
et al. 2007; Khodakov et al. 2008; Yang et al. 2015; Warkad et al. 2020). Microfluidics 
approaches have also been leveraged to simplify reagent mixing or increase the 
number of nucleic acid targets that can be detected in a single assay. TaqMan array 
cards, which can test a single sample in 48 individual miniature qPCR reactions, have 
been successfully applied to the detection of the five hepatitis viruses: HAV, HBV, 
HCV, HDV, and HEV, as well as HIV-1 and HIV-2 (Kodani et al. 2014; Granade 
et al. 2018). This approach maintains high specificity but loses some sensitivity 
for detecting low-titer samples due to the small volumes of the qPCR reactions. A 
recently reported multiplex assay format that includes the detection of HBV, HCV, 
and other hepatitis viruses is the combinatorial assayed reactions for multiplexed 
evaluation of nucleic acids (CARMEN). This method combines microfluidics and 
nucleic acid detection by Cas13 to allow for greater than one-hundred nucleic acid 
targets to be detected simultaneously in a single sample (Ackerman et al. 2020). 
The CARMEN method has good sensitivity with reported limits of detection of one 
nucleic acid copy per microliter and very high specificity due to its reliance on Cas13 
for detection (see POC Testing section for details). 

Multiplex assay formats have also been adapted to the detection of virus-specific 
antibodies and antigens. These include the various immunochromatography or 
recombinant immunoblot lateral-flow assays that have been used as supplemental 
or confirmatory anti-HCV tests (Martin et al. 1998; Maertens et al. 1999). In these 
tests, antibodies targeting multiple HCV protein antigens can be detected as distinct 
bands on the detection strip. Detection of multiple different HCV targeting antibodies 
accounts for the diverse immune responses by HCV-infected people and allows for 
more accurate results. Rapid, POC lateral-flow immunochromatographic assays 
have also been developed to detect HBsAg, anti-HCV, and anti-HIV in the same 
test (Robin et al. 2018). Lateral-flow assays are quick to perform, but results are 
qualitative or semi-quantitative and the number of analytes that can be multiplexed 
is limited. 

Fluorescent-microsphere-based serological assays allow for quantitative 
multiplexing of antibody or antigen detection of dozens of analytes. These assays 
are analogous to ELISAs except that each capture antigen or antibody is covalently 
linked to magnetic microspheres with a characteristic fluorescence signal that allows 
for the multiplexed detection of different antibodies or antigens. This approach 
has been applied to the development of assays for the simultaneous detection of 
antibodies targeting various HCV antigens and assays for anti-HBc, anti-HBe, 
anti-HCV, and antibodies targeting other pathogenic microorganisms (Fonseca et al. 
2011; Araujo et al. 2011; Brenner et al. 2019). Antigenic characterization of HBV is 
also possible using this technology (Ijaz et al. 2012). With this approach, the detection 
of antigens and antibodies on the same sample in the same well is possible, but 
only if the antibodies of interest do not target the antigens of interest. For example, 
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anti-HBs and HBsAg could not be measured simultaneously because the antibodies 
used to measure HBsAg would bind to the antigens used to detect anti-HBs. 

Enzyme immunoassays that detect cumulative antigens and antibodies have also 
been developed. These include assays that measure the sum of anti-HCV and HCV 
cAg, which maintain the sensitivity of antibody tests while potentially allowing for 
earlier detection of infection using core antigen, which appears sooner after infection 
than antibodies (Laperche et al. 2005). Other approaches that have been applied to 
the multiplexed detection of hepatitis-specific antibodies, antigens, and nucleic acids 
are protein microarray, array-in-well, and electrochemical sensor assays that utilize 
antigens or antibodies coating specific regions of a detection chip or well (Perrin 
et al. 2003; Xu et al. 2007; Tang et al. 2010; Talha et al. 2016). The location of the 
signal in these assay formats identifies the type of antibody or antigen being detected. 
It is worth noting that many of the multiplex assays that have been reported show 
good sensitivity and specificity when compared to standard singleplex assays. 

There are many promising technologies that allow for the multiplexed detection 
of HBV and HCV nucleic acid and antibody markers. Most of these technologies 
have been developed by individual diagnostic or research laboratories, but some 
commercial multiplex assays are also available, including a few multiplex nucleic 
acids and rapid serological assays that have been CE-marked. Further evaluation and 
development are warranted to make these methods more widely available and used. 
Screening and surveillance activities could be streamlined as multiple markers would 
be detected simultaneously. These assays would save not only time but also financial 
resources and patient sample volume as they eliminate the need to run multiple tests 
in parallel or sequentially. 

Identifying Recently Acquired Infections 
HBV and HCV can both establish chronic infections that can persist for the lifetime 
of the patient. It is estimated that hundreds of millions of people are living with HBV 
and HCV infection, yet only 10–20% of them have been diagnosed (WHO 2021a). 
From an epidemiological perspective, it is important to be able to identify which 
newly diagnosed infections are acute and which are chronic. There are several uses 
for the identification of acute cases including estimating the incidence of HBV and 
HCV infection in a population and identifying cases associated with an outbreak. 
Incidence measurements are important for informing public health policy because 
they can be used to identify populations with high levels of transmission and evaluate 
the effectiveness of interventions for preventing new infections. 

Acute and chronic are clinical states of disease progression typically defined 
by the timing of symptoms or infection lasting longer than six months. Infections 
by HBV and HCV are typically asymptomatic, preventing clinical criteria, such 
as jaundice and elevated levels of ALT and bilirubin in serum, from being reliable 
markers for acute infection. Additionally, clinical symptoms can be observed in some 
patients with infections in the chronic phase. Serially collecting blood from healthy 
individuals and looking for the initial appearance of markers of HBV or HCV 
infections allow for precise classification of acute and chronic phases of infection, 
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but this is not a practical approach for most populations and settings. Therefore, other 
laboratory markers inherent to the sample have been investigated to distinguish acute 
infections from chronic infections. Since these laboratory markers may not precisely 
coincide with the clinical definitions of acute and chronic, but instead vary with the 
length of time since infection, we will use the terms recent infection and long-term 
infection in this text. This classification dichotomy is more descriptive of its purpose 
which is to differentiate an infection that was recently acquired from one that has 
existed for a long-term period. The length of time that is classified as recent depends 
on the specific method and assay being used and can range from a few months to a 
year. Methods for this purpose are well established for HBV infections but are still in 
the developmental stage for HCV infections. In this section, we discuss current and 
promising approaches for identifying recent infections. 

Recent HBV infections can be differentiated from long-term HBV infections 
through the presence of anti-HBc IgM. Immunoglobulin M is typically the first 
antibody isotype produced in response to a foreign antigen. This is true for HBV 
infections where anti-HBc IgM often appears one to two months after infection 
around the time of symptom onset in symptomatic patients. It quickly rises to high 
titer levels that typically decline after 6 months (Mast et al. 2006). Since low-titer 
anti-HBc IgM can occasionally be detected years after infection or during 
exacerbations of chronic infections, appropriate assay cutoffs can be used to reliably 
differentiate recent from long-term HBV infections (Gerlich et al. 1986; Park et al. 
2015). Use of this method requires confirmation of active infection by the presence 
of HBsAg or HBV DNA and that the patient has generated an antibody response by 
the presence of total anti-HBc. This approach is well established and routinely used 
in hepatitis diagnostic laboratories. 

Differentiation of recent from long-term HCV infections is not as straightforward 
as for HBVinfections and there are currently no standardized methods for this purpose. 
Anti-HCV IgM is not a reliable marker for recent infections as it is not observed in 
all cases and its longevity varies among infected people (Chau et al. 1991; Sagnelli 
et al. 2005). Additionally, it has also been detected in some chronic cases, especially 
those that have exacerbations of symptomatic infection (Chen et al. 1992; Yamaguchi 
et al. 2000). Therefore, several alternative markers or measurements that can be used 
to differentiate recent from long-term HCV infection have been investigated. These 
include the diversity and titer of the antibody response, the avidity of the antibodies 
produced by an infected person, and the evolutionary dynamics of intra-host HCV 
populations (Figure 7). 

Antibody titers generally increase with the time of infection. This is the result 
of B-cell activation, proliferation, and differentiation leading to increasing numbers 
of antibody-secreting plasma cells. The level of anti-HCV antibodies in the blood 
starts low and generally increases through the first several months of infection 
before reaching a plateau. In long-term infections, where the immune system is 
continually exposed to HCV antigens, anti-HCV titers remain high. The nature of 
the anti-HCV antibody response is variable among infected people. Most infected 
people have antibodies that recognize antigens from the core and NS3 proteins, 
while antibodies targeting the E1, E2, NS4, and NS5 proteins are more variable. 



 

  

 

 
 

   

 

164 Diagnosis of Pathogenic Microorganisms Causing Infectious Diseases 

Figure 7. Differentiating recent from long-term HCV infections. (A) The titer and avidity of anti-HCV 
antibodies increase with the time since infection (left to right inside of arrows). Avidity describes the 
strength of the antibody binding to its target. Initially, antibodies have low avidity. Affinity maturation 
leads to an increase in the avidity of antibodies over time (white = low-avidity antibodies, dark gray = 
high-avidity antibodies). (B) Intra-host HCV populations evolve in characteristic ways. Genetic diversity 
increases over the course of the infection and particular genetic signatures are selected for as the infection 
progresses. Circles represent a simplified viral population with colors indicating genetic variants. Early 
in infection (left), there is low genetic diversity, while later in infection (right) there is higher genetic 

diversity and selection of characteristic mutations, genetic signatures, or genetic structure. 

Antibodies targeting Core and NS3 often rise to detectable levels earliest in infection 
(Chen et al. 1999; Netski et al. 2005). Measuring antibody titers targeting different 
HCV antigens has shown promise for differentiating recent from long-term HCV 
infections, particularly when multivariate predictive models are used (Nikolaeva et 
al. 2002; Araujo et al. 2011). However, active infection needs to be confirmed due 
to the waning of antibody titers upon resolution of infection which could lead to 
samples from uninfected persons being misclassified as recent. While this approach 
has demonstrated promising results, it has not garnered as much attention as other 
approaches, perhaps due to the inefficiency of making multiple EIA measurements, 
the need for multiplexed immunoassay capabilities, or the relative simplicity of 
avidity-based measurements. 

In addition to increasing in titer over time, antibodies also increase in avidity, or 
antigen-binding strength. This occurs through the process of affinity maturation, during 
which somatic hypermutation diversifies the variable region of immunoglobulin 
genes in the B-cells that proliferate after encountering a foreign antigen (Bannard 
and Cyster 2017). Mutant B-cell receptors that better recognize and bind to their 
target antigens are selected for as the humoral immune response adapts in response 
to re-exposure or continued exposure to a foreign antigen. This process leads to 
an increase in the avidity of an antibody for its antigen. Measurement of antibody 
avidity to HCV antigens may be the most studied method for the differentiation of 
recent and long-term HCV infections (Ward et al. 1994; Klimashevskaya et al. 2007; 
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Gaudy-Graffin et al. 2010). Antibody avidity is measured by an immunoassay in 
which either the patient sample or the antigen-antibody complex is treated with a 
chaotropic agent such as urea or diethylamine. The chaotropic agent interferes with 
hydrogen bonding and hydrophobic interactions, effectively weakening interactions 
between antibodies and antigens. Calculating the ratio of immunoassay signal in 
the presence and absence of a chaotropic agent determines the avidity index or 
proportion of antibodies that have a high avidity. 

Reported methods for anti-HCV avidity index measurement utilize either 
laboratory-developed or modified commercial immunoassays, some of which have 
quality certifications, but are used “off-label.” These assays have been applied 
to serum and plasma samples with good performance. In general, they have low 
probabilities of misclassifying a long-term sample as recent (false recency rates 
(FRR) of 0.4–4.0%) and long mean durations from the date of seroconversion that 
patient would be classified as recent (mean duration of recent infections (MDRI) 
of 114–147 days) (Patel et al. 2016; Shepherd et al. 2018; Boon et al. 2020). The 
FRR and MDRI are important parameters to consider when using a recency assay 
(UNAIDS/WHO 2011). Characteristics of the population being tested, such as the 
expected incidence and infection levels, will determine whether an assay’s FRR and 
MDRI are good enough to accurately estimate incidence (Patel et al. 2016; Boon 
et al. 2020). It may be possible to tune the FRR and MDRI performance of an 
avidity immunoassay by selecting certain combinations of antigens that either 
lengthen or shorten the period since infection over which the assay classifies a 
sample as recent. Similarly, the antigens used in an avidity assay may affect its 
performance with different HCV genotypes. Some avidity assays have shorter MDRI 
values for genotype 1 samples than for others (Shepherd et al. 2018; Eshetu et al. 
2020). This may be due to the capture antigens used in the assays coming from 
genotype 1 HCV and being recognized with higher avidity by antibodies from 
genotype 1 infected patients than from patients infected with other genotypes. 
Anti-HCV avidity immunoassays have been reported to perform less well when used 
with dried blood or serum/plasma spot specimens, which could decrease their utility 
for incidence estimation in certain populations where this is the most practical sample 
type (Shepherd et al. 2013; Eshetu et al. 2020). Similarly, populations with high rates 
of HCV and HIV coinfection may not be ideal for the use of antibody avidity assays 
due to the immunocompromised status of some long-term patients causing them to 
be misclassified as recent (Patel et al. 2016; Boon et al. 2020). It Is worth noting that 
antibody avidity is a potential alternative measurement for the identification of recent 
HBV infections. Antibody avidity measurements have shown similar performance 
to the anti-HBc IgM assays that have been widely adopted for this purpose (Rodella 
et al. 2006). If avidity immunoassays are to gain widespread use, establishing more 
standardized methods would allow for easier comparison and validation of results 
among studies and populations. 

A final potential marker for differentiating recent from a long-term infection 
that has gained attention is the structure of the intra-host HCV population. Viral 
populations may change in predictable and reproducible ways within a host over 
time (Farci et al. 2000). Measuring the genetic diversity, genetic structure, and the 
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physicochemical properties in short regions of the HCV E1, E2, or NS5b genes has 
shown promise for differentiating recent from long-term infections (Astrakhantseva 
et al. 2011; Montoya et al. 2015; Lara et al. 2017; Baykal et al. 2020). Using 
these population features by themselves or in multivariate predictive models can 
differentiate recent from long-term with high predictive power. This approach 
can be used with DBS specimens in addition to serum and plasma specimens 
(Antuori et al. 2021). The length of time that differentiates a recent infection from a 
long-term infection has not been as precisely defined with these methods as they 
have with avidity assays. Drawbacks to this approach are the time and cost of 
population sequencing methods, the expertise required for analysis, and the inability 
to test samples that have low HCV RNA titers. As population-based sequencing 
approaches become more affordable and widely used for routine medical diagnostics 
purposes, this approach will become more practical for identifying recent HCV cases 
or measuring incidence within a population. 

The differentiation of recent from long-term HBV and HCV infections is 
important for estimating population incidence and identifying outbreaks. While the 
presence of anti-HBc IgM is a reliable method for identifying recent HBV infection, 
there is no standard method for identifying recent HCV cases. The avidity, titer, 
and diversity of anti-HCV antibodies and the genetic structure of intra-host HCV 
populations show promise for this purpose, but each approach has drawbacks. Further 
studies are needed to establish a reliable and standardized method for identifying 
recently acquired cases of HCV infection. 

Monitoring and Predicting Therapy Outcomes 
HBV and HCV are both capable of causing lifelong chronic infections that can lead 
to liver cirrhosis, HCC, and other serious liver problems. Fortunately, therapeutic 
drugs are available for both, although current HCV drugs are more effective and 
require shorter treatment regimens than those used for HBV infection. Monitoring 
the outcome of drug therapy and predicting when it is advisable to discontinue 
therapy are important for ensuring effective and efficient treatment. Here, we will 
discuss how current HCV therapies have led to the simplification of these processes 
and that there is still no widely agreed-upon approach for monitoring HBV activity 
in patients who are on treatment. 

The latest generation of DAAs that target the NS3/NS4a protease, NS5a, or the 
NS5b polymerase of HCV are very effective at treating HCV infections especially 
when taken in combination. Recent studies indicate cure rates of > 95% after 
12–24 weeks for many viral genotypes and treatment regimens (Cuypers et al. 2016; 
Falade-Nwulia et al. 2017). Therapy outcomes are determined by assessing whether 
a patient no longer has detectable HCV RNA in the blood, which was previously 
termed a sustained virological response (SVR). Whether HCV RNA is still detectable 
after therapy can be determined by using highly sensitive NATs. Twenty-four weeks 
is the typical time point for assessing SVR, but shorter time points may work equally 
well for evaluating whether a patient was cured (Burgess et al. 2016). Individuals who 
achieve SVR at 12 weeks after treatment are considered cured with fewer than 0.5% 
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having subsequent detectable HCV RNA (Sarrazin et al. 2017). The best predictor 
for successful therapy is completing the full 12–24-week treatment regimen. With 
the high cure rates of current-generation DAAs, the future may bring a time when 
monitoring for SVR is no longer required for patients who complete their therapy 
regimen. 

Unlike HCV which has therapeutics that cure almost all patients, current HBV 
therapies suppress viral replication without sterilizing the host of virally infected 
cells. HBV is typically treated using nucleos(t)ide analog (NUC) reverse transcriptase 
inhibitors, interferon, or a combination of the two (Grossi et al. 2017; Tang et al. 2018). 
Currently approved NUCs include Lamivudine, Telbivudine, Entecavir, Adefovir, 
and Tenofovir (Terrault et al. 2016; 2018). Of these, Entecavir and Tenofovir may 
have a higher barrier to evolving resistance. Cure is often defined by the loss of 
HBsAg and anti-HBs seroconversion. Drug therapy rarely leads to this outcome, so 
viral suppression (undetectable HBV DNA) and HBeAg seroconversion (HBeAg loss 
with development of anti-HBeAg) indicating partial immune control are alternative 
indicators of therapeutic success (Hadziyannis and Hadziyannis 2020). However, in 
these cases, long-term drug therapy is often required to maintain viral suppression 
as reactivation of HBV replication is common once treatment is discontinued (Hall 
et al. 2020; Liem et al. 2020). Several markers have been proposed to predict when 
patients can safely discontinue antiviral therapy in the absence of HBsAg loss or 
seroconversion. These include quantitative HBsAg levels, serum HBV-RNA levels, 
and HBcrAg levels. 

Before discussing the utility of HBV markers for monitoring and predicting 
therapy outcomes, we will briefly discuss the HBV replication cycle and the effects of 
NUC and interferon therapies (Figure 8). Upon infection of a cell, the relaxed circular 
partially double-stranded genomic DNA of the virus traffics to the nucleus where it 
is repaired into a fully double-stranded covalently closed circular DNA (cccDNA) 
(Seeger and Mason 2015; Tsukuda and Watashi 2020). The cccDNA is a template 
for the transcription of four different viral mRNAs and the 3.5 kb pre-genomic RNA 
(pgRNA) that gets assembled into nascent viral particles. During the maturation 
of the viral particle, the HBV polymerase generates the partially double-stranded 
genomic DNA while degrading the pgRNA. This maturing viral particle containing 
the genomic DNA either traffics back to the nucleus to generate more cccDNA or is 
secreted from the cell as a fully mature viral particle. NUCs used in the treatment 
of HBV inhibit the reverse transcriptase activity of the viral polymerase, preventing 
the production of genomic DNA from pgRNA (Fung et al. 2011). Treatment with 
this class of drugs effectively inhibits the production of new infectious viral particles 
and the generation of more cccDNA transcription templates. Since cccDNA is 
long-lived in infected cells, NUC therapy does not cure infected cells or inhibit the 
transcriptional activity of cccDNA in infected cells. On the other hand, interferon 
therapy does not directly target HBV but rather stimulates the immune system with 
the goal of limiting viral replication and destroying cccDNA reservoirs within the 
liver (Konerman and Lok 2016). Interferon therapy has low rates of success and is 
poorly tolerated. Due to the difficulty of eliminating all cccDNA reservoirs, many 
patients are on therapy for extended periods of time. The goal of HBV therapy is 
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Figure 8. HBV markers and the effect of nucleos(t)ide analog therapy. Covalently closed circular DNA 
(cccDNA; black double circle) is the transcriptional template for viral mRNAs and pre-genomic RNA 
(pgRNA). Viral mRNA translation products include HBV surface antigen (HBsAg; small black circles) 
and the HBV core-related antigens (HBcrAg, gray box), which include HBV core antigen (HBcAg), 
HBV e antigen (HBeAg), and p22 pre-core. The pgRNA is encapsidated in viral capsids composed of 
HBcAg. The encapsidated pgRNA serves as a template for the viral polymerase to produce relaxed 
circular DNA (rcDNA; partial double circles) which is the viral genome. rcDNA can either become part 
of HBV virions or traffic to the nucleus to become cccDNA. HBV virions and RNA-containing virions 
form when HBsAg-containing envelopes form around DNA or RNA-containing capsids and are secreted 
from the cell. Subviral particles lacking capsids and viral nucleic acids are also secreted from the cell. 
In the blood, secreted HBeAg is found in its dimeric form, while it is uncertain if p22 pre-core is found 
as individual proteins or as part of higher-order capsid structures in empty viral particles. Nucleos(t)ide 
analogs (NUCs) inhibit the HBV polymerase and prevent the conversion of pgRNA to rcDNA (bolded 
line). These drugs prevent the production of HBV virions and de novo cccDNA. They do not inhibit the 

production or secretion of viral proteins or RNA. 

ending HBsAg expression and anti-HBs seroconversion which indicates immune 
control of the virus. Since this is rarely achieved, alternative indicators of success 
that are sometimes used as therapeutic endpoints are therapy duration of at least 
one year, having undetectable serum HBV DNA, normalized serum ALT levels, and 
HBeAg seroconversion indicating partial immune control. Using these therapeutic 
endpoints poorly predicts sustained virologic response or future HBsAg loss and  
anti-HBs seroconversion. While on therapy, HBV  replication is effectively 
suppressed, but upon stopping therapy, HBV  replication often rebounds (Hall et al. 
2020; Liem et al. 2020). For this reason, alternative and reliable predictive markers 
of successful therapy are urgently needed. 
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Directly assessing cccDNA in infected patients would be ideal, but it is 
impractical, requiring invasive liver biopsies. Amore practical approach would utilize 
a readily accessible marker and sample type. Measuring HBV DNA in the serum is 
typically how virus activity is measured in patients who are not undergoing therapy. 
However, this approach is inappropriate for monitoring therapy with NUC drugs 
because they inhibit the production of mature viral particles without eliminating the 
transcriptional cccDNA reservoir (Gao et al. 2017). HBV DNA levels often drop 
below detectable levels during therapy but rebound once therapy is stopped (Wang 
et al. 2016; Hall et al. 2020; Liem et al. 2020). Therefore, alternative surrogates for 
cccDNA levels or activity are being investigated. 

It has been known for several decades that HBV RNA can be found in the serum 
of infected patients. The nature and biological role of this RNA is controversial, 
but it is likely that pgRNA found in enveloped viral particles or unenveloped viral 
capsids is a major source of this RNA (Bai et al. 2018; Anderson et al. 2021). Several 
methods have been developed to measure HBV RNA, the most common of which are 
rapid amplification of cDNA ends (RACE)-quantitative PCR, and DNase treatment 
prior to quantitative reverse transcription PCR (van Bömmel et al. 2015; Huang 
et al. 2018; Prakash et al. 2018; Liu et al. 2019). In the absence of treatment, 
serum HBV RNA correlates well with serum HBV DNA and intrahepatic cccDNA 
activity (Giersch et al. 2017; Li et al. 2018; Wang et al. 2018a; 2018b). Serum 
HBV-RNA levels are typically 10–100-fold lower than HBV DNA levels. While 
on NUC therapy, however, serum HBV RNA generally decreases less than serum 
HBV DNA and can be observed in the absence of serum HBV DNA (Wang et al. 
2016; Gao et al. 2017; Butler et al. 2018). Correlation between serum HBV RNA and 
cccDNA may depend upon a patient’s HBeAg status and the nature of the method 
used to detect HBV RNA (Gao et al. 2017; Li et al. 2018; Prakash et al. 2018). 
Whether these correlations are maintained during NUC therapy is unclear, but serum 
HBV-RNA levels may predict whether a patient remains negative for serum HBV 
DNA upon stopping therapy (Wang et al. 2016; Gao et al. 2017). 

The quantitative levels of two antigenic markers, HBsAg and HBcrAg, in 
patient serum also show promise for predicting HBV therapeutic outcomes (Inoue 
and Tanaka 2019; Lee et al. 2021). HBsAg is commonly used as a qualitative marker 
for HBV infection and HBcrAg is an aggregate measurement of three HBV proteins; 
core antigen (HBcAg), e antigen (HBeAg), and p-22 pre-core, each sharing a 
149 amino acid sequence and expressed from the pre-core/core ORF (Kimura et al. 
2005; Hong et al. 2021). Both antigenic markers can be measured using quantitative 
immunoassays. These antigenic markers in the blood have been shown to correlate 
reasonably well with the amount of cccDNA in the liver and its transcriptional 
activity in HBeAg-positive and HBeAg-negative chronic HBV patients (Wong 
et al. 2017; Chen et al. 2019; Testoni et al. 2019). A better correlation of cccDNA with 
HBcrAg may be because it is typically expressed only from cccDNA, while HBsAg 
expression can have additional contributions from linear HBV DNA fragments 
integrated into the host cell genome. Both antigenic markers can be observed in 
serum HBV DNA-negative patients during NUC therapy because their expression 
is not directly inhibited by NUCs. While patients with chronic HBV are on NUC 
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therapy, HBsAg and HBcrAg decline less rapidly than serum HBV RNA (Liao 
et al. 2019). Low quantitative serum HBsAg levels at the end of NUC treatment 
could predict the sustained viral response (maintenance of undetectable or low serum 
HBV DNA) and HBsAg seroconversion within 6 years in HBeAg-positive and 
HBeAg-negative patients with 55% and 79% accuracy, respectively (Chen et al. 
2014). Low baseline HBcrAg levels have been shown to predict sustained viral 
response and HBsAg seroconversion similarly to HBsAg levels with greater 
than 70% accuracy in HBeAg-negative patients treated with pegylated interferon 
(Martinot-Peignoux et al. 2016). Changes in the quantitative HBcrAg levels during 
NUC therapy or absolute levels at the end of therapy may also be correlated with 
HBeAg seroconversion and sustained viral response in HBeAg-positive patients 
(van Campenhout et al. 2016; Sonneveld et al. 2019). 

Quantitative levels of serum HBV RNA, HBsAg, HBcrAg, at the beginning, 
middle, or end of therapy can predict sustained virological response, HBeAg 
seroconversion, HBsAg seroconversion, or the occurrence of hepatocellular 
carcinoma (Inoue and Tanaka 2019; Liu et al. 2019; Lee et al. 2021). However, it 
is unclear which marker is superior due to variations in the tested populations and 
the methods used in currently published studies. It does appear that using HBV 
RNA, HBsAg, and/or HBcrAg in combination improves predictive ability compared 
to their use individually (Wang et al. 2018; Fan et al. 2020; Papatheodoridi et al. 
2020; Xie et al. 2021). While commercial assays for the detection and quantitative 
measurement of these three HBV markers exist, none are FDA approved or 
WHO-prequalified and only quantitative HBsAg assays have been granted CE 
marking. Continued research on the monitoring of HBV therapy outcomes that 
compares all available markers, uses standardized methods, and assesses therapeutic 
outcomes at longer time points after the end of therapy is warranted. As better HBV 
therapies are developed, a more thorough understanding of predictive markers and 
what they indicate regarding patient outcomes will greatly improve the efficiency 
of treatment regimens, improve patient care, and assist in achieving global 
elimination goals. 

Conclusion 
As we approach the year 2030, it will be necessary to critically assess all aspects of 
the continuum from patient testing through diagnosis and therapy for areas where 
improvements can aid in attaining the WHO’s elimination goals for HBV and HCV 
infection. While the standard diagnostic markers for HBV and HCV infections 
have been well-established for decades, there remains room for improved patient 
access and efficiency. Promising technological advances may make routine rapid 
and POC testing for HBV and HCV infection a reality in the near future. Revisiting 
the idea of using easy-to-collect and transport sample types like saliva and DBSs to 
expand access to laboratory-based testing would improve diagnosis and linkage to 
care in many underserved populations with high disease burdens. Elimination efforts 
will require improvements in the ways that we measure incidence. Currently, no 
standardized method is used to identify recently acquired HCV infections, but several 
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promising candidate methods exist that could aid in making more accurate incidence 
measurements. As both HBV and HCV can cause lifelong chronic infections, linkage 
to effective antiviral therapy is an important elimination goal. Current-generation 
HCV antivirals are very effective cures while HBV infection treatments may require 
prolonged therapy. The current predictors of HBV infection treatment success are 
imperfect, but there are several markers that may improve therapeutic decision-
making regarding when it is advisable to cease therapy. Further research and 
development of methods that would improve access to testing, diagnostic efficiency, 
and ensure positive antiviral therapy outcomes are needed if we are to meet our goals 
of greatly reducing the burden of HBV and HCV infection within the next decade. 
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Chapter 6 

Molecular Diagnosis of 
Intestinal Amebiasis# 

Ibne Karim M. Ali 

Introduction 
Amebiasis is defined as the infection caused by a single-celled protozoan parasite  
called Entamoeba histolytica  regardless of symptoms (WHO/PAHO/UNESCO 1997).  
E. histolytica belongs to the genus Entamoeba  comprised of more than 40 species.  
Besides E. histolytica, seven other Entamoeba  species can infect humans: E. dispar,  
E. coli, E. moshkovskii, E. hartmanni, E. polecki, E. gingivalis, and E. bangladeshi. 
Among these E. histolytica  is universally recognized as a cause of intestinal  
and extraintestinal diseases in humans. It has two life cycle stages: a motile and  
actively feeding mono-nucleated trophozoite form and an environmentally resistant   
tetra-nucleated dormant cyst form. Some of these Entamoeba species can be  
differentiated from each other and E. histolytica  based on their cyst morphology. E.  
polecki and E. coli  cysts have one and eight nuclei, respectively. Although E. hartmanni  
cysts have four nuclei like those of E. histolytica, E. hartmanni  is significantly  
smaller in size. E. gingivalis, a parasite of the human oral cavity, does not have a  
cyst form. However, E. histolytica, E. dispar, E. moshkovskii, and E. bangladeshi are  
morphologically indistinguishable in both cyst and trophozoite forms. 

Entamoeba histolytica was responsible for a death toll of 55,500 people in 2010 
worldwide (Lozano et al. 2012). However, about 90% of all E. histolytica infections 
remain asymptomatic while the remainder progresses to clinical illness (Gathiram 
and Jackson 1987). Asymptomatic individuals are thought to contribute to the 
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spread of the disease by excreting the environmentally resistant cyst form of the 
ameba in stools. Amebiasis remains a significant cause of morbidity and mortality 
in developing countries (Stanley 2003). E. histolytica infections are also linked 
to impaired cognitive development, growth stunting, and childhood morbidities 
(Tarleton et al. 2006; Petri et al. 2009; Mondal et al. 2012). 

Entamoeba dispar  is commonly accepted as a non-pathogenic commensal species. 
It appears to be  ten times more common than E. histolytica  worldwide (Gathiram and 
Jackson 1985), but local prevalence may vary significantly. Experimental and limited 
clinical data suggest that E. moshkovskii  could be associated with human disease 
(Shimokawa et al. 2012; Ali et al. 2003). Similarly, the newest species of Entamoeba, 
E. bangladeshi  has been detected in a handful of asymptomatic and symptomatic 
individuals in two studies. The true prevalence and pathogenicity of E. bangladeshi  
remain unknown. The purpose of this chapter is to discuss the tools commonly 
used for the diagnosis of intestinal amebiasis, their advantages and disadvantages,  
DNA-based tools, and recent advancements in the molecular detection of amebiasis. 

Brief History of E. histolytica, E. dispar, E. moshkovskii and  
E. bangladeshi 
Entamoeba histolytica 
Fedor Aleksandrovich Lösch first detected intestinal amebiasis by identifying amebas 
in samples from a patient who died of dysentery in 1875. He reproduced the disease 
in dogs and suggested the name Amoeba coli (Petri 1996). Osler first detected a 
case of amebic liver abscess in 1890. Councilman and Lafleur at the Johns Hopkins 
Hospital studied the pathological role of amebas on patients with dysentery and liver 
abscesses and introduced the terms “amebic dysentery” and “amebic liver abscess.” 
The organism was formally named Entamoeba histolytica by Schaudinn in 1903. 

Entamoeba dispar 
Emily Brumpt first suggested the existence of two morphologically identical species 
within E. histolytica in 1925, one being pathogenic and the other not. She proposed the 
name Entamoeba dispar for the non-pathogenic species. This proposal was ignored 
for decades. Eventually in 1993, biochemical, immunological, and genetic evidence 
emerged separating E. histolytica from E. dispar (Diamond and Clark 1993). 

Entamoeba moshkovskii 
Tshalaia first discovered E. moshkovskii in sewage in Moscow in 1941 (Tshalaia 
1941). For the next 20 years, it was considered a free-living environmental ameba. 
In 1961, Dreyer reported the first human case of E. moshkovskii in a Texas resident 
in the USA, who presented with diarrhea, weight loss, and epigastric pain (Dreyer 
1961). E. moshkovskii has unique features that are different from E. dispar or 
E. histolytica. For example, E. moshkovskii can be cultured at room temperature, is 
osmotolerant, and is resistant to emetine (Clark and Diamond 1997; Dreyer 1961; 
Entner and Most 1965; Richards et al. 1966). 
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Table 1.  Countries with > 10% reported prevalence of infection with Entamoeba moshkovskii. 

Country Study population (size, N) Prevalence of 
E. moshkovskii 

*Detected in patients 
with diarrhea/ 
dysentery? 

References 

Australia Patients with gastrointestinal 
disease (N = 110) 

50.0% Yes (Fotedar et 
al. 2008) 

Colombia Asymptomatic children 
under 16 years old 

25.4% No (Lopez et al. 
2015) 

Bangladesh Preschool children 2–5 years 
old (N = 109) 

21.1% No (Ali et al. 
2003) 

Kenya Children and adults 
(N = 170) 

19.5% Yes (Kyany’a et 
al. 2019) 

Pakistan Patients with chronic 
diarrhea (N = 161) 

18.6% Yes (Yakoob et 
al. 2012) 

Yemen Children and adults 
(N = 800) 

18.2% No (Al-Areeqi 
et al. 2017) 

South 
Africa 

Children and adults (N = 46) 15.9% Yes (Samie et al. 
2020) 

Tanzania HIV-suspected or confirmed 
patients (N = 118) 

13.0% No (Beck et al. 
2008) 

Egypt Patients with gastrointestinal 
disease (N = 175) 

11.8% Yes (Abozahra et 
al. 2020) 

* These data should be interpreted with caution because a comprehensive workup to detect the etiology 
of diarrhea/dysentery was not performed. 

Ali et al. (2003) were the first to detect a high > 20% prevalence of E. moshkovskii 
in children living in an urban slum in Dhaka, Bangladesh (Ali et al. 2003). Since 
then, human isolates of E. moshkovskii have been obtained from at least 19 other 
countries, including both resource-limited and resource-rich countries: USA, Italy, 
South Africa, India, Australia, Pakistan, Iran, Tanzania, Turkey, Malaysia, Thailand, 
Tunisia, United Arab Emirates, Iraq, Egypt, Kenya, Indonesia, Yemen, and Colombia. 
In most of these studies, only a few individuals were found to be infected. However, 
nine of these countries reported > 10.0% prevalence of E. moshkovskii (Fotedar 
et al. 2008; Parija and Khairnar 2005; Khairnar and Parija 2007; Ali et al. 2003; Beck 
et al. 2008; Yakoob et al. 2012; Abozahra et al. 2020; Al-Areeqi et al. 2017; Kyany’a 
et al. 2019; Lopez et al. 2015) (Table 1). In some of these countries, E. moshkovskii 
was detected in patients with diarrhea or dysentery. However, a complete work up 
to identify the pathogens responsible for diarrhea or dysentery was not performed, 
which raises the question of the role of E. moshkovskii in disease. In experimental 
mice, however, E. moshkovskii has been shown to cause diarrhea (Shimokawa 
et al. 2012). 

Entamoeba bangladeshi 
Royer et al. (Royer et al. 2012) first detected E. bangladeshi in 2010–2011 in stool 
samples from children living in an urban slum community in Dhaka, Bangladesh, 
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while screening 2,039 stool samples from diarrheal and asymptomatic children 
by microscopy, culture, and species-specific Entamoeba PCRs for E. histolytica, 
E. dispar and E. moshkovskii. Forty-three of these stools were positive for Entamoeba 
by microscopy or culture, but species-specific Entamoeba PCRs were negative. 
Using the broad specificity primers for the Entamoeba small subunit ribosomal RNA 
(SSU rRNA) gene (Stensvold et al. 2011; Royer et al. 2012) followed by Sanger 
sequencing, a new species of Entamoeba was identified in two of the samples—one 
from a child with diarrhea and one from a child without symptoms. E. bangladeshi 
grows at both room temperature and 37°C like E. moshkovskii. The SSU rDNA 
phylogeny places E. bangladeshi closer to E. histolytica than E. moshkovskii but 
distant from E. dispar. Five years after its discovery, E. bangladeshi was detected 
outside of Bangladesh in individuals with and without symptoms in South Africa 
by Ngobeni et al. (2017). More investigations are required to understand (a) the 
epidemiology and potential pathogenicity of E. bangladeshi, (b) whether it can live 
outside a host like E. moshkovskii, (c) the potential host range, and (d) environmental 
reservoirs of this ameba. 

Prevalence 
The true prevalence of E. histolytica infection is not well understood as most studies 
used tools that were not E. histolytica-specific. Amebiasis is highly prevalent in the 
Indian subcontinent, Africa, the Far East, Mexico, and areas of South and Central 
America, where it is associated with cultural habits, crowding, age, level of sanitation, 
education, and socio-economic status. Amebiasis remains a major public health 
problem in countries with poor sanitation and hygiene and that lack safe drinking 
water (Atabati et al. 2020). In developed countries, E. dispar is about ten times more 
prevalent than E. histolytica. In Japan, however, E. histolytica is more common than 
E. dispar (Martínez-Palomo 1993). In developed countries, E. histolytica is primarily 
associated with immigrants from or travelers to endemic countries, men who have sex 
with other men, people living in institutionalized facilities, and patients infected with 
the human immunodeficiency virus (Petri 1996). E. moshkovskii is more common 
than E. histolytica or E. dispar in Australia (Fotedar et al. 2008). E. bangladeshi has 
been detected only in two countries, Bangladesh and South Africa. 

Tegen et al. (2020) reviewed microscopy-based studies reported from Ethiopia 
to detect intestinal parasites and showed that 14.1% of the population had Entamoeba 
infection. Alasvand Javadi et al. (2019) detected only a 1.37% prevalence of 
Entamoeba species in stools by microscopy among 50,000 diarrheal patients 
attending the Naft Hospital of Ahvaz, Southwest Iran, during 2007–2017. Meyer 
et al. (2020) reviewed the data from 14 original publications reporting pathogens 
identified with the FilmArray GI panel and found that 39.7% of the patients had at 
least one pathogen in the panel. However, E. histolytica was identified in 0.3% of the 
patients. Samie et al. (2020) detected E. histolytica, E. dispar, and E. moshkovskii in 
stool samples from patients attending different rural clinics in northern South Africa 
and found 4.1%, 14.7%, and 15.9% prevalence of these species, respectively. 
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Mondal et al. (2006) investigated the effect of E. histolytica infection on growth 
and concluded that preschool children with a history of E. histolytica-associated 
diarrhea were more malnourished and stunted compared to the uninfected children. 
In a later study, Mondal et al. (2012) monitored 147 infants living in an urban slum 
of Dhaka, Bangladesh, for the first year of life and found that 10.9% of children 
developed at least one episode of E. histolytica diarrhea in their first year of life. 
Children born malnourished were more likely to be infected with E. histolytica 
during this period. An apparent vicious cycle exists where malnourished children 
are more likely to get E. histolytica infection, and E. histolytica-infected children are 
more likely to be malnourished. 

Investigations with amebiasis patients in Natal, South Africa, showed that there 
was a peak incidence of E. histolytica infection among children < 14 years of age 
and a second peak in infection in adults > 40 years old (Gathiram and Jackson 1985). 
Acuno-Soto et al. (Acuna-Soto et al. 2000) reviewed the male-to-female ratios 
for invasive intestinal amebiasis and asymptomatic carriage in all the published 
reports from 1929 to 1997 and found that ratios were 3.2:1 and 1:1, respectively. 
A study in 1994 found that > 8% of the Mexican population was seropositive for 
E. histolytica. In 1996, 1.3 million cases of intestinal amebiasis were reported 
in Mexico (Caballero-Salcedo et al. 1994; PAHO 1998). In contrast, only 
2,970 symptomatic cases of amebiasis were reported from the neighboring country, 
the USA, in 1993. About half of those cases in the USA were in immigrants from 
Mexico, South and Central America, Asia, and Pacific Islands (Prevention 1994). 

Clinical Manifestations 
About 10% of all E. histolytica infections are symptomatic (Gathiram and Jackson 
1987). What determines the outcome of an E. histolytica infection is not clear. Parasite 
genotypes and host genetics are thought to play important roles in determining the 
outcome of an infection. Additionally, biological factors, such as the gut microbiome 
of the host, likely play a significant role [reviewed in (Burgess and Petri 2016)]. The 
majority of symptomatic E. histolytica infections progress to develop amebic colitis, 
which is marked by loose stools with mucus that may or may not contain visible 
blood. If not treated, amebic colitis may progress to perforation and ulcers in some 
cases that are associated with high mortality rates. Chronic ulceration may result in 
ameboma formation. 

Amebic liver abscess is the most common form of extraintestinal amebiasis, 
which unless properly diagnosed and promptly treated is a potentially lethal disease. 
Patients with amebic liver abscess usually have a fever, weight loss, and right 
upper quadrant pain and tenderness (Haque et al. 2000). A small percentage of 
ALA patients may progress to develop brain abscess, which is highly fatal (Bauddh 
et al. 2020; Petri and Haque 2013; Victoria-Hernandez et al. 2020; Hughes et al. 
1975; Solaymani-Mohammadi et al. 2007; Sundaram et al. 2004). Sporadic cases 
of E. histolytica infection of other organs have been reported: kidney (Saensiriphan 
et al. 2015; Ramakrishnan et al. 1971), heart (Gomersall et al. 1994; Mehta 1968), lung 
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(Liu et al. 2018; Hara et al. 2004; Lichtenstein et al. 2005), spleen (Goret and Goret 
2019; Kruger et al. 2011), appendix (Ito et al. 2014; Singh et al. 2010; Ramdial et al. 
2002), genital tract (Musthyala et al. 2019; Prasetyo 2015) and skin (Fernandez-Diez 
et al. 2012; Sasaki et al. 2016; Kroft et al. 2005; Magana et al. 2004). 

Diagnosis of Intestinal Amebiasis 
According to the recommendations of the World Health Organization, Pan American 
Health Organization and the United Nations Educational, Scientific and Cultural 
Organization, “Optimally, E. histolytica should be specifically identified and, 
if present, treated. If only E. dispar is identified, treatment is unnecessary. If the 
infected person has gastrointestinal symptoms, other causes should be sought” 
(WHO/PAHO/UNESCO 1997). However, these recommendations were made before 
the identification of E. moshkovskii and E. bangladeshi in human infections and may 
need an update. 

For the diagnosis of E. histolytica various methods have been used such as 
microscopy, serology, antigen detection ELISA, and conventional and real-time 
PCRs (Figure 1). These methods have different levels of sensitivity and specificity. 
The advantages and disadvantages of some of the commonly used techniques for the 
diagnosis of intestinal amebiasis are provided in Table 2. 
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Figure 1. Tools used in the diagnosis of Entamoeba infections during 2015–2019. Percentages of total 
usage for each method are shown. Microscopy represents the sole method used in the diagnosis, and if 
microscopy was used in combination with other methods, it was excluded under microscopy. For the other 
methods, they might have been used in combination. Data were obtained from the PubMed search using 
the keywords: “Entamoeba,” “diagnosis,” and “detection.” In most cases, only articles written in English 

were selected. 
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Table 2. Advantages and disadvantages of different methods used in the diagnosis of amebiasis [adapted 
from (Ali 2015)]. 

Methods Advantages Disadvantages 

Microscopy Simple, rapid, inexpensive. 
Available in most clinical 
laboratories. 

Non-specific, insensitive; requires expertise, and 
cannot be performed on frozen specimens. Must be 
performed within 1–2 hours of collection if the stools 
are not preserved appropriately. 

Culture Visual observation of 
motile trophozoites; allows 
the expansion of ameba 
for downstream analysis, 
such as pathogenicity and 
virulence studies, and NGS. 

Time-consuming, insensitive, and biased as it may 
facilitate the growth of the predominant species/strain, 
or other organisms. Usually not available in diagnostic 
laboratories. 

Isoenzyme Capable of differentiating 
between E. histolytica and 
other Entamoeba species. 

Time-consuming, labor-intensive, and insensitive. 
It depends on the growth of a large number of 
trophozoites in a culture, which is not always 
successful. 

Serology Easy to perform; provides 
individual’s past or present 
exposure to E. histolytica. 

Unable to differentiate between an acute and a past 
infection; limited diagnostic value especially in the 
amebiasis-endemic areas. May give false-negative 
results in early infections, or in patients with 
immunocompromised status. 

Antigen Simple, rapid, allows Does not work on formalin-fixed stools; works poorly 
Detection species-specific detection of 

E. histolytica; a well-suited 
diagnostic technique for 
resource-limited nations 
where amebiasis is endemic. 

with frozen stools; is less sensitive than PCR assays. 
Cannot detect mixed infections with more than one 
Entamoeba species. Species-specific antigen detection 
assays for E. dispar, E. moshkovskii, or E. bangladeshi 
are not available. 

Conventional 
PCR 

Sensitive, species-specific, 
rapid, works on broad 
specimen types. 

Contamination-prone; sophisticated laboratory setup 
and expertise required - not suitable as a diagnostic 
test for resource-limited countries. 

Real-time Highly sensitive; highly Sophisticated laboratory setup, high maintenance cost, 
PCR specific; rapid; works on 

broad specimen types; does 
not require post-analysis 
of PCR amplicons which 
minimizes contamination 
risks. 

and expertise required; not suitable for resource-
limited countries. 

Microscopy 
The microscopic identification of intestinal parasites in stool samples is often 
referred to as the “ova and parasite (O&P)” examination. Three main microscopic 
techniques are used in clinical laboratories to identify Entamoeba species in 
stool samples: wet preparation, concentration, and permanent staining of smears. 
Wet preparation is most widely used, which works best if motile trophozoites of 
Entamoeba are seen. A motile Entamoeba trophozoite with the ingested red blood 
cell (RBC) is often considered a confirmation of the presence of E. histolytica, 
especially in diarrheal stools. The formol-ether concentration technique is used 



 

 

  

 

 

 

 
 

  
 

192 Diagnosis of Pathogenic Microorganisms Causing Infectious Diseases 

to concentrate parasites in stool samples, and it works best if the cyst form of  
E. histolytica is present, especially in asymptomatic cyst carriers. Stool smears may 
be stained with a permanent dye such as trichrome if the delay is anticipated in the 
evaluation of slides. For several reasons, microscopy should not be the method of 
choice for the diagnosis of amebiasis. Microscopy requires expertise with knowledge 
of the morphology of Entamoeba  species. Still then, a knowledgeable microscopist 
may not be able to differentiate a pathogenic E. histolytica  from non-pathogenic 
E. dispar, E. moshkovskii, or E. bangladeshi with full confidence because they all 
look the same under a microscope. Microscopy has a low sensitivity (Huston et al. 
1999). Because E. histolytica  trophozoites disintegrate within 1–2 hours of stool 
production if not properly stored, it requires immediate processing of fresh stool 
samples where trophozoites are the predominant forms of the parasite. Also, since 
the amebas are not excreted in every stool uniformly, at least three consecutive stool 
samples collected within 10 days are recommended, which increases the chance of 
ameba detection by 23% (Hiatt et al. 1995). Unfortunately, microscopy remains the 
most widely used method of amebiasis diagnosis, especially in endemic countries. 
A  PubMed search on the methods used for the diagnosis of E. histolytica during 
2015–2019 shows that microscopy has been used overwhelmingly in 61.3 to 66.7% 
of studies during this period (Figure 1). 

Culture and Isoenzyme Analysis 
Unpreserved and fresh stool samples may be used to grow amebas in culture. 
However, culture is a difficult, labor-intensive, time-consuming, and yet insensitive 
and non-specific process. Most clinical laboratories do not have the capacity to 
perform Entamoeba culture processes. Entamoeba culture is performed with clinical 
(usually stool) samples in a few research laboratories. Three main cultivation methods 
used for Entamoeba culture are xenic cultivation (where the ameba is grown in the 
presence of an undefined flora, mostly bacteria), monoxenic cultivation (where the 
ameba is grown in the presence of another single species), and axenic cultivation 
(where the ameba is grown in the absence of any other living organisms). 

Culture has poor diagnostic value. Amebic culture has limited diagnostic 
value because several Entamoeba species can be found in human stools that are 
too morphologically similar to distinguish but can grow in the same culture media. 
However, culture can be an important research tool for other investigations such 
as ameba virulence, pathogenicity, and whole genome sequencing. It was the 
culture-derived isoenzyme analysis that provided the first glimpse of the evidence 
that what used to be considered “non-pathogenic E. histolytica” was indeed a separate 
species, E. dispar (Sargeaunt et al. 1978). 

Isoenzyme analysis was first used by Reeves and Bischoff (1968) to classify 
Entamoeba species. However, Sargeaunt et al. (1978) were the pioneers in 
establishing the unique isoenzyme profiles (known as zymodemes) for E. histolytica 
and E. dispar. Prior to the development of DNA-based techniques, zymodemes of 
cultured amebas were considered the gold standard for species-specific identification 
of Entamoeba infection. A major disadvantage of isoenzyme profiling is that it 



 

 
 

   

 
 

  

 

  

  

  

 

 

Molecular Diagnosis of Intestinal Amebiasis 193 

depends on the growth of the amebas in culture, which is often unsuccessful. Also, it 
is time-consuming and labor-intensive. 

Antibody Detection Tests 
Serum anti-amebic antibodies against an E. histolytica infection can persist 
for several years (Abd-Alla et al. 1998). ELISA-based assays to detect 
E. histolytica-specific antibodies have been developed and some are commercially 
available. These tests demonstrated > 90% sensitivity and specificity in different 
studies (reviewed in (Fotedar et al. 2007)). However, serologic tests have little 
diagnostic value in endemic countries because a high percentage of asymptomatic 
individuals may have antibodies against E. histolytica due to past exposure 
(Caballero-Salcedo et al. 1994; Gathiram and Jackson 1987). In contrast, serologic 
tests are useful in non-endemic countries where people do not have high baseline 
antibody levels against E. histolytica (Ohnishi and Murata 1997; Weinke et al. 1989). 
Recently Moss et al. (2014) developed a high throughput multiplex, bead-based 
assay to detect serologic responses to multiple diarrhea-causing intestinal pathogens 
including E. histolytica, Giardia intestinalis, and Cryptosporidium parvum. Serologic 
tests specific for E. moshkovskii (could be an emerging pathogen), E. bangladeshi (of 
unknown pathogenicity), or E. dispar are not available. 

Antigen Detection Tests 
The amebic antigen can be detected directly in stool samples. Detection of amebic 
antigen is more sensitive than microscopy or culture simpler than the isoenzyme 
analysis, and superior to antibody detection as it detects acute infections. Antigen 
detection ELISAs are rapid and do not require expertise or sophisticated instruments 
to interpret the results. All these criteria make it suitable for diagnostic use in 
resource-limited endemic countries. 

Some of the commercially available antigen detection ELISA tests are specific 
for E. histolytica, while the others are common for both E. histolytica and E. dispar 
(Table 3). These tests showed 55 to 100% sensitivity and 93 to 100% specificity 
compared to other established tests as detected in various investigations [reviewed 
in (Fotedar et al. 2007). Among these, the TechLab E. histolytica II ELISA assay 
is approved by the US Food and Drug Administration (FDA) for diagnostic use. 
Two major limitations of the current ELISA kits are one, they do not work on 
formalin-fixed stool samples; two, they work poorly on frozen stool samples. 
Commercial ELISA kits for the species-specific detection of E. dispar, 
E. moshkovskii, or E. bangladeshi do not exist. 

ELISA-Based Point-of-Care (POC) Tests 
An E. histolytica-specific POC test was first developed by TechLab in 2006 (Leo 
et al. 2006). This test is based on the amebic adherence lectin. Compared to the 
TechLab E. histolytica II antigen detection ELISA, the POC test showed 97% 
sensitivity and 100% specificity, respectively. However, compared to real-time 
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Table 3. Commercially available antigen detection ELISA kits for diagnosis of E. histolytica 
[adapted from (Ali 2015)]. 

Name Target Ameba specificity Manufacturers Detection limit 

TechLab E. histolytica 
II ELISA 

Gal/GalNac 
lectin 

E. histolytica TechLab, 
Blacksburg, VA 

0.2–0.4 ng of 
lectin per well 

Entamoeba CELISA-
PATH 

Gal/GalNac 
lectin 

E. histolytica Cellabs Pty Ltd., 
Brookvale, Australia 

0.2–0.4 ng of 
lectin per well 

Optimum S 
Entamoeba 
histolytica antigen 
ELISA 

*SREHP E. histolytica Merlin Diagnostika, 
Berheim-Hersel, 
Germany 

Unknown 

Triage parasite panel 29-kDa 
surface 
antigen 

**E. histolytica/E. 
dispar 

BIOSITE 
Diagnostics, San 
Diego, CA 

Unknown 

ProSpecT Entamoeba 
histolytica 
microplate assay 

$EHSA E. histolytica/E. 
dispar 

REMEL Inc., 
Lenexa, KS 

40 ng/ml of 
E. histolytica-
specific antigen 

Entamoeba histolytica/ 
Entamoeba dispar 

Unknown E. histolytica/E. 
dispar 

IVD Research, 
Carlsbad, CA, USA 

Unknown 

R-Biopharm 
Ridascreen Entamoeba 
test 

Gal/GalNac 
lectin 

E. histolytica/E. 
dispar 

Darmstadt, Germany #17 E. 
histolytica or 
595 E. dispar 
per well 

TechLab E. histolytica 
II ELISA 

Gal/GalNac 
lectin 

E. histolytica TechLab, 
Blacksburg, VA 

0.2–0.4 ng of 
lectin per well 

Entamoeba CELISA-
PATH 

Gal/GalNac 
lectin 

E. histolytica Cellabs Pty Ltd., 
Brookvale, Australia 

0.2–0.4 ng of 
lectin per well 

Optimum S 
Entamoeba 
histolytica antigen 
ELISA 

*SREHP E. histolytica Merlin Diagnostika, 
Berheim-Hersel, 
Germany 

Unknown 

Triage parasite panel 29-kDa 
surface 
antigen 

**E. histolytica/E. 
dispar 

BIOSITE 
Diagnostics, San 
Diego, CA 

Unknown 

ProSpecT Entamoeba 
histolytica 
microplate assay 

$EHSA E. histolytica/E. 
dispar 

REMEL Inc., 
Lenexa, KS 

40 ng/ml of 
E. histolytica-
specific antigen 

Entamoeba histolytica/ 
Entamoeba dispar 

Unknown E. histolytica/E. 
dispar 

IVD Research, 
Carlsbad, CA, USA 

Unknown 

R-Biopharm 
Ridascreen Entamoeba 
test 

Gal/GalNac 
lectin 

E. histolytica/E. 
dispar 

Darmstadt, Germany #17 E. 
histolytica or 
595 E. dispar 
per well 

* SREHP = Serine-rich Entamoeba histolytica protein. 
** The Triage parasite panel also detects G. lamblia (target: alpha-1-giardin) and C. parvum 

(target: disulfide isomerase) in addition to E. histolytica/E. dispar. 
$ EHSA = E. histolytica-specific antigen (targeted using polyclonal antibodies). 
# According to the manufacturer. 
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PCR, the POC test was only 80% sensitive. Verke et al. (2015) evaluated a newer 
version of TechLab’s POC test, the E. histolytica QUIK CHEK test to detect  
E. histolytica-specific antigen in fecal samples from South Africa and Bangladesh. 
The performance of this newer POC test was compared to those of the commercially 
available ProSpecT  Entamoeba histolytica microplate assay (Remel) and TechLab’s  
E. histolytica II  ELISA  using un-fixed frozen stool samples. Compared to the  
E. histolytica II ELISA  and ProSpecT  microplate assay, the E. histolytica QUIK 
CHEK exhibited 98% and 97% sensitivity, respectively. Compared to E. histolytica  
II ELISA  and ProSpecT  microplate assay, the E. histolytica  QUIK CHEK exhibited 
100% specificity  with both assays. Yanagawa et al. (2020) conducted a multicenter 
cross-sectional study in Japan to evaluate the utility of the E. histolytica QUIK 
CHEK in comparison with a PCR assay. They used stool samples that had been 
submitted for O&P  examination. The overall sensitivity and specificity of the  
E. histolytica QUIK CHEK was 44.7% and 99.8%, respectively. The sensitivity 
of the E. histolytica QUIK CHEK was higher for diarrheal cases (60.0%) than  
non-diarrheal cases (27.8%). The E. histolytica QUIK CHEK assay sensitivity was 
lower for cyst-containing stools than for trophozoite-containing stools. Perhaps this 
may be explained by the fact that this assay is directed toward trophozoite-specific 
proteins. 

PCR-Based Diagnostic Testing 
Since the recognition of the “pathogenic E. histolytica” (i.e., true E. histolytica) and 
the “non-pathogenic E. histolytica” (i.e., E. dispar) as two separate species, several 
PCR-based species-specific tests have been developed for the diagnosis of amebiasis. 
These tests are highly sensitive and specific. Some of these tests are sensitive enough 
to detect a single ameba in the clinical specimens. However, one caveat is that these 
PCR-based assays require appropriate laboratory facilities, expertise and costly 
equipment which limits their use to resource-rich countries only. 

A variety of clinical specimens have been used for the detection of 
species-specific Entamoeba by PCR assays including stools, liver aspirated pus, 
blood, saliva, urine, tissue, and formalin-preserved biopsy or autopsy samples. 
Among these, stool is the most complex and often most difficult specimen type for 
the extraction of DNA prior to performing PCR assays. 

Complexity of Stool Samples 
Intestinal amebiasis is diagnosed with stool samples. Although it is easy to collect, 
the stool is considered one of the most complex specimen types for PCR-based 
diagnosis. For two reasons, stool samples must be handled with appropriate caution 
when used in the diagnosis of amebiasis. First, infected individuals may not excrete 
amebas in every stool requiring checking of at least three consecutive stools collected 
within 10 days. Second, stool samples may contain PCR inhibitors that can be co-
purified during DNA extraction if additional steps are not implemented. Components 
such as heme, bile salts, bilirubin, or complex carbohydrates in stools may act as 
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PCR inhibitors (Holland et al. 2000). DNA extraction should include steps to remove 
PCR inhibitors in order to achieve success in PCR and avoid false-negative results. 

Storage and Transportation of Stool Samples 
Appropriate storage of stool samples is critical to stabilize DNA and prevent it 
from degradation. Several PCR-compatible buffers or preservatives may be used 
to increase the shelf-life of stools prior to DNA extraction. The trophozoite form 
of Entamoeba species is not very stable outside the host environment and may 
spontaneously disintegrate rapidly. If only trophozoites are excreted in the stools, 
the processing of a sample should begin within 1–2 hours of production. If this is not 
possible, stools should either be kept frozen or stored at room temperature after adding 
PCR-compatible preservatives such as TotalFix, UniFix, EcoFix, and modified 
PVA (Zn- or Cu-based). Alternatively, stools can be mixed in potassium dichromate 
2.5% (1:1 dilution) or in absolute ethanol (1:1 dilution). Stools kept with 
preservatives such as sodium acetate-acetic acid-formalin (SAF) or formalin may 
be ideal to preserve the intact morphology of ameba for wet mount microscopy, but 
formalin may negatively impact the DNA quality and subsequent PCR detection. 
Formalin-fixed stools, however, have been used by some investigators for the 
detection of E. histolytica and E. dispar by PCR (Ogren et al. 2020; Rivera et al. 
1998; Sanuki et al. 1997). The longer a stool sample remains with formalin the greater 
DNA damage it may cause. Therefore, it is advisable to avoid formalin preservatives 
if the stool is to be used for DNA extraction and PCR. Frozen stool samples may be 
shipped to a diagnostic laboratory in frozen form using either dry-ice or plenty of 
icepacks. Stools preserved in PCR-compatible preservatives may be shipped at room 
temperature. Also, fresh stools preserved in Cary Blair medium may be shipped to a 
diagnostic laboratory at room temperature within 3 days of storage. 

Considerations for DNA Extraction 
DNA extraction is a crucial first step for achieving success in PCR. A stool 
sample suspected of Entamoeba infection may contain either trophozoite or cyst 
or both forms of the parasite. Stool samples may also contain PCR inhibitors. 
Therefore, two important factors to consider in DNA extraction. One, the extraction 
procedure should include a step to break open the rigid cyst wall of Entamoeba. 
Extraction procedures that work for the Entamoeba cysts should also work for 
the trophozoites. For cysts, a chemical, enzymatic, or mechanical shearing step is 
needed in the extraction procedure. Two, the extraction procedure should include 
steps to remove PCR inhibitors from stools. PCR inhibitors can be removed 
from stool samples in a variety of ways. Heating stool samples at 90°C for a few 
minutes may inactivate the PCR inhibitors. PCR inhibitors can also be removed 
by using absorbent substances such as polyvinylpolypyrrolidone. Some also used 
inhibition-factor-binding substances such as BSA to remove PCR inhibitors. An 
alternative way to eliminate the inhibitory effect of PCR inhibitors is by using 
inhibitor-resistance DNA polymerases during PCR. 
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Controls in DNA Extraction 
DNA extraction procedures must include appropriate controls such as negative 
and positive extraction controls. A negative extraction control ensures that 
sample-to-sample or vial-to-vial contamination has not occurred during extraction. 
A previously characterized Entamoeba-negative stool can be used as the NEC. If the 
NEC gives a positive amplification in PCR (or fluorescence signal in real-time PCR) 
this will invalidate the DNA extraction and test results, and a repeat extraction will be 
warranted. A positive extraction control (PEC) or internal control should be included 
in DNA extraction steps too. A PEC will ensure that the extraction procedure has 
worked, and a negative PCR result is not because of extraction failure. A previously 
characterized, well-preserved E. histolytica-positive stool sample may serve as a PEC. 
An Entamoeba-negative stool may also be spiked with culture lysates of E. histolytica 
(containing 102 amebas, for example) and may serve as a PEC too. Additionally, to 
ensure that the DNA quality in the stool sample is ideal for PCR, one or more human 
house-keeping genes with varying sizes may be included as an internal control. This 
internal control will ensure that a negative PCR result is not due to the degradation 
of DNA in stool samples. Finally, the test stool sample may be spiked with a known 
target (which may or may not be of ameba origin) that can serve as a control for PCR 
inhibitors. If the known target does not give an amplification, this would suggest that 
the stool sample contains PCR inhibitors. In this case, the DNA extraction must be 
repeated with a more effective protocol to remove PCR inhibitors. 

DNA Extraction Kits 
Commercially available DNA extraction kits can isolate PCR-quality DNA directly 
from stool samples. The QIAamp Stool DNA Mini Kit (Qiagen) is the most widely 
used extraction method in amebiasis (Evangelopoulos et al. 2000; Freitas et al. 
2004; Gonin and Trudel 2003; Heckendorn et al. 2002; Paglia and Visca 2004; 
Verweij et al. 2000a; Verweij et al. 2000b). It is rapid and can be performed within 
an hour. It includes both chemical (using alkaline lysis buffer) and enzymatic 
(using proteinase-K) degradation steps that work well on stool samples containing 
either a cyst or trophozoite form of Entamoeba species. Further improvements 
in the QIAamp DNA extraction procedure have been reported. These include (a) 
prewashing stools with PBS followed by resuspension in polyvinylpolypyrrolidone 
prior to proteinase-K treatment (Kebede et al. 2004), (b) an overnight incubation 
with proteinase-K and sodium dodecyl sulfate, and (c) freezing of stool samples prior 
to DNA extraction (Cnops and Esbroeck 2010). Other commercially available kits 
that have been used in Entamoeba DNA isolation are the XTRAX DNA extraction 
kit (Gull Laboratories, USA) (Evangelopoulos et al. 2000), the Extract MasterFaecal 
DNA extraction kit (Epicenter Biotechnologies, USA), and the Genomic DNA Prep 
Plus kit (A&A Biotechnology, Poland) (Myjak et al. 1997). 

Several automated DNA extraction methods are commercially available. Qiagen 
has automated the DNA extraction process using additional robotics equipment such 
as QIAcube or QIAsymphony. One caveat is the high price of these machines and 
associated maintenance costs limiting their use to resource-rich countries. Several 
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other automated DNA isolation systems are available, including magLEAD® 6gC & 
magLEAD® 12gC (Precision System Science, Japan), Freedom EVO VacS (Tecan, 
Switzerland), MagNAPure Compact (Roche, Switzerland), BioRobot EZ1 (Qiagen, 
Germany), and NucliSens easyMAG (bioMérieux, USA). However, generally, these 
have not been evaluated for extraction of DNA from stool samples, and none have 
been used for Entamoeba DNA isolation. 

Design of PCR Primers 
For both conventional and real-time PCRs, primer design is important to achieve 
success. For diagnostic purposes, primer targets should be chosen in the conserved 
DNAregions of the pathogen of interest. For E. histolytica, the small subunit ribosomal 
RNA gene (SSU rDNA) is an optimal primer target for two main reasons. First, SSU 
rDNA is maintained at several hundred copies per genome in the extrachromosomal 
episomes. Second, it is highly conserved among all the different genotypes of 
E. histolytica; yet it is distinct from other closely related Entamoeba species. 

Several primer design software tools are available with some of these 
available online for free. Alternatively, if primers are designed manually, one 
should follow basic primer design principles. For example, (i) each primer should 
comprise about 20–30 nucleotides with about 50% G+C content. (ii) For primers 
with low G+C content, a longer primer should be chosen to avoid a low melting 
temperature. Primers with a low melting temperature will likely give non-specific 
amplification. (iii) Sequences with long runs (i.e., more than three or four) of a single 
nucleotide should be avoided, if possible. (iv) Primers with secondary structure 
should be avoided. (v) Complementarity between the two primers of a pair and 
self-complementarity should be avoided. (vi) The specificity of the primer should be 
checked using basic local alignment search tool (BLAST). 

Conventional PCR 
In 1990, Edman et al. (Edman et al. 1990) first used PCR to characterize a gene 
that encodes an immuno-dominant variable surface antigen from the pathogenic 
E. histolytica and non-pathogenic E. histolytica (now known as E. dispar). This work 
led to the development of first PCR to detect and differentiate between E. histolytica 
and E. dispar in 1991 (Tannich and Burchard 1991). In 1992, at least three groups 
reported the development of PCRs for the detection of E. histolytica and E. dispar 
using culture-derived DNA (Romero et al. 1992; Tachibana et al. 1992; Cruz-Reyes 
et al. 1992). Romero et al. (Romero et al. 1992) used repetitive sequences to detect 
and differentiate between E. histolytica and E. dispar. They verified PCR products 
using non-radioactive probes. Cruz-Reyes et al. (Cruz-Reyes et al. 1992) used 
extrachromosomal ribosomal gene sequences in the PCR. ALA pus fluid was first 
used in amebiasis PCR by Tachibana et al. (Tachibana et al. 1992) using primers 
specific for a gene encoding a 30 kDa protein of E. histolytica. 

In 1993, PCR was first used in the epidemiological studies of amebiasis by 
Acuna-Soto et al. (Acuna-Soto et al. 1993). They used 201 formalin-fixed stool 
samples, 25 (12%) of which were microscopy positive for E. histolytica. PCR 
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positively detected 21 of the 25, plus an additional three microscopy negative 
samples. They were the first to report mixed infections of both E. histolytica and 
E. dispar in 14 out of 24 PCR positive samples. Ali et al. (Ali et al. 2003) first 
developed a simple nested PCR followed by verification by restriction endonuclease 
digestion to detect E. moshkovskii directly in the stool samples. No conventional 
PCR is known to detect E. bangladeshi. 

Different genomic regions have been used in various conventional PCRs. The 
success of PCR in clinical samples depends on several factors. 

i) Copy number of targets: A PCR with a multi-copy target is generally more 
sensitive than that with a single-copy target. For this reason, the multi-copy 
SSU rDNA has been the most widely used target for Entamoeba PCRs (Ito 
et al. 2014). 

ii) Size of amplicons: A shorter target is easier to amplify than a larger one (Ito et al. 
2014). In clinical samples, especially in stools, unless appropriately stored, DNA 
may undergo spontaneous degradation over time. Therefore, a PCR designed to 
amplify a shorter target would have more chance of success than that with a 
larger target. 

iii) Cyclic conditions: Optimization of the thermal cyclic conditions must occur to 
reduce the production of non-specific amplicons. 

iv) Concentration of PCR reagents: Concentrations of major PCR components 
such as primers, MgCl2, and DNA polymerase should be optimized with known 
control samples. Overall, the success of PCR will also depend on the quality of 
extracted DNA and the correct design of primers as described above. 

Since 2017, there appears to be an upward trend in the use of conventional 
PCR suggesting that it is becoming more accessible in the diagnosis of amebiasis 
(Figure 1). A list of different conventional PCRs used in the detection of E. histolytica, 
E. dispar, and E. moshkovskii is provided in Table 4. 

Real-Time PCR 
Real-time PCR is an advancement of conventional PCR. It uses fluorescence-labeled 
probes in addition to primers that provide additional specificity. The fluorescence 
signals from the probes can be monitored as the amplicons are being produced 
during PCR allowing real-time monitoring of the PCR results. Real-time PCR has 
several advantages over conventional PCR: (i) it has a faster turnaround time (Ito 
et al. 2014); (ii) it is more sensitive and specific; and (iii) it does not require post-
PCR processing of amplicons to interpret the data, which eliminates post-processing 
amplicon contamination. 

Blessmann et al. first developed a real-time PCR for the detection of 
E. histolytica and E. dispar based on the SSU rDNA sequences using the LightCycler 
probes (Blessmann et al. 2002). The real-time PCR was highly sensitive and could 
detect 0.1 trophozoite-equivalent per gram of feces for both E. histolytica and 
E. dispar. Since then several other real-time PCRs have been developed using 
primers (and probes) located almost exclusively in the SSU rDNA genes (Table 5). 



 
 

200 
D

iagnosis of Pathogenic M
icroorganism

s C
ausing Infectious D

iseases 
Table 4. Primers used for conventional PCR for E. histolytica, E. dispar, and E. moshkovskii [adapted from (Ali 2015)].

Assay type Gene target or name Primer name *Primer sequence (5′→3′) **References 

Triplex Cysteine protease-8 EHCP8-S1a ATTTGTTAAGTATTGTAAATGGG (Bahrami et al. 2019)

EHCP8-As1a ATTGTAACCTTTCATTGTAACAT

Singleplex Conserved sequences P1-S17a GCAACTAGTGTTAGTTA (Tannich and Burchard 1991)

P1-AS20a CCTCCAAGATATGTTTTAAC

30-kDa protein P11a GGAGGAGTAGGAAAGTTGAC (Tachibana et al. 1991)

P12a TTCTTGCAATTCCTGCTTCGA

P13b AGGAGGAGTAGGAAAATTAGG

P14b TTCTTGAAACTCCTGTTTCTAC

DNA highly repetitive sequences EHP1a TCAAAATGGTCGTCGTCTAGGC (Romero et al. 1992)

EHP2a CAGTTAGAAATTATTGTACTTTGTA

EHNP1b GGATCCTCCAAAAAATAAAGT

EHNP2b CCACAGAACGATATTGGATACC

SSU rDNA Psp Fa GGCCAATTCATTCAATGAATTGAG (Clark and Diamond 1992)

Psp Ra CTCAGATCTAGAAACAATGCTTCTC

NPspFb GGCCAATTTATGTAAGTAAATTGAG

NPspRb CTTGGATTTAGAAACAATGTTTCTTC

P1 a TCAAAATGGTCGTCGTCTAGGC (Acuna-Soto et al. 1993)

P2 a CAGTTAGAAATTATTGTACTTTGTA

NP1b GGATCCTCCAAAAAATAAAGTTT

NP2b ATGATCCATAGGTTATAGCAAGACA

RD5c GGAAGCTTATCTGGTTGATCCTGCCAGTA (Zaman et al. 2000)

RD3c GGGATCCTGATCCTTCCGCAGGTTCACCTAC 
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Eh5a GTACAAAATGGCCAATTCATTCAATG (Troll et al. 1997)

Eh3a CTCAGATCTAGAAACAATGCTTCTCT

Ed5b GTACAAAGTGGCCAATTTATGTAAGT

Ed5b ACTTGGATTTAGAAACAATGTTTCTTC

EH1a GTACAAAATGGCCAATTCATTCAATG (Gonin and Trudel 2003)

ED1b TACAAAGTGGCCAATTTATGTAAGTA

EHD2c ACTACCAACTGATTGATAGATCAG

Hemolysin gene (HLY6) LSU 
rRNA 

EH6Fa GACCTCTCCTAATATCCTCGT (Zindrou et al. 2001)

Eh6Ra GCAGAGAAGTACTGTGAAGG

30-kDa protein HF c AAGAAATTGATATTAATGAATATA (Hooshyar et al. 2004)

HRc ATCTTCCAATTCCATCATCAT

Duplex Cysteine proteinase Ehcp6Fa GTTGCTGCTGAAGAAACTTG (Freitas et al. 2004)

Ehcp6Ra GTACCATAACCAACTACTGC

Actin gene Act3Fc GGGACGATATGGAAAAGATC

Act5Rc CAAGTCTAAGAATAGCA TGTG

Nested SSU rDNA EH1a GTACAAAATGGCCAATTCATTCAATG (Gonin and Trudel 2003)

ED1b TACAAAGTGGCCAATTTATGTAAGTA

EHD 2c ACTACCAACTGATTGATAGATCAG

SSU rDNA EH-1c TTTGTATTAGTACAAA (Katzwinkel-Wladarsch et al.
1994)EH-2c GTA(A/G)TATTGATATACT

EHP-1a AATGGCCAATTCATTCAATG

EHP-2a TCTAGAAACAATGCTTCTCT

EHN-1b AGTGGCCAATTTATGTAAGT

EHN-2b TTTAGAAACAATGTTTCTTC 

Table 4 contd. ... 
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Assay type Gene target or name Primer name *Primer sequence (5′→3′) **References 

SSU rDNA E1 c TGCTGTGATTAAAACGCT (Evangelopoulos et al. 2000)

E2 c TTAACTATTTCAATCTCGG

Eh-La ACATTTTGAAGACTTTATGTAAGTA

Eh-Ra CAGATCTAGAAACAATGCTTCTCT

Ed-Lb GTTAGTTATCTAATTTCGATTAGAA

Ed-Rb ACACCACTTACTATCCCTACC

SSU rDNA Outer 1Fc GAAATTCAGATGTACAAAGA (Hung et al. 2005)

Outer 1Rc CAGAATCCTAGAATTTCAC

Eh1a AAGCATTGTTTCTAGATCTG

Eh2a CACGTTAAAAGAGGTCTAAC

Ed1b AAACATTGTTTCTAAATCCA

Ed2b ACCACTTACTATCCCTACC

SSU rDNA Em-1d CTCTTCACGGGGAGTGCG (Ali et al. 2003) 

Em-2d TCGTTAGTTTCATTACCT

nEm-1d GAATAAGGATGGTATGAC

nEm-2d AAGTGGAGTTAACCACCT

Multiplex SSU rDNA EntaFe ATGCACGAGAGCGAAAGCAT (Hamzah et al. 2006)

Eh-Ra GATCTAGAAACAATGCTTCTCT

Ed-Rb CACCACTTACTATCCCTACC

EmRd TGACCGGAGCCAGAGACAT

SSU rDNA EhP1a CGATTTTCCCAGTTAGAAATTA (Nunez et al. 2001)

EhP2a CAAAATGGTCGTCGTCTAGGC

EdP1b ATGGTGAGGTTGTAGCAGAGA

EdP2b CGATATTGGATACCTAGTACT 

...Table 4 contd. 



 

 

  

  

SSU rDNA EH-1a AAGCATTGTTTCTAGATCTGAG (Khairnar and Parija 2007)

EH-2a AAGAGGTCTAACCGAAATTAG

Mos-1d GAAACCAAGAGTTTCACAAC

Mos-2d CAATATAAGGCTTGGATGAT

ED-1b TCTAATTTCGATTAGAACTCT

ED-2b TCCCTACCTATTAGACATAGC

SSU rDNA Eg-SS-F1e TGTGATTAAAACGCTCGTAGTTGAA (Foo et al. 2012) 

Eg-SS-CR1e CTCGTTCGTTACCGGAATTAACC

Eh-SS-F1a GAAGCATTGTTTCTAGATCTGA

Ed-SS-F7b AATGCTGAGGAGATGTCAGTT

SSU rDNA P1 5’a ATGCACGAGAGCGAAAGCAT (Singh et al. 2011)

P2 5’a GATCTAGAAACAATGCTTCTCT

SSU rDNA E1 c TAGGATGAAACTGCGGACGGT (Intarapuk et al. 2009)

E2 c AGCCTTGTGACCATACTCCC

SSU rDNA Eh-fa AACAGTAATAGTTTCTTTGGTTAGTAAAA (Solaymani-Mohammadi et al.
2007)Ehra CTTAGAATGTCATTTCTCAATTCAT

SSU rDNA EntaF2a CGATCAGATACCGTCGTAGTCC (Lamien-Meda et al. 2020)

Eh-Ra GATCTAGAAACAATGCTTCTCT

a = specific for E. histolytica; b = specific for E. dispar; c = common for E. histolytica and E. dispar; d = specific for E. moshkovskii; e = Entamoeba species 
broad-spectrum.
* In some of the multiplex PCR, besides E. histolytica, E. dispar, or E. moshkovskii other pathogens were included in the PCR panel. However, for simplicity primers 

specific to these Entamoeba species are included in this Table. ** Only the original references describing the development of the respective PCRs are shown. 
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Table 5. Real-time PCR primer and probe information [adapted from (Ali 2015)].

Assay type Gene target Primer or probe *Sequence (5′→3′) **References 

LightCycler SSU rDNA Eh-S26Ca GTACAAAATGGCCAATTCATTCAACG (Blessmann et al.
2002)Ed-27 Cb GTACAAAGTGGCCAATTTATGTAAGCA

Eh-Ed-AS25c GAATTGATTTTACTCAACTCTAGAG

Eh/Ed-24LC-Red 640c LC-Red-640-TCGAACCCCAATTCCTCGTTATCCp

Eh-Ed-25-Fc FL-GCCATCTGTAAAGCTCCCTCTCCGAX

TaqMan SSU rDNA Eh-196Fa AAATGGCCAATTCATTCAATGA (Desoubeaux et al.
2014)Eh-294Ra CATTGGTTACTTGTTAAACACTGTGTG

Eh-245a FAM-AGGATGCCACGACAA-NFQ

TaqMan SSU rDNA F_ehis_02a AGACGATCCAGTTTGTATTAG (Mero et al. 2017)

R_ehis_02a GGCATCCTAACTCACTTAG

P_ehis_02a JOEN/ACAAAATGGCCAATTCATTCAATGAA/3IABkFQ

TaqMan SSU rDNA E. histolytica forwarda GCGGACGGCTCATTATAACA (Won et al. 2016)

E. histolytica reversea TGTCGTGGCATCCTAACTCA

E. histolytica probea VIC-AAATGGCCAATTCATTCAATG-non-fluorescent quencher MGB

TaqMan 
(Duplex) 

SSU rDNA Ehd-239Fc ATTGTCGTGGCATCCTAACTCA (Verweij et al. 
2003)Ehd-88Rc GCGGACGGCTCATTATAACA

Histolytica-96Ta VIC-TCATTGAATGAATTGGCCATTT- nonfluorescent quencher

dispar-96Tb FAM–TTA CTT ACA TAA ATT GGC CAC TTTG-non-fluorescent quencher

TaqMan SSU rDNA E. histolytica forwarda AACAGTAATAGTTTCTTTGGTTAGTAAAA (Verweij and van 
Lieshout 2011)E. histolytica reversea CTTAGAATGTCATTTCTCAATTCAT

E. histolytica probea ROX—ATTAGTACAAAATGGCCAATTCATTCA—IBRQ 
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green 

SSU rDNA PSP5a GGCCAATTCATTCAATGAATTGAG (Qvarnstrom et al.
2005)PSP3a CTCAGATCTAGAAACAATGCTTCTC

NPSP5b GGCCAATTTATGTAAGTAAATTGAG

NPSP3b CTTGGATTTAGAAACAATGTTTCTTC

Molecular
beacon 

SSU rDNA Eh-fa AACAGTAATAGTTTCTTTGGTTAGTAAAA (Roy et al. 2005) 

Ehra CTTAGAATGTCATTTCTCAATTCAT

Molecular beacona Texas Red-GCGAGC-ATTAGTACAAAATGGCCAATTCATTCA-GCTCGC-dR Elle

LightCycler
(Multiplex
real-time
PCR) 

SSU rDNA EhdmFf CGAAAGCATTTCACTCAACTG (Hamzah et al.
2010)EhdmRf TCCCCCTGAAGTCCATAAACTC

Ehdm-FLf 5′FluoresceinLabel-ACT ATA AAC gAT gTC AAC CAA ggA TTg gAT gAAA-FITC-3′

Ehd-640c 5′LCRed640-TCA gAT gTA CAA AgA TAg AgA AgC ATT gTT TCTA-phosphate-3′

Em-705e 5′LCRed705-AAg AAA TTC gCg gAT gAA gAA ACA TTg TTT-phosphate-3′

TaqMan SSU rDNA Eh-fa AACAGTAATAGTTTCTTTGGTTAGTAAAA (Haque et al. 2010)

Eh-ra CTTAGAATGTCATTTCTCAATTCAT

Eh-YYTa 5’YYT-ATT AGT ACA AAC TGG CCA ATT CAT TCA-Eclipse3’

TaqMan Episomal
repeats 

Histolytica-50Fa CATTAAAAATGGTGAGGTTCTTAGGAA (Verweij et al. 
2003)Histolytica-132Ra TGGTCGTCGTCTAGGCAAAATATT

Histolytica-78Ta FAM-TTGACCAATTTACACCGTTGATTTTCGGA-Eclipse Dark quencher

Dispar-1Fb GGATCCTCCAAAAAATAAAGTTTTATCA

Dispar-137Rb ATCCACAGAACGATATTGGATACCTAGTA

Dispar-33b HEX-UGGUGAGGUUGUAGCAGAGAUAUUAAUU-TAMRA 

Table 5 contd. ... 



 

 

 

206 
D

iagnosis of Pathogenic M
icroorganism

s C
ausing Infectious D

iseases 

Assay type Gene target Primer or probe *Sequence (5′→3′) **References 

Multiplex
SYBR
Green 

Tandem 
repeats in
circular
rDNA
episome 

EhP1a CGATTTTCCCAGTTAGAAATTA (Gomes Tdos et al. 
2014)EhP2a CAAAATGGTCGTCGTCTAGGC

EdP1b ATGGTGAGGTTGTAGCAGAGA

EdP2b CGATATTGGATACCTAGTACT

Tetraplex 
TaqMan 

SSU rDNA Ehd-88Rh GCGGACGGCTCATTATAACA (Ngobeni et al.
2017)EM-RT-F2h GTCCTCGATACTACCAAC

E. histolyticaa FAM-TCATT+GAATGAATTGGCCATTTi 

E. disparb HEX-ACTTA+CATAAATTGGCCAACTTTi 

E. moshkovskiie Quasar670-CCGTGAAGAGAGTGGCCGAi 

E. bangladeshig Texas Red-CCTTACAGAG+TATGGCCAATTTi 

Tetraplex 
TaqMan 

SSU rDNA EhF3 a CAGTAATAGTTTCTTTGGTTAGTAAAA (Ali and Roy
2020)EhR3 a CTTAGAATGTCATTTCTCAATTCAT

EhP3 a HEX-GTTTGTATTAGTACAAAATGGC-BHQ1

EdF3 b CAGTAATAGTTTCTTTGGTTAGTAAAG

EdR3 b CTTAGAATGTCATTTCTCAATTTAC

EdP3n1b Cy5-GTATTAGTACAAAGTGGCCAA-BHQ3

EmF4 e CAGATGGCTACCACTTCTAC

EmR4 e GATTTCGTAAGAGTATTTACTTCT

EmP4 e FAM-CTCGAGGTGGTTAACTCCAC-BHQ1

EbF2 g GTTTCTAGAGATGTGATAATGG

EbR2 g CAATATTGTCCCATGCTTGAATATC

EbP2 g TAMRA-GGGTGTTTAAAGCAAAACATTAA-BHQ2 

...Table 5 contd. 



 

 

  

  

 

Multiplex
tandem real-
time PCR
(MT-rtPCR) 

# Pxr Not available Not available (Stark et al. 2011) 

Artus
(Hamburg, 
Germany)
real-time
LC-PCR kitd 

# Unknown Not available Not available (Furrows et al.
2004) 

# 5’ and 3’ modifications indicate a probe sequence. Sequences that do not have any modifications are primers. 
a = Specific for E. histolytica. b = Specific for E. dispar. c = Common for E. histolytica and E. dispar. d = Discontinued. e = Specific for E. moshkovskii. f = Common 
for E. histolytica, E. dispar, and E. moshkovskii. g = Specific for E. bangladeshi. h = common for E. histolytica, E. dispar, E. moshkovskii, and E. bangladeshi. i = Each 
“+” indicates the location of a “locked” nucleotide [for details, see (Kumar et al. 1998)]. SSU rDNA = Small subunit ribosomal RNA gene. #Gene targets or primer/probe 
sequences were not revealed due to licensing issues.
* In some of the multiplex real-time PCR, besides E. histolytica, E. dispar, or E. moshkovskii other pathogens were included in the PCR panel. However, for simplicity 

primers specific to these Entamoeba species are included in this Table. 
** Only the original references describing the development of the respective PCRs are shown. 
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Most of the real-time PCRs target only E. histolytica, or E. histolytica  plus E. dispar. 
Few real-time PCRs target three Entamoeba species: E. histolytica, E. dispar, and  
E. moshkovskii  in stool specimens (Hamzah et al. 2010; Lau et al. 2013). Only two 
real-time PCRs have been reported to detect four Entamoeba species simultaneously: 
E. histolytica, E. dispar, E. moshkovskii, and E. bangladeshi. The first tetraplex real-
time was developed by Ngobeni et al. in 2017, which used a common pair of primers 
located in the conserved regions of Entamoeba  SSU rDNA, but used species-specific 
probes (Ngobeni et al. 2017). The second tetraplex real-time PCR was developed 
by Ali and Roy in 2020, which used four sets of species-specific primers and 
probes located in the SSU rDNA  (Ali and Roy 2020). It could detect Entamoeba  
DNA  originating from 0.1 trophozoite-equivalent per reaction.  Detection of DNA  
originating from just 0.1 trophozoite is not surprising given the hundreds of copies of 
target SSU rDNA  molecules per ameba genome (Bhattacharya et al. 1988). In mixed 
infection scenarios, this real-time PCR could detect E. histolytica  DNA  in the excess 
of up to 10-fold more DNA  from another Entamoeba  species. Another advantage of 
this tetraplex real-time PCR is the smaller amplicon sizes (132–145 bp) compared to 
those of Ngobeni et al. (250 bp each), which gives it increased sensitivity compared 
to the other tetraplex real-time PCR (Varga and James 2006). Perhaps the most 
important advantage of the Ali and Roy tetraplex real-time PCR over the Ngobeni  
et al. is that it can be used in conventional PCR format in the absence of real-time 
PCR equipment  and expertise as it uses species-specific primers. This would be 
useful in many resource-limited countries where real-time PCR is not feasible. 

Several groups developed real-time PCR to detect E. histolytica and two other 
diarrhea-causing parasites, Cryptosporidium and Giardia species (Verweij et al. 
2004; McAuliffe et al. 2013; Soonawala et al. 2014; Taniuchi et al. 2011; Van Lint 
et al. 2013). It is also commercially available in kit format from Fast-Track Diagnostics 
Ltd., Malta. Stark et al. (2014) evaluated a commercially available EasyScreen™ 
enteric parasite detection real-time PCR kit (Genetic Signatures, Sydney, Australia) 
for the detection of Entamoeba species, Blastocystis species, Cryptosporidium 
species, D. fragilis, and G. intestinalis from clinical stool samples. The kit was 
rapid and exhibited 92–100% sensitivity and 100% specificity in detecting these 
five clinically important human parasites compared to individual PCRs. However, 
one major limitation of this kit is that it uses a broad-spectrum Entamoeba primer 
which does not differentiate between pathogenic E. histolytica and non-pathogenic 
Entamoeba species. A list of real-time PCRs used in the detection of E. histolytica, 
E. dispar, E. moshkovskii and E. bangladeshi with primer and probe sequences is 
provided in Table 5. 

Recent Advancement in E. histolytica Diagnostics 
Several novel techniques have been developed recently for the diagnosis of 
E. histolytica. Some of the most promising ones are briefly discussed below. 
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BIOFIRE® FILMARRAY® Gastrointestinal (GI) Panel 
The BIOFIRE® FILMARRAY® GI Panel is a closed, multiplexed, and real-time 
PCR-based nucleic acid detection system that allows rapid and automated 
identification of 22 common gastrointestinal pathogens that cause diarrhea including 
viruses (both DNA and RNA viruses), bacteria, and parasites. The parasites included 
in the GI panel are E. histolytica, Giardia lamblia, Cryptosporidium, and Cyclospora 
cayetanensis. It detects nucleic acids from these pathogens directly in stool samples 
transported in Cary Blair medium from symptomatic GI patients. 

The NanoCHIP® Gastrointestinal Panels (GIP) 
This assay is performed on the NanoCHIP® platform, which is an automated 
and qualitative in vitro diagnostic test for the direct detection and differentiation 
of human diarrheal bacteria and parasites in stool specimens from symptomatic 
patients. The parasites in the panel include E. histolytica, E. dispar, Giardia 
lamblia, Cryptosporidium spp., Dientamoeba fragilis, and Blastocystis hominis. 
The test is performed directly on extracted DNA from stool specimens. It detects 
species-specific DNA to characterize an organism in the panel. The test is intended 
to be used in the clinical laboratory in healthcare settings. 

ImmunoCardSTAT CGE Rapid Antigen Detection 
ImmunoCardSTAT CGE (Meridian Bioscence, Milan, Italy) is a rapid 
immunochromatographic assay for the qualitative detection of Cryptosporidium 
parvum, Giardia intestinalis, and E. histolytica. One study (Formenti et al. 2015) 
compared the ImmunoCardSTAT CGE test results with those of a real-time PCR 
that was specific for E. histolytica and E. dispar. The ImmunoCard rapid antigen 
detection test exhibited 88% sensitivity and 92% specificity compared to the 
real-time PCR but cross-reacted with E. dispar. 

Single Chain Fragment Variable (scFv) Probes 
One group has developed an assay using the scFv probes for E. histolytica (Gray et al. 
2012). The scFv probes are proteins that are antibody-like molecules expressed on the 
surface of Saccharomyces cerevisiae. This assay was directed toward E. histolytica 
cyst antigen and had comparable sensitivity to that of a monoclonal antibody-based 
ELISA (Lozano et al. 2012). However, one caveat is that the scFv molecules are 
insoluble and often too large for diagnostic application. Additionally, they need a 
labeled secondary antibody to detect the specific amebic antigen. The same group 
has further improved the previous system by using cell-wall fragments of selected 
scFv clones (Grewal et al. 2013) and made it a label-free antigen detection system 
(Grewal et al. 2014). The new method is rapid, more cost-effective than that of the 
mouse mAb production, and shows promise as an effective diagnostic tool. 
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Luminex Assay 
Luminex is a high throughput multiplex assay, where fluorescently labeled beads 
are used to produce a specific spectral identifier. Pathogen-specific oligonucleotides 
are conjugated to the surface of beads in PCR-based Luminex assays to capture 
pathogen DNA during PCR. A major advantage of the Luminex technology is that 
it can detect up to several hundred proteins or genes in a single assay using a very 
small volume of samples. 

Several Luminex assays have been developed to detect E. histolytica. In 2011, 
Taniuchi et al. developed a real-time PCR-based Luminex assay to simultaneously 
detect seven intestinal parasites, including E. histolytica (Taniuchi et al. 2011). The 
Luminex assay could detect as low as 10 E. histolytica trophozoites in 200 mg of 
stool like that of the parent real-time PCR assays (Taniuchi et al. 2011). Santos et al. 
(2013) developed a Luminex test for the simultaneous detection of five Entamoeba 
species that infect humans—E. histolytica, E. dispar, E. moshkovskii, E. coli, and 
E. hartmanni (Santos et al. 2013). Wessels et al. (Wessels et al. 2014) reported the 
successful development of a multiplex Luminex Gastrointestinal Pathogen Panel 
(xTAG GPP) that can detect 15 of the most common gastrointestinal pathogens 
or toxins including E. histolytica. The advantage of the Luminex assay is that it 
is a highly sensitive method and allows simultaneous screening of a large panel of 
pathogens. However, Luminex instruments are expensive and require expertise to 
run them, which is often absent in amebiasis-endemic countries, limiting its use in 
research laboratories in resource-rich countries. 

Loop-Mediated Isothermal Amplification (LAMP) 
LAMP is a simple, closed-tube, DNA amplification technique for the detection of 
a specific DNA at a constant temperature (Notomi et al. 2000). Unlike PCR which 
requires just two primers, the LAMP technique requires four to six primers, which 
provides increased sensitivity and productivity. As a byproduct of amplification in 
LAMP, a large quantity of magnesium pyrophosphate is produced which causes a 
drop in pH and introduces turbidity in the solution. The turbidity of the solution can 
be determined via photometry or can be seen with the naked eye. There are various 
ways to detect LAMP amplicons as well. These include the use of colorimetric dyes 
such as malachite green or hydroxy naphthalene that are sensitive to specific pH 
ranges. SYBR green dye can be used that binds DNA molecules. Real-time detection 
of LAMP products is also possible using an intercalating fluorescence dye such as 
SYTO 9 (Njiru et al. 2008). 

LAMP is simple and inexpensive, and it does not require sophisticated 
instrumentation or expertise. LAMP assay is sensitive and specific. It does not require 
post-amplification manipulation to detect the results minimizing contamination 
issues. Also, LAMP assay is more tolerant to sample matrix inhibitors than PCR 
assay. All these criteria make the LAMP assay suitable for diagnostic use in 
resource-limited countries. However, a major disadvantage of LAMP is that the 
amplification products are not suitable for cloning or other molecular biology 
applications. 
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Liang et al. (2009) developed the first LAMP  assay specific for E. histolytica 
based on the SSU rDNA  gene and compared its performance with that of a nested 
PCR based also on the SSU rDNA  gene. Both tests could detect as few as one 
amebae per reaction. Rivera and Ong (2013) developed an E. histolytica-specific 
LAMP  assay based on the hemolysin gene HLY6, which is a single-copy gene in 
the genome. This LAMP  assay could detect as few as five amebas per reaction. 
Foo et al. (2017) developed the first triplex LAMP  assay to detect E. histolytica,  
E. dispar,  and E. moshkovskii. The LAMP  primers are designed from the Serine-rich 
E. histolytica  protein (SREHP) gene for E. histolytica, and SSU rDNA  sequences of 
E. dispar and E. moshkovskii. It is a “dry-reagent LAMP” assay that does not require 
its reagents to be maintained in frozen form by using a deglycerolized form of the 
Bst DNA  polymerase prior to lyophilizing all the LAMP  reagents in the master mix. 
They further utilized the nitrocellulose membrane-based lateral flow immunoassay 
strip technology  for the simultaneous detection of E. histolytica, E. dispar, and  
E. moshkovskii. While E. histolytica  produces a unique line in the lateral flow strip, 
both E. dispar and E. moshkovskii  produce a line that is different  from E. histolytica 
but identical to each other (i.e., E. dispar and E. moshkovskii  cannot be differentiated 
by this assay). A  major criticism of this assay is the use of a single-copy SREHP  gene 
as a target for E. histolytica, resulting in reduced sensitivity—the limit of detection 
is 10 amebas per reaction. Nevertheless, this LAMP  assay has added advantages for 
use in resource-limited endemic countries because of its simple results interpretation 
and increased reagent stability. 

TaqMan Array Card 
TaqMan Array Card (TAC) is a high throughput platform developed by Life 
Technologies that enables spatial multiplexing of up to 384 targets to perform 
simultaneous real-time PCR reactions. Liu et al. (2013) first utilized the TAC 
platform for the simultaneous detection of E. histolytica and 18 other most common 
diarrhea-causing enteropathogens including 5 viruses, 9 bacteria, and 4 parasites. 
Using clinical stool samples from Haydon, Tanzania and Mirpur, Bangladesh, TAC 
showed 98% sensitivity and 96% specificity for the detection of E. histolytica when 
compared to the PCR-Luminex assays (Taniuchi et al. 2011). Overall, TAC is faster than 
conventional PCR. It is accurate, and it allows the quantitative detection of multiple 
pathogens. TAC is thus well suited for clinical or epidemiological investigations. 
The caveats of TAC are that it requires expensive setup and maintenance costs and, 
therefore, is not feasible in resource-limited countries. 

Broad-Spectrum Entamoeba PCR Coupled With Pyrosequencing 
Stensvold et al. (2010) utilized a single-round PCR designed to amplify a 252 bp 
region of E. histolytica, E. dispar, and E. moshkovskii based on the SSU rDNAs. 
Although the primers were in the conserved regions, species-specific single 
nucleotide polymorphisms (SNPs) were present in the amplified products. PCR was 
coupled to pyrosequencing for the detection of members of the Entamoeba complex. 
This technique was used on 102 stool samples from patients from Sweden, Denmark, 
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and the Netherlands. Results of pyrosequencing were compared to that of a duplex 
real-time PCR for the diagnosis of E. histolytica and E. dispar, and a conventional 
PCR for the diagnosis of E. moshkovskii. Overall, pyrosequencing, real-time PCR, and 
conventional PCR showed excellent agreement in the detection of 17 E. histolytica, 
86 E. dispar, and one mixed infection of both species. No E. moshkovskii infection 
could be detected in those stool samples by either of these tools. By choosing primers 
in the conserved regions of SSU rDNA from a broad range Entamoeba species, 
where species-specific SNPs would be present internally in the amplicons, a similar 
technique can be used to detect potentially novel species of Entamoeba directly in 
stool-derived DNA without prior need of cultivation. 

Conclusions and Future Direction 
Stool O&P (microscopy) examination remains a primary means of diagnosis for the 
detection of E. histolytica and other intestinal parasites in most endemic countries 
despite its major limitations in sensitivity and specificity. Molecular diagnostic 
tools capable of species-specific detection of Entamoeba species, as well as other 
intestinal parasites commonly identified by microscopy, are urgently needed for 
clinical laboratories. The FDA-approved, highly multiplexed Luminex xTAG GPP 
has the potential to meet this need. The xTAG GPP detects common diarrhea-causing 
parasites E. histolytica, Giardia, and Cryptosporidium and numerous other bacterial 
and viral pathogens. However, molecular assays like this would require a laboratory 
with proficiency in molecular testing, limiting their use to major academic hospitals 
and reference laboratories. Alternatively, tools that provide a direct diagnosis from 
unprocessed samples, such as the BioFire Diagnostics in FilmArray platform can be 
used in virtually any laboratory setting although there would be initial setup expenses 
and subsequent maintenance costs. Another alternative to these advanced multiplex 
PCR-based assays or even conventional or real-time PCR would be the LAMP assay, 
especially for resource-limited countries. 

Antigen detection ELISAs or lateral flow immunological POC assays can be 
good alternatives to PCR-based tests in resource-limited settings. The existing  
E. histolytica antigen detection  ELISA  or POC tests are designed to detect proteins 
predominantly expressed in the trophozoite form of the ameba. Therefore, a  
cyst-directed ELISA  is still needed. This is important because a majority of the  
E. histolytica-infected individuals are asymptomatic and excrete predominantly the 
cyst form of the ameba in their stools. From a clinical point of view, a stage-neutral 
ELISA  or POC test (i.e., one that works for both ameba stages) would be ideal. 
Currently, species-specific antigen detection ELISA  or POC tests are not available 
for E. dispar, E. moshkovskii, or E. bangladeshi. These tests would be useful in 
understanding the true epidemiology of these amebae separately and the pathogenicity 
of E. moshkovskii and E. bangladeshi. Development of these assays in traditional 
ways would need production of monoclonal antibodies in mice, which is expensive 
and time-consuming. However, the development cost could be substantially reduced 
if yeast-scFv affinity reagents can be used. 

Most of the current diagnostic methods are based on species-specific targets, 
which makes them inherently unsuitable for detection of novel pathogens. Next 
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generation sequencing (NGS) approaches are needed to discover novel pathogens 
directly in the clinical samples without needing to culture them in selective media. 
The NGS approach will have two major advantages. First, it would eliminate the bias 
introduced by growing a selective pathogen in culture. Secondly, it would identify 
strains and species that are non-culturable at present. With significant improvement 
in the sensitivity and coverage, and substantial decrease in the sequencing cost, NGS 
will play a central part in future diagnostic needs and research priorities. 
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Chapter 7 

Recent Developments in  
the Diagnosis and Detection 

of the Zoonotic Parasite 
Toxoplasma gondii Causing 

Foodborne Disease  
and Outbreaks# 

S. Almeria1,* and J.P. Dubey2 

Introduction: Importance of Toxoplasma gondii Infection and 
Ways of Transmission 
Toxoplasmosis is a zoonotic disease of global distribution caused by the protozoan 
parasite Toxoplasma gondii, the only species in the Toxoplasma genus. Toxoplasma 
remarkably can infect virtually every warm-blooded animal, including humans 
and livestock, as intermediate hosts (IH) (Dubey 2010). Felids (domestic and 
wild) are the definitive hosts (DH), and the only hosts able to eliminate oocysts 
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from the environment. Toxoplasma gondii is considered one of the most important 
foodborne and waterborne parasites of veterinary and medical infections (Jones and 
Dubey 2010; Havelaar et al. 2012; Hoffmann et al. 2012; Jones and Dubey 2012;  
FAO/WHO 2014; Torgerson et al. 2015; Opsteegh et al. 2016; Gisbert Algaba et al. 
2017). Based on the disease burden expressed in Quality or Disability Adjusted Life 
Years (DALY), T. gondii ranked second out of 14 foodborne pathogens in the USA  
(Batz et al. 2012), and first in the Netherlands (Havelaar et al. 2012). Furthermore, 
an FAO/WHO report considered T. gondii as the fourth more important parasite in 
the world (FAO/WHO 2014). In addition, it has been estimated that about one-third 
of human beings are chronically infected by this pathogen (Moncada and Montoya 
2012; Rostami et al. 2020). 

The transmission of T. gondii in the IH may result from the ingestion of tissue 
cysts in raw or undercooked meat (by carnivorous and/or omnivorous species), 
ingestion of contaminated raw vegetables or water with T. gondii oocysts from cat 
feces (the main way of transmission in herbivores), and by vertical or transplacental 
transmission in all IH species (Table 1; Figure 1) (Dubey 2010; Yan et al. 2016). This 
parasite has been incriminated as one of the most fatal foodborne pathogens in the 
USA (Scallan et al. 2011). In a European multicenter case-control study, 30 to 63% 
of infections in pregnant women were attributed to ingestion of meat, whereas 6 to 
17% were most likely soil-borne (Cook et al. 2000); however, this study is more than 
two decades old. 

Oocysts in the environment are excreted only by felids, domestic and wild 
cats. However, a single cat may excrete millions of oocysts into the environment 
in a matter of a few days (Dubey 2010). Felids eliminate oocysts unsporulated 
(noninfectious) and oocysts sporulate in the environment and become infectious for 
all warm-blooded hosts. Sporulated oocysts can persist for months or years in the 
environment (Dubey 2010). 

Consumption of contaminated non-properly or undercooked meat, particularly 
pork and lamb, has been ascribed as the major risk factor for the acquisition of 
toxoplasmosis in humans (Weiss and Dubey 2009; Dubey et al. 2020a, b, c) with 

Table 1. Toxoplasma gondii infective stages and role in the transmission of infection for humans and 
animals. 

Infective 
Stage 

Type of Multiplication 
Localization in Host 

Role in Transmission 

Tachyzoite Fast asexual multiplication (acute 
infection) intracellular in multiple 
organs and tissues 

Vertical transmission (from mother to fetus). 
In rare occasions ingestion, via seminal or 
ocular 

Bradyzoite (in 
tissue cysts) 

Slow asexual multiplication 
(subacute infection) in cysts and 
pseudocysts in tissues including 
brain, muscle, and liver 

Horizontal transmission by food ingestion of 
muscle tissues raw or undercooked 

Sporulated 
oocysts 

Sexual multiplication of the parasite 
in the small intestine epithelial cells 
of felines 

Resistance forms in the environment. 
Transmission to Intermediate host by 
ingestion of water, fruits, vegetables, and/or 
plants contaminated with sporulated oocysts 



 

 

224 Diagnosis of Pathogenic Microorganisms Causing Infectious Diseases 

Figure 1.  Toxoplasma gondii life cycle (Courtesy of Dr. Dubey). 

unpasteurized goat’s milk, vegetables, plants, and water, thus being linked to both 
food and water-borne transmission (Jones and Dubey 2010; Jones and Dubey 2012; 
Torgerson et al. 2015; Hill and Dubey 2016). Improved animal husbandry practices 
as well as increased awareness of the risks of consuming undercooked meat have 
resulted in a decreased prevalence of toxoplasmosis worldwide in the last decades. 
Transplacental or congenital transmission from the mother to the fetus occurs when 
tachyzoites pass through the placenta during pregnancy. In women and livestock 
species, the vertical transmission risk during pregnancy increases with gestational 
age. However, fetal damage is more severe in mothers who become infected early 
in pregnancy (Robert-Gangneux and Darde 2012; Fricker-Hidalgo et al. 2017). 
Primary infections early in the pregnancy can lead to abortion, fetal death, stillbirths, 
and congenitally infected progeny (McLeod et al. 2020; Peyron et al. 2016). 
The severity of congenital toxoplasmosis in alive infected progeny ranges from 
asymptomatic or mild infection to severe defects, including neurological problems 
such as hydrocephalus, microcephaly, intracranial calcifications, encephalitis, and 
psychomotor or mental retardation, deafness, and/or ocular lesions (blindness, 
visual impairment retinochoroiditis, and unilateral microphthalmia), particularly in 
untreated infants (Montoya and Liesenfeld 2004; Weiss and Dubey 2009; Fallahi  
et al. 2018; Khan and Khan 2018). 

A recent systematic review and meta-analysis of pregnant women’s data 
according to their geographic regions, as defined by the World Health Organization 
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(WHO) (Rostami et al. 2020), estimated that the global prevalence of latent 
toxoplasmosis in pregnant women is 33.8% worldwide (95% CI, 31.8–35.9%; 
345,870/1, 148,677), with South America having the highest prevalence  
(56.2%; 50.5–62.8%), whereas the Western Pacific region had the lowest prevalence 
(11.8%; 8.1–16.0%). A  significantly higher prevalence of latent toxoplasmosis was 
associated with countries with low income and low human development indices 
(Rostami et al. 2020). 

In immunocompetent individuals, infection with T. gondii is usually 
asymptomatic. However, there have been some reports of severe toxoplasmosis in 
healthy individuals (Demar et al. 2007). Recently, a 31-year-old immunocompetent 
man suffered from spinal cord toxoplasmosis as a primary T. gondii infection 
(Martinot et al. 2020). Toxoplasmosis can also cause retinochoroiditis in adults, 
especially in individuals with an impaired immune system (McLeod et al. 2020). 
There is vast literature associating T. gondii infection with psychiatric conditions, 
such as bipolar disorder, epilepsy, depression, suicidal behavior and/or Alzheimer’s 
disease, and automobile fatalities (Flegr et al. 2014; Fuglewicz et al. 2017; 
Abo-Al-Ela 2019). A recent meta-analysis study observed a positive relationship 
between toxoplasmosis and obsessive-compulsive disease (OCD) (Nayeri Chegeni 
et al. 2019). The most reported behavioral deviations are related to greater impulsivity 
and aggressiveness (Martinez et al. 2018). However, these results are not universally 
accepted (Fuglewicz et al. 2017; Abo-Al-Ela 2019; Sutterland et al. 2019). 

In immunocompromised individuals, particularly HIV-positive patients and 
immunosuppressed patients, the parasite can cause life-threatening toxoplasmosis, 
usually presented as encephalitis, severe myocarditis, pneumonitis, and ophthalmitis 
(Eza and Lucas 2006). Cerebral toxoplasmosis is considered the third most prevalent 
opportunistic infection in HIV-infected populations (Bowen et al. 2016). In most 
HIV-patients, toxoplasmosis results from the reactivation of chronic asymptomatic 
infection, but severe toxoplasmosis has also been reported in HIV patients that 
recently acquired infection (McLeod et al. 2020). T. gondii infection seems to be also 
a severe problem in cancer patients (Cong et al. 2015). Huang et al. (2016) suggested 
that T. gondii infection might be a risk factor for leukemia, and seroprevalence of 
T. gondii infection was reported to be higher in children with leukemia than that in 
healthy children in Eastern China (Zhou et al. 2019). 

T. gondii is also an important cause of abortion in sheep and goats, causing 
economic losses and a risk to public health. Toxoplasmosis abortion also occurs in 
pigs, but it is not a major abortifacient for this host (Dubey 2010; Opsteegh et al. 
2016; Dubey et al. 2020a, b). T. gondii infection in susceptible animal species may 
cause early embryonic death and resorption, fetal death and mummification, abortion, 
stillbirth, and neonatal death (Dubey 2010). As in humans, the severity of infection 
is associated with the stage of pregnancy at which the ewe/dam becomes infected, 
the earlier in gestation, the more severe the consequences. Infected meat from farm 
animals is a source of T. gondii infection for humans and carnivorous animals (Dubey 
2009; Opsteegh et al. 2016). Toxoplasmosis causes heavy economic losses to the 
sheep industry worldwide (Buxton et al. 2007; Dubey 2009; Dubey et al. 2020a, b). 
In addition, the parasite is also a cause of concern for wildlife and zoo species. New 
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World primates, pro-simians of Madagascar, and marsupials from Australasia are all 
highly susceptible species to T. gondii infection, and severe cases of toxoplasmosis 
have been reported in these species worldwide with high susceptibility in marsupials 
and primates (Fernandez-Aguilar et al. 2013). Certain felids (Pallas cats; Sand cats) 
are highly susceptible to clinical toxoplasmosis and these captive cats in zoos are 
a public health concern because they can excrete oocysts (Dubey 2010; Dubey  
et al. 2020d). Understanding the roles of animal reservoirs in the spread of T. gondii  
infection is important to control the dissemination of the parasite. 

The parasite is, therefore, an important concern for public health, particularly, in 
immunocompromised people and pregnant women, and for animal health, especially 
pertaining to farm animals which caused important economic losses. Diagnosis of 
active infections (primary infection or reactivation of bradyzoites in tissue cysts to 
tachyzoites) in humans is of crucial importance for optimal treatment. 

Laboratory Diagnosis 
The symptoms and clinical signs of toxoplasmosis are non-specific, in fact, the 
symptoms are like those in several other infectious diseases and therefore, the 
differential diagnosis must be considered (Montoya 2002; Hill and Dubey 2016). 
In addition, T. gondii  infection presents different clinical manifestations depending 
on the type of person infected and the clinical course of the infection, and methods 
of diagnosis and their interpretations may differ for each clinical  category (Montoya 
2002). Human clinical manifestations of T. gondii can include: (1) toxoplasmosis 
acquired by immunocompetent patients, (2) toxoplasmosis acquired by or reactivated 
in immunodeficient patients, (3) toxoplasmosis acquired during pregnancy or 
congenitally in the fetus, and (4) ocular infections. In animals, detection in  
meat-producing animals is important for their zoonotic role, and detection of oocysts 
in the environment, water, and vegetables is important to avoid other foodborne 
routes of transmission. 

Laboratory diagnosis is therefore crucial for the correct diagnosis of the disease 
in humans and animals and for the detection of the parasite in the environment. 
Methods for the diagnosis of toxoplasmosis can be categorized as direct methods and 
indirect methods. Detection of DNA of T. gondii from samples of body fluids by PCR, 
demonstration of the parasite through bioassay in mice or cell culture, ophthalmic 
testing, and radiological studies come under the direct methods of diagnosis, while 
detection of anti-Toxoplasma antibodies by many different techniques is included 
under the indirect methods of diagnosis. Table 2 includes a summary of the main 
techniques used for T. gondii diagnosis. 

In humans and animals, diagnosis of toxoplasmosis is made by biological, 
histological, serological, or molecular methods, or by some combination of the 
above. For example, for diagnosis of infections acquired congenitally in the fetus 
in humans, serological tests are first-line strategies in the diagnosis, while after 
confirmed serological diagnosis, ultrasound imaging, amniocentesis and polymerase 
chain reaction (PCR) are very sensitive and useful (Murat et al. 2013a). 

There are also methods for the recovery and detection of oocysts in fecal samples 
from cats as well as in the environment, fresh produce, soil, and water. In addition, 
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Table 2. Summary of the methods described to date for Toxoplasma gondii diagnosis. 

Type of Method Name of Method Antigen or Antibodies Used Isotypes Tested (if Serology) or
Target (if Molecular Methods) 
(Selected References) 

Purpose or Indication in Clinical 
Settings. Notes 

Serology Sabin-Feldman (dye test
or DT test) 

Whole live tachyzoites in presence of
complement 

Total specific immunoglobulins 
(Sabin and Feldman 1948) 

Acute and chronic infection. Reference
methods for many studies. High
sensitivity and specificity 

Serology Modified agglutination
tests (MAT) 

Formalin-fixed tachyzoites in
U-shaped microwells 

If added 2-mercaptoethanol: the
presence of IgG (Dubey and
Desmonts 1989) 

Mainly used in veterinary studies
of epidemiology and/or infection in
animals 

Serology Latex agglutination test
(LAT) 

Soluble antigen coated in latex or
polystyrene particles 

IgG, IgM Mainly used in veterinary studies
of epidemiology and or infection in
animals 

Serology Indirect
hemagglutination (IHA) 

Erythrocytes sensitized with T. 
gondii soluble antigens 

IgG. Not very specific, not very
sensitive (Dubey 2010) 

Agglutination. Screening in
epidemiological settings

Serology immunosorbent
agglutination assay
(ISAGA) 

Anti-Ig antibodies coating
microwells incubated with formalin-
fixed tachyzoites 

IgM (Desmonts et al. 1981), IgE,
IgA 

Congenital toxoplasmosis in infants.
Early detection for acute infection

Serology Indirect fl uorescent 
antibody techniques
(IFAT) 

Formalin-fixed whole tachyzoites.
Need specific conjugate anti-host
species 

IgM, IgG Chronic and acute infection in
humans. Epidemiological studies in
veterinary science. Requires fl uorescent 
microscopy. 

Serology Enzyme-linked
immunoabsorbent assay
(ELISA) 

T. gondii lysate antigens (TLA) or
recombinant antigens, or specific
antibodies in microwells 

IgM, IgG.
Acute or chronic infection. Can be
used as kinetic measure of antibodies 

Routine screening of pregnant women.
Automated and commercial (need a
lector). May need confirmatory methods
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Type of Method Name of Method Antigen or Antibodies Used Isotypes Tested (if Serology) or
Target (if Molecular Methods) 
(Selected References) 

Purpose or Indication in Clinical 
Settings. Notes 

Serology Avidity ELISA TLA or recombinant antigens. 
Compares standard ELISA with a 
modified ELISA using a dissociating 
IgG-antigen agent (i.e., urea). Ratio
or index calculation 

IgG (Hedman et al. 1989), IgM, 
IgA, IgE 

Measure high or low-avidity antibodies.
If high-avidity recent infection
(3–5 months) can be excluded: chronic
infection. Many commercial platforms

Serology Chemiluminescent
immunoassays (CLIA) 

Similar to ELISA but using 
chemiluminescence or
electrochemiluminescence as
detection systems 

SAG2-GRA1-ROP1L-Chimeric
antigens (Ferra et al. 2015; Holec-
Gąsior et al. 2018) 

Automated. Differentiation of healthy
versus infected humans. 

Serology Serotyping Synthetic recombinant antigen or
recombinant chimeric T. gondii 
antigens 

IgG, IgM.
GRA2, GRA3, GRA4, GRA5,
GRA6, GRA7, GRA8, GRA14,
MIC1, MIC2, MAG1, SAG1, 
SAG2A, ROP1, ROP6, MIC12,
SRS29A
SRS13 

Human serotyping. Also used in some 
animal meat-producing studies 

Serology Immunochromatographic
test (ICT), Rapid
detection tests, and port-
of-care (POC) 

Antigens or antibodies labeled with
colloidal gold 

IgG, Excretory/secretory antigens,
SAG2, SAG1, GRA1, GRA7,
GRA14, SAG3-3A7 and 4D5
[Huang et al. 2004; Wang et al. 2011;
Terkawi et al. 2013] 

T. gondii anti-excretory/secretory
circulating antigens. Also used in cats 
(Jiang et al. 2015) 

Serology Western blotting or 
immune blotting (IB) 

On nitrocellulose strips with TLA or 
recombinant antigens 

IgM, IgG (Rilling et al. 2003) Early detection of IgG. Confirmatory
test for congenital toxoplasmosis
in mother and child or for ocular
toxoplasmosis 
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Serology Enzyme-linked aptamer

assay (ELAA) 
DNA and RNA aptamers Aptamers against Toxoplasma

ROP18 protein [Ospina-Villa et al. 
2018; Varga-Montes et al. 2019] 

Congenital infection 

Serology Piezoelectric
immunoagglutination
assay (PIA) 

Antigen-coated gold nanoparticles IgG (Wang et al. 2004) Agglutination test with detection by a
piezoelectric device 

Serology Luciferase
immunoprecipitation
(LIPS) 

Recombinant Toxoplasma antigens 
fused with nanoluciferase 

GRA6, GRA7, GRA8 and BAG1
(Aye et al. 2018) 

Shorter overall assay time, and less
sample volume than ELISA 

Serology Laser induced
fl uorescence (LIF) 

Zinc oxide nanoparticles conjugated
with T-gondii antigens 

IgG (Medawar-Aguilar et al. 2019) microfl uidic immunosensor 

Immunological-
T-cell based 
response 

Interferon-gamma
release assay (IGRA) 

Whole blood or T cells GST-GRA1 (Ciardelli et al. 2008; 
Mahmoudi et al. 2017) 

Congenital infection 

Direct detection Direct autofl uorescence Useful but low sensitivity Oocysts detection (Lindquist et al.
2003) 

Oocysts detection in fecal and produce
samples 

Direct detection Immunomagnetic
separation assay (IMS
Toxo) 

Using a specifi c purifi ed T. gondii 
monoclonal antibody 

Raspberries and basil
(Hohweyer et al. 2016) 

Detection and quantification in produce
by IMS Toxo, coupled to microscopic
and qPCR 

Direct detection magnetic capture and
qPCR (MC-qPCR) 

Crude DNA extract from meat and 
magnetic capture of T. gondii DNA
followed by qPCR targeting the 29-
bp repeat element 

Meat for human consumption from
several species (Opsteegh et al.
2010) 

Detection and quantification in meat
samples 

Direct detection Improved MC-qPCR Inclusion of a non-competitive PCR
inhibition control, and release of the
target DNA from the streptavidin-
coated paramagnetic beads UV-
dependent 

Meat for human consumption from
several species (Gisbert Algaba et 
al. 2017) 

Detection and quantification in meat
samples 
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Type of Method Name of Method Antigen or Antibodies Used Isotypes Tested (if Serology) or
Target (if Molecular Methods) 
(Selected References) 

Purpose or Indication in Clinical 
Settings. Notes 

Direct-
Molecular
detection 

Conventional PCR DNA B1 (Burg et al. 1989)
529 bp repeat element (Homan et
al. 2000; Reischl et al. 2003), 18S
rDNA, ITS-1, P30 

Species detection. Tissue biopsies, 
cerebrospinal fl uid, bronchoalveolar 
lavage, peripheral blood, vitreous and
aqueous humor, fetal blood, AF
Produce 

Direct-
Molecular
detection 

Real-Time PCR DNA. Fluorescent resonance energy 
transfer (FRET), hydrolysis probes,
SYBR Green 

B1 gene, 529 bp repeat element, 18S
rDNA, SAG1 

Species detection, same as conventional
PCR. Also used in produce 

Direct-
Molecular
detection 

Loop-mediated
isothermal amplifi cation 
(LAMP) 

DNA. Constant temperature 529 bp (Lin et al. 2012; Kong et al.
2012); B1 gene (Valian et al. 2019) 
18S rDNA, SAG1, SAG2, GRA1,
oocyst wall protein antigens 

Needs less equipment than PCR but the
contamination rate of LAMP is higher 
than PCR
Species detection. Environmental (Lalle
et al. 2018) 

Direct-
Molecular
detection 

Recombinase polymerase
amplification (RPA) RPA 

Uses a combination of enzymes such
as recombinase, polymerase, and
single-stranded DNA-binding (SSB)
protein. Amplification between 37 
and 42°C 

B1 gene (Wu et al. 2017) Environment from soil and water
samples 

Direct-
Molecular
detection 

PCR-RFLP Nested PCR Currently 10 markers SAG1, SAG2, SAG3, BTUB,
GRA6, c22-8, c29-2, L358, PK1,
and Apico (Howe and Sibley 1995; 
Su et al. 2010) 

Genotyping 

Direct-
Molecular
detection 

Microsatellite analysis
(MS) 

Very useful for genotyping from 
DNA. Multiplex PCR 

TUB2, W35, TgM-A, B17, B18, 
IV.1, XL1, M48, M102, N60, N82, 
AA, N61, N83 (Ajzenberg et al. 
2010) 

Genotyping 

...Table 2 contd. 
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Direct-
Molecular
detection 

Multilocus sequence
typing (MLST) 

Need large amounts of DNA BTUB, SAG2, SAG3, GRA6 (Khan
et al. 2007) 

Genotyping. Identify DNA
polymorphisms without predetermined
genetic data limitations to be used in
clinical samples because need large 
amounts of DNA. Also used to produce.

Direct-
Molecular
detection 

RAPD-PCR Patron of bands after restriction
enzyme digestion of PCR products 

Genomic DNA (Guo et al. 1997) Genotyping 

Direct-
Molecular
detection 

HRM analysis Post-PCR method for genetic
variation based on their melting
temperatures related to their
sequences 

B1 gene (Costa et al. 2011, Liu et 
al. 2015) 

Genotyping. It is more informative than
MS and can be used as a supplementary
test in genotyping 

Direct detection.
Metabolomics 

Matrix-assisted laser
desorption ionization
time-of-fl ight mass 
spectrometry (MALDI-
TOF MS) 

Detection of mass spectral
fingerprints of proteins 

T. gondii tachyzoites in human
foreskin fibroblasts (King et al.
2020) 

Metabolite profiling (metabolomic) 
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the parasite can also be detected, directly or indirectly, in living farm animals and 
in meat products intended for human consumption, including many epidemiological 
studies (Opsteegh et al. 2010). Many research methodologies have also been applied 
to the study of the parasite itself as a parasite model and will be briefly included in this 
review. In the past century, serological methods, mainly based on ELISA  and avidity 
tests in humans and agglutination, IFAT and ELISA in animals, and molecular methods 
based on PCR were the most used method. More recently advanced ELISA-based  
methods including chemiluminescence (CLIA), Immunochromatographic tests 
(ICT), and rapid tests, together with new molecular methods, such as real-time 
PCR, and loop-mediated isothermal amplification (LAMP) have been developed, 
with high sensitivity and specificity, and certainly new methods will continue to be 
developed in the future. 

There have been several reviews on the subject of analytical methods, including 
among others: Montoya 2002; Wei and Dubey 2009; Dubey 2010; Murat et al. 
2013a; Dard et al. 2016; Peyron et al. 2016; Pomares and Montoya 2016; Ozgonul 
and Besirli 2017; Fallahi et al. 2018; Rostami et al. 2018; Khan and Noordin 2020; 
McLeod et al. 2020. Diagnosis of acute T. gondii infection in women and their 
fetuses is complex and only an overview is provided here; this subject is reviewed 
extensively in two book chapters (Peyron et al. 2016; McLeod et al. 2020). 

Indirect Methods: Serological Analysis of Antibodies in 
Serum and Fluids 
The most common diagnostic tools for the detection of T. gondii infection are indirect 
detection methods based on serological tests. These tests play an important role in 
the initial step in the diagnosis of the parasite in humans and animals. The serological 
methods allow the detection of antibodies and circulating antigens in a serum sample, 
but they only establish previous exposure to the parasite and do not imply the actual 
presence of the parasite in the infected person/animal. In addition, antibodies can 
persist in infected people after their clinical recovery, which can make interpretation 
of the results of serological tests difficult. Toxoplasma-specific immunoglobulins 
IgG and IgM detection tests are the most frequently used (Murat et al. 2013a). IgA  
shows similar kinetics to IgM, but it is less used in routine testing (Pinon et al. 2001), 
while IgE tests are rarely assessed, although they are considered specific for acute 
infection (Murat et al. 2013a). In a retrospective study of 690 pregnant women with 
positive T. gondii,  IgG antibody test results that also had T. gondii IgA and IgM 
antibody tests performed, pregnant women with T. gondii IgA antibodies were more 
likely than pregnant women without T. gondii IgA antibodies to have had a recent 
infection with T. gondii (Olariu et al. 2019). 

The presence or absence of IgM antibodies, titers of IgG antibodies, and antibody 
kinetics may help diagnosis whether the T. gondii infection is acute (recent) or latent 
(acquired in the past). Classically, Toxoplasma infection is associated with high 
levels of Toxoplasma-specific IgM antibodies usually produced within the first three 
weeks after infection (Marcolino et al. 2000; Murat et al. 2013a) and a rise in specific 
IgG levels 1 to 3 weeks later (Fricker-Hidalgo et al. 2013). IgM antibodies, generally, 
disappear faster than IgG antibodies after recovery and become undetectable after 
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6–9 months. However, low titers of IgM might persist long after the acute phase 
of the disease, so IgM positivity cannot be directly interpreted as a sign of acute 
infection (Villard et al. 2013). The detection of IgM can help diagnose congenital 
infection because maternal IgM does not cross the placenta. The passage of IgG 
antibodies from the dam to the fetus depends on the host species; in humans, IgG can 
cross the placenta but not in domestic animals (sheep, goats, and pigs) (Dubey 2010). 

As elevated levels of IgM antibodies alone should not be considered evidence 
of recent infection, similarly, low serum IgG levels should not be considered as 
an inactive disease (Murat et al. 2013a). If the laboratory testing is unequivocal, 
serological tests should be repeated within 15–21 days (Marcolino et al. 2000; 
Suzuki et al. 2001). This kinetic analysis is important in cases of toxoplasmosis 
in pregnant women. It is recommended to analyze two samples from the same 
individual with the second sample being collected 2–4 weeks after the first. If there 
are higher antibody titers in the second sample (more than a 16-fold increase), it will 
indicate an acute infection. Another problem is that IgG seroconversion, without 
IgM detection or with transient IgM levels, has been described during serologic 
follow-ups of previously seronegative pregnant women and raises difficulties in 
interpreting the results (Fricker-Hidalgo et al. 2013). 

There are numerous serological tests used currently, these are listed in 
Table 2. Several of these serological tests use whole parasites (tachyzoites) such as 
Sabin-Feldman, direct agglutination, MAT, ISAGA, or IFAT. Other serological 
methods, including many commercially available ELISA, are based on antigenic 
preparations isolated from tachyzoites obtained from infected mice or in vitro tissue 
culture to obtain T. gondii lysate antigen (TLA), instead of whole parasites. 

Sabin-Feldman Test (Dye Test or DT Test) 
The development of the dye test for T. gondii by Sabin and Feldman in 1948 was 
a major advance in the study of toxoplasmosis. It demonstrated the widespread 
prevalence of this infection worldwide and assisted in the differential diagnosis of 
congenital infections (Sabin and Feldman 1949; Weiss and Dubey 2009). This test is 
both highly sensitive and specific in humans (Weiss and Dubey 2009; Dubey 2020) 
even in the undiluted serum, and it has been considered the gold standard serological 
test for several validation studies for definitive human toxoplasmosis (Petersen et al. 
2005; Sickinger  et al. 2008; Gay-Andrieu et al. 2009; Prusa et al. 2010). However, 
it uses live T. gondii  tachyzoites (highly virulent RH strain) to detect total specific  
anti-Toxoplasma antibodies and currently is only available in some reference 
laboratories in the world due to the possible risk for laboratory-acquired infection. It 
is essentially a complement-mediated neutralizing type of antigen-antibody reaction 
(Dubey 2010) and involves the addition of an accessory factor (complement-like 
factor from human serum that is heat labile) to the serum samples in the analysis which 
makes it complex (Ozgonul and Besirli 2017). Most hosts develop DT antibodies 
within four weeks and titers may remain stable for months or years (Dubey 2010). It 
is specific in many animal species, but in ruminants can give false results unless sera 
are inactivated at 60°C; it also does not work with some avian sera (Dubey 2010). 
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Agglutination Tests 
Agglutination tests are currently used extensively, mainly in epidemiological animal 
studies, because they do not require special equipment or conjugate. This test is 
simple, easy to perform, does not need host-specific reagents; and in humans, the 
results match those obtained by the dye test. The method was modified and later 
named as modified agglutination test (MAT) (Desmonts and Remington 1980; 
Dubey and Desmonts 1987) by treating sera with 2-mercaptoethanol (to remove  
non-specific IgM or IgM-like substances) and therefore in MAT, only IgG antibodies 
are detected. MAT is extensively used for the diagnosis of toxoplasmosis in 
both animals and humans (Dubey 2010), and hemolysis does not interfere with 
the test (Dubey 2010). MAT  can be modified to differentiate acute from chronic 
infections (Dubey 2010). The MAT is commercially available (Toxo-screen DA;  
bioMérieux, France). 

Indirect agglutination techniques follow a similar principle. If particles sensitized 
with T. gondii antigens are used in latex or polystyrene, the method is known as LAT 
(Villard et al. 2012). As a negative point of this technique, the performance for tests 
based on direct agglutination or indirect hemagglutination was better than those of 
LAT assays (Villard et al. 2012). In addition, LAT has been suggested not to be very 
sensitive in livestock sera (Dubey 2010). LAT is also commercially available by 
several companies. 

The indirect hemagglutination test (IHA) is an agglutination test based on the 
use of erythrocytes (red blood cells) sensitized with T. gondii soluble antigens that 
are agglutinated in the presence of immune serum. It has been mainly used for 
screening in epidemiological settings and mainly in China (Dubey 2010). However, 
it is considered an insensitive and non-specific test. In animals, titers lower than 
1:128 may be non-specific (Dubey 2010). 

Another agglutination-based method is the immunoabsorbent agglutination 
assay (ISAGA). It was first developed as an IgM ELISA  combined with agglutination 
to avoid the need for a conjugate (Desmonts et al. 1981). It is a fast method based on 
recombinant antibodies against specific isotypes of immunoglobins. The antibodies 
are coated into wells, serum samples are added, and then whole tachyzoites. In some 
variations, whole tachyzoites were substituted with latex beads with soluble antigens 
(Remington et al. 1983). Results are analyzed for direct agglutination. The ISAGA  
for IgM has been considering a preferred method to detect of anti-Toxoplasma  
antibodies in infants (Moncada and Montoya 2012; Murat et al. 2012; Pomares and 
Montoya 2016). IgA and IgE ISAGA have also been described. As a disadvantage, 
this technique requires large numbers of tachyzoites (Dubey 2010). 

Indirect Immunofluorescence Antibody Test (IFAT) 
Another classical test commonly used for serological analysis of toxoplasmosis 
in humans and animals is the indirect IFAT. This test uses whole fixed tachyzoites 
in glass slides, incubated with serial dilutions of the tested serum. The binding of 
the test serum to whole parasites is revealed by a fluorescent conjugate against the 
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host species IgG or IgM (Dubey 2010). Some limitations of this method are that it 
requires conjugate as well as the technical skills to read the slides in a fluorescent 
microscope. IFAT  titers generally correspond to those of the dye test, and IFAT  
assays have been standardized in some laboratories. However, cross-reactions may 
occur (Dubey 2010). 

Immunoenzymatic Assays: ELISA 
Currently, the most used tests for serological analysis in the field of toxoplasmosis 
are the immunoenzymatic assays or ELISA (Murat et al. 2013a). They are 
high-throughput methods designed for automated reader devices for simultaneous 
testing of large numbers of samples and the results are objective (Suzuki et al. 2001). 
Many of these methods are commercially available and allow wide implementation 
of toxoplasmosis follow-up in routine laboratories, along with a screening of other 
pathogens in pregnancy (rubella; cytomegalovirus) (Suzuki et al. 2001; Murat et al. 
2013b; Ozgonul and Besirli 2017). They require an ELISA reader to quantify the 
color reaction. 

Toxoplasma gondii tachyzoite lysate antigens (TLA), recombinant parasite 
antigens, or specific anti-parasite antibodies are coated in a solid phase (wells in a 
plate or beads), and antibodies will bind to them and then are detected by a conjugate 
(colored or fluorescent product). A detector antibody, or the antigen-antibody complex, 
conjugated with an enzyme will produce a colored or fluorescent signal which will be 
automatically compared to standard values and will give a numerical value. There are 
several variations in the ELISA method including indirect sandwich ELISA method, 
double sandwich ELISA, antibody capture (isotype-specific antibodies) ELISA, or 
competition ELISA (Figure 2). Currently, many manufacturers provide these kits. 
The kits have been compared in numerous studies (Gay-Andrieu et al. 2009; Maudry 
et al. 2009; Murat et al. 2013b) with only slight differences in sensitivity, specificity, 
or antibody kinetics among the different manufacturers (Murat et al. 2013b). ELISAs 
have been set up for IgG and IgM detection to determine acute or chronic infections 
and can be used as a kinetic measure of antibodies. They are the most currently 
used tests in the routine screening of pregnant women, although results may need 
additional confirmatory methods (Dard et al. 2016) and have also been used in many 
animal studies. 

Avidity ELISA Tests 
The major limitation of serological tests is the failure to clarify whether infections are 
acute (recently acquired) or chronic disease (distant infections with the parasite); this 
is very important in cases acquired during pregnancy or congenitally. To establish 
whether infections are acute or chronic, in addition to kinetics analysis of antibodies, 
the assessment of the avidity of the antibodies (IgG and IgM) may be helpful 
(Gay-Andrieu et al. 2009; Murat et al. 2013a; Pomares and Montoya 2016; 
Garnaud et al. 2020). The affinity of specific IgG antibodies is initially low after 
primary antigenic challenge and increases during subsequent weeks and months by 
antigen-driven B cell selection (Montoya 2002; Murat et al. 2013a). 
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  Figure 2. Schematic representation of some main serological methods for detection of Toxoplasma 
gondii antibodies. 

The strength of antibody binding can be evaluated by introducing a wash step 
using a buffer to dissociate the antibody-antigen complex (protein-denaturing reagents 
such as urea are mostly used), which removes low-avidity antibodies associated with 
recently acquired infections (Robert-Gangneux and Darde 2012). The resulting titer 
of detectable IgG is used to calculate a ratio of titers obtained from urea-treated and 
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urea-untreated samples. Then, the avidity result is estimated by the ratios of antibody 
titration curves of urea-treated and untreated samples (Montoya 2002). 

The IgG avidity test was first described by Hedman et al. (1989) and has been 
proposed to identify latent infections. A high index excludes recent toxoplasmosis. 
In contrast, an intermediate or low index only suggests recent infection, but some 
people with latent T. gondii infection show IgG with low or intermediate avidity 
(Villard et al. 2013). In a comparison of four commercialized avidity tests, a positive 
predictive value of 100% was observed for confirmation of latent toxoplasmosis, but 
the test did not show enough reliability for the diagnosis of acute infection (Candolfi 
et al. 2007). Therefore, although early studies suggested that a low or a very low 
value could confirm a recent infection, it is currently accepted that the only validated 
use of these tests is the exclusion of recent infection (i.e., in the last four months for 
most tests) when the value is found above a defined cut-off (Murat et al. 2013a). 

Currently, there are several commercial automated or semiautomated 
immunoassays for IgG- and IgM-T. gondii antibody detection, including 
concurrently with a diagnosis of other pathogens. These commercial techniques have 
high sensitivity and specificity, reproducibility, and fast and precise measurement 
of IgG and IgM antibody levels (Sickinger et al. 2008; Gay-Andrieu et al. 
2009; Prusa et al. 2010; Murat et al. 2012; Prusa et al. 2012; Murat et al. 2013b; 
Fricker-Hidalgo et al. 2017; Boquel et al. 2018; Fallahi et al. 2018; Genco et al. 
2019). In a comparison study, Vidas Toxo IgG avidity had the best performance 
for the diagnosis of latent toxoplasmosis (Villard et al. 2013). In a more recent 
comparison of nine commercial immunoassays (Advia Centaur, Architect, AxSYM, 
Elecsys, Enzygnost, Liaison, Platelia, VIDAS, and VIDIA assays), using panels of 
serum samples from routine testing of patients with acute or chronic toxoplasmosis, 
IgG sensitivities ranged from 97.1% to 100%, and IgG specificities ranged from 
99.5% to 100%. IgM sensitivities ranged from 65% to 97.9%, and IgM specificities 
ranged from 92.6% to 100% (Villard et al. 2016a). Another automated analyzer 
commercially available platform is the BioPlex 2200 (Bio-Rad Laboratories, 
Hercules, CA) for the detection of anti-Toxoplasma, -rubella, and -cytomegalovirus 
antibodies in the same assay. The BioPlex 2200 ToRC IgG/IgM kit was compared 
to Platelia IgG/IgM enzyme-linked immunosorbent assays (ELISAs) (Bio-Rad 
Laboratories) and the Toxo-Screen direct agglutination assay (bioMérieux, Lyon, 
France). The BioPlex 2200 IgG assay was a sensitive (97.8%) and specific (91.3%) 
method for IgG detection and showed high specificity (97.4%) of IgM detection 
(Guigue et al. 2014). 

Chemiluminescent Immunoassays (CLIA) 
Chemiluminescent immunoassays are also automated techniques that use a 
similar immunological method to EIA but with alternative detection systems 
(chemiluminescence or electrochemiluminescence) (Petersen et al. 2005; Prusa et al. 
2010; Sickinger et al. 2008). 

The most modern systems, combining chemiluminescence (CL) and specific 
immunoreactions, enable the determination of the concentration of the analyte 
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in relation to the intensity of emitted light, triggered by a chemical reaction. The 
reagents required for the reaction producing light may be coupled to antibodies or 
antigens. Chemiluminescent compounds employed have been luminol and isoluminol 
derivatives, and acridinium chemiluminogenic salts. For T. gondii detection, a CLIA  
was set up using an optimized acridinium label (AL) utilizing SAG2-GRA1-ROP1L  
chimeric antigens (Ferra et al. 2015a). This antigenic preparation was proved to be 
very useful in the detection of specific anti-T. gondii  antibodies in sera of humans and 
different groups of livestock animals (horses, pigs, and sheep) (Ferra et al. 2015a; 
2015b). In a later study by Holec-Gąsior et al. (2018), the same CLIA attached to 
a secondary antibody (IgG-AL) and SAG2-GRA1-ROP1L  chimeric antigen for 
T. gondii  was evaluated and compared in the detection of specific antibodies to 
conventional ELISA in 88 seropositive sera. According to the authors, the new CLIA  
assay proved to be more sensitive and had better differentiation  of sera of patients 
with T. gondii infection from sera of healthy individuals (Holec-Gąsior et al. 2018). 

Immunochromatography Tests (ICT) and Rapid Detection 
Serological Tests (RDT) 
Rapid diagnostic tests (RDTs), especially with point-of-care (POC) features, are 
promising diagnostic methods in clinical microbiology laboratories, especially 
in areas with minimal laboratory facilities (Khan and Noordin 2020). Several 
immunochromatography tests  (ICTs) have been developed as RDTs for T. gondii  
using different antigens and formulations, such as colloidal gold-labeled antigens 
or antibodies as a tracer, and cellulose membrane as solid support. These are easy, 
fast tests that do not require specialized equipment. The antigens or antibodies 
are dropped on a pad on the nitrocellulose membrane, which slowly infiltrate by 
capillary action,  reaching the conjugate area, then the antigen-antibody complexes 
will provide a color reaction (Liu et al. 2015). These rapid and easy-to-use kits have 
high accuracy and could be a suitable serodiagnostic tool for toxoplasmosis (Kim  
et al. 2017). 

The first likely ICT  test for T. gondii was developed using SAG2 as an antigen 
to detect antibodies in cats (Huang et al. 2004). The method was later developed to 
detect T. gondii  anti-excretory/secretory circulating antigens IgG antibodies (Wang 
et al. 2011). Acute infections as early as 2–4 days post-infection were detected with a 
high agreement with ELISA  in sensitivity and specificity (Wang et al. 2011). Also, in 
cats, using the recombinant SAG1 (rSAG1) antigen, Chong et al. (2011) developed 
an RDT  which showed 0.88 kappa value compared with a commercialized ELISA  
kit, and an overall sensitivity and specificity of 100% (23/23) and 99.4% (158/159), 
respectively (Chong et al. 2011). 

Another ICT also based on the major surface antigen (SAG1) linked with dense 
granule protein 2 (GRA2) (GST-GRA2-SAG1A  loaded RDT  or TgRDT) showed an 
overall specificity and sensitivity of 100% and 97.1% by comparison with ELISA  
using T. gondii whole cell lysates as the antigen (Song et al. 2013). The authors 
analyzed seroprevalence levels in residents in several areas of Korea using this 
method (Kim et al. 2017). 
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GRA7 and GRA14 were also used in a rapid ICT  assay, which was compared 
to an indirect ELISA and SAG2 as a reference control in infected mice and to LAT  
in pigs (Terkawi et al. 2013). Results in pig sera examined with the ICT  compared 
favorably with those of LAT  and indirect ELISA  for GRA7, with kappa values of 
0.66 and 0.70 to 0.79, respectively. The authors concluded that the ICT based on 
GRA7 was a promising diagnostic tool for routine and mass screening of samples. 

The Toxoplasma ICT IgG-IgM or ICT-IgG-IgMbk (LDBIO Diagnostic, Lyon, 
France) is a commercial rapid point-of-care (POC) test, which simultaneously 
detects Toxoplasma-specific IgG/IgM antibodies. At one end of the cassette, red 
latex particles conjugated with T. gondii antigen and blue latex particles conjugated 
with goat anti-rabbit antibody are adsorbed on fiberglass support. After dispensing 
the serum sample, if specific IgG/IgM is present, a red line will appear at the test 
line while a blue line will appear at the control line (Chapey et al. 2017). These 
tests could be used advantageously for the screening for toxoplasmosis in pregnant 
women (Chapey et al. 2017). The Toxoplasma ICT IgG-IgM was compared with the 
Architect automated chemiluminescence test. Diagnostic sensitivity and specificity 
were 97% and 96%, respectively. However, the test scored eight false-positive IgG 
and yielded negative results in three sera displaying unspecific IgM in the Architect 
test. Therefore, the LDBIO test appeared to be a more reliable first-line test, although 
the false-positive results for IgG deserve further investigation (Chapey et al. 2017). 
The LDBIO test was also compared in another study (Begeman et al. 2017). The 
authors found that the LDBIO test was highly sensitive (100%) and specific (100%) 
for distinguishing IgG/IgM-positive from negative sera and could be used as a 
reliable cost-saving POC test (Begeman et al. 2017). 

Gomez et al. (2018) compared three commercial POC, ICT tests (Toxo 
IgG/IgM Rapid Test (Biopanda), OnSite Toxo IgG/IgM Combo-Rapid-test that 
detect IgG and IgM separately, and the Toxoplasma ICT-IgG-IgMbk (LDBIO) that 
detects either or both immunoglobulin IgG/IgM in combination). For the detection of 
Toxoplasma IgG, sensitivity was 100% for all three POC kits and specificity was also 
comparable (96.3%, 97.5%, and 98.8%, respectively). The POC kits did not exhibit 
cross-reactivity for false-positive Toxoplasma-IgM sera. However, diagnostic 
accuracy was significantly higher for the LDBIO-POC kit (Biopanda, 62.2%, OnSite, 
28%, and LDBIO combined IgG/IgM, 100%). The LDBIO-POC test exhibited 
100% sensitivity for the combined detection of IgG/IgM in acute and chronic 
Toxoplasma infection. Biopanda and Onsite POC tests exhibited poor sensitivity for 
Toxoplasma-IgM detection (Gomez et al. 2018). 

The most recent ICT assay established was based on two monoclonal antibodies: 
TgSAG3-3A7 and TgSAG3-4D5 from the conserved protein of TgSAG3 that can be 
expressed in all the infective stages of T. gondii. Gold particles were prepared and 
conjugated with TgSAG3-3A7 Mab and TgSAG3-4D5 monoclonal antibodies were 
used as the capture antibody (Luo et al. 2018). Using porcine serum samples and 
compared to a commercial ELISA kit, the relative sensitivity and specificity of this 
ICT was 100% and 99.65%, respectively. 
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In cats and dogs, a new test combining the principles of immunochromatography 
and fluid dynamics (DFICT) was proposed (Jiang et al. 2015). The DFICT is 
performed by applying a 100 µL aliquot of liquid gold-SPA conjugate to the 
reagent hole and a 5 μL aliquot of a serum sample to the sample hole. The results 
were observable within 5 minutes by the naked eye. The lowest detectable limit 
of the assay was determined as the highest dilution (1:320) of positive serum. No 
cross-reaction of the antibodies with other related canine or feline pathogens was 
observed. The DFICT can be stored for 12 months at 4°C or 6 months at room 
temperature with no loss of sensitivity or specificity. A high degree of consistency 
was observed between the DFICT and the standard ELISA kit, supporting the 
reliability of the novel test strip. The introduction of a liquid gold nanoparticle 
conjugate reagent provides this method with several attractive characteristics, such 
as ease of manufacture, low sample volume requirements, high selectivity, and high 
efficiency. This method opens a novel pathway for rapid diagnostic screening and 
field analysis (Jiang et al. 2015). In addition to the method indicated in the above 
section, Wang et al. (2011) developed a fluid-phase immune assay for circulating 
antigens (see section 2.2.3). 

Luciferase Immunoprecipitation System (LIPS) and Luciferase-Linked Antibody 
Capture Assay (LACA) 
The luciferase immunoprecipitation system (LIPS) is a relatively simple, highly 
sensitive, and rapid quantitative immunoassay (Aye et al. 2018). The major 
advantages of this assay over ELISA are a wider dynamic range, shorter overall assay 
time, and less sample volume. Recombinant Toxoplasma antigens (dense granule 
antigens GRA6, GRA7, and GRA8 and bradyzoite antigen BAG1) were fused 
with nanoluciferase (Nluc, a small luciferase enzyme) and analyzed in sera from 
experimental mice infected with T. gondii and a WHO standard anti-Toxoplasma 
human immunoglobulin (TOXM) (Aye et al. 2018). The detection limits were 
estimated to be 3.9, 2, 1, and 1  IU/mL  for rGRA6, rGRA7, rGRA8, and rBAG1, 
respectively. The LIPS assay for toxoplasmosis could detect antibodies against  
T. gondii in the mouse and human sera with a reasonably high sensitivity. A   
luciferase-LACA was recently established for the detection of T. gondii in chickens 
(Duong et al. 2020). 

Piezoelectric Immunoagglutination Assay and Methods Using Biosensors 
An agglutination test based on antigen-coated gold nanoparticles in the presence of 
antibodies detected by a piezoelectric biosensor device was developed for T. gondii 
using rabbit serum and blood (Wang et al. 2004). The antigen-coated nanoparticles 
(10 nm in diameter), in the presence of the corresponding antibody, causes a frequency 
change that is monitored by a piezoelectric device. Using a piezoelectric crystal, the 
immobilization of antibodies or antigen on the crystal is unnecessary. This is also an 
ICT that was sensitive to a dilution ratio of anti-T. gondii antibody as low as 1:5,500 
and was found to be comparable to ELISA, as shown by a high (0.965) correlation 
(Wang et al. 2004). 
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A biosensor for luminescence was the basis for the development of a 
nanoscience plasmonic gold chip (pGOLD) with fluorescence enhancement in the  
near-infrared region for simultaneous detection of IgG, IgM, and IgA antibodies 
against T. gondii in a small volume of serum or whole blood (only ~ 1 µL) (Li  
et al. 2016). IgG antibody detection sensitivity, specificity, positive predictive value 
(PPV), and negative predictive value (NPV) were all 100%. IgM antibody detection 
achieved 97.6% sensitivity and 96.9% specificity with a 90.9% PPV  and a 99.2% 
NPV. It requires very small blood volumes and could be implemented for screening 
of T. gondii infection during gestation. The approximate time for the detection of 
IgG, IgM, and IgA antibodies with a plasmonic gold chip is about 2 h for 10 US 
dollars per patient (Li et al. 2016) with about 1 μL serum sample. The pGOLD was 
used for the detection of IgG/IgM in sera samples from seroconverted, chronically 
infected, non-infected, and newborns (Pomares et al. 2017). Results were compared 
with commercial tests for the detection of IgG and IgM. The IgG and IgM test results 
on the platform agreed, respectively, at 95% and 93% with the commercial kits. 
When compared  with the overall clinical interpretation of the serological profile, the 
agreement reached 99.5% and 97.7% for IgG and IgM, respectively. The multiplexed 
IgG/IgM test on pGOLD platform was considered a strong candidate for its use in 
the massive screening programs for toxoplasmosis during pregnancy (Pomares et al. 
2017). The advantage of plasmonic biosensors is their potential to be miniaturized 
and multiplexed. 

Laser-induced fluorescence (LIF) is another type of optical detection approach. 
A microfluidic immunosensor based on LIF has been developed for the quantitative 
detection of IgG antibodies against T. gondii in humans. Zinc oxide nanoparticles 
(ZnO-NPs) were covered with chitosan and then used to conjugate T. gondii antigens 
into the central microfluidic channel (Medawar-Aguilar et al. 2019). Serum samples 
containing anti-T. gondii IgG antibodies were injected into the immunosensor where 
they interacted immunologically with T. gondii antigens. Bound antibodies then were 
quantified by the addition of anti-IgG antibodies labeled with alkaline phosphatase 
(ALP). ALP enzymatically converts the non-fluorescent 4-methylumbelliferyl 
phosphate (4-MUP) to soluble fluorescent methylumbelliferone that is measured 
using excitation at 355 nm and emission at 440 nm. The relative fluorescent response 
of methylumbelliferone is proportional to the concentration of anti-T. gondii IgG 
antibodies (Medawar-Aguilar et al. 2019). Results acquired by the LIF immunosensor 
agreed with those obtained by ELISA, suggesting that the designed sensor represents 
a promising tool for the quantitative determination of anti-T. gondii IgG antibodies 
of clinical samples (Medawar-Aguilar et al. 2019). 

Toxoplasma Antigens and Serotyping 
Most ELISA and some other serological tests use T. gondii lysate antigen (TLA) 
for the specific anti-T. gondii antibodies diagnosis. Alternative sources of antigens 
are synthetic recombinant antigens or recombinant chimeric antigens of T. gondii  
obtained using genetic engineering and molecular biology (Drapała et al. 2015; 
Ferra et al. 2015a; 2015b; Ferra et al. 2020). Several T. gondii antigens with strong 
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immunogenicity in mouse and human antibody profiles have been described such as 
GRA2, GRA3, GRA4, GRA5, GRA6, GRA7, GRA8, GRA14, MIC1, MIC2, and 
MAG1 (Döşkaya et al. 2018) with GRA6 and GRA7 being the antigens more widely 
used (Arranz-Solis et al. 2019). 

Beghetto et al. (2006) evaluated the diagnostic utility of 6 antigenic regions of 
T. gondii, MIC2, MIC3, M2AP, GRA3, GRA7, and SAG1 gene products, assembled 
in recombinant chimeric antigens by genetic engineering. They analyzed the new 
chimeric antigen in serum samples from adults with acquired T. gondii infection and 
from infants born to mothers with primary toxoplasmosis contracted during pregnancy, 
some of whom were congenitally infected. In their study, IgG and IgM Rec-ELISAs 
with individual chimeric antigens have performance characteristics comparable to 
those of the corresponding commercial assays. In fact, the IgM-capture assays based 
on chimeric antigens improved the ability to diagnose congenital toxoplasmosis 
postnatally compared with the ability to diagnose congenital toxoplasmosis using 
standard assays (Beghetto et al. 2006). 

Serotyping based on the specific antibody-antigen recognition using polymorphic 
peptides was described as a typing method for Toxoplasma strains in several studies 
in humans (Kong et al. 2003) and in animals (Sousa et al. 2010; Maksimov et al. 
2013; Ferra et al. 2015a; Holec-Gąsior et al. 2019). In an early study, Kong et al. 
(2003) developed an enzyme-linked immunosorbent assay for typing strains using 
SAG2A, GRA3, GRA6, and GRA7 as T. gondii antigens in mice and humans. In 
eight patients who had dye test titers > 64 and for whom the infecting strain type was 
known, the peptides correctly distinguished Type II from non-type II infections, and 
the ELISA analysis of a second group of 10 infected pregnant women from whom the 
parasite strain had not been isolated, gave a clear prediction of the strain type causing 
infection (Kong et al. 2003). 

Different clonal types of T. gondii are thought to be associated with distinct 
clinical manifestations of infections. Serotyping is used since many host antibodies 
are raised against immunodominant parasite proteins that are highly polymorphic 
between strains (Arranz-Solis et al. 2019). Serotyping has been suggested as an 
inexpensive method for determining the strain type in Toxoplasma  infections in 
humans and animals and correlating the genotype with disease outcome. According 
to several authors, serotyping may allow the determination of the clonal type of  
T. gondii infecting humans (Liu et al. 2015; Dard et al. 2016; Arranz-Solis et al. 
2019) and to extend typing studies to larger populations which include infected but  
non-diseased individuals (Maksimov et al. 2012a). Maksimov et al. (2012a, b) 
established a peptide-microarray test for T. gondii serotyping. Human sera showed 
reactions against synthetic peptides with sequences specific for clonal Type II 
peptides. Type I and type III peptides were recognized by 42% (n = 73) or 16%  
(n = 28) of the human sera, respectively. On the other hand, a proportion of the sera 
(n = 22; 13%) showed no reaction with type-specific peptides. Individuals with acute 
toxoplasmosis reacted with a statistically significantly higher number of peptides 
as compared to individuals with latent T. gondii infection or seropositive patients 
(Maksimov et al. 2012a). 
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Serotyping was also used in patients with ocular toxoplasmosis (OT). The 
serotype in uveitis patients with OT were compared with non-OT seropositive patients 
with noninfectious autoimmune posterior uveitis in Germany (Shobab et al. 2013). 
A novel, nonreactive (NR) serotype was detected more frequently in serum samples 
of OT patients (50/114, 44%) than in non-OT patients (4/56, 7%). Toxoplasma NR 
and Type II serotypes were predominant in German OT patients (Shobab et al. 2013). 

However, there seems to be cross-reactivity among the classical strains 
(Types I, II, and III) using the previous versions of the classical antigens; the 
serological assays could only reliably distinguish type 2 from non-type 2 infections 
(Arranz-Solis et al. 2019). Additional antigens ROP6, MIC12, SRS29A, and SRS13 
were evaluated through IgM/IgG kinetics with well-categorized human sera for acute 
toxoplasmosis. The antigens were reactive with IgM and IgG antibodies and showed 
strong immunogenicity; these antigens could be potential antigens for vaccines or 
diagnostic serological kits (Döşkaya et al. 2018). Additional antigenic peptides have 
been selected, including several from rhoptry, dense granules, and surface proteins to 
improve Toxoplasma serotyping (Arranz-Solis et al. 2019). A redesigned version of 
the published GRA7 typing peptide performed better and specifically distinguished 
type III from non-type III infections in sera from mice, rabbits, and humans 
(Arranz-Solis et al. 2019). Xicoténcatl-García et al. (2019) also recently designed 
new peptides of GRA6, GRA7, and SAG1 proteins with more SNPs among the three 
clonal strains than those previously designed (Xicoténcatl-García et al. 2019). These 
authors screened the antigens and observed that in Mexico, serotype I was the most 
frequent (38%); additionally, this serotype was significantly more frequent among 
mothers who transmitted the infection to their offspring than among those who did 
not (53% vs. 8%, p = 0.04). They suggest that serotyping using the improved GRA6 
peptide triad could be useful to serotype T. gondii in humans. 

Serotyping still needs refinement in samples of animal origin (Sousa et al. 2010;  
Holec-Gąsior et al. 2019). In the first attempt to apply the serotyping technology to  
animal reference material, serotyping was used in naturally infected meat-producing  
animals. An ELISA  test based on peptides derived from GRA6 and GRA7 antigens  
was used (Sousa et al. 2010). However, only three serum samples from 11 chickens  
and two from 15 pigs had serotyping results in agreement with genotyping (Sousa   
et al. 2010). In a study, cats mounted a clonal type-specific antibody response against  
T. gondii, and serotyping revealed for most seropositive field sera patterns resembling  
those observed after clonal Type II-T. gondii  infection (Maksimov et al. 2013). In  
small ruminants, four tetravalent chimeric proteins (AMA1N-SAG2-GRA1-ROP1,  
AMA1C-SAG2-GRA1-ROP1, AMA1-SAG2-GRA1-ROP1, and SAG2-GRA1-
ROP1-GRA2) were compared with an indirect IgG ELISA-based on a TLA  in sera.  
All chimeric proteins were characterized by high specificity (between 96.4% to  
100%), whereas the sensitivity of the IgG ELISA was variable (between 78.5% and  
96.8%). The highest sensitivity was observed in the IgG ELISA test based on the   
AMA1-SAG2-GRA1-ROP1. This chimeric protein could be a promising  
serodiagnostic tool for T. gondii  infection in small ruminants (Holec-Gąsior et al.  
2019). Protein microarrays could be useful for the analysis of antibodies in meat juice  
and serum for high sample throughput for slaughtering animals (Loreck et al. 2020). 

ALGrawany
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Serology in Saliva or Oral Fluids 
Collecting blood by phlebotomy is the general approach used for serological 
diagnostic analysis; however, it is invasive and has several drawbacks (pain, vasovagal 
reactions, and anxiety). Saliva has been suggested as an alternative diagnostic source 
of antibodies against T. gondii (Chahed Bel-Ochi et al. 2013; Sampaio et al. 2014; 
2019; Macre et al. 2019; Li et al. 2019). 

Antibody detection in saliva using different methods has been compared 
to serological methods: rSAG1 based-ELISA (Chahed Bel-Ochi et al. 2013);  
Dot-ELISA and protein A IgG capture immunoassay (Sampaio et al. 2014); 
Sporozoite-specific embryogenesis-related protein (TgERP) as antigen-ELISA  
(Mangiavacchi et al. 2016); indirect ELISA  using a crude extract of the RH strain 
(Cañedo-Solares et al. 2018); pGOLD a multiplexed serology assay for detection of 
T. gondii  IgG and IgM, rubella and CMV  IgG antibodies in serum, whole blood, and 
saliva using novel plasmonic gold (pGOLD chips) (Li et al. 2019); protein A solid 
phase capture assay for IgG reactive to biotinylated purified proteins (Sampaio et al. 
2019); (Macre et al. 2019) Dot-ELISA (as in Sampaio et al. 2014). 

The studies using saliva have been performed mainly in children in endemic 
and low-income areas where different aspects, such as the effect of age and the 
way of T. gondii transmission, were included (Mangiavacchi et al. 2016). However, 
the method was disappointing as a diagnostic tool because of the low concordance 
of results in saliva and serum samples in several studies (Sampaio et al. 2014;  
Cañedo-Solares et al. 2018). Some of those authors suggested that saliva might be 
reflecting a local immune response against this protozoan (Cañedo-Solares et al. 
2018). In a recent study, using a multiplexed serology assay for the detection of  
T. gondii  IgG and IgM, together with the analysis of rubella and CMV  IgG antibodies 
in serum, whole blood, and saliva using novel plasmonic gold (pGOLD) chips  
(Li et al. 2019), good sensitivity  and specificity was observed (100% for multiplex 
T. gondii, CMV, and rubella IgG and 100% and 95.4% for IgM, respectively), when 
compared to commercial test results in serum (Li et al. 2019). 

Another study analyzed T. gondii antibodies in the saliva of experimentally and 
naturally exposed pigs to T. gondii by immunoblot (IB) for IgG and IgA antibodies 
against T. gondii-SAG1 antigen (Campero et al. 2020). The results showed that IB 
was not a robust matrix to assess the serological status for T. gondii in saliva from 
individual animals compared to serology; it also showed inconsistent results for 
some sows (Campero et al. 2020). 

Immunoblotting 
Immunoblotting or Western blotting is also serological tests used for immunological 
profiles for T. gondii. Currently, there are ready-to use nitrocellulose strips obtained 
from electro-transfer of an electrophoresis gel containing bands of T. gondii antigens. 
Like an indirect  sandwich ELISA, the strips are sequentially incubated with tested 
serum, anti-isotype and enzyme-antibody conjugate and finally, a substrate that 
precipitates a colored band. IB has been used to study the immune response in 
newborns. Comparative IgG and IgM IB were associated with classical serological 
analysis (Rilling et al. 2003) but IB was more sensitive than ELISA  in neonates 
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and seemed to provide earlier detection of IgG in seroconversions when low IgG 
levels were observed. IB (Toxo  II IgG) diagnosed toxoplasmosis seroconversion 
before two routinely used immunoassays (IA) (Platelia and Elecsys Toxo  IgG) and an 
indirect IFAT (IB) in 92.3% of cases (36/39) and thus allowed for earlier therapeutic 
intervention (Jost et al. 2011). For these reasons it is becoming the reference 
confirmatory method, tending to replace the DT  in this usage because of similar 
performance and greater practicability (Sickinger et al. 2008; Murat et al. 2013). 

Indirect Methods by Immunological Tests for T-Cell Based 
Responses for Toxoplasma gondii 
The interferon-gamma release assay (IGRA) is a less commonly used test. It is an 
immunological T-cell-based test. It can be performed in whole blood. The method 
is still at the research stage and requires special training in cell culture for its 
development, but it could be helpful in the confirmation of highly suspected cases 
(Ciardelli et al. 2008). The IGRA  method has been used for the early detection of 
T. gondii congenital infection (reviewed by Mahmoudi et al. 2017). Guglietta et al. 
(2007) reported increased levels of IFN-gamma (20- to 40-fold), in the presence of 
GST-GRA1, in subjects with acquired or congenital infection (Guglietta et al. 2007). 
There was no statistical difference in T-cell activation between individuals with 
acquired and congenital infections. However, considerable differences in subgroups 
of children with congenital toxoplasmosis (cases less than 4 years old and cases 
more than 4 years old) were found. In addition, the GRA1 stimulation index (SI) 
displayed significant differences  when healthy adults with acquired infection and 
children with congenital infection less than 4 years old were compared. Recombinant 
protein, GST-cl16.2, was the most reactive protein inducing PBMC proliferation in 
54% of samples from subjects with acquired infection and 70% of samples from 
patients with congenital toxoplasmosis (Guglietta et al. 2007). Ciardelli et al. 
(2008) compared routine tests (ELISA, ISAGA, and Western blot to evaluate IgM, 
IgA, and IgG antibodies to T. gondii) to IGRA. While routine tests detected only 
52% of congenitally infected newborns at birth, the immunologic tests accurately 
distinguished infected from uninfected newborns and showed strong lymphocyte 
activation after in vitro culture with T. gondii  antigens, even during the first days 
of life (Ciardelli et al. 2008). IFN-gamma production was found to be significantly 
higher in infected infants than in uninfected cases (P  < 0.001) and the sensitivity and 
specificity of IGRA  in these patients were 90.3% and 85.7%, respectively (Ciardelli 
et al. 2008). 

Direct Methods for Detection of Parasite Antigens, Parasite DNA, 
or the Parasite Itself in Tissues and Fluids 
Histologic and Microscopical Demonstration of Parasite in Tissues 
and Other Samples 
Direct detection of tachyzoites and/or tissue cysts of T. gondii in host tissues collected 
by biopsy or at necropsy can be demonstrated by histological techniques. A rapid 
diagnosis may be made by microscopic examination of tissue sections with lesions, 
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usually after staining (e.g., Giemsa, Toluene, Diff-Quick stains, among others). 
Well-preserved T. gondii  are crescent-shaped. In sections, the tachyzoites usually 
appear round to oval (Dubey 2010). Electron microscopy can aid in the diagnosis.  
T. gondii tachyzoites are always located in parasitophorous vacuoles. Tissue cysts 
are usually spherical and lack septa, and the cyst wall can be stained with a silver 
stain. The bradyzoites are strongly positive on periodic acid Schiff (PAS) staining. 
The diagnosis of Toxoplasma in exfoliative cytology specimens can be challenging 
since organisms are not well visualized on ThinPrep or Pap-stained material and 
in these materials, Wright-Giemsa staining can be particularly helpful (Monaco  
et al. 2012). Demonstration of tachyzoites in tissue sections or smears of body fluid  
(e.g., CSF or amniotic or BAL  fluids) establishes the diagnosis of the acute infection, 
but it is infrequently performed (Murat et al. 2013a). 

Immunohistochemical staining of parasites with fluorescent or other types of 
labeled T. gondii antisera can aid in diagnosis (Dubey 2010). The immunoperoxidase 
technique (IHQ) has proven both more sensitive and specific than stained tissue 
sections and can be used in unfixed or formalin-fixed paraffin-embedded tissue 
sections. The IHQ has been used to distinguish tachyzoites from bradyzoites in tissues 
using antigen BAG1 but will react with other protozoa (Dubey 2010). In humans, 
the test is mainly performed in some cases of pneumonia in immunosuppressed 
patients by detection of the parasite in bronchoalveolar lavage fluid (Monaco et al. 
2012). However, it is often difficult to demonstrate T. gondii stages in conventionally 
stained tissue sections, and even with IHQ, sensitivity is much lower than PCR. In 
general, polyclonal antibodies are more useful than monoclonal antibodies for IHQ 
(Dubey 2010). 

Isolation of T. gondii in Cell Culture and Bioassays in Animal Models 
Direct demonstration of the organism by isolation of the parasite, which can be 
performed by inoculation in animal models (primarily mice) or inoculation in tissue 
cell cultures of virtually any human tissue or body fluid can be used for successful 
diagnose of T. gondii  infection. As with detection in tissues, isolation of T. gondii  
from blood or body fluids establishes that the infection is acute (Murat et al. 2013a; 
Khan and Grigg 2017). 

Vero cell lines were optimized for T. gondii cultivation and provided maximum 
yields and viability at 85% confluence in DEM medium, with an inoculum, of 1 × 107 

tachyzoites after three days of culture (Saadatnia et al. 2010). The in vitro methods 
using cell culture cells, however, have practically been abandoned today (Murat 
et al. 2013a). Isolation in animal models in vivo, mainly mice by intraperitoneal 
infection, is more frequently performed than cell culture (Dubey 2010; Wallon 
et al. 2013). Mice can be inoculated subcutaneously or intraperitoneally to isolate 
live parasites from either serological or PCR-positive samples, heparinized blood, or 
cerebrospinal fluid of acutely or chronically infected tissues (Dubey 2010). Infected 
tissues need to be homogenized before infecting mice. Pepsin or trypsin treatment 
of chronically infected tissues has also been suggested in order to increase the 
probability of parasite DNA isolation (Dubey 2010). These methods can also be used 
as confirmation for infection and non-diagnostic purposes (strain amplification and 
storage and identification of strains in epidemiological studies). 
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Detection of Antigens 
Detection of circulating antigens was suggested by some authors for diagnosis of 
active infections. Hassle et al. (1988) used a three-layer ELISA  and the ELISA results 
were reexamined by IB. The antigenemia correlated with IgG and IgM antibody 
titers with clinical symptoms and with pathological findings in acute infections in 
AIDS patients. More recent studies reported the development of a rapid ICT for the 
rapid detection of T. gondii circulating antigens in the blood of animals during the 
acute stage of toxoplasmosis (Wang et al. 2011). In the infected animals, circulating 
antigens in sera could be detected as early as the second-day post-infection (PI) and 
in all animals by the fourth day. This test could be a powerful supplement to the 
current diagnostic methods (Wang et al. 2011). 

Detection of Nucleic Acids by Molecular Methods 
The detection of nucleic acid (mainly DNA from T. gondii  in infected fluids or 
tissues) by molecular methods is becoming one of the most useful methods for 
the direct detection of T. gondii. There are several types of molecular methods for 
the diagnosis of toxoplasmosis described, such as conventional  PCR, nested PCR,  
semi-nested PCR, quantitative real-time PCR (qPCR), and more recently,  
loop-mediated isothermal amplification (LAMP) and Recombinase Polymerase 
Amplification (RPA). Droplet digital PCR (ddPCR) is a new technique considered 
to resist inhibitors and to provide accurate quantitative information without the need 
for preparation of standard curves, but to our knowledge, has not been used for  
T. gondii analysis to date. 

Conventional PCR and Quantitative PCR (qPCR) 
PCR is an excellent method for the diagnosis and confirmation of T. gondii in infected 
tissues in animals and humans (Montoya 2002). In addition, genomic sequencing and 
typing methods based on previous PCRs are important for the characterization of 
T. gondii  strains. PCR is also needed to distinguish DNA  from Toxoplasma oocysts 
from other morphologically identical oocysts; also present in cat feces, such as 
Hammondia hammondi, which are not pathogenic (Schares et al. 2008). 

Conventional PCR and qPCR, both have high sensitivity and specificity. 
Historically, Burg et al. (1989) first reported the detection of T. gondii DNA from 
a single tachyzoite by amplification of the B1 gene by PCR. Although other target 
genes have been used by PCR [P30, ITS1, 18S rRNA (this last one consider by 
some authors as an excellent marker for the identification of T. gondii infection 
(Robertson et al. 2019))], the repetitive regions of the 35-copy B1 gene (Burg et al. 
1989), and 300-copy 529-bp repetitive element (529-bp RE) of T. gondii (Homan 
et al. 2000; Reischl et al. 2003) are still the most frequently used in humans and 
animals (Su and Dubey 2009). The 529-bp RE is 10–100 folds more sensitive than 
the B1 marker, and because of its high sensitivity has become a preferred marker 
for the detection of T. gondii in human and animal tissues (Edvinsson et al. 2006; 
Su and Dubey 2009; Darwich et al. 2012; Murat et al. 2013a; Mcleod et al. 2020). 
Bier et al. (2019) compared two real-time PCRs (qPCRs; Tg-qPCR1, Tg-qPCR2) 
and one conventional endpoint PCR (cPCR), all targeting the 529 repeated elements 
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in DNA of the three clonal T. gondii types prevailing in Europe and North America. 
The qPCR efficiencies for all three clonal types ranged between 93.8 and 94.4%  
(Tg-qPCR1) and 94.3–95.6% (Tg-qPCR2). The cPCR using primer pair  
TOX5/Tox-8 was considered unsuitable for the detection of T. gondii DNA in pork 
as unspecific amplification of porcine DNA was observed. 

In general, monoplex and multiplex PCR has been shown to be able to 
specifically identify T. gondii in many different tissue biopsies and fluids, including 
brain and cerebrospinal fluid (toxoplasmic encephalitis); in bronchoalveolar lavage 
(BAL) fluid (in patients with AIDS); in peripheral blood (in disseminated infections); 
in vitreous and aqueous fluids (in ocular toxoplasmosis); in fetal blood and amniotic 
fluid (in fetal toxoplasmosis) or in biopsies from immunocompromised patients 
undergoing hematopoietic stem cell transplantation (reviewed Montoya 2002; Weiss 
and Dubey 2009; Belfort et al. 2017). 

Quantitative real-time PCR techniques (qPCR), in addition to high sensitivity 
and specificity, allow quantification of the parasite burdens in the infected samples, 
if standards are included in the reaction and allow fast detection with a low risk of 
laboratory contamination with amplicons. There are several technologies used for 
qPCR. Fluorescent resonance energy transfer (FRET) and hydrolysis probes, both 
seem to provide enhanced specificity compared to DNA-binding dyes such as SYBR 
Green (Murat et al. 2013a). An internal amplification control is advised to ensure the 
detection of PCR inhibition. As conventional PCR, qPCR for T. gondii is also mainly 
based on the B1 gene, 18 S rRNA gene, and 529-bp DNA sequences. 

A commercialized qPCR is now available targeting the T. gondii 529-bp RE 
(Bio-Evolution Toxoplasma gondii assay). The commercial kit was evaluated using 
different specimens (including blood, bronchoalveolar fluids, and cerebrospinal 
fluids) from immunocompromised patients (Ammar et al. 2019). The concordance 
rate was 99.3% when comparing 529-bp RE laboratory-developed PCR methods 
and the commercial kit. The sensitivity and specificity of the commercial kit were 
calculated at 98.8% and 100%, respectively (Ammar et al. 2019). 

For congenital infections, PCR on amniotic fluid is an accurate method for 
the diagnosis with high sensitivity and has shown a high specificity (about 100%), 
although its sensitivity varies with the date of infection. Sensitivities in first, second, 
and trimester were 33–75%, 80–97%, and 68–88%, respectively (Fallahi et al. 2018). 
For diagnosis in animals, the same PCR gene targets have been used (See animal 
studies section). 

Loop-Mediated Isothermal Amplification (LAMP) 
Isothermal techniques, such as LAMP  are cost-effective potential alternatives to PCR, 
especially in developing countries. LAMP  is a relatively novel and simple molecular 
technique for monitoring microbial pathogens. LAMP  allows the amplification of 
small traces of the nucleic acid of interest at a constant temperature under isothermal 
conditions (60–65°C) using two or more sets of primers and a Bst DNA polymerase 
(large fragment) with both high strand displacement and replication activities that 
facilitates replication of the nucleic acid. The amplification product is detected at 
the end of the reaction by gel electrophoresis or in a real-time fashion by employing 
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fluorophores, such as SYBR green that enable the detection of the amplicon at an 
interval of time (Tefera et al. 2018). LAMP is increasingly gaining interest. The 
technology requires less equipment and is more available than PCR (Lin et al. 2012; 
Fallahi et al. 2014; Fallahi et al. 2015); however, the contamination rate of LAMP 
seems higher than that of PCR (Fallahi et al. 2015). 

The procedure of the LAMP assay is very simple, as the reaction would be carried 
out in a single tube under isothermal conditions and the result would be read out 
within 1 hour (as early as 35 minutes with loop primers) (Sun et al. 2017). Due to its 
simplicity, sensitivity, and specificity, LAMP is suggested as an appropriate method 
for routine diagnosis of active toxoplasmosis in humans, including the diagnoses of 
primary toxoplasmosis among high-risk pregnant women (Lau et al. 2010; El Aal 
et al. 2018). This method is also expected to play an important role in the monitoring 
of T. gondii contamination in various food products (Zhuo et al. 2015). 

LAMP assays have been designed for several genes targets such as SAG1, SAG2, 
and B1 genes (Lau et al. 2010), B1 (Fallahi et al. 2014; El Aal et al. 2018; Valian et al. 
2019), 529 bp RE (Fallahi et al. 2014; Sun et al. 2017; Valian et al. 2019), or ITS-1 
(Zhuo et al. 2015). A commercial LAMP assay [Iam TOXO Q-LAMP or Iam TOXO 
(DiaSorin®)] is based on the 529-bp RE. 

Historically, three LAMP  assays based on the SAG1, SAG2, and B1 genes of  
T. gondii  were developed  by Lau et al. (2010). When the sensitivities and specificities 
of the LAMP  assays were compared to those in a conventional nested PCR, the 
LAMPs were highly sensitive and had a detection limit of 0.1 tachyzoites, with no 
cross-reactivity to other parasites. The methods were used on blood samples from 
patients with active toxoplasmosis (n = 40), negative controls (n = 40), and patients 
with other parasitic infections (n = 15). The SAG2-based LAMP  (SAG2-LAMP) 
had greater sensitivity (87.5%) than the SAG1-LAMP  (80%), B1-LAMP  (80%), and 
nested PCR (62.5%) and all assays and nested PCR were 100% specific. A  LAMP  
and nested-PCR targeting the 529 bp RE and the B1 gene were compared to each 
other for the detection of T. gondii DNA in blood samples of children with leukemia 
(Fallahi et al. 2014). Another LAMP  designed based on the conserved sequence of 
529 bp repetitive fragment of T. gondii could detect a single tachyzoite or 10 copies 
of recombinant plasmid (Sun et al. 2017). 

As mentioned above, a LAMP technique for T. gondii is commercially available 
[Iam TOXO Q-LAMP (DiaSorin®)] named later as Iam TOXO (Khan and Noordin 
2020) based on the 529 bp RE. The method was evaluated and compared to a reference 
laboratory-developed method using qPCR in amniotic fluid (AF) and plasma samples 
and then in a cohort of AF, placental tissues, and blood (Varlet-Marie et al. 2017). 
Although the LAMP assay was less sensitive than the laboratory-developed method 
at very low parasite concentrations (0.1 T. gondii genome equivalents/mL), the two 
methods yielded identical results qualitatively and, in some instances, quantitatively, 
particularly for AF samples (Varlet-Marie et al. 2017). LAMP techniques have also 
been used in the peripheral blood of women who experienced spontaneous abortion 
(El Aal et al. 2018) and compared to real-time PCR. Both techniques obtained 
positive results in eight samples confirming primary toxoplasmosis. 
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The LAMP technique has also been applied for the detection of T. gondii in pork 
(Zhuo et al. 2015) as well as ready-to-eat-salads and was found to be more sensitive 
than conventional PCR (Lalle et al. 2018) (see more information on detection in 
fresh produce). In pork, when the assay targeted the ITS-1 sequence, the detection 
limit of the LAMP assay was 0.9 fg T. gondii genomic DNA, a sensitivity that was 
10-fold higher than that of a conventional PCR assay. When both the LAMP assay 
and conventional PCR were applied to detect T. gondii genomic DNA in diaphragm 
samples from pig farms in Zhejiang Province, China, LAMP was more sensitive than 
conventional PCR (13.56% and 9.32%) (Zhuo et al. 2015). 

Recently, T. gondii LAMP assays targeting the 529-bp RE and the B1 gene were 
designed using uracil DNA glycosylase in blood samples (Valian et al. 2019). When 
those techniques were compared with the qPCR method, a better detection rate was 
observed for toxoplasmosis among at-risk people using the 529 bp RE sequence 
compared to the B1 gene (Valian et al. 2019). Among 110 studied cases, 39 (35.45%) 
and 36 (32.7%) were positive for T. gondii DNA with the 529 bp RE-LAMP and 
B1-LAMP, respectively. However, there were false-negative results when compared 
with the real-time PCR method (Valian et al. 2019). Therefore, although the 
UDG-LAMP seemed a highly sensitive, accurate, and reliable method with no 
false-positive results for the diagnosis of T. gondii infection in blood specimens, 
some cases may be missed. 

Recombinase Polymerase Amplification (RPA) 
Recombinase polymerase amplification (RPA) is another nucleic isothermal acid 
amplification technology. By adding a reverse transcriptase enzyme to an RPA 
reaction, the technology can be used to detect RNA as well as DNA, without the need 
for a separate step to produce cDNA. The amplification product can be visualized 
using a lateral flow (LF) strip by adding a specific probe into the RPA reaction 
solution. RPA uses a combination of enzymes such as recombinase, polymerase, and 
single-stranded DNA-binding (SSB) protein in the cycle of nucleic acid amplification. 
The amplification is fast and is designed to work at temperatures between 37°C 
and 42°C. Besides, the specificity, sensitivity, portability, and the possibility of 
both endpoint and real-time detection make RPA an attractive alternative to other 
molecular methods. LF-RPA is a complex assay that has a higher efficiency and is 
more suitable to be used in field detection than conventional PCR (Wu et al. 2017). 

The method was recently developed (B1-LF-RPA) for the detection and 
monitoring of T. gondii in the environment from soil and water samples based on 
the B1 gene of T. gondii (Wu et al. 2017). Applications of this method, in addition to 
the environment, could be used for diagnosis of T. gondii infections in humans and 
animals, epidemiological surveys of T. gondii, fundamental research of T. gondii in 
the laboratory and for the detection of the parasite in fresh produce (Wu et al. 2017). 

Genotyping 
In humans and animals, the clinical presentation of T. gondii infection varies widely 
depending on the strain of the parasite, the host-species susceptibility to the parasite, 
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and other factors such as the immune status of the host, the infective dose or the 
parasite life-cycle stage ingested (Su and Dubey 2020). 

There are two main multilocus techniques used for genotyping of T. gondii.  
The first genetic  typing of T. gondii strains was performed using six multilocus  
PCR-restriction fragment length polymorphism (RFLP) (PCR-RFLP) markers as 
described by Howe and Sibley (1995). These markers were complemented to a 
multiplex multilocus PCR-RFLP  method using 10 markers (Su et al. 2010). Currently, 
the 10 PCR-RFLP  markers in a nested PCR include SAG1, SAG2, SAG3, BTUB, 
GRA6, c22-8, c29-2, L358, PK1, and Apico. This method has been used in numerous 
studies (Su et al. 2012; Shwab et al. 2014; Jiang et al. 2018; Su and Dubey 2020). 

In addition, a second multilocus method was developed based on microsatellite 
(MS) analysis (Ajzenberg et al. 2010). The two genotyping techniques have different 
strain designations. Genotyping results obtained with the current multilocus MS or 
RFLP  techniques seem to match results obtained by highly resolutive techniques, 
such as multilocus sequence typing (MLST) (Su et al. 2012) or whole genome 
sequencing (WGS) (Lorenzi et al. 2016). Most of these studies reported genotyping 
results of five to 15 markers from those two different techniques. 

Other genotyping techniques described for T. gondii, but not commonly used 
in clinical samples, are multilocus sequence typing (MLST) and random amplified 
polymorphic DNA-PCR (RAPD-PCR). The MLST method, based on DNA 
polymorphisms, including SNPs (single nucleotide polymorphisms), deletions, and 
insertions has the highest resolution among all typing methods but only when enough 
genomic DNA is available (Su et al. 2010) which is not usual in clinical samples (Liu 
et al. 2015). RAPD-PCR can identify DNA polymorphisms without predetermined 
genetic data, using single short arbitrary primers under low stringency conditions. 
This PCR was used for the genetic differentiation of T. gondii from closely related 
organisms and to identify virulence markers. On the other hand, the band profiles in 
this technique are very difficult to reproduce and DNA must be highly pure, so cannot 
be used for clinical samples (Liu et al. 2015). Vilares et al. (2020) used a multilocus 
amplicon-based sequencing strategy targeting genome-dispersed polymorphic loci 
in samples associated with human infection and they concluded that a discrete loci 
panel has the potential to improve the molecular epidemiology of T. gondii toward 
better monitoring of circulating genotypes with clinical importance. 

A supplementary test to conventional genotyping is High-Resolution Melting 
(HRM). It is a post-PCR method to analyze genetic variation based on the melting 
temperatures related to their sequences that is more informative than MS (Liu 
et al. 2015). 

Although there are only a few lineages of T. gondii, the population structure 
of the parasite is complicated with several haplogroups worldwide (Su et al. 2012; 
Ajzenberg 2015). Even though there is a strong correlation between T. gondii strain 
genetic diversity with geographic origin, there is no correlation with host specificity 
or disease outcome (Ajzenberg 2015). Thus, to date, genetic markers used for 
genotyping T. gondii strains are very good to reveal the association of genotypes 
with geographical locations but there is no allele or allelic combination that can 



 

 

 

 

252 Diagnosis of Pathogenic Microorganisms Causing Infectious Diseases 

predict the course and severity of strains in human toxoplasmosis (Ajzenberg 2015; 
Darde et al. 2020). 

Next-Generation Sequencing (NGS) and Comparative Genomics 
Next-generation sequencing (NGS) opens the possibility of finding new markers for 
new techniques for the detection or improving the ones available. NGS can screen a 
single DNA sample and detect pathogen DNA from thousands of host DNA sequence 
reads, making it a versatile and informative tool for the investigation of pathogens in 
diseased animals (Cooper et al. 2016). ToxoDB, a free online resource that provides 
access to genomic and functional genomic data, was created by Kissinger et al. 
(2003). Currently, ToxoDB contains 32 fully sequenced and annotated genomes of  
T. gondii  (Harb and Roos 2020). It also contains numerous functional genomic 
datasets including microarray, RNAseq, proteomics, ChIP-seq, and phenotypic data. 
ToxoDB has served as a model for other pathogens, resulting in its expansion into 
EuPathDB on the major eukaryotic pathogens (Boothroyd 2020). 

WGS has been performed on 65 T. gondii strains, including Type I, Type II, 
Type III, and recombinant strains (reviewed by Lau et al. 2016; Lorenzi et al. 2016). 
Recently, proteomic and transcriptomic analyses of early and late-chronic T. gondii 
infection identified a novel stage-specific transcript, the bradyzoite-specific isoform 
of sporoAMA1; this shows novel and stage-specific transcripts (Garfoot et al. 2019). 
New markers could be used to improve T. gondii detection. The utilization of diverse 
omics-based methods can also help to identify promising drug targets (Cowell and 
Winzeler 2019). NGS studies have also been performed for comparative genomics 
(Reid et al. 2012; Lorenzi et al. 2016) and have also been used for confirmation of 
toxoplasmosis cases in animals, such as the case of a Risso’s dolphin (Grampus 
griseus) (Cooper et al. 2016). 

Imaging Techniques and Bioluminescence Imaging 
When clinical signs suggest involvement of the CNS and/or spinal cord, tests should 
include computed tomography (CT) or magnetic resonance imaging (MRI) of the 
brain and/or spinal cord. Masamed et al. (2009) reviewed the previously described 
CT  and T1-weighted (W) MRI target signs seen in toxoplasmosis and included a 
new imaging sign, the T2W/FLAIR (fluid attenuated inversion recovery) target as an 
aid to the diagnosis of cerebral toxoplasmosis (Masamed et al. 2009). Neuroimaging 
studies of the brain are also used in the support of therapy in cerebral toxoplasmosis 
(Dard et al. 2016; Rostami et al. 2018) and in ocular toxoplasmosis after  
swept-source optical coherence tomography angiography (SS-OCTA) (de Oliveira 
Dias et al. 2020). 

Parasite growth in experimental infections in mice was followed using 
Bioluminescence imaging (Saeij et al. 2005). The parasite strains used in the 
intraperitoneal infection were engineered to stably express luciferase as a 
light-emitting protein and the progress of the infection was visualized noninvasively 
following the injection of a substrate for the luciferase enzyme. This method had the 
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potential to study the dissemination and growth of different strains for the course of 
infection ad reactivation induced by immunosuppressants (Saeij et al. 2005). 

Potential Future Diagnostic Methods (Not Developed to Date or Not 
Conventionally Used to Date) 
Matrix-Assisted Laser Desorption Ionization Time-of-Flight Mass Spectrometry 
(MALDI-TOF MS) for Protein Profiles of Parasites 
MALDI-TOF MS is a high-throughput analytical technique based on the detection 
of mass spectral  fingerprints of proteins. It has many applications in different fields 
of science, including clinical and veterinary parasitology for the detection and 
identification of parasites. MALDI-TOF MS has been used for the characterization 
of the protein profile of parasites such as Cryptosporidium  spp., Giardia  spp., 
and Entamoeba spp.; to our knowledge, it has not been designed for T. gondii to 
date. Mass spectrometry (gas chromatography-mass spectrometry and liquid 
chromatography-mass spectrometry) were recently used to study the metabolite 
profiling (metabolomic) of T. gondii  tachyzoites in cultures of human foreskin 
fibroblasts (King et al. 2020). 

Aptamers 
The latest progress made in aptamer use for parasite diagnosis confirmed that DNA  
and RNA  aptamers represent attractive alternative molecules in the search for new 
tools to detect parasitic infections that affect human health worldwide (Ospina-Villa 
et al. 2018). A recent study reported an enzyme-linked aptamer assay (ELAA) for the 
detection of newly developed aptamers against Toxoplasma  ROP18 protein in human 
serum (Varga-Montes et al. 2019). The authors found a significant association between 
ELAA test positive for human serum samples and severe congenital toxoplasmosis  
(p = 0.006) and considered that the development and testing of aptamers-based 
assays opens a window for low-cost and rapid tests looking for T. gondii biomarkers 
for human toxoplasmosis 

Lab-on-Chip Methods 
Currently, microfluidic chips are not ready for testing for T. gondii as they are still 
expensive due to manufacturing procedures, non-scalability, and the requirement of a 
microscopic syringe pump for operation. A device is still not available commercially 
for Toxoplasma detection. 

Other Isothermal Reactions 
There are several isothermal amplification techniques, which differ in the specifics 
of primer design and reaction mechanism such as nucleic acid sequence-based 
amplification (NASBA) (used to amplify RNA  sequences), helicase-dependent 
amplification (HDA) (for DNA  amplification), and nicking enzyme amplification 
reaction (NEAR) (also for DNA  amplification) that to date have not been used for  
T. gondii detection. 
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Detection of Oocysts in Cats and in the Environment 
Autofluorescence 
Autofluorescence is a useful characteristic in the microscopic detection of T. gondii 
oocysts  (Lindquist et al. 2003).  Toxoplasma gondii  autofluorescence is of enough 
intensity and duration to allow the identification of these oocysts from complex 
microscopic sample backgrounds. Oocysts glow pale blue when illuminated with 
an ultraviolet (UV) light source and viewed with the correct UV  excitation and 
emission filter set (Lindquist et al. 2003).  The intense autofluorescence of T. gondii  
oocysts follows a distinctive pattern with the sporocyst walls being readily visible; 
this pattern is distinct from the pattern of autofluorescence seen in Cyclospora 
cayetanensis (Lindquist et al. 2003) and could be used in detection in water and 
other complex mixtures. 

Detection of T. gondii Oocysts in Cats 
Oocysts are very difficult to find in cats. At any given time only 1% of cats will be 
shedding oocysts (Dubey and Beattie 1988) and they will need to be detected in 
the feces of infected cats by concentration methods (e.g., flotation in high density 
sucrose solution) since there may be too few present to be detected by direct smear 
(Ruiz and Frenkel 1980a). Schares et al. (2008) examined microscopically 24,106 
fecal samples from cats from Germany and other European countries and found 
oocysts with a morphology like that of H. hammondi and T. gondii in only 74 samples 
(0.31%). Therefore, for epidemiological surveys, the detection of T. gondii oocysts in 
cat feces is impractical and not very informative (Dubey 2004). In one study, oocysts 
were detected microscopically in only 12.7% and an additional 87.3% of naturally 
infected cats by mouse assay (Ruiz and Frenkel 1980a). For definitive identification, 
T. gondii oocysts should be sporulated and then bioassayed in mice to distinguish 
them from other related coccidians since T. gondii oocysts cannot be distinguished 
by direct microscopic examination from the oocysts of at least four other coccidians, 
H. hammondi, H. heydorni, Neospora caninum, and Besnoitia  species (Dubey 2004). 

Sroka et al. (2018) compared different saturated solutions for the concentration 
of oocysts using centrifugal flotation in saccharose, MgSO4, ZnSO4, and NaNO3 
in water samples spiked with T. gondii tachyzoites and oocysts. They found the 
highest efficiency in oocysts detection using sodium nitrate solution (NaNO3) 
and saccharose. They used NaNO3 flotation followed by DNA extraction with the 
removal of inhibitors to compare real-time PCR and nested PCR and found the best 
results for the detection of T. gondii as observed by real-time PCR targeting the B1 
gene compared to nested PCR. They did not include an analysis of other genes. 

In a study in Southern Thailand, Chemoh et al. (2016) observed 19.3% positive 
samples of 254 feline fecal specimens to the presence of coccidian oocysts. When 
samples were analyzed by 529 bp PCR and ITS-1 PCR for T. gondii, only 0.8% of 
samples were positive by the first method, and only 6.67% positive by the second; 
none of the positive samples by PCR were microscopically positive. Veronesi 
et al. (2017) analyzed fecal samples from owned cats in Italy; they observed 
that biomolecular approaches were more sensitive than microscopic detection 
(16 samples PCR positive versus only two samples positive by microscopy). When 
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they compared two amplification protocols (B1 and the 529-bp RE) for the molecular 
diagnosis of Toxoplasma infection in fecal samples from 78 owned cats, after sucrose 
flotation, the two stool samples microscopically positive for T. gondii-like oocysts 
also tested positive by both B1 and 529-bp RE-PCRs. The amplification sets targeting 
B1 and 529-bp RE showed substantially different yields, but while 529-bp RE was a 
standard conventional PCR, B1 was a nested PCR. 

The determination of serological prevalence could be more helpful to show 
contact with T. gondii in cats than searching for oocysts in fecal samples (Dubey 
2004). In an epidemiological survey for T. gondii on pig farms, oocysts were detected 
in only 5 of 274 (1.8%) samples of cat feces, 2 of 491 (0.4%) samples of feed and 
1 of 79 (1.3%) samples of soil, but 267 of 391 (68.3%) cats had antibodies to 
T. gondii (Dubey et al. 1995). Seropositive cats will have already shed T. gondii 
oocysts (Dubey and Frenkel 1972). Serologic surveys found that approximately up 
to 50% of cats surveyed in the United States have antibodies to T. gondii, and most of 
these cats probably ceased shedding oocysts (Dubey 2004; Dubey 2010). 

Detection of T. gondii Oocysts in the Environment 
Oocysts are a major source of infection for humans and animals. The sporulated 
oocysts that can infect definitive and IH are very resistant to environmental 
conditions and can persist in the environment for long periods (Tenter et al. 2000; 
Dubey 2010; Galvani et al. 2019). Equally, oocysts are highly resistant to the various 
chemical inactivation processes commonly used by water supply systems (Galvani 
et al. 2019). Currently, there are no commercial reagents available to detect T. gondii  
oocysts in the environment. Hohweyer et al. (2016), developed an immunomagnetic 
separation assay (IMS Toxo), using a specific purified monoclonal antibody. This 
IMS Toxo coupled with microscopic and qPCR analyses was evaluated in raspberries 
and basil (Hohweyer et al. 2016). Due to the intrinsic characteristics of the matrixes, 
few oocysts are expected to be detected in environmental samples, including soil, 
water, and fresh produce. 

Oocysts Detection in Water 
Detection of T. gondii  oocysts in water is more difficult than that of other 
coccidian oocysts and there are no standardized methods (Dubey et al. 2020e). 
The concentration of oocysts by centrifugation, filtration through small pore 
filters, elution of oocysts from filters, immunomagnetic separation, and  
fluorescence-activated cell sorting have been suggested based on experiences with 
the detection of the related coccidians, Cryptosporidium, and Giardia species 
(Dubey 2004). As indicated above, T. gondii  oocysts have a specific pattern of 
autofluorescence that may be useful in identification (Lindquist et al. 2003). However, 
since T. gondii oocysts cannot be distinguished by direct microscopic examination 
from at least four other coccidians, additional methods will be needed to confirm 
that oocysts are from T. gondii. PCR will help in that differentiation in any of the 
methods available [conventional PCR, qPCR, LAMP, and RPA  (Liu et al. 2015; Wu 
et al. 2017; Galvani et al. 2019)]. Villena et al. (2004) found T. gondii DNA in 10 of  
125 environmental water samples but none were positive by bioassay in mice. 
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Wells et al. (2015) compared the molecular detection of T. gondii in water 
samples from Scotland using the 529-bp RE qPCR and ITS1 nested PCR. T. gondii 
DNA was detected in 8.8% of samples using 529-bp RE qPCR, and of those only 
50% were positive by ITS1 nested PCR, less than 4.4% of total samples. Another 
technique developed for the detection of DNA from T. gondii oocysts used in soil and 
water was an RPA method in combination with an LF strip for the detection of DNA 
of T. gondii oocysts (Wu et al. 2017). DNA of T. gondii oocysts was amplified by a 
pair of specific primers based on the T. gondii B1 gene over 15 minutes at a constant 
temperature ranging from 30°C to 45°C. The amplification product was visualized 
by the LF strip within 5 minutes using the specific probe added to the RPA reaction 
system. The sensitivity of the established assay was 10 times higher than that of 
nested PCR with a lower detection limit of 0.1 oocyst per reaction, and there was no 
cross-reactivity with other closely related protozoan species (Wu et al. 2017). When 
sample detection (50) was compared using LF-RPA assay with nested PCR based on 
the B1 gene sequence, both agreed showing 5 out of the 50 environmental samples 
were positive. The B1-LF-RPA method was also proven to be sufficiently tolerant of 
existing inhibitors in the environment (Wu et al. 2017). 

A real-time PCR technique (qPCR) performed after concentration by filtration 
in Envirocheck® HV capsules of volumes of 20 L used a 62-base-pair fragment of 
the B1 gene as the target sequence in a recent study in Brazil (Galvani et al. 2019). 
Characteristics of the samples and climatic conditions produced very different mean 
recoveries in samples from the rainy season [3.2% (SD ± 3.2)] and in the dry period 
[62.0% (SD ± 6.2) (Galvani et al. 2019)]. 

Recently, a rapid detection method for infectious oocysts by cell culture of their 
sporocysts combined with qPCR (sporocyst-CC-qPCR) was assessed (Rousseau 
et al. 2019b). This sporocyst-based CC-qPCR appeared to be a good alternative to 
the mouse bioassay for monitoring infectious T. gondii oocysts directly in water and 
using biosentinel mussel species (blue and zebra mussels). The method was able to 
detect fewer than 10 infectious oocysts in water within four days (one day of contact 
and three days of cell culture), compared to four weeks by mouse bioassay and as 
low as ten infective oocysts in experimentally contaminated mussels (Rousseau 
et al. 2019b). 

Previous studies detected oocyst DNA  in mussels, which as filter-feeders can 
accumulate and concentrate T. gondii  oocysts, using conventional PCR (Arkush  
et al. 2003; Villena et al. 2004), qPCR (Coupe et al. 2019), or LAMP  (Durand  
et al. 2020). Arkush et al. (2003) reported the detection of DNA in tissues of 
mussels that were experimentally contaminated with T. gondii oocysts. They found  
T. gondii DNA up to 18 days post-exposure of mussels; however, viable oocysts were 
detected only for 3 days of exposure (Arkush et al. 2003). Detection of T. gondii  
in different bivalves has also been achieved by qPCR targeting the B1 gene and 
the 529 bp (reviewed by Edvinsson et al. 2020). Recently, Durand et al. (2020), 
using a LAMP  in experimentally spiked mussels, detected 5 oocysts/g in tissue and  
5 oocyst/mL in hemolymph, which could make this method a promising alternative 
to qPCR. Coupe et al. (2019) analyzed detection methods in filter-feeding shellfish in  
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green-lipped mussel (Perna canaliculus) hemolymph using oocyst spiking 
experiments and suggested that the 529-bp RE qPCR assay may be preferable for 
future mussel studies, but direct  sequencing is required for definitive confirmation 
of T. gondii DNA detection. The lowest limit of detection was 5 oocysts using  
529-bp RE qPCR assays, with a good correlation between oocyst concentrations 
and Cq values, and an acceptable efficiency. Both qPCR assays were sensitive to  
T. gondii, but cross-reacted with Sarcocystis  spp. and the 529-bp RE primers also 
cross-reacted with N. caninum DNA. In a study in mussels farmed or sold at retail 
outlets in Italy, Tedde et al. (2019) investigated the occurrence and seasonality of 
zoonotic protozoans, including T. gondii,  and reported for the first-time T. gondii  
found in M. galloprovincialis in Italy and M. edulis in Europe. Based on experimental 
exposure of several protozoans to zebra mussels (Dreissena polymorpha), showed 
that the percentage of T. gondii-positive mussels reflected the contamination level 
in the freshwater and could be used for biomonitoring of aquatic ecosystems (Geba  
et al. 2019). 

Oocysts Detection in Soil 
Although T. gondii oocysts have been isolated from soil, there is not a simple reliable 
method for large-scale epidemiological use. The method used by Wu et al. (2017) in 
water was also applied to soil samples. Because feral chickens on small farms feed 
from the ground, finding T. gondii in chickens may be a better indicator of infection 
in the environment (Dubey 2004). In a study of feral chickens, T. gondii was isolated 
from 54% of 50 chickens by bioassay in mice (Ruiz and Frenkel 1980b). Serological 
surveys and isolation of viable T. gondii in free-ranging chickens were used to assess 
environmental contamination with oocysts (Dubey 2010). 

A recent study in China analyzed the presence and genotype distribution of  
T. gondii DNA in soil samples (Cong et al. 2020). Soil samples collected from farms 
and parks had the highest prevalence. Using PCR assays for 529-bp RE and ITS-1 
gene sequences were more sensitive than the B1 gene-based assay. Positive PCR 
products were genotyped using multilocus PCR-RFLP, and ToxoDB #9 was the 
predominant genotype found in the contaminated soil samples from six geographic 
regions in that country, which is also one of the most prevalent genotypes in China 
(ToxoDB#9) (Cong et al. 2020). Detection of as low as one oocyst/g in soil was 
achieved by a protocol established by Escotte-Binet et al. (2019). 

Oocysts Detection in Fresh Produce 
An association between T. gondii infection and the consumption of unwashed raw 
fruits and vegetables contaminated with oocysts has been reported and the increasing 
habit to eat pre-washed ready-to-eat salads poses a new potential risk for consumers 
(Lalle et al. 2018). Most methods for detection of T. gondii, as with other parasites, 
in fresh produce are largely based on the direct identification of the parasitic stages 
by microscopy (which is difficult since few oocysts are expected) or detection of the 
nucleic acids of the parasites by molecular techniques, which is the most sensitive 
method. For the recovery of parasites in fresh produce, the wash step and washing 
solutions used are crucial to detach the parasitic forms. A low number of parasitic 
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forms will be expected to be found and there are PCR inhibitors  (Tefera et al. 2018; 
Almeria et al. 2019; Berrouch et al. 2020). 

Molecular detection of T. gondii in vegetables and fruits by molecular techniques 
has been achieved by conventional PCR targeting the B1 gene or the 529 bp RE with 
positive results in lettuce, chicory, rocket, and parsley from production sites and 
stores, in both organic and nonorganic samples in South America (Marchioro et al. 
2016); T. gondii DNA  was amplified with the primers B22-B23 in strawberries and 
crisphead lettuce samples contaminated by dripping and when DNA extraction was 
carried out after freeze-thaw cycles or ultrasound in Brazil (de Souza et al. 2016). 

Quantitative PCR has been used in several studies and multiplex qPCR methods 
have been developed (Lalonde and Gajadhar 2011; Hohweyer et al. 2016; Temesgen 
et al. 2019; Shapiro et al. 2019). The detection limit of a qPCR targeting the B1 locus 
in artificially infected radish (amount of sample tested not reported) was 100 oocysts 
(Lass et al. 2012). Lalonde and Gajadhar (2011) developed a very sensitive qPCR 
assay using melting curve analysis (MCA) to detect, differentiate, and identify DNA  
from Cryptosporidium parvum, T. gondii, C. cayetanensis, Eimeria bovis, Eimeria 
acervulina, Cystoisospora suis, and Sarcocystis cruzi  using qPCR with SYBR Green 
detection and this qPCR assay consistently detected DNA  from as few as 10 T. gondii  
oocysts. The method was optimized and validated on leafy green vegetables and 
berry fruits (Lalonde and Gajadhar 2016a). As few as 3 oocysts per gram of fruit 
or 5 oocysts per gram of herbs or green onions could reliably be detected using 
the optimized method (Lalonde and Gajadhar 2016a). The method was used in a 
survey in Canada on imported leafy green vegetables and T. gondii  was identified 
in three samples of baby spinach (origin USA or USA and Mexico) and was the 
first finding of T. gondii in leafy greens in North America (Lalonde and Gajadhar 
2016b). Another multiplex qPCR was developed for the detection of Echinococcus 
multilocularis, T. gondii, and C. cayetanensis  on berries (Temesgen et al. 2019). 
The limit of detection was estimated to be 10 oocysts for Toxoplasma per 30 g of 
raspberries or blueberries (Temesgen et al. 2019). An additional, multiplex assay 
was evaluated in spiked spinach for simultaneous detection of Cryptosporidium, 
Giardia, C. cayetanensis, and T. gondii  followed by parasite differentiation via either 
a nested-specific PCR or a restriction fragment length polymorphism (RFLP) assay. 
The lowest limits of detection using the nested mPCR assay were 1–10 (oo)cysts/g 
spinach (in 10 g samples processed), and this method proved more sensitive than 
qPCR for parasite detection (Shapiro et al. 2019). 

Hohweyer et al. (2016) developed a new immunomagnetic separation assay 
(IMS Toxo) using a specific purified monoclonal antibody. This IMS Toxo coupled 
with microscopic and qPCR targeting 529 bp RE was evaluated in raspberries and 
basil. The limit of detection on a simple matrix was 5 oocysts and, in both matrixes 
(raspberries and basil) 33 oocysts/g, and recovery rates were between 0.2 and 35% 
(Hohweyer et al. 2016). 

A LAMP assay, targeting the 529-bp RE locus, could detect 25 oocysts/50 g in 
ready-to-eat baby lettuce T. gondii oocysts (Lalle et al. 2018). The qPCR method 
is faster than LAMP because the latter requires visualization of the amplification 
products. However, the comparable sensitivity of the two assays and the cheapest 
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equipment required for LAMP makes this a valuable molecular test to be performed, 
also in a resource-limited setting (Lalle et al. 2018). 

Recently, Lass et al. (2019), using a real-time PCR assay targeting the 
B1 gene and multilocus genotyping, detected 10 (3.6%) positive samples of 
279 fresh vegetable samples [lettuce (Lactuca sativa) (5/71: 7.0%), spinach (Spinacia 
oleracea) (2/50: 4.0%), Bok choy (Brassica rapa subsp. chinensis) (1/34: 2.9%), 
rape (Brassica napus) (1/22: 4.5), red cabbage (Brassica oleracea) (1/8: 1.2%)] 
tested in open markets in the Qinghai province in China. Of those, eight were T. 
gondii type I and the remaining two T. gondii Type II. Based on quantitative real-time 
PCR (qPCR) oocysts per sample ranged between less than one and 27,000 oocysts, 
with the majority not exceeding a few oocysts per sample. 

The molecular methods mentioned above cannot differentiate viable oocysts 
from dead/noninfective ones in any environmental sample. Incubation at 22°C with 
propidium monoazide (PMA) coupled to qPCR targeting the 529-bp RE was used 
to discriminate dead and viable  oocysts (Rousseau et al. 2019a). The principle is 
that PMA  binding to DNA  would inhibit PCR amplification in dead but not viable 
oocysts. Untreated and heat-killed oocysts incubated with PMA  were differentiated 
by this qPCR. However, the reduction of viability by heating at high temperatures 
was slight and qPCR was not suppressed by heat, underestimating the efficacy of this 
treatment (Rousseau et al. 2019a). 

Methodologies for the Study of T. gondii as a Model Organism 
Toxoplasma is also considered as a model organism for cellular, biochemical, 
molecular, and genetic studies for other clinically important apicomplexan organisms 
such as malaria parasites (Plasmodium spp.) due to their easy growth in culture and 
availability of a broad array of genetics tools for the genetic manipulation of the  
T. gondii  genome (Roos et al. 1992; Piro et al. 2020). The molecular tools regularly 
used to manipulate this parasite include both forward and reverse genetics, including 
transfection, transformation, and gene knockout mutagenesis (reviewed by Sidik  
et al. 2014; Wang et al. 2016; Piro et al. 2020). 

Some of those studies could be helpful in the identification of novel targets of 
therapeutic, diagnostic, and immunoprophylactic interests (Ma et al. 2019). These 
authors analyzed the potential antigenicity of T. gondii ME49 ES proteins using an 
Abundance of Antigenic Regions (AAR) values at RNA  and microarray levels for 
those purposes (Ma et al. 2019). In a recent review of these methodologies, Boothroyd 
(2020) compiled the research methods and developments in the study of T. gondii  
during the last 30 years, including studies of parasite organelles, genes, immune 
response, parasite proteins, and interactions with the host. Calarco et al. (2020) 
reviewed sequence variants in clinically important protozoan parasites, including  
T. gondii. In addition, Piro et al. (2020) developed a simple and fast method to screen 
single clones of T. gondii directly from the 96-well plates without previous parasite 
expansion or time-consuming genomic extraction. This approach would permit 
screening at an earlier point than previously for the assessment of gene functions 
(Piro et al. 2020). 
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Detection in Clinical Situations in Humans 
Diagnosis in Immunocompetent Patients 
Most cases of T. gondii infection in adults and children are asymptomatic; however, 
with respect to primary infections, around 10%–20% of otherwise immunocompetent 
individuals will present some symptoms (Moncada and Montoya 2012). 
Lymphadenopathy is the most common manifestation with less common symptoms 
being chorioretinitis, myocarditis, and/or polymyositis among others (Moncada and 
Montoya 2012). 

On immunocompetent patients, initial serological testing should include analysis 
for the presence of IgG and IgM anti-T. gondii antibodies with a second specimen 
analyzed 3–4 weeks apart (in parallel) (Moncada and Montoya 2012). Negative 
results in both tests virtually rule out toxoplasmosis. A single high titer of any 
immunoglobulin is insufficient to make the diagnosis. Acute infection is supported 
by seroconversion of IgG and IgM antibodies or a greater than the four-fold rise in 
IgG antibody titer in sera run in parallel at both times (Moncada and Montoya 2012). 

In lymphadenitis, the histological analysis could complement serology. In cases 
of myocarditis and polymyositis in immunocompetent patients, endomyocardial 
biopsy and biopsy of skeletal muscle have been successfully used to establish  
T. gondii  as the etiologic agent. On the other hand, parasite isolation studies and PCR 
have rarely proven useful for diagnosis in immunocompetent patients (Moncada and 
Montoya 2012). 

Immunosuppressed Patients 
Immunosuppressed patients might include those with cancer, HIV infection, long 
term-treatments with corticosteroids, hematologic malignancies (lymphomas), and 
transplant recipients (hematopoietic stem cells or solid organ transplant) (including 
heart, lung, liver, or kidney). 

Toxoplasma gondii infection is a severe problem in cancer patients; integrated 
measures should be conducted to prevent and control T. gondii infection in those 
patients (Cong et al. 2015). In patients with neoplasia, such as lymphoma, leukemia, 
or multiple myeloma, a high percentage of seropositivity was detected (Yazar  
et al. 2004) and the authors recommended periodical parasitological surveys 
of those patients. Similarly, in a case-control study of 900 cancer patients and  
900 control individuals, the prevalence of anti-T. gondii IgG in cancer patients by 
ELISA  (35.56%) was significantly higher than that in controls (17.44%). The highest 
T. gondii seroprevalence was detected in lung cancer patients (60.94%), followed 
by cervical cancer patients (50%), brain cancer patients (42.31%), and endometrial 
cancer patients (41.67%). Exposure to contaminated soil and consumption of  
raw/undercooked contaminated meat was significantly associated with T. gondii 
infection in cancer patients. Three T. gondii genotypes (ToxoDB#9, ToxoDB#10, and 
Type I variant) were identified (Cong et al. 2015). Huang et al. (2016) and Gharavi 
et al. (2017) also suggested that  T. gondii infection might be a main risk factor for 
leukemia patients, but further studies are needed to confirm this conclusion. 
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In suspected immunosuppressed patients infected by T. gondii, the initial 
assessment should include a serological test for specific antibodies. Those with a 
positive result are at risk of reactivation of the infection (Moncada and Montoya 
2012). The reactivation of T. gondii in immunosuppressed patients can lead to more 
widespread forms and increased mortality (Villard et al. 2016b) and is the most 
common cause of toxoplasmosis in immunosuppressed patients, with exception of 
those with a heart transplant in which the main risk of developing disease is to acquire 
the infection from a seropositive donor (Murat et al. 2013a). In previous seronegative 
patients, seroconversion indicates primary infection, while in previously seropositive 
patients increases in IgG and/or IgM may mean reactivation.  A negative result, 
however, does not completely exclude infection because immunosuppressed patients 
may not have IgM or IgG antibodies, even in the event of a reactivation, while having 
latent infections. Therefore, serological results are to be considered with caution, and 
additional methods of detection used as confirmation are strongly recommended. In 
cases of negative serology, direct evidence of the parasite by PCR is recommended 
in blood and body fluids (bronchoalveolar lavage fluid, tissue biopsies, bone 
marrow), (cerebrospinal fluid (CSF), or vitreous and aqueous humor), according to 
symptoms and accessibility of the lesion (Murat et al. 2013a; Ozgonul and Bersirli 
2017), preferably by qPCR. In disseminated infections analysis of blood, CSF,  
and/or bronchoalveolar lavage PCRs are recommended (Dard et al. 2016). Biopsies and 
histological examination of available tissues using T. gondii immunohistochemistry 
analysis and qPCR are also recommended (Dard et al. 2016). 

When clinical signs suggest the involvement of the CNS and/or spinal cord, tests 
should include CT  or magnetic resonance imaging (MRI) of the brain and/or spinal 
cord. This clinical and radiologic response is also used in the support of therapy in 
cerebral toxoplasmosis. In immunosuppressed patients, toxoplasmosis encephalitis 
is the main lesion (Kaplan et al. 2009), and other organs commonly involved in 
immunocompromised patients with toxoplasmosis are the lungs, eyes, and heart. 
Fatal toxoplasmosis cases with no encephalitic symptoms have been associated 
with fulminant myocarditis and pneumonitis (Eza and Lucas 2006). In those cases, 
toxoplasmosis was only diagnosed on autopsy (Eza and Lucas 2006). 

In cases of encephalitis, PCR can be performed in brain biopsies (Kaplan et al. 
2009), but this is a very invasive procedure, and PCR in CSF shows poor sensitivity 
(Kaplan et al. 2009). If a brain biopsy is not feasible, a lumbar puncture should be 
considered if it is safe to perform. In myopericarditis, PCR in the blood can help 
in the diagnosis of acute toxoplasmosis as an alternative to serology (Leveque 
et al. 2019). 

In solid transplants the treatment administered to prevent organ rejection causes 
profound immunosuppression, thus the patient is exposed to the additional risk of 
reactivation of tissue cysts contained in the transplanted organ (Murat et al. 2013a). 
Chemotherapy should be prescribed to the seronegative recipient if the donor was 
seropositive. Serological status of donor and recipient should be performed at least 
for cardiac donors (Fischer et al. 2009). 



 

 

262 Diagnosis of Pathogenic Microorganisms Causing Infectious Diseases 

Ocular Toxoplasmosis 
Toxoplasma gondii infection can have ocular manifestations known as ocular  
toxoplasmosis. In ocular toxoplasmosis, diagnosis can be reached by classic 
ophthalmic examination (funduscopic examination) because ocular lesions are 
often distinctive consisting of chorioretinal scars (Montoya 2002; Murat et al. 
2013a; Ozgonul and Besirli 2017; Khan and Khan 2018; Greigert et al. 2019). A  
toxoplasmosis scar can be associated with severe visual field loss when it occurs 
close to the optic disk (Ozgonul and Besirli 2017). Congenitally infected newborns, 
who are asymptomatic at birth, are at high risk of developing ocular lesions in 
childhood and adolescence (Gilbert and Stanford 2000). 

Atypical forms, however, have misleading symptoms that may require 
confirmation of the diagnosis by different combinations of biological methods 
(Greigert et al. 2019). Currently, the detection of Toxoplasma-specific antibodies or 
DNA of the parasite in ocular specimens is the main basis of the diagnosis (Maenz 
et al. 2014; Gomez-Marin and de-la-Torre 2020). Serological tests including serum 
anti-Toxoplasma titers of IgM and IgG may be needed to support the diagnosis. 
Seropositivity for T. gondii infection indicates previous systemic exposure to the 
parasite but does not confirm the diagnosis of ocular toxoplasmosis. Seronegativity 
will exclude T. gondii as the origin of the disease, but positive serological evidence 
of antibodies is not predictive of active ocular toxoplasmosis (Gomez-Marin and 
de-la-Torre 2020). 

The detection of parasite DNA is better performed in aqueous humor sampling 
by anterior chamber paracentesis. Real-time PCR assays in aqueous humor samples 
showed relative success (Simon et al. 2004; Choi et al. 2020). Of the 23 clinically 
toxoplasmosis suspect patients, 22 showed serological evidence of exposure to 
Toxoplasma; one had a serological profile indicative of active infection. The analysis 
of paired aqueous humor and serum samples revealed an intraocular antibody 
production in 9 of 23 cases (39.1%). The quantitative real-time PCR revealed 
positive and high parasite numbers and high Toxoplasma/human genome ratios in 
three cases. Furthermore, PCR was the only positive confirmatory test in two cases 
(11.1%) (Simon et al. 2004). 

The Goldmann-Witmer coefficient (GWC), has been used for intraocular 
antibody production analysis. This coefficient compares the Toxoplasma-specific 
antibodies in ocular fluids and serum, as does a calculation based on the ratio of 
total IgG antibodies in ocular aqueous humor divided by that of peripheral blood. 
Although a ratio > 2 should indicate intraocular antibody production, this may 
also occur in healthy controls, and therefore a ratio of at least three is often used to 
confirm the diagnosis (De Groot-Mijnes et al. 2006). Another similar coefficient is 
the Candolfi coefficient (Greigert et al. 2019). Comparative IB has been evaluated as 
an alternative to calculating immune load (Robert-Gangneux et al. 2004). Rothova 
et al. (2008) compared the efficiency of PCR to GWC in the aqueous humor of 
patients with toxoplasmic chorioretinitis. Rothova et al. (2008) reported a GWC 
sensitivity of 57% in immunocompromised patients, whereas the sensitivity was 
93% in immunocompetent patients, showing that GWC was a more sensitive test. 
PCR was negative in 84% of toxoplasmic chorioretinitis patients, in contrast to 
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7% for GWC. In another study, the combination of GWC with PCR significantly 
improved the diagnostic sensitivity from 81 to 93% (Fekkar et al. 2008). Sugita et al. 
(2011) established a two-2-step PCR protocol to improve OT  diagnoses by qPCR. 
By using this method, it was possible to detect a very small amount of DNA in small 
amounts of ocular samples with a sensitivity of 85%. Belfort et al. (2017) used qPCR 
529 bp RE in peripheral blood in patients with different forms of uveitis. Patients 
with acute toxoplasmosis (Belfort et al. 2017) could not detect T. gondii DNA in 
peripheral blood. 

In a recent cross-sectional study of patients in Iran with suspected active ocular 
toxoplasmosis (Arshadi et al. 2019), the clinical manifestations, serological analysis 
(IgG and IgM analyzed by CIT and ELISA, and IgG avidity test), and molecular 
detection (B1 gene) were highly correlated in the diagnosis of ocular toxoplasmosis. 
Ocular toxoplasmosis showed no significant correlation with gender, age, behavior, 
occupation, or education (Arshadi et al. 2019). 

A  recent study also observed significant differences in the clinical  characteristics 
of ocular toxoplasmosis according to serum IgM status. IgM+ patients were older, 
less likely to report pain, and had lower levels of intraocular inflammation, but were 
more likely to have macular involvement. Age was found to be correlated with larger 
and more peripheral lesions (Ajamil-Rodanes et al. 2020). 

In summary, accurate identification of the disease is difficult by a single method 
and many authors support the implementation of combined strategies to increase the 
possibility of adequate diagnosis. 

Congenital Toxoplasmosis in Pregnant Women and 
Follow-Up in Newborns 
Pregnant Women 
Toxoplasma is vertically transmitted to the fetus through the placenta. If primary 
infection occurs in a pregnant woman during pregnancy, a risk of abnormalities in 
the fetus and even abortion can occur. Establishing primary T. gondii infection early 
in the first trimester of pregnancy is of critical importance for medical intervention to 
minimize transmission and damage to the fetus (Montoya 2002; Murat et al. 2013a; 
Khan and Khan 2018). 

The diagnosis of a T. gondii acute infection in a pregnant woman can be made 
by detecting antibodies if it is known that the woman was previously seronegative. 
A second sample should be collected 2–4 weeks after the first sample. The presence 
of IgG in absence of IgM before conception or at the beginning of pregnancy (first 
trimester) assures fetal protection against the parasite and excludes acute infection 
in the last 6 months (Ozgonul and Besirli 2017). In immunocompetent women 
presence of IgG before pregnancy indicates a low risk for transplacental transmission 
(Ozgonul and Besirli 2017). On the other hand, seronegative women (negative IgG 
and IgM) are not immunized against the parasite and vertical transmission to the 
fetus in pregnancy. They are advised to avoid undercooked meat consumption or 
to have contact with cat feces to avoid T. gondii infection during pregnancy and 
serological follow-up should be done one month after delivery (Ozgonul and Besirli 
2017). Prenatal treatment has been associated with a decrease in the transmission rate 
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and an improvement in children’s clinical outcomes (Wallon et al. 2013). According 
to the French national program, prenatal screening for Toxoplasma infection and 
treatment allows outstanding cost savings (Prusa et al. 2017). 

When a case of positivity to both IgG and IgM occurs, this may be due to nascent 
toxoplasmosis seroconversion, non-specific IgM reaction, or residual IgM (Boquel 
et al. 2018). An IgG avidity test is recommended since it can provide information 
regarding the time of exposure. An avidity test with a high index in the first trimester 
indicates that the infection was acquired before conception because high-avidity 
IgG antibodies take 3–4 months to appear and exclude recent infections acquired 
during pregnancy. However, the serum sample needs to be tested before four months 
of pregnancy. The avidity test performed later is not useful (Murat et al. 2013a). 
Low-avidity IgG antibodies should not be used to confirm the diagnosis of a recent 
infection due to the persistence of these antibodies for many months after the acute 
infection (Ozgonul and Besirli 2017). In cases of IgG results by ELISA with very low 
antibody titers (equivocal zone) confirmatory tests (DT  or IB for IgG and ISAGA  for 
IgM) are recommended (Dard et al. 2016). 

In cases of seroconversion during pregnancy, detection of IgM (by ELISA or 
a confirmatory test such as ISAGA) with or without IgG in a previously negative 
patient implies infection of less than one month (if monthly sampled). Further 
sampling needs to be done until IgG antibodies are detected and in these patients, 
treatment should be proposed to the mother until delivery (Dard et al. 2016; Ozgonul 
and Besirli 2017). 

Diagnosis in Newborn or Congenitally Infected Babies 
Prenatal diagnosis of congenital toxoplasmosis in women can be based on 
ultrasonography and amniocentesis (Prusa et al. 2015; Fallahi et al. 2018) 
since intracranial calcification, microcephaly, hydrocephalus, ascites,  
hepato-splenomegaly, or severe growth restriction of the fetus are detectable by 
ultrasound scanning (Lopes et al. 2007; Paquet et al. 2013). To decline the risk 
of maternal to fetal transmission, it is suggested that monthly ultrasonography of 
the fetus be applied throughout gestation (Moncada and Montoya 2012). Other 
techniques that can help in the diagnosis of fetal toxoplasmosis are CT and magnetic 
resonance imaging (MRI) but these are also not specific. Ultrasonography is used 
in prenatal diagnosis and CT  can detect lesions in infants and MRI is considered 
more suitable for the evaluation of the extent of damage (Liu et al. 2015). If the 
fetal ultrasound is abnormal, then amniocentesis and collection of AF should be 
performed and direct detection of the parasite by qPCR and/or mouse inoculation is 
the elected test to diagnose the infection. If there is a positive PCR or if mice become 
seropositive, there is fetal infection (Year et al. 2009; Wallon et al. 2010). 

Vera et al. (2020) reported congenital toxoplasmosis in a four-week-old male 
neonate with a history of intermittent hypothermia. The infant presented with an 
acute onset of bilateral lower extremity paralysis and areflexia, and eosinophilic 
encephalomyelitis with spinal cord hemorrhage (Vera et al. 2020). The infant had 
IgG by the dye test, IgA ELISA, and IgM ISAGA. His mother acquired the infection 
during gestation as evidenced by a maternal IgG dye test result, IgM, IgA, and IgE 
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by ELISA, and low IgG avidity. At the six-month follow-up, the infant had marginal 
improvement in his retinal lesions and paraplegia of the lower extremities. An MRI 
demonstrated encephalomalacia with possible cortical laminar necrosis and spinal 
cord atrophy in the areas of previous hemorrhage (Vera et al. 2020). 

The presence or absence of IgM antibodies, titers of IgG antibodies, and antibody 
kinetics may help in the determination of the recency of infection (Montoya 2002; 
Weiss and Dubey 2009; Murat et al. 2013a). Detection of maternal anti-Toxoplasma 
IgG by 12 months of age is the gold standard, and the combination of IgA and 
IgM antibodies results are also suitable for serological diagnosis of toxoplasmosis 
in newborns (Moncada and Montoya 2012). IgA ELISA and IgM ISAGA are the 
preferred methods to detect of anti-Toxoplasma antibodies in infants (Moncada and 
Montoya 2012; Pomares and Montoya 2016; Dard et al. 2016). For discrimination 
between the infection of newborns and maternal contamination, IgA testing should 
be repeated about 10 days after birth. In addition, IB can separate maternal antibodies 
from fetal and/or infant antibodies (Pinon et al. 2001). A PCR assay in combination 
with serological tests will help in the definitive diagnosis of congenital toxoplasmosis 
in infants. Direct isolation of the parasite or amplification of the parasite-specific 
DNA using PCR in CSF fluid, peripheral blood, and urine can be useful for early 
diagnosis of congenital toxoplasmosis (Olariu et al. 2014). 

If the diagnosis is performed at delivery, collection of samples from the placenta 
and/or cord blood is recommended. Testing will be then performed as in AF by 
qPCR and/or mouse inoculation (Robert-Gangneux et al. 2011). During postnatal 
follow-up, neonatal serology is carried out at birth on blood samples and umbilical 
cord for neosynthesized antibodies IgM, IgG, and IgA between 3–10 days of life. 
Congenital toxoplasmosis is characterized by specific IgG after the first year of life. 
IgG crosses the placenta whereas IgM and IgA do not, but they may contaminate 
a newborn’s blood during labor (Pinon et al. 2001). Children should be tested 
for IgG and IgM until one year old or until IgG levels become undetectable. The 
decrease in specific IgG levels down to a negative level before 1 year of age is strong 
evidence of the absence of congenital infection (Murat et al. 2013a). Because of 
false-negative results associated with fetal diagnosis, all children of mothers with 
acute toxoplasmosis must be tested for the possibility of congenital infection (Fallahi 
et al. 2018). Serological and clinical examinations are the most common for the 
detection of congenital toxoplasmosis in newborns. Obtaining the clinical history, 
physical examination, and pediatric neurologic and ophthalmologic examination 
is mandatory for newborns who are suspected to have congenital toxoplasmosis 
(Moncada and Montoya 2012). 

The Executive Council of the Obstetricians and Gynecologists of Canada 
recommended that amniocentesis and PCR should be offered if the maternal 
primary infection is diagnosed, or if serology cannot confirm or exclude acute 
infection or in presence of abnormal ultrasound findings (Paquet et al. 2013). A 
recent study also recommended a combination of serological and PCR methods 
(Yamada et al. 2019). Congenital T. gondii infection screening using IgG avidity and 
multiplex-nested PCR methods for pregnant women with a positive test for T. gondii 
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antibody plus a positive or equivocal test for T. gondii IgM was useful for detecting 
a high-risk pregnancy and diagnosing congenital T. gondii infection. 

Detection in Animals and Meat for Human Consumption 
The consumption of raw or uncooked meat from infected animals (mostly ovine, 
caprine, and pork) is considered one of the major transmission routes for T. gondii 
infection in humans (Dubey et al. 2005; Hill et al. 2006). In addition, the parasite 
causes important economic losses linked to reproductive disorders in susceptible 
animal species and, therefore, is of animal health concern in farm animals. Small 
ruminants and pigs are very susceptible to T. gondii infection; many epidemiological 
studies, including the study of risk factors associated with seroprevalence against 
the parasite, have been performed in these species, as well as in many other species, 
including wildlife species, worldwide (Dubey 2010; Stelzer et al. 2019). 

Like in humans, in animals, a great variety of serological assays are available 
for T. gondii antibody detection such as IFAT, agglutination test (MAT), ELISA, 
or IB, among others. Of those, MAT and ELISA are probably the most commonly 
used with some commercially available tests (Toxo-Spot IF, bioMérieux, France) 
such as ELISA  kits (PrioCHECK®  Toxoplasma  Ab SR, Prionics Schlieren-Zurich, 
Switzerland; Safepath Laboratory, Carlsbad, CA). The IFAT  is a well-established 
technique for detecting anti-T. gondii  antibodies in different animal species but 
require conjugate and are not automated. The use of some of the assays in animals 
is more limited since species-specific secondary antibodies and conjugates are often 
not available for many species, and for that reason, many studies, particularly in 
wildlife species, rely on competitive ELISA techniques (cELISA) and agglutination 
tests (MAT) that  do not need species-specific secondary antibodies. For competitive 
ELISAs, the principle of competition makes this test theoretically possible to be used 
in any other species; validation data are not yet available for many species, however 
(Almeria 2015). The specificity, sensitivity, and cut-off value of serological tests has 
not been evaluated in many animal species. Therefore, confirmation of the results 
by several tests should be implemented, including molecular techniques. Molecular 
techniques include conventional and nested PCR and qPCR as in humans. LAMP  
technology has also been applied for the rapid detection of T. gondii in pork (Zhuo  
et al. 2015) (see LAMP section). 

If abortion rates in a herd/flock are high, diagnostics should also include testing 
for T. gondii, and an initial step in the diagnosis should include the serological status 
of the animals in the herd to identify high-risk herds or animals. In aborted dams 
and fetuses, a positive serological result in fluids from an aborted fetus in ruminants 
would confirm infection by the parasite, since antibodies do not cross the placenta. 
Confirmation by PCR in fetal tissues would be advised in other species, but presence 
of parasite DNA will need to be related to the general status of T. gondii infection 
in the whole herd, and elimination of other causes of abortion in the same herd. The 
absence of antibody in the aborted dam excludes toxoplasmosis but a positive result 
does not prove etiology. 

A recent European research project focusing on detection of T. gondii in farm 
animals (Opsteegh et al. 2016), concluded that with the currently available serological 
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methods for pigs, poultry, and small ruminants serological screening can be used to 
identify high-risk herds or animals. However, a negative result in an indirect test 
cannot be used to declare that the meat is safe. On the other hand, in cattle and horses, 
MAT-based detection of antibodies, and possibly serological screening in general, 
are not recommended as an indicator of the presence of viable T. gondii, and direct 
detection methods are preferred. In fact, the detection of the presence of the parasite 
in the tissues of a seropositive animal bioassay is still the reference method to confirm 
parasite viability. However, bioassays are expensive, time-consuming and have some 
ethical problems, so cell culture methods are currently preferred (Opsteege et al. 
2020; Rousseau et al. 2019b). Other alternatives such as various highly sensitive 
and specific PCR methods have mainly proved not to have sufficient sensitivity due 
to the limited amount of sample  to be tested, low tissue cyst density, and random 
distribution of tissue cysts, particularly when low numbers of T. gondii  tissue cysts 
are in those tissues (Hill et al. 2016). 

Detection of the parasite in meat from species for human consumption is 
important. Some alternative methods using cardiac fluid for toxoplasmosis surveys 
in meat have been evaluated (Halos et al. 2010; Villena et al. 2012). To improve 
detection in meat samples a direct detection and genotyping of T. gondii using 
magnetic capture (MC) and PCR for detection and quantification of T. gondii was 
developed (MC-qPCR) (Opsteegh et al. 2010). The method involved the preparation 
of crude DNA extract from 100 g samples of meat, MC of T. gondii DNA, and 
quantitative real-time PCR targeting the T. gondii 529-bp RE. The detection limit of 
this assay was approximately 230 tachyzoites per 100 g of meat sample. Importantly, 
the results obtained with the PCR method were comparable to the bioassay results 
from experimentally infected pigs, and to serological findings in sheep (Opsteegh 
et al. 2010). This PCR method could be an alternative to bioassay for the detection and 
genotyping of T. gondii, and to quantify the organism in meat samples from various 
sources. The MC-qPCR method was evaluated, among others, in experimentally 
infected goats (Juránková et al. 2013), serrano cured pork ham (Gomez-Samblas 
et al. 2015), chickens in field conditions (Schares et al. 2018), experimentally infected 
calves (Burrells et al. 2018) and in calves and adult cattle in natural conditions 
(Opsteegh et al. 2019). 

Serological results of chicken sera by ELISA, IFAT, and MAT showed good 
performance in identifying chickens that were positive using either a mouse bioassay, 
MC-qPCR, or on acidic pepsin digests (PD-qPCR), showing diagnostic sensitivities 
of 87.5%, 87.5%, and 65.2%, respectively, and diagnostic specificities of 86.2%, 
82.8%, and 100%, respectively (Schares et al. 2018). However, a combination of 
methods should be performed in cattle at least since one individual test will not 
provide an answer as to whether a calf harbors T. gondii tissue cysts in experimental 
infections (Burrells et al. 2018) and in samples collected from naturally infected 
calves and adult cattle in several countries (Opsteegh et al. 2019). When a selection 
of individual tissues, previously used in the mouse bioassay, was examined by 
MC-qPCR, parasite DNA could only be detected from two animals, despite all calves 
showing seroconversion after infection (Burrells et al. 2018). A study showed a lack 
of concordance among the bioassay and MC-qPCR in veal calves and adult cattle 
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collected in Italy, the Netherlands, Romania, and the United Kingdom. Some cattle 
that tested positive in the bioassay tested negative by MC-qPCR and vice-versa. The 
methods used were not reliable indicators of the presence of T. gondii parasites or 
DNA in cattle (Opsteegh et al. 2019). 

Gisbert Algaba et al. (2017) improved the MC-PCR by adding the co-capture 
of cellular r18S as a means of tracking the extraction and as a non-competitive 
PCR inhibition control, by making the release of the target DNA  from the  
streptavidin-coated paramagnetic beads UV-dependent (Gisbert Algaba et al. 
2017). The modified MC-PCR could be an alternative to the mouse bioassay for 
the screening of various types of tissues and meat with the additional advantage of 
being quantitative. The authors improved efficiency by reducing incubation times 
and by reducing the cost through a comparison of reagents (99% limit of detection:  
65.4 tachyzoites per 100 g of meat), and once optimized the method was subjected to 
an ISO 17025 validation with pork as the main matrix (Gisbert Algaba et al. 2017). 
In organic pigs, a positive result was obtained by MC-qPCR for T. gondii in 14 out 
of the 92 hearts sampled; parasites were isolated by mouse bioassay, from 9 of these 
14 samples, demonstrating the presence of viable T. gondii in animals intended for 
human consumption (Gisbert Algaba et al. 2020). 

Some recent studies have been performed for detecting the presence of the 
parasite in animal species for human consumption. A  recent study confirmed small 
ruminants’ meat as a possible source of T. gondii infection for consumers eating raw 
or undercooked meat, particularly in those countries where the consumption of sheep 
and goats’  meat  products is a traditional gastronomic habit (Gazzonis et al. 2020). 
In that study, meat juices from small ruminants slaughtered or commercialized in 
Italy were analyzed by a commercial ELISA, and the muscles of positive samples 
were analyzed by PCR and sequencing. T. gondii DNA was detected in 15 sheep and 
three goats and shown by sequencing of the B1 gene to be Type II. The presence of 
the parasite was also observed in backyard pigs intended for familial consumption 
in Romania (Paştiu et al. 2019). The animals were serologically analyzed by IFAT  
while heart samples were analyzed by PCR targeting the 529-bp repeat region. The 
T. gondii isolates were genotyped by the analysis of 15 MS markers. In addition, 
heart samples from IFAT-positive animals were bioassayed in mice and observed for 
the viable parasite in the seropositive animals (Paştiu et al. 2019). Tissue samples 
from wild boars from southern Italy revealed the high prevalence and parasite load 
(Santoro et al. 2019), while in a national survey of 750 randomly selected samples 
of fresh, unfrozen lamb and 750 samples of fresh and unfrozen pork from retail meat 
stores in the USA, and low prevalence of viable T. gondii infection (two positive 
lamb samples and one positive pork sample) was observed using the mouse bioassay 
(Dubey et al. 2020f). 

Rabbits are hunted and consumed in some countries. A recent study analyzing 
brain and heart samples from 470 slaughtered domestic rabbits in Central China 
showed the occurrence rate of T. gondii DNA was 2.8% by nested PCR. The 
frequency of infection was not related to sex, breed, or region. One of the samples 
was identified as ToxoDB genotype #9 (Qian et al. 2019). New genotypes and 
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mixed infections in feral cats and atypical new genotypes of T. gondii and mixed 
infections in stray dogs were found in Chiapas, Mexico, by quantitative real-time 
PCR (qPCR) and endpoint PCR and PCR-RFLP  genotyping (Valenzuela-Moreno 
et al. 2020). In China, meat from sheep and goats collected from rural markets 
(16.04%) had a significantly higher T. gondii prevalence than those collected from 
supermarkets (6.84%) (p < 0.001) and sheep and goats raised in backyards were more 
likely to be infected by T. gondii  compared with those raised on farms (p < 0.001)  
(Ai et al. 2019). 

A recent study tested cervical lymph node samples of horses from northern 
China for the presence of the T. gondii B1 gene by semi-nested PCR. The 
B1-positive samples were genotyped at nine nuclear loci using PCR-RFLP. 6.1% 
of 231 samples were T. gondii positive. Only two were successfully genotyped at 
all loci; five were successfully genotyped at five to eight loci, and all typed samples 
belonged to ToxoDB genotype number 9 (Ren et al. 2019). In retail raw meat in 
Poland, including cured bacon, raw or smoked sausages, ham, and minced meat, 
Sroka et al. (2019) digested the samples using a pepsin solution and performed nested 
and real-time PCR (B1 gene). In the selected B1-positive samples, multiplex PCR 
was performed using several genetic markers. The percentages of positive results for 
meat products—sausages, smoked meat products, ham, and minced meat—ranged 
from 4.5% to 5.8% and the differences between them were not significant. We would 
like to emphasize that detection of DNA does not equate with infectivity. 

Summary and Future Needs 
There have been several developments and advancements in T. gondii detection 
methods in the last decade. New multiplex testing for prenatal care, the design of 
several RDTs, and the use of new molecular techniques such as LAMP  are paradigms 
in the diagnosis and control of the parasite. Future needs should include careful 
serologic screening during gestation to diagnose primary infection in the pregnant 
woman, nontoxic medicines to eliminate encysted bradyzoites and tachyzoites, and a 
vaccine to prevent the infection in humans (McLeod et al. 2020). Correct diagnosis 
of toxoplasmosis is necessary for the control and prevention of this important disease 
of public and animal health importance. 
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Chapter 8 

Biology and Epidemiology of 
Cyclospora cayetanensis 

Ynes R. Ortega* and Lordwige Atis 

Introduction 
Cyclospora cayetanensis is a coccidian parasite  that infects humans and causes 
gastrointestinal illness. Individuals can acquire infection by ingestion of contaminated 
food or water. In the late 1980s and early 1990s, Cyclospora was considered to 
be a coccidian-like or cyanobacteria-like body. This assumption was based on 
the autofluorescent properties of its oocyst and morphology. In 1992 and 1994, 
Cyclospora was fully described and named Cyclospora cayetanensis (Ortega et al. 
1992; 1994). This chapter provides an update on the epidemiology, histopathology, 
treatment, detection, and control of C. cayetanensis. 

Biology 
Cyclospora oocysts measure 8–10 µm and are excreted in the feces of infected 
individuals. These oocysts are unsporulated and undifferentiated, with characteristic 
morula internal appearance. When exposed to 24 ± 2°C, oocysts start to sporulate, 
resulting in the formation of two sporocysts, each containing two sporozoites  
(Figure 1). The sporulation process generally takes about 7–15 days. When a 
susceptible individual ingests the oocysts, excystation begins and two sporocysts 
are excreted (Figure 2). The sporozoites exit the sporocyst as a result of enzymatic 
digestion when passing through the gastrointestinal tract of the infected individual. 
Sporozoites then infect the intestinal epithelial cells of the small intestine. A parasitic 
vacuole is formed, and asexual multiplication occurs. This is followed by sexual 
multiplication, resulting in the formation of a zygote that undergoes differentiation to 
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Figure 1. (A) Cyclospora oocysts at different stages of sporulation. (B and C) Oocyst excystation (D) 
Unsporulated oocyst by IDC and (E) epifluorescence microscopy. Image courtesy of DPDx, Centers for 

Disease Control and Prevention (https://www.cdc.gov/dpdx/). 

form the unsporulated oocyst. Oocysts are then excreted in the feces of the infected 
individual. Cyclospora requires at least 7–15 days to fully sporulate and become 
infectious. 

Twenty-one species of Cyclospora have been found in animals. Non-human 
primates, rodents, and snakes can harbor Cyclospora spp., but C. cayetanensis is 
the only species identified in humans (Ortega and Sanchez 2010). C. cayetanensis is 
considered anthroponotic, but there have been reports describing oocysts in poultry, 
ducks, and dogs that are morphologically similar. However, there is no evidence 
that the parasite  infects these animal species. Efforts to infect various animals with  
C. cayetanensis oocysts have been unsuccessful (Eberhard et al. 2000), suggesting 
that perhaps the identification of oocysts in animal feces may be the result of 
coprophagia. 

Symptoms and Histopathology 
Most of the studies on epidemiology and clinical presentation in individuals with 
cyclosporiasis have been done in endemic locations and confirmed in the US and 
elsewhere. Symptoms develop between three and seven days after a person is 
infected. Patients develop acute diarrhea, bloating, cramps, abdominal pain, nausea, 
weight loss, and in some cases, fever, vomiting, and constipation (Ortega et al. 1997). 

Although there are no gross abnormalities such as hemorrhaging or ulcers, the 
architecture of the intestinal mucosa shows a shortening and widening of intestinal 
villi. Edema and infiltration of plasma cells and lymphocytes in the villus mucosa 
have been observed in the intestinal tissues of patients with cyclosporiasis. No 
parasites have been observed in the lamina propria or submucosa (Ortega et al. 2007; 
Sun 1996). Parasitic vacuoles are not abundant in intestinal epithelia as is the case of 
other parasitic infections such as cryptosporidiosis. 

https://www.cdc.gov
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Figure 2. Life cycle of Cyclospora cayetanensis. Image courtesy of DPDx, Centers for Disease Control 
and Prevention (https://www.cdc.gov/dpdx/). 

Epidemiology 
Cases of cyclosporiasis have been reported worldwide. However, the epidemiology 
of cyclosporiasis has been studied in only a few countries, most of them in tropical 
and subtropical areas. Early studies in Nepal were done by expatriates who developed 
diarrhea while visiting these locations (Hogue et al. 1993). In Peru, cohort studies 
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in children from shanty towns show that a significant proportion of infections are 
asymptomatic. In many cases, the duration of infection and oocyst shedding is 
shorter as a result of repeated infections (Bern et al. 2009). Studies in Guatemala and 
Haiti have shown similar results. 

Diagnosis of cyclosporiasis is performed by examining fecal samples for the 
presence of oocysts (Ortega and Sterling 2018). The disease is most common in 
tropical and subtropical regions (Hall et al. 2012). A marked seasonal pattern, based 
on outbreaks and cases in past years, has been observed in several countries. A 
seasonal pattern of outbreaks in May–August has also occurred in the US (Ortega and 
Robertson 2017). Hall et al. (2012) observed an increase in stool samples positive for 
the parasite in June and July. 

Sporadic cases and outbreaks of cyclosporiasis have been reported since 
its discovery in 1994 in the US. Outbreaks prior to 2013 were mostly associated 
with berries and leafy greens. The most notable outbreaks occurred in 1996 when  
1,465 cases were reported in the US and Canada, and in 1997 with 1,012 cases in 
the US. Both outbreaks were associated with the consumption of raspberries grown 
in Guatemala. In 1997, an outbreak was associated with basil pesto affecting 308 
individuals. Smaller outbreaks associated mostly with salad greens, herbs, and 
berries were also reported. It was not until 2013 that larger multistate outbreaks were 
reported in the US. In 2013, 631 cases implicating lettuce and cilantro were reported 
in various states. In 2015 and 2016, cilantro imported from Mexico was implicated 
in causing 564 and 384 cases, respectively, of cyclosporiasis in the US. In 2017, 
1,065 cases were reported but the implicated food was not determined. In 2018, 
trays consisting of broccoli, cauliflower, and carrots were implicated in an outbreak 
affecting 241 individuals. In the same year, another outbreak was associated with 
salad mixes produced in the US and commercialized by a fast-food chain. A total 
of 2,999 cases in 33 states were reported. These cases had no travel history, thus 
suggesting that infection occurred in the U.S. In 2019, the total number of cases of 
cyclosporiasis in non-travelers was 2,408. Multiple outbreaks occurred that year. 
One of these outbreaks affecting 241 individuals implicated imported basil from 
Mexico. In 2021, 1,020 cases of cyclosporiasis were reported. Two outbreaks with 
40 and 130 cases, respectively, implicated leafy greens (www.cdc.gov). 

Since several outbreaks in the US have been associated with the consumption of 
imported cilantro from Puebla, Mexico, an Import Alert #24–23 was issued by the 
US FDA in 2015 and has been in effect in subsequent years from April to August, 
which coincide with the high season of cyclosporiasis in Mexico. This alert allows for 
detention without physical examination of fresh cilantro grown in the state of Puebla. 
The alert covers fresh cilantro, either intact or chopped. Multi-ingredient processed 
foods that contain cilantro are not covered by this alert. Refusal of admission to the 
US can result from a product that appears to have been manufactured, processed, or 
packaged under unsanitary conditions (FDA 2021). 

Clinical Detection 
Microscopy and conventional ova and parasite examination are used in the diagnosis 
of cyclosporiasis. Oocysts autofluoresce neon green under ultraviolent light (Long 
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et al. 1991) but, depending on the excitation filter, they can look blue or green (Varea 
et al. 1998). Differential interference contrast (DIC), phase contrast, and bright field 
microscopy can be used to view Cyclospora (Ortega and Sterling 2018) (Figure 1). 
Staining methods can also be used. Safranin stains with heating (Visvesvara et al. 
1997) and without heating (Maratim et al. 2002) are used, as they provide a more 
homogeneous red coloration of the oocysts. Acid-fast stains are also used, although 
oocysts show variability in stain adherence (Ortega and Sterling 2018). Intermittent 
shedding of oocysts as well as variations in time for sporulation can be challenges for 
Cyclospora detection (Chacin-Bonilla 2017). 

Faster methods such as commercial antibody kits for detecting Cyclospora are 
not available but attempts to develop them are in progress (Chacin-Bonilla 2017). 
There is a commercial BioFire Film Array gastrointestinal panel available that allows 
for the detection of Cyclospora directly from fecal samples with sensitivity/positive 
percent agreement and specific/negative percent agreement at 100% (Buss et al. 
2015). The assay has a run time of 1 hour per specimen (Buss et al. 2015). ELISA 
has been used to detect Cyclospora-specific antibodies in fecal samples in China 
(Wang et al. 2002). 

Detection of Cyclospora in Environmental Samples and Foods 
Molecular methods are preferred over microscopy for examining environmental 
samples, as their  sensitivity and specificity aid in detecting low counts of Cyclospora  
oocysts in samples (Ortega and Cama 2018), which are often lower than in human 
fecal samples (Jinneman et al. 1998). Molecular methods also allow for the 
differentiation of Cyclospora from close relatives, e.g., Eimeria species (Relman 
et al. 1996). Microscopic analysis of Cyclospora  oocysts can be less efficient for 
examining environmental samples because of challenges concerning variability in 
autofluorescence and staining (Varma et al. 2003). Molecular methods are performed 
after purifying and concentrating Cyclospora oocysts isolated from environmental 
samples (Chacin-Bonilla 2017). A major limitation of these methods is that they 
cannot differentiate between sporulated or unsporulated oocysts, which is needed for 
infection diagnosis. 

Polymerase Chain Reaction Assays 
Polymerase chain reaction (PCR) assays for detecting Cyclospora were first used for 
the analysis of clinical samples. Relman et al. (1996) were the first to demonstrate 
the use of nested PCR targeting the 18S rRNA gene in clinical samples collected 
from patients infected with Cyclospora in Nepal (Relman et al. 1996). When applied 
to environmental samples, it was observed that this method also amplified DNA  
from the Eimeridae group (Ortega 2017; Yoder et al. 1996). Jinneman et al. (1998) 
developed an RFLP method using the same target sequence gene. This assay was 
able to differentiate some Eimeridae species from C. cayetanensis. Jinneman et al. 
(1999) developed an oligonucleotide ligation assay (OLA) with the intent to simplify 
discrimination between positive and negative samples. However, this method can be 
prone to contamination and the process is long and laborious (Varma et al. 2003). 
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The first qPCR method targeting the 18S rRNA gene sequence to detect 
Cyclospora oocysts was done by Varma et al. (2003). Other methods for detecting 
Cyclospora have also been developed. Sulaiman described a nested PCR method for 
the amplification of a heat shock protein and the 18SrRNA gene (Sulaiman et al. 
2013; 2014). The presence of ITS2 in Cyclospora as a diagnostic target has been 
explored (Lalonde et al. 2008). Further modifications of these methods have resulted 
in multiple studies in which foods and environmental samples have been tested. 

PCR for Detection in Produce 
Food and environmental samples can contain PCR inhibitors and high levels 
of background DNA (Chacin-Bonilla 2017; Lalonde and Gajadhar 2008). This 
problem has been addressed using exogenous non-competitive internal amplification 
controls in qPCR assays and tested for efficacy in fresh and frozen berries (Assurian 
et al. 2020). The US FDA has validated PCR assays for detecting Cyclospora in 
raspberries and cilantro (Murphy et al. 2018) and in shredded carrots, parsley, basil, 
and romaine lettuce (Murphy et al. 2017). 

The first US FDA method for detecting Cyclospora in fresh produce was 
published in 2004 in Chapter 19a of the FDA Bacteriological Analytical Manual 
(BAM) along with a method for detecting Cryptosporidium (Orlandi et al. 2004). 
The method for Cyclospora was later modified and can be found in Chapter 19b of 
the FDA Bacteriological Analysis Methods Book (2017), which replaced previous 
methods for detecting Cyclospora (Murphy et al. 2017). The 2004 method in 
Chapter 19a describes isolation and identification steps using microscopy and PCR 
analysis. Chapter 19b uses a qPCR method. The reagents and washing steps have 
also changed. Chapter 19a originally used several buffers (e.g., EnvirocheckTM 

elution buffer, NET buffer, and NET-BSA buffer) among other reagents for the 
produce-washing step. Chapter 19b replaced all reagents with 0.1% Alconox produce 
wash solution and sterile nuclease-free deionized water. 

Assurian et al. (2020) found the U.S. FDA BAM Chapter 19b method able to 
detect as low as five Cyclospora oocysts in fresh and frozen berries. The detection 
rate increased with an increase in the number of oocysts. CT values and recovery 
percentage showed that the method could detect very low numbers in inoculated 
samples of mixed berries. 

Improving Cyclospora Detection in Produce by Washing 
Wash solutions for removing Cyclospora  oocysts from produce can vary in efficacy, 
so it is imperative that a solution shown to be superior be used for molecular detection. 
Carefully washing environmental samples may remove inhibitors that interfere 
with qPCR methods (Assurian et al. 2020). Lalonde and Gajadhar (2008) used 1 M 
glycine buffer at pH 5.5 to wash basil when they evaluated PCR assays for detecting 
Cyclospora. Shields et al. (2012) demonstrated the efficacy of 0.1% Alconox in 
removing Cyclospora oocysts from inoculated lettuce, basil, and raspberries incubated 
for 24 hours. The average percent recovery using 0.1% Alconox ranged from 34% 
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in raspberries to 80.2% in Mesclun/Spring lettuce mix. Chandra et al. (2014) later 
demonstrated variability in recovery using 0.1% Alconox. They tested the effect of 
different incubation times on the recovery of Cyclospora oocysts inoculated on basil. 
Six wash solutions (E-pure water, 3% levulinic acid/3% SDS, 1M glycine at pH 5.5, 
0.1 PBS at pH 7, 0.1% Alconox, and 1% HCl/pepsin) were evaluated using nested 
PCR assays. For samples spiked with 1,000 oocysts and incubated for 1 hour prior 
to analysis, 0.1% Alconox had the same percentage of PCR-positive samples as did 
washing with 0.1 M PBS at pH 7 (94%), and performed slightly better than 0.1 M 
PBS at pH 7, resulting in detection of PCR-positive samples of 77.8 and 66.7%, 
respectively. However, for samples inoculated with only 100 oocysts, washing with 
0.1 M PBS at pH 7 performed better than 0.1% Alconox for produce incubated for 
1 hour (22.2% vs. 18.5%) or 24 hours (50% vs 37%). Additionally, 0.1% Alconox 
had the least PCR-positives for recovery of 100 oocysts inoculated in basil and 
incubated 1 hour compared to all other wash solutions and the second least positive 
PCR positives, but the same percentage as E-pure water, for samples incubated 
for 24 hours. These data suggest that 0.1% Alconox performs better for removing 
Cyclospora from basil, inoculated with a larger number of oocysts and with shorter 
incubation time. This is a concern because environmental samples most likely 
contain low counts of Cyclospora oocysts (Ortega and Cama 2018). Additionally, 
foam formation occurs when 0.1% Alconox was used in the washing process and this 
can potentially lead to a reduction in the recovery of oocysts (Chandra et al. 2014). 
Produce type and incubation times should certainly be considered when choosing a 
wash solution in methods for detecting Cyclospora oocysts. 

In another study, Cyclospora was detected in 70% of blackberries and 
strawberries that were inoculated with five oocysts and increased to 90% in mixed 
berries. For berries inoculated with 10 and 200 oocysts and incubated 2 hours prior 
to recovery, 100% tested positive (Assurian et al. 2020). 

Genotyping 
The whole genome of Cyclospora was first sequenced by Qvarnstrom et al. (2015). A  
base length of 44,563,857 was reported. The apicoplast and mitochondrial genomes 
have also been sequenced (Tang et al. 2015). Multilocus sequence typing (MLST) 
was developed as a genotyping tool for identifying Cyclospora (Guo et al. 2016). The 
tool was only able to provide useful data for 34 of the 64 specimens due to interference 
by PCR products (Guo et al. 2016). Hofstetter et al. (2019) evaluated a modified 
MLST  method and found it to have poor discriminatory power. The mitochondrial 
junction region of Cyclospora has been shown to be a potential genotyping marker 
(Nascimento et al. 2019). Continued work on genotyping tools is valuable, as they can 
be used to characterize isolates in foodborne outbreak investigations (Assurian et al. 
2020). Recent advances have been made in genotyping methodology for Cyclospora. 
One objective has been to determine if Cyclospora outbreaks can be discriminated 
against based on the clusters of cases and second if there are single or multiple isolates  
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involved. This will result in better discrimination among various outbreaks that could 
be occurring at the same time. These efforts, led by the Division of Parasitic Diseases 
at the US Centers for Disease Control and Prevention (CDC) and other research 
groups worldwide are being performed using human fecal samples containing large 
numbers of oocysts. 

The group at CDC has described an assemblage of two similarly-based 
classification algorithms which infer the relatedness of Cyclospora infections. Three 
SNP-rich loci were selected that captured 4 to 20 SNPs. The clustering of genetically 
related Cyclospora in certain individuals coincided with the epidemiologic clustering 
of outbreak cases, suggesting that this methodology may be useful for epidemiologic 
studies (Barratt et al. 2019). 

The use of complete mitochondrial genomes and next-generation sequencing is 
also being investigated to determine if it can be used in outbreak investigations and 
traceback studies. Whether this methodology can be applied to foods needs to be 
determined as the number of oocysts in foods is very low. 

Treatment 
Treatment of patients with cyclosporiasis was determined soon after the description 
of the parasite. Trimethoprim-sulfamethoxazole (co-trimoxazole 160/800 mg, twice 
a day) is the treatment of choice. Symptoms, including diarrhea, cease as soon as 
1-day post-treatment (Madico 1993). In children, treatment of 5/25 mg/kg/d results 
in cessation of symptoms by day 2 and oocyst excretion by day 5 (Madico et al. 
1997). Ciprofloxacin and nitazoxanide have also been suggested as alternatives but 
they are not as effective for sulfa-allergic individuals with cyclosporiasis (Zimmer 
et al. 2007). 

Conclusion 
Historically,  cyclosporiasis was considered an emerging disease that 
affected individuals from developing countries or travelers returning from  
Cyclospora-endemic locations. More recent reports are showing cases of Cyclospora  
infections in developed countries. Most are associated with foodborne outbreaks. 
As we study the movement of foods in international commerce, it is clear that 
this parasite, along with bacterial foodborne pathogens, can be transported around 
the world. In almost every recent year, the US has experienced outbreaks of 
cyclosporiasis in travelers and non-travelers. Cyclospora  continues to be a difficult 
organism to study and control. This is largely due to the availability of oocysts for 
research. The lack of an animal model to propagate the parasite has proven to limit 
studies. However, the use of a surrogate organism may be an alternative to better 
understand the behavior of this parasite. Traceback studies and analysis of food and 
environmental samples also present challenges as the number of oocysts present may 
be too low to be detected using current methods but sufficient to cause infection. 
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Chapter 9 

Advances in the Detection 
and Diagnosis of Coccidian 

Parasites Causing 
Gastrointestinal Disease and 

Foodborne Outbreaks 
Ynes Ortega 

Introduction 
Foodborne illnesses have occurred and been documented since antiquity. Bacterial 
outbreaks associated with foods have occurred throughout history. For example, 
Emperor Leo VI of Byzantine (886–911) announced and ordered that manufacturing 
blood sausages was forbidden because their consumption was associated with cases 
of dilated pupils and fatal muscle paralysis. Many centuries later (1895) in a small 
Belgian village, an outbreak occurred at a funeral dinner where smoked ham was 
served. This led to a description of the causative agent, Clostridium botulinum, by 
Emile Pierre van Emergem (2004). Now, it is well known that inadequate preservation 
of foods can result in cases of botulism. 

Other bacteria such as Salmonella, Escherichia coli, Listeria, Chronobacter, 
Campylobacter, and Vibrio are important foodborne pathogens known to have 
caused outbreaks of diseases associated with the consumption of contaminated 
fresh produce, meat, and dehydrated foods. Their detection and identification are 
based on biochemical characteristics as evidenced when grown in or on selective 
microbiological media. Molecular tools have been developed and are often used to 
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identify and genotype bacteria. Validated methods for detecting bacteria associated 
with foodborne illnesses can be found in the FDA BAM Bacteriological Analytical 
Manual and the AOAC Official Methods. 

Detection of viruses is challenging because in vitro cultivation is available 
for only a few. Diagnostic tools most frequently used are qPCR or RT-qPCR. Two 
viruses are most often associated with foodborne illnesses. Norovirus, known to 
cause most cases, is diagnosed using molecular tests (Glass 2009). Various genotypes 
can infect several animal species; therefore, diagnostic tools should be able to detect 
genogroups GI, GII, GIV, and GVIII, which are pathogenic to humans and of public 
health relevance. Hepatitis A, another important viral pathogen most frequently 
associated with the consumption of imported frozen berries, can also be detected 
using qPCR and sequencing. 

Because most foodborne pathogens can be ingested by the consumption of 
raw and minimally processed foods, practices are necessary to prevent or reduce 
the number of illnesses in the U.S. caused by these foods. In 2011, the FDA Food 
Safety Modernization Act (FSMA) was established, and it is being implemented in 
various phases to shift disease mitigation emphasis from responding to outbreaks 
to preventing contamination. Rules and guidance for the food industry address 
ways that can prevent contamination such as the focus on agricultural water, 
good agricultural practices, registration of food facilities, transportation, and food 
supplier verification, among others. In one of these rules, laboratories are subject 
to an accreditation program for testing and certain analyses. The purpose of this 
program is to improve the accuracy and reliability of certain food testing. This can 
be accomplished by insuring uniformity of standards and enhanced FDA oversight 
of participating laboratories. The main benefit would be to reduce the risk of 
food-related illnesses by improving the accuracy of analyses of selected samples 
(FDA 2022). 

Parasites 
Unlike bacteria, most parasites cannot be enriched or propagated in vitro. This makes 
the methodology for sample processing the most important step in their detection. 
Parasites are classified into two major groups: protozoa, which are one-celled 
organisms, and helminths which are multicellular. The adult stage of the helminths 
can be detected macroscopically and can be found in meats or organs of the infected 
hosts. However, the eggs and intermediary stages of helminths are small, requiring 
the expertise of parasitologists to perform meaningful microscopic examinations. 
Of the many helminths that can infect animal parts consumed by humans and of 
relevance in domestic and international trade are those causing trichinellosis, 
anisakiosis, cysticercosis, hydatidosis, and fasciolasis. 

Trichinella, an important nematode found in many countries, can be detected in 
the form of encapsulated larvae in the muscles of infected animals. Trichinella nativa 
and T-6, T. spiralis, T. britovi, T-8 and T9, and T. murrelli and T. nelson can infect 
mammals and are characterized by having an encapsulated larva. T. pseudospiralis, 
T. papuae, and T. zimbawensis can also infect mammalians but are not encapsulated. 
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Morphological characteristics are traditionally used to determine the Trichinella 
species infecting animals, including humans. Swine can harbor the parasite and it can 
also be found in wild fauna such as bears, wild boars, and other animals (Figure 1A). 

Encapsulated and non-encapsulated larvae can be observed by pressing muscle 
tissue between two microscope slides. Detection of a larva is dependent on the chance 
of coinciding slides with the larva. In animals, the sensitivity is low (5 larvae/g 
of tissue) and is no longer recommended for examining animal tissue. Digestion 
of animal muscle (diaphragm, tongue, and cheek muscle) with acidified pepsin 
facilitates observation of a large amount of sample, increasing the sensitivity of the 
test. In the case of symptomatic patients, muscle biopsies can be examined using 
conventional histological processing and staining techniques. Serological testing is 
available and provides a 100% sensitivity in humans infected with T. spiralis. 

Anisakis, a nematode, can infect  humans and result in a severe allergic reaction 
and some instances death. The most frequent nematodes of public health relevance 
from this group are Anisakis and Pseudoterranova. They can be acquired by ingestion 
of infected finfish and shellfish. Detection of larvae is done by examination of the 
fish flesh. The larvae can be removed physically or killed by cooking or prolonged 
freezing. However, in some instances, careful examination of fresh fish is overlooked 
and can result if ingested, in anisakiosis. 

The cestoda, e.g., Taenia, has a scolex, and the strobila that consists of proglottids 
at different stages of maturation. Mature proglottids (containing eggs) are released in 
feces. Taenia species can be detected by examination of the proglottids, the number 
of primary uterine branches, and whether the scolex has a rostellum, rostellar hooks, 
and suckers (Figure 1B). The scolex is rarely found in the feces of infected food 

Figure 1.  Microscopic observation of foodborne parasites. (A) Histological examination  of Trichinella 
spiralis. Larvae (arrows); (B) scolex of Tenia solium, rostellar hooks (RS) and suckers (S); (C) Sarcocystis 
sp. tissue sarcocysts (arrows); (D) Giardia lamblia (Gl) cyst and Cryptosporidium  parvum (Cp)  oocysts;  
(E) sporulated oocyst of Cyclospora cayetanensis  by DIC, and (F) Cyclospora cayetanensis  

autofluorescence. 
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animals and humans, unless they have been treated with antiparasitic drugs. It is also 
important to examine bovine or porcine tissues for the presence of tissue cyst forms 
(cysticerci). 

In 1950, the life cycle of Taenia solium was described, and since the 1970s 
new methods for the identification of clinical cases have improved and contributed 
to the implementation of programs to eradicate cysticercosis (the cystic form of 
T. solium). If cysticerci are in the brain or central nervous system, the infection is 
called neurocysticercosis. In humans, diagnosis of cysticercosis is achieved using 
serological tests, imaging (CAT  scan, MRI, and traditional X-rays), and the patient’s 
clinical history, often associated with epileptic seizures. The location of T.  solium 
cysticerci in tissues and organs will determine the symptoms the host will present. 
In swine carcasses, the diaphragm and organs, like the heart, are examined for the 
presence of cysts. Consumption of meat containing live cysts will result in teniasis 
infection in which tapeworms mature and grow in the intestine. Individuals with 
teniasis shed proglottids and eggs in their feces. If food or water contaminated with 
these eggs is ingested by swine or humans, it may result in cysticercosis. 

The protozoa are another group of parasites that require the use of microscopy 
to detect their vegetative and environmentally resistant stages. Amoeba, ciliate, 
flagellate, and coccidia can be acquired by ingestion of contaminated water or food. 
The following text will address advances in the diagnosis of coccidia in clinical 
samples as well as in food and water samples. 

Coccidia 
Coccidia is single-celled, obligate, intracellular parasites that belong to the phylum 
Apicomplexa. This group is characterized by possessing an apicoplast and an apical 
complex that is involved in the invasion of host cells. One of the coccidias of 
relevance is Cystoisospora belli,  which causes gastrointestinal illness in humans. It 
can be acquired by ingestion of contaminated water or food containing oocysts and be 
detected by examining fecal samples from infected individuals. When excreted, the 
oocyst contains one or two immature sporoblasts that mature to become sporocysts, 
each containing four sporozoites. This process of maturation takes one or two days 
in the environment. Diagnosis is done by examining stool samples. The oocysts 
are oval and autofluorescent. Oocysts contain two sporocysts, each containing four 
sporozoites. C. belli is prevalent in tropical and subtropical areas. Cystoisosporiasis 
is one of the most common parasitic infections in immunocompromised subjects, 
resulting in acute diarrhea. Diagnosis can also be done by microscopic examination 
of wet mounts; however, concentration methods are often recommended. Stains 
such as safranin, modified acid-fast stain, Giemsa, and auramine-rhodamine can be 
used to detect C. belli oocysts in fecal smears. Cystoisospora oocysts autofluoresce; 
therefore, using epifluorescence  microscopy is a method of preference as it is easy 
to implement. Molecular tools targeting the 18S and ITS genes have also been 
developed and are used mostly for clinical applications (Dubey and Almeira 2019; 
Samarasinghe et al. 2008; Esvan et al. 2018). 
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Sarcocystosis 
There are more than 200 species of Sarcocystis that can infect mammals, birds, 
and reptiles. Humans can play a role as definitive hosts for Sarcocystis hominis,  
S. herdorni, and S. suishominis. In most cases sarcocystosis is asymptomatic or 
develops an enteric or muscular infection, depending on the host’s immune response 
and the amount of infected meat consumed. When humans ingest meat containing 
tissue cysts, these cysts rupture followed by infection of the intestinal epithelium 
by bradizoites. Bradizoites differentiate into gametocytes and sexual multiplication 
occurs, resulting in the formation of sporulated oocysts that are excreted in the feces 
of the infected individual. When sporocysts are ingested by an intermediate host 
(food animals or humans) the sporozoites will enter endothelial cells of blood vessels 
and undergo schizogony. Asexual multiplication will occur and eventually infect 
muscle cells and form sarcocysts that in time fill with bradyzoites (Figure 1C). If 
humans ingest sarcocysts produced by a different Sarcocystis species, the bradyzoites 
will migrate to muscle tissues and form cysts. Symptoms such as myalgia, muscle 
weakness, and edema are signs of infection. Muscle biopsies revealing the presence 
of sarcocysts in tissues will confirm the diagnosis. Detection can be facilitated by 
staining with hematoxylin and eosin, periodic acid-Schiff, Giemsa, etc. Sarcocysts 
present in muscle can measure up to 100–325 um in length. Digestion of tissues by 
enzymes can be useful; however, small sarcocysts may be destroyed by digestion 
(Spickler 2020). In the case of enteric infections, diagnosis is done by identifying 
sporocysts or sporulated oocysts in fecal samples. Acid-fast staining can be used to 
detect sporocysts, but they may be confused with Cystoisospora. Oocysts measure 
15 × 20 um and sporocysts measure 6 × 12 um (Mehrothra et al. 1996). Oocysts can 
be concentrated using flotation concentration methods that include sucrose, sodium 
chloride, and zinc sulfate. Microscopic observation does not differentiate between 
species, but molecular testing has been used to discriminate between species. The use 
of 18S rDNA, ITS-1, and mitochondrial cytochrome oxidase has been used to detect 
and understand the parasite diversity (Rosenthal 2021) (Table 1). 

Cryptosporidium spp. 
Cryptosporidium is a coccidia that can be acquired by ingestion of contaminated 
food or water. Cryptosporidium oocysts are spherical with a thick wall. They range 
in diameter from 4 to 6 µm (Fayer et al. 2000) and when excreted they have already 
sporulated and contain four elongated sporozoites (Fayer and Xiao 2007). Of the 
30 Cryptosporidium species, C. hominis and C. parvum are the two most common 
species infecting humans with the latter zoonotic species originating in ruminants 
(Xiao and Cama 2018). C. hominis is anthroponotic, causing infections in humans 
(Vanathy et al. 2017).  The size of Cryptosporidium oocysts differs in species affecting 
the gastric and intestinal tract compared to those that infect the lower gastrointestinal 
tract, which is larger (Fayer and Xiao 2007). 

Cryptosporidium species that cause illness in humans colonize the gastrointestinal 
and respiratory epithelium after ingestion of infectious oocysts, causing persistent 
diarrhea, especially in immunocompromised individuals (Khurana and Chaudhary 
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Table 1.  Some molecular methods for the detection of Sarcocystis ssp. 

Target Test Species Reference 

18S RNA gene PCR and sequencing Cattle More et al. 2013 

18S RNA gene Multiplex RT qPCR Cattle Moré et al. 2013 

18S RNA gene PCR and sequencing Foxes, raccoon, dogs Moré et al. 2016 

Cytochrome oxidase 
subunit cox 1 

Multiplex PCR and 
sequencing 

Deer Abe et al. 2019 

Cytochrome oxidase 
subunit cox 1 

PCR and sequencing Cervids, cattle, and 
sheep 

Gjerde B 2013 

Cytochrome oxidase 
subunit cox 1, 18S 
RNA gene 

Multiplex PCR and 
sequencing 

Cattle Rubiola et al. 2018 

ITS1, cytochrome b, 
sag2, sag3, sag4 

Nested, heminested, double 
PCR, and sequencing 

Opossum Valadas et al. 2016 

18S RNA gene PCR and sequencing Cattle, cebu, bison Fischer and Odening 
1998 

Cytochrome oxidase 
subunit cox 1, 18S 
RNA gene 

PCR and sequencing Moose Prakas et al. 2019 

2018; Xiao and Cama 2018). The infection, cryptosporidiosis, may result in death 
in developing as well as developed countries, making Cryptosporidium  responsible 
for most parasitic diarrheal illnesses, but the prevalence has been reduced as disease 
management has improved (Cacciò et al. 2005). The immune status of infected 
individuals is important as the illness can be self-limiting in the immunocompetent, 
but chronic in individuals who are immunocompromised (Chalmers and Davies 
2010). Oocyst shedding is intermittent, lasting an average of seven days and up to  
50 days after the symptoms have stopped (Fayer and Xiao 2007). The oocyst 
is infectious upon shedding. Transmission can be person-to-person, foodborne, 
waterborne, and by zoonotic routes (Dillingham et al. 2002). 

The most notable waterborne outbreak of Cryptosporidium infections in the 
U.S. occurred in 1993 in Milwaukee, Wisconsin. Public water contaminated with  
C. hominis  caused illness in approximately 403,000 people (Mac Kenzie et al. 1994). 
During 2009–2017, there were 444 outbreaks of cryptosporidiosis in 40 U.S. states 
and Puerto Rico. Sixty-five of the outbreaks were attributed to cattle and 156 were 
attributed to treated water (Gharpure et al. 2019). Of the 444 outbreaks, 22 were 
foodborne with vehicles, such as unpasteurized milk, unpasteurized apple cider, and 
fresh produce (Gharpure et al. 2019). It makes sense that these foods are vehicles 
as Cryptosporidium as oocyst inactivation was not achieved by exposure to heat or 
desiccation. Foods that are not thermally processed or inadequately heated and with 
high water content are likely to become vehicles for this parasite (Robertson 2014). 

Extraintestinal infections, although uncommon, have been reported. Diagnosis 
is done by detecting the oocysts in secretions or biopsies. Diagnosis can be done by 
observation of biopsies of the small or large intestine where the intracellular tissue 
stages of the parasite can be observed. Cryptosporidium infects the gastrointestinal 
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tract and detection is achieved by examination of fecal samples. Concentration either 
by flotation or sedimentation improves the detection of the parasite. Fecal smears 
and concentrates can be stained using a modified acid-fast stain (e.g., modified  
Ziehl-Neelsen stain or safranin) (Garcia 2016). These methods stain all 
Cryptosporidium species but have limited use for traceability during outbreak 
investigations. 

Serological tests are used for increased sensitivity during Cryptosporidium 
screening (Bialek et al. 2002). Immunoassays such as those using direct fluorescent 
antibodies (DFA), enzyme immunoassays (EIAs), and indirect fluorescent 
antibodies (IFA) (Figure 1D) for examining stool samples are used in the diagnosis 
of cryptosporidiosis (Aghamolaie et al. 2016; Garcia 2016). EIA and DFA show 
similar sensitivity (94% and 91%, respectively) when compared to a modified 
immunofluorescence assay (64% sensitivity) and nested PCR (97% sensitivity) for 
detecting Cryptosporidium in stool samples from at-risk patients and calves (Bialek 
et al. 2002). 

Differentiation between C. hominis (anthroponotic) and C. parvum (zoonotic) 
in clinical samples cannot be achieved by staining oocysts. Other methods for 
species-specific identification are required (Garcia 2016). Molecular methods have 
been developed to test for the presence of Cryptosporidium in stool samples. These 
methods have increased sensitivity and accuracy and can be less time-consuming 
than conventional methods (Fayer et al. 2000). PCR assays, e.g., nested PCR, qPCR, 
multiplex qPCR, and other molecular methods such as microsatellite analysis, 
fluorescent in situ hybridization, and loop-mediated isothermal amplification can 
be used to genotype and subtype Cryptosporidium (Vanathy et al. 2017) (Table 2). 
If present in water, Cryptosporidium oocysts are likely found in small numbers, 
thereby requiring a concentration step. Various water filters have been used (Smith 
and Nichols 2010). The U.S. Environmental Protection Agency (EPA) Method 
1623.1 is an updated version of Method 1623 for the detection of Cryptosporidium 
in water (USEPA 2012). Changes made to the method include the requirement for 
flow cytometer-enumerated Cryptosporidium in spiked suspensions, the addition of 
sodium hexametaphosphate for capsule filter elution, and the requirement for a bead 
pellet wash step during the immunomagnetic separation (IMS) procedure (USEPA 
2012). The basic steps in the method are collection through filtration, elution, 
separation, and enumeration, which is done by staining oocysts with fluorescently 
labeled antibodies and examination using an epifluorescent and DIC microscope 
(USEPA 2012). Other methods have been developed for testing large volumes of 
drinking and surface waters using filters with high filtration capacity. Real-time 
PCR is also used to detect and enumerate Cryptosporidium oocysts in water. Kimble 
et al. (2015) modified the DNA extraction process by using the UNEX buffer and a 
second spin column to evaluate the use of qPCR to detect Cryptosporidium in water. 
They compared the modified procedure to the USEPA method. Oocyst recovery 
was higher (49%) compared to detection by microscopic analysis (41%). Although 
recovery of Cryptosporidium oocysts from the water was demonstrated, it was noted 
that additional evaluation using different water sources as well as fewer oocysts 
is needed (Kimble et al. 2015). Other studies (Adamska et al. 2012; Mahmoudi 
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Table 2.  Some molecular methods for the detection of Cryptosporidium spp. 

Target Test Samples References 

18S Nested PCR Human, animal Xiao et al. 1999 

18S Nested Animal Mirhashemi et al. 2015 

CPGP40/15 PCR-RFLP and RFLP-SSCP Human, animal Wu et al. 2003 

COWP Human, animal Homan et al. 1999 

Gp60 PCR-RFLP Cattle Cai et al. 2017 

18S, actin loci qPCR Fish Yang et al. 2015 

18S RT-qPCR Calves Wang et al. 2021 

Multiplex 
real-time PCR 

Gastroenteritis/Parasite 
Panel I (Diagenode), 
RIDAGENE Parasitic Stool 
Panel (R-Biopharm), Allplex 
Gastrointestinal Parasite Panel 
4 (Seegene), and FTD Stool 
Parasites (Fast Track) real-time 
PCR 

Human Paulos et al. 2019 

Cell imprinted 
polymer PDMS 

Stamping Human Sarkhosh T et al. 2021 

SSUr RNA, 
COWP, DNA-J-
like protein 

qPCR Human Weinreich F. et al. 2021 

COWP qPCR Human Shin J.H. et al. 2018 

GP60 qPCR Dashti A et al. 2022 

et al. 2017) have used qPCR to enumerate Cryptosporidium oocysts in water. More 
research is needed to address the limitations of qPCR and oocyst enumeration before 
these methods can be adopted. The whole genome of Cryptosporidium has been 
determined, and genotyping of oocysts isolated from water and foodborne outbreaks 
has been successful. 

Methods to detect Cryptosporidium oocysts in food are less developed. Foods 
are washed using an elution buffer and the wash is concentrated by centrifugation. 
Oocysts are observed either using immunoassays or molecular  assays (Fayer and 
Xiao 2007). An immunomagnetic separation technique (IMS) is recommended for 
concentrating oocysts in turbid samples (Smith and Nichols 2007). Two methods 
have focused on specific food matrixes. One is in the U.S. FDA  BAM Chapter 19a 
and the other was published by Cook et al. (2006b). The FDA  method describes 
procedures to isolate Cryptosporidium  species in fresh produce washes, juices, cider, 
and milk followed by detection  by microscopic analysis or nested PCR (Orlandi  
et al. 2004). The restriction fragment length polymorphism (RFLP) method is needed 
for more species-specific analysis (Orlandi et al. 2004). 

Cook et al. (2006b) validated and proposed standard methods for the detection of 
Cryptosporidium parvum on/in raspberries and lettuce. This method consists of four 
steps: oocyst extraction, concentration, staining, and identification by microscopy. 
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The method has a sensitivity of 89.6% and a specificity of 85.4%. The development 
of more robust methods is needed to aid in the detection of Cryptosporidium species 
in food. 

Cyclospora 
Cyclospora cayetanensis, another coccidian parasite, has been associated with 
foodborne outbreaks since the early 1990s. In the US, sporadic cases, and clusters of 
cyclosporiasis have been associated with the consumption of raw produce, including 
herbs and berries. In the past 10 years, lettuce and cilantro imported from Mexico 
have been associated with cyclosporiasis. Since 2018, produce grown and processed 
in the US has also been linked with foodborne outbreaks. 

Cyclospora oocysts can be detected in clinical samples by microscopic 
observation. Oocysts measure 8–10 um in diameter (Figure 1E). Oocysts can also be 
observed using epifluorescence microscopy (Figure 1F). They autofluoresce when 
exposed to wide UV light (450–490 DM filter) (Ortega et al. 1994). Detection can 
be improved by oocyst concentration using conventional ova and parasite detection 
methods, including discontinuous sucrose gradients, ethyl acetate, and cesium 
chloride. Molecular-based methods are also used to detect oocysts in clinical samples; 
however, in recent years, culture-independent methods have been successfully used 
in clinical settings to detect Cyclospora (Buss et al. 2015). 

The official FDA  method 19b and 19c (2022) includes a qPCR method to detect 
Cyclospora in fresh produce, complex food matrixes, and agricultural water. The 
food testing procedure uses Alconox, a detergent commonly used in laboratories, to 
remove oocysts from whole vegetable samples. Water samples are being tested using 
Rexeed filters that were developed for dialysis purposes. These filters can be used 
to test large volumes of water, not only for concentrating environmental samples 
but also for water used for irrigation purposes. Other laboratories have used various 
elution buffers including the one described in the EPA  1963 protocol or glycine buffer. 

Molecular tools are used mostly for detecting oocysts in food and environmental 
samples. Several platforms have described targeting conserved regions of the 18S 
RNA, mitochondrial DNA, and ITS DNA. The ITS1 gene was developed initially 
using conventional PCR (Adam et al. 2000) and later as qPCR for environmental 
surveillance (Temesgen et al. 2019; Lalonde and Gajadhar 2016). Conventional PCR 
has been used in multilocus sequence typing (MLST) for detecting Cyclospora in 
human fecal samples (Guo et al. 2016) and in the surveillance of berries (Temesgen 
et al. 2022; Murphy et al. 2018) (Table 3). 

Toxoplasma gondii 
Toxoplasma  is a coccidian parasite whose definite host is felines. Sexual 
multiplication occurs in the intestine of cats and the unsporulated oocysts are excreted 
in the environment in their feces. It takes 1 to 5 days for the oocysts to mature and 
differentiate forming two sporocysts, each containing four sporozoites. The feces of 
felines can cross-contaminate water and foods. When ingested by a human or other 
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Table 3.  Some Methods for Detection of Cyclospora cayetanensis. 

Target Test Matrix References 

ITS1, MLST qPCR, PCR, 
sequencing 

Raspberry, blueberry, and 
strawberry 

Temesgen et al. 2022 

Mitochondrial DNA PCR Cilantro, raspberries, and 
canal water 

Durigan et al. 2022 

SSU RNA gene PCR Sewer water Fan et al. 2021 

Mitochondria 
Genome 

qPCR SS Guo et al. 2019 

ITS-1 qPCR Raspberry, blueberry, 
strawberry 

Temesgen et al. 2019 

Mitochondrial 
junction 

PCR SS Nascimento et al. 2019 

18SrRNA qPCR Cilantro, raspberries Murphy et al. 2018 

Microsatellite and 
minisatellite 

nPCR SS Guo et al. 2016 

Apicoplast WGS SS Cinar et al. 2016 

ITS-2 qPCR, SSCP Soil, water, cucumber, lettuce, 
fennel, celery, tomato, melon, 
and herbs 

Giangaspero et al. 2015 

18SrRNA PCR SS Sulaiman et al. 2014 

HSP70 nPCR SS Sulaiman et al. 2013 

ITS-2 PCR Basil, parsley, carrot, romaine, 
blackberry, and shredded 
cabbage 

Lalonde and Gajadhar 2008 

18SrRNA PCR, RT 
multiplex 

Fresh produce wash, juices, 
cider, Milk 

Orlandi et al. 2004 

ITS-1 PCR SS Adam et al. 2000 

WGA Lectin 
binding 

Mushrooms, lettuce, 
raspberries 

Robertson et al. 2000 

SS: stool samples; no food matrixes were used. 

animals, the oocysts will excyst and the sporozoites will infect the intestinal cells, 
migrate to various tissues, and form cysts containing bradyzoites. Cats may become 
infected if they eat tissue containing cysts or ingest sporulated oocysts. Cysts are 
most often found in the striated muscle, myocardium, brain, and eyes of infected 
animals. The cysts can stay dormant for years, but they can reactivate if the host 
immune system competency decreases. Severe cases are observed when the parasite 
invades the brain, but symptoms vary depending on the localization of the cyst. 
Multiple studies show neurological behavioral changes in humans. The association 
of toxoplasmosis with schizophrenia has been reported in various studies; however, 
others have not found such an association. More studies are needed to better 
understand these implications. 
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Toxoplasma can cross the placenta barrier in animals, including humans, and 
infect the fetus which can result in miscarriage. Serological diagnosis is done by 
determining the presence of IgG or IgM antibodies against the parasite. In the case 
of congenital toxoplasmosis, diagnosis is done using molecular methods to detect 
the Toxoplasma DNA in the amniotic fluid. Birds, rodents, and swine can also 
serve as intermediary hosts. Humans can acquire toxoplasmosis by consuming raw 
or improperly cooked pork meat. Detection of tissue cysts can be done by tissue 
digestion followed by molecular assays. 

Animals, including humans, can also acquire toxoplasmosis by ingesting 
contaminated water or foods containing sporulated oocysts. The detection of 
oocysts follows the same procedures used for the detection of Cyclospora. 
Oocysts of Toxoplasma, like Cyclospora, autofluoresce when exposed to UV light. 
Epifluorescence can be used to detect the oocysts, but this method is not specific 
when used to examine environmental samples. The number of oocysts present can 
be low, requiring the use of concentration methods. 

Detection in Environmental and Food Samples 
Two methods focus on the detection of specific food matrixes. One is in the US 
FDA  BAM (Chapter 19A, 2022) and the other was described by Cook et al. (2006b). 
The US FDA  BAM method isolates Cryptosporidium species from fresh produce 
washes, juices, cider, and milk followed by detection by microscopic analysis or 
nested PCR (Orlandi et al. 2004). This method dictates that RFLP be used for more 
species-specific analysis (Orlandi et al. 2004). Cook et al. (2006b) validated the 
proposed standard method for the detection of C. parvum on raspberries and lettuce. 
This method has four steps: extraction, concentration, staining of the oocysts, and 
observation by microscopy. The method has a sensitivity of 89.6% and a specificity 
of 85.4% (Cook et al. 2006b). The capture of Cryptosporidium oocysts or Giardia 
cysts from water has been accomplished using immunomagnetic beads followed by 
observation using fluorescently labeled antibodies. The development of more robust 
methods is needed to aid in the detection of Cryptosporidium species in food. 

Multiplex testing of food and environmental samples for the presence of parasites 
has been done by various researchers. Berries have been tested for the presence of 
Echinococcus, Toxoplasma, and Cyclospora (Temesgen et al. 2022). Detection of 
Cyclospora, Cryptosporidium, and Toxoplasma in spinach and arugula was done 
using universal coccidia primers (Lalonde et al. 2015). A new diagnostic platform, 
the Biofire® FilmArray® System, has been developed as a multiplex diagnostic tool 
for the analysis of clinical samples. Some laboratories are using this tool because of 
its simplicity and ease to use. Recently, a new FilmArray® Food & Water Panel was 
developed for the simultaneous detection of 15 targets in environmental, food, and 
beverage samples. This panel detects bacteria (Campylobacter, Salmonella, Vibrio, 
and Yersinia) diarrheagenic E. coli/Shigella, E. coli (EAEC, EPEC, ETEC, STEC, 
O157, and EIEC) parasites (Cryptosporidium, Cyclospora cayetanensis, and Giardia 
lamblia), and norovirus GI/GII. The panel was evaluated using water, deli meats, 
spinach, and orange and apple juices, among other food matrixes (Buss et al. 2015). 
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