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Foreword
Multicellularity. On the face of it, the concept seems simple and unambiguous: some 
organisms package everything needed for metabolism, behavior, locomotion and 
reproduction into a single cell, whereas others contain multiple cells, commonly 
with varying functions. This is true enough, but it fails to account for the remarkable 
variety of multicellular organisms, or the nuances of their origins, development, and 
function. Accordingly, biologists commonly preface “multicellularity” with adjec-
tives that acknowledge various axes of diversity. Multicellular organisms can be 
aggregative or clonal, emphasizing a fundamental distinction in life cycle. They may 
be obligate or facultative, changing in response to environmental signals. Or they 
may be viewed as simple or complex, with complexity variously defined by three-
dimensionality, number of cell types, size, or function.

Thinking about this a decade ago, I threw my lot in with function, albeit an aspect 
of function that correlates with size, three-dimensionality and the differentiation of 
distinct cell types. As multicellular organisms begin to develop in three dimensions, 
cells in the interior of the organism become progressively distanced from the ambi-
ent environment – their source of food, oxygen and external molecular signals. With 
increasing size come expanding opportunities for feeding, defense, and environmen-
tal occupation, but also a greater need for mechanisms beyond diffusion to support 
interior cells. For this reason, my attempt to define complex multicellularity focused 
on the presence of tissues or organs that circumvent the limitations of diffusion. That 
works pretty well for bilaterian animals, plants, kelps and macroscopic fungi, but, 
admittedly, presents problems for florideophyte red algae, which pass tests for three-
dimensionality, macroscopic size and cell differentiation with flying colors, but fare 
less well in terms of diffusion and its circumvention.

In fact, all attempts to categorize multicellularity have their strengths and limita-
tions, for the simple reason that multicellular organisms are so various. Although 
commonly left out of the conversation, bacteria exhibit simple multicellularity in 
a number of clades; obligately multicellular cyanobacteria have existed for at least 
2.5 billion years, and cyanobacteria capable of cell differentiation have been found 
as fossils in 1.5-billion-year-old rocks. Moreover, myxobacteria aggregate to form 
macroscopic structures. Among eukaryotes, simple multicellular clades have evolved 
repeatedly through time, with fossils of simple (presumed) macrophytes found in 
rocks as old as 1800–1600 million years, and more complex forms entering the 
record around 600 million years ago, as the age of animals began. In terms of com-
plexity, there does seem to be something different about animals, plants, mushrooms 
and kelps, but all contain examples that flout the rules. Is Trichoplax, for example, 
complexly multicellular? Were the earliest known animals, preserved in Ediacaran 
rocks, complex, even though they probably consisted of little more than upper and 
lower epithelia surrounding a fluid- or gel-filled interior space? The answers may 
depend on your definition of complexity.

Ways of thinking about multicellularity have expanded along with our inventory 
of multicellular clades, and many of these exciting new approaches can be found in 
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this volume. Better phylogenies and improved sampling, especially among protists 
and fungi, now show just how many times multicellular organisms have evolved 
from unicellular ancestors. And the application of the various 21st-century “omics” 
is illuminating the molecular basis of multicellular development and function, while 
providing clues to the origins of multicellularity in diverse lineages. Integrating 
genomics with phylogeny, a number of labs are showing the virtues of molecular 
comparisons between multicellular clades and a relatively wide range of their uni-
cellular relatives. For example, genomes of the closest sister groups to plants and 
animals appear to exhibit gene losses as well as gains, evident when a broader range 
of streptophytes and holozoans is examined.

When does a colony of unicells become a multicellular organism? Such a question 
emphasizes the importance of individuality in thinking about this subject. At a fun-
damental level, multicellularity reflects cooperative behavior among cells, but what 
mechanisms actually underlie the emergence of multicellular structures as evolu-
tionary individuals? And how did nascent multicellular organisms deal with the con-
founding problem of cheaters, constant threats to the integrity of the system? In these 
pages, Rick Michod argues that only group selection – long debated by evolutionary 
biologists – “can make a cell suboptimal were it to leave the group” (Chapter 3).

While increasingly detailed studies of multicellularity emphasize the distinct 
evolutionary paths traveled by different multicellular clades, some commonalities 
persist. The evolution of clonal multicellularity – and, therefore, by far the greatest 
diversity of multicellular species – requires mechanisms of adhesion to ensure that 
cells remain in place following division. (This, in turn, also puts emphasis on intra-
cellular mechanisms for regulating the geometry of cell division.) Communication 
among cells is equally key. A number of authors have underscored the evolution of 
plasmodesmata in photosynthetic clades and gap junctions in animals as key inno-
vations in cell-cell communication. Such structures not only facilitate the passage 
of signals and other molecular traffic between cells, but provide a mechanism for 
signaling that is spatially specific. Related to this, the regular morphologies of multi-
cellular organisms require developmental programs in which the fates of individual 
cells are determined by signals from their neighbors.

Although inherently obvious, it bears repetition that multicellular clades evolved 
from unicellular ancestors. Therefore, a better understanding of single-celled sis-
ter groups can do much to illuminate the bases of multicellularity. Unicells have 
sophisticated mechanisms for the transduction of signals from the environment and 
from conspecific neighbors, eliciting a variety of cellular responses. Homologous 
signaling mechanisms occur in their multicellular descendants, and so knowing sig-
nal’s function in both ancestors and descendants provides clues to the causes, con-
sequences and mechanisms of multicellular evolution. Life cycles also illuminate 
aspects of the multicellular program. It has long been known that genes active in the 
regulation of cell differentiation during the development of Volvox also play a role in 
cell differentiation during the life cycle of its close unicellular sisters. Evidence sum-
marized in this volume also supports the hypothesis that cAMP regulation of multi-
cellular aggregation and differentiation in Dictyostelium reflects an earlier evolution 
of starvation-induced encystment in its unicellular ancestors (Chapters 5 and 8). 
Comparable insights are flowing from detailed studies of choanoflagellates and other 
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holozoan relatives of animals (Chapter 13), as well as streptophyte sister groups of 
land plants (Chapter 16). Ancestors also impose constraints on multicelluarity, for 
example, the rigid cell walls of streptophytes and terrestrial fungi.

Finally, one of the greatest hurdles to the emergence of multicellularity lies in the 
fitness of early stages in the evolutionary path toward complexity. It is easy enough to 
appreciate the functional advantages of complex organisms with billions of cells, but 
what about the early stages of multicellular evolution, populated by organisms with 
perhaps a few dozen cells? Does predator avoidance furnish both a fitness advantage 
and scaffolding for the emergence of complexity? To what extent does the coordi-
nated behavior of multiple cells enhance feeding, and does this, as well, provide a 
sufficient seed for complex multicellularity? Here is where ecology can help. We 
know little about how many simple multicellular taxa work in nature, and while 
experiments are providing welcome illumination, more is needed.

Plants, animals, mushrooms and seaweeds shape the ecosystems of our common 
experience, but they have characterized only the most recent fifteen percent of life’s 
history. How did life expand so remarkably so late in the evolutionary day? And 
how did innovations in different multicellular clades feed back onto one another? In 
the pages that follow, readers will find a wealth of new observations, experiments 
and models that collectively enrich our understanding of multicellularity in all its 
manifestations. They provide welcome opportunity to learn – and an invitation to 
think further.

Andrew H. Knoll
Harvard University, Cambridge, MA  

aknoll@oeb.harvard.edu

mailto:aknoll@oeb.harvard.edu
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If indeed it is true that all living bodies are productions of nature, we are driven to the 
belief that she can only have produced them one after another and not all in a moment. 
Now if she shaped them one after another, there are grounds for thinking that she 
began exclusively with the simplest, and only produced at the very end the most com-
plex organisations both of the animal and vegetable kingdoms.

(Lamarck, 1809, p. 129)

1.1 INTRODUCTION

Barbara Kingsolver called it “audacious” to send a piece of writing out into a world 
that “already contains Middlemarch” (Kingsolver, 2001). To ask readers to spend 
time on your creation, when they could instead choose from a raft of powerful, wise, 
and profound novels that already exist, it had, she concluded, “better be important.” 
In the context of this collection, our Middlemarch is the outstanding work that has 

1
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2 The Evolution of Multicellularity

already been done on the evolution of multicellularity. Excellent books by David 
Kirk (1998), John Tyler Bonner (2000), and Richard Kessin (2001), as well as collec-
tions edited by David Whitworth (2008), by Iñaki Ruiz-Trillo and Aurora Nedelcu 
(2015), and by Karl Niklas and Stuart Newman (2016), have been dedicated to the 
topic, not to mention thousands of scholarly papers.

Our audacity comes from the conviction that an open niche still exists, a sort 
of book on multicellularity that hasn’t previously been written. Our goal has been 
to organize a set of chapters that would collectively serve as an in-depth review of 
the subfield of evolutionary biology that deals with the origins of multicellularity. 
We intend the book to serve as a jumping-off point, stimulating further research by 
summarizing the topics that students and researchers of the evolution of multicel-
lularity should be familiar with.

We hope that it will provide a sufficient overview so that a reader unfamiliar with 
the relevant literature (a beginning graduate student, for example) will come away 
with an understanding of the major issues. What types of multicellular organisms 
exist? What are their evolutionary relationships? What processes led to their origins 
and subsequent evolution? In what conceptual frameworks can their evolution be 
understood? Crucially, what questions remain to be answered (see Chapter 18 for a 
detailed discussion)? In addition to providing an overview for newcomers to the field, 
we hope the book will serve as a reference for more established researchers.

1.2 BACKGROUND

The idea that multicellular animals and plants evolved from single-celled organisms 
has been around for as long as there has been a coherent theory of evolution. Jean-
Baptiste Lamarck, for example, believed that (mostly) unicellular “infusoria” were 
constantly arising through spontaneous generation and evolving into more complex 
forms due to the motion of fluids within their bodies (Lamarck, 1809, 1815) (more 
details on Lamarck’s views can be found in Chapter 13). Although Charles Darwin 
considered Lamarck’s ideas about spontaneous generation “superfluous (and ground-
less)” (Darwin, 1887, p. 210), he agreed that animals and plants likely descend from 
“some one primordial form” (Darwin, 1859, p. 425).

In the post-Darwin world, descent of multicellular organisms from unicellular 
ancestors has by and large been taken as a given. Furthermore, plants and animals 
have long been considered to have independently evolved multicellularity. Ernst 
Haeckel, for example, proposed that animals descended from protozoa and plants 
from protophyta (Haeckel, 1894) (more details on Haeckel’s views can be found in 
Chapter 13). Henry Cadwalader Chapman thought it “probable that Monera in past 
time divided into animal and vegetal Monera,” which gave rise to the animals and 
plants (including red, green, and brown algae), respectively (Chapman, 1873, p. 83). 
August Weismann agreed that animals and plants descended from distinct unicel-
lular ancestors (Weismann, 1889).

As the big picture of phylogenetic relationships among kingdoms and phyla began 
to emerge, it became clear that two origins of multicellularity would not suffice. 
For example, the fundamental distinction between cells with and without nuclei, 
recognized by Haeckel (1869) and formalized in the taxonomy of Copeland (1938), 
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necessitates an independent origin in the filamentous cyanobacteria. This did not, 
however, resolve the extreme heterogeneity of Copeland’s Kingdom Protoctista 
(“Nucleate organisms not of the characters of plants [including green algae] and 
animals” [Copeland, 1956, p. 4]). The recognition of fundamental differences among 
the phyla within the kingdom, including, for example, red algae, brown algae, and 
ciliates, further implied that the multicellular members of each of these groups rep-
resent at least one additional independent origin of multicellularity.

Further advances in phylogenetic systematics have shown that even within some 
of these taxa, multicellularity has evolved more than once. This is almost certainly 
the case in the green algae (Chapter 9), the fungi (Chapter 14), and the Amoebozoa 
(Chapter 5), for example. In 2007, Grosberg and Strathmann estimated “at least 25” 
independent origins of multicellularity (Grosberg and Strathmann, 2007, p. 622), 
but this is very likely a serious underestimate. Recent phylogenetic reconstructions 
based on whole transcriptome data suggest that there may have been this many inde-
pendent origins of multicellularity in the green algal lineage alone (One Thousand 
Plant Transcriptomes Initiative, 2019). Furthermore, we should not forget that essen-
tially all estimates of the number of origins are based exclusively on extant taxa; 
there is no telling how many species may have evolved multicellularity and subse-
quently gone extinct without leaving much of a fossil record.

In the second half of the twentieth century, the evolution of multicellularity 
began to be seen as one example of a broader category of transitions leading to new, 
more inclusive biological units. John Tyler Bonner, for example, wrote of “cases 
where in one jump a new level of complexity is reached” (Bonner, 1974, p. 58), 
including the origins of life, of eukaryotic cells, of multicellularity, and of social 
groupings. Leo Buss interpreted the hierarchy of life, from genes to species, as 
resulting from a series of transitions from less to more inclusive units of selection 
(Buss, 1987). In their foundational book, John Maynard Smith and Eörs Szathmáry 
treated the evolution of multicellularity as an example of a “Major Transition in 
Evolution,” events in which new levels of biological organization evolved (Maynard 
Smith and Szathmáry, 1995).

Maynard Smith and Szathmáry’s book established the Major Transitions as a sub-
field of evolutionary biology, which has expanded greatly in the last 25 years. In both 
biology and the philosophy of biology, the evolution of multicellularity has been 
viewed through this lens. Subsequent authors have revised the list of transitions and 
continue to do so (Herron, 2021, and references therein), but every version we are 
aware of has included the evolution of multicellularity.

1.3 RATIONALE FOR THE STRUCTURE OF THIS BOOK

Aside from the introductory and concluding chapters, we have organized the book 
into four sections. The first, Theory and Philosophy, addresses the ways in which the 
topic of the evolution of multicellularity has informed and been informed by the phi-
losophy of biology (Chapter 2), the theory of multilevel selection (Chapter 3), and the 
evolution of life cycles (Chapter 4). The evolution of multicellularity has long played 
a central role in discussions of the nature of biological individuality, which biologi-
cal units are the bearers of fitness, predictability versus contingency in evolution, 
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how complexity is defined and how it evolves, biological hierarchies, the evolution of 
cooperation, and the diversity of life cycles, among other topics.

Multicellular life cycles are remarkably diverse. In eukaryotes, though, nearly all 
involve an alternation of haploid and diploid generations, with fertilization estab-
lishing the diploid phase and meiosis restoring the haploid condition. Either phase, 
or both, may undergo mitosis, and the products of mitosis may form multicellular 
structures in neither, either, or both phases. In some cases, those multicellular struc-
tures result from the products of mitosis failing to separate; in others, free-living 
unicells aggregate to form a multicellular structure. We call these situations clonal 
and aggregative multicellularity, respectively, and this is a fundamentally important 
distinction.

In clonal multicellularity, as the name suggests, all of the cells in the multicellular 
structure are clones of the progenitor cell (zygote, spore, or other propagule) and 
related to each other by r ≈ 1. In aggregative multicellularity, relatedness among the 
cells in an aggregate can take any value, depending on the spatial structure of the 
population and the efficacy of kin recognition during group formation. Social evolu-
tion theory predicts that very different outcomes will result from this difference in 
relatedness, namely that altruistic cooperation will evolve more easily and to higher 
levels in the clonal case, where relatedness among cells is consistently high. These 
predictions are consistent with observations of multicellular complexity, which is 
only known to reach high levels in clonal multicellularity.

Because aggregative and clonal multicellularity have such fundamental differ-
ences, we have devoted a section of the book to each (Sections 2 and 3, respectively). 
Each of these sections begins with an overview of the diversity and phylogeny of 
independent origins of multicellularity of the appropriate type (Chapters 5 and 9), 
followed by chapters on group formation (Chapters 6 and 10), group maintenance 
(Chapters 7 and 11), and group transformation (Chapters 8 and 12). This organiza-
tion was inspired by Andrew Bourke’s book Principles of Social Evolution, which 
proposes the formation, maintenance, and transformation of social groups as a gen-
eral framework for understanding the Major Transitions (Bourke, 2011). While we 
don’t view social group formation, maintenance, and transformation as necessar-
ily sequential stages of a Major Transition in Evolution – because the challenges 
of social group maintenance may persist/arise even after group transformation has 
occurred, for example – we feel that Bourke’s stages nicely illustrate the primary 
barriers to a successful transition in individuality. We hope the parallel structure 
of Sections 2 and 3 will facilitate comparison of aggregative and clonal multicellu-
lar organisms, helping readers to identify both similarities and differences between 
these two modes of multicellular development.

Section 4 addresses the evolution of multicellularity through the lenses of life cycle 
evolution and the evolution of multicellular development. Where the previous two sec-
tions focus largely on the early steps in the evolution of multicellularity across a broad 
range of taxa, the chapters in this section are largely focused on subsequent steps in 
particular taxa: animals (Chapter 13), fungi (Chapter 14), algae (Chapter 15), and plants 
(Chapter 16), which collectively comprise the so-called complex multicellular taxa, 
those with more than a handful of cell types and that exhibit intercellular communica-
tion, three-dimensional tissue structure, and genetically regulated tissue differentiation 
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(Knoll, 2011). The final chapter in this section (Chapter 17) considers the case of “organ-
isms” made up of multiple species, such as lichens and other intimate symbioses.

1.4 CONCLUSION

Our goal for this book was a single resource that summarizes what we know about 
the evolution of multicellularity. We aimed high and sent invitations to some of the 
most influential authors in this field, fully expecting that most would decline. To our 
delight and amazement, nearly all accepted.

The results have far exceeded our expectations. We feel that the chapters cover 
their respective topics exceptionally well, combining broad overviews with compel-
ling examples and historical context with recent discoveries. Taken as a whole, we 
think they will serve the roles we had in mind for the book – primer, reference, and 
catalyst for further research – admirably.

We live in exciting times for the evolution of multicellularity. New theoretical 
advances, new model systems coming online, and new capabilities for fast, cheap 
genome sequencing are combining to produce new discoveries at an unprecedented 
pace and to provide new perspectives for understanding them. Microbial evolution 
experiments allow direct observations of transitions to multicellular life and tests 
of adaptive hypotheses. The expansion of CRISPR/Cas9 genome editing into non-
model organisms has immense potential to identify genes and gene functions related 
to the evolution of multicellularity. A new appreciation for the importance of micro-
bial symbionts expands our perspective, not only on how multicellularity can evolve 
but on what it means to be a multicellular organism. All of these developments 
mean that our understanding of the evolution of multicellularity is likely to grow at 
an accelerating pace, and we are excited to see what lies ahead.
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2.1 INTRODUCTION

All scientific investigations are underpinned by basic assumptions, and the study of 
multicellularity is no exception. Asking questions about these foundations can help 
illuminate the field’s subject matter and investigative tools. This chapter addresses 
three general questions about multicellularity:

1. What is multicellularity?
2. How is multicellularity explained?
3. How is multicellularity valued?

Multicellularity is a broad label that covers an important attribute of living systems. 
However, because multiple phenomena are covered by the term multicellularity, any 
simple categorization scheme is likely to fail to capture how multicellularity mani-
fests across the tree of life.

https://doi.org/10.1201/9780429351907-3
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Taking the various dimensions of multicellularity into account has implications 
for how multicellularity is theorized and explained. In particular, a single overarch-
ing evolutionary explanation of multicellularity as an adaptive phenomenon might in 
certain respects be inadequate and misleading. A range of different, highly tailored 
explanations might be more appropriate for the multiple versions of multicellularity 
on the evolutionary record.

Tangled up with both these issues of categorizing and explaining multicellular-
ity is another very basic one to do with how multicellularity is valued. This chapter 
asks whether multicellularity is any ‘better’ than unicellularity in any evolutionary 
or ecological sense.

2.2 CATEGORIZING MULTICELLULARITY

Like the attempt to define ‘life’, defining multicellularity is a tenuous endeavor, often 
clouded by anthropocentrism

(Lyons and Kolter 2015, p. 21)

The diversity of origins and forms of multicellularity across the domains of life is 
well-recognized (e.g., Parfrey and Lahr 2013). Multicellularity is often characterized 
as a ‘repeated invention’ and thus an instance of convergent evolution (Rokas 2008, 
p. 472; Szathmáry 2015). However, there are numerous cross-cutting distinctions 
made about multicellularity that show it to be a multi-faceted phenomenon: clonal 
versus aggregative, simple versus complex, obligate versus facultative, environmen-
tally versus internally driven.

2.2.1 Clonal Versus aggregatiVe MultiCellularity

A fundamental way of categorizing extant multicellularity is to divide it into ‘aggre-
gative’ and ‘clonal’ forms (e.g., Grosberg and Strathmann 2007). The former repro-
duce separately but cluster together by various means; the latter forms arise from 
a series of dividing cells that remain closely connected and may differentiate into 
further cell types after additional division.

Clonal multicellularity is well-known in animals, plants, algae, and fungi, but it 
also occurs in microbes that are normally defined as unicellular. Cyanobacteria form 
filaments, some with differentiated cell types, by not separating completely after cell 
division (Schirrmeister et al. 2011; Claessen et al. 2014). Streptomyces and many 
other actinobacteria also form differentiated multicellular bodies, but via coenocytes 
that form hyphal networks and eventually culminate in spore production (Claessen 
et al. 2014; Barka et al. 2016). Zoothamnium, an aquatic ciliate, forms large branch-
ing colonies with a common stalk formed from a syncytial fusion of cells (Clamp 
and Williams 2006). Some amoeboid organisms also use coenocytic and syncy-
tial multicellular structures from which they eventually release amoebal progeny 
(e.g., Ichthyosporea, Syssomonas). And although magnetotactic bacteria are usually 
referred to as ‘aggregates’, some of them undergo synchronized cloning to replicate 
as hollow spherical assemblies (Abreu et al. 2014), as do their non-magnetotactic 
multicellular relatives (LeFèvre et al. 2010).
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Aggregative forms of multicellularity with cell differentiation are seen in the 
fruiting body phenotypes of organisms such Dictyostelium, the ciliate Sorogena, and 
a number of other eukaryotic groups (Kaiser 2003; Brown et al. 2012; Schilde and 
Schaap 2013). Many aggregative multicellular eukaryotes do not carry out everyday 
activities of feeding and movement in their differentiated multicellular states, which 
are primarily formations for collective spore dispersal (Cavalier-Smith 2017). In 
Bacteria, myxobacteria and Bacillus subtilis are the classic exemplars of aggregative 
multicellularity (Kroos 2007). Other bacterial taxa also form multicellular struc-
tures by aggregative means (e.g., Salmonella, Escherichia coli, Proteus mirabilis) 
and some of them feature differentiation in cell types (e.g., Pseudomonas aerugi-
nosa). In Archaea, several methanogens form tight aggregations, in which unicel-
lular dispersals lead to new aggregative formations (Robinson et al. 1985; Kern et al. 
2015). The lifecycles of these apparently obligatory aggregations dictate individual 
cellular morphologies.

2.2.2 CoMplex Versus siMple MultiCellularity

Another way of distinguishing forms of multicellularity is to place each instance 
of it on a gradient of complexity. This is often estimated by numbers of cell types 
(e.g., Rokas 2008; Bonner 2004; Knoll 2011). Particular versions of more differenti-
ated multicellularity sometimes accomplish ‘three-dimensional’ organization (e.g., 
Nagy, Kovács et al. 2018), which is a property mostly attributed to animals, plants, 
and fungi. On this spectrum of simple-to-complex multicellularity, bacterial and 
archaeal multicellularity is not that different from ‘simple’ eukaryotic multicellular-
ity. These less differentiated multicellularities are considered to be much more lim-
ited in evolutionary and phenotypic innovation than the ‘complex multicellularity’ 
exhibited by plants, algae, animals, and fungi (e.g., Knoll 2011).

Is thinking of complexity in this way helpful? Attempts to quantify complex-
ity levels mostly map on to organisms already believed to be complex (Bell and 
Mooers 1997; Cock and Collén 2015). Such quantifications sideline the immensely 
complicated lifecycles that many unicellular organisms with facultative multicellular 
stages undergo (Herron et al. 2013). But because complexity is often discussed with 
examples like animals in mind, the intricacies of lifecycles rarely count. Nor does 
metabolic complexity, which is at least as (if not more) likely to be found in less 
morphologically complex organisms (Poole et al. 2003). Other evaluations argue that 
due to the many steps and mechanisms involved (i.e., more complexity), ‘aggregative 
multicellularity might be … more difficult to evolve’, and yet, at the same time, these 
‘simple’ aggregations might have ‘more limited evolutionary potential’ (Brunet and 
King 2017, pp. 127–128).

How is such limitation known? Again, largely by not measuring up to the mor-
phological standards of animals and plants. And even then, some huge but unicel-
lular algae (coenocytes) display great morphological complexity, developmental 
phases, and bodily regions (Mandoli 1998; Ranjan et al. 2015). It might seem even 
more remarkable to achieve these capacities with one – albeit large – cell than with 
numerous differentiated cells. If complexity were measured by lifecycle complex-
ity or sheer numbers of reproductive strategies, many plants and fungi would score 
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reasonably well (Herron et al. 2013; Tripp and Lendemer 2017; Naranjo-Ortiz and 
Gabaldón 2020), along with a huge range of unicellular organisms that only occa-
sionally opt for multicellular states. Many animals would score very poorly on this 
measure of complexity, which would mean that equating all instances of clonal mul-
ticellularity with greater innovation might not be justifiable.

2.2.3 obligate Versus FaCultatiVe MultiCellularity

A further distinction is that of obligate and facultative multicellularity: whether 
an organism (or offspring in a lifecycle) persists in a unicellular state or not. This 
dimension can cut across the clonal-aggregative divide. Although it is often thought 
that obligate multicellularity is always clonal (e.g., Fisher et al. 2013, p. 1120), and 
that aggregative multicellularity is mostly facultative – because it occurs in mul-
tigenerational life cycles of organisms that have unicellular stages (Brown et al. 
2012) – this is not always the case. For instance, some aggregative multicellularity 
can occur entirely without a unicellular stage. Although multicellularity is almost 
always discussed in relation to single-species arrangements, lichen propagules – con-
taining their photobiont – are an example of multispecies multicellular reproduction 
of obligate symbiotic aggregations (Tripp and Lendemer 2017). These lifelong com-
mitments to multicellularity might be considered, therefore, exceptions to general 
observations that ‘no multicellular organisms that develop by aggregation also pro-
duce multicellular propagules’ (Grosberg and Strathmann 2007, p. 626).

And although a great deal of clonal multicellularity in large eukaryotes is obliga-
tory, at least some forms of clonal multicellularity are facultative (e.g., choanofla-
gellates, plasmodial slime molds). Moreover, some clonal organisms reproduce from 
multicellular propagules, meaning a multicellular organism gives rise to another 
multicellular organism (e.g., vegetatively propagating plants, modular clonal animals, 
mycelial fragmentation in fungi, choanoflagellate colonies and rosettes, experimental 
snowflake yeast). In other words, these multicellular entities need not have an obliga-
torily unicellular stage, which is often taken to be a hallmark of the clonal multicellu-
larity they represent (e.g., Grosberg and Strathmann 1998; Niklas and Newman 2013).

Making the situation more complicated are multicellular magnetotactic bacteria 
that have unviable unicells and always reproduce as multicellular units. These organ-
isms are thus the most obligatorily multicellular of all (Keim et al. 2004; Abreu 
et al. 2014). This strategy falls outside standard definitions of clonal multicellu-
larity (serial cell division from a single cell progenitor). Moreover, recent analysis 
shows genetic variation between cells in the multicellular magnetotactic assemblage 
(Schaible 2020). The general lesson is that it is difficult to be too definitive about 
how obligatory or not any form of multicellularity will be, or even whether clonal 
multicellularity absolutely requires a unicellular bottleneck.

2.2.4 enVironMentally Versus internally triggered MultiCellularity

A final distinction is sometimes made between multicellularity that is triggered envi-
ronmentally or by signals internal to the organism. Many facultatively multicellular 
organisms require some sort of environmental trigger to initiate the developmental 



13Getting at the Basics of Multicellularity

programs of aggregative and even clonal multicellularity. Dictyostelia are an exam-
ple of the former, for which the classic trigger is starvation (Schilde and Schaap 
2013), as are some algae, for which aggregative multicellularity may be invoked 
by the presence of predators (Kapsetaki and West 2019). Choanoflagellates can be 
an example of the latter when bacterial signals trigger the serial cell divisions that 
result in multicellular development (Alegado et al. 2012). But obligate clonal multi-
cellularity, especially the versions leading to many cell types and organs, appears to 
be driven internally even if environmental conditions affect aspects of the multicel-
lularity that is attained (Fisher and Regenberg 2019).

Although internally triggered multicellularity is usually discussed in relation 
to plants and animals, some cyanobacteria that develop into clonal filaments do 
so without environmental triggers (Herrero et al. 2016). Obligate multicellularity 
without a unicellular stage, as in magnetotactic bacteria, also appears to be inter-
nally driven rather than environmentally cued (Keim et al. 2004). But in important 
respects, this distinction is not very helpful. ‘Internal’ triggers originate from the 
cellular constituents of the developing organism, whereas external signals can come 
from other organisms in close proximity. In the latter case, such signals are what 
prompt aggregation and eventually the internalization of those very same signals. 
For example, when Pseudomonas aggregates begin the differentiation of cell struc-
tures (e.g., ‘mushroom’ formations), at least some of the signals to differentiate are at 
that point ‘internal’ to the developing multicellular organism (Klausen et al. 2003).

2.2.5 suMMarizing MultiCellularity distinCtions

Table 2.1 shows how three distinctions (clonal/aggregative, obligate/facultative, 
internal/environmental) produce eight loosely defined states of multicellularity. 
All of them have representatives in the living world today. Each cell in Table 2.1 
is represented by an example discussed in the chapter. The table could be further 
complicated by adding a complex/simple distinction, but since this would involve 
judgments favoring either complex lifecycles or cell differentiation (see 1.2), or some 
other factor (McShea 1996), that dimension would not be informative without con-
siderable qualification.

In addition to the cross-cutting nature of these distinctions, phylogenetic 
reconstructions make clear how many very different phenomena are lumped 
beneath the label of ‘multicellularity’, even in close evolutionary quarters (e.g., 

TABLE 2.1
Eight States of Multicellularity

Facultative Obligate Internal Trigger Environmental Cue
Clonal Plasmodial slime 

molds, streptomyces
Cyanobacteria Metazoans Choanoflagellates

Aggregative Dictyostelium Methanobacteria Pseudomonas 
(mushroom structures)

Myxobacteria
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Schirrmeister et al. 2011; Brown et al. 2012; Sebé-Pedrós et al. 2017). And beyond 
the possible permutations of clonal, aggregative, facultative, obligatory, geneti-
cally driven, and environmentally cued development lie a range of very differ-
ent mechanisms and cellular behaviors. Incomplete separation, sticky adherence, 
coenocyte growth, coenocyte cellularization, syncytial fusion, and baroque life-
cycles are just some of the phenomena that distinguish the varieties of multicellu-
larity distributed across the tree of life. Talking about multicellularity in general 
and especially ‘the evolution of multicellularity’ might be misleading, because it 
would obscure the different mechanisms and evolutionary histories of such mul-
ticellular states. The overall plurality of multicellular states has implications for 
how relevant phenomena are investigated.

2.3 EXPLAINING THE EVOLUTION OF MULTICELLULARITY

Researchers interested in multicellularity as a broad phenomenon study it not just 
to understand its various forms but also to gain insight into its evolution. Although 
these investigations explore a range of phenomena and use different methods, they 
address similarly basic questions.

2.3.1 explaining ConVergenCe and diVergenCe

The diversity of manifestations of multicellularity raises questions about the evo-
lutionary relationships between different versions. Do certain forms give rise to 
others? Or are they separate evolutionary innovations sharing only some general 
selection pressures? Although aggregative multicellularity is often thought of as a bit 
of a deadend, in that it does not explore a great deal of phenotypic (i.e., morphologi-
cal) space (e.g., Brunet and King 2017), clonal multicellularity is usually described 
as leading to extensive innovation and impressive morphological diversity (e.g., 
Szathmáry 2015). Does this mean that the mechanisms and selection pressures of 
clonal multicellularity are different from those of aggregative versions?

An example that sheds light on this question involves unicellular sister groups 
to metazoans and choanoflagellates (together forming the clade of Holozoa; see 
Figure 2.1). Members of these groups are thought to illuminate how metazoans origi-
nated and subsequently evolved. The closest group, filastereans, displays a sophisti-
cated form of aggregative multicellularity and development (Sebé-Pedrós et al. 2013). 
Yet the next closest group, ichthyosporeans (the sister to animals, choanoflagellates, 
and filastereans), deploys yet another means of reaching multicellularity, in that the 
multicellular form emerges from the cellularization of a coenocyte, with released 
cells heading off to establish their own multicellular body (Suga and Ruiz-Trillo 
2013; Sebé-Pedrós et al. 2017). These organisms are therefore clonally multicellular.

Choanoflagellates themselves, the closest group to metazoans, exhibit a faculta-
tive form of clonal multicellularity that sometimes depends on bacterial signaling 
(Fairclough et al. 2010; Alegado et al. 2012). Does this suggest that the ancestor of 
choanoflagellates and metazoans discovered a clonal form of multicellularity, with 
no ties to these other two forms of multicellularity (aggregation and coenocyte cel-
lularization), and it was such a good discovery (or at least expensive to opt out of) 
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that it became obligate? But many choanoflagellate lineages do not engage in multi-
cellularity of any kind, and their ancestral ventures into this lifestyle may not be the 
basis for metazoan multicellularity (Suga and Ruiz-Trillo 2013). It might only be jus-
tified to say that all these lineages – ichthyosporeans, filastereans, choanoflagellates, 
metazoans, plus others that appear to be closely related and using yet other strategies 
(see Tikhonenkov et al. 2020) – were intensively exploring multicellularity and its 
potential, and all of them preserve their very different achievements to this day.

2.3.2 uniFying Versus partiCular explanations

Increasing comparative work shows that looking for common explanations of similar 
multicellular strategies is not necessarily a helpful strategy. For instance, although 
Dictyostelium multicellularity shares some similar genetic and architectural features 
with animal multicellularity, the phylogenetic distance between these forms points 
to convergence, rather than a shared ancestral state of multicellularity (Parfrey and 
Lahr 2013). Nevertheless, dictyostelid and myxobacterial capacities for multicellu-
larity mean they are often used as models for morphogenesis (Kaiser 2003).

Experimental investigations of the origins of multicellularity necessarily focus 
on particular tractable organisms (e.g., Ratcliff et al. 2012; 2013; Hammerschmidt 
et al. 2014). Such studies are designed to be extrapolated: what is found in yeast, for 
instance, is suggested to have broader implications for how ‘readily’ and ‘rapidly’ 
multicellularity can evolve (Ratcliff et al. 2012, p. 109; Koschwanez et al. 2013). But 
just as intriguing is the fact that these newly emerged multicellular yeasts reproduce 
as multicellular units, without a unicellular stage (Ratcliff and Travisano 2014). In 
other experiments, the co-option of unicellular stages for minimizing genetic varia-
tion challenges the standard view that unicellular bottlenecks are adaptively central 
to the origin of clonal multicellularity (Ratcliff et al. 2013).

Although these experiments cannot recapitulate history, they seek generality 
by abstracting away from the experimental details of lab-evolved multicellularity. 

FIGURE 2.1 Holozoan experiments in multicellularity. (Credit: Peter L. Conlin.)
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These abstractions might involve the relative importance of ecological versus genetic 
constraints (Ratcliff et al. 2013), mechanisms for cooperation (Bastiaans et al. 2016), 
and resource efficiencies (Koschwanez et al. 2013). But it is clear that such experi-
ments produce novel occurrences of multicellularity that arise as the result of partic-
ular selection pressures, historical backgrounds, genetic capacities, and phenotypic 
proclivities. Such novelties might further undermine hopes of a unifying explanation 
for any multicellular phenomenon

2.3.3 adaptiVe Versus non-adaptiVe explanations

Although it is well-known that multicellularity has many independent origins and his-
torical trajectories, there is still a tendency to seek general explanations of how multicel-
lularity has emerged and persisted. A common feature of such accounts is an explanatory 
focus on adaptiveness. A standard list of common advantages for any form of multicel-
lular organization includes predator resistance, new food sources (i.e., other organisms), 
reproductive efficiency, resource storage, recruitment of symbionts, sequestration of 
incompatible features (e.g., metabolic pathways, motility, and reproduction), and pheno-
typic flexibility (see Grosberg and Strathmann 2007; Umen 2014; Cavalier-Smith 2017; 
Nagy, Tóth et al. 2018). And if at least some multicellularity with differentiated cells 
does not require a high genetic budget to originate and maintain (Nagy, Kovács et al., 
2018), then the existence of many independent origins might be explained quite simply 
(i.e., low-cost exploration of phenotypic space, with potentially high payoff).

Although many experimental and natural-historical studies of multicellularity 
focus on explanations that emphasize advantages, at least as much if not more can 
be learned about multicellularity by considering the implications of disadvantages 
for both the origin and persistence of any particular form (Cavalier-Smith 2017). 
Non-adaptive accounts of multicellularity highlight biophysical processes that lead 
to lineages ‘drifting’ into multicellular explorations and leading in some cases to the 
co-option of features such as adhesion (Niklas and Newman 2020). Committed mul-
ticellularity, in which differentiation is spatial rather than temporal, means that the 
flexibility to switch between unicellular and multicellular states is lost, which may 
be risky in changing environments.

Relatedly, if indeed some lineages had a pre-existing toolkit for other functions 
that was co-opted for novel multicellular functions (Parfrey and Lahr 2013; Ratcliff 
et al. 2013; Niklas and Newman 2020), it might mean that some multicellularity 
takes an evolutionary road that is hard to back out of. Once certain tools get locked 
into the clonal construction of new forms of interdependent cellular organization, it 
might be difficult to put those tools back to work in old independent functions. Small 
population sizes of facultatively multicellular organisms might incur less stringent 
selection and thus persist despite modestly detrimental outcomes (Lynch 2007). 
Subsequently, if certain environments favor multicellularity even briefly, there could 
be disadvantages to maintaining unicellular options throughout the lifecycle of gen-
erations, and so these stages are lost and prove difficult to re-evolve (Libby et al. 
2016). Despite some lineages managing to give up on clonal multicellularity, they are 
vastly outnumbered by the plants, animals, fungi, and algae that were obliged to con-
tinue with a lifecycle of reduced complexity but morphology of greater complexity.
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2.3.4 explanatory iMpliCations oF losing MultiCellularity

Although metazoans are sometimes referred to as possessors of ‘unconditional mul-
ticellularity’ (Schilde and Schaap 2013, p. 7), meaning all metazoans are multicel-
lular, this universality has a few interesting aberrations. Microscopic myxozoans 
are the classic examples of animals giving up on complex body plans (but not com-
plex lifecycles), where not only organs have been discarded along the evolution-
ary way, but also aerobic mitochondria (Chang et al. 2015; Yahalomi et al. 2020). 
Transmissible cancers are an extreme example of reversed multicellularity in a range 
of metazoans (e.g., dogs, Tasmanian devils, shellfish), in which clonal unicellular 
lineages have made their escape from obligatory multicellular origins (Murgia et al. 
2006; Rebbeck et al. 2009). Some commentators go so far as to suggest human can-
cer cultures, selected and nurtured by biomedical researchers for generations, are 
also reduced metazoans, now living as ‘protists’ (Strathmann 1991).

Elsewhere, yeasts have convergently given up on multicellularity (e.g., Saccharomyces, 
Schizosaccharomyces), although they can recover it in certain conditions, meaning that 
perhaps they have managed to reverse a previously obligate state of multicellularity to 
a merely facultative one (Dickinson 2005; Nagy et al. 2018). Some unicellular green 
algae show evidence of derivation from multicellular lineages (Delwiche and Cooper 
2015). Cyanobacterial lineages have frequently lost and occasionally rediscovered mul-
ticellularity (Schirrmeister et al. 2011). These instances of reversion of multicellularity, 
although wide-ranging, are nevertheless fewer than all the independent origins, which 
makes multicellularity look like a trait that is harder to lose than to gain.

But rather than thinking only about the loss of multicellularity as a phenomenon 
that needs explaining, we might also want to think about the retention of unicellular 
stages in some facultatively multicellular lineages. What holds them back from a full-
blown commitment to multicellularity? Why not give in to obligate clonal multicellu-
larity? Even though lifecycle complexity in organisms with facultative multicellularity 
seems like hard work to maintain, it has persisted in some lineages for longer than the 
switch to simple lifecycles with a unicellular zygotic or spore stage. But seeing exten-
sive cell differentiation in clonally multicellular organisms as some sort of advance is 
potentially problematic especially if the long-term future of life on Earth is consid-
ered. In all mass extinction events, large obligatorily multicellular forms are the most 
prone to being wiped out (Mata and Bottjer 2012). Nevertheless, many discussions of 
the evolution of multicellularity proceed as if obligate clonal multicellularity is a state 
worth attaining, despite its vulnerability to major environmental changes.

2.4 WHY DO WE VALUE MULTICELLULARITY?

It is a curious phenomenon that despite most life on Earth being unicellular, a great 
deal of value is placed on the emergence of multicellular life forms, and of those, 
very particular versions of multicellularity. For instance,

One of the most remarkable events in evolutionary history was the emergence and 
radiation of eukaryotic multicellular organisms. (Niklas and Newman 2013, p. 41)

Although multicellularity arose more than 20 times, the ‘spectacular’ forms arose 
only in plants, animals and fungi. (Szathmáry 2015, p. 10108)
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A number of justifications are given for why certain forms of multicellularity are so 
important and interesting:

the evolution of complex multicellularity … is clearly where key questions of diver-
sity and ecological success lie [rather than the origin of simple multicellularity. (Knoll 
2011, p. 221)

Of all the transitions between levels of organization, the advent of multicellu-
larity is perhaps the most interesting … Multicellularity completely redefines the 
concept of what is an individual organism, and has occurred independently doz-
ens of times across all domains of life. Multicellularity represents a transition from 
the microscopic to the macroscopic world [and thus different responses to] physical 
laws. Multicellularity also enabled vast phenotypic expansion and diversification, 
primarily via cell differentiation and temporal development of morphological struc-
tures within an organism. And finally, multicellularity is most likely a necessary 
step along the evolutionary path to intelligence and consciousness. (Lyons and Kolter 
2015, p. 21)

Quotes such as these suggest several reasons for valuing multicellularity and transi-
tions to it: increasing diversity, adaptive complexity, and macroscopic size.

2.4.1 diVersity

The most basic reason for valuing multicellularity is that there are many instances 
of it (or even of just ‘complex’ multicellularity) and that it leads to further diversifi-
cation in the form of more speciose lineages and greater exploration of phenotypic 
space. However, the same could be said of unicellularity, especially in terms of ther-
modynamic ‘space’ (Nealson and Conrad 1999; Poole et al. 2003), and we might 
think unicellular diversity has a higher chance of persisting when drastic changes 
occur to the Earth (Mata and Bottjer 2012). But in response, it might then be argued 
that multicellularity is more adaptive in important respects.

2.4.2 adaptiVe CoMplexity

Multicellularity is a major evolutionary innovation … [that] is a requisite for the devel-
opment of adaptive complexity. (Herrero et al. 2016, p. 832)

But here we might ask whether there is less adaptive complexity in, say, unicellular 
organisms that have a range of metabolic capacities, all of which are rarely achieved 
by standard multicellular organisms. For example, many unicellular organisms can 
switch from autotrophy to heterotrophy, or from aerobic to anaerobic respiration 
(Kelly and Wood 2006). They can oxidize methane aerobically for breakfast and 
hydrogen anaerobically for dinner (Carere et al. 2017). Other populations of micro-
organisms might be defined by their proclivity to drink hydrogen, but have hid-
den tendencies to snack on glucose and sip alcohols (Schichmann and Müller 2016). 
More generally, numerous microbes can make extensive use of inorganic energy 
substrates, which is beyond the scope of large eukaryotes (Nealson and Conrad 
1999). This metabolic diversity and flexibility is why microbes are dominant players 
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in most biogeochemical cycles. Versatility in one sphere (i.e., metabolism) but not 
others (i.e., size and shape) might be discounted if one sphere is intuitively valued 
more highly.

2.4.3 MaCrosCopiC size

Although most of the individual organisms living on Earth today are still unicellular, 
if all multicellular eukaryotes suddenly vanished from Earth, our planet would appear 
as barren as Mars. (Kirk 2005, p. 299) 

[If we were to] remove the multicellular land plants … [and] get rid of … animals 
[and] multicellular fungi … [there would be an] empty landscape of bare soil dotted by 
microscopic photosynthetic bacteria and algae. (Ratcliff and Travisano 2014, p. 383)

The ‘emptiness’ postulated by such views seems to depend heavily on projections 
of familiar landscapes. It is highly likely that prior to the visual dominance of 
plants and animals, the Earth was a teeming mass of phototrophic microorgan-
isms of every shade of green and red, forming mats in the shallows and turbid 
blooms in open waters (Butterfield 2015). The supposedly ‘bare soil’ was crusted, 
filmed, and threaded by a variety of unicellular lifeforms, in all sorts of shades and 
shapes, with considerable biogeochemical impact (Horodyski and Knauth 1994; 
Labandeira 2005; Wellman and Strother 2015). Some were probably coenocytes, 
and their large clusters would have added to the visual diversity. Rocks were dra-
matically stained by other microbial life and ebbing and flowing glaciers dappled 
by conglomerations of photosynthesizers and other cold-tolerant microbes (Vincent 
et al. 2000; Beraldi-Campesi 2013). Admittedly, these many types of colorful and 
intricate communities were not visually similar to today’s forests or grasslands, but 
the landscape would not have been devoid of displays of life or even beauty. And 
these lifestyles are as biome-defining and niche-creating as the existence of large 
plants, herbivores, and predators. In other words, it is not clear that claims about 
‘barrenness’ can be justified beyond the fact that only certain visible lifeforms meet 
standard human expectations.

2.5 CONCLUSION

In short, using the term ‘multicellularity’ as if it refers to a particular phenomenon 
looks problematic. We know about many different origins and instances of multicel-
lularity. We may be attuned to features they have in common rather than their dif-
ferences and even uniqueness. This proclivity in turn might make overly broad any 
explanation of particular achievements of multicellularity, whether these achieve-
ments are historical or experimental. We are inclined to over-value certain forms of 
multicellularity, partly because of visibility and obvious impact on us as humans. 
However, there is no denying that the world we inhabit and perceive is one of large 
forms with extensive environmental impact and that advancing theory and interpret-
ing evidence for how such forms evolved is an utterly central project in evolutionary 
studies. The more that is learned about all the different instances of multicellularity 
and their origins, the more complete our understanding of evolution will be.
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3.1 INTRODUCTION

“Is there anything in evolution that can’t be answered by individual selection, that 
needs to be explained by selection acting on groups?” asks Jerry Coyne, an evolu-
tionary geneticist at the University of Chicago. “I can’t think of any.” (Morrell, 1996)

Although rhetorical, this remark reflects a common view in evolutionary biol-
ogy that most questions can be addressed by viewing organisms as the sole unit of 
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selection. For billions of years there were only unicellular organisms on earth; where 
did multicellular organisms come from? The answer, of course, is that multicellular 
organisms evolved from unicellular organisms when unicellular organisms started 
forming cell groups. In this chapter, I review work concerning the role of multi-level 
selection (MLS) in evolutionary transitions in individuality (ETIs), with focus on 
theoretical work on the transition from single cells to multicellular organisms. As 
we will see, MLS is needed to explain the origin of the multicellular organism, that 
very entity that is supposed to deny the need for MLS in evolutionary biology. The 
central question I wish to address with these models is, how do groups of individuals 
become a new kind of individual, or, with respect to the evolution of multicellularity, 
how do groups of cells become an individual multicellular organism?

3.2 BACKGROUND

3.2.1 eVolutionary transitions in indiViduality (etis)

In the present chapter, I discuss the use of multilevel selection theory (MLS) to study 
evolutionary transitions in individuality, or ETIs, with focus on the transition from 
unicellular to multicellular organisms. ETIs are changes in the unit of selection and 
adaptation, that is, changes in the evolutionary individual. Examples of ETIs include 
the evolution of the cellular genome from replicating molecules, the evolution of 
complex eukaryotic cells from groups of bacterial and archaeal cells, the evolution 
of multicellular organisms from unicellular organisms, and the evolution of eusocial 
societies from solitary organisms. ETIs are rare events having happened dozens of 
times during the history of life. While rare, they have contributed to one of life’s 
most fundamental characteristics, its hierarchical structure. While not all levels in 
the hierarchy of life are evolutionary individuals (for example, tissues or organs), 
evolutionary individuals constitute levels in the hierarchy of life (for example, bacte-
rial cells, eukaryotic cells, multicellular organisms, eusocial insect societies). ETIs 
involve the evolution of a group of existing individuals into a new kind of individual, 
such as the evolution of a group of cells into a multicellular organism. ETIs involve 
multilevel selection and the evolution of traits, such as conflict mediators discussed 
below, that modify the development of the groups to enhance the individuality of 
the group.

3.2.2 Wright’s shiFting balanCe theory

MLS has been part of population genetics since the foundations of population genet-
ics in the early part of the last century in the work of Sewell Wright and his shifting-
balance theory of evolution (1932, 1977, Chapter 13). In Wright’s view, a large global 
population partially subdivided into local groups is the most favorable for continued 
evolution. The groups in this theory are local subpopulations partially isolated from 
other such subpopulations. In the terminology of MLS theory introduced below; 
Wright’s shifting balance theory is in the realm of MLS1. Wright’s shifting bal-
ance theory does not focus on the fitness interactions that can occur within groups, 
and the groups in Wright’s theory are not evolving into new kinds of evolutionary 
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individuals. Nevertheless, Wright appreciated the significance of group structure 
and MLS to evolution. Stochastic variation in local subpopulations allows groups 
to explore different fitness peaks. This within-group selection leads to an ensemble 
of groups, each attracted to local and likely different fitness optima. If one of the 
local optima is also a global optimum, then between-group selection mediated by, 
for example, differential migration among subpopulations (Wright termed this group 
selection phase “asymmetric diffusion”) could result in transformation of the larger 
population or entire species. This group selection phase of Wright’s theory builds 
upon individual selection; in the language of MLS theory introduced below, indi-
vidual effects are filtering up to the group level; there are no true group effects. Still, 
in a partially subdivided population, local adaptation is possible, and so is mass 
transformation of the species. Large homogeneous populations without subdivision 
become trapped on local optima unable to explore the fitness surface, and small iso-
lated populations suffer inbreeding and deleterious effects of genetic drift. Partially 
subdivided populations are more favorable for continued evolutionary change or 
movement towards fitness maxima according to Wright.

The group selection Phase 3 of Wright’s shifting balance process depends on 
differences among groups in their average fitness. The average fitness of the group 
describes its growth and output into the global population through a set of equations 
that Wright developed (Wright, 1931, 1932, 1969, 1977). The discussion here is pri-
marily based on the second volume of his 4-volume treatise (Wright, 1969). When 
fitness is constant, the average fitness of a group also controls within group change 
resulting from selection among individuals within the group. Consequently, when 
selection is constant, there is a harmony between selection at two levels in a selection 
hierarchy, in the sense that traits that increase the fitness of individuals also increase 
the average fitness of groups. When selection is constant, there is no conflict between 
the two levels in the selection hierarchy, and Wright’s shifting balance process can 
operate with the third phase of group selection building upon the gene frequency 
change occurring during the second phase of within group selection.

Frequency-dependent selection based on fitness interactions within the group 
changes all this because the phase of within-group selection and the phase of 
between-group selection are determined by different mathematical functions lead-
ing to the possibility of conflict between levels of selection in the direction of gene 
frequency change. Wright’s (1969, p. 121) “fitness function” is maximized by the 
dynamics of within-group change in both cases of frequency-dependent and constant 
selection. However, under frequency-dependent selection, Wright’s fitness func-
tion no longer equals average individual fitness, as it does with constant selection. 
Population growth is still determined by average individual fitness with frequency-
dependent selection, as is the case with constant selection. In Wright’s theory, we 
are in the pre-ETI realm of MLS1; after an ETI the fitness of the group is decoupled 
from the fitnesses of its members, but that is not what Wright is concerned with in 
the shifting balance process.

Frequency-dependent selection and group selection can work in different direc-
tions. In frequency-dependent models, within-population change among organisms 
can lead to demise of the group and local extinction (for some simple examples, such 
as the evolution of spite, see Wright (1969, p. 127)). ETIs by their nature depend 
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upon the frequency-dependent evolution of cooperative interactions within groups. 
The tension between the well-being of the group and selection dynamics among its 
members leading to conflict between levels is the basic problem that must be solved 
during an evolutionary transition to a new unit of selection and adaptation, a transi-
tion to a new kind of evolutionary individual (Michod, 1999).

Although the maximization of individual fitness no longer occurs generally under 
frequency-dependent selection, maximization principles may be developed in spe-
cific cases. For example, during multilevel selection in populations that are struc-
tured into family groups, Wright’s fitness function (1969, p. 121) equals the average 
inclusive fitness effect which is maximized by the population dynamics (Michod and 
Abugov, 1980). Future work is needed to determine what property might be maxi-
mized during an ETI. In the modifier models discussed below, the ratio between 
selection at the group level and selection within groups appears to increase during 
the ETI (Figure 3.2C), but more work is needed to show if this is indeed a maximi-
zation process. Having a maximization principle for the evolution of individuality, 
even in simple limiting cases, would be extremely useful for understanding the con-
cept of biological individuality. There is a large literature devoted to understanding 
biological individuality, with several collections of papers providing an overview of 
this exciting field (Bouchard and Huneman, 2013; Calcott and Sterelny, 2011; Gissis, 
Lamm, and Ayelet, 2017; Van Baalen and Huneman, 2014).

3.2.3 MultileVel seleCtion (Mls)

MLS occurs in a population that is structured into subpopulations, or groups. I use 
the term group and subpopulation interchangeably in this chapter. Group structure 
has several consequences. Most relevant to our concerns in this chapter is group 
structure facilitates the evolution of cooperative interactions. Migration is reduced 
between groups, so interactions occur preferentially within the group. The environ-
ment of each group may differ leading to different forces of selection within each 
group that in turn leads to different traits and variation between groups in genetic 
composition. The population size is smaller in groups than in the global population 
with the possibility of increased genetic drift producing different gene frequencies in 
each group and increased variation between groups. As a result of variation between 
groups, there is a possibility for selection at the group level, such as when some 
groups persist longer, survive better, or produce more offspring and migrants than 
other groups. In a group-structured population, there may be selection among indi-
viduals within a group and selection between groups.

Although present in the foundational work of Wright (1932, 1977, Chapter 13), 
MLS did not emerge as a subfield within evolutionary biology until the 1970s, along 
with interest in the evolution of social and anti-social behavior. Interest in MLS 
has continued more recently because of its role in ETIs, beginning especially with 
the work of Buss (1987). Contemporary MLS theory began with the foundational 
work of Price, who developed a covariance approach to selection (1970) in the MLS 
context (1972) that is discussed in more detail below. Wilson (1975) developed an 
MLS model, termed the “trait-group” model, that has been extremely influential in 
the study of the evolution of cooperative and social behavior. Like Wright, Wilson 
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distinguished two phases of selection, within- and between-group selection, but 
Wilson was interested in the effects of this multilevel selection on the evolution of 
fitness-affecting interactions within the group such as the evolution of cooperation. 
During the within-group phase, a cooperative trait will usually decline in frequency, 
because of the costs paid by cooperative individuals relative to non-cooperative or 
defecting individuals in the same group. During the between-group selection phase, 
groups with more cooperation survive at higher rates or output more offspring to the 
next generation than groups with less cooperation. Wilson showed how between-
group selection in favor of cooperation can overcome within group selection against 
cooperation. In other foundational works, Heisler and Damuth (1987) developed 
a contextual analysis approach to study selection in structured populations and 
Damuth and Heisler (1988) distinguished between two kinds of MLS. MLS-type 1 
(termed MLS1 here) occurs when the focal entities are the individuals within the 
group and the group provides context for selection on the individuals. MLS-type 2 
(termed MLS2 here) occurs when the groups themselves are the focus and the groups 
differentially survive and reproduce as groups. As discussed more below, ETIs have 
been characterized as a transition between MLS1 and MLS2 (see, for example, 
Okasha, 2005). There are several general models of MLS (Frank, 2012; Gardner, 
2015; Gardner and Grafen, 2009). The best introduction to MLS in evolutionary 
biology is Okasha’s book (2006).

We have used MLS theory to study the development of cell groups during the 
evolution of multicellular organism (Michod, 1996, 1999; Michod, Nedelcu, and 
Roze, 2003; Michod and Roze, 1997a, 1997b, 1999, 2001; Roze and Michod, 2001). 
There are three analytical tools or modeling approaches we use in our work. The first 
tool is Price’s covariance approach to selection (1970) which he developed in MLS 
context (1972). The second tool involves kin selection and the study of evolution in 
genetically structured populations (Hamilton, 1964a, 1964b; Michod, 1982; Michod 
and Abugov, 1980). The third tool involves game theory and its use in the study of 
the evolution of cooperation and conflict in structured populations. Kin selection is 
implicit in the MLS models discussed here because the models involve groups that 
develop clonally from a single cell propagule (Figure 3.1). I begin with Price’s equa-
tion since its analysis in an MLS context leads to the notion of counterfactual fitness 
that is useful in quantifying evolution through an ETI.

3.2.4 Price equation and counterfactual fitness

Following Darwin, a population evolves by natural selection when there is heritable 
variation in fitness. The Price equation or Price’s theorem (Price, 1970, 1972) can be 
thought of as a mathematical version of this “conditions approach” to natural selec-
tion (Okasha, 2006, pp. 36–37), in which the Darwinian conditions are represented 
in equation form (Shelton and Michod, 2020). For an overview of the Price equation 
in evolutionary biology, see a recent collection of papers on this topic (Lehtonen, 
Okasha, and Helanterä, 2020). The logic of natural selection is general (Lewontin, 
1970), and Darwin’s conditions may apply at several hierarchically nested levels at 
the same time. The occurrence of selection at multiple levels is MLS. Price (1972) 
and Hamilton (1975) showed how the Price equation can be applied recursively to 
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represent selection at different levels giving Equation 3.1, in which ∆q and ∆qs are 
the frequencies of an allele of interest in the global population and subpopulation 
s, respectively, and W  and Ws are the average fitnesses of the global population and 
subpopulations (indexed by s), respectively. The derivation of Equation 3.1, or simi-
lar forms of the Price equation, can be found in many places; here I follow Michod 
(1999, Chapter 4).

 , .∆ =   + ∆ qW Cov W q E W qs s s s  (3.1)

Hamilton (1975) interpreted Equation 3.1 as accomplishing a “formal separation 
of levels of selection,” in which the first term on the right-hand-side represented 
the effects on gene frequency change of between-group selection (or just “group 
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FIGURE 3.1 Development and multi-level selection in a model of a multicellular organism. 
Mitotic cell divisions produce an adult cell group from a propagule. There can be selection 
at both the group level and the within group or cell level during development of the adult 
group. Solid blue lines indicate development, dashed black lines indicated group productiv-
ity which is determined by the frequency of cooperative cells in the group. Parameters μ, 
b, t in red refer to the parameters of development: μ is the mutation rate (from cooperate 
to defect), b cell division rate, and t is the time available for cell division and development, 
respectively. The parameter β refers to the beneficial group fitness effect of cooperation on 
the number of propagules produced by the group. Other parameters may be studied such as 
the survival of cells during development and cell size, but these characters are not considered 
here. There are, however, additional parameters related to the nature of modifier locus and 
how it modifies the developmental parameters μ, b, t. Several different kinds of modifiers 
have been considered: cell policing, programmed cell death, determinant group size, and 
germ line modifier alleles (Michod, 2003). For example, the germ line modifier considered 
in Figure 3.2 reduces the development time of the germ line by amount δ; in other words, 
the soma develops for time t and the germ line develops for time t – δ, so there is less time 
available for deleterious mutation in the germ line relative to the somatic line. In the germ 
line model, the timing of sequestration of the germ line is another parameter that has been 
considered (Michod et al., 2003).
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selection”) and the second term represented the effects of within-group or individual 
selection. Unfortunately, further analysis of the Price partition has shown the causal 
situation is not so simple, and different partitions are needed to formally separate 
group and individual selection in explicit MLS models. See Okasha (Okasha, 2006) 
and Shelton and Michod (2020) for a fuller discussion of these issues.

The basic issue that must be addressed with the conditions approach represented 
in Equation 3.1 may be termed the “pseudo-group” problem (Shelton and Michod, 
2014). Pseudo-groups meet Darwin’s conditions of heritable variation in fitness, 
without there being “true” group effects on fitness. Following Williams (1966b), 
consider a herd of fleet deer, that is, a population of deer in which there is variation in 
the running speed of individual deer. If this population is subdivided into groups, by 
chance, groups will contain different compositions of deer and the groups will vary 
in average group running speed. This between-group variation in average running 
speed, likely an important component of group fitness, is not due to any interac-
tion among the deer within the group and so it is not a “true” group effect. Rather, 
the between group variation in average running speed is determined solely by sam-
pling individual properties of the deer, properties the deer have in isolation from 
one another. The situation in which the evolution of a group-level trait is influenced 
only by natural selection at the individual-level and not by natural selection at the 
group level has been termed a “fortuitous benefit” (Williams, 1966b) or “cross-level 
byproduct” (Okasha, 2006). In this chapter, I use the term “pseudo-group” for these 
kinds of groups; in pseudo-groups, the fitness variation at the individual level “filters 
up” to the group level (Shelton and Michod, 2014).

Beginning with Darwin, as represented in, for example, Lewontin (1970), it was 
assumed that the conditions for natural selection were sufficient for understanding 
natural selection and the partitioning of the contribution of each level in a selection 
hierarchy to overall genetic change. It is now clear that there is more to the problem 
of partitioning “group selection” in MLS scenarios than the conditions approach 
alone can resolve, and explicit mathematical models are needed to clarify the causa-
tion of selection, for example, whether selection is caused by true group effects in 
which interactions within groups play a causal role.

An approach based on counterfactual fitness allows for a clear partition between 
levels of selection and a possible resolution of the pseudo-group problem (Shelton 
and Michod 2020). Another approach to resolve the pseudo-group problem is to 
redefine the term “group” and restrict it to cases in which there are true group effects 
(Clarke, 2016). Counterfactual fitness is the fitness an individual would have were it 
to leave the group. Shelton and Michod assumed that in MLS models without genetic 
drift, pleiotropy, and epistasis, that only “group selection” can lower counterfactual 
fitness, that is, only group selection can lower the fitness of a cell were it to leave 
the group. Based on this assumption, Michod and Shelton (2014, 2020) developed 
a partition of group and individual selection that attributes the degree of group and 
individual selection in problem cases like when there are pseudo groups. Unlike 
the Price approach, the counterfactual approach has the desirable feature that the 
degree of inferred group-specific selection increases continuously with the degree 
of group effect. Furthermore, as the ETI proceeds, group fitness becomes decoupled 
from counterfactual fitness, in the sense that fitness in a group may be quite high, 



32 The Evolution of Multicellularity

10 20 30 40 50 60
0

0.2

0.4

0.6

0.8

1 germ line
modifier cooperation

al
le

l f
re

qu
en

cy

10 20 30 40 50 60
0

0.025

0.05

0.075

0.1

0.125

0.15

0.175

0.2

generation

heritability of
group fitness

- within group
change

10 20 30 40 50 60
0

0.2

0.4

0.6

0.8

1

(A)

(B)

(C)

,i iCov W q

W

iE q

FIGURE 3.2 Components of an evolutionary transition to multicellular individuality as 
modeled by a two-locus MLS modifier model given in Figure 3.1 and Table 3.1. Figure modi-
fied from Michod and Roze (1997). The figure considers the case of a transition between 
equilibrium 3 and 4 (see Table 3.1 and associated text) for a costly germ line modifier of 
within organism change (mathematical model presented in Michod [1996]). The modifier is 
assumed to decrease the development time for the germ line (when compared to the soma) by 
amount δ. The parameter values studied are μ = 0.003, β = 30, t = 40, δ = 35 and b = 1.1 (b is 
the replication rate of defecting cells relative to unity for cooperating cells). The parameter 
δ is the reduction of time for cell division in the germ line compared to the somatic line. In 
other words, the somatic line divides for time t, while the germ line divides for time t – δ, 
so there is less time available for deleterious mutation in the germ line. The x-axis for all 
panels is time in organism generations. The y-axis in panel (A) is gene frequency (frequency 
of either the C allele or the M allele); the y-axis in panels (B) and (C) correspond to the dif-
ferent curves as labeled. Modifier M alleles may increase and sweep through the population 
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even as counterfactual fitness decreases to zero. In this way, counterfactual fitness 
can be used to quantify progression through an ETI. Although more work needs to 
be done on this problem, our analyses to date based on counterfactual fitness sug-
gest that there are at least three kinds of selection that can be occurring at the same 
time in MLS models: group-specific selection along with two kinds of individual 
selection, within-group selection and global individual selection. “Global individual 
selection” refers to the aspects of individual selection that are independent of interac-
tions within a group (more on global individual selection below).

3.3  MLS MODELS OF THE EVOLUTION OF 
ORGANISMAL DEVELOPMENT

3.3.1 oVerVieW

We have used MLS to study the development of cell groups and the conditions under 
which modifiers of development evolve that increase the heritability of group fitness, 
reduce within group selection, and lead to a decoupling of fitness between levels 
(Michod, 1996, 1999; Michod and Roze, 1997, 1999, 2001; Roze and Michod, 2001). 
These models are hypotheses for the transition between MLS1 and MLS2 and the ori-
gin of multicellular individuality. These models are intended as heuristic devices for 
understanding the evolutionary transition to multicellularity and how a genotype-phe-
notype map could be reconstructed at the group level when initially it is present only 
at the cell level. The basic setup is given in Figure 3.1, for concreteness a volvocine 
green alga colony is shown, but the models are abstract and general population genet-
ics models; they are not specific to the volvocine algae. Using these models, we have 

as shown by the solid curve of panel (A) leading to an increase in cooperativity among cells 
(dashed curve in panel [A]). As shown in panel (B), the underlying cause of the modifier’s suc-
cess during the transition is the fact that the heritable covariance in fitness for the organism, 

,( )Cov W q

W

i i  (solid curve), is greater than the average within organism change, ( )∆E qi  (dashed 
curve). The derived gene frequency dynamics under multilevel selection can be represented 
in terms of Price’s Equation 3.1 which becomes in this case 

, ( )∆ = + ∆( )q E q
Cov W q

W i
i i , with 

, ∆q qi i being the frequency, and change in frequency, respectively, of the C (cooperate) allele 
within zygotes of type i, and ,∆q q the frequency, and change in frequency, respectively, of 
the C gene in the total population (i = 1, 2, 3, 4 for CM, Cm, DM and Dm zygotes respec-
tively). As occurs in panel (B), the two components of the Price equation must be equal at 
both equilibria, before (at equilibrium 3) and after the transition when the population returns 
to equilibrium (now equilibrium 4). As a consequence of the modifier’s success and fixation, 
the level of cooperation in the population increases dramatically from nearly zero initially to 
greater than 0.90 after the transition (panel [A] dashed curve), and the heritability of fitness 
at the emerging organism level increases from approximately 0.6 to close to unity (panel [C], 
solid curve), while the within organism change in groups with cooperating cells drops from 
about 0.4 to near zero (panel [C], dashed curve). In this figure, heritability of fitness at the 
group level is measured by the regression of offspring fitness on adult fitness. See text for 
further explanation.

FIGURE 3.2 (continued)
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studied the evolution of developmental mechanisms by which cooperative cell groups 
are constructed during the clonal cell divisions that create the adult group from a zygote 
or propagule.

The model assumes that the development of the cell group starts with a propagule. 
The propagule may be a single cell, as is the case in many multicellular organisms 
that develop from a fertilized egg, like the volvocine green alga shown for example 
in the figure. The propagule may be produced asexually or sexually. Alternatively, 
the model has been used to study the evolution of the single cell bottleneck that is so 
common in the development of multicellular groups by considering propagules com-
prised of multiple cells sampled in various ways from adult groups of the previous 
generation (Michod and Roze, 2000; Roze and Michod, 2001). In the model, the con-
cept of a genotype-phenotype map at the group level involves the mapping between 
genetic traits present in the propagule and those present in the adult group stage. In 
particular, the models study how various ways of constructing adult groups, such as 
using a germ line or cell policing, affect this genotype-phenotype map.

The models embed a cooperate/defect game within a two-locus, multilevel selec-
tion framework to study how modifiers of development evolve at a second locus in 
response to mutation and selection at the primary cooperate/defect locus. Before the 
second modifier locus is considered, the primary cooperate/defect locus embodies 
a standard MLS1 group selection model (see, for example, Michod, 1997a, 1997b). 
For simplicity, haploidy is assumed, except for a transient diploid stage during sex. 
Development involves the conversion of a cell propagule into an adult cell group 
through cell division described by a variety of parameters given in Figure 3.1. As 
already mentioned, propagules contain one or more cells sampled from an adult 
group in the previous generation (or from several adult groups in the case of aggrega-
tion). Sex may occur in the case of single celled propagules that fuse with propagules 
from other groups to start a new group.

The genotype-phenotype map is a mapping between the propagule’s genotype 
and the phenotype of the adult cell group derived from the propagule. The main 
group phenotype of interest is the degree to which cells in the adult group cooperate 
with each other to benefit the group.

The model is an abstract population genetics model; for concreteness, a colonial 
volvocine green algal species like Pleodorina starrii is shown in the figure, a spe-
cies in which the adult group develops from a single cell propagule. Shown in Figure 
3.1 is the adult cell group created by a single reproductive cell in a parental P. star-
rii colony. The adult group has non-specialized reproductive cells (they participate 
in both reproductive and survival functions) and smaller specialized somatic cells 
appearing at the bottom left of the colony image (the somatic cells specialize in 
somatic functions like flagellar action).

3.3.2 Cooperation and ConFliCt

The cell behavior locus is assumed to have two alleles, C and D, which causes cells 
to express cooperation and defection, respectively, when interacting in the group. 
Cooperation benefits other cells in the adult group at a cost to the cooperating cell 
paid during the mitotic divisions that produce the adult group. Cooperating cells pay 
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a cost of cooperation by either replicating more slowly or surviving less often com-
pared to defecting cells. Defecting cells do not cooperate and do not pay a cost, but 
they may receive benefits from cooperating cells present in their adult group because 
groups with cooperating cells are more productive. During development of the adult 
group, there is recurrent mutation from C to D at each cell division; back mutation 
is ignored on the assumption that there are many more ways to lose a functional trait 
like cooperation than to gain it. These defector mutations disrupt the functioning of 
the adult cell group by reducing the level of cooperation. Mutation increases the vari-
ance and opportunity for selection at the within-group or cell level during the mitotic 
divisions that create the adult stage. After the adult group is formed, a propagule is 
made either asexually or sexually. The output of propagules depends on the degree 
of cooperation at the adult group stage according to a parameter β. Depending on 
the parameters of development (mutation rate, cell replication rate, time for cell divi-
sion), the costs and benefits of cooperation, and the mode of propagule formation, a 
polymorphism may be maintained at the C/D locus by mutation-selection balance. 
This polymorphism sets the stage for the evolution of modifiers of development 
assumed to be encoded by a second locus.

3.3.3 Mutation and MultileVel seleCtion

Mutation from cooperate to defect is assumed at rate μ, while back mutation is 
ignored. Back mutation from defection to cooperation is ignored, relative to mutation 
leading to the loss of cooperation, on the assumption that it is much more likely to 
lose a complex trait like cooperation than gain it through random mutation. Because 
of the hierarchical nature of selection within and between organisms, there are two 
levels of selection at which to consider mutational effects: the cell and the cell group. 
This leads to a classification scheme, +/+, +/−, −/+, −/−, with the effect of the mutation 
on the cell given on the left and the effect of the mutation on the group or emerging 
organism given on the right. Uniformly advantageous mutations (+/+) which benefit 
both the fitness of cells and the fitness of the whole organism will sweep through the 
population: there is little reason to model them explicitly, given the deterministic 
assumptions of the model (the effects of finite population sampling are ignored). 
Likewise for uniformly deleterious mutations which detract from the fitness of both 
levels (−/−), except they will be lost from the population. There is some evidence for 
the −/− kind or effect (Demerec, 1936). In this case (−/−), the occurrence of selec-
tion among cells within the organism may have the benefit of lowering the overall 
mutation load in the population of organisms and this effect has been considered by 
several authors (Crow, 1970; Otto and Orive, 1995; Whitham and Slobodchikoff, 
1981). Mutations that benefit the cell’s replication rate but detract from organism fit-
ness (+/−) are the case of interest here since they arise when C cells mutate to D cells 
during mitotic cell division. Considerable evidence exists for this kind of mutation in 
animals – most notably cancer mutants (Aktipis, 2020). The other class of mutations 
which harm the cell but benefit the organism (−/+) can be addressed by an adjustment 
of the parameters in the models given below but have not been studied in detail.

In short, we embed a standard mutation selection balance model in a two-locus 
modifier model to study the evolution of individuality through the modification of 
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development of cell groups. This approach is different from the standard mutation 
selection model of population genetics. Two levels of selection are assumed in the 
developmental modifier model and so there are two levels of mutational effects that 
must be considered as discussed above. Mutation may be uniformly deleterious, or 
uniformly beneficial, in that it decreases, or increases, the fitness at both the cell and 
the group levels simultaneously. On the other hand, the effects of mutation at the two 
levels could go in different directions, such as is the case with an altruistic mutation 
that increases the fitness at the group level, while decreasing the fitness at the cell 
level. We now consider the second modifier locus assumed in the model.

3.3.4 ModiFiers oF deVelopMent

A second modifier locus is considered that modifies the parameters and mode of 
development of the adult cell group and how cells are sampled to create propagules 
for the next generation (gametes in the case of sexual reproduction). For example, in 
the case of a germ line modifier, we assume the propagules for the next generation are 
sampled from a group of cells that is separate from the somatic cell line, and that has 
a lower mutation rate and/or less time available for cell division. As a consequence, 
the mutation rate parameter μ and/or the development time parameter t in the germ 
line are reduced relative to what these parameters are in the somatic line. Another 
means of reducing conflict among cells is by cells actively policing and regulating 
the benefits of defection. To model cell policing, we assume that cooperating cells 
expressing policing spend time and energy monitoring other cells and reducing the 
advantages of defecting at a cost to the cell group. As a result of policing, the benefits 
of cooperation to the adult group are reduced, while the advantages to cells of defect-
ing are reduced. In similar ways, we have considered modifiers creating a unicellu-
lar propagule (Michod and Roze, 2000; Roze and Michod, 2001), programmed cell 
death (the modifier reduces the survival and replication rate of defecting cells), and 
determinate adult group size, which fixes the size of the adult group and has the effect 
of reducing the opportunity for within group change (Li and Michod, unpublished). 
The different kinds of modifiers studied have been reviewed by Michod (2003).

By modifying the parameters of development and mode by which cells are sam-
pled to create the next generation, the modifier locus molds the genotype-phenotype 
map and the degree to which the propagule produced by an adult resembles the 
propagule that founded the group. This resemblance is a measure of heritability at 
the group level and is used to study the heritability of group traits and interpret 
the results of the models. By molding development, the modifier (so-called M allele 
below) increases heritability at the group level and the capacity of the groups to 
reproduce themselves. Reproduction of the cell group is the essential function of 
development (Griesemer, 2001). Modifier alleles create “higher level” functions, in 
the sense that their traits are selected by virtue of their tilting the balance in favor of 
selection at the group level and away from selection at the individual level.

3.3.5 eVolutionary transitions in indiViduality

The results of these models show that cooperation among cells in a proto-organism 
may be vulnerable because traits that benefit the cell and harm the cell group can 
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increase within each cell group during the mitotic proliferation that forms the adult 
group. This is similar to issues of cooperation and conflict that have been much dis-
cussed in a synchronic context in the sociobiology literature. The diachronic context 
in these models comes from explicit consideration of the evolution of modifier traits 
that affect development. Modifier traits affect development of the multicellular group 
and can tip the balance in favor of cooperation by changing aspects of development 
that affect the interplay of levels of selection. By subverting within-group natural 
selection, modifiers can set the stage for enhanced cooperation and elaborate integra-
tion of cell-groups into adaptive wholes and multicellular individuals.

Why do these modifier M alleles evolve and how do they lead to the capacity of 
a group to reproduce itself? In the Michod and Roze (1997) model, four possible 
equilibria were studied as described in Table 3.1. Equilibrium 1 has only Dm cells; 
there is no cooperation and no group fitness. Equilibrium 2 has only DM cells 
and is not stable or biologically interesting. Equilibrium 3 is polymorphic at the 
primary cooperate/defect locus and has Cm and Dm cells. Groups at equilibrium 
3 may be viewed as a proto-organism, a cell group with cooperation and fitness 
variance, but no higher-level functions. Finally, equilibrium 4 is polymorphic at 
the primary locus, fixed for the modifier M allele, and so has CM and DM cells 
(Michod, 1999, p. 114). At equilibrium 4, the population has transitioned to exist-
ing as groups of cooperating cells with higher-level group functions that mediate 
conflict at the lower level. Consequently, we refer to the groups at equilibrium 4 
as individual organisms. Equilibrium 1 occurs when the advantage of defection is 
high. In this model, within-group selection favors defector (D) cells and between-
group selection favors cooperator (C) cells. Thus, for there to be a population that  

TABLE 3.1
Equilibria and Their Interpretation in the Two-Locus Modifier Model 
Introduced in Figure 3.1

Equil. Genotype Description of Loci Interpretation
1 D, m no cooperation; no modifier Single cells, no organism

2 D, M no cooperation; modifier fixed Not of biological interest, never stable

3 C/D, m polymorphic for cooperation 
and defection; no modifier

Group of cooperating cells or proto-
organism: no higher-level functions

4 C/D, M polymorphic for cooperation 
and defection; modifier 
fixed

Individual organism: integrated group of 
cooperating cells with higher-level functions 
mediating within organism change

Note: The cooperate/defect locus has two alleles, C, for cooperate, and D, for defect. The modifier locus 
has two alleles, m and M, that affect development. The non-modifier m allele has the basic param-
eters of development μ, b, t shown in Figure 3.1, while the modifier allele M causes changes in 
these and other parameters depending on the kind of modifier considered. For example, the germ 
line modifier considered in Figure 3.2 reduces the development time of the germ line by amount 
δ; the soma develops for time t and the germ line develops for time t − δ. As a result, there is less 
opportunity for mutation in the germ line.
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is polymorphic for C and D (equilibriums 3 and 4), selection at the two levels must 
be in balance. This balance means that the first and second terms of the right-hand 
side of the Price equation (Equation 3.1) are equal in magnitude. At equilibrium 
3, the population is fixed for the non-modifier allele (allele m). The C/D polymor-
phism consists of cooperating cells being maintained at relatively low frequen-
cies (Michod, 1999, p. 123, see Figure 6–3 in that reference). The exact level of 
cooperation depends on several parameter values, but the general observation of 
lower cooperation in a population fixed for the m allele holds. For a population in 
equilibrium 4, again cell- and group-level selection are in balance. However, the 
frequency of the cooperator (C) allele in this equilibrium can be much higher as 
the cell groups have higher-level group-specific functions that suppress lower-level 
selection for defection.

The mutation-selection balance equilibrium at the C/D locus implies that C 
alleles are fitter than D alleles, to compensate for mutation from C to D. The mod-
els show that, under certain conditions, alleles at the modifier locus evolve due to 
hitchhiking with the fitter C allele. This has the effect of increasing the between-
group variance and decreasing the within-group variance, thereby increasing the 
level of cooperation and the fitness of the group. Examples of conflict modifi-
ers studied by this approach include germ-soma specialization, reduced mutation 
rate, policing, programmed cell death, passing the life cycle through a single-cell 
zygote stage, and fixed group size (reviewed in Michod [2003]). By increasing the 
variance at the group level and decreasing the variance at the cell level, the modi-
fiers have the effect of decoupling the fitness at the group level from cell fitness 
(i.e., the counterfactual fitness of cells) as well as enhancing the capacity of the 
group to reproduce itself.

Although the Price equation may not partition selection correctly between levels 
because of the pseudo-group problem discussed above, it may be used to help us 
understand the transition to equilibrium 4 in the modifier model. In Figure 3.2(B), 
the two components of the Price covariance Equation 3.1 are plotted for the case of 
the modifier model. These components partition the total change in gene frequency 
into heritable fitness effects at the organism level (solid line) and within-organism 
change (dashed line). In the model studied here, within-organism change is always 
negative, because defecting cells replicate faster than cooperating cells and there is 
no back mutation from defection to cooperation. At equilibrium, before and after 
the transition, the two components of the Price equation must equal one another 
in magnitude, or else the population could not be in equilibrium (this is shown in 
Figure 3.2[B]). However, during the transition we see that the covariance of fit-
ness with genotype at the emerging organism level (solid curve, Figure 3.2[B]) is 
greater than the average change at the cell level (dashed curve, Figure 3.2[B]). This 
greater heritable covariance in fitness at the higher level forces the modifier into the 
population. Note that after the transition, the within-organism change is smaller 
than before. Recall that the ( )∆E qi  term includes the effect of lower-level selection, 
which is seen as “property change”, using the Price (1972) parlance, at the group 
level. Since the levels of property change are lower in equilibrium 4 compared to 
equilibrium 3, the population has evolved to have higher heritability of traits (and 
therefore higher heritable fitness) at the group level.
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3.3.6 group reproduCtion and group Fitness heritability

Several approaches to quantifying “group reproduction” and group fitness heritabil-
ity have been used in this work. The capacity of a group to reproduce itself may be 
measured by the degree to which a group created by a propagule resembles the group 
the propagule came from. Alternatively, since the group is made from a propagule, 
and the two-locus recurrence equations are in terms of the gene and genotype fre-
quencies at the propagule stage, we may measure the capacity for reproduction and 
heritability of group traits as the degree to which the propagules produced by a group 
are similar to the propagule(s) that created the group. Heritability of fitness at the 
organism level may be measured in the standard way by the regression of offspring 
fitness on adult fitness (Michod, 1999, Chapter 6 and Appendix). Using this defini-
tion of heritability of fitness and the Price Equation 3.1, Figure 3.2 shows how the 
heritability of fitness increases during a model ETI (transition from Equilibrium 3 
to 4 given in Table 3.1) involving the evolution of a developmental modifier that cre-
ates germ-soma specialization (Michod and Roze, 1997). Note that for the notation 
used in deriving Figure 3.2, the Price Equation 3.1 becomes , ( )∆ = + ∆( )q E qCov W q

W i
i i , 

where i indexes cell groups, the proto-organisms.
Like any trait, heritability of fitness may be defined as the regression of offspring 

fitness on the fitness of parents. During the transition in the model in Figure 3.2, 
heritability of fitness at the group level increases. It can be shown that the evolution-
ary transition always leads to an increase in heritability of fitness (Michod and Roze, 
1997, 1999). The heritability of fitness is further studied in Michod (1999, especially 
Appendix pp. 203–218).

In their review of the evolution of multicellularity, Rainey and de Monte (2014) 
observe that collective level or group heritability is a derived state, something that 
must be explained. They state, “Although MLS theory appropriately describes the 
state of a population of cells before and after the transition to multicellularity, it 
provides no explanation for how selection shifts from lower-level entities to collec-
tives.” I agree that collective level heritability is a derived state, a derived state that 
is explained by the modifier models considered here. I do not think their criticism 
of MLS applies to the explicitly diachronic setting of the MLS modifier models 
reviewed here. Indeed, these models provide a hypothesis for how MLS will act 
on modifiers of development, and, by so doing, create the capacity of the group to 
reproduce itself thereby increasing the fitness heritability at the group level. These 
diachronic MLS models explain the shift in selection from lower-level entities to 
higher-level collectives with the developmental capacity for group reproduction 
(Figures 3.1 and 3.2).

This section reviewed MLS models for the evolution of modifiers of the devel-
opment of cell groups and propagules that are sampled from the adult cell groups 
to produce the next generation. These developmental modifiers create the first true 
group-level functions, such as specialized germ and somatic cell lines, that mold 
development to increase group heritability and the mapping of offspring genotype 
to adult phenotype. In this way, these models provide a hypothesis for how a group 
of individuals may become a new kind of individual, the central question posed 
by ETI theory.
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These models take a decidedly diachronic view on levels-of-selection questions. 
As already mentioned, ETIs raise the questions of how the group level emerges and 
takes on properties of an evolutionary individual. The two-locus MLS modifier mod-
els present a hypothesis in which developmental features of the group-level repro-
ductive system can themselves evolve by MLS, and the Price Equation 3.1 analysis 
helps to highlight the within-group versus between-group selective dynamics as 
shown in Figure 3.2(B).

The sampling of populations of Darwinian individuals easily creates groups with 
Darwinian properties giving rise to the problem of pseudo-groups and the need to 
distinguish true group effects, like those created by the genetic modifiers in the 
MLS models of development. There are at the least three kinds of selection that 
occur in MLS models, within-group individual selection, between-group selection, 
and global individual selection (Shelton and Michod, 2020). Michod and Roze (1999, 
p. 10) discuss the issues of pseudo-groups and the global individual selection that 
comes up in the MLS modifier models. Colonies with more defecting D cells (cells 
that replicate faster, all else equal) would be fitter than those with fewer D cells, 
even if there were no interactions between the cells within the groups. The high-
replication-rate cells do better in competition within each cell group, and these are 
the same cells that (for the same reason) would do better without any group context 
at all. This issue has also been discussed by Okasha (2006, Chapter 8.4).

These models also contribute to our understanding of fitness during ETIs and 
how it is reorganized during an ETI. I now turn to the issue of fitness reorganiza-
tion during the evolution of multicellularity and how it creates individuality at the 
group level.

3.4  FITNESS REORGANIZATION AND GERM-SOMA 
SPECIALIZATION

As the modifier allele increases in frequency in the population, heritable variation 
in fitness increases at the group level and decreases at the cell level (Figure 3.1[C]). 
In the case of the germ line modifier, as it spreads in the population, fitness becomes 
reorganized, in the sense that cells become specialized in the fitness components 
of the group. Fitness always has two basic components, survival and reproduction. 
These components must be rebuilt at the group level when initially they are present 
only at the cell level (Table 3.2). The evolution of germ-soma specialization accom-
plishes this because germ cells specialize in the reproduction component of fitness 
of the group and somatic cells specialize in the viability component. As already 
discussed, the germ-soma modifier allele builds a new genotype-phenotype map 
for fitness at the group level when initially this mapping is present at the cell or 
individual level.

By “reorganization of fitness,” I mean the increase of fitness heritability at the 
group level and decrease at the cell level, with the specialization of lower-level units 
(cells) in the fitness components of the cell group (the new individual) (Michod, 
2005, 2006, 2007). Because of this reorganization of fitness, fitness at the group 
level becomes decoupled from fitness at the cell level. “Decoupled” in the sense that 
the fitness of the group may be high, while the individual fitness of the specialized 
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cells would be low were they to leave the group. A germ cell cannot survive well 
on its own and a somatic cell cannot reproduce, yet, together in a group, the group 
can survive and reproduce. That is counterfactual fitness for these specialized cells 
declines during an ETI.

The MLS modifier model is intended as a heuristic device for understanding the 
general issues involved and overlooks a variety of practical issues that are involved 
in the reorganization of fitness (Table 3.2), such as how the genes for fitness reor-
ganization arise. Genes previously used for life-history stress responses in a unicel-
lular ancestor may be co-opted for the evolution of soma and division of labor in the 
group (Nedelcu and Michod, 2006, 2020; Olson and Nedelcu, 2016). Cell division, 
previously the reproduction component of cell fitness is co-opted for growth of the 
group and organism body size (Nedelcu and Michod, 2003). A group life cycle must 
evolve from a cell cycle (Hanschen et al., 2016; Maliet, Shelton, and Michod, 2015; 
Shelton, Leslie, and Michod, 2017; Shelton and Michod, 2014), possibly through the 
coevolution of a cell life history trait (such as cell growth) and a group trait (such 
as time spent in the group) (Maliet et al., 2015; Shelton and Michod, 2014). Within 
the group, germ cells specialize in reproduction and somatic cells in viability of the 
group, as in the germ-soma modifier model reviewed above.

Specialization of somatic cells is a key stage in the remapping of fitness to the 
group level, for as individuals specialize in the fitness components of the group, 
they lose their individual (counterfactual) fitness outside of the group. Germ-soma 
specialization also increases the individuality of the group by making it indivisible. 
Germ and soma specialized cells have low fitness when removed from the context of 
the group, even as the fitness of the group may be quite high. In effect, the germ and 
soma specialized cells constitute a good team that together brings high fitness to the 
group even as their fitness when alone declines. Group fitness may also be decoupled 
from the individual fitness through the evolution of life-history traits; as individuals 
spend more time in the group, their individual properties will change from values 
optimal for living alone to values optimal for living in the group (Maliet et al., 2015; 
Shelton and Michod, 2014).

Trade-offs between fitness components have a special role to play in the reorga-
nization of fitness. A simple trade-off at the individual level, say, between survival 

TABLE 3.2
Reorganization of Fitness during ETIs.

Fitness components Viability (vegetative/somatic functions).
Fecundity (reproductive functions).

Definition of fitness reorganization Transfer of fitness from lower to higher level. Lower levels 
specialize in fitness components. Heritability of fitness 
emerges at higher level.

Means of fitness reorganization Stress responses. Fitness trade-offs.
Somatic specialization. Group inseparability. Gene co-option.

Consequences of fitness reorganization Individuality at higher level. Specialization at lower level. 
Complexity. Evolvability.
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and reproduction, can lead to altruism when cells are in a group (Michod, 1999; 
Michod and Roze, 1999). Cells that put more effort into survival functions, if these 
same functions benefit the group, are behaving altruistically relative to cells that 
put less effort into survival. For example, in the volvocine green algae, flagellar 
motility is a significant survival component of both cells and cell groups. However, 
flagellar motility at the cell level interferes with the capacity of the cell to repro-
duce. As a consequence of this trade-off, when groups are first formed, cells that 
keep their flagella longer are behaving altruistically relative to cells that lose their 
flagella earlier.

The concept of fitness decoupling that arises from individuality modifiers like 
germ-soma specialization is similar to the ideas of MLS1 and MLS 2 developed 
by Damuth and Heisler (1988). In MLS1, group fitness is an aggregate property of 
individual fitness, while, in MLS2, fitness is a non-aggregate, or emergent, property 
of the group. In the case of cell groups, MLS1 would be the kind of group selection 
that occurs when group fitness is an average of cell fitness. With the evolution of 
germ-soma division of labor, the cell group enters the realm of MLS2, because group 
fitness is decoupled from the (counterfactual) fitness of cells (Okasha, 2005, 2006).

3.5  CRITICISMS AND COMMENTARIES ON 
THE MLS APPROACH TO ETIS

3.5.1 darWinian properties

A repeated concern with the MLS approach to ETIs has been the concern that MLS 
assumes the existence of groups with Darwinian properties, something that should 
be explained, not assumed (Clarke, 2014; Huneman, 2012; Rainey and Kerr, 2010; 
Rainey and De Monte, 2014). For example, de Monte and Rainey (2014) say, “…
it is possible to fall into the trap, as we and others have emphasized, of invoking 
Darwinian properties as the cause of their own evolution.”

The concern is important; a hypothesis should not be circular, that is, an explana-
tion should not assume what is to be explained. It is a simple fact that groups formed 
by sampling Darwinian populations will often themselves have Darwinian proper-
ties at the group level to some extent. The groups formed by sampling a population of 
individuals will likely be comprised of different frequencies of types of individuals; 
there will often be differences between groups in group fitness, taken as the average 
of the fitnesses of members of the group.

The easy Darwinization of groups is the basis of the pseudo-group problem 
discussed above, which recognizes that groups of Darwinian individuals are 
themselves easily Darwinized. The Darwinian properties filter up so-to-speak 
from the individual level to the group level during the sampling process that cre-
ates the group.

The challenge is not explaining why groups may have Darwinian properties; this 
is rather easy to understand based on the sampling process that creates the groups. 
The challenge is with explaining how groups may gain properties of an evolutionary 
individual. The evolution of developmental modifiers discussed above is a hypoth-
esis for how individual properties may evolve beginning with a group-structured 
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population of cooperating individuals. These groups will often themselves have 
Darwinian properties bearing on the evolution of cooperation because of sampling a 
population of cooperating individuals.

I am belaboring this point because it has been misunderstood. In the evolution-
ary transition to multicellularity, it is not difficult to understand why cell groups 
have Darwinian properties to some degree. The problem is with explaining how 
increased Darwinian properties of groups may arise from true group effects, such 
as the effects created by the developmental modifier traits discussed above. These 
modifiers tweak the developmental processes that create cell groups, to enhance the 
evolutionary individuality of those groups. This is what panel C of Figure 3.2 and 
other analyses show.

Rainey and colleagues have argued for what they call a “take-nothing-for-granted 
account” (Black, Bourrat, and Rainey, 2019; De Monte and Rainey, 2014), in which 
they suggest that “Darwinian properties might emerge from non-Darwinian entities 
and, therefore, by non-Darwinian means” (Black et al., 2019). When one looks at 
the mathematical model for this “take-nothing-for-granted account” account, one 
finds the standard assumptions of MLS theory, most basically, a sampling process 
of Darwinian individuals that generates cell groups with Darwinian properties 
(termed “patches” in the model [Black et al., 2019]). These patches or groups pos-
sess Darwinian properties by virtue of sampling cells with Darwinian properties as 
occurs in all MLS models. The authors use the term “ecological scaffolding” for this 
process by which a sample of Darwinian individuals itself has Darwinian proper-
ties. I do not see how the model shows that “Darwinian properties might emerge 
from non-Darwinian entities and, therefore, by non-Darwinian means” (Black et al., 
2019). The authors (Black et al., 2019) go on to argue that their model involves a 
“shift from levels to timescales [that] does much to clarify the kinds of conditions 
necessary to effect transitions in individuality.” While a feature of their model is that 
it has two different time scales, it also has two different levels, the cell, and the patch 
or group. The general assumption in their model, common to all MLS models for 
ETIs, including the models discussed in this chapter, is that a group of Darwinian 
individuals may itself have Darwinian properties and these groups can, through fur-
ther evolution, be molded into a new multicellular individual.

3.5.2 group reproduCtion

The issue of explaining group reproduction has received special concern as well it 
should. Rainey (2007) states “The catch-22 is that selection is powerless to act at the 
group level because newly emerged groups are incapable of differential reproduc-
tion.” As we have seen, groups likely have Darwinian properties, including differen-
tial reproduction, by virtue of sampling individuals with these Darwinian properties. 
The model of Black et al. (2019) discussed above is based on this assumption as are 
all MLS1 type models.

In describing the MLS modifier models presented here, Rainey and Kerr (2010) 
state “While such a scenario describes plausible changes, the model assumes that 
the capacity to leave group offspring is already in place. But how such a new level of 
reproduction emerges requires explanation.” I agree that group reproduction requires 
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explanation, but I do not agree that the models described here begin by assuming 
a new level of reproduction. In fact, as I have tried to explain, before variation is 
introduced at the modifier locus, there is a mutation-selection balance equilibrium 
at the first cooperate-defect locus at which some groups are more productive than 
others depending on the frequency of cooperation in the group. However, this is 
standard MLS1 type of variation and not a new level of reproduction. The new level 
of reproduction comes about because of variation introduced by the second modi-
fier locus, the new modifier allele changes how groups develop to create a new level 
of reproduction. As I have already discussed, a feature of the MLS modifier mod-
els described here is that they explain the capacity of the group to leave offspring 
through the evolution of modifiers of development such as germ line modifiers and 
the effects of these changes in development on group heritability and the genotype-
phenotype map (panel C of Figure 3.2).

The central issue in explaining group reproduction is understanding the evolu-
tion of the process by which adult cell groups are formed and produce propagules 
for the next generation. As we have seen, modifiers of development may mold both 
the development of adult groups and the sampling process by which cells are taken 
from the adult group to produce propagules for the next generation. These modi-
fiers in turn increase heritability of fitness at the group level (panel C of Figure 
3.2). The MLS modifier models discussed here assume that a generation starts with 
propagules sampled from adult groups in the previous generation, these propagules 
then give rise to the adult groups through development. “Development” in the model 
refers to the number and rate of mitotic cell divisions, cell specialization, and the 
timing and manner of sampling cells to produce the next generation. The propagules 
may be sampled randomly from the entire adult group, or the sample may come from 
a smaller group of cells set aside and sequestered at a certain stage in development as 
occurs with a germ line modifier (Michod et al., 2003; Roze and Michod, 2001). In 
the case of a germ line modifier, the propagule sample comes from a separate lineage 
of cells that may have fewer divisions or a lower mutation rate, because germ cells 
are separated from the metabolic activities present in the somatic line.

Reproduction of the group is quantified and explained in the modifier model by 
studying the mapping of group properties, especially fitness, from the propagule to 
adult. As the modifiers spread, they increase the heritability of group fitness (Figure 
3.2[C]). The evolution of modifiers of development gives rise to increased heritability 
of fitness at the group level and by so doing gives rise to group reproduction.

The evolution of these modifiers of development accomplishes what is needed for 
the acquisition of group reproduction. Following Griesemer (2001) “Development 
from an evolutionary point of view can be thought of, in general, as the acquisition 
of the capacity to reproduce.” The main feature of the modifier models reviewed here 
is their capacity to explain the evolution of group reproduction through the evolution 
of development.

3.5.3 Fitness transFer and Fitness deCoupling

A concern with the MLS models described above is that the concepts of “fitness 
decoupling” and “fitness transfer” are metaphorical and descriptive (Black et al., 
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2019). Fitness decoupling and transfer have been used as descriptions of the results 
of the MLS modifier models reviewed here, such as the results given in Figure 3.2(C). 
There we see that, as the modifier increases, the fitness at the two levels diverges, 
with group fitness increasing and cell fitness decreasing. I have referred to this as fit-
ness decoupling and/or fitness transfer. However, speaking of fitness “transfer” may 
suggest that fitness is a conserved quantity in the models which it is not. There is a 
mechanistic sense in which the evolution of altruistic forms of cooperation such as 
occurs in the model (Figure 3.1) can be seen as transferring fitness between levels 
(Shelton and Michod, 2020). An altruistic behavior is defined as having both a cost at 
the individual level and benefit at the group level. Consequently, as an altruistic allele 
spreads in a population, its costs decrease fitness at the cell level, while its benefits 
increase fitness at the group level. In this sense, the evolution of altruism transfers 
fitness between levels.

As discussed above, the idea that there is a decoupling of fitness between levels 
during an ETI relates to the idea that an ETI is a transition between MLS1 and MLS2. 
Libby and Rainey (2013) state that “The difficulty is that MLS theory fails to explain 
how the transition from MLS1 to MLS2 comes about.” I hope it is clear from the pre-
sentation here that MLS theory can, when coupled with the evolution of developmen-
tal modifiers, explain the transition from MLS1 to MLS2. For example, after the germ 
line modifier evolves, the average fitness of the cell group is no longer an aggregate 
property of the cell level (counterfactual) fitnesses, and the heritability of the group 
fitness increases as a result. For this reason, the transition from Equil. 3 to Equil. 4 in 
Table 3.1 and Figure 3.2 may be viewed as a transition from MLS1 to MLS2.

3.5.4 origin oF indiViduating properties

Clarke (2014) warns of a possible “evolutionary chicken and egg” problem when 
discussing evolutionary transitions. “We must not presuppose the existence of 
higher-level organisms when offering evolutionary explanations [of higher-level 
organisms],” and she goes on to make clear that this warning applies not to just 
higher-level organisms themselves, but to the kinds of traits that define higher-level 
organisms and give rise to their individuality. Traits that define higher-level organ-
isms Clarke calls “individuating mechanisms,” traits like a germ line, single cell 
bottlenecks, policing; in short, the kind of modifiers of development considered in 
the two-locus modifier models discussed above and reviewed in (Michod, 2003). I 
agree that we must explain the existence of these traits and cannot assume them to 
be both causes and consequences of higher-level selection. I see the modifier models 
discussed here as explanatory hypotheses for the evolution of such individuating 
traits that define higher-level individual organisms.

In these models, before the evolution of the modifier allele, there is variation 
in fitness at the group level because different groups will contain different allele 
frequencies at the cooperate/defect locus, as discussed above. Initially, there is no 
developmental modifier allele M. The modifier allele is introduced at equilibrium 
3 in Table 3.1. Equilibrium 3 is a mutation-balance selection equilibrium at the 
cooperate-defect locus; consequently, cooperation is more fit than defection, so as 
to compensate for mutation from C to D. Mechanistically, in a population genetic  
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sense, the modifier allele, M, may hitchhike with the more fit C allele, along with the 
new kinds of groups it creates, and the population may transition from equilibrium 
3 (C/D, m) to equilibrium 4 (C/D, M) (Table 3.1). This transition from equilibrium 3 
to equilibrium 4 takes cooperation and heritable group fitness to higher levels as it 
creates groups with more individuality precisely because they now possess individu-
ating mechanisms such as a germ live (Figure 3.1).

Is there a chicken and egg problem with this model as a hypothetical explanation 
for the ETI from unicellular to multicellular individuals? Does the model assume traits 
associated with higher-level individuals, like the germ line modifier, are both a cause 
and an effect of higher-level individuality? I do not think so. Before the evolution of the 
modifier, the fitness variances at the individual and group levels are a result of both cell 
division and the sampling creating groups (as diagrammed in Figure 3.1). In addition, 
there are assumptions related to the cooperate/defect game, the mutation/selection bal-
ance, and the standard assumptions of haploid two-locus population genetics.

Once introduced, the modifier allele coevolves with its effects on enhanced coop-
eration and group heritability (Figure 3.1), but this is what we would hope to see in 
an explanation of an ETI. For example, Sober and Wilson (1998, p. 97) say: “The 
coevolution of traits that influence population structure with traits that are favored by 
the new population structure can result in a feedback process that concentrates natu-
ral selection at one level of the biological hierarchy” (Sober and Wilson 1998, p. 97).

Concerning the MLS modifier models discussed above, Clarke (2014, p. 9) says 
that the modifiers, and the traits they cause, are present at the beginning of the model. 
I do not agree. The modifier M allele is not present at equilibrium 3 (Table 3.1) where 
it is introduced. A locus where the modifier allele M might arise is assumed, but, 
until the modifier is introduced, this locus has no effect on the model, the m allele 
assumed to reside there is neutral without any effect. On the contrary, it seems to 
me that the MLS modifier model is an excellent example of what Clarke advances in 
her paper as the remedy to the chicken and egg problem in explaining individuality. 
Clarke argues that individuality is built up over time with some aspects being pres-
ent early in the process and other aspects arising later. In the MLS modifier model, 
cooperation, defection, and sampling into groups are present initially, with the evolu-
tion of developmental modifier traits caused by the modifier M allele coming later.

To assume a single gene locus encodes a complex trait, like a germ line, is, of 
course, an oversimplification of many steps. But, this limitation is found in all sim-
ple one and two-locus population genetic models and does not reduce the heuristic 
power of these models in explaining evolutionary processes (Michod, 1981).

3.6 CONCLUSIONS, OPEN QUESTIONS, AND FUTURE WORK

3.6.1 general

I have given a brief overview and history of MLS in population genetics and evo-
lutionary biology. MLS was key to Wright’s shifting balance theory (Wright, 1977, 
Figure 13.1) in which groups of individuals selected to a local fitness peak may out-
put more individuals into the global population leading to transformation of the spe-
cies (if the local fitness peak is also a global peak). Using the terminology developed 
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in this chapter, we see that the MLS in Wright’s theory is MLS1 and group fitness is 
a direct reflection of individual fitness. In Wright’s process, the fitness of individuals 
filters up, so to speak, to create group fitness.

The determination of group fitness during ETIs requires something different. 
MLS always involves group fitness whether in Wright’s theory or during ETIs. What 
is different in an ETI is how group fitness is comprised. The fitness of a group of 
individuals that have become a new kind of individual is no longer a simple average 
of the fitness of its members because the members will often specialize in different 
activities and components of fitness of the group. If alone, group members would 
have little fitness but together in a group the fitness can be quite high. An ETI begins 
with the group as a collection of individuals and ends with the group being a new 
kind of individual. This requires the specialization and integration of activities of 
members in service of group fitness, the survivorship and reproduction of the group. 
The specialization and integration of the group involve the evolution of new devel-
opmental processes.

I have reviewed how MLS may be used to develop hypotheses about the evolution 
of development during the transition from unicellular to multicellular life. We have 
seen how developmental modifiers may coevolve with group structure and create 
the first true group-level functions such as a sequestered germ line and cell policing. 
In effect, these modifiers take the population from MLS1 to MLS2, from groups of 
cooperating cells to groups of cooperating cells with higher group-level individuat-
ing functions, such as germ-soma separation, that mediate conflict within the group 
and enhance the heritability, reproduction, and individuality of the cell group. After 
the transition, fitness at the group level is no longer the average of cell fitness, since 
the group is comprised of specialized somatic and germ cells that would be deficient 
if they were to leave the group.

The case of germ soma specialization was presented here (Hanschen, Shelton, 
and Michod, 2015; Michod, 1999; Michod et al., 2003; Michod and Roze, 1997). 
The germ-soma model discussed above assumes that the modifier allele creates 
both germ and soma specialization. It would be useful to revisit these MLS modi-
fier models to consider the evolution of somatic specialization before a specialized 
germ line. In the volvocine green algae lineage, somatically specialized cells evolved 
before germ-specialized cells (Herron and Michod, 2008; Herron et al., 2009). The 
reproductive cells in a species like Pleodorina starrii (shown in Figure 3.1) are not 
specialized at reproduction; they additionally participate in somatic activities like 
flagellar beating. In P. starrii, there are typically 64 cells with smaller specialized 
somatic cells (seen at the bottom left of each colony in the figure) and non-special-
ized reproductive cells that first have flagella before losing their flagella during cell 
division and reproduction (most of the cells in the colony image are these kind of 
non-specialized cells). The modifier models could be used to develop hypotheses 
about the soma first and germ later evolution observed in the volvocine clade.

3.6.2 MaxiMization prinCiples and indiViduality

Maximization principles are useful in science because they summarize complex 
dynamics in terms of a few variables and concepts. What might be maximized 
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during an ETI? This measure could be used to quantify individuality, a concept that 
is difficult to understand as discussed above. In Figure 3.2(C), we see that as the ETI 
proceeds from equilibrium 3 to equilibrium 4 (Table 3.1), the fitness of the group 
increases, and the degree of within group change declines. Is some measure of the 
relative intensity of selection at the group level relative to the cell level maximized 
by the dynamics of the ETI? Within-group change can be seen as a kind of trans-
mission error that lowers the heritability of the adult group phenotype (Frank, 2012; 
Michod, 1999). Additional analyses of the effect of the mutation rate on fitness after 
versus fitness before the ETI for the two levels of selection, group and cell level, are 
given in Michod and Roze (1999, Figures. 13–14). The increase in heritability at the 
group level relative to the cell level holds for both uniformly deleterious mutations 
([−, −] in the notation given above), as well as for selfish mutations (+/−) assumed to 
result from mutation from cooperation to defection. So, after the ETI, fitness at the 
group level has increased relative to the cell level. Cell level fitness here refers to the 
replication rate of cells within the group. In the MLS modifier models, the rate of cell 
division depends only on cell genotype and does not depend on group context; the 
benefit of cooperation is assumed to affect the functionality of the adult group, not 
the replication rate of cells that make up the adult group (Figure 3.1). Further work 
should clarify what if anything is maximized by an ETI.

3.6.3 Fitness

Fitness is a unique and fundamental concept in biology. Lewontin remarked, “Natural 
selection of the character states themselves is the essence of Darwinism. All else is 
molecular biology (Lewontin, 1972).” It is a challenge to understand and be clear 
about the meaning of “fitness” when there is just one level of selection. We may expect 
increased difficulties when considering multiple, simultaneous levels of selection with 
the goal of understanding the transition from one unit or level of fitness to another.

“Fitness” is used in a variety of senses in this chapter. In the MLS modifier mod-
els, there are two aspects of cell fitness, the cell replication rate (which depends only 
on cell genotype) and the cell’s cooperative behavior that contributes to group fitness 
of the adult cell group in a frequency-dependent manner. In these models, a cell’s 
replication rate depends only on the genotype of the cell and does not depend on 
the composition of the group. This is because in the model cell replication creates 
the group in which the cooperative behavior is expressed, as shown in Figure 3.1. The 
composition of the group affects group fitness after the group has been made, but the 
group composition does not affect the replication rate of cells during the mitotic divi-
sions that create the group. The overall fitness of a cell in the MLS models includes 
both its replication rate as well as its differential propagation through the differential 
output from groups, which is a frequency-dependent function of the frequency of 
cooperative cells in the adult group.

I have discussed “global individual selection” of cells which refers to the contri-
butions to individual fitness that do not depend on group membership and give an 
example in the MLS modifier models of a defecting cell that has a higher replication 
rate regardless of context (see also, Okasha, 2006, Chapter 8.4 where this is further 
discussed). A defecting cell, in the MLS models, has two aspects to its fitness: a  
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context-dependent component, by virtue of finding itself in groups with cooperators, 
and a context-independent component, such as a higher replication rate during cell 
division that gives rise to global individual selection. Although more work needs to 
be done, our analyses based on counterfactual fitness suggest that there are at least 
three kinds of selection that can be occurring at the same time in MLS models: 
group-specific between-group selection, along with two kinds of individual selection, 
within-group selection and global individual selection (Shelton and Michod, 2020).

“Counterfactual fitness” refers to the fitness a cell that is inside a group would 
have were it to leave the group. The degree to which counterfactual fitness differs 
from the fitness of unicells, that have not evolved in the context of the group, may be 
used to quantify progression through the ETI, however more work needs to be done.

There is also “fitness” in the sense of gene or allelic fitness, which considers the 
fitness effects of all the contexts the allele is in on the overall change in frequency of 
the gene. For example, I refer to gene fitness when I say that “cooperation is fitter than 
defection at the mutation-selection balance equilibrium.” Likewise, one could refer to 
just “cell fitness,” and ignore the different underlying fitness partitions that arise due to 
levels of selection. In this sense, cell fitness considers all sources of differential survival 
and reproduction of a cell. However, for a full understanding of evolution we would like 
to know if cell fitness is being caused by group effects. Likewise, group fitness may 
stem from different sources such as sampling of cell fitness or from “true group effects.”

It is a challenge to get clear on “fitness” when levels of selection are changing, and 
modifier alleles are creating new kinds of groups and changing the degree to which 
selection is occurring at different levels. More work is needed to clarify fitness, how 
it is partitioned between levels, and its causal basis during ETIs. The power of indi-
vidual selection and the primacy of organisms were often used to deny the need for 
MLS in evolutionary biology; however, the multicellular organism is a derived state 
and MLS theory is needed to explain its origin and evolution.
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4.1 INTRODUCTION

Repeated evolutionary transitions from unicellular to multicellular life gave rise to 
an extraordinary diversity of multicellular life forms (Bonner 1998; Claessen et al. 
2014; Grosberg and Strathmann 2007; Herron et al. 2013; Lyons and Kolter 2015; 
Ratcliff et al. 2017). Yet, our thinking of multicellularity is mostly shaped by a few 
paradigmatic, macroscopic examples. We begin this chapter by discussing several 
examples that showcase the broader diversity. Subsequently, we use the concept of 
the life cycle as a tool to systematically categorize multicellular diversity and study 
its evolutionary origin. We then review how recent advances in both empirical and 
theoretical research have improved our understanding of the evolution of multicel-
lular life cycles, discuss the types of questions that still remain unanswered, and 
distinguish the conceptual approaches—bottom-up versus top-down—that can be 
used to investigate those questions. Finally, we show how a bottom-up approach can 
be employed theoretically to explore the origin of multicellular life.
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When thinking about multicellularity, animals almost immediately jump to mind. 
Unsurprisingly, then, much of our intuition regarding multicellularity is derived 
from the animals. For example, among the textbook examples of multicellular devel-
opment are the mammals (Figure 4.1). Mammals develop from a single cell (zygote) 
that repeatedly divides and ultimately gives rise to a mature multicellular individual. 
Reproduction takes place sexually: each individual produces gametes, which, after 
fusion, form a zygote capable of recapitulating the same developmental process. The 
mammalian form of multicellularity can be well understood as repeated cycles of 
development and reproduction: a zygote gives rise to a multicellular individual through 
repeated cell divisions (development), and this multicellular individual then generates 
single-celled gametes that again form a zygote (reproduction), thereby closing the cycle. 
There are, however, also animals for which multicellularity takes strikingly different 
forms than for the mammalian textbook example, such as the almost undifferenti-
ated placozoa, the “moss animals” (Bryozoa), and the coral-forming “flower animals” 
(Anthozoa) (Buss 1983; 1987). Unlike mammals, these animals may reproduce asexu-
ally without a single-celled intermediate, form sessile colonies that blur the boundaries 
of individuality, or exhibit diverse morphological forms depending on environmental 
conditions (Harvell 1991; Hughes 1989; Simpson et al. 2020; Todd 2008). Thus, even 
though animals represent a single evolutionary transition to multicellularity (meaning 
that they share a common multicellular ancestor), they are multicellular in diverse 
ways (Cavalier-Smith 2017; Minelli and Fusco 2010; Moran 1994).

Right next door from the animal kingdom we find the choanoflagellate Salpingoeca 
rosetta, a marine eukaryote and one of the closest animal relatives (Figure 4.1) 
(Brunet and King 2017; Fairclough et al. 2010). S. rosetta exhibits a simple1 form 
of multicellularity, consisting of small colonies of cells. Like animals, S. rosetta 
becomes multicellular via repeated cell divisions. Unlike animals, however, S. 
rosetta is facultatively multicellular, which means that it can also exist and repro-
duce as a unicellular organism. What’s more, it can adopt three different unicellular 

FIGURE 4.1 Extant multicellular organisms have diverse life cycles. Simplified depictions 
of the life cycles of the mouse Mus musculus, the choanoflagellate Salpingoeca rosetta (Dayel 
et al. 2011), and the cellular slime mold Dictyostelium discoideum. Arrows indicate life stage 
transitions. Environmentally induced group formation is indicated with a gray arrow for S. 
rosetta and D. discoideum; the dashed arrow indicates colony fission for S. rosetta. For sim-
plicity, not all life stages are shown; for example, the S. rosetta life cycle does not show chain 
colonies or the sexual cycle.
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life forms that are so different from one another that they were believed to belong to 
different genera until it was discovered that they were, in fact, different life stages of 
a single organism (Dayel et al. 2011). The different life stages are adapted to differ-
ent conditions: one allows surface attachment whereas the other two are free-living. 
Of the two free-living forms, one is a fast swimmer specialized for dispersal and 
quick swimming towards patches of prey bacteria and the other is a slow swimmer 
that can become multicellular (Dayel et al. 2011; Koehl 2020; Miño et al. 2017). Two 
different types of multicellular structures can be formed: linear “chain colonies” 
and spherical “rosette colonies.” Although much remains uncertain about the regu-
latory mechanisms through which S. rosetta switches between its different possible 
unicellular and multicellular forms, it has become clear that the environment plays 
an important role. For example, formation of rosette colonies from single cells can 
be caused by a specific environmental trigger: the detection of lipids secreted by 
bacteria in the environment (Alegado et al. 2012; Woznica et al. 2016). The reverse 
transition from colonies to single cells is less well understood, although it has been 
observed that colonies can split in two through fission (Dayel et al. 2011). This would 
suggest that while S. rosetta is strictly unicellular in the absence of the environmen-
tal trigger that induces colony formation, it may be strictly multicellular in its pres-
ence—with colonies giving rise to new colonies without the need for a single-celled 
intermediate. Thus, S. rosetta can express a range of different forms, both unicellular 
and multicellular, and some of these forms are induced by the environment.

Yet different types of multicellularity can be found in more distant branches of 
the tree of life, in organisms that evolved multicellularity independently from animals 
and choanoflagellates. The cellular slime molds provide one example (Figure 4.1). 
Cellular slime molds are soil-dwelling microbes that, like S. rosetta, are facultatively 
multicellular: they can live and reproduce as unicellular amoebae and only become 
multicellular in response to specific environmental conditions—in their case, the trig-
ger for multicellularity is starvation (Bonner 2009; Schaap 2011). Whereas animals 
and choanoflagellates become multicellular by repeated cell divisions, cellular slime 
molds exhibit aggregative multicellularity, meaning that individual amoebae aggregate 
to form a multicellular organism. The multicellular stage is transient and short-lived, 
culminating in the formation of a fruiting body consisting of a stalk and a head filled 
with spores that is raised in the air (Bonner 1957; Schaap 2011). The fruiting body 
facilitates survival and dispersal. The starvation-resistant spores will germinate upon 
encountering favorable conditions and continue their life as unicellular amoebae. This 
type of multicellularity can be understood as an “emergency response” to harsh envi-
ronmental conditions, allowing cells to quickly join forces to achieve efficient dispersal 
(Brunet and King 2017). Thus, the cellular slime molds are facultatively multicellular, 
with a short-lived aggregative multicellular stage that is induced by the environment.

Animals, choanoflagellates, and cellular slime molds are but a few examples of 
the immensely diverse ways to be multicellular. Here, we employ the concept of 
the life cycle to organize this diversity. Broadly speaking, an organism’s life cycle 
describes the life stages between which an organism transitions in time. One of the 
prominent advocates for taking a life cycle-centered approach to the study of mul-
ticellularity was John Bonner, who argued that a dynamic view of all the life stages 
of an organism is more meaningful evolutionarily than a static view that emphasizes 
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a specific stage of the life cycle (e.g., the adult at maturity) (Bonner 1965, 1993; 
van Gestel and Tarnita 2017). As the above examples highlight, these different life 
stages need not occur in a predictable succession and some life stages may only be 
expressed sporadically, under specific conditions. What all multicellular life cycles 
have in common, however, is that they involve group formation (the construction of 
multicellular groups, often starting from single cells) and group propagation (the 
process by which multicellular groups beget new multicellular groups). Therefore, 
these two processes—together with the intrinsic mechanisms (i.e., development) and 
extrinsic factors (e.g., environmental cues) that regulate them—offer a meaningful 
starting point for cataloging multicellular life cycles.

Group formation occurs in one of two principal ways (but hybrids of these are 
also possible, see [van Gestel and Tarnita 2017]): either groups are formed by cells 
staying together after division (also known as clonal multicellularity), as in animals 
or choanoflagellates, or groups are formed by cells coming together via aggregation 
(also known as aggregative multicellularity), as in the cellular slime molds (Bonner 
1965, 1998; Grosberg and Strathmann 2007; Tarnita et al. 2013). The staying 
together—coming together dichotomy encapsulates a wide range of possible group-
ing mechanisms. For example, staying-together multicellularity can be achieved by 
means of a shared cell wall, an extracellular matrix, adhesive molecules on the cell 
surface, or coenocytic growth (Abedin and King 2010; Suga and Ruiz-Trillo 2013), 
while coming together can be achieved through aggregation via chemotaxis or bind-
ing to a common surface (van Gestel and Tarnita 2017). Both staying together and 
coming together have evolved multiple times and in evolutionarily distant clades 
(Bonner 1998; Fisher et al. 2013; Grosberg and Strathmann 2007). While staying-
together multicellularity includes both facultative and obligate forms of multicel-
lularity, coming together is always associated with facultative multicellularity, with 
the multicellular stage being transient and induced by specific (typically adverse) 
environmental conditions (Brown et al. 2012; Brunet and King 2017; Du et al. 2015; 
Fisher et al. 2013; Sebé-Pedrós et al. 2013, 2017).

Much like there are multiple mechanisms by which group formation can be 
achieved, there are also multiple ways for groups to propagate (Angert 2005; Pichugin 
et al. 2017). In many cases, group propagation requires reversal from the multicellu-
lar to the unicellular stage. For example, mammals have a very brief unicellular stage 
that comprises just the haploid gametes (sperm and egg) and the fertilized egg cell 
(zygote). Group propagation—the production and release of gametes—can occur 
repeatedly throughout the mature organism’s reproductive lifespan. Cellular slime 
molds, in contrast, have a life cycle where the multicellular stage ends with a single 
group propagation event: the release of spores from the mature fruiting body. Finally, 
multicellular groups of S. rosetta propagate through fission, whereby the group splits 
in two (Dayel et al. 2011). Group propagation modes in which a group splits into two 
groups allow a life cycle to proceed without a single-cell intermediate.

Not only do life cycles differ in the mechanisms used to achieve group formation 
and group propagation, but they also differ in the regulation of these processes. For 
example, while mammals are obligately multicellular organisms with a life cycle that 
is under tight developmental control, the facultative multicellularity of choanoflagel-
lates and cellular slime molds is more flexible. In these organisms, the multicellular 
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stage is expressed conditionally on the presence of a specific environmental trigger, 
highlighting an important role for the environment in the regulation of the life cycle. 
Environmental triggers involved in life cycle regulation can be both abiotic (e.g., nutri-
ent or drought stress [King 2004; Ritchie et al. 2008]), as in the case of cellular slime 
molds, or biotic (e.g., quorum-sensing, predator-prey interactions [Alegado and King 
2014; Waters and Bassler 2005; Woznica et al. 2017]), as in the case of choanoflagellates, 
and they ensure that life stages (in particular, the multicellular stage) are only expressed 
under the appropriate environmental conditions (Woznica and King 2018). Sensitivity 
to environmental conditions is not unique to facultatively multicellular organisms; the 
life cycles of many obligate multicellular organisms also depend strongly on environ-
mental conditions (Nagy et al. 2018; Schlichting 1986; Walbot 1996).

Two general points emerge from a broad outlook on multicellular life cycles 
(Figure 4.1). First, evolution has been extraordinarily creative in inventing different 
ways for multicellular organisms to develop and reproduce, leading to a plethora of 
multicellular life cycles. Second, a life cycle can only be properly understood in its 
ecological context, as the environment may provide crucial signals that govern life 
stage transitions. The extent to which the life cycle depends on the environment 
varies widely across life cycles: at one extreme are facultatively multicellular organ-
isms, for which specific environmental conditions are required to trigger the multi-
cellular stage; at the other extreme are life cycles that require limited environmental 
input, in which different life stages occur in a predictable succession (e.g., zygote → 
embryo → adult, for mammals).

4.2 LIFE CYCLE EVOLUTION

A life cycle-centered approach can also shed light on the evolutionary origins of mul-
ticellularity. A transition from unicellular to multicellular life requires the evolution 
of mechanisms by which cells can attach to each other (group formation) as well as 
the evolution of mechanisms by which multicellular groups can propagate themselves 
(group propagation) (Libby and Rainey 2013). Group formation alone is not suffi-
cient for the evolution of multicellularity. For example, a mutation that blocks cell 
separation after division may quickly lead to the formation of multicellular groups, 
but will not lead to multicellular life if cells stay attached indefinitely—in this case, 
the multicellular group is an evolutionary dead end because it lacks the ability to 
propagate. Thus, while unicellular organisms may frequently undertake opportunis-
tic experiments with multicellularity in which multicellular groups are formed, these 
experiments can only lead to the evolution of a multicellular lineage when a primitive 
multicellular life cycle is established. This renders the question of how multicellularity 
originated identical to the question of how a multicellular life cycle originated (Black 
et al. 2020; Bonner 1993; De Monte and Rainey 2014; van Gestel and Tarnita 2017).

The empirical understanding of how multicellular life cycles evolve has greatly 
expanded in the past two decades. First, work in comparative genomics has reshaped 
our thinking about the genomic underpinnings of transitions to multicellularity. 
Most strikingly, this research has revealed that the unicellular ancestors at the stems 
of multicellular lineages are, from a genomic perspective, more complex than previ-
ously appreciated and that much of the genetic toolkit for multicellularity predates 
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the evolution of multicellularity (Brooke and Holland 2003; Glöckner et al. 2016; 
Hanschen et al. 2016; Prochnik et al. 2010; Rokas 2008; Sebé-Pedrós et al. 2017; 
Suga et al. 2013). The last unicellular ancestor of animals, for instance, was already 
equipped with genes employed in animal cell adhesion, with transcription factors 
used in animal development, and with some components of developmental signal-
ing pathways—although the cell signaling repertoire also greatly expanded with the 
advent of multicellularity (King et al. 2008; Sebé-Pedrós et al. 2017, 2018; Srivastava 
et al. 2010). The fact that many multicellularity genes are of ancient, unicellular ori-
gin implies that understanding the unicellular ancestor is key to understanding the 
first emergence of a multicellular life cycle: multicellularity may more readily evolve 
from preadapted unicellular organisms equipped with genes or behaviors that can 
be co-opted for multicellular organization (King 2004). The evolution of facultative 
multicellularity, for example, is often contingent upon ancestral mechanisms that 
allow the ancestor to sense its external environment and to express different cellular 
behaviors in response (Kawabe et al. 2015; Ritchie et al. 2008).

Second, recent progress in experimental evolution has made it possible to study 
the emergence of multicellular life cycles in the laboratory (Boraas et al. 1998; 
Hammerschmidt et al. 2014;; Herron et al. 2019; Ratcliff et al. 2012, 2013). This 
approach makes use of experiments in which a unicellular organism is subjected to 
an artificial selective pressure that favors multicellularity, such as a selective pres-
sure for increased size. For example, in an evolution experiment in which the unicel-
lular green alga Chlamydomonas reinhardtii2 was subjected to selection for rapid 
settling in liquid medium (which favors larger clusters of cells), a life cycle evolved 
that had alternating unicellular and multicellular life stages (Ratcliff et al. 2013). 
Experimental evolution studies reinforce the idea that transitions to multicellularity 
can readily be made, provided that a unicellular organism is equipped with the right 
preadaptations and that a selective pressure exists that favors multicellularity.

Despite such major empirical advances, there are also aspects of the evolution of mul-
ticellular life cycles that remain largely inaccessible empirically, at least for now. While 
we can use comparative genomics to make inferences about the genome of unicellular 
organisms that underwent transitions to multicellularity, characterizing the ancestral 
functions of these genes in the life cycle of the unicellular ancestor is challenging. And 
while the emergence of a multicellular life cycle can be studied experimentally under 
an artificial selective pressure, we have little idea of what selective environments drove 
the evolution of multicellularity in nature. These gaps in our empirical knowledge cur-
rently leave unanswered many questions about the evolution of multicellular life cycles. 
Why did multicellular life cycles emerge in some lineages, but not in others? Why did 
so many different types of life cycles evolve and how much of that diversity was present 
early on? And how does the life cycle facilitate (or impede) the emergence of multicel-
lular innovations and the evolution of multicellular complexity?

Different conceptual approaches have been used to make progress on these open 
questions. For instance, a “top-down” approach starts by identifying the common 
features of many different multicellular life forms—such as high levels of coopera-
tion and coordination between cells in multicellular groups, the individuality3 of the 
multicellular organism, and the prevalence of a single-cell bottleneck in the life cycle 
(De Monte and Rainey 2014; Godfrey-Smith 2009; Queller and Strassmann 2009; 



59Life Cycles as a Central Organizing Theme

Ratcliff et al. 2017; West et al. 2015). Next, the top-down approach aims to explain 
how multicellular groups could have evolved these key features. For example, a clear 
pattern among extant multicellular organisms is that all examples of complex mul-
ticellularity, such as animals and plants, are associated with a staying-together life 
cycle (Fisher et al. 2020). In comparison, the multicellular complexity of cellular 
slime molds and other organisms with coming-together life cycles has remained 
limited; these organisms invariably have a transient and short-lived multicellular 
stage (Brunet and King 2017). A potential explanation for this pattern is that coming 
together can lead to genetically heterogeneous groups and hence evolutionary con-
flict (where the evolutionary interests of cells within a multicellular group are mis-
aligned). In the absence of mechanisms to prevent genetically heterogeneous groups, 
such conflict could impede the evolution of multicellular complexity beyond a tran-
sient multicellular life stage (Michod and Herron 2006; Michod and Roze 2001; 
Queller 2000; Rainey and De Monte 2014). Conversely, in the absence of conflicts, 
staying together would allow for longer-lived groups and facilitate the evolution of 
multicellular innovations (e.g., the evolution of cell specialization and complex mor-
phologies), which could lead to complex forms of multicellularity.

The top-down framework has been successful in providing potential evolution-
ary explanations that do not hinge on the particularities of any individual transition to 
multicellularity. However, there are also limitations to the top-down perspective. First, 
when identifying the features that multicellular organisms have in common (and could 
be of importance for their evolutionary origin), the top-down approach runs the risk of 
introducing biases towards the paradigmatic examples of complex multicellularity that 
we are most familiar with, even if the resulting collection of organisms is not represen-
tative of the actual diversity of multicellular life (van Gestel and Tarnita 2017). Second, 
within the top-down framework, it can be challenging to select among multiple com-
peting explanations. For example, proposed top-down explanations for the prevalence 
of a single-cell bottleneck range from its ability to reduce conflicts of interests between 
cells (Grosberg and Strathmann 1998; Ratcliff et al. 2015; Roze and Michod 2001) to 
its ability to purge deleterious mutations (Grosberg and Strathmann 1998) or to ensure 
coherent development (Wolpert and Szathmáry 2002), and it is not immediately clear 
which of these explanations should carry the most weight. In fact, none of these expla-
nations may be required at all, as empirical work shows that life cycles with a single-
cell bottleneck can arise rapidly, without requiring selection, through co-option of the 
ancestral unicellular form (Ratcliff et al. 2013), and mathematical modeling suggests 
that a single-cell bottleneck may simply be favored because it maximizes population 
growth under a wide range of conditions (Pichugin et al. 2017). Such studies highlight 
the fact that the explanations provided by the top-down framework are best seen as 
working hypotheses that require independent testing, both empirically and theoretically.

The second conceptual framework is the bottom-up approach. In contrast to the 
top-down approach, which starts by considering extant multicellular organisms, 
the bottom-up approach asks what features of multicellularity might evolve given 
a certain unicellular ancestor and its environmental setting (van Gestel and Tarnita 
2017). In doing so, it aims to obtain a mechanistic understanding of the way in which 
the unicellular ancestor and its ecology shape nascent multicellular life. The bot-
tom-up approach can distinguish between features of multicellularity that emerge 
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spontaneously, as a direct consequence of the way in which multicellularity arises 
from the unicellular ancestor, and features of multicellularity that require subsequent  
selection, beyond the origins of multicellularity, in favor of a particular multicel-
lular organization. Moreover, by considering explicit evolutionary trajectories from 
a unicellular ancestor to a multicellular organism, the bottom-up approach is ide-
ally suited to test specific hypotheses—such as the hypotheses that the top-down 
framework extracts. Relative to the top-down approach, a bottom-up perspective 
has the advantage that it explores the full potential of transitions to multicellularity 
and minimizes bias towards the actually realized or most paradigmatic multicellular 
lineages (van Gestel and Tarnita 2017). Just like the top-down approach, however, the 
bottom-up approach has its limitations. By explicitly considering the ancestral start-
ing point and the mechanistic underpinnings of an evolutionary trajectory towards 
multicellularity, the scope of the bottom-up is more limited than that of the top-down 
approach, and the explanations it offers may generalize less broadly.

While the theoretical literature on the evolution of multicellularity has historically 
largely employed the top-down framework, these top-down insights have recently 
been complemented by bottom-up models that explore specific scenarios for the 
origin of multicellularity (Solé and Duran-Nebreda 2015; Solé and Valverde 2013). 
These scenarios range from public goods sharing (Biernaskie and West 2015) or col-
lective motion (Garcia et al. 2014; 2015) in microbial populations to filament for-
mation (Rossetti et al. 2011) or surface colonization (van Gestel and Nowak 2016) 
in bacteria. What makes studying the evolution of multicellularity with bottom-up 
models exciting is that these models enable us to do something that is very difficult 
to do empirically: directly study how the unicellular ancestor and the selective pres-
sures it faces shape the evolution of multicellularity. And, by explicitly accounting for 
the cell-cell and cell-environment interactions that shape multicellularity, bottom-up 
models shed mechanistic light on the transition to multicellularity in the process.

4.3 A BOTTOM-UP APPROACH TO LIFE CYCLE EMERGENCE

To give a concrete example, we recently constructed a mechanistic model to study 
how a multicellular life cycle first emerges from a unicellular ancestor during a tran-
sition to multicellularity (Staps et al. 2019). Our goal was to explore (1) what kinds 
of multicellular life cycles could emerge and (2) what features of the ancestor and its 
environment would shape these life cycles at the origin of multicellularity. The evo-
lutionary starting point is a unicellular organism that is able to sense its environment 
and express different genes in response. We assumed a simple (but non-constant) 
environment that fluctuates back and forth between two different states, mimicking, 
for example, the diurnal cycle faced by photosynthetic algae or the feast-and-famine 
cycles faced by soil-dwelling amoebae. Motivated by the empirical observation that 
co-option of ancestral functions underlies multiple transitions to multicellularity 
(Hanschen et al. 2016; Kawabe et al. 2015; Olson and Nedelcu 2016), we introduced 
a potential for multicellularity by allowing an ancestral gene to start causing some 
degree of cell adhesion, leading to daughter cells staying attached after division. 
We then investigated whether and what multicellular life cycles could arise through 
evolutionary changes in gene regulation. Thus, the bottom-up model makes the 
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ancestral ecology and ancestral regulatory mechanisms explicit, and studies what 
life cycles may emerge from this starting point.

This bottom-up approach provided two important insights. First, despite the sim-
ple setup, this model produced a surprising diversity of life cycles. What life cycle 
evolved depended on two factors: the biophysical constraints on group formation 
(i.e., the strength of the attachments between cells, which determines the maximum 
group size that could theoretically be reached by cells that express the cell adhesion 
gene), and the benefits of multicellularity (specifically, the minimum size that groups 
need to reach for multicellularity to provide a benefit) (Figure 4.2a,b). Among the 

FIGURE 4.2 Modeling the emergence of multicellular life cycles. a, Evolved multicellular 
life cycles in simulations of the evolution of multicellularity. What life cycle evolves depends 
on the ability of cells to stay attached to each other (cell stickiness, s, ranging from virtually 
instantaneous detachment on the left to indefinite attachment on the right) and the minimum 
group size at which being in a group provides a benefit to constituent cells (smallest beneficial 
group size, k, range 2–10). Different colors indicate different life cycles. b, Cartoons depicting 
the evolved life cycles. Arrows indicate life-stage transitions; gray arrows indicate life stage 
transitions that are under environmental control. The environment switches back and forth 
between two states A and B. In life cycle I, groups are formed in environment A, and groups 
fall apart in environment B. In life cycle II, groups may occasionally form in environment A 
but groups fall apart immediately. In life cycle III, group formation is obligate, but occasion-
ally cells detach from their group. In life cycles IV–VI group formation is also obligate, but 
groups propagate by dissolving into solitary cells in response to specific environmental trig-
gers. c, The evolved multicellular life cycle in simulations in which coming together (CT) is 
possible in addition to staying together (ST). See (Staps et al. 2019) for a full description of 
the model and the original data figures.
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several evolved life cycles, we recovered simple analogs of the mammalian one—an 
obligately multicellular life cycle in which groups are dependent for their propaga-
tion on the occasional release of cells from the group (Figure 4.2b, life cycle III)—
and the cellular slime molds one—an environment-dependent life cycle in which 
groups regularly propagate by dissolving completely into solitary cells (Figure 4.2b, 
life cycle IV). The obligately multicellular life cycle arises when cell stickiness is 
sufficiently high for group formation to reap the benefits of multicellularity but low 
enough to have the occasional release of single-cell propagules that ensure group 
propagation. In contrast, the environment-dependent life cycle arises when high cell 
stickiness renders accidental detachment of cells unlikely and instead relies on envi-
ronmentally induced active down-regulation of adhesion for the group to dissolve 
and ensure propagation. Thus, our simple bottom-up model reveals that diverse mul-
ticellular life cycles can evolve already at the origin of multicellularity through co-
option of ancestral regulatory mechanisms.

Second, in an extended version of the model, we allowed cells to join groups via 
coming together, in addition to their capacity to form groups via staying together. 
Allowing for group formation via coming together favored the evolution of multi-
cellular life cycles with a short-lived multicellular stage and frequent dissolution 
into solitary cells (Figure 4.2b, life cycles I, IV, V, VI). How can this be explained? 
Since coming together is not limited by the rate of cell division, it allows groups 
to assemble faster from single cells than staying together alone (Pentz et al. 2020). 
Faster group formation also enables groups to propagate more frequently, and thus 
results in a shorter life cycle. Thus, our simple bottom-up model provides an alterna-
tive explanation for the short-lived multicellular life stages observed in many organ-
isms with aggregative multicellularity: it might not necessarily be that the potential 
for within-group conflict prevents longer-lived multicellularity, but rather that the 
potential for fast group formation and propagation allows for short-lived multicel-
lular life stages.

Our life cycle model showcases the potential of the bottom-up approach. 
Explicitly accounting for the life cycle and ecological context of the unicellular 
ancestor can readily generate new insights: a surprising diversity of life cycles could 
have emerged at the origin of multicellularity and the transience of coming-together 
life cycles might be explained without needing to invoke conflicts among constitu-
ent cells. Interestingly, these insights emerge even though the model makes sev-
eral simplifying assumptions about the ecology (the fluctuating environment) and 
development (the regulatory architecture underlying cell adhesion). This simplicity 
reflects purposeful abstraction as well as a (partially inevitable) ignorance about the 
life history and ecology of organisms that underwent transitions to multicellularity. 
Current empirical developments pave the way for a next generation of models that 
can more realistically account for the biology of early multicellular organisms and 
their unicellular predecessors. Indeed, studies of unicellular relatives of multicel-
lular lineages enhance our understanding of the relevant regulatory mechanisms at 
the origin of multicellularity (Arenas-Mena 2017; Arenas-Mena and Coffman 2015; 
Levin et al. 2014; Sebé-Pedrós et al. 2018, 2016). At the same time, progress in bio-
physics and single-cell biology helps reveal the physical, metabolic, and behavioral 
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constraints on early multicellular organisms (Dexter et al. 2019; Goodwin 1989; 
Kempes et al. 2012; Larson et al. 2020). And finally, largely overlooked knowl-
edge from paleobiology can inform the environmental conditions that selected for 
transitions to multicellularity (Butterfield 2000, 2009; Erwin 1993; Valentine and 
Marshall 2015).

4.4 CONCLUSION

Life cycles are central to studying the evolution of multicellularity. They are a use-
ful tool to catalog the variety of ways different branches of the tree of life have 
found to achieve multicellularity, and, because they encapsulate development and 
reproduction, they determine how evolution can act on nascent multicellular life. 
Understanding the evolution of multicellularity, and of multicellular organizing 
principles such as cell differentiation or morphogenesis, therefore requires life-
cycle-centered approaches that explicitly consider the life cycle and its evolutionary 
origin. Future progress depends on the sustained dialog between two complementary 
approaches: a historically dominant top-down approach that aims to provide general 
evolutionary explanations that transcend the particularities of individual transitions 
to multicellularity, and a complementary bottom-up perspective that emphasizes 
specific evolutionary trajectories. The top-down approach can inform the bottom-up 
approach by identifying general organizing principles of multicellularity and by sug-
gesting underlying evolutionary explanations. In turn, the bottom-up approach is able 
to inform the top-down approach by critically evaluating these explanations, adding 
mechanistic insight, and elucidating specific evolutionary trajectories as they unfold 
starting from a unicellular ancestor. It is by integrating the top-down and bottom-up 
perspectives that we can paint a fuller picture of the evolutionary transition to multi-
cellularity: starting with how multicellular life arose when the first multicellular life 
cycle emerged from a unicellular ancestor and building towards an understanding of 
why multicellular life as we see it around us today looks the way it does.

NOTES
 1. Multicellular complexity is difficult to define. Accordingly, there is no commonly 

accepted definition for what constitutes “simple” or “complex” multicellularity. 
Here, we use these terms to capture the difference between microscopic multicellular 
organisms with few differentiated cell types (“simple”), such as cyanobacteria, cho-
anoflagellates, or volvocine algae and macroscopic multicellular organisms with many 
differentiated cell types (“complex”), such as most plants and animals. Many multicel-
lular organisms do not fit neatly in either of these categories.

 2. C. reinhardtii is a close relative of the multicellular genus Volvox, a model organism for 
germ-soma differentiation.

 3. What constitutes a biological individual is a challenging conceptual question. Various 
definitions have been proposed, which may, for example, require indivisibility, genetic 
homogeneity, physiological autonomy, and/or satisfying the Lewontin conditions for 
evolution by natural selection (i.e. variation, reproduction and heritability) (Buss 1987; 
De Monte and Rainey 2014; Godfrey-Smith 2009; Michod 2007; Santelices 1999; van 
Gestel and Tarnita 2017).
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5.1 INTRODUCTION

The evolution of multicellularity provided organisms with a novel means to increase 
in size and to specialize cells to perform different roles. These abilities were appar-
ently so useful that multicellularity evolved many times independently in both pro- 
and eukaryotes. All extant multicellular organisms spend at least a part of their life 
in unicellular form as gamete, zygote, or spore, but otherwise, a distinction can 
be made between organisms that feed in multicellular form and those that feed as 
single cells and come together in response to starvation. The first category com-
prises the animals, many photosynthetic pro- and eukaryotes, and fungi. A primary 
characteristic of these organisms is that after division of the initial progenitor cell, 
the daughter cells remain together and the organism feeds and spends the rest of its 
life in multicellular form. The second category comprises many prokaryotes and 
eukaryotes. They share as a primary characteristic that after cell division the daugh-
ter cells swarm out to feed individually. They only come together when deprived of 
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food to form a fruiting structure, inside of which all or most cells enter dormancy. 
This type of aggregative or facultative multicellularity has reached its highest level 
of complexity in the Dictyostelia, where the cells inside the multicellular agglomer-
ate have, in addition to dormant spores, specialized into up to five somatic cell types, 
which lift and support the spore mass and protect it from bacterial infection. This 
chapter describes the known types of organisms with aggregative multicellularity and 
their phylogenetic distribution in eukaryotes. The evolutionary trajectory taken by the 
Dictyostelia to reach their current state of complexity is next discussed in more detail.

5.2  AGGREGATIVE MULTICELLULARITY IS EVOLUTIONARY 
DERIVED FROM UNICELLULAR ENCYSTATION

The phenotype of all extant organisms is largely the end result of their existential 
struggle with environmental stress. A common response to stress is dormancy, 
which in unicellular eukaryotes is most commonly achieved by encystment. Here 
the stressed cell encapsulates itself in a resilient wall and shuts down metabolism. 
After the stress condition, usually starvation or drought has passed, the cell leaves its 
capsule and starts feeding again.

Aggregative multicellularity is also triggered by starvation stress, but the aggre-
gated cells form a fruiting structure to aerially lift the encapsulating cells, which 
are now usually called spores. The fruiting body is called a sorocarp and this type 
of multicellularity is therefore also called sorocarpic multicellularity. In prokary-
otes, the myxobacteria display sorocarpic multicellularity with a wide variety of 
morphologically distinctive fruiting structures (Kaiser et al., 2010), while in eukary-
otes sorocarpic multicellularity evolved independently in almost all major divisions 
(Figure 5.1).

In Excavates, the sorocarpic Acrasis and Pocheina amoebas form a monophyletic 
clade within the otherwise unicellular allovahlkampfid amoebas. Upon starvation, 
the amoebas either form globose cysts individually or aggregate to form a globular 
mound. In the mound, cells start to encapsulate as stalk cells, with others climb-
ing on top and also encapsulating. The stalk cells assume an oblong or cuboidal 
shape and assemble into tiers of one or several cells wide. The ovoid spores assemble 
next; in Acrasis spp. as single or branched tiers and in Pocheina as a globular mass. 
Despite their different shapes, the cysts, spores, and stalk cells all germinate to yield 
amoebas, when food is available again (Brown et al., 2012b).

In Rhizaria, Guttulinopsis vulgaris is part of a small clade of unicellular Rosculus 
amoebae (Bass et al., 2016). When starved, individual amoebas collect into loose 
aggregates that transform into round mounds. During sorocarp formation amoebae 
secrete a slimy matrix, which congeals into sheets, inside which they become pro-
gressively trapped and then disintegrate. Cells that manage to reach the top of the 
structure differentiate into irregularly shaped spores that combine to form a globose 
sorus. Amoebas of the related species G. nivea can also encyst individually (Brown 
et al., 2012a; Raper et al., 1977).

In Stramenopiles, the spindle-shaped Sorodiplophrys stercorea amoebae feed on 
dung by osmotrophy (uptake of dissolved organic compounds by osmosis) and move 
using long branched filopodia that extend from the spindle poles. When deprived 
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FIGURE 5.1 Multiple transitions to aggregative multicellularity in eukaryotes. During aggre-
gative multicellularity cells feed and proliferate as single cells and collect into aggregates when 
stressed, usually by starvation. The aggregates then transform into a fruiting body (sorocarp) 
where the cells encapsulate and enter dormancy as either cysts or spores. This type of multicel-
lularity evolved independently in six out of the eight major divisions of eukaryotes. Many organ-
isms with aggregative multicellularity have retained the ability to encyst without aggregating, 
the survival strategy of their unicellular ancestors. Eukaryote phylogeny (grey lines) after (He 
et al., 2014). The Dictyostelia are the largest monophyletic group of organisms with aggregative 
multicellularity with the most extensive cell type specialization occurring in taxon group 4.
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of food, the cells move in streams towards aggregation centers. A relatively firm 
basal core develops within the aggregate that consists of gelatinous matrix and dead 
and degenerating cells. Amoebas that surround and surmount this core develop into 
sorocytes; they retract the filopods, decrease in size and form a thin but distinctive 
cell wall. No cysts have been observed (Dykstra and Olive, 1975; Tice et al., 2016).

In Alveolata, the ciliate Sorogena stoianovitchae feeds underwater on smaller 
colpodid ciliates. Food depletion causes the cells to collect into a loose aggregate, 
which next compacts by cell adhesion. The cells secrete mucous material that forms 
a sheath around the aggregate and the structure now rises to the water surface. 
Continued matrix production and contraction of the sheath causes a stalk to form 
that pushes up the cells, which then encyst. Aggregation occurs only in the dark, but 
fruiting body formation requires a light period (Olive and Blanton, 1980; Sugimoto 
and Endoh, 2006).

In Opisthokonta, the nuclearid amoeba Fonticula alba displays long filopodia 
while feeding on bacteria. Upon starvation, the amoebas move together individu-
ally to form a mound that becomes surrounded by a slime sheath. The amoebas 
continue to secrete extracellular matrix that accumulates between the cell mass and 
the sheath. Starting from the top of the now volcano-shaped structure the amoebae 
encapsulate as spores, which are expelled through the top to form a globose sorus. 
The amoebas can also encyst individually without aggregating, with the cysts being 
morphologically identical to spores (Brown et al., 2009; Worley et al., 1979)

In Amoebozoa, sorocarpic multicellularity evolved in both the subphyla 
Lobosa and Conosa (Cavalier-Smith et al., 2015). In Lobosa, amoebae of the genus 
Copromyxa move by extending a single broad pseudopod. After depletion of their 
bacterial food, some amoebae encyst and become founder cells for the fruiting struc-
ture. The starving amoebas move towards an encysted founder cell, crawl on top and 
then also encapsulate to form sorocysts. This process continues until a tall sorocarp 
has formed, which is often branched. Amoebas can also encyst individually, and 
these microcysts are indistinguishable from the somewhat irregularly shaped soro-
cysts. Alternatively, they can form a round sphaerocyst after sexual fusion (Brown 
et al., 2011; Raper et al., 1978; Spiegel and Olive, 1978).

In Conosa, the Dictyostelia are the largest monophyletic group of organisms with 
sorocarpic multicellularity. The ̃ 150 known species of Dictyostelia can be subdivided 
into four major groups, recently classified as the families Cavenderiaceae (group 1), 
Acytosteliaceae (group 2), Raperosteliaceae (group 3), and Dictyosteliaceae (group 
4) (Sheikh et al., 2018). Sorocarps in groups 1, 2, and 3 consist of at most two cell 
types, stalk cells and spores, and are often branched or clustered. Many species 
in these groups have retained the ability to encyst individually, and most use the 
dipeptide glorin as chemoattractant for aggregation. In contrast, group 4 species 
lost encystation and use 3’5’-adenosine monophosphate (cAMP) as chemoattrac-
tant. They generally form large, solitary, and unbranched sorocarps, which contain 
three novel cell types to support the stalk and spore mass. Many species through-
out Dictyostelia have the additional ability to form sexual macrocysts. Here two 
starving cells fuse to form a zygote that subsequently attracts other starving cells 
and devours them to use their resources to construct a thick cell wall (Raper, 1984; 
Romeralo et al., 2013). The group 4 species Dictyostelium discoideum is a model 
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system for research into the molecular mechanisms that control phagocytosis, motil-
ity, chemotaxis, morphogenesis, cell differentiation and evolution of sociality and 
is, apart from a few other Dictyostelia, the only sorocarpic or indeed only amoeboid 
organism with well-developed procedures for gene modification. We, therefore, con-
centrate in the remainder of this chapter on the evolution of multicellularity in the 
dictyostelid lineage.

5.3  PROXIMATE CAUSE OF DICTYOSTELIUM 
MULTICELLULARITY – HOW IT HAPPENED

5.3.1  regulation oF MultiCellular deVelopMent 
in the Model D. DiscoiDeum

Over the past 40 years, the molecular mechanisms that control the developmen-
tal program of the model D. discoideum in group 4 have been thoroughly investi-
gated. D. discoideum is one of the most morphologically complex Dictyostelia, and 
until recently there was only limited information on developmental control mecha-
nisms in the other taxon groups. Research into the evolution of multicellularity in 
Dictyostelia, therefore, required a top-down approach. A well-resolved phylogeny 
of Dictyostelia (Schaap et al., 2006; Schilde et al., 2019), the availability of taxon 
group-representative genome sequences (Eichinger et al., 2005; Gloeckner et al., 
2016; Heidel et al., 2011; Narita et al., 2020; Sucgang et al., 2011) and the develop-
ment of genetic transformation for species outside of group 4 (Fey et al., 1995; Narita 
et al., 2020) were crucially important to address this problem. 

A remarkable aspect of D. discoideum development is that so much of it is regu-
lated by cAMP (Figure 5.2). As a secreted signal, cAMP controls cell movement and 
differentiation throughout development, while as an intracellular messenger, it medi-
ates the effect of most other developmental signals. Intracellular cAMP is detected 
by cAMP-dependent protein kinase or PKA, while secreted cAMP targets G-protein 
coupled cAMP receptors (cARs). PKA activity is required for basal expression of 
aggregation genes (Schulkes and Schaap, 1995), for the expression of most prespore 
genes (Hopper et al., 1993), for the maturation of spores and stalk cells (Harwood 
et al., 1992; Hopper et al., 1993) and for keeping spores dormant in the spore head 
(Van Es et al., 1996). Upon starvation, PKA is upregulated by removal of the trans-
lational repressor PufA from the PKA 3’ untranslated region (Souza et al., 1999). 
The adenylate cyclases AcgA and AcrA activate PKA in prespore and spore cells 
(Alvarez-Curto et al., 2007; Soderbom et al., 1999). AcgA is activated by solute 
stress caused by high levels of ammonium phosphate in the spore head, while AcrA 
appears to be constitutively active (Cotter et al., 1999; Van Es et al., 1996).

Other developmental signals act on the intracellular cAMP phosphodiester-
ase RegA to regulate PKA activity. RegA activity requires phosphorylation of its 
intrinsic response regulator domain, which in turn depends on the activity of sen-
sor histidine kinases/phosphatases (Shaulsky et al., 1998; Thomason et al., 1998). 
These enzymes are the target for developmental signals, such as DhkA for the spore-
inducing peptide SDF-2 (Wang et al., 1999), DhkC for the stalk inhibitor ammo-
nia (Singleton et al., 1998), DhkB and DokA for respectively discadenine and high 
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osmolarity (Schuster et al., 1996; Zinda and Singleton, 1998), which promote spore 
maturation and inhibit germination.

The cAMP receptor cAR1, AcaA and the extracellular cAMP phosphodiesterase 
PdsA and several other proteins, amongst which PKA and RegA, form an excit-
able network that can spontaneously generate cAMP oscillations (Laub and Loomis, 
1998). Secreted cAMP acts as a chemoattractant, and the cAMP pulses coordinate 
both the aggregation of starving cells (Konijn et al., 1967) and the post-aggregative 
cell movements that result in sorogen migration and the upward projection of the 
fruiting body (Singer et al., 2019). For these post-aggregative roles, acaA becomes 
specifically expressed at the tip of the emerging sorogen, which thereby becomes the 
organizer of morphogenesis (Verkerke-van Wijk et al., 2001). AcaA hyperactivation 
by the stalk inducing factor c-di-GMP at the tip ensures that the Dictyostelium stalk 
is always formed at the morphogenetic organizer (Chen et al., 2017). The secreted 
cAMP pulses also act on cAR1 to further upregulate the expression of aggregation 
genes, such as cAR1, acaA, and pdsA, enabling rapid aggregation (Gerisch et al., 
1975), while cAMP accumulates in aggregates, and acts on cAR1 to induce the 
expression of prespore genes (together with PKA) (Schaap and Van Driel, 1985).

Some developmental signaling events are thus far not known to require cAMP. 
Prespore cells secrete a chlorinated polyketide, DIF-1, that induces the differen-
tiation of basal disc cells and contributes to robust stalk formation by increasing 
cytosolic Ca2+ (Kubohara et al., 2007; Poloz and O’Day, 2012; Schaap et al., 1996). 
Interaction between two highly polymorphic cell surface proteins, TgrC1 (a.k.a. 
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79Eukaryote Aggregative Multicellularity

LagC) and TgrB1, mediates kin recognition in D. discoideum, allowing only closely 
related strains to contribute to the same sorogen. TgrC1 acts as ligand and TgrB1 as 
receptor in this interaction, which results in phosphorylation of TgrB1 and eventu-
ally in expression of a set of post-aggregative genes (Benabentos et al., 2009; Dynes 
et al., 1994; Hirose et al., 2017).

5.3.2 the eVolution oF CaMp signaling in the diCtyostelia

The dominant role of cAMP in all aspects of the D. discoideum life cycle is sug-
gestive of a deeper ancestral role. Such a role was likely mediated by cAMP acting 
on PKA rather than cARs, since PKA is present in most eukaryotes, and cARs are 
thus far only found in Dictyostelia. Comparative genome analysis revealed that the 
PKA catalytic (PkaC) and regulatory (PkaR) subunits and the enzymes AcrA, AcgA, 
AcaA, and RegA are conserved throughout the four Dictyostelium taxon groups 
(Gloeckner et al., 2016) and that PKA, AcrA, and RegA are also present in the solitary 
Amoebozoa Acanthamoeba castellani, Physarum polycephalum, and Protostelium 
aurantium (Clarke et al., 2013; Hillmann et al., 2018; Schaap et al., 2015).

Deletion of PkaC in the group 2 Dictyostelid Polysphondylium pallidum, which 
can both encyst individually or aggregate to form fruiting bodies, blocked not only 
aggregation but also encystation. Deletion of AcrA and AcgA together also prevented 
encystation (Kawabe et al., 2015). Conversely, deletion of RegA in P. pallidum 
accelerated multicellular sporulation as it does in D. discoideum, and also caused 
precocious encystation during feeding. Pharmacological inactivation of RegA in 
A. castellani also caused amoebas to encyst precociously (Du et al., 2014). In con-
clusion, cAMP acting on PKA and regulated by at least RegA appears to have an 
ancestral role as intracellular messenger for the induction of encapsulation of starv-
ing solitary Amoebozoa into cysts (Figure 5.3). This role persisted in Dictyostelia 
and became elaborated to additionally control the initiation of aggregation and the 
encapsulation of starving amoebas in spores and stalk cells. The genomes of the 
solitary A. castellani, Phy. polycephalum, and Pro. aurantium Amoebozoa contain 
many sensor histidine kinases/phosphatases, and while no biological role for any 
of these enzymes has yet been demonstrated, it is likely that at least some of them 
regulate the activity of RegA.

While dictyostelids in groups 1, 2, and 3 do not use cAMP as an attractant to 
aggregate, cARs, and PdsA are conserved in these groups, suggesting at least some 
roles for extracellular cAMP. Loss of its two cAR genes or its pdsA gene had no effect 
on aggregation in P. pallidum, but disrupted fruiting body morphogenesis, with stalk 
cells differentiating in random clumps (Kawabe et al., 2009; 2012). Sp-cAMPS, a 
non-hydrolysable cAMP analog that disrupts oscillatory cAMP signaling, equally 
disrupted fruiting body morphogenesis in group 1, 2, and 3 species (Romeralo et al., 
2013), indicating that cAMP oscillations ancestrally emerged to coordinate post-
aggregative morphogenesis. Oscillatory cAMP signaling then moved forward in 
development in group 4 to organize aggregation as well. Addition of distal “early” 
promoters to proximate “late” promoters of cAR1, pdsA, and acaA genes likely 
enabled the use of cAMP as attractant for aggregation (Alvarez-Curto et al., 2005; 
Faure et al., 1990; Galardi-Castilla et al., 2010; Louis et al., 1993).
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Organisation of morphogenesis may however not have been the earliest role for 
secreted cAMP. The P. pallidum cAR null cells made cysts instead of spores in 
their aberrant fruiting bodies and lost cAMP-induced prespore gene expression. 
Encystment only requires intracellular cAMP acting on PKA, while sporulation 
additionally requires extracellular cAMP acting on cARs. Without cARs, the P. 
pallidum presumptive spore cells reverted to the ancestral process of encystation 
(Kawabe et al., 2009), which points to what might be the most ancestral role for 
secreted cAMP. All starving Amoebazoa synthesize cAMP to activate PKA and 
encyst. Dictyostelia secrete most of their cAMP and may originally have used accu-
mulation of secreted cAMP in aggregates to instruct the starving cells to form spores 
and not cysts.

The role of DIF-1 in basal disc and robust stalk cell differentiation is not conserved 
outside group 4, despite the fact that the genes encoding the enzymes, StlB, DmtA, 
and ChlA, which synthesize DIF-1, are present throughout Dictyostelia. However, a 
group 2 dmtA fails to restore a D. discoideum dmtA null mutant, indicating that it has 
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another molecular function in group 2 (Mohri et al., 2014), while deletion of stlB in 
Polyspondylium violaceum, a sister species to group 4, causes more instead of fewer 
stalk cells to differentiate (Narita et al., 2020). Since basal disc cells are unique to 
group 4, it is likely that Dictyostelia co-evolved these cells in conjunction with the 
signal (DIF-1) that induces their differentiation.

GSK3 (glycogen synthase kinase 3) which, as component of the wingless/wnt 
pathway, determines cell fate decisions in animal development (Forde and Dale, 
2007), was also reported to control cell fate choice in D. discoideum, by preventing 
the DIF-1 induced transition of prespore cells into basal disc cells (Harwood et al., 
1995; Schilde et al., 2004). This role is not conserved in P. pallidum, where instead 
active GSK3 favors entry of starving cells into aggregation rather than encystation 
(Kawabe et al., 2018). While group 4 species such as D. discoideum lost encysta-
tion, remnants of this role in early development are still evident in a GSK3 require-
ment for expression of some early genes (Strmecki et al., 2007) and for efficient 
chemotaxis (Teo et al., 2010). Like the role of DIF-1, the role of GSK3 in basal disc 
differentiation appears to have co-evolved with the emergence of this novel cell 
type in group 4.

In conclusion, the dominant roles of secreted and intracellular cAMP in control-
ling D. discoideum multicellular development emerged from an ancestral role of 
intracellular cAMP as an intermediate for stress-induced encystation (Figure 5.3). A 
requirement for secreted cAMP acting on cARs to induce sporulation in aggregates 
(as opposed to encystation) may have been the first role of secreted cAMP. Next, 
incorporation of cARs, PdsA, AcaA, RegA, and PKA into an excitable network 
yielded the cAMP waves that enabled morphogenesis of well-structured fruiting 
bodies, while finally pre-aggregative expression of cARs, pdsA, and acaA enabled 
the use of cAMP as a chemoattractant in group 4.

5.4  ULTIMATE CAUSE OF DICTYOSTELIUM 
MULTICELLULARITY – WHY IT HAPPENED

Similar to many sorocarpic organisms, Dictyostelia evolved from a unicellular 
ancestor that survived starvation by differentiating into a cyst. The fact that sorocar-
pic multicellularity evolved so frequently across eukaryotes suggests an advantage 
to sporulating in fruiting bodies as opposed to unicellular encystment. An obvious 
benefit is improved spore dispersal from the aerially lifted spore head. This is par-
ticularly true for hydrophobic spores, such as those of fungi, which are carried by 
the wind. However, hydrophilic spores, such as those of Dictyostelia, depend for dis-
persal on sticking to soil invertebrates (Smith et al., 2014), or on being washed away 
by rain or snowmelt, the latter also causing dispersal of the soil-bound cysts. The 
aerial uplift of the spore agglomerate may further protect spores from decomposing 
influences in soil and predation by larger protists. Particularly for Dictyostelia with 
their small cells, predation may initially have encouraged starving amoebas to stick 
together, while going through encystation. Aggregation of solitary starving amoebas 
prior to encystation is reported for the holozoan amoeba Capsaspora owczarzaki 
(Sebe-Pedros et al., 2013), while the unicellular alga Chlamydomonas reinhardtii 
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was shown to evolve multicellular structures when exposed to predation by ciliates 
for many generations (Herron et al., 2019).

For most sorocarpic protists, the spores only differ from cysts in being aloft, 
but in Dictyostelia, the two forms are also morphologically distinct (Figure 5.4A). 
Spores are predominantly elliptical with dense cytoplasm and a three-layered cell 
wall, while cysts are round and less dense with a two-layered wall (Hohl et al., 
1970; Hohl and Hamamoto, 1969). This suggests that physiological differences 
between spores and cysts may have contributed to consolidation of the multicel-
lular lifestyle of Dictyostelia. Long-term survival experiments of spores and cysts 
of representative species of each taxon group showed that spores and cysts, resus-
pended in water, survived temperatures above 20°C equally well, but that spores 
outperformed cysts at 4°C and -20°C. Cysts showed particularly poor survival 
when subjected to dry frost (Figure 5.4B). Among taxon groups, group 4 spores 
were the most cold-resistant. At the ultrastructural level, this was correlated with 
group 4 spores displaying a combination of dense cytoplasm and a thick spore wall. 
Global distribution data showed that group 4 species were frequently isolated from 
alpine and arctic zones, which was rarely the case for species in groups 1, 2, and 3. 
A fossil-calibrated phylogeny of Amoebozoa sets the split between the two major 
branches of Dictyostelia at 0.52 billion years ago, following the global glaciations 
known as “snowball earth” (Figure 5.4C). Combined, these observations suggest 
that Dictyostelium sporulation in multicellular fruiting bodies was an adaptation to 
cold climate (Lawal et al., 2020).

Whether climate change also played a role in the evolution of other sorocarpic 
protists is unknown. The fact that spores and cysts of Fonticula alba, Copromyxa 
spp., and Acrasis spp. are morphologically identical makes this unlikely. For these 
organisms, ultimate causes for their transitions to multicellularity may yet be found 
in protection from predation and/or improved spore dispersal and preservation. An 
important factor is the geological time at which the multicellular forms first appeared. 
Dictyostelia likely evolved on land since their aggregation and fruiting body forma-
tion require an air-water interface. They emerged when animal life was still bound 
to the oceans, invalidating the argument for improved spore dispersal by soil inver-
tebrates. However, this may still have been a factor in the evolution of aggregative 
multicellularity in other organisms and in the later evolution of Dictyostelia (Smith 
et al., 2014).

The question remains why dictyostelid cysts did not simply evolve higher frost 
resistance on their own. The answer may lie in the stalk cells, which undergo 
extreme autolysis, not merely functioning to lift the spores, but also to provide them 
with metabolites for spore wall synthesis. This would be analogous to the sexual 
macrocysts of Dictyostelia cannabalizing their brethren to construct their very sub-
stantial cell walls. A flux of metabolites from stalk to spore cells has however yet to 
be demonstrated.

Inferring events that happened in the distant past is fraught with uncertainty. 
However, since the events that triggered multicellularity will also have contributed 
to shaping the mechanisms that control multicellular development, it is important 
to investigate ultimate cause, if only to have it questioned and analyzed further by 
other workers.
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FIGURE 5.4 A cooling climate likely triggered multicellular sporulation in Dictyostelia. 
Spores are more compact than cysts and have a three-layered instead of maximally two-lay-
ered cell wall (A). Spores are more frost-resistant than cysts of the same species, with group 4 
spores being most resistant (B), which is correlated with group 4 species being more frequently 
isolated from arctic and alpine habitats (C). The two major branches of Dictyostelia diverged 
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6.1 INTRODUCTION

Microbes have evolved many fascinating and complex behaviors. They were long 
thought of as self-sufficient single cells that compete with each other for resources, 
but in fact many of their interactions benefit each other. In particular, some microbes 
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can actively aggregate into cooperative multicellular groups. This ability has evolved 
independently multiple times throughout the tree of life, suggesting that it provides 
particular benefits to the organisms which possess it. Obligately multicellular organ-
isms have also evolved aggregative behaviors (see Box 6.1), but here we focus on 
aggregation among reproductively autonomous cells.

Microbes can form a variety of multicellular associations, including filaments, 
biofilms, and fruiting bodies (Claessen et al. 2014; Grosberg and Strathmann 2007). 
Filaments form when newly divided cells adhere to one another rather than separat-
ing (Flärdh et al. 2012; Flores and Herrero 2010). Biofilms form when cells stick to 
each other and attach to a surface. This can involve clonal adhesion, as in filament 
formation, but the biofilm may also passively recruit external cells (passive aggrega-
tion) (Smith et al. 2015; Trunk et al. 2018), or these cells may actively join the biofilm 
using directed motility (active aggregation) (Houry et al. 2010). We do not cover 
microbial filaments or biofilms in this chapter because active aggregation is not the 
primary force driving the formation of either. Fruiting bodies, however, are raised or 
extended cell mounds generated primarily by active aggregation and within which 
cells often differentiate into stress-resistant spores.

Fruiting body formation has been documented in four Eukarya supergroups: 
Amoebozoa (Dictyostelia and Copromyxa), Discoba (Acrasidae), Holozoa (Fonticula), 
and SAR/Harosa (Sorodiplophrys in Stramenopiles, Sorogena in Alveolata, and 

BOX 6.1 AGGREGATIVE BEHAVIORS

Here we use the terms aggregative behavior and aggregation to refer to those 
processes in which single units come together to form or join a group, which 
represents a higher-level unit of organization and potentially of selection. 
Aggregation occurs not only among autonomously reproducing cells (the focus 
of this chapter) but also among cells within animal bodies and among multicel-
lular animals. Examples of cellular aggregation within animal bodies include 
aggregation among platelet cells during wound healing (Savage et al. 1998), 
germ-line and mesenchymal cells during embryogenesis (O’Shea 1987; Savage 
and Danilchik 1993), single sponge cells after dissociation (Padua et al. 2016; 
Wilson 1907), and cancer cells in the bloodstream during metastasis (Aceto 
et al. 2014). Animal groups such as herds, flocks, and schools also result from 
aggregative behavior. Many of the proposed advantages and disadvantages of 
aggregating into groups are similar for cells and animals, including protec-
tion from abiotic stresses and predation and enhanced migration (Krause and 
Ruxton 2002; West et al. 2015). Although very different from group formation, 
plants and fungi exhibit coming-together-like behavior in the act of fusing to 
form chimeric organisms composed of two or more distinct genotypes (Buss 
1982). For example, hyphae of genetically distinct fungi can fuse and form 
chimeric fruiting bodies (Glass et al. 2004), and plant chimeras can emerge 
from genetically distinct individuals that merge during growth (Frank and 
Chitwood 2016).
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Guttulinopsis in Rhizaria) (Figure 6.1) (Brown et al. 2012; Brown et al. 2012b; Brown 
and Silberman 2013; Sugimoto & Endoh 2006). These organisms can be found in 
a variety of environments (Swanson et al. 1999) and have similar multicellular life 
cycles. Their process of aggregation often results in fruiting bodies (sometimes known 
as sorocarps), whose morphologies can differ greatly across species (see Chapters 5 
and 8 and Figure 6.1). Of these taxa, Dictyostelia is the best described, thanks to the 
well-known model species Dictyostelium discoideum (Bonner 2009; Kessin 2001).

Some Bacillus species (Branda et al. 2001; Claessen et al. 2014) form fruiting 
bodies, but the most famous bacterial fruiting bodies are those formed by spe-
cies in the order Myxococcales. The myxobacteria, or “slime bacteria,” were first 
identified by Roland Thaxter (1892), who found and examined fruiting bodies on 
decaying wood. The best-known myxobacterium is Myxococcus xanthus (Yang and 
Higgs 2014). In addition to being models for studies of aggregative development, 
both D. discoideum and M. xanthus have become model experimental systems for 
studies of the ecology and evolution of microbial social behaviors (Medina et al. 
2019; Velicer and Vos 2009).

FIGURE 6.1 Representative examples of fruiting body morphologies across differ-
ent taxa. Drawings are at different scales and are based on: Myxococcus xanthus and 
Chondromyces crocatus (direct observations), Dictyostelium discoideum (direct obser-
vation), Polysphondylium pallidum (Kawabe et al. 2015), Copromyxa protea (Brown and 
Silberman 2013), Fonticula alba (Brown and Silberman 2013), Acrasis rosea (Brown, 
Spiegel, and Silberman 2012), Sorodiplophrys stercorea (Dykstra and Olive 1975), Sorogena 
stoianovitchae (Olive and Blanton 1980), Guttulinopsis vulgaris (Brown and Silberman 2013) 
(drawings credit: Marco La Fortezza).
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Active aggregation seems to be adaptive. Aggregative behaviors are energetically 
costly and are regulated by complex genetic pathways, so they presumably evolved 
via selection. However, other evolutionary processes may have played a role. In this 
chapter, we consider why aggregative multicellularity might be adaptive and which 
features may be nonadaptive. We discuss evolutionary hypotheses for the origin, 
maintenance, and complexification of several diverse forms of aggregative multi-
cellularity, focusing on systems that use motility to aggregate. The chapter is orga-
nized according to three temporal phases of aggregate life cycles: first, the process 
of active aggregation, or coming together; second, life in the aggregate; and third, 
disaggregation and post-aggregate behavior (Figure 6.2). It ends with a discussion of 
chimeric aggregates (those composed of multiple genotypes) and an outlook on the 
broader relevance of studying this intriguing phenomenon.

6.2 COMING TOGETHER

Multicellular aggregates begin when cells seek each other out and stick together, 
increasing their local density. We consider two types of forces at work during this 
process: those responsible for increasing cell density and those responsible for main-
taining it. Cell density can be increased by physical forces external to the aggregating 
cells, in which case this step of aggregation is passive (Arias Del Angel et al. 2020). 
For example, cells can encounter and stick to one another as they are transported by 

FIGURE 6.2 Stereotypical life cycle of aggregative multicellular organisms divided into 
three major stages (i) coming together: single cells and/or cell groups actively aggregate and 
adhere to one another to form a multicellular structure. (ii) life in the aggregate: cells interact 
within the aggregate while group-level behaviors and morphologies become more pronounced. 
In the drawing, an early multicellular aggregate develops into a mature fruiting body. In some 
cases, the aggregate may be dispersed as a whole to a new location by an external force. In 
other cases, the aggregate may not be dispersed before environmental conditions which pre-
viously favored aggregation change to again favor growth and disaggregation. iii) life after 
aggregation: once spores have been exposed to nutrients (e.g., prey) and germinated, cells may 
reduce local cell density by migrating away from the aggregate before living asocially (e.g., 
dictyostelids) or in cooperative groups (e.g., myxobacteria) until the next cycle of aggregation.
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flowing liquid. Alternately, cells can aggregate by motility, an agent-like behavior 
(Arias Del Angel et al. 2020). In this case, cells call and search for each other by 
producing and responding to chemical cues or signals (Du et al. 2015; Kroos 2017). 
We will focus on forms of aggregative multicellularity in which cells use motility to 
actively increase their local density, such as fruiting body formation (Claessen et al. 
2014; Du et al. 2015), rather than those generated more passively, such as flocculation 
of planktonic yeast cells (Verstrepen and Klis 2006; Trunk et al. 2018). Regardless of 
whether cell density increases passively or actively, cells will maintain high density 
under physical disturbance only if they establish stable physical contacts by produc-
ing cell-cell adhesins or by using chemoattraction and motility behavior to remain 
near one another, both of which constitute active behavior.

6.2.1 aggregation in MyxobaCteria and diCtyostelids

The myxobacteria and the dictyostelids are by far the most studied taxa in which 
motility-driven aggregation has evolved. In both, cells in sufficiently dense popula-
tions respond to nutrient deprivation by aggregating into cell mounds. These increase 
in size and, at least in some species, in morphological complexity as more cells join 
and development proceeds, culminating in the formation of a fruiting body. Some 
cells die during development, while others differentiate into stress-resistant spores 
(Kessin 2001; Lee et al. 2012; O’Connor and Zusman 1988; Stenhouse and Williams 
1977; Wireman and Dworkin 1977). Other fruiting-body-forming eukaryotes aggre-
gate in a similar fashion, with a few exceptions. For example, the Copromyxa protea 
fruiting body is composed entirely of living cells, which one by one move to the top 
of the structure and encyst (Spiegel and Olive 1978).

In the myxobacteria, mounds of aggregated cells gradually morph into elevated 
fruiting bodies with species-specific phenotypes (Grilione and Pangborn 1975; 
Spröer et al. 1999). Within fruiting bodies of M. xanthus, cells may die, convert to 
spherical spores, or remain rod-shaped. Development in M. xanthus involves com-
plex regulatory pathways and multiple temporally regulated inter-cellular signals 
(Kroos 2017). The highly conserved bacterial stringent response, in which nutrient 
deprivation induces (p)ppGpp synthesis (Kroos 2017), has been evolutionarily inte-
grated with a myxobacteria-specific quorum-sensing system, and the combination 
triggers aggregative motility behavior upon depletion of extracellular amino acids. 
In M. xanthus, the quorum signal that triggers aggregation is a mix of amino acids 
derived from degrading cell-surface peptides; this has been termed the A-signal 
(Kaplan and Plamann 1996). Simple aggregation of cells in response to A-signal may 
have been an early adaptation in the evolution of myxobacterial multicellularity prior 
to the evolution of more complex structures, though so far there are no studies that 
examine this hypothesis.

Aggregating and sporulating usually happen together. However, some M. xanthus 
genotypes sporulate extensively without aggregating (La Fortezza and Velicer 2021; 
Velicer et al. 1998), which raises the question of whether sporulation evolved prior 
to aggregation. Which of the genes necessary for spore production are also neces-
sary for fruiting body formation remains to be fully determined. Many myxobacte-
rial species actively aggregate prior to sporulating rather than simply sporulating in 
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place in response to starvation cues, which could be done immediately and without 
expending energy on aggregating, suggesting that there are adaptive benefits to spor-
ulating within a fruiting body. Additionally, most M. xanthus mutants that are defec-
tive at aggregation are also to some degree defective at spore production, indicating 
deep evolutionary integration of these processes.

In the dictyostelids, cells in nutrient-rich environments appear to interact with 
each other rarely and briefly (Kessin 2001). They usually feed on bacteria, which 
they find by following traces of folic acid that prey cells release into their surround-
ings (Pan et al. 1972). However, when prey are scarce, dictyostelid cells become 
social. This transition to multicellularity can be easily induced and observed in the 
lab by manipulating nutrient concentrations. D. discoideum cells secrete cAMP to 
actively attract each other, though the role of cAMP is not limited to chemotactic 
aggregation (Du et al. 2015, Kawabe et al. 2019; Meena and Kimmel 2017), and 
different species of amoebae use cAMP at different stages of aggregation (Kawabe 
et al. 2019). Like for the myxobacteria, there seems to be a dearth of dictyostelid 
studies testing for adaptive benefits that the earliest stages of aggregation may pro-
vide in their own right.

6.2.2 in situ aggregation beneFits: the shelter hypothesis

It seems plausible that the modern forms of aggregative multicellular structures 
evolved gradually. For example, in dictyostelids aggregation into fruiting bodies is 
hypothesized to have evolved through co-option of the process leading to macrocyst 
formation, a simpler form of aggregation present in many species (Kessin 2001). In 
general, aggregative structures presumably originated as slightly raised cell mounds 
which may have emerged in response to similar selective pressures. Simple biofilm 
associations have been reported to protect cells from abiotic stressors and biotic 
dangers (Oliveira et al. 2015; Trunk et al. 2018), and multicellularity has evolved in 
experimental populations of algae in response to predation pressure (Herron et al. 
2019). Cells in the interior of an aggregate may be sheltered either by more distal 
cells (Kawaguchi et al. 2020; Smukalla et al. 2008) or by a layer of extracellular 
material produced at the group surface (Kirby et al. 2012; Vega and Gore 2014). The 
predatory nematode Caenorhabditis elegans has been observed to induce aggre-
gation in D. discoideum (Kessin et al. 1996). This might be an indirect effect of 
increased competition for prey bacteria rather than an escape mechanism in direct 
response to C. elegans; regardless, these simple aggregates appear to protect cells 
from predation.

Larger groups may do a better job of protecting cells, and aggregation is a faster 
and more cost-effective way than cell division to increase group size (Pentz et al. 
2020, Tarnita et al. 2013). Active aggregation into simple cell mounds may have 
increased protection from stress beyond what can be achieved within flat colonies 
or biofilms. Such simple shelter benefits are likely to have been among the forces 
selecting for the earliest evolutionary stages of active aggregation.

There are inherent challenges in attempting to test the shelter hypothesis. For 
one thing, we don’t have access to the non-aggregating ancestors of aggregat-
ing lineages. One could use non-aggregating mutants of extant genotypes as an 
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alternative, although there is always the possibility for the mutations to create con-
founding effects. One could compare these mutants with wild-type strains and with 
other mutants that arrest development after early aggregation in order to investigate 
whether there are shelter benefits realized at that point that are not contingent on 
later, more complex morphological development, sporulation, or aggregate dispersal.

6.2.3 inFluenCe oF eCology on aggregatiVe proCesses

Regardless of the selective forces that first favored primitive aggregation, the eco-
logical factors involved in modern processes of aggregation differ across taxa. One 
natural isolate of D. mucoroides needs the presence of a specific fungus (Mucor 
hiemalis) in order to aggregate and develop into fruiting bodies (Ellison and Buss 
1983). The protist Acrasis rosea generally requires a light:dark cycle in order to fruit 
(Reinhardt 1968). Aggregates of the myxobacterium Stigmatella aurantiaca form 
spore-bearing fruiting bodies only when exposed to light (Qualls et al. 1978). In 
M. xanthus, interaction with some other bacterial species can induce aggregation 
(Berleman and Kirby 2007), and the nutrient conditions triggering aggregation vary 
even among strains of the same species (Kraemer et al. 2010). These examples sug-
gest that the evolution of aggregates from simple mounds into the range of structures 
seen today was likely influenced by varied and complex aspects of the specific ecolo-
gies of the organisms.

6.3 LIFE IN THE AGGREGATE

Primitive aggregation, once evolved, potentiates further adaptive innovations. For 
example, aggregating lineages might evolve cell-surface adhesins to stabilize the aggre-
gate or changes in aggregate size and morphology that increase shelter benefits or pro-
vide aggregate-dispersal benefits. However, identifying adaptive versus non-adaptive 
features of aggregates and of cellular behavior within aggregates can be challenging.

6.3.1 aCtiVe aggregate Migration

While myxobacteria swarm cooperatively during vegetative growth (Muñoz-Dorado 
et al. 2016), aggregated Dictyostelium cells migrate together only during develop-
ment in amorphous multicellular structures called slugs. Cells within a slug are not 
fully committed to continuing the developmental program until the slug begins to 
transform into a vertical fruiting body, at which point cells commit to terminal dif-
ferentiation into either stalk cells or spores (Kessin 2001). Slugs exhibit photo- and 
thermotaxis, and slug migration has been hypothesized to be an adaptive group 
behavior that improves positioning for subsequent fruiting body formation and 
spore dispersal (Bonner 2009; Kessin 2001). Slugs can migrate across some terrain 
more easily than single cells, and larger slugs are able to migrate over a larger area 
than smaller slugs (Foster et al. 2002). As discussed in Chapter 8, motile slugs may 
provide dispersal-related benefits. However, not all dictyostelids form motile slugs 
(Bonner 2003, Nanjundiah 2016, see Chapter 8), and the evolutionary forces that led 
some genera to acquire this trait, whereas others did not, are worth investigating.
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6.3.2 Cell Fates Within aggregates

One of the most evolutionarily fascinating features of many aggregative systems 
is that some cells die and some survive as spores. Joining an aggregate therefore 
can come with a high degree of fitness uncertainty. The extent of cell death may 
vary greatly across aggregative systems. In Myxococcus, only a minority of cells 
become heat-resistant spores under laboratory conditions, and extensive cell lysis 
occurs during aggregation, which has been suggested to be important for spore for-
mation (Lee et al 2012; O’Connor & Zusman 1988; Wireman and Dworkin 1977). 
In dictyostelids, ~20–30% of the aggregated cells die and become part of a stalk 
while the remainder become viable spores elevated by the stalk (Kessin 2001). The 
mechanisms that determine whether aggregated dictyostelid cells die or survive as 
spores seem to be stochastic rather than deterministic, although developmental fate 
becomes more predictable if cells’ physiological states are different at the onset of 
aggregation (Azhar et al. 2001; Leach et al. 1973; Nanjundiah and Sathe, 2011, 2013; 
Saran 1999). Among the Copromyxa amoebae and the Acrasids, all cells remain 
alive during aggregative development. An initial Copromyxa cell founds a fruiting 
body by sporulating, and subsequently arriving cells travel to the top of the rising 
fruiting body and sporulate in turn (Spiegel and Olive 1978).

Differing cell fates during development have been viewed as a social “division 
of labor” that harms some individuals and benefits others in order to serve a greater 
social good (Zhang et al. 2016). For social amoebae, it has been proposed that the 
extent of cell death in stalks may reflect an evolutionary tradeoff between the advan-
tages of greater dispersal, which is hypothesized to be a result of increased cell death 
leading to taller stalks, versus a higher fraction of cells surviving to the next life cycle 
(Kaushik and Nanjundiah 2003; Votaw and Ostrowski 2017). For the myxobacteria, 
in addition to hypotheses regarding fruiting body height and dispersal, it has been 
suggested that components released by dying cells may be integrated into the spore 
coats of sporulating cells (Teintze et al. 1985), although this has not been clearly dem-
onstrated. In all systems, there is still much to learn regarding the evolutionary forces 
that determine the extent of cell death during aggregative development.

6.3.3 Cells that reMain outside the aggregate

Once aggregation has begun, cells must cooperate for development to proceed. 
However, in both M. xanthus and D. discoideum, not all cells respond to develop-
mental signals by entering aggregates. Such non-aggregating cells are referred to as 
“peripheral rods” in M. xanthus (O’Connor and Zusman 1991), whereas in D. dis-
coideum they are called “loners” because individual cells remain isolated (Tarnita 
et al. 2015). D. discoideum loners avoid the prospect of dying in a stalk, and they 
may have an advantage if fresh nutrients become available while the rest of the popu-
lation is involved in development because they can re-start vegetative growth and 
then divide more rapidly than aggregated cells, which eventually face an irreversible 
commitment to development (Dubravcic et al. 2014; Tarnita et al. 2015). It has been 
proposed that peripheral rods (O’Connor & Zusman 1991; Kroos 2017) and loners 
(Tarnita et al. 2015, Rainey 2015) may represent bet-hedging strategies that optimize 
long-term fitness in fluctuating environments. Consistent with this hypothesis, the 
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frequency of D. discoideum loners in a population is a heritable trait and therefore 
potentially subject to selection (Dubravcic et al. 2014; Rossine et al. 2020). Evolution 
experiments which manipulate nutrient levels over time could be performed to test 
such bet-hedging hypotheses in both myxobacteria and social amoebae.

6.3.4 aggregate dispersal: the dispersal-beneFit hypothesis

It has long been assumed that fruiting bodies enhance dispersal of spores and that this 
was a driving force in the emergence of these structures (Bonner 1982, 2009; Kaiser 
1993; 2001; Stanier 1942). The dispersal-benefit hypothesis is attractive in light of the 
observation that aggregates can be induced by harsh environmental conditions (Tarnita 
et al. 2013). Spores in taller fruiting bodies may have a greater likelihood of being 
picked up by an animal vector (smith et al. 2014) or translocated by water or air. Does 
aggregative structure formation in fact increase average dispersal relative to the absence 
of development? And if average dispersal is increased, does it actually increase average 
cell fitness – by making it more likely for spores to experience a resource-rich environ-
ment – relative to sheltering in place? Studies that address either of these questions 
experimentally are few; most treatments of these questions involve speculation regard-
ing potential implications of fruiting body architecture and the evolutionary purpose of 
cell death during aggregative development. For example, it has been hypothesized that 
taller stalks better facilitate dispersal (Bonner 2009; Sathe et al. 2010), and smith et al. 
(2014) provide empirical evidence for this. It has also been proposed that utilizing dead 
cells to construct a stalk, as occurs in Dictyostelium, could be an adaptive innovation 
(Kaushik and Nanjundiah 2003) to produce taller, more robust stalks which might do 
more to facilitate dispersal than stalks built from living cells, as in the Acrasids (Brown 
et al. 2012) and Copromyxa (Spiegel and Olive 1978), or stalks built from secreted extra-
cellular components, as found in the Holozoa (Brown 2009).

One difficulty with the dispersal-benefit hypothesis is that it does not explain the 
morphological diversity of fruiting bodies seen across taxa. Beyond the core com-
monality of elongation away from a surface, fruiting bodies vary dramatically in 
size, shape, color, and complexity, not only across major taxa divisions (see Chapters 
5 and 8) but also within monophyletic groups. For example, some myxobacterial 
species generate highly elevated and elaborate morphologies whereas others merely 
aggregate into simple, slightly heightened cell mounds (Figure 6.1) (Dawid 2000). 
Such variation in fruiting body characteristics is hard to explain solely as a means to 
increase spore dispersal. Another difficulty is that mere aggregation into short, dense 
mounds may not suffice to provide dispersal-related benefits, and so the dispersal-
benefit hypothesis may not explain the evolution of aggregation prior to the emer-
gence of larger and more complex fruiting body morphologies.

6.3.5  non-adaptiVe Vs adaptiVe explanations 
oF Morphology and behaVior

Laboratory evolution experiments in myxobacteria have shown that fruiting body 
morphology can evolve rapidly (La Fortezza and Velicer 2021; Velicer et al. 1998). 
For example, one recent study has found that the morphological evolution of fruiting 
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bodies can be strongly influenced by social interactions between genotypes dur-
ing aggregative development (La Fortezza and Velicer 2021). However, different 
evolutionary forces may be responsible for the morphologies of aggregates in natural 
populations.

While fruiting body morphology may have been influenced by selection, his-
torical contingency and chance have likely also played a role in determining which 
lineages evolved taller and more complex fruiting bodies and which evolved into 
smaller, simpler forms (Blount et al. 2018; Gould and Lewontin 1979; Travisano 
et al. 1995). Analogizing to organismal features, Gould and Lewontin (Gould 
and Lewontin 1979) famously remarked that the spandrels in Venice’s San Marco 
Basilica can easily be viewed as having been designed to optimize display of the 
remarkable mosaics found on them, when in fact the spandrels are primary aspects 
of architectural design which support the cathedral domes. Their point was that 
non-adaptive explanations for origins of organismal features should not be excluded 
without sufficient cause.

The relevance of indirect evolution in aggregative systems is highlighted by 
outcomes from several evolution experiments with myxobacteria that have recently 
been dubbed MyxoEEs (Rendueles and Velicer 2020). Forces other than direct 
selection have been shown to drive evolution of a range of traits, including extreme 
cheating phenotypes (Velicer et al. 2000), social fitness inequalities between spe-
cific genotypes (referred to as cheating in Dictyostelium literature [e.g., Khare 
et al. 2009]), facultative social exploitation during development (Nair et al. 2018), 
kin-discrimation phenotypes (Rendueles et al. 2015), colony-level morphology 
(Rendueles et al. 2020), quality as phage host (Freund et al. 2021), and even sus-
ceptibility to cheating (Schaal et al. 2021). Disentangling which features of aggre-
gative systems evolved as adaptations and which did not remains a major challenge 
for future research.

6.4 LIFE AFTER AGGREGATION

There are striking contrasts among organisms in how cells behave when aggregates 
disband. In particular, the myxobacteria appear to differ from amoebae in the degree 
to which germinating spores and vegetative cells continue to interact and to coop-
erate. Whereas amoebae may live comparatively solitary lives except when they 
undergo aggregative development, the myxobacteria remain social throughout their 
life cycle. For such systems that cooperate extensively during growth, aggregation 
may have density benefits that extend beyond the formation, survival, and dispersal 
of spores (Ramsey and Dworkin 1968).

Both dictyostelids and myxobacteria initiate spore germination once environmen-
tal conditions near the aggregate become favorable, but while high density inhibits 
spore germination in D. discoideum (Ceccarini and Cohen 1967; Cotter and Raper 
1966; Kessin 2001), M. xanthus spores germinate better at higher density (Pande 
et al. 2020). Such positive density-dependence of spore germination may therefore 
have promoted the evolution and maintenance of fruiting body formation in the 
myxobacteria but appears unlikely to have done so in the dictyostelids.
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Freshly germinated cells face many potential challenges, including abiotic 
stressors such as acidity, difficulties in finding and consuming prey, and encoun-
tering biotic enemies. Germinating in high-density aggregates appears to help 
myxobacteria meet such challenges. M. xanthus is sensitive to even mild acidity 
but grows much better under acid stress at higher density (Fiegna et al. 2021). The 
rate at which groups of M. xanthus cells swarm across surfaces depends greatly 
on local cell density (Kaiser and Crosby 1983), which suggests that spores germi-
nating in aggregates may be better than single spores at moving toward prey and 
away from dangers. There is indirect evidence that myxobacteria may sometimes 
benefit from being at high density during predation (Rosenberg et al. 1977) and 
if this hypothesis is correct, spores germinating within fruiting bodies may have 
a predation advantage over non-aggregated spores. Additionally, like humans and 
other animals, bacteria frequently kill members of their own species (Granato et al. 
2019); in the myxobacteria, higher density groups are more likely to survive these 
interactions (Rendueles et al. 2015). In pairwise competitions between M. xanthus 
natural isolates, the genotype in the majority tends to have an advantage at killing 
or antagonizing the opponent. Spores will fare better in such combat by having 
germinated together rather than alone.

Dictyostelids are not known to generally engage in social motility, group hunt-
ing, lethal frequency-dependent warfare, or cooperative growth under stress when 
nutrients are available (but see Rubin et al. 2019). Germinated D. discoideum cells 
are less social than germinated myxobacteria – moving, hunting, and reproducing as 
individuals before becoming cooperative only upon starvation. Advantages of aggre-
gation in the dictyostelids may be limited to shelter and dispersal benefits, in contrast 
to the myxobacteria, whose cells appear to benefit from aggregate formation not only 
during development but also later during subsequent growth and collective migra-
tion. Such delayed indirect benefits of aggregation may have worked in concert with 
shelter and dispersal benefits in promoting its evolution in some systems.

6.5  GENETIC DIVERSITY WITHIN AGGREGATIVE SYSTEMS: 
THE CHALLENGE OF CHIMERISM

Because the types of aggregates examined here are not formed by a single dividing 
cell, they provide an opportunity for genetically distinct lineages to come together. 
While bacterial biofilms, for example, can contain many different genera (Nadell 
et al. 2009), even single-species aggregates often harbor genetic diversity (Buss 
1982; Flowers et al. 2010; Filosa 1962; Kraemer and Velicer 2011; Nanjundiah 2016; 
Sathe et al 2010; Wielgoss et al. 2019). The potential for genetically distinct cells to 
cooperate, coalesce, and compete within cell aggregates creates the possibility for 
selection to operate at multiple levels – that of the single cell and that of the aggregate 
as a whole. In this way, whether aggregated groups are monoclonal or chimeric can 
determine the benefits and costs of actively aggregating with others (see Chapter 7).

Chimeric aggregates may be more frequent in nature than monoclonal ones. 
High local genetic diversity found in soil samples of both Myxococcus (Kraemer 
and Velicer 2011; Vos and Velicer 2006) and Dictyostelium (Fortunato et al. 2003; 
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Ostrowski et al. 2015) indicates that genetically distinct strains can be close enough 
to each other that co-aggregation is at least a possibility. In M. xanthus, chimeric 
aggregates have indeed been isolated (Wielgoss et al. 2019). In this case, genotypes 
from the same fruiting bodies were very closely related, suggesting that they recently 
diverged from a common ancestor and remained in close enough proximity to co-
aggregate. The cellular slime mold A. rosea also forms chimeric fruiting bodies, 
although one strain tends to dominate, and the fruiting body shows features charac-
teristic of those formed by that strain in monoculture (Reinhardt 1975). In dictyoste-
lids, natural samples frequently yield distinct isolates capable of forming chimeric 
fruiting bodies (Buss 1982; Flowers et al. 2010; Filosa 1962; Nanjundiah 2016; Sathe 
et al 2010), although some D. discoideum fruiting bodies appear to be monoclo-
nal (Gilbert et al. 2007, 2009). Additionally, distinct genotypes of D. discoideum 
(Gilbert et al. 2007), D. giganteum (Kaushik et al. 2006), and D. mucoroides (Filosa 
1962) have been observed to readily co-aggregate in the lab. Future comparisons 
of whole-genome sequences among co-aggregated cells will provide a finer-scale 
understanding of the degree of chimerism in natural aggregative systems (Wielgoss 
et al. 2019).

Negative effects of chimerism often dominate discussions of this phenom-
enon. Co-aggregation of distinct genotypes can reduce aggregate fitness, a phe-
nomenon known as “chimeric load” (Kraemer and Velicer 2011). Chimeric load 
can be observed even when all genotypes are equally proficient at development 
in monoculture. For example, chimeric M. xanthus fruiting bodies contain fewer 
spores when the mixed strains originated from different natural fruiting bodies 
(Mendes-Soares et al. 2014; Pande and Velicer 2018). Similarly, chimeric D. discoi-
deum slugs migrate slower than clonal slugs of the same size (Foster et al. 2002). 
Such chimeric load might result from active antagonisms between genotypes or 
simply from dysfunctional divergence. A special form of chimeric load is “cheat-
ing load” (Fiegna and Velicer 2003; Travisano and Velicer 2004), in which the 
presence of aggregation-defective cheaters in groups of aggregation-proficient cells 
reduces group-level spore productivity. Such negative effects of chimerism might 
be expected to lead to the evolution of mechanisms that limit it, a prospect that has 
received much attention (e.g., Strassmann and Queller. 2011). However, intrinsic 
patterns of cell growth in spatially structured habitats may sometimes suffice to 
greatly restrict chimerism in aggregating groups (smith et al. 2016) even in the 
absence of kin-discriminatory traits.

In some cases, chimerism may increase the benefits of aggregation (Foster 
et al. 2002; Pande and Velicer 2018; Pineda-Krch and Lehtilä 2004). Strains with 
different phenotypes may be able to complement each other and increase overall 
group productivity (Bonner 1967). In Myxococcus, for example, natural isolates 
sampled from the same fruiting body produced fewer spores in monoclonal groups 
than when they underwent development together, suggesting synergistic interac-
tions among these genotypes (Pande and Velicer 2018). In another example, in 
pairwise mixes of three strains of D. giganteum, there was a significant tendency 
for one strain to be favored over the other in spore formation. However, when 
all three strains were mixed together, such asymmetry was significantly reduced, 
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suggesting that there are higher-order interactions stabilizing the coexistence of 
different genotypes (Kaushik et al. 2006). As with other aspects of aggregate 
formation, the effect of chimerism is influenced by ecological conditions and by 
divergence across taxa.

6.6 CONCLUSION

Modern evolutionary theory originated mainly from studies of plants and animals 
that develop from a single cell. But in many taxa, there are single-celled organisms 
that have a very different life cycle: living at lower density under good conditions and 
then actively aggregating and forming a multicellular structure when conditions are 
bad (Figure 6.2). The formation of these structures raises fascinating evolutionary 
questions. Why do cells aggregate even though this provides an opportunity for 
genetically different cells to take advantage? How have these complex processes 
emerged and changed over time? What is the relative strength of selection at different 
levels of these systems?

By organizing themselves into multicellular aggregates, these organisms chal-
lenge our idea of biological individuality (Ereshefsky and Pedroso 2012; Godfrey-
Smith 2009; Lidgard and Nyhart 2017; Monte and Rainey 2014; West et al. 2015). In 
general, obligately multicellular organisms reproduce via a single-cell bottleneck, so 
the group as a whole is the unit of selection (Lewontin 1970). For aggregating organ-
isms, however, the unit of selection is context-dependent. Developmental aggregates 
can be seen as a survival bottleneck, but they are composed of cells that retain repro-
ductive autonomy for the majority of the organismal life cycle.

Group-level selection may explain the emergence of some aspects of aggrega-
tive multicellular processes. However, the adaptive character, if any, of many traits 
specific to multicellular aggregates has not been clearly demonstrated. Even the 
most basic adaptive roles of the fruiting body structure itself require further inves-
tigation, and counterpoints to the dispersal-benefit hypothesis should be explored 
more extensively. The evolutionary causes of variation in fruiting body morpholo-
gies are even less well explained, although study of more recently evolved aggre-
gative organisms such as Sorogena stoianovitchae (Lasek-Nesselquist and Katz 
2001) may provide fresh insights distinct from those gained by study of more 
ancient systems.

Studying aggregating organisms is difficult because they can be challenging to 
isolate and to observe under natural conditions. To date, for example, the cellular 
slime mold Fonticula alba seems to have only been isolated once (Brown et al. 
2009). Guttulinopsis vulgaris (Brown et al. 2012b) and Sorodiplophrys stercorea 
(Tice 2016) are the only members of their supergroups (Rhizaria and Stramenopiles, 
respectively) known to show aggregative multicellularity. As a result, most studies of 
aggregative multicellularity have been conducted on dictyostelids and myxobacteria, 
and on very few species from those two groups. Development of new isolation meth-
ods may reveal a broader diversity of aggregative microbial systems in nature and 
so provide a more thorough understanding of the evolutionary forces that can shape 
aggregative multicellularity.



102 The Evolution of Multicellularity

REFERENCES

Aceto, N., Aditya Bardia, David T. Miyamoto, Maria C. Donaldson, Ben S. Wittner, Joel A. 
Spencer, Min Yu, et al. 2014. “Circulating tumor cell clusters are oligoclonal precursors 
of breast cancer metastasis.” Cell 158: 1110–22. https://doi.org/10.1016/j.cell.2014.07.013.

Arias Del Angel, Juan A., Vidyanand Nanjundiah, Mariana Benítez, and Stuart A. Newman. 
2020. “Interplay of mesoscale physics and agent-like behaviors in the parallel evo-
lution of aggregative multicellularity.” EvoDevo 11: 21. https://doi.org/10.1186/
s13227-020-00165-8

Azhar, M, P. K. Kennady, G. Pande, M. Espiritu, W. Holloman, D. Brazill, R. H. Gomer, and V. 
Nanjundiah. 2001. “Cell cycle phase, cellular Ca2+ and development in Dictyostelium 
discoideum.” The International Journal of Developmental Biology 45: 405–14. PMID: 
11330860.

Berleman, James E., and John R. Kirby. 2007. “Multicellular development in Myxococcus 
xanthus is stimulated by predator-prey interactions.” Journal of Bacteriology 189: 
5675–82. https://doi.org/10.1128/jb.00544-07.

Blount, Z. D., R. E. Lenski, and J. B. Losos. 2018. “Contingency and determinism in evo-
lution: Replaying life’s tape.” Science 362: eaam5979. https://doi.org/10.1126/science.
aam5979.

Bonner, J. T. 1967. The cellular slime molds. (2nd. ed). Princeton, KJ: Princeton University Press.
Bonner, J. T. 1982. “Evolutionary strategies and developmental constraints in the cellular 

slime molds.” The American Naturalist 119, 530–52.
Bonner, J. T. 2003. “Evolution of development in the cellular slime molds.” Evolution & 

Development 5: 305–13. https://doi.org/10.1046/j.1525-142x.2003.03037.x.
Bonner, J. T. 2009. The social amoebae: The biology of cellular slime molds. Princeton; 

Oxford: Princeton University Press. https://doi.org/10.1515/9781400833283.129
Branda, S. S., J. E. Gonzalez-Pastor, S. Ben-Yehuda, R. Losick, and R. Kolter. 2001. “Fruiting 

body formation by Bacillus subtilis.” Proceedings of the National Academy of Sciences 
U.S.A. 98: 11621–26. https://doi.org/10.1073/pnas.191384198.

Brown, Matthew W., F. W., Spiegel, and Jeffrey D. Silberman. 2009. “Phylogeny of the “for-
gotten” cellular slime mold, Fonticula alba, reveals a key evolutionary branch within 
opisthokonta.” Molecular Biology & Evolution 26: 2699–2709. https://doi.org/10.1093/
molbev/msp185

Brown, Matthew W., Jeffrey D. Silberman, and F. W., Spiegel. 2012. “A contemporary evalu-
ation of the acrasids (Acrasidae, Heterolobosea, Excavata).” European Journal of 
Protistology 48: 103–123. https://doi.org/10.1016/j.ejop.2011.10.001

Brown, Matthew W., Martin Kolisko, Jeffrey D. Silberman, and Andrew J. Roger. 2012b. 
“Aggregative multicellularity evolved independently in the eukaryotic supergroup 
Rhizaria.” Current Biology 22: 1123–27. https://doi.org/10.1016/j.cub.2012.04.021.

Brown, Matthew W., and Jeffrey D. Silberman. 2013. “The non-dictyostelid sorocarpic 
amoebae.” in Dictyostelids, Evolution, Genomics and Cell Biology. 219–42. https://
doi.org/10.1007/978-3-642-38487-5_12.

Buss, L. W. 1982. “Somatic cell parasitism and the evolution of somatic tissue compatibil-
ity.” Proceedings of the National Academy of Sciences U.S.A. 79: 5337–41. https://doi.
org/10.1073/pnas.79.17.5337.

Ceccarini, Costante, and Arthur Cohen. 1967. “Germination inhibitor from the cel-
lular slime mould Dictyostelium discoideum.” Nature 214: 1345–46. https://doi.
org/10.1038/2141345a0.

Claessen, Dennis, Daniel E. Rozen, Oscar P. Kuipers, Lotte Søgaard-Andersen, and Gilles P. 
Van Wezel. 2014. “Bacterial solutions to multicellularity: A tale of biofilms, filaments 
and fruiting bodies.” Nature Reviews Microbiology 12: 115–24. https://doi.org/10.1038/
nrmicro3178.

https://doi.org/10.1016/j.cell.2014.07.013
https://doi.org/10.1186/s13227-020-00165-8
https://doi.org/10.1186/s13227-020-00165-8
https://doi.org/10.1128/jb.00544-07
https://doi.org/10.1126/science.aam5979
https://doi.org/10.1126/science.aam5979
https://doi.org/10.1046/j.1525-142x.2003.03037.x
https://doi.org/10.1515/9781400833283.129
https://doi.org/10.1073/pnas.191384198
https://doi.org/10.1093/molbev/msp185
https://doi.org/10.1093/molbev/msp185
https://doi.org/10.1016/j.ejop.2011.10.001
https://doi.org/10.1016/j.cub.2012.04.021
https://doi.org/10.1007/978-3-642-38487-5_12
https://doi.org/10.1007/978-3-642-38487-5_12
https://doi.org/10.1073/pnas.79.17.5337
https://doi.org/10.1073/pnas.79.17.5337
https://doi.org/10.1038/2141345a0
https://doi.org/10.1038/2141345a0
https://doi.org/10.1038/nrmicro3178
https://doi.org/10.1038/nrmicro3178


103Group Formation

Cotter, D. A., and K. B. Raper. 1966. “Spore germination in Dictyostelium discoideum.” 
Proceedings of the National Academy of Sciences U.S.A. 56: 880–87. https://doi.
org/10.1073/pnas.56.3.880.

Dawid, W. 2000. “Biology and global distribution of myxobacteria in soils.” FEMS 
Microbiology Reviews 24: 403–27. https://doi.org/10.1111/j.1574-6976.2000.tb00548.x.

Du, Qingyou, Yoshinori Kawabe, Christina Schilde, Zhi-hui Chen, and Pauline Schaap. 
2015. “The evolution of aggregative multicellularity and cell–cell communication in 
the Dictyostelia.” Journal of Molecular Biology 427: 3722–33. https://doi.org/10.1016/j.
jmb.2015.08.008.

Dubravcic, Darja, Minus Van Baalen, and Clément Nizak. 2014. “An evolutionarily signifi-
cant unicellular strategy in response to starvation in Dictyostelium social amoebae.” 
F1000Research 3: 133. https://doi.org/10.12688/f1000research.4218.2.

Dykstra, Michael J., and Lindsay S. Olive. 1975. “Sorodiplophrys: An unusual sorocarp-
producing protist.” Mycologia 67: 873. https://doi.org/10.2307/3758346.

Ellison, Aaron M., and Leo W. Buss. 1983. “A naturally occurring developmental syn-
ergism between the cellular slime mold, Dictyostelium mucoroides and the fun-
gus, Mucor hiemalis.” American Journal of Botany 70: 298–302. https://doi.
org/10.1002/j.1537-2197.1983.tb07870.x.

Ereshefsky, Marc, and Makmiller Pedroso. 2012. “Biological individuality: The case of bio-
films.” Biology & Philosophy 28: 331–49. https://doi.org/10.1007/s10539-012-9340-4.

Fiegna, Francesca, and Gregory J. Velicer. 2003. “Competitive fates of bacterial social parasites: 
Persistence and self-induced extinction of Myxococcus xanthus cheaters.” Proceedings of the 
Royal Society B: Biological Sciences 270: 1527–34. https://doi.org/10.1098/rspb.2003.2387.

Fiegna, Francesca, and Gregory J. Velicer. 2005. “Exploitative and hierarchical antagonism in a 
cooperative bacterium.” PLoS Biology 3: e370. https://doi.org/10.1371/journal.pbio.0030370.

Fiegna, Francesca, Samay Pande, Hansrainer Peitz, and Gregory J. Velicer. 2021. “Widespread 
density dependence of bacterial growth under acid stress.” bioRxiv. 2021.09.27.461844. 
https://doi.org/10.1101/2021.09.27.461844.

Filosa, M. F. 1962. “Heterocytosis in cellular slime molds.” The American Naturalist 96: 
79–91. https://doi.org/10.1086/282209.

Flärdh, Klas, David M. Richards, Antje M. Hempel, Martin Howard, and Mark J Buttner. 
2012. “Regulation of apical growth and hyphal branching in Streptomyces.” Current 
Opinion in Microbiology 15: 737–43. https://doi.org/10.1016/j.mib.2012.10.012.

Flores, Enrique, and Antonia Herrero. 2010. “Compartmentalized function through cell dif-
ferentiation in filamentous Cyanobacteria.” Nature Reviews Microbiology 8: 39–50. 
https://doi.org/10.1038/nrmicro2242.

Flowers, Jonathan M., Si I. Li, Angela Stathos, Gerda Saxer, Elizabeth A. Ostrowski, David 
C. Queller, Joan E. Strassmann, and Michael D. Purugganan. 2010. “Variation, sex, and 
social cooperation: Molecular population genetics of the social amoeba Dictyostelium 
discoideum.” PLoS Genetics 6: e1001013. https://doi.org/10.1371/journal.pgen.1001013.

Fortunato, A., J. E. Strassmann, L. Santorelli, and D. C. Queller. 2003. “Co-occurrence in 
nature of different clones of the social amoeba, Dictyostelium discoideum.” Molecular 
Ecology 12: 1031–38. https://doi.org/10.1046/j.1365-294x.2003.01792.x.

Foster, Kevin R., Angelo Fortunato, Joan E. Strassmann, and David C. Queller. 2002. “The 
costs and benefits of being a chimera.” Proceedings of the Royal Society B: Biological 
Sciences 269: 2357–62. https://doi.org/10.1098/rspb.2002.2163.

Frank, Margaret H., and Daniel H. Chitwood. 2016. “Plant chimeras: The good, the bad, 
and the ‘Bizzaria.’” Developmental Biology 419: 41–53. https://doi.org/10.1016/j.
ydbio.2016.07.003.

Freund L, Vasse M, Velicer GJ. 2021. Hidden paths to endless forms most wonderful: parasite-
blind diversification of host quality. Proceedings of the Royal Society B: Biological 
Sciences 20210456. https://doi.org/10.1098/rspb.2021.0456.

https://doi.org/10.1073/pnas.56.3.880
https://doi.org/10.1073/pnas.56.3.880
https://doi.org/10.1111/j.1574-6976.2000.tb00548.x
https://doi.org/10.1016/j.jmb.2015.08.008
https://doi.org/10.1016/j.jmb.2015.08.008
https://doi.org/10.12688/f1000research.4218.2
https://doi.org/10.2307/3758346
https://doi.org/10.1002/j.1537-2197.1983.tb07870.x
https://doi.org/10.1002/j.1537-2197.1983.tb07870.x
https://doi.org/10.1007/s10539-012-9340-4
https://doi.org/10.1098/rspb.2003.2387
https://doi.org/10.1371/journal.pbio.0030370
https://doi.org/10.1101/2021.09.27.461844
https://doi.org/10.1086/282209
https://doi.org/10.1016/j.mib.2012.10.012
https://doi.org/10.1038/nrmicro2242
https://doi.org/10.1371/journal.pgen.1001013
https://doi.org/10.1046/j.1365-294x.2003.01792.x
https://doi.org/10.1098/rspb.2002.2163
https://doi.org/10.1016/j.ydbio.2016.07.003
https://doi.org/10.1016/j.ydbio.2016.07.003
https://doi.org/10.1098/rspb.2021.0456


104 The Evolution of Multicellularity

Gilbert, Owen M., Kevin R. Foster, Natasha J. Mehdiabadi, Joan E. Strassmann, and David 
C. Queller. 2007. “High relatedness maintains multicellular cooperation in a social 
amoeba by controlling cheater mutants.” Proceedings of the National Academy of 
Sciences U.S.A. 104: 8913–17. https://doi.org/10.1073/pnas.0702723104.

Gilbert, Owen M., David C. Queller, and Joan E. Strassmann. 2009. “Discovery of a large 
clonal patch of a social amoeba: Implications for social evolution.” Molecular Ecology 
18: 1273–81. https://doi.org/10.1111/j.1365-294x.2009.04108.x.

Glass, N. Louise, Carolyn Rasmussen, M. Gabriela Roca, and Nick D. Read. 2004. “Hyphal 
homing, fusion and mycelial interconnectedness.” Trends in Microbiology 12: 135–41. 
https://doi.org/10.1016/j.tim.2004.01.007.

Godfrey-Smith, Peter. 2009. Darwinian populations and natural selection. Oxford: Oxford 
University Press.

Gould, S. J., and R. C. Lewontin. 1979. “The spandrels of San Marco and the Panglossian par-
adigm: A critique of the adaptationist programme.” Proceedings of the Royal Society 
B: Biological Sciences 205: 581–98. https://doi.org/10.1098/rspb.1979.0086.

Granato, Elisa T., Thomas A. Meiller-Legrand, and Kevin R. Foster. 2019. “The evolution and 
ecology of bacterial warfare.” Current Biology 29: R521–37. https://doi.org/10.1016/j.
cub.2019.04.024.

Grilione, P. L., and J. Pangborn. 1975. “Scanning electron microscopy of fruiting body forma-
tion by myxobacteria.” Journal of Bacteriology 124: 1558–65. https://doi.org/10.1128/
jb.124.3.1558-1565.1975.

Grosberg, R. K., and R. R. Strathmann. 2007. “The evolution of multicellularity: A minor 
major transition?” Annual Review of Ecology, Evolution & Systematics 38, 621–654. 
https://doi.org/10.1146/annurev.ecolsys.36.102403.114735.

Herron, Matthew D., Joshua M. Borin, Jacob C. Boswell, Jillian Walker, I-Chen Kimberly 
Chen, Charles A. Knox, Margrethe Boyd, Frank Rosenzweig, and William C. Ratcliff. 
2019. “De novo origins of multicellularity in response to predation.” Scientific Reports 
9: 2328. https://doi.org/10.1038/s41598-019-39558-8.

Houry, A., R. Briandet, S. Aymerich, and M. Gohar. 2010. “Involvement of motility and fla-
gella in Bacillus cereus biofilm formation.” Microbiology 156, 1009–1018.

Kaiser, Dale, and Cathy Crosby. 1983. “Cell movement and its coordination in swarms of 
Myxococcus xanthus.” Cell Motility 3: 227–45. https://doi.org/10.1002/cm.970030304.

Kaiser, D. 1993. “Roland Thaxter’s legacy and the origins of multicellular development.” 
Genetics 135: 249–54. https://doi.org/10.1093/genetics/135.2.249.

Kaiser, Dale. 2001. “Building a multicellular organism.” Genetics 35: 103–23. https://doi.
org/10.1146/annurev.genet.35.102401.090145.

Kaplan, Heidi B., and Lynda Plamann. 1996. “A Myxococcus xanthus cell density-sensing 
system required for multicellular development.” FEMS Microbiology Letters 139: 
89–95. https://doi.org/10.1111/j.1574-6968.1996.tb08185.x.

Kaushik, Sonia, and Vidyanand Nanjundiah. 2003. “Evolutionary questions raised by cellular 
slime mould development.” Proceedings of the Indian National Sciences Academy B 69: 
825–852.

Kaushik, Sonia, Bandhana Katoch, and Vidyanand Nanjundiah. 2006. “Social behaviour in 
genetically heterogeneous groups of Dictyostelium giganteum.” Behavioral Ecology 
and Sociobiology 59: 521–30. https://doi.org/10.1007/s00265-005-0077-9.

Kawabe, Yoshinori, Qingyou Du, Christina Schilde, and Pauline Schaap. 2019. “Evolution of 
multicellularity in Dictyostelia.” International Journal of Developmental Biology 63: 
359–69. https://doi.org/10.1387/ijdb.190108ps.

Kawaguchi, Yuko, Mio Shibuya, Iori Kinoshita, Jun Yatabe, Issay Narumi, Hiromi Shibata, 
Risako Hayashi, et al. 2020. “DNA damage and survival time course of Deinococcal 
cell pellets during 3 years of exposure to outer space.” Frontiers in Microbiology 11: 
2050. https://doi.org/10.3389/fmicb.2020.02050.

https://doi.org/10.1073/pnas.0702723104
https://doi.org/10.1111/j.1365-294x.2009.04108.x
https://doi.org/10.1016/j.tim.2004.01.007
https://doi.org/10.1098/rspb.1979.0086
https://doi.org/10.1016/j.cub.2019.04.024
https://doi.org/10.1016/j.cub.2019.04.024
https://doi.org/10.1128/jb.124.3.1558-1565.1975
https://doi.org/10.1128/jb.124.3.1558-1565.1975
https://doi.org/10.1146/annurev.ecolsys.36.102403.114735
https://doi.org/10.1038/s41598-019-39558-8
https://doi.org/10.1002/cm.970030304
https://doi.org/10.1093/genetics/135.2.249
https://doi.org/10.1146/annurev.genet.35.102401.090145
https://doi.org/10.1146/annurev.genet.35.102401.090145
https://doi.org/10.1111/j.1574-6968.1996.tb08185.x
https://doi.org/10.1007/s00265-005-0077-9
https://doi.org/10.1387/ijdb.190108ps
https://doi.org/10.3389/fmicb.2020.02050


105Group Formation

Kessin, R. H., G. G. Gundersen, V. Zaydfudim, and M. Grimson. 1996. “How cellular slime 
molds evade nematodes.” Proceedings of the National Academy of Sciences U.S.A. 93: 
4857–61. https://doi.org/10.1073/pnas.93.10.4857.

Kessin, R. 2001. Dictyostelium: Evolution, Cell Biology, and the Development of Multicellularity. 
Cambridge: Cambridge University Press. doi:10.1017/CBO9780511525315

Khare, Anupama, Lorenzo A. Santorelli, Joan E. Strassmann, David C. Queller, Adam 
Kuspa, and Gad Shaulsky. 2009. “Cheater-resistance is not futile.” Nature 461: 980–82. 
https://doi.org/10.1038/nature08472.

Kirby, Amy E., Kimberly Garner, and Bruce R. Levin. 2012. “The relative contributions of 
physical structure and cell density to the antibiotic susceptibility of bacteria in bio-
films.” Antimicrobial Agents and Chemotherapy 56: 2967–75. https://doi.org/10.1128/
aac.06480-11.

Kraemer, Susanne A., Melissa A. Toups, and Gregory J. Velicer. 2010. “Natural variation 
in developmental life-history traits of the bacterium Myxococcus xanthus.” FEMS 
Microbiology Ecology, 73: 226–233, https://doi.org/10.1111/j.1574-6941.2010.00888.x

Kraemer, Susanne A., and Gregory J. Velicer. 2011. “Endemic social diversity within natu-
ral kin groups of a cooperative bacterium.” Proceedings of the National Academy 
of Sciences of the U.S.A. 108 (Supplement 2): 10823–30. https://doi.org/10.1073/
pnas.1100307108.

Krause, Jens, and Graeme D. Ruxton. 2002. Living in groups. Oxford: Oxford University Press.
Kroos, Lee. 2017. “Highly signal-responsive gene regulatory network governing Myxococcus 

development.” Trends in Genetics 33: 3–15. https://doi.org/10.1016/j.tig.2016.10.006.
La Fortezza, M. and G. J. Velicer. 2021. “Social selection within aggregative multicellular 

development drives morphological evolution.” Proc Royal Soc B 288, 20211522 https://
doi.org/10.1098/rspb.2021.1522

Lasek-Nesselquist, E., and L. A. Katz. 2001. “Phylogenetic position of Sorogena stoiano-
vitchae and relationships within the class Colpodea (Ciliophora) based on SSU rDNA 
sequences.” Journal Eukaryotic Microbiology 48: 604–607.

Leach, C. K., J. M. Ashworth, and D. R. Garrod. 1973. “Cell sorting out during the differen-
tiation of mixtures of metabolically distinct populations of Dictyostelium discoideum.” 
Journal of Embryology and Experimental Morphology 29: 647–61.

Lee B., Holkenbrink C., Treuner-Lange A., Higgs P. I. 2012. Myxococcus xanthus developmental 
cell fate: heterogeneous accumulation of developmental regulatory proteins and reexamina-
tion of the role of MazF in developmental lysis. Journal of Bacteriology 194: 3058–3068.

Lewontin, R. C. 1970. “The Units of Selection.” Annual Review of Ecology and Systematics 
1: 1–18. https://doi.org/10.1146/annurev.es.01.110170.000245.

Li, Yinuo, Hong Sun, Xiaoyuan Ma, Ann Lu, Renate Lux, David Zusman, and Wenyuan Shi. 
2003. “Extracellular polysaccharides mediate pilus retraction during social motility of 
Myxococcus xanthus.” Proceedings of the National Academy of Sciences U.S.A. 100: 
5443–48. https://doi.org/10.1073/pnas.0836639100.

Lidgard, Scott, and Lynn K. Nyhart. 2019. “Biological individuality: Integrating scientific, phil-
osophical, and historical perspectives.” https://doi.org/10.7208/9780226446592-002.

Manhes, Pauline, and Gregory J. Velicer. 2011. “Experimental evolution of selfish policing in 
social bacteria.” Proceedings of the National Academy of Sciences U.S.A. 108: 8357–
62. https://doi.org/10.1073/pnas.1014695108.

Medina, James M., P.M. Shreenidhi, Tyler J. Larsen, David C. Queller, and Joan E. 
Strassmann. 2019. “Cooperation and conflict in the social amoeba Dictyostelium dis-
coideum.” International Journal of Developmental Biology 63: 371–82. https://doi.
org/10.1387/ijdb.190158jm.

Meena, N. P. and Kimmel, A. R. 2017. “Chemotactic network responses to live bacteria show 
independence of phagocytosis from chemoreceptor sensing.” eLife 6, e24627. https://
doi.org/10.7554/elife.24627.

https://doi.org/10.1073/pnas.93.10.4857
https://doi.org/10.1017/CBO9780511525315
https://doi.org/10.1038/nature08472
https://doi.org/10.1128/aac.06480-11
https://doi.org/10.1128/aac.06480-11
https://doi.org/10.1111/j.1574-6941.2010.00888.x
https://doi.org/10.1073/pnas.1100307108
https://doi.org/10.1073/pnas.1100307108
https://doi.org/10.1016/j.tig.2016.10.006
https://doi.org/10.1098/rspb.2021.1522
https://doi.org/10.1098/rspb.2021.1522
https://doi.org/10.1146/annurev.es.01.110170.000245
https://doi.org/10.1073/pnas.0836639100
https://doi.org/10.7208/9780226446592-002
https://doi.org/10.1073/pnas.1014695108
https://doi.org/10.1387/ijdb.190158jm
https://doi.org/10.1387/ijdb.190158jm
https://doi.org/10.7554/elife.24627
https://doi.org/10.7554/elife.24627


106 The Evolution of Multicellularity

Mendes-Soares, H., I. C. K. Chen, K. Fitzpatrick, and G. J. Velicer. 2014. “Chimaeric load 
among sympatric social bacteria increases with genotype richness.” Proceedings of the 
Royal Society B: Biological Sciences 281: 20140285–20140285. https://doi.org/10.1098/
rspb.2014.0285.

Monte, Silvia De, and Paul B Rainey. 2014. “Nascent multicellular life and the emer-
gence of individuality.” Journal of Biosciences 39: 237–48. https://doi.org/10.1007/
s12038-014-9420-5.

Muñoz-Dorado, José, Francisco J. Marcos-Torres, Elena García-Bravo, Aurelio Moraleda-
Muñoz, and Juana Pérez. 2016. “Myxobacteria: Moving, killing, feeding, and sur-
viving together.” Frontiers in Microbiology 7: 2475–18. https://doi.org/10.3389/
fmicb.2016.00781.

Nadell, Carey D., Joao B. Xavier, and Kevin R. Foster. 2009. “The sociobiology of 
biofilms.” FEMS Microbiology Reviews 33: 206–24. https://doi.org/10.1111/ 
j.1574-6976.2008.00150.x.

Nair, Ramith R., Francesca Fiegna, and Gregory J. Velicer. 2018. “Indirect evolution 
of social fitness inequalities and facultative social exploitation.” Proceedings of 
the Royal Society B: Biological Sciences 285: 20180054. https://doi.org/10.1098/
rspb.2018.0054.

Nanjundiah, Vidyanand, and Santosh Sathe. 2011. “Social selection and the evolution of 
cooperative groups: The example of the cellular slime moulds.” Integrative Biology 3: 
329–42. https://doi.org/10.1039/c0ib00115e.

Nanjundiah, Vidyanand, and Santosh Sathe. 2013. “Dictyostelids: Evolution, Genomics and 
Cell Biology,” Berlin, Heidelberg: Springer Berlin Heidelberg 193–217. https://doi.
org/10.1007/978-3-642-38487-5_11.

Nanjundiah, Vidyanand. 2016. “Cellular slime molds and aggregative multicellularity.” in: 
Multicellularity: Origins and evolution. Cambridge, MA: The MIT Press.

O’Connor, K. A., and D. R. Zusman. 1988. “Reexamination of the role of autolysis in the 
development of Myxococcus xanthus.” Journal of Bacteriology 170: 4103–12. https://
doi.org/10.1128/jb.170.9.4103-4112.1988.

O’Connor, K. A., and D. R. Zusman. 1991. “Development in Myxococcus xanthus involves 
differentiation into two cell types, peripheral rods and spores.” Journal of Bacteriology 
173: 3318–33. https://doi.org/10.1128/jb.173.11.3318-3333.1991.

O’Shea, K. S. 1987. “Differential deposition of basement membrane components during 
formation of the caudal neural tube in the mouse embryo.” Development 99: 509–19.

Olive, L. S., R. L. Blanton. 1980. “Aerial sorocarp development by the aggregative ciliate, 
Sorogena stoianovitchae.”Journal of Protozoology 27: 293–9. https://doi.org/10.1111/ 
j.1550-7408.1980.tb04260.x

Oliveira, Nuno M.,, Esteban Martinez-Garcia, Joao Xavier, William M Durham, Roberto 
Kolter, Wook Kim, and Kevin R. Foster. 2015. “Biofilm formation as a response to 
ecological competition.” PLoS Biology 13: e1002191. https://doi.org/10.1371/journal.
pbio.1002191.

Ostrowski, Elizabeth A., Yufeng Shen, Xiangjun Tian, Richard Sucgang, Huaiyang Jiang, 
Jiaxin Qu, Mariko Katoh-Kurasawa, et al. 2015. “Genomic signatures of coop-
eration and conflict in the social amoeba.” Current Biology 25: 1661–65. https://doi.
org/10.1016/j.cub.2015.04.059.

Padua, André, Pedro Leocorny, Márcio Reis Custódio, and Michelle Klautau. 2016. 
“Fragmentation, fusion, and genetic homogeneity in a calcareous sponge (Porifera, 
Calcarea).” Journal of Experimental Zoology Part A: Ecological Genetics and 
Physiology 325: 294–303. https://doi.org/10.1002/jez.2017.

Pan, Pauline, E. M. Hall, and J. T. Bonner. 1972. “Folic acid as second chemotactic substance 
in the cellular slime moulds.” Nature New Biology 237: 181–82. https://doi.org/10.1038/
newbio237181a0.

https://doi.org/10.1098/rspb.2014.0285
https://doi.org/10.1098/rspb.2014.0285
https://doi.org/10.1007/s12038-014-9420-5
https://doi.org/10.1007/s12038-014-9420-5
https://doi.org/10.3389/fmicb.2016.00781
https://doi.org/10.3389/fmicb.2016.00781
https://doi.org/10.1111/j.1574-6976.2008.00150.x
https://doi.org/10.1111/j.1574-6976.2008.00150.x
https://doi.org/10.1098/rspb.2018.0054
https://doi.org/10.1098/rspb.2018.0054
https://doi.org/10.1039/c0ib00115e
https://doi.org/10.1007/978-3-642-38487-5_11
https://doi.org/10.1007/978-3-642-38487-5_11
https://doi.org/10.1128/jb.170.9.4103-4112.1988
https://doi.org/10.1128/jb.170.9.4103-4112.1988
https://doi.org/10.1128/jb.173.11.3318-3333.1991
https://doi.org/10.1111/j.1550-7408.1980.tb04260.x
https://doi.org/10.1111/j.1550-7408.1980.tb04260.x
https://doi.org/10.1371/journal.pbio.1002191
https://doi.org/10.1371/journal.pbio.1002191
https://doi.org/10.1016/j.cub.2015.04.059
https://doi.org/10.1016/j.cub.2015.04.059
https://doi.org/10.1002/jez.2017
https://doi.org/10.1038/newbio237181a0
https://doi.org/10.1038/newbio237181a0


107Group Formation

Pande, Samay, and Gregory J. Velicer. 2018. “Chimeric synergy in natural social groups 
of a cooperative microbe.” Current Biology 28: 262-267.e3. https://doi.org/10.1016/j.
cub.2017.11.043.

Pande, Samay, Pau Pérez Escriva, Yuen-Tsu Nicco Yu, Uwe Sauer, and Gregory J. Velicer. 
2020. “Cooperation and cheating among germinating spores.” Current Biology 30: 
4745-4752.e4. https://doi.org/10.1016/j.cub.2020.08.091.

Pentz, Jennifer T., Pedro Márquez-Zacarías, G. Ozan Bozdag, Anthony Burnetti, Peter J. 
Yunker, Eric Libby, and William C. Ratcliff. 2020. “Ecological advantages and evolu-
tionary limitations of aggregative multicellular development.” Current Biology. https://
doi.org/10.1016/j.cub.2020.08.006.

Pineda-Krch, M., and K. Lehtilä. 2004. “Costs and benefits of genetic heterogene-
ity within organisms.” Journal of Evolutionary Biology 17: 1167–77. https://doi.
org/10.1111/j.1420-9101.2004.00808.x.

Qualls, G. T., K. Stephens, and D. White. 1978. “Light-stimulated morphogenesis in the 
fruiting myxobacterium Stigmatella aurantiaca.” Science 201: 444–45. https://doi.
org/10.1126/science.96528.

Rainey, Paul B. 2015. “Precarious development: The uncertain social life of cellular slime 
molds.” Proceedings of the National Academy of Sciences U.S.A. 112: 2639–40. 
https://doi.org/10.1073/pnas.1500708112.

Ramsey, W. Scott, and Martin Dworkin. 1968. “Microcyst germination in Myxococcus xanthus.” 
Journal of Bacteriology 95: 2249–57. https://doi.org/10.1128/jb.95.6.2249-2257.1968.

Reinhardt, D. J. 1968. “The effects of light on the development of the cellular slime mold Acrasis 
rosea.” American Journal of Botany 55: 77–86. https://doi.org/10.1002/j.1537-2197.1968.
tb06948.x

Reinhardt, D. J. 1975. Natural variants of the cellular slime mold Acrasis rosea. The Journal 
of Protozoology 22: 309–317. https://doi.org/10.1111/j.1550-7408.1975.tb05176.x

Rendueles, Olaya, Michaela Amherd, and Gregory J. Velicer. 2015. “Positively frequency-
dependent interference competition maintains diversity and pervades a natural popula-
tion of cooperative microbes.” Current Biology 25: 1673–81. https://doi.org/10.1016/j.
cub.2015.04.057.

Rendueles, Olaya, Peter C Zee, Iris Dinkelacker, Michaela Amherd, Sébastien Wielgoss, and 
Gregory J Velicer. 2015. “Rapid and widespread de novo evolution of kin discrimina-
tion.” Proceedings of the National Academy of Sciences U.S.A. 112: 9076–81. https://
doi.org/10.1073/pnas.1502251112.

Rendueles, Olaya, and Gregory J. Velicer. 2020. “Hidden paths to endless forms most won-
derful: Complexity of bacterial motility shapes diversification of latent phenotypes.” 
BMC Evolutionary Biology 20: 145. https://doi.org/10.1186/s12862-020-01707-3.

Rosenberg, E., K. H. Keller, and M Dworkin. 1977. “Cell density-dependent growth of 
Myxococcus xanthus on casein.” Journal of Bacteriology 129: 770–77. https://doi.
org/10.1128/jb.129.2.770-777.1977.

Rossine, Fernando W., Ricardo Martinez-Garcia, Allyson E. Sgro, Thomas Gregor, and 
Corina E. Tarnita. 2020. “Eco-Evolutionary significance of ‘Loners.’” PLoS Biology 
18: e3000642. https://doi.org/10.1371/journal.pbio.3000642.

Rubin M, Miller A. D, Katoh-Kurasawa M, Dinh C, Kuspa A, Shaulsky G. 2019. Cooperative 
predation in the social amoebae Dictyostelium discoideum. PLoS One 14: e0209438. 
https://doi.org/10.1371/journal.pone.0209438.

Saran, Shweta. 1999. “Calcium levels during cell cycle correlate with cell fate of Dictyostelium dis-
coideum.” Cell Biology International 23: 399–405. https://doi.org/10.1006/cbir.1999.0379.

Sathe, Santosh, Sonia Kaushik, Albert Lalremruata, Ramesh K. Aggarwal, James C. 
Cavender, and Vidyanand Nanjundiah. 2010. “Genetic heterogeneity in wild isolates 
of cellular slime mold social groups.” Microbial Ecology 60: 137–48. https://doi.
org/10.1007/s00248-010-9635-4.

https://doi.org/10.1016/j.cub.2017.11.043
https://doi.org/10.1016/j.cub.2017.11.043
https://doi.org/10.1016/j.cub.2020.08.091
https://doi.org/10.1016/j.cub.2020.08.006
https://doi.org/10.1016/j.cub.2020.08.006
https://doi.org/10.1111/j.1420-9101.2004.00808.x
https://doi.org/10.1111/j.1420-9101.2004.00808.x
https://doi.org/10.1126/science.96528
https://doi.org/10.1126/science.96528
https://doi.org/10.1073/pnas.1500708112
https://doi.org/10.1128/jb.95.6.2249-2257.1968
https://doi.org/10.1002/j.1537-2197.1968.tb06948.x
https://doi.org/10.1002/j.1537-2197.1968.tb06948.x
https://doi.org/10.1111/j.1550-7408.1975.tb05176.x
https://doi.org/10.1016/j.cub.2015.04.057
https://doi.org/10.1016/j.cub.2015.04.057
https://doi.org/10.1073/pnas.1502251112
https://doi.org/10.1073/pnas.1502251112
https://doi.org/10.1186/s12862-020-01707-3
https://doi.org/10.1128/jb.129.2.770-777.1977
https://doi.org/10.1128/jb.129.2.770-777.1977
https://doi.org/10.1371/journal.pbio.3000642
https://doi.org/10.1371/journal.pone.0209438
https://doi.org/10.1006/cbir.1999.0379
https://doi.org/10.1007/s00248-010-9635-4
https://doi.org/10.1007/s00248-010-9635-4


108 The Evolution of Multicellularity

Savage, Robert M., and Michael V. Danilchik. 1993. “Dynamics of germ plasm 
localization and its inhibition by ultraviolet irradiation in early cleavage 
Xenopus embryos.” Developmental Biology 157: 371–82. https://doi.org/10.1006/
dbio.1993.1142.

Savage, Brian, Fanny Almus-Jacobs, and Zaverio M. Ruggeri. 1998. “Specific synergy of 
multiple substrate–receptor interactions in platelet thrombus formation under flow.” 
Cell 94: 657–66. https://doi.org/10.1016/s0092-8674(00)81607-4.

Schaal, K. A., Y. T. N. Yu, M. Vasse and G. J. Velicer. 2021. “Allopatric divergence lim-
its cheating range and alters genetic requirements for a cooperative trait.” bioRxiv 
2021.01.07.425765. https://doi.org/10.1101/2021.01.07.425765.

Smith, Daniel R., Manuel Maestre-Reyna, Gloria Lee, Harry Gerard, Andrew H. J. Wang, 
and Paula I. Watnick. 2015. “In situ proteolysis of the Vibrio cholerae matrix pro-
tein RbmA promotes biofilm recruitment.” Proceedings of the National Academy of 
Sciences U.S.A. 112: 10491–96. https://doi.org/10.1073/pnas.1512424112.

smith, jeff, David C. Queller, and Joan E. Strassmann. 2014. “Fruiting bodies of the social 
amoeba Dictyostelium discoideum increase spore transport by Drosophila.” BMC 
Evolutionary Biology 14: 105. https://doi.org/10.1186/1471-2148-14-105.

Smith, Jeff, Joan E. Strassmann, and David C. Queller. 2016. “Fine-scale spatial ecology 
drives kin selection relatedness among cooperating amoebae.” Evolution 70: 848–59. 
https://doi.org/10.1111/evo.12895.

Smukalla, Scott, Marina Caldara, Nathalie Pochet, Anne Beauvais, Stephanie Guadagnini, 
Chen Yan, Marcelo D. Vinces, et al. 2008. “FLO1 is a variable green beard gene 
that drives biofilm-like cooperation in budding yeast.” Cell 135: 726–37. https://doi.
org/10.1016/j.cell.2008.09.037.

Spiegel, Frederick W., L. S. 1978. Olive. “New evidence for the validity of Copromyxa pro-
tea.” Mycologia 70: 843-847

Spröer, C., H. Reichenbach, and E. Stackebrandt. 1999. “The correlation between 
morphological and phylogenetic classification of myxobacteria.” International 
Journal of Systematic Bacteriology 49: 1255–62. https://doi.org/10.1099/ 
00207713-49-3-1255.

Stanier, R. Y. 1942. “The Cytophaga group: a contribution to the biology of myxobacteria.” 
Bacteriological Reviews 6: 143–96.

Stenhouse, Fay O., and Keith L. Williams. 1977. “Patterning in Dictyostelium discoideum: 
The proportions of the three differentiated cell types (spore, stalk, and basal disk) 
in the fruiting body.” Developmental Biology 59: 140–52. https://doi.org/10.1016/ 
0012-1606(77)90249-4.

Strassmann, Joan E., Yong Zhu, and David C. Queller. 2000. “Altruism and social cheat-
ing in the social amoeba Dictyostelium discoideum.” Nature 408: 965–67. https://doi.
org/10.1038/35050087.

Strassmann, J. E., and D. C. Queller. 2011. “Evolution of cooperation and control of cheating 
in a social microbe.” Proceedings of the National Academy of Sciences U.S.A. 108: 
10855–62. https://doi.org/10.1073/pnas.1102451108.

Sugimoto, Hiroki, and Hiroshi Endoh. 2006. “Analysis of fruiting body develop-
ment in the aggregative ciliate Sorogena stoianovitchae (Ciliophora, Colpodea).” 
The Journal of Eukaryotic Microbiology 53: 96–102. https://doi.org/10.1111/ 
j.1550-7408.2005.00077.x.

Swanson, Andrew R., Eduardo M. Vadell, and James C. Cavender. 1999. “Global distribu-
tion of forest soil Dictyostelids.” Journal of Biogeography 26: 133–48. https://doi.
org/10.1046/j.1365-2699.1999.00250.x.

Tarnita, Corina E, Clifford H Taubes, and Martin A Nowak. 2013. “Evolutionary construc-
tion by staying together and coming together.” Journal of Theoretical Biology 320: 
10–22. https://doi.org/10.1016/j.jtbi.2012.11.022.

https://doi.org/10.1006/dbio.1993.1142
https://doi.org/10.1006/dbio.1993.1142
https://doi.org/10.1016/s0092-8674(00)81607-4
https://doi.org/10.1101/2021.01.07.425765
https://doi.org/10.1073/pnas.1512424112
https://doi.org/10.1186/1471-2148-14-105
https://doi.org/10.1111/evo.12895
https://doi.org/10.1016/j.cell.2008.09.037
https://doi.org/10.1016/j.cell.2008.09.037
https://doi.org/10.1099/00207713-49-3-1255
https://doi.org/10.1099/00207713-49-3-1255
https://doi.org/10.1016/
0012-1606(77)90249-4
https://doi.org/10.1016/
0012-1606(77)90249-4
https://doi.org/10.1038/35050087
https://doi.org/10.1038/35050087
https://doi.org/10.1073/pnas.1102451108
https://doi.org/10.1111/j.1550-7408.2005.00077.x
https://doi.org/10.1111/j.1550-7408.2005.00077.x
https://doi.org/10.1046/j.1365-2699.1999.00250.x
https://doi.org/10.1046/j.1365-2699.1999.00250.x
https://doi.org/10.1016/j.jtbi.2012.11.022


109Group Formation

Tarnita, Corina E., Alex Washburne, Ricardo Martinez-Garcia, Allyson E. Sgro, and Simon 
A. Levin. 2015. “Fitness tradeoffs between spores and nonaggregating cells can 
explain the coexistence of diverse genotypes in cellular slime molds.” Proceedings 
of the National Academy of Sciences U.S.A. 112: 2776–81. https://doi.org/10.1073/
pnas.1424242112.

Teintze, M., R. Thomas, T. Furuichi, M. Inouye, and S. Inouye. 1985. “Two homologous genes 
coding for spore-specific proteins are expressed at different times during development 
of Myxococcus xanthus.” Journal of Bacteriology 163: 121–25. https://doi.org/10.1128/
jb.163.1.121-125.1985.

Thaxter, R. 1892. “On the Myxobacteriaceæ, a New Order of Schizomycetes.” Botanical 
Gazette 17, 389–406. https://doi.org/10.1086/326866

Tice, Alexander K., Jeffrey D. Silberman, Austin C. Walthall, Khoa N. D. Le, Frederick W. 
Spiegel, Matthew W. Brown. 2016. “Sorodiplophrys stercorea: Another novel lineage 
of sorocarpic multicellularity.” Journal of Eukaryotic Microbiology 63: 623–628.

Travisano, M., J. Mongold, A. Bennett, and R. Lenski. 1995. “Experimental tests of the 
roles of adaptation, chance, and history in evolution.” Science 267: 87–90. https://doi.
org/10.1126/science.7809610.

Travisano, M. and G. J. Velicer. 2004. “Strategies of microbial cheater control.” Trends in 
Microbiology 12: 72–78.

Trunk, Thomas, Hawzeen S. Khalil, Jack C. Leo.2018. “Bacterial autoaggregation.” AIMS 
Microbiology 4: 140–64. https://doi.org/10.3934/microbiol.2018.1.140.

Vega, Nicole M., and Jeff Gore. 2014. “Collective antibiotic resistance: Mechanisms and 
implications.” Current Opinion in Microbiology 21: 28–34. https://doi.org/10.1016/j.
mib.2014.09.003.

Velicer, Gregory J., Lee Kroos, and Richard E. Lenski. 1998. “Loss of social behaviors 
by Myxococcus xanthus during evolution in an unstructured habitat.” Proceedings 
of the National Academy of Sciences U.S.A. 95: 12376–80. https://doi.org/10.1073/
pnas.95.21.12376.

Velicer, G. J., L. Kroos, and R. E. Lenski. 2000. “Developmental cheating in the social bac-
terium Myxococcus xanthus.” Nature 404: 598–601.

Velicer, Gregory J., and Michiel Vos. 2009. “Sociobiology of the myxobacteria.” Annual Review 
of Microbiology 63: 599–623. https://doi.org/10.1146/annurev.micro.091208.073158.

Verstrepen, Kevin J., and Frans M. Klis. 2006. “Flocculation, adhesion and biofilm forma-
tion in yeasts.” Molecular Microbiology 60: 5–15. https://doi.org/10.1111/j.1365-2958 
.2006.05072.x.

Vos, M., and G. J. Velicer. 2006. “Genetic population structure of the soil bacterium 
Myxococcus xanthus at the centimeter scale.” Applied and Environmental Microbiology 
72: 3615–25. https://doi.org/10.1128/aem.72.5.3615-3625.2006.

Vos, Michiel, and Gregory J. Velicer. 2009. “Social conflict in centimeter- and global-scale 
populations of the bacterium Myxococcus xanthus.” Current Biology 19: 1763–67. 
https://doi.org/10.1016/j.cub.2009.08.061.

Votaw, Heather R., and E. A. Ostrowski. 2017. “Stalk size and altruism investment within 
and among populations of the social amoeba.” Journal of Evolutionary Biology 30: 
2017–30. https://doi.org/10.1111/jeb.13172.

Yang, Z. and P. I. Higgs. 2014. Myxobacteria: genomics, cellular and molecular biology. 
Caister Academic Press.

Wei, Xueming, Darshankumar T. Pathak, and Daniel Wall. 2011. “Heterologous protein 
transfer within structured myxobacteria biofilms.” Molecular Microbiology 81: 315–26. 
https://doi.org/10.1111/j.1365-2958.2011.07710.x.

West, Stuart A., Roberta M. Fisher, Andy Gardner, and E. Toby Kiers. 2015. “Major evolu-
tionary transitions in individuality.” Proceedings of the National Academy of Sciences 
U.S.A. 112: 10112–19. https://doi.org/10.1073/pnas.1421402112.

https://doi.org/10.1073/pnas.1424242112
https://doi.org/10.1073/pnas.1424242112
https://doi.org/10.1128/jb.163.1.121-125.1985
https://doi.org/10.1128/jb.163.1.121-125.1985
https://doi.org/10.1086/326866
https://doi.org/10.1126/science.7809610
https://doi.org/10.1126/science.7809610
https://doi.org/10.3934/microbiol.2018.1.140
https://doi.org/10.1016/j.mib.2014.09.003
https://doi.org/10.1016/j.mib.2014.09.003
https://doi.org/10.1073/pnas.95.21.12376
https://doi.org/10.1073/pnas.95.21.12376
https://doi.org/10.1146/annurev.micro.091208.073158
https://doi.org/10.1111/j.1365-2958.2006.05072.x
https://doi.org/10.1111/j.1365-2958.2006.05072.x
https://doi.org/10.1128/aem.72.5.3615-3625.2006
https://doi.org/10.1016/j.cub.2009.08.061
https://doi.org/10.1111/jeb.13172
https://doi.org/10.1111/j.1365-2958.2011.07710.x
https://doi.org/10.1073/pnas.1421402112


110 The Evolution of Multicellularity

Wielgoss, Sébastien, Rebekka Wolfensberger, Lei Sun, Francesca Fiegna, and Gregory J. 
Velicer. 2019. “Social genes are selection hotspots in kin groups of a soil microbe.” 
Science 363: 1342–1345. https://doi.org/10.1126/science.aar4416.

Wilson, H. V. 1907. “On some phenomena of coalescence and regeneration in 
sponges.” Journal of Experimental Zoology 5: 245–58. https://doi.org/10.1002/
jez.1400050204.

Wireman, J. W., and M. Dworkin. 1977. “Developmentally induced autolysis during fruiting 
body formation by Myxococcus xanthus.” Journal of Bacteriology 129: 798–802.

Zhang, Zheren, Dennis Claessen, and Daniel E. Rozen. 2016. “Understanding micro-
bial divisions of labor.” Frontiers in Microbiology 7: 2070. https://doi.org/10.3389/
fmicb.2016.02070.

https://doi.org/10.1126/science.aar4416
https://doi.org/10.1002/jez.1400050204
https://doi.org/10.1002/jez.1400050204
https://doi.org/10.3389/fmicb.2016.02070
https://doi.org/10.3389/fmicb.2016.02070


111DOI: 10.1201/9780429351907-9

Group Maintenance 
in Aggregative 
Multicellularity
Israt Jahan
Department of Biology, Washington University 
in St. Louis, St. Louis, MO, USA

Tyler Larsen
Department of Biology, Washington University 
in St. Louis, St. Louis, MO, USA

Joan E. Strassmann
Department of Biology, Washington University 
in St. Louis, St. Louis, MO, USA

David C. Queller
Department of Biology, Washington University 
in St. Louis, St. Louis, MO, USA

CONTENTS

7.1 Multicellularity and the Problem of Altruism .............................................. 111
7.2 Aggregative Multicellularity......................................................................... 113
7.3 Maintaining High Relatedness ..................................................................... 116

7.3.1 Population Structure ......................................................................... 117
7.3.2 Kin Discrimination ........................................................................... 118

7.4 Enforcement of Cooperation ......................................................................... 120
7.5 Pleiotropic Costs of Cheating ....................................................................... 121
7.6 Conclusions ................................................................................................... 123
Acknowledgements ................................................................................................124
References ..............................................................................................................124

7.1 MULTICELLULARITY AND THE PROBLEM OF ALTRUISM

Life on earth has changed over its long history. The earliest organisms would have 
been too small to see, but over time organisms have diversified into endless forms, 
microscopic and macroscopic. The evolution of multicellularity – which happened 
not just once but more than 20 times – entailed individual cells banding together to 
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produce the large, often complex bodies of the organisms we see around us (Buss 
1988; Bonner 1998; Kaiser 2001; Medina et al. 2003; Grosberg and Strathmann 2007; 
Ruiz-Trillo et al. 2007). The transition to multicellularity is regarded as one of the 
major evolutionary transitions (Szathmáry and Maynard Smith 1995), in which for-
merly independent units (cells) became so dependent upon one another that they there-
after replicated as a combined unit. Like the other major transitions, multicellularity 
represents a change in the level of organization upon which natural selection acts.

A multicellular organism can be thought of as a group of cells that cooperate, with 
little conflict, to perform functions that would be impossible for single cells (Queller 
and Strassmann 2009). Sometimes the benefits cells enjoy by working together can 
be as simple as advantages of being larger in size. Larger organisms can be bet-
ter at both avoiding predators and being predators (Kessin et al. 1996; Kirk 2003; 
Müller et al. 2015; Pentz et al. 2015; Herron et al. 2019) even when their cells are not 
necessarily contiguous – for example, in the bacterium Myxococcus xanthus, which 
hunts other bacteria in large groups that cooperate to release high concentrations of 
bactericidal compounds to better lyse and digest their prey (Rosenberg, Keller, and 
Dworkin 1977; Daft, Burnham, and Yamamoto 1985; Dworkin and Kaiser 1985; 
Fraleigh and Burnham 1988; Berleman and Kirby 2009). Larger size can provide 
protective benefits as well – the cells towards the center of a multicellular group can 
be shielded by the cells on the periphery from chemical and environmental stress, as 
seen in flocculating yeasts (Smukalla et al. 2008).

A more complicated benefit of multicellularity is that it facilitates the division 
of labor (Grosberg and Strathmann 2007; Cooper et al. 2020). While single-celled 
organisms can only divide labor temporally or into different organellar compartments, 
multicellular organisms can use entire cells to specialize in different tasks. Thus, 
division of labor can also protect functions of an organism from other functions that 
would otherwise interfere. For example, in some cyanobacteria, like Nostoc, oxygen 
produced by photosynthesis interferes with the enzymes involved in nitrogen fixa-
tion, and so multicellular cyanobacteria split the tasks of photosynthesis and nitrogen 
fixation into separate cell types (Kumar, Mella-Herrera, and Golden 2010). Non-
photosynthetic heterocyst cells specialize in fixing nitrogen by remaining anaerobic 
behind thick cell walls, and exporting nitrogen to photosynthetic neighbors. Division 
of labor is crucial for the function of very complex multicellular organisms like ani-
mals, whose bodies can require hundreds of separate cell types working in concert.

Cooperating within a multicellular group can also come with costs, ranging from 
the energetic costs of producing a public good that all the cells in the group use, like 
the bactericidal enzymes produced by M. xanthus cells in a swarm, to an extreme 
where some cells sacrifice their lives entirely to benefit other cells. The clearest 
example of the latter in the context of multicellularity is the cooperation between 
somatic and germline cells. Somatic cells – like the heterocysts in cyanobacteria – 
forgo reproduction entirely and thus have no individual fitness. In large multicellular 
organisms like animals, the vast majority of cells sacrifice themselves and only a 
minuscule minority are passed on to the next generation.

Costly acts invite exploitation. In the case of a costly public good, for example, it 
may be in the best interest of an individual cell to stop producing the public good, 
thus avoiding the cost but continuing to benefit from the public good’s production 
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by the rest of the group. An individual that does not cooperate or pay a full share 
towards the cost of cooperation but receives the benefits from a cooperative group is 
called a cheater (West, Griffin, and Gardner 2007). If allowed to proliferate, cheat-
ers can result in the destruction of a cooperative trait and the subsequent failure of 
those dependent on it (Hardin 1968). At high frequency, cheaters can even drive 
entire populations to extinction (Fiegna and Velicer 2003). Cheaters have been 
observed in many cooperative systems in nature, and how such groups contend 
with the threat they pose has been a major question in evolutionary biology (West 
et al. 2006; 2007; Riehl and Frederickson 2016). Why should living things cooper-
ate at all if it requires sacrificing their own fitness for others? Why does selection 
for cheating not preclude the evolution of costly cooperation? How do multicellular 
organisms persist?

Hamilton’s theory of inclusive fitness gives us part of the answer – the altruistic 
act of sacrificing one’s own fitness for others can be favored by selection when it ben-
efits the altruist’s relatives (Hamilton 1964a; 1964b). According to Hamilton’s rule, 
costly cooperation should be selected for when rb > c, where b is the fitness benefit 
gained by the recipient of a cooperative trait, c is the cost incurred by the actor, and 
r is genetic relatedness between the recipient and the actor. Under Hamilton’s rule, 
alleles underlying costly cooperation can be selected for because, while the costs 
may reduce a cooperator’s own fitness (direct fitness), this cost can be compensated 
for if cooperation sufficiently benefits the fitness of other individuals likely to carry 
the same alleles (indirect fitness).

Hamilton’s rule, with its emphasis on relatedness, goes a long way towards 
explaining the evolution and persistence of many multicellular organisms. Most 
familiar multicellular organisms like plants, animals, fungi, and red and brown 
algae are composed of cells that descend from a single cell and are therefore geneti-
cally identical, with relatedness between cells maximal at r = 1. Under Hamilton’s 
Rule, altruism by somatic cells in a clonal organism can be favored by selection 
on the fitness of genetically identical germline cells so long as the total benefits of 
cooperation outweigh the total costs. Cells within a clonal organism have little to 
gain by conflict and so the single-celled bottlenecks they undergo can largely side-
step the risks of cheaters. Further, though new cheater mutations can arise within a 
clonal multicellular organism and reduce relatedness between cells, the single-celled 
bottleneck ensures that they would enjoy only a single generation of the benefits of 
cheating before producing progeny that are disadvantaged by consisting entirely of 
cheating cells (Queller 2000; Buss 2014).

7.2 AGGREGATIVE MULTICELLULARITY

Many lesser-known multicellular organisms, however, do not undergo an obligatory 
single-cell bottleneck and instead form by the aggregation of individual cells that 
may or may not be related. This path to multicellularity, called aggregative multi-
cellularity, does not automatically ensure high relatedness among cells (Figure 7.1). 
Unrelated cells can join the same group, giving cheater genotypes opportunities to 
increase in frequency at cooperating genotypes’ expense, even if doing so results 
in reduced fitness for the group as a whole. Such fitness reduction is particularly 
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common with an increase of obligate cheaters, which cannot successfully cooperate 
on their own. Obligate cheaters readily appear and increase in laboratory popula-
tions of both Myxococcus xanthus and Dictyostelium discoideum (Velicer, Kroos, 
and Lenski 2000; Gilbert et al. 2007; Velicer and Vos 2009; Kuzdzal-Fick et al. 
2011) and can even lead to the extinction of the population, as has been observed 
in M. xanthus (Fiegna and Velicer 2003). Aggregative multicellularity is nonethe-
less very common, with independently evolved examples in archaea, bacteria, and 
eukaryotes (Brown et al. 2012; Chimileski, Franklin, and Papke 2014; Chapter 5).

Many bacteria aggregate into cooperative single-species groups. One common 
form of aggregative multicellularity in bacteria is swarming, in which cells coordi-
nate to move rapidly on solid or semi-solid surfaces via the production of public good 
surfactants (Harshey 2003; Butler, Wang, and Harshey 2010). Swarming motility has 
been described in Bacillus subtilis (Shapiro 1998; Aguilar et al. 2007), Proteus mira-
bilis (Shapiro 1998), Pseudomonas aeruginosa (Lai, Tremblay, and Déziel 2009), 
and Myxobacteria (Dale Kaiser, Robinson, and Kroos 2010; Velicer and Vos 2009). 
Cells within the swarm interact with each other and undergo morphological differ-
entiation so that they can glide on surfaces (Julkowska et al. 2004).

Many bacteria – particularly Myxobacteria – also aggregate to form multicel-
lular structures that facilitate survival in harsh conditions and during dispersal. 
Various Myxobacteria species produce aggregative fruiting bodies consisting of 
spores and sometimes a stalk that lifts the spores (Velicer and Vos 2009). Fruiting 
bodies can elevate spores, enhancing dispersal to new environments (White, 
Shropshire, and Stephens 1980; Huss 1989; Kessin et al. 1996; Kaiser 2001). The 
process of sporulation often entails death of most of the cells in the aggregate and 
may thus represent a form of germ/soma division of labor like that seen in conven-
tional multicellular organisms.

FIGURE 7.1 Clonal and aggregative multicellularity.
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Biofilm formation is another extremely common behavior in microbes that 
resembles aggregative multicellularity. In a biofilm, cells of one or more species 
adhere together on a surface, often producing a structure of secreted extracellular 
matrix that can protect the cells from antimicrobials, shear forces, and host immune 
systems. The close proximity of microbes within a biofilm can also facilitate the 
exchange of chemicals. Research over the past decade has revealed that biofilms can 
be quite complex and sometimes contain many interacting species (Webb, Givskov, 
and Kjelleberg 2003; Nadell, Xavier, and Foster 2009; Foster 2011; Xavier and 
Foster 2007; Claessen et al. 2014 ). When biofilms involve interspecific interactions 
where relatedness is necessarily zero, they may experience high levels of conflict and 
unresolved selfishness of members and would not usually qualify as organisms, and 
(Xavier and Foster 2007; Queller and Strassmann 2009).

Among eukaryotes, aggregative multicellularity has independent origins in 
Discicristata (Brown, Silberman, and Spiegel 2012), Stramenopiles (Tice et al. 2016), 
Alveolata (Sugimoto and Endoh 2006), Rhizaria (Brown et al. 2012), Holozoa (Brown, 
Spiegel, and Silberman 2009) and twice in Amoebozoa (Brown, Silberman, and Spiegel 
2011). Most of these eukaryotes share similar lifestyles involving a unicellular stage 
wherein amoebas feed and divide independently by mitotic division. Upon starvation, 
amoebas aggregate and enter a multicellular stage that is concerned solely with devel-
opment, and eventually morph into a fruiting body. There is considerable variation in 
fruiting body morphology and development among species (Kawabe et al. 2019).

The best-studied organism among the aggregating eukaryotes is the cellular slime 
mold Dictyostelium discoideum and its relatives. D. discoideum spends most of its 
time as a unicellular vegetative cell, hunting bacterial prey in temperate forest soils. 
Upon starvation, D. discoideum amoebas aggregate and undergo a series of devel-
opmental steps to form a multicellular motile slug and then a stalked fruiting body 
consisting of up to four different somatic cell types to support spore production and 
dispersal (Kessin 2001).

Despite its increased vulnerability to the risks posed by cheaters, aggregative 
multicellularity has nonetheless persisted in widely disparate taxa, which maintain 
their multicellularity with a series of mechanisms that limit cheaters from overtak-
ing the cooperative group. In this chapter, we review some of the most important 
mechanisms, with a special focus on the two best studied aggregative multicellular 
taxa – the bacterium Myxococcus xanthus (Velicer and Vos 2009; Cao et al. 2015; 
Muñoz-Dorado et al. 2016) and the eukaryote Dictyostelium discoideum (Kessin 
2001; Shaulsky and Kessin 2007; Li and Purugganan 2011; Medina et al. 2019; 
Ostrowski 2019). The social stages in the life cycles of M. xanthus and D. discoi-
deum both involve thousands of individual cells aggregating to form multicellular 
structures in response to starvation and require the death of a large fraction of the 
aggregate (more than 90% in M. xanthus [Muñoz-Dorado et al. 2016] and approxi-
mately 20% in D. discoideum [Votaw and Ostrowski 2017]).

These two species thus face similar potential conflicts between cooperators that 
make the necessary sacrifices and cheaters that do not. In both species, cheater muta-
tions are easy to find and cheaters can readily increase under experimental evolution 
(Ennis et al. 2000; Velicer, Kroos, and Lenski 2000; Santorelli et al. 2008; Kuzdzal-
Fick et al. 2011). In both, cheating appears to be common between different clones 



116 The Evolution of Multicellularity

collected from nature (Strassmann, Zhu, and Queller 2000; Fiegna and Velicer 2005; 
Buttery et al. 2009; Vos and Velicer 2009) though alternative explanations might 
sometimes apply (Smith, Van Dyken, and Velicer 2014; Tarnita et al. 2015; Wolf et al. 
2015). Despite their many differences, M. xanthus and D. discoideum employ some of 
the same kinds of mechanisms to prevent these conflicts from destabilizing coopera-
tion (Figure 7.2).

7.3 MAINTAINING HIGH RELATEDNESS

Inclusive fitness theory’s key insight is that even a very costly altruistic trait – like 
cells sacrificing themselves to help produce a Dictyostelium or Myxococcus fruiting 
body – can be selected for if the beneficiaries of that sacrifice are sufficiently related. 
Similarly, cheaters benefit only when they have someone to cheat, so when relat-
edness is high and cheaters interact only with other cheaters, there is no incentive 
to cheat (Hamilton 1963; Frank 1995; 2003; Bourke 2013). As already discussed, 
relatedness is very high among cells in many conventional multicellular organisms 
because they undergo a single-cell bottleneck during development, while aggre-
gative multicellular organisms without such a bottleneck can potentially include 
unrelated cells. Even without a strict single-cell bottleneck, however, relatedness 
between cells of these species may be kept high via other mechanisms. In D. dis-
coideum, microsatellite markers showed relatedness between cells within the same 
fruiting bodies collected from nature to be very high – between 0.86 and 0.97 
(Gilbert et al. 2007). It is also very high in fruiting bodies of M. xanthus isolated 
from the wild, which were composed of different clonal lineages even when the 
fruiting bodies were collected just micrometers apart (Kraemer et al. 2016). In a 
follow-up study on M. xanthus, the authors sequenced 120 clones from 6 naturally 
isolated fruiting bodies (Wielgoss et al. 2019). While each of the fruiting bodies 

FIGURE 7.2 Aggregative multicellularity in Dictyostelium discoideum and Myxococcus 
xanthus.
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included genetic variants at a few sites, these were distinguished by just a few muta-
tional changes, which could be traced back to a recent ancestor. The accumulation 
of variation was due to recent de novo mutation in related cells rather than mixing 
of unrelated cells (Wielgoss et al. 2019).

7.3.1 population struCture

One very simple mechanism for maintaining high relatedness is via population 
structure, wherein cells tend to interact with close relatives as a passive consequence 
of how they grow and disperse. Though aggregative multicellular organisms like 
Dictyostelium and Myxococcus do not undergo an obligatory single-celled bottle-
neck, they do primarily reproduce via clonal division of a mother cell into two iden-
tical daughter cells. If movement is limited, microbial populations can grow up as 
patches of closely related cells radiating out from a single founder. When conditions 
arise that favor aggregation, cells interact with their nearest neighbors, which tend to 
be clonemates. In D. discoideum laboratory populations, only a couple of millime-
ters separation between genetically distinct founding spores is required to generate 
patches of high relatedness, despite the motility of amoebas (smith, Strassmann, 
and Queller 2016). When genetically different clones are plated in closer proximity 
to one another, there is increased mixing and relatedness in the resultant fruiting 
bodies is lower. Populations of Dictyostelium and Myxococcus have been observed 
to be structured the scale of millimeters to centimeters, which is consistent with 
the high relatedness observed between cells within fruiting bodies (Fortunato et al. 
2003; Vos and Velicer 2008; Kraemer et al. 2016).

Further, even when multiple clones are mixed and relatedness is initially low, 
space constraints can result in a phenomenon called genetic demixing, wherein pop-
ulations of cells separate into clonal sectors as they grow outwards (see Figure 7.3). 

FIGURE 7.3 Structured growth and genetic demixing.
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When space is limited, only a small fraction of cells along the edge of the group 
can divide. As these cells divide, their progeny push out radially to fill the avail-
able space, mostly crowding out the progeny of other cells and thus raising relat-
edness. This demixing was first shown to occur in bacterial colonies (Hallatschek 
et al. 2007; Nadell, Foster, and Xavier 2010). Buttery et al. (2012) showed the same 
phenomenon with D. discoideum grown on agar plates.

7.3.2 Kin disCriMination

While population structure can passively reduce opportunities for cheaters and 
cooperators to interact with one another, kin discrimination allows cooperators that 
do risk interacting with cheaters to selectively direct their cooperation towards 
those individuals most likely to share genes and avoid exploitation by those who 
do not (Tsutsui 2004). Kin discrimination is widespread in microbes (Strassmann, 
Gilbert, and Queller 2011; Strassmann 2016; Wall 2016; Medina et al. 2019). In 
Dictyostelium and Myxococcus, kin discrimination can help aggregating strains 
segregate from unrelated strains and preferentially develop in groups with high 
relatedness between cells.

In the social amoeba species D. violaceum, D. purpureum, and D. giganteum, 
clonemates sort into mostly separate aggregates in the laboratory (Mehdiabadi 
et al. 2006; 2009; Sathe et al. 2010; Kalla et al. 2011; Sathe, Khetan, and 
Nanjundiah 2014; Medina et al. 2019). Curiously, in the best studied D. discoi-
deum, the degree of kin sorting in fruiting bodies is low (Ostrowski et al. 2008; 
Gilbert, Strassmann, and Queller 2012; Gruenheit et al. 2017). However, there are 
genes that seem to be involved in recognition in this species, whether or not they 
are used for sorting in nature.

Cell adhesion genes were suspected to be important in recognition from the 
earliest investigations in Dictyostelium (Bonner and Adams 1958; Sternfeld 1979). 
In D. discoideum, allorecognition is attributed to transmembrane proteins encoded 
by two sets of highly polymorphic essential genes, tgrB1 and tgrC1 (Benabentos 
et al. 2009; Hirose et al. 2011; 2015). Amoebas with compatible pairs of Tgr proteins 
bind and adhere to one another during aggregation, with a binding affinity that nega-
tively correlates with the degree of segregation between D. discoideum genotypes 
(Gruenheit et al. 2017). Amoebas with sufficiently different tgr alleles segregate 
within a genetically mixed aggregate and form separate slugs (Hirose et al. 2011; 
Gruenheit et al. 2017), although these can later fuse and form chimeric fruiting bod-
ies (Ho and Shaulsky 2015). Knocking out either tgrB1 or tgrC1 prevents develop-
ment past the aggregate stage (Benabentos et al. 2009), but the presence of additional 
tgrB1 and tgrC1 alleles does not affect recognition as long as there is at least one 
compatible allele pair between the cells (Hirose et al. 2011).

The tgr recognition system appears to play some role in prevention of obligate 
cheaters even though it does not lead to complete sorting in D. discoideum fruiting 
bodies in the laboratory. Ho and colleagues found that an obligate social cheater 
lacking compatible Tgr proteins was excluded from the final fruiting body when tgr 
alleles were incompatible (Ho et al. 2013). They suggest that if obligate cheating 
occurs due to mutants that have effects early in development, the early segregation of 
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cells within the aggregate and in the initial slugs can largely prevent cheating, even 
though the slugs later fuse (Ho and Shaulsky 2015). In addition to excluding cheat-
ers, recognition may stimulate competition when chimeras do form. In one study 
(Noh et al. 2018), but not another (de Oliveira et al. 2019), genes that significantly 
change expression levels in chimeric mixtures showed rapid evolution, which is con-
sistent with a history of evolutionary conflict between cell lineages.

Kin discrimination in M. xanthus is most readily observed in the formation 
of clear demarcation lines (zones of no or low-density cells) where two unrelated 
swarms meet on an agar plate. Swarms that are identical or closely related to each 
other readily merge and so produce no such demarcation zones (Senior 1977; Gibbs, 
Urbanowski, and Greenberg 2008; Patra et al. 2017).

One should be cautious in classifying a process that segregates clones as having 
necessarily evolved to discriminate kin from non-kin. In an experimental evolution 
study of natural isolates of M. xanthus, isolated clones rapidly evolved incompat-
ibilities with one another or with their common ancestors (Rendueles et al. 2015), 
but because there were no foreign clones to interact with during this evolution, 
incompatibility seems unlikely to have evolved to recognize self or to exclude oth-
ers. Instead, the result may simply reflect that genetically different clones may not 
function well together (Foster et al. 2002; Mendes-Soares et al. 2014) which can be 
due to social incompatibilities evolved in isolation (Rendueles et al. 2015; Ostrowski 
2019). For example, if one clone changes its communication system for swarming, 
those changes might no longer work well with the systems in other clones. This is 
analogous to hybrid incompatibilities that evolve during allopatric speciation and is 
expected to occur in any context where complex interactions adapt in isolation from 
each other (Queller 2018). Even absent the threat of cheaters, these incompatibilities 
could result in a “chimeric load,” such that chimeric aggregates function less well 
than clonal aggregates, and selection to reduce the likelihood of chimerism via kin-
recognition-like mechanisms (Ostrowski 2019).

A less visible form of kin recognition in M. xanthus involves exchange of mem-
brane components between adjacent cells (Pathak et al. 2013; Dey et al. 2016; 
Patra et al. 2017). This can serve both to allow related cells to coordinate swarm-
ing, development, and sharing of private goods like lipids (Pathak et al. 2012), 
lipopolysaccharides (Vassallo et al. 2015), and lipoproteins (Wall 2014) to assist 
in the repair of damaged cells, but also allow unrelated cells to harm one another 
by transferring toxic bacteriocins (Vassallo et al. 2017). Thus, outer membrane 
exchange acts as a kin discrimination system with dual purposes – its effects can 
be beneficial or harmful depending on relatedness between the cells (Wall 2016). 
Outer membrane exchange is facilitated by the two required genes traA and traB 
(Pathak et al. 2012). TraA is a highly polymorphic cell surface receptor that, simi-
lar to the tgr system in D. discoideum, facilitates adhesion to and interactions with 
cells that bear the same allele while TraB may involve the transport of TraA to the 
cell surface (Cao et al. 2015; 2019).

Recognition systems are not a certain defense against exploitation by cheaters. 
Cells do not always sort into perfectly related clonal patches; mixed strains of both 
M. xanthus and D. discoideum can readily form chimeric groups in the laboratory. 
In nature, the very high relatedness among cells in M. xanthus and D. discoideum 
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fruiting bodies is likely to be achieved via a combination of passive population struc-
ture and active kin discrimination.

This high relatedness exerts stronger control over obligate cheaters than faculta-
tive ones. Facultative cheaters cheat when in mixtures but perform normally when 
they are alone. High relatedness simply reduces their opportunities to cheat. But for 
obligate cheaters, high relatedness adds an additional big cost by isolating them in 
groups of obligate cheaters that cannot perform well. Consistent with this difference, 
facultative cheating appears to be common among natural clones of D. discoideum 
(Strassmann, Zhu, and Queller 2000; Buttery et al. 2009) and M. xanthus (Fiegna 
and Velicer 2005; Vos and Velicer 2009). Yet, despite obligate cheaters readily evolv-
ing in the laboratory in both D. discoideum (Ennis et al. 2000; Gilbert et al. 2007; 
Kuzdzal-Fick et al. 2011) and M. xanthus (Velicer, Kroos, and Lenski 2000), they 
have never been isolated from nature in either species. Thus, high natural relatedness 
may be controlling the obligate mutations, which are the greatest threat to coopera-
tion if they were to spread (Gilbert et al. 2007).

7.4 ENFORCEMENT OF COOPERATION

Mechanisms that increase relatedness between group members work by minimizing 
the opportunities for cheaters and cooperators to interact, but may not eliminate such 
opportunities entirely. A need thus remains to enforce cooperation in potentially 
exploitative group members that either could not be excluded by the mechanisms 
already discussed or that arose de novo via the accumulation of random mutations 
that lower relatedness and convert previously cooperative cells into cheaters. A par-
ticularly familiar example of the latter is the spontaneous appearance of cancer-
ous cells in many multicellular organisms, which are analogous to cheaters selfishly 
exploiting the cooperation of the rest of the cells in the organism (Nunney 2013; 
Aktipis et al. 2015). As persistent a problem as cancer is for animals, however, cheat-
ers may be even more destructive in aggregative multicellular organisms, because 
without the opportunity to reset each generation to maximal relatedness through a 
single-cell bottleneck, there is the potential for cheating genotypes to persist over 
multiple generations. Accordingly, just as animals have evolved genetic mechanisms 
to actively suppress cancerous cells, for instance by inducing apoptosis (Evan and 
Vousden 2001; Foster 2011; Singh and Boomsma 2015), aggregative multicellular 
organisms have evolved enforcement mechanisms to coerce cheaters within the 
social group to cooperate (Ågren, Davies, and Foster 2019).

The evolution of cheater resistance has been well documented in studies of both 
M. xanthus and D. discoideum. In two experimental evolution studies with M. xan-
thus, (Fiegna et al. 2006; Manhes and Velicer 2011), Velicer and colleagues evolved 
cheater suppression by repeated interactions between populations of a developmen-
tally proficient strain and a developmentally defective cheater that had high fitness 
in chimeric mixtures with its ancestor, but could not sporulate on its own. In the first 
study, the cheater rapidly increased in frequency until it became so common that it 
no longer had enough developmentally competent cooperators to exploit, resulting 
in the entire population crashing and producing extremely few spores (Fiegna et al. 
2006). Interestingly, at the fourth cycle of development, a new mutation occurred 
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in the cheater that allowed for the rescue of the population. The resultant mutant 
strain (called phoenix because it “rose from the ashes” of the cheater) had a fitness 
advantage over both wild type and cheater. The phoenix strain can sporulate when 
it is common, an ability lost by the cheater strain, and rose to apparent fixation in 
the mixed population. In mixed culture, the phoenix mutant had an advantage over 
cheaters and wild type at all tested frequencies. The restoration of developmental 
proficiency by phoenix is not fully understood, but here it was not the wildtype that 
evolved cheater resistance, but a lineage of the cheater strain itself.

In a similar study (Manhes and Velicer 2011), a developmentally proficient strain 
was evolved in the presence of a csgA— cheater mutant (Velicer, Kroos, and Lenski 
2000). By repeatedly replacing the cheater each generation, it was held evolutionarily 
static, and the non-cheater thus could evolve resistance without evolutionary retali-
ation. After 20 cycles of repeated development, the wild-type cooperators evolved 
to have higher fitness than cheaters in mixed populations. Interestingly, the evolved 
populations not only suppressed cheating by cheaters but increased the absolute fit-
ness of ancestral wild type in a three-party mixture. This benefit to wild type was 
seen only in the presence of cheater. This benefit of cheater suppression to a third 
party was likened to policing behavior in some social animals (Manhes and Velicer 
2011; Zanette et al. 2012).

Similar studies of cheater resistance have been performed in D. discoideum. In 
a study by Khare et al., the authors evolved the wild type AX4 in the presence of 
chtC mutants which were prevented from evolving. They selected over four rounds 
of development and isolated a “noble resister” mutant (rccA) that was resistant to 
being cheated by chtC but did not cheat AX4 or the original cheater chtC (Khare 
et al. 2009). Hollis performed an evolution experiment using the strains NC4 and 
AX2, the former of which is a strong cheater of the latter (Hollis 2012). NC4 and 
AX2-GFP were allowed to grow and develop together but the cheating NC4 was 
prevented from coevolving. After only 10 generations of social development, AX2-
GFP developed defenses against cheating in the social stage along with differences 
in competitive growth in the vegetative stage. Levin and colleagues employed an 
experimental design to look for the evolution of cheater resistance in a situation 
where the cheater was free to evolve in response and found that non-cheaters evolved 
to resist the obligate social cheaters without themselves cheating (Levin et al. 2015). 
This study showed that resistance can evolve on a rapid timescale before the cheater 
becomes fixed.

7.5 PLEIOTROPIC COSTS OF CHEATING

Cheating can be costly. If the costs are large enough, the benefits gained by being 
able to exploit cooperators may be too small to compensate and cheating does not 
spread. Such “intrinsic defector inferiority” (Travisano and Velicer 2004) becomes 
more interesting when the cheating phenotype itself is beneficial but the allele caus-
ing this phenotype also has pleiotropic costs (Foster et al. 2004). To put it the other 
way around, if the cooperator allele has pleiotropic benefits, it may be protected 
against cheating. Alleles, or sets of tightly linked alleles, that encode for cooperative 
traits coupled to other essential functions may thus be naturally resistant to cheaters. 
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Those cooperator alleles that have persisted in aggregative multicellular organisms 
may therefore be a biased set with pleiotropic advantages (Foster et al. 2004).

There are plausible examples in both D. discoideum (Medina et al. 2019), and 
M. xanthus (Velicer and Vos 2009). For example, the D. discoideum gene dimA 
is required to receive the signaling molecule DIF-1 that causes cells to differenti-
ate into sterile prestalk cells during development. Cells with dimA knocked out are 
therefore expected to cheat by becoming spores instead of stalk. They do move to 
the prespore region of the slug, and yet these cells are largely excluded from matur-
ing into spores by an unknown pleiotropic effect (Foster et al. 2004). For this rea-
son, cheating on prestalk cell production leads to a reduction in spores and thus is 
unlikely to be favored by natural selection (Foster et al. 2004). A similar example 
can be seen in the csA – mutants. These mutants lack functional gp80 adhesion 
proteins and, on agar substrate, cheat their ancestor with functional gp80, perhaps 
because their impaired cell adhesion causes them to slide to the prespore region at 
the back of the slug (Queller et al. 2003). Interestingly, these mutants do not succeed 
when grown on the more realistic substrate of soil because their impaired adhesion 
prevents them from getting into an aggregation in the first place (Queller et al. 2003).

Pleiotropic effects can sometimes occur in different individuals, as in sexu-
ally antagonistic pleiotropy or pleiotropy underlying local adaptation (Paaby and 
Rockman 2013). In this light, obligate cheaters can be viewed as carrying a pleiotro-
pic cost (Medina et al. 2019). Though cheaters in mixtures gain a cheating benefit, 
cheaters that occur in all-cheater groups experience a large cost and this can prevent 
cheaters from increasing.

It has been recently argued (dos Santos, Ghoul, and West 2018) that pleiotropy 
cannot explain the maintenance of cooperation because mutations will eventu-
ally occur that separate the pleiotropic traits, freeing cheaters from their pleiotro-
pic handicap and enabling their spread. This is a good point for many pleiotropic 
effects. For example, many bacterial genes are upregulated by quorum sensing and 
can thus be regarded as pleiotropic effects of the alleles underlying quorum sensing. 
Cheater strains that did not participate in quorum sensing would suffer costs due 
to misregulating so many other genes, but it seems likely that these effects can be 
easily separated by mutations in regulatory regions that remove individual genes 
from quorum sensing control (dos Santos, Ghoul, and West 2018). The effects of 
D. discoideum’s csaA knockout allele might also be separable provided a mutant 
could arise that allowed the gene to be fully expressed during aggregation but sup-
pressed in the slug stage. Some of the obligate cheaters seem less clear. Can one 
always repair a gene that is developmentally defective on its own? But at least one 
case is known from M. xanthus of an obligate cheater recovering developmental 
function (Fiegna et al. 2006).

Yet there still appears to be some role for pleiotropy. In general, whether pleiot-
ropy can suppress cheaters relates to the larger unanswered evolutionary question 
of how much pleiotropy constrains evolution. An example that weighs against the 
argument that pleiotropic effects can always be separated is senescence. Senescence 
is thought to result, at least in part, from selection for alleles that pleiotropically 
cause fitness gains early in life but fitness losses later in life (Williams 1957). If 
mutation could effectively separate these effects, the later deleterious effects would 
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not have accumulated. Returning to social traits, models suggest the importance 
of pleiotropy in limiting cancer in large organisms, where cell lineages persist for 
many generations (Ågren, Davies, and Foster 2019). Finally, pleiotropy may be cru-
cial for certain kinds of frequency-dependent cooperation. Some cooperative genes 
act synergistically such that cooperation is favored only if it can become sufficiently 
common. Here, pleiotropic effects could allow cooperation to initially increase 
and if this happens before a mutation separates the pleiotropic effects, cooperation 
may have reached a frequency where it can be favored on its own (Queller 2019). 
Understanding the role of pleiotropy in the evolution and maintenance of coopera-
tion will require additional theoretical and empirical work.

7.6 CONCLUSIONS

In this chapter, we discussed how cheaters are controlled in aggregative multi-
cellular organisms, in particular in the best studied systems – D. discoideum and 
M. xanthus. We categorized the mechanisms of group maintenance into three main 
categories – maintaining high relatedness, enforcement of cooperation, and pleio-
tropic costs of cheating.

High relatedness among group members makes cooperation easier to evolve and 
maintain because cooperators tend to benefit cooperators and cheaters tend to harm 
cheaters. At sufficiently high relatedness, cheaters can only hurt themselves. D. dis-
coideum and M. xanthus can maintain high relatedness passively through structured 
growth and dispersal that results in structured populations with patches of closely 
related cells. Relatedness over short spatial scales thus remains high, and it is only 
at the interfaces between patches that there is opportunity for exploitation. Over 
longer spatial scales, relatedness will be lower, but the crucial measure is relatedness 
at the scale of aggregations in which interactions are occurring. Questions remain 
about the mechanisms of structured growth and dispersal in Dictyostelium and 
Myxococcus. What are the vectors for transportation of spores? How well do spores 
disperse together? What are the distances over which spores can be dispersed? How 
large a role does demixing play in maintaining relatedness in nature?

A more active way to increase relatedness is kin discrimination – preferentially 
cooperating with relatives and avoiding harm from non-kin. Kin discrimination has 
been observed in diverse organisms and may be especially important to aggregative 
multicellular organisms, in which it can be observed playing a role in clonal segre-
gation (again driving high relatedness within groups) and, for M. xanthus, transfer 
of private goods or toxins via membrane exchange. The potential importance of kin 
discrimination in M. xanthus is underscored by the finding that M. xanthus readily 
evolves social incompatibilities in the laboratory.

The apparent importance of high relatedness in aggregative multicellular organ-
isms suggests that they are not really so different from the more familiar organisms 
that develop from a single cell. In both cases, high relatedness is maintained. In both 
cases, this can be due to daughter cells remaining in proximity to each other, although 
they are detached in one and attached in the other. Kin-recognition or self-recognition 
systems reinforce high relatedness. High relatedness may be easier to maintain with 
an obligatory single-cell bottleneck, but aggregative organisms can also achieve it.
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When relatedness is imperfect and cheaters and cooperators can interact, a sec-
ond mechanism – enforcement – comes into play. In D. discoideum and M. xanthus, 
cooperators can evolve to resist cheaters in the laboratory, increasing group produc-
tivity in the presence of cheaters. These policing mechanisms are somewhat similar 
to the suppression of cheaters in eusocial insect groups via aggression. Studies of 
enforcement are relatively new in the field of microbial social evolution and there 
are multiple unanswered questions. What genes underlie cheater resistance? Do 
power hierarchies exist between wild cheaters and cooperators, such that strains 
differ in which other strains they can exploit? Are interactions between cheaters and 
cheater-resistant cooperators frequency dependent? Do they result in evolutionary 
arms races?

Finally, cheating may sometimes be inherently costly due to pleiotropic costs 
of cheating on other important traits. Examples are known from both D. discoi-
deum and M. xanthus, arguably including obligate cheaters. Sometimes the costly 
pleiotropic trait may be evolutionarily separable from the cheating trait, allowing 
cheating to increase. But sometimes, it may not be separable, or it may separate too 
late, allowing the frequency dependent cooperative trait to reach a sustainable level. 
Separability is thus an important topic for future studies.

Multicellularity is an ancient, diverse, and highly successful strategy, partly 
because multicellular organisms have evolved mechanisms by which they control the 
threat of cheating. In the most familiar multicellular organisms, this is accomplished 
via the single-cell bottleneck, but there are many examples of aggregative multicel-
lular organisms without single-cell bottlenecks, for which cheating is predicted to be 
an especially key threat. Though they may seem primitive, aggregative multicellular 
organisms, too, have ways of maintaining their groups against cheaters, as exempli-
fied by the diverse mechanisms seen in Dictyostelium and Myxococcus.
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8.1 INTRODUCTION

Dispersal is essential to the life-history of many organisms (Bowler and Benton 
2005; Kokko and López-Sepulcre 2006). It can enhance survival when environmen-
tal conditions deteriorate, promote outbreeding, and broaden a species’ geographic 
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range. Dispersal often occurs in response to environmental cues, is regulated during 
ontogeny, and may involve specialized structures or cells (propagules) that promote 
long-distance travel and survival under adverse conditions.

Dispersal can potentially be accomplished by locomotion, and many single-celled 
organisms have mechanisms of active locomotion that enable travel over short dis-
tances. For example, some prokaryotic and eukaryotic microorganisms can swim 
using their flagella. Amoebae crawl across surfaces by extending and retracting 
pseudopods. Some organisms, such as myxobacteria, can glide over surfaces alone 
or in groups. However, microscopic organisms typically rely on passive mechanisms 
for dispersal over greater distances. Passive mechanisms include dispersal by wind 
or water or by hitching a ride on a larger organism. It can be facilitated by a resting 
state, such as a spore or cyst.

In addition to forming hardy cysts or spores that protect cells in harsh environ-
ments, many organisms also produce fruiting bodies that promote dispersal by lift-
ing spores up into the air. Fruiting bodies are produced by diverse taxa, ranging 
from fungi to bacteria to amoebae. Most have a similar morphology, consisting 
of some sort of stalk that lifts and supports a spore-producing head, resulting in a 
lollipop or umbrella morphology. Fruiting bodies can consist of only one or a few 
spores produced by cell division (“sporocarps”) or they can be multicellular, usu-
ally produced through aggregation of cells (“sorocarps”) (Kang et al. 2017; Spiegel 
et al. 2017). Formation of single-celled vs multicellular fruiting bodies likely entails 
different costs and benefits, as do the different ways of achieving these structures, 
through aggregation or cell division, referred to as “coming together” versus “stay-
ing together” (Tarnita, Taubes, and Nowak 2013).

In this chapter, we discuss what is known about the evolution and function of 
stalked fruiting bodies in taxa that exhibit aggregative multicellularity. We begin by 
discussing amoeboid organisms throughout the tree of life that form these structures. 
The convergent evolution of similar morphologies, accomplished through diverse 
means, suggests that they are adaptations. Nevertheless, while it seems likely that 
stalked fruiting bodies confer a benefit, exactly what they are an adaptation for, and 
why they evolved and persist, remains subject to debate. In the later sections, we 
turn our attention to a large clade of sorocarpic amoebae—the Dictyostelia—that 
are well-studied for their aggregative multicellularity from both a developmental and 
an evolutionary perspective.

8.2  AGGREGATIVE FRUITING IS FOUND THROUGHOUT 
THE EUKARYOTIC TREE OF LIFE

Many taxa that undergo aggregative multicellularity to form fruiting bodies have an 
amoeboid single-cell state. Thus, these organisms are called “sorocarpic amoebae” or 
“cellular slime molds.” The first sorocarpic amoeba to be discovered, Dictyostelium 
mucoroides, was isolated by Brefeld in 1869. The Dictyostelia, which comprises a 
large clade within the Amoebozoa, is still the most well-studied of the taxa that 
undergo this morphological transformation (Shadwick et al. 2009). However, soro-
carpic amoebae can be found in five of the six eukaryotic supergroups: Amoebozoa, 
Opisthokonta, Excavata, Stramenopiles and Rhizaria (Figure 8.1, Chapter 5). 
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Molecular reconstruction indicates that sorocarpy evolved independently in most of 
these taxa, as summarized in Brown and Silberman (2013).

Sorocarpic amoebae have a characteristic life cycle, consisting of separate uni-
cellular and multicellular stages, the latter of which is achieved through aggre-
gation. In all cases, the transition to multicellularity involves a switch from a 
stage of feeding and cell division to one of development and differentiation. When 
nutrients are abundant, the single-celled amoebae feed on soil microorganisms 
and increase in number by cell division. Upon starvation, anywhere from a few 
to hundreds of thousands of amoebae aggregate through chemotaxis and coop-
eratively form a fruiting body structure, consisting of dispersal propagules and a 
stalk that supports them. Despite these commonalities, however, there are numer-
ous differences among different types of sorocarpic amoebae in the formation 
and morphology of their fruiting bodies. Below, we emphasize some notable dif-
ferences among the different taxa and how these different structures, achieved 
through different routes, nevertheless result in a stalked fruiting body structure 
(Figure 8.1).

8.2.1 guttulinopsidae (rhizaria)

Species from the genus Guttulinopsis are the only known aggregative fruiters in 
the supergroup Rhizaria, which contains mostly unicellular eukaryotes (Brown 
et al. 2012). In the most common species, Guttulinopsis vulgaris, the stalk is com-
posed of multiple different compartments, some of which contain dead cells, which 
can hold aloft one or several sori (Figure 8.1A) (Raper, Worley, and Kessler 1977). 
Guttulinopsis thus represents an example of reproductive division of labor; only 
some cells undertake reproduction and others instead provide non-reproductive, 
structural support.

FIGURE 8.1 Fruiting body morphologies throughout the eukaryotic tree of life. (A) Guttulinops 
is vulgaris—Rhizaria, (B) Acrasis rosea—Excavata, (C) Copromyxa protea—Amoebozoa, 
(D) Fonticula alba —Opisthokonta, (E) Sorodiplophrys stercorea—Stramenopiles, (F) 
Sorogena stoianovitchae—Alveolata, (G) Dictyostelium discoideum—Amoebozoa. Fruiting 
bodies are not drawn to scale.
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8.2.2 aCrasidae (exCaVata)

The species Acrasis rosea was the first non-dictyostelid sorocarpic amoeba to be 
discovered (Olive and Stoianovitch 1960). Following aggregation into a mound, a 
single cell at the base of the mound differentiates into an encysted stalk cell. Cells 
on top of the stalk cell subsequently encyst as well, resulting in a stalk that extends 
upward and holds aloft the rest of the population. After stalk formation is complete, 
the remaining cells in the aggregate form chains and encyst to become spore cells. 
This results in a fruiting body that resembles a tree-like structure, consisting of a 
main branch and smaller offshoots (Figure 8.1B). Although all cells in the fruiting 
body are viable, it is unknown whether there are fitness costs or benefits associated 
with adopting different positions in the fruiting body, for example, higher up from 
the ground (Kaushik and Nanjundiah 2003).

8.2.3 copromyxa (aMoebozoa)

The genus Copromyxa consists of only two species, only one of which, Copromyxa 
protea, exhibits aggregative fruiting (Brown, Silberman, and Spiegel 2011). In 
C. protea, fruiting body formation involves aggregation of cells, with those at the 
apex becoming encysted (Figure 8.1C). Similar to A. rosea, the fruiting body con-
sists of a column of cells, and the existence of any position-dependent fitness differ-
ence is unknown. Kaushik and Nanjundiah (2003) describe this process as “coming 
together and sticking to each other,” a more primitive evolutionary form of multicel-
lularity compared to other species of sorocarpic amoebae that show complex divi-
sion of labor, where cells adopt distinct and irreversible cell fates.

8.2.4 Fonticula (opisthoKonta)

Multicellularity evolved multiple times within the Opisthokonta, manifested by dif-
ferent forms: metazoans (animals) and fungi, in which multicellularity arises by cell 
division from a single starting cell, and aggregative fruiting forms (Brown, Spiegel, 
and Silberman 2009; Fisher, Shik, and Boomsma 2020; Ruiz-Trillo et al. 2007). 
Among the latter is the taxon Fonticula, which currently consists of only a single spe-
cies, Fonticula alba. F. alba was isolated only once by Olive and Stoianovitch (1960) 
and never rediscovered, although the original isolate has been retained. Following 
aggregation into a mound, the cells secrete a Golgi-derived extracellular matrix, 
forming a hollow volcano-shaped stalk tube. With the exception of a small number 
of cells that continue to produce stalk material, the cells in the stalk are mechani-
cally forced out of the top of the structure. These cells then encyst, forming a ball of 
spores suspended in a thin slime sheet, which collapses a few days after maturation 
(Figure 8.1D) (Brown, Spiegel, and Silberman 2009; Worley, Raper, and Hohl 1979).

8.2.5 soroDiplophrys (straMenopiles)

Little has been published about Sorodiplophrys stercorea (Dykstra and Olive 1975; 
Tice et al. 2016). Similar to other sorocarpic amoebae, however, single-celled 
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amoebae aggregate and form a fruiting body. The final fruiting body structure con-
sists of a small, thick stalk composed of secreted material and dead cells that sup-
ports a spherical, golden, mucoid sorus (Figure 8.1E). The presence of dead stalk 
cells indicates that this organism shows reproductive division of labor as well.

Finally, while many examples of aggregative multicellular fruiting body for-
mation involve sorocarpic amoebae, it is worth noting that there are additional 
non-amoeboid taxa that undergo cooperative fruiting. Myxobacteria are a clade of 
prokaryotic organisms that undergo aggregative fruiting in response to starvation. 
Their fruiting bodies can vary dramatically among different species. For exam-
ple, some species form stalks that lift up the spores, whereas in others, the stalk is 
reduced or absent (Velicer and Vos 2009). The best-known species of myxobacte-
ria is Myxococcus xanthus, which has been used as a model system for studies on 
cooperation and conflict (see Chapter 6). The life cycle of M. xanthus is similar to 
that of social amoebae: the soil-dwelling bacteria prey upon other microbes, some-
times cooperatively as a swarm (Mauriello et al. 2010). Upon starvation, the bacteria 
aggregate into mounds and form fruiting bodies, where only a fraction of the cells 
differentiate into spores, and others remain as rod-shaped cells or undergo autolysis 
(Figure 8.1F) (Nariya and Inouye 2008; Varon, Cohen, and Rosenberg 1984). The 
percentage of cells that become viable spores is much lower than in the eukaryotic 
species discussed so far, with a non-spore percentage of up to 90% in M. xanthus, 
at least under laboratory conditions (Velicer and Vos 2009). The reason for the 
variation in fruiting body morphology among these species is not well understood 
(Velicer and Vos 2009).

Sorogena stoianovitchae (eukaryotic supergroup Alveolata) is unique among 
ciliates in undergoing aggregative fruiting (Olive and Blanton 1980; Sugimoto and 
Endoh 2006). In its unicellular stage, it feeds on other ciliate species. Upon food 
shortage, however, it aggregates beneath the water surface and forms an aerial 
fruiting body. The stalk is produced via collective secretion of a mucous mate-
rial by the entire population. The stalk lifts the population out of the water, after 
which each of the cells become encysted and together form a sorus (Sugimoto and 
Endoh 2006).

8.3 FRUITING BODY FORMATION IN THE AMOEBOZOA

Within the Amoebozoa, the group historically known as the Eumycetozoa (true 
slime molds) consists of three major groups of organisms: the protostelids, myxo-
gastrids, and dictyostelids. The latter two groups are monophyletic, whereas molecu-
lar analyses indicate that protostelids are not. For this reason, these organisms are 
now sometimes referred to as “protostelioid amoebae” rather than “protostelids,” 
to emphasize common elements of their morphology in lieu of a phylogenetic clas-
sification (Shadwick et al. 2009). Protostelioid amoebae undergo sporocarpic devel-
opment (Spiegel et al. 2017). The amoeba secretes an extracellular matrix, which 
forms a stalk that lifts the amoeba up. The amoeba then differentiates into a spore, 
sometimes following cell division (Furtado and Olive 1971; Lahr et al. 2011; Spiegel 
et al. 2017). Thus, sporocarpy in protostelids results in the production of microscopic 
fruiting bodies that contain only one or a few cells.
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The plasmodial slime molds belong to the monophyletic group the Myxogastrea, 
another taxon of sporocarpic amoeba. Plasmodial slime molds are named for the 
slimy structure they produce—called a plasmodium—which forms when amoe-
boid cells undergo repeated rounds of mitosis without cytokinesis. This process 
results in a single, massive, multi-nucleated cell with a continuous cytoplasm, 
which can reach many meters in size. When conditions turn bad, the plasmodium 
produces masses of stalked fruiting bodies, a process that occurs not through 
growth, but through rearrangement of the existing biomass (Stephenson and 
Schnittler 2017). Thus, they also form fruiting bodies, albeit not through aggrega-
tion. The spores are mostly wind-dispersed and germinate to form the plasmodium 
again. Plasmodial slime molds were the likely inspiration for the 1950s horror film 
The Blob. Like protostelids, the stalks produced by plasmodial slime molds are 
acellular (i.e., secreted). Unlike the protostelids, however, their fruiting bodies are 
macroscopic.

Finally, the dictyostelids consist of more than 160 species (Romeralo et al. 2011). 
Their phylogenetic tree contains many long, unbroken branches, which suggests that 
they have been undersampled and that the true diversity of the group is even greater 
(Romeralo et al. 2011). Although the phylogeny has been revised over the years, 
recent phylogenies based on SSU rRNA and alpha-tubulin sequences group dic-
tyostelids into two major clades, the Dictyosteliales and the Acytosteliales, each of 
which is composed of two groups—resulting in groups 1–4, referred to below. These 
groups are then further subdivided (e.g., into groups 2A and 2B) (Romeralo et al. 
2011). The model organism Dictyostelium discoideum, discussed in detail below, 
belongs to group 4.

Comparative analyses indicate that the formation of a stalked fruiting body 
is conserved within dictyostelids (Heidel et al. 2011; Romeralo et al. 2011, 2013; 
Schaap et al. 2006; Sucgang et al. 2011). Romeralo et al. (2013) combined genetic 
data from 99 species with phenotypic data based on 24 traits. This work suggests 
that the last common ancestor of dictyostelids (~0.6–1.0 billion years ago) formed 
fruiting body structures that lift spores up in the air. However, as we emphasize 
below, dictyostelids show substantial variation in the formation and appearance of 
their fruiting bodies. The evolutionary drivers of such diversity in fruiting structures 
are still being investigated. Nevertheless, this diversity makes this group suitable to 
study the function of a stalk, its associated costs and benefits, and the possible func-
tional constraints on this structure.

8.4  MORPHOLOGICAL VARIATION AMONG DICTYOSTELIDS, 
WITH EMPHASIS ON STALK FORMATION

In this section, we discuss fruiting body formation and function from the perspec-
tive of the model organism Dictyostelium discoideum. We start by describing the 
life cycle and stalk formation in D. discoideum. We then describe some of the mor-
phological variation within dictyostelids, particularly in when and how they form 
their stalked fruiting bodies.

D. discoideum is a soil-dwelling amoeba frequently isolated from the upper layer 
of the soil of deciduous forests in the temperate zone (Landolt, Stephenson, and 
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Cavender 2006; Swanson, Vadell, and Cavender 1999). Its life cycle is broadly simi-
lar to many of the sorocarpic amoebae described in previous sections. However, its 
developmental cycle is more complex, as it involves division of labor, extensive cell-
cell communication and coordinated cell death. D. discoideum initiates aggregation 
in response to deteriorating environmental conditions. Starving cells cease phago-
cytosis, secrete extracellular cyclic adenosine monophosphate (cAMP), and respond 
chemotactically to sources of cAMP, which results in cell streaming and aggregation 
to form a mound. In the mound, cells initially differentiate into either pre-stalk or 
pre-spore cells, indicative of their eventual cell fates in the later fruiting body (see 
Chapter 5). The pre-spore cells move to the top of the mound, forming a tip that 
elongates into a finger-like structure that falls to the surface. The resulting worm-
like structure, called a slug, migrates away from the site of aggregation (Figure 8.2). 
Following migration and upon detecting cues such as overhead light, the slug trans-
forms into a multicellular fruiting body. Cells at the anterior of the slug undergo 
apoptosis, having vacuolized and hardened to form a rigid, dead cellular stalk. The 
remaining cells move to the top of the stalk and differentiate into viable spores, which 
disperse and germinate to release single-celled amoebae (Figure 8.1G). In addition to 
the fruiting body stage, which results in asexually produced spores, D. discoideum 
also has a multicellular sexual stage. The sexual stage also involves aggregation and 
cell sacrifice. The final result is a durable structure, called a macrocyst, that is not 

FIGURE 8.2 Stalked versus stalkless migration among dictyostelid species. (A) D. discoideum 
and (B) D. purpureum, both group 4 species. D. discoideum slugs lack a stalk and lie flat on 
the substrate, with their tips in the air. The slugs later transform into yellow fruiting bodies that 
have an upright, sturdy stalk and a flattened disk of cells at the base. D. purpureum slugs have 
a stalk at the rear of the slug that is lengthened throughout the migration period. The fruiting 
bodies consist of purple sori atop a slender stalk, and they lack a basal disk. (C) D. discoideum 
and D. purpureum co-occurring on a soil isolation plate. The pale yellow fruiting bodies are D. 
discoideum, whereas the dark fruiting bodies are D. purpureum. (D) A different soil isolation 
plate, showing an unidentified dictyostelid species with stalked migration.
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stalked (Bloomfield 2010, 2011; see Chapter 5). Meiosis takes place during the for-
mation of the macrocyst, and the amoebae that later emerge are recombinants.

D. discoideum is a model system for cell biology, developmental biology, chemo-
taxis, and host-pathogen interactions (reviewed in Bozzaro 2019; Williams 2010). It 
is genetically tractable, has a precise 24-hour development cycle, and differentiation 
results in a small number of distinct cell types. D. discoideum is also notable for its 
relatively stable cell-type proportions: approximately 80% of cells in the posterior of 
the slug form the spore-containing sorus, whereas ~20% of cells in the anterior die 
and form the stalk. These cell-type proportions can partially re-establish following 
perturbations, for example, by ablation of either the anterior (prestalk) or posterior 
(prespore) sections of the slug (Ràfols et al. 2001; Raper 1940). The robustness of its 
spore-stalk cell proportions is of interest to both developmental biologists who focus 
on how multicellular organisms achieve and maintain specific cell-type proportions, 
as well as evolutionary biologists interested in how and why some cells die to pro-
mote the fitness of other cells.

While D. discoideum is by far the best studied of the social amoebae species, it 
exhibits a variety of traits that are somewhat uncommon among dictyostelids. Below, 
we focus on three morphological traits, namely stalk composition, slug morphology, 
and fruiting body morphology, comparing D. discoideum to other dictyostelid spe-
cies. Although it is difficult to ascertain the adaptive significance of this variation in 
morphology, we discuss functional implications of the different structures and some 
of their potential costs and benefits.

8.4.1 Cellular Vs aCellular stalKs

Aggregative multicellularity potentially allows unrelated cells to collaborate to form 
a multicellular individual. It therefore presents opportunities for conflict, especially 
if there are fitness costs associated with adoption of a particular cell fate. This prob-
lem is particularly severe in social amoebae, because the cells that form the stalk die, 
whereas the remainder live, thus providing a potentially large fitness advantage to 
strains that avoid the stalk fate. Conflict is thus thought to emerge over which cells 
will adopt the dead-cell fate and which will survive into the next generation. Because  
different genotypes can co-aggregate, selection has the opportunity to favor geno-
types that behave selfishly by avoiding the stalk fate (Ostrowski 2019).

Stalk formation, however, does not necessarily require self-sacrifice. For exam-
ple, the acytostelids (group 2A) have acellular stalks, consisting of a hollow tube that 
is made from secreted cellulose, with all cells subsequently forming viable spores 
atop the stalk (Mohri et al. 2013). In contrast, cellular stalks are made from an inner 
layer of hardened vacuolized stalk cells and an outer layer of cellulose (Gezelius 
1959). Why some species evolved cellular stalks, the formation of which depends on 
the death of a fraction of the population, while others form stalked fruiting bodies 
without cell sacrifice, is not known.

At present, we can only speculate about why these differences might have 
evolved. One possibility is that cellular stalks provide stronger support, allow-
ing larger aggregate sizes and taller stalks that support more spores. For example, 
acytostelids have smaller aggregates and smaller structures compared to species  
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with cellular stalk formation (170–1200 mm versus 1200–8200 mm), which might 
be consistent with a weaker stalk in the former (Raper 1956b; Schaap et al. 2006). 
Additionally, Kaushik and Nanjundiah (2003) point out that production of an acel-
lular stalk might be energetically costly to the cells and therefore detract from their 
ability to survive for long periods. The division of labor achieved through formation 
of a cellular stalk might thus entail benefits for the survival of the spores.

One possible benefit of an acellular stalk is the ability to produce a fruiting 
body with a smaller population. This potential benefit is apparent in Dictyostelium 
lacteum, the only species known to be capable of producing both cellular and 
acellular stalks. When food availability is low, the species forms a small, acel-
lular stalk, similar to that produced by acytostelids; only at higher cell numbers is 
a larger, cellular stalk formed (Bonner and Dodd 1962; Bonner 1982). Currently,  
D. lacteum is the only species known to be plastic for acellular versus cellular 
stalk formation, but it is possible that other dictyostelids possess similar plastic-
ity but remain to be discovered, or their plasticity has simply not been noticed. 
Finally, although some have speculated that acytostelids could represent an inter-
mediate stage in the evolutionary transition from simple (e.g., single cell type, no 
division of labor) to complex multicellularity (multiple cell types with division of 
labor) (Bonner 2003; Olive 1975), a molecular study by Schaap et al. (2006) con-
cluded that the most recent common ancestor of the dictyostelids likely already 
displayed cellular stalk formation, suggesting that acellular stalk formation is a 
derived trait.

8.4.2 stalKed Migration

In some dictyostelid species, aggregation of cells leads to the formation of a slug 
that migrates away from the point of aggregation (Figure 8.2). For example, in D. 
discoideum, the slug forms approximately 12 hours after the onset of starvation, 
and it can travel long distances, up to 6 cm in a week (Jack et al. 2011, 2015). The 
slugs are strongly phototactic, moving towards a directional light source. Migration 
ceases once light is overhead, which triggers culmination to form a fruiting body. 
The combination of attractants (light and heat) and repellents (high ammonia levels) 
is thought to direct slugs upwards through the soil, into an open area suitable for 
fruiting body formation (Bonner and Lamont 2005; Raper 1984).

Slug migration is thought to have evolved several times in the major groups of the 
dictyostelids (Romeralo et al. 2013). In D. discoideum, the stalk is not formed until 
after slug migration, during the final stages of development (Figure 8.2A). However, 
in the majority of dictyostelid species, a stalk is continuously produced from the rear 
of the slug during its migration (Figure 8.2B). In these species, the fraction of cells 
that will die and form the stalk is not constant, but depends on the distance traveled by 
the slug. Ancestral trait reconstruction suggests that the last common ancestor of the 
dictyostelids was likely a stalked migrator, with only a few species (D. discoideum, D. 
polycephalum, D. citrinium, D. intermedium and D. dimigraformum) having evolved 
stalkless migration (Romeralo et al. 2013; Schaap et al. 2006, Schaap 2007).

Several studies have addressed the potential costs and benefits of stalked versus 
stalkless migration (Bonner 1982; Gadagkar and Bonner 1994; Jack et al. 2011).  



144 The Evolution of Multicellularity

Jack et al. (2011) quantified the costs of slug migration in D. purpureum (a stalked 
migrating species) and D. discoideum (which does not undergo stalked migration). 
Both species showed a tradeoff between migration and sporulation, in that they 
show a similar decrease in sporulation after accounting for differences in migra-
tion distance. The authors suggest that the two species could have adapted their 
behavior to different stages of the life cycle. As D. purpureum produces much taller 
fruiting bodies than D. discoideum (>7 mm versus 3–7 mm), the authors speculate 
that D. purpureum invests less in migration (active dispersal) and more in fruiting 
body size (passive dispersal). In contrast, D. discoideum invests relatively more in 
active dispersal so it can reach suitable fruiting locations further away, but produces 
a shorter fruiting body structure.

That the stalk might serve a different or additional purpose in different dic-
tyostelids was proposed by Bonner (1982) and later tested by Gilbert et al. (2012). 
They showed that the stalked migrator D. giganteum could use its stalk as a bridge 
to traverse small gaps in the substratum. In contrast, slugs of the stalkless migrator 
D. discoideum were not able to traverse these same gaps, suggesting one potential 
advantage of stalked migration. Regardless of some potential benefits associated 
with stalked migration, it is surprising that cells co-aggregate to form a slug with 
no guarantee as to how large of a stalk—and thus, how big of a cell sacrifice—will 
be made.

Because the costs of stalk formation are likely to be greater for stalked migrators 
like D. purpureum, one might expect that levels of relatedness within cooperative 
fruiting bodies would likewise need to be greater. Indeed, while both D. discoi-
deum and D. purpureum possess mechanisms of kin discrimination, whereby cells 
of different strains separate out during chimeric development (Mehdiabadi et al. 
2006; Ostrowski et al. 2008), D. purpureum shows stronger kin discrimination than 
D. discoideum. It would be interesting to know whether D. purpureum has a stronger 
history of selection on the genes that underpin its kin discrimination. These genes 
have been identified in D. discoideum (Hirose et al. 2011), but are not yet known in 
D. purpureum.

8.4.3 Clustering and branChing patterns

In D. discoideum, each aggregate gives rise to a fruiting body, which consists of a 
relatively thick, non-branched stalk that holds aloft a single sorus. This morphology 
is common among species in group 4, but outside of this group, there is a large vari-
ety of structures that differ in their degree of clustering and branching (Figure 8.3). 
In some species, secondary tips form after aggregation, giving rise to multiple, 
closely spaced fruiting bodies (referred to as “gregarious” development) or fruit-
ing body structures with multiple sori emanating from one stalk (“like flowers in a 
vase”; Raper 1956). Fruiting bodies can also be branched and/or consist of whorls 
(Baldauf and Strassmann 2017; Schaap et al. 2006). The extent of the branching and 
clustering is also plastic, as it can depend on cell density (Bonner and Dodd 1962; 
Romeralo et al. 2013). The general pattern was that larger structures—i.e., branched 
and clustered—tend to form in response to high cell density, whereas unbranched 
and solitary structures emerge at low cell density.
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8.5  ALTRUISM, STALK FORMATION, AND THE MAINTENANCE 
OF MULTICELLULARITY IN DICTYOSTELIUM DISCOIDEUM

In previous sections, we discussed numerous examples of aggregative multicellu-
larity that result in the formation of a stalked fruiting body. We emphasized that, 
in many cases, many or all the cells in the fruiting body remain viable, although 
there could be fitness costs associated with exactly which role is adopted by a given 
cell. We also emphasized that some species form fruiting bodies with secreted, 
non-cellular stalks, and others form extensive cellular stalks throughout migration, 
resulting in a potentially large and unpredictable degree of cell sacrifice.

The formation of cellular stalks by dictyostelids is of special interest to evolution-
ary biologists. Stalk formation is likely altruistic, in that some cells give up oppor-
tunities for direct fitness in order to form a structure that appears to benefit the rest. 
This differentiation into spore and stalk cells is analogous to the differentiation into 
soma and germline that is seen in complex multicellularity. Stalk formation is a clear 
example of reproductive division of labor, where some cells specialize in reproduc-
tion, and others specialize in non-reproductive functions.

Certain features of the Dictyostelium life cycle mean that its reproductive division 
of labor might be evolutionarily fragile. Aggregative multicellularity potentially per-
mits multiple different genotypes to co-aggregate and form chimeric multicellular 
structures. This genetic diversity, in combination with strong fitness consequences 
for becoming stalk versus spore, means that natural selection can operate during this  

FIGURE 8.3 Examples of clustering and branching patterns in the fruiting bodies of proto-
stelids and dictyostelids. Approximate fruiting body height is indicated below each species, 
based on descriptions in Raper (1984), except for P. violaceum, where the value listed is the 
mean stalk length from Romeralo et al. (2013). Note that fruiting body size can vary substan-
tially depending on plating conditions, so only an approximate range is provided.
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stage of the life cycle. Thus, all else being equal (and it may not be), natural selection 
should favor genetic variants that can avoid the costly role of the stalk and dispro-
portionately adopt the high-fitness spore fate. The problems posed by chimerism 
in Dictyostelium and its potential consequences for the evolution of multicellular-
ity are discussed more fully in Chapter 7. Given these opportunities for selection 
to favor stalk-avoiders, one long-standing question is the extent to which opportu-
nities for conflict may have influenced how multicellularity evolves (e.g., whether 
aggregative multicellularity is successful) and whether it is evolutionarily stable. In 
Dictyostelium, this possibility has led to interest in whether stalkless forms might 
evolve in nature.

8.5.1 hunting For stalKless strains in nature

There have been limited attempts to find stalkless strains in nature. Buss (1982) 
reported the existence of a stalkless Dictyostelium strain. While growing and isolat-
ing Dictyostelium fruiting bodies from soil samples, he observed two distinct fruit-
ing body morphologies. One strain showed a standard stalked morphology, whereas 
the other produced a ball of spores directly on the substratum, without a stalk. Buss 
described the latter strain as a “somatic cell parasite,” because it was capable of 
“reproducing itself and spreading infectiously” at the expense of the rest of the popu-
lation (Buss 1982). To study whether such a stalkless strain could be maintained in 
the population over multiple generations, Buss co-cultured the stalked and stalkless 
strain over a number of generations. The stalkless strain increased in frequency and, 
if it started at a sufficiently high frequency in the population, it could take over. 
However, when the stalkless strain was mixed with a different set of strains isolated 
from the same soil sample, no chimeric fruiting bodies were observed, indicative 
of some sort of recognition mechanism present in these strains to distinguish self 
from non-self. Unfortunately, the stalkless strain was subsequently lost (Buss, pers. 
communication), making it impossible to study it further. This means that it is not 
possible to carry out molecular analyses to establish which dictyostelid species it was 
or to identify the genetic changes responsible for its unusual morphology.

More recently, Gilbert et al. (2007) attempted to isolate stalkless strains from 
natural populations. Unfortunately, dictyostelid fruiting bodies are too small and 
infrequent to find simply by directly examining soil samples. Moreover, finding 
stalkless strains—given that they do not form the recognizable macroscopic fruit-
ing body—is even more challenging. However, previous work showed that fruiting 
bodies can sometimes be observed on animal dung pellets (Raper 1984; Stephenson 
and Landolt 1992). Gilbert and colleagues collected dung pellets, brought them back 
to the lab, and incubated them with or without additional bacteria for food until 
fruiting bodies formed (Gilbert et al. 2007). They then collected the spores from 
95 of these fruiting bodies and plated them at low density on a lawn of bacteria. 
Under these conditions, well-spaced spores germinate and divide to produce circular 
plaques—clearings in the bacterial lawn where the amoebae have devoured the prey. 
At the center of each plaque, where the amoeba cell density is high and food has 
been depleted, fruiting bodies will form if the strain is capable of multicellularity. 
Thus, dilution plating of spores to see whether they give rise to fruiting bodies is  
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a way to screen for the presence of strains that have lost multicellularity, despite pre-
viously joining a stalked fruiting body with others, or that exhibit other morphologi-
cal alterations. However, despite screening >3,300 plaques, Gilbert and colleagues 
observed no stalkless morphologies.

To our knowledge, the works by Buss (1982) and Gilbert et al. (2007) are the 
only studies that have attempted to identify and/or quantify the frequency of 
stalkless strains in nature. In the future, as new methods for single-cell genom-
ics improve, it might be possible to use culture-independent methods to isolate, 
sequence, and identify each amoeba cell in a soil sample, enabling identification 
of natural isolates that have lost multicellular development or evolved novel mor-
phologies not currently recognized. For now, however, whether D. discoideum’s 
aggregative fruiting can lead to selfishness that threatens the maintenance of the 
stalk in nature remains unknown.

8.5.2 laboratory and theoretiCal studies oF stalKlessness

The observation by Buss (1982) of a stalkless morphology motivated laboratory stud-
ies of stalk-avoiding mutants as well as theory to address the circumstances under 
which stalklessness might evolve and persist. For example, two studies examined an 
insertion mutant ( fbxA- mutant) that contributes less to the stalk when in chimerae 
with the wild-type strain (Ennis et al. 2000; Nelson et al. 2000). When developed 
clonally, the mutant forms aberrant fruiting bodies that contain few to no spores or 
fails to initiate stalk production altogether (Ennis et al. 2000; Gilbert et al. 2007). 
However, when co-developed with the wild-type strain, it produces a disproportion-
ate fraction of the spores. Ennis and colleagues (2000) speculated that the fbxA gene 
takes part in the regulation of a complex involved in the differentiation into spore or 
stalk cells, where deletion of the gene causes the stalk cell differentiation pathway 
to be halted.

Gilbert and colleagues (2007) subsequently used the fbxA- mutant to examine 
the extent to which such a strain that does not contribute fairly to the stalk might 
increase in frequency in a population, owing to its advantage in spore production in 
chimerae. Such a strain may face a disadvantage at high frequency, if it has displaced 
the very strain it relies on to sporulate. The impacts of these different frequencies 
can be quantified as relatedness, which encompasses the degree to which the mutant 
interacts with self (r = 1) or with the stalk-proficient wild-type (r = 0) to build a 
fruiting body. The authors found that when r > 0.75, the fbxA- mutant decreased in 
frequency, indicating net selection against the mutant. This work demonstrated that 
sufficiently high relatedness could be essential for preventing the invasion and take-
over of populations by non-stalk-forming strains.

The above empirical examples suggest that stalk-avoiding strains might be selected 
against when relatedness is high—but is relatedness in natural populations sufficiently 
high to accomplish this? Relatively little is known about relatedness in nature, espe-
cially over the small spatial scales in soil where different strains might encounter one 
another and co-develop to form chimeric fruiting bodies. Fortunato and colleagues 
genotyped natural isolates from minute soil samples collected using a plastic straw  
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with a diameter of 6 mm (Fortunato et al. 2003). Of 26 soil samples that contained 
Dictyostelium, 63% yielded more than one genotype, with as many as nine dis-
tinct genotypes present in a single soil sample. These results yielded an estimate 
of average genetic relatedness of 0.52. In addition, Gilbert collected and genotyped 
88 individual fruiting bodies that emerged from 25 dung piles incubated in the lab 
(Gilbert et al. 2007). Seventy-seven percent of the fruiting bodies contained only a 
single genotype, which yielded a minimum relatedness of r = 0.86, supporting their 
hypothesis that relatedness might be high enough to select against the fbxA- mutant 
in nature (i.e., 0.86>0.75).

The hypothesis that high genetic relatedness would be sufficient to stop the spread 
of non-stalked mutants was further supported by Kuzdzal-Fick et al. (2011). They 
carried out laboratory evolution experiments that involved multicellular develop-
ment under either low or high relatedness conditions (i.e., in genetically diverse or 
clonal groups, respectively). Approximately one-third of the populations evolved at 
low relatedness harbored strains that could not form a stalked fruiting body when 
developed clonally, but were nonetheless disproportionately represented among the 
spores when co-developed with their ancestor. Conversely, no losses of multicel-
lularity occurred in the populations evolved under high relatedness. Taken together, 
these experiments demonstrate that high relatedness may be an important condition 
for the maintenance of the stalked fruiting body in this organism.

Hudson et al. (2002) developed a mathematical model to address the evolution-
ary stability of stalk formation. The model made two assumptions about how stalks 
influence fitness: (1) the fitness of a completely stalkless strain would be low and 
(2) dispersal success increases with stalk size. They showed that stalk formation 
could still be maintained in populations founded by genetically unrelated individu-
als. However, they also showed that selfish genotypes, those that contribute less to 
the stalk, could drive the evolution of suboptimal stalk sizes—that is, reductions 
in the allocation to the stalk relative to what would be optimal, assuming that dis-
persal is an important fitness component. Similarly, a model by Brännström and 
Dieckmann (2005) showed that it was possible to obtain coexistence of multiple 
genotypes (e.g., stalked and stalkless) within a single population. Taken together, 
these experiments suggest that one way to identify stalkless strains in nature might 
be to look for them under natural conditions where relatedness is low (i.e., genetic 
diversity is high) or the importance of dispersal is low. Moreover, while it remains 
unknown how essential stalk formation is for dispersal (as opposed to simply pro-
tecting the spores by lifting them in the air), one study did show that spores from 
an intact, stalked fruiting body were more likely to be acquired by an insect vec-
tor than those that were placed directly on the substrate; the spores also survived 
passage in the insect gut when ingested (smith, Queller, and Strassmann 2014). 
This finding thus provides some support for the role of the stalk in facilitating 
spore dispersal.

8.5.3 naturally oCCurring Variation in stalK size

The model by Hudson et al. (2002) suggested that the size of the stalk in D. discoi-
deum could reflect a tradeoff between its cost to the cells that die and its benefit to 
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the surviving spores, and thus that its size may be sub-optimal, at least for dispersal. 
Similarly, the study by Brännström and Dieckmann (2005) supported the idea that 
within-population polymorphisms could arise, and thus we might expect to observe 
natural variation in the degree of stalk investment. To what extent is there evidence 
that this variation exists?

Within D. discoideum, only a few studies have looked at natural variation in 
overall stalk or fruiting body size, as well as equity of spore-stalk allocation between 
strains (Buttery et al. 2009; Votaw and Ostrowski 2017). Buttery et al. (2009) esti-
mated spore-stalk allocation in six strains from a site in North Carolina. Spore 
allocation was estimated in two ways: from images of individual fruiting bodies, 
followed by estimation of relative sorus and stalk volume, and by comparing the 
spore production of strains clonally and following development in pairwise chime-
rae, under the assumption that more spores indicate less allocation to stalk. Using 
the latter approach, they observed variation in spore allocation (up to 2.8–fold differ-
ence) among strains (Buttery et al. 2009).

Votaw and Ostrowski (2017) looked at variation among strains, among sites, and 
in clonal versus pairwise chimerae using strains from two geographically distant 
sites, one in North Carolina and one in Texas. In addition to imaging and measuring 
stalk height and spore number, GFP reporter strains were used to estimate spore-
stalk allocation. They observed variation in stalk allocation within both popula-
tions, but also larger fruiting bodies for Texas strains compared to strains from 
North Carolina. These results underscore that larger stalks can be accomplished 
through two routes: either by allocating more cells to the stalk or by making larger 
fruiting bodies altogether. In addition, variation in relative stalk size was observed 
in both populations, similar to the findings of Buttery et al. (2009). These studies 
together indicate some polymorphism in clonal and chimeric spore-stalk allocation 
among strains within a site, but also that the morphology of the fruiting bodies can 
evolve divergently among sites.

Overall, the studies of altruistic stalk formation by D. discoideum, clonally and 
in chimerae, illustrate the potential for conflict in organisms that undergo aggrega-
tive multicellularity with division of labor. Aggregation can lead to genetic diversity 
within the multicellular organism, providing fuel for natural selection, and division 
of labor generates a strong competitive advantage to cells that avoid the dead stalk 
fate. Studies in this organism thus help to validate the predictions of evolutionary 
theory about the problems of aggregative multicellularity.

8.6 CONCLUSIONS

Aggregative fruiting has independently evolved in five of the six supergroups of 
the Eukarya, suggesting that the formation of a stalk is a morphological adaptation. 
Nevertheless, there is a substantial diversity in how these structures are formed—
whereas some stalks are composed of dead cells (and thus involve cell sacrifice), 
others form by secretion, such that all cells potentially survive as spores. Differences 
in how stalks are formed in organisms that undergo aggregative multicellularity has 
important implications for the evolutionary maintenance of this trait.
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Substantial variation in how stalked fruiting bodies form exists within dic-
tyostelids alone, a large clade consisting of more than 150 species within the 
Amoebozoa. Here we described variation among species in the composition of 
the stalk (acellular versus cellular), the timing of its production (during or after 
migration), and its branching morphology (branched or unbranched, whorled or 
not). Unfortunately, the explanations for the variation in these features are not 
known, although several studies provide information about some of the potential 
functions of the stalk. For example, spores that sat atop stalks were more likely to 
be picked up by an insect vector (smith, Queller, and Strassman 2014), and stalks 
emanating from the rear of the slug can help in traversing gaps in the soil (Gilbert 
et al. 2012)—yet, whether and how these features are used in nature remains to 
be seen. In addition, while some stalk features may provide a fitness advantage, 
there may also be functional constraints imposed by development or physics. For 
example, acellular stalks have the benefit of not necessitating cell sacrifice, but 
these structures may not support as many spores, or the spores may be of lower 
quality (Kaushik and Nanjundiah 2003).

In those species that form cellular stalks, the death of the cells that form the 
stalk presents an opportunity for conflict, as strains that avoid forming the stalk 
and preferentially form spores should have a fitness advantage. In the model organ-
ism D. discoideum, studies of stalk-avoiding mutants and the behaviors of natural 
isolates, as well as mathematical models, have all contributed to our understanding 
of the evolutionary maintenance of altruistic stalk formation. These studies confirm 
an essential role for relatedness, but whether relatedness is high enough in nature to 
prevent takeover by stalk-avoiding strains remains uncertain. Future studies would 
benefit from considering how multicellular morphologies have been impacted by 
variation in relatedness across populations, as well as of other factors that might also 
promote the evolutionary maintenance of cooperative multicellularity.
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9.1 INTRODUCTION

Clonal multicellularity involves the formation of a multicellular entity in which all 
cells are the offspring of a single progenitor cell; the term covers both the complex 
multicellularity most familiar from animals, plants and fungi, and the simple mul-
ticellularity that is displayed by a wide range of microbial organisms (Macario and 
de Macario 2001; Knoll 2011; Herron et al. 2013; Lyons and Kolter 2015).

Complex multicellular organisms are multicellular in three dimensions and have 
extensive tissue differentiation, i.e. spatial division of labor between individual cells, 
and a complex body plan arising from a centralized developmental program (Knoll 
2011). As a consequence of this differentiation, they possess sophisticated systems of 
cellular communication, nutrient and oxygen transport, and coordinated developmen-
tal regulation. These features allow them to overcome limitations associated with their 
greater size and three-dimensional organization, including individual cells’ lack of 
access to external sources of nutrients and gas exchange, and the need for coordination 
between different cells and tissues (Knoll 2011). Complex multicellular organisms may 
reproduce sexually by means of unicellular gametes, or clonally by means of unicel-
lular spores or multicellular propagules. The distinction between complex and simple 
multicellularity is somewhat blurry, and the presence of eight cell types has been pro-
posed as an arbitrary rule of thumb (Cock and Collén 2015). This type of multicellular-
ity has only been described in eukaryotic lineages: the red algae (Rhodophyceae), land 
plants (Embryophyta), brown algae (Phaeophyceae), two groups of fungi (Ascomycota 
and Basidiomycota), and animals (Metazoa) (Figure 9.1).

In contrast, simple multicellularity involves the formation of simple two- or 
three-dimensional structures (clusters, balls, filaments or sheets) consisting of cells 
that adhere to one another, and may engage in simple cell-cell communication, but 
without the complex spatial differentiation or coordinated developmental regulation 
found in complex multicellularity (Knoll 2011). This type of multicellularity may 
represent a single stage of a complex lifestyle involving one or more unicellular 
amoeboid, flagellate, amoeboflagellate or cystic stages. Alternatively, it may arise 
in response to environmental conditions, such as the presence of prey organisms 
or environmental stressors. Simple multicellularity has been described many times 
in both eukaryotic and prokaryotic groups (Figure 9.1), some (but not all) of which 
are close relatives of complex multicellular organisms, making them attractive sub-
jects of study to understand the evolution of complex multicellularity (Kirk 2000; 
Dayel et al. 2011; Suga and Ruiz-Trillo 2013; Umen 2014; Yamagishi et al. 2014; 
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FIGURE 9.1 Simplified schematic tree of life showing lineages (in bold) in which clonal 
multicellularity has been described (note that the endosymbiotic events that gave rise to mito-
chondria and plastids are not depicted). White stars indicate lineages in which complex clonal 
multicellularity has been described. For the sake of simplicity, some lineages of uncertain 
placement have been left unlabeled. Tree of life modified from (Hug et al. 2016); eukaryote 
tree topology based on (Burki et al. 2020). Parts of the eukaryote tree highlighted in green, 
blue and orange are shown in more detail in Figures 9.2, 9.3 and 9.5.
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Sebé-Pedrós et al. 2016; Booth et al. 2018; Parra-Acero et al. 2018; Bringloe et al. 
2020; Faktorová et al. 2020; Parra-Acero et al. 2020; Levin et al.) (see Chapter 13).

This chapter provides an overview of groups in which simple and/or complex clonal 
multicellularity has been described, loosely organized by taxonomic affiliation (Figure 
9.1). A wider range of eukaryotes (e.g. Physarum and Xenophyophorea) are unicellular 
but multinucleate (reviewed in Adl et al. [2019]), in some cases reaching macroscopic 
sizes (Haindl and Holler 2005; Lecroq et al. 2009). These organisms are generally out 
of the scope of this chapter, but we mention cases that are closely related to truly mul-
ticellular species, or in which true multicellularity has been reported in some stages.

Living organisms have traditionally been classified into a small number of king-
doms (e.g. Cavalier-Smith 1998; Margulis and Chapman 2009); but while that sys-
tem is still referenced in much of the literature focusing on specific groups, it has 
over the past few decades been superseded in eukaryotes by a classification scheme 
of nameless ranked systematics based on group monophyly (Adl et al. 2005). This 
chapter uses the most recently revised version of this scheme (Adl et al. 2019).

9.2 EUKARYOTA

9.2.1 arChaeplastida

The Archaeplastida are a eukaryotic supergroup characterized by the ancestral pres-
ence of primary plastids. It includes three major groups, the relative branching order of 
which remains unclear (Leebens-Mack et al. 2019; Burki et al. 2020): the Rhodophyceae 
(red algae), the Glaucophyta (glaucophyte algae), and the Chloroplastida, a clade that 
includes the land plants and their closest algal relatives (Streptophyta), the green 
algae (Chlorophyta) (Adl et al. 2019), and the Prasinodermophyta (Li et al. 2020). 
Multicellularity is present in the Prasinodermophyta and at least eight lineages of 
Chloroplastida, while complex, embryonic multicellularity emerged only in the land 
plants (Embryophyta) and in the red algae (Herron et al. 2013) (Figure 9.2A).

9.2.1.1 Streptophyta (Chloroplastida, Archaeplastida, Eukaryota)
Land plants form a clade that emerges from within the paraphyletic group of algae 
known as charophytes; together, they comprise the Streptophyta (Wickett et al. 2014; 
Leebens-Mack et al. 2019) (Figures 9.2A–C). Other than the earliest-branching 
Mesostigmatophyceae, at least some members of all of the charophyte groups form 
simple clonal multicellular structures, including sarcinoids (three-dimensional clus-
ters) in the Chlorokybophyceae; unbranched filaments in the Klebsormidiophyceae 
and Zygnematophyceae; three-dimensional branched thalli (undifferentiated vegeta-
tive tissue) in the Charophyceae; and elaborate two-dimensional structures in the 
Coleochaetophyceae (Umen 2014) (Figure 9.2A, D). Of these, the most recent analy-
ses place Zygnematophyceae as a sister group to land plants (Wickett et al. 2014; 
Gitzendanner et al. 2018; Cheng et al. 2019; Leebens-Mack et al. 2019). Despite the 
relatively simple nature of filaments in the immediate sister group to land plants 
(Figure 9.2A), key features underpinning land plant multicellularity are shared 
with several or all charophytes, in some cases with apparent secondary loss in the 
Zygnematophyceae (Donoghue and Paps 2020). These features include the formation 
of new cell walls on a scaffold known as the phragmoplast, microscopic channels 
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FIGURE 9.2 Clonal multicellularity in Archaeplastida. A, Schematic phylogeny showing 
the major groups within Archaeplastida, indicating types of multicellular or multinucleate 
structures found in each one. Larger groups in which multicellularity has been reported are 
shown in coloured boxes; lineages in which complex multicellularity has been reported are 
shown in bold. B, Spirogyra sp. (Zygnematophyceae, Streptophyta, Chloroplastida), © Bob 
Blaylock 2009, distributed under a CC BY–SA 3.0 license. C, Hornwort (Embryophyta, 
Streptophyta, Chloroplastida) © Jason Hollinger 2007, distributed under a CC BY 2.0 
license. D, Coleochaete orbicularis strain CFD5b1 (EZ) (Coleochaetophyceae, Charophyta, 
Streptophyta, Chloroplastida) isolated from Lake Tomohawk, Oneida County, WI USA. A 
ring of seven mature zygotes is visible, as are the sheaths and hairs for which Coleochaete 
is named. Image courtesy Charles Delwiche, all rights reserved. E, Crucigeniella sp. 
(Trebouxiophyceae, Chlorophyta, Chloroplastida), F, Scenedesmus dimorphus (Chlorophyceae, 
Chlorophyta, Chloroplastida), G, Pediastrum duplex var. gracillimum (Chlorophyceae), 
Chlorella sp. (Chlorophyceae); E – G, modified from © Andrei Savitsky 2019, distributed 
under a CC BY-SA 4.0 license. H, Volvox sp. (Chlorophyta, Chloroplastida) showing repro-
ductive cells (thick arrows) and somatic cells (thin arrows), modified from © Frank Fox 2011, 
distributed under a CC BY-SA 3.0 license. I, Caulerpa racemosa (Ulvophyceae, Chlorophyta, 
Chloroplastida), © Nick Hobgood 2007, distributed under a CC BY-SA 3.0 license. J, 
Dictyosphaeria cavernosa (Ulvophyceae, Chlorophyta, Chloroplastida), modified from 
© Frederik Leliaert 2013, distributed under a CC BY-SA 3.0 license. K, Verdigellas peltata 
(Palmophyllophyceae, Prasinodermophyta) reprinted from (Zechman et al. 2010), © 2010 
Phycological Society of America, with permission from John Wiley and Sons. L – M, Boldia 
erythrosiphon and Rhodochaete parvula (Compsopogonophyceae, Rhodophyceae), reprinted 
from (Muñoz-Gómez et al. 2017), © 2017 Elsevier Ltd., with permission from Elsevier. N, 
Bangiopsis franklynottii (Stylonematophyceae, Rhodophyceae), modified from (West et al. 
2014) (distributed under a CC BY–NC 3.0 license). O, Red algal seaweed (Rhodophyceae), 
© John Martin Davies 2011, distributed under a CC BY–SA 3.0 license.
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through the cell wall known as plasmodesmata that allow communication between 
cells, three-dimensional cell division, cell wall biosynthesis, and orthologs of key 
plant developmental hormones (reviewed in McCourt et al. 2004; Mikkelsen et al. 
2014; Umen 2014; Ishizaki 2017; Ohtaka et al. 2017; de Vries and Archibald 2018). 
Because of these shared features, and the widespread nature of simple clonal mul-
ticellularity in charophyte algal groups (Figure 9.2A), the ancestors of land plants 
most probably formed similar simple multicellular structures. Charophytes are being 
developed as model organisms for research into basic biological processes such as 
plant development and stress physiology, and to yield insight into the evolution of 
land plants (Domozych et al. 2016).

Complex multicellularity arose subsequently in the immediate ancestors of land 
plants as they adapted to terrestrialization (Figure 9.2A) (see Chapter 17). Charophyte 
algae are haplontic (possessing a multicellular haploid lifestage and a diploid uni-
cellular stage, with the zygote undergoing meiosis immediately after karyogamy); 
one of the main changes undergone during the emergence of land plants was the 
switch to a haplodiplontic lifestyle, with alternation of generations between haploid 
(gametophyte) and diploid (sporophyte) stages that were both multicellular (Ishizaki 
2017). Based on fossil evidence, this switch may have been preceded by the emergence 
of spores with dessication-resistant coating (Brown and Lemmon 2011). Another 
major change was the emergence of differentiated three-dimensional structures: while 
the xylem and phloem emerged only later, in the vascular plants (Trachaeophyta), dif-
ferentiation is present in even the earliest-branching plants (Harrison 2017).

The earliest branching groups within Embryophyta are the hornworts, liverworts, 
and mosses (Figure 9.2A). Together, these are informally known as the bryophytes. 
Early phylogenetic analyses differed with respect to the monophyly or paraphyly 
of these three lineages, and if the latter, which lineage(s) might be sister to vascu-
lar plants (reviewed in Puttick et al. [2018]). The most recent large phylogenomic 
analyses either weakly or strongly support bryophyte monophyly (Puttick et al. 2018; 
Leebens-Mack et al. 2019; de Sousa et al. 2019; Harris et al. 2020), with the implica-
tion that stomata originated once on the plant stem lineage, and were secondarily lost 
in liverworts and many mosses (Harris et al. 2020).

9.2.1.2 Chlorophyta (Chloroplastida, Archaeplastida, Eukaryota)
The Chlorophyta are the sister group to Streptophyta, comprising the core 
Chlorophyta (the Chlorophyceae, Ulvophyceae, Trebouxiophyceae, Pedinophyceae 
and Chlorodendrophyceae [Fučíková et al. 2014]) and a paraphyletic assemblage 
known as the prasinophytes (Fang et al. 2018; Adl et al. 2019) (Figure 9.2A). 
While the monophyly of Chlorophyta is well supported (Cocquyt et al. 2010; Fang 
et al. 2018; Gitzendanner et al. 2018; Leebens-Mack et al. 2019), their internal rela-
tionships have mainly been inferred from 18S rDNA, plastid or mitochondrial genes, 
and remain inconsistently resolved, with doubt surrounding the monophyly of the 
Trebouxiophyceae in some, and the Ulvophyceae in most, analyses (Leliaert et al. 
2012a; Fučíková et al. 2014; Leliaert and Lopez-Bautista 2015; Lemieux et al. 2015; 
Turmel et al. 2017; Fang et al. 2018) (Figure 9.2A).

While the Pedinophyceae and Chlorodendrophyceae are single celled (Leliaert 
et al. 2012a), the Chlorophyceae, Ulvophyceae and Trebouxiophyceae contain lineages 
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with a dazzling variety of multicellular structures (Herron et al. 2013; Umen 2014) 
(Figures 9.2E–J), many of which are familiar as seaweeds in marine environments 
(Cortona et al. 2020) (Figure 9.2I), or as terrestrial biofilms or components of lichens 
(Gustavs et al. 2016). These include undifferentiated clusters, branched filaments, or 
macroscopic sheets in the Trebouxiophyceae (Figure 9.2E); undifferentiated sheets or 
chains, or branched filaments with a differentiated rhizoid (rootlike anchoring struc-
ture) in the Chlorophyceae (Figures 9.2F, G); chains of cells, or spheroid colonies of 
cells with the flagella turned outwards, and which may reach over 500 individuals in 
some species (Yamashita et al. 2016) in the Volvocine green algae (Chlorophyceae) 
(Figure 9.2H), which are models for the development and evolution of multicellularity 
(Kirk 2000; Nedelcu and Michod 2004). The most striking morphologies are found 
in the Ulvophyceae (Leliaert et al. 2012a) (Figure 9.2I, J). In addition to undifferenti-
ated clusters and differentiated branching filaments, these include members of the 
Dasycladales (e.g. Acetabularia) that are not multicellular, but in which uninucleated 
single cells nevertheless reach up to 10 cm in length and possess complex morphol-
ogy. Other members of the Dasycladales and of the Bryopsidales are siphonous, with 
a thallus consisting of a single tubular or even bladed multinucleate cell reaching up 
to several meters in length, and containing up to millions of nuclei (Figure 9.2I). In 
contrast, the Cladophorales and some Ulotrichales are siphonocladous, with a multi-
cellular thallus in which each cell is multinucleate (Leliaert et al. 2012b) (Figure 9.2J). 
Finally, members of the Ulvales and Ulotrichales form large multicellular sheets of 
uninucleate cells, with a differentiated rhizome (Herron et al. 2013).

9.2.1.3 Prasinodermophyta (Chloroplastida, Archaeplastida, Eukaryota)
The Prasinodermophyta had previously been characterized as the earliest branch-
ing class within Chlorophyta, named Palmophyllophyceae (Leliaert et al. 2016), but 
were recently established as a third phylum within Chloroplastida (Li et al. 2020). 
Some members of this group, the Palmophyllales, form unique macroscopic thalli 
consisting of separated, undifferentiated coccoid cells embedded in a gelatinous 
matrix to form flattened sheets (Figure 9.2K); some members attach to the substrate 
by means of a holdfast disc (Zechman et al. 2010).

9.2.1.4 Red Algae (Rhodophyceae, Archaeplastida, Eukaryota)
The oldest fossil evidence of complex multicellularity, independent from that in land 
plants, takes the form of 1200 million-year-old fossils attributed to a red alga; as in 
plants, simple multicellularity is much more widespread in the group.

Traditionally, red algae were divided into the Bangiophyceae and the Florideophyceae; 
recent molecular studies have substituted this classification scheme with one based on 
seven lineages that are consistently monophyletic: the Cyanidiophyceae, Porphyri-
diophyceae, Stylonematophyceae, Compsopogonophyceae, Rhodellophyceae, Bangio-
phyceae, and Florideophyceae (Yoon et al. 2006; Verbruggen et al. 2010; Yang et al. 2016; 
Muñoz-Gómez et al. 2017). A recent phylogenomic analysis has clarified the relation-
ships between these lineages, grouping them into three subphyla: Cyanidiophytina 
(Cyanidiophyceae), Proteorhodophytina (Porphyridiophyceae, Stylonematophyceae, 
Compsopogonophyceae) and Rhodellophyceae), and Eurhodophytina (Bangio-
phyceae, and Florideophyceae) (Muñoz-Gómez et al. 2017) (Figure 9.2A).
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The Cyanidiophytina, Porphyridiophyceae and Rhodellophyceae are exclu-
sively unicellular, while the Compsopogonophyceae and some members of the 
Stylonematophyceae form filaments (Cock and Collén 2015) (Figures 9.2A, L–N), 
suggesting either multiple acquisitions or multiple losses of simple multicellularity 
within Proteorhodophytina. Eurhodophytina appears to be ancestrally multicellular. 
Bangiophyceae species form filaments or leaf-shaped thalli (Yoon et al. 2017), with 
some differentiation (e.g. rhizomes). Meanwhile, the Florideophyceae have diverse 
complex multicellular body plans that include tissue differentiation within the crust-
like, discoid or leaf-shaped thallus, and a distinctive tripartite haplodiplontic life-
style comprising one haploid (gametophytic) and two diploid (carposporophytic 
and tetrasporophytic) lifestages (Yoon et al. 2017) (Figure 9.2O). Plasmodesmata 
equivalents (pit plugs) are present in both Bangiophyceae and Florideophyceae, 
but also in Compsopogonophyceae (Scott et al. 1988), showing that they pre-date 
Eurhodophytina.

9.2.2 sar Clade

The Sar clade (Adl et al. 2019) is formed by three lineages: the Stramenopiles (or het-
erokonts), the Alveolates, and the Rhizaria. Multicellularity has only been reported 
in the stramenopiles, the alveolates, and most recently in one rhizarian species 
(Figure 9.1).

9.2.2.1 Brown Algae (Phaeophyceae, Stramenopila, Sar, Eukaryota)
Despite their outward similarity to green and red algae, brown algae are only dis-
tantly related to these taxa. Instead, they represent an independent origin of complex 
multicellularity within stramenopiles (also known as heterokonts) – a diverse group 
that also includes water molds, single-celled algae such as diatoms, and commensals 
or parasites of plants and animals. Brown algae are found primarily in marine habi-
tats, though up to seven transitions to freshwater have occurred (Bringloe et al. 2020). 
They represent important food sources, carbon sinks, and habitats for other aquatic 
organisms (Kawai and Henry 2016; Bringloe et al. 2020). These habitats include large 
undersea forests made up of kelp (Figures 9.3B, C) that may reach more than 50m in 
height (Vergés and Campbell 2020), and floating mats of Sargassum (Figure 9.3D) 
that can stretch 8850km in length and weigh >20 million tons (Wang et al. 2019).

Traditionally, brown algal classification schemes have relied on morphology, life-
cycles, and types of fertilization. As in red and green algae, the multicellular stage is 
morphologically variable between species, taking the form of microscopic or mac-
roscopic filamentous tufts, flattened crusts, or large thalli that may be simple or 
branched, occasionally flattened, and sometimes differentiated into blades (flattened 
structures), stipes (morphologically similar to stems, and providing support to the 
blades) and holdfasts (anchoring structures) (Kawai and Henry 2016; Bringloe et al. 
2020); thallus architecture may be haplostichous (filamentous, with filaments grow-
ing by transverse cleavage), polystichous (with filaments growing by transverse or 
longitudinal cleavage) or parenchymatous (with cells dividing in all directions from 
the central filament in an undifferentiated manner, leading to a loss of filamentous 
shape) (Silberfeld et al. 2010).
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Brown algal lifecycles are similarly variable. Species may be diplontic (possessing 
a diploid multicellular stage and a haploid unicellular stage), or haplodiplontic (Liu 
et al. 2017; Bringloe et al. 2020). In haplodiplontic species, both stages may be mor-
phologically similar (isodiplontic) or dissimilar (heterodiplontic) (Liu et al. 2017); 
in heterodiplontic species, the diploid stage is usually, but not always, larger (Bringloe 
et al. 2020).

FIGURE 9.3 Clonal multicellularity in Stramenopila. A, Schematic phylogeny showing the 
major groups within Stramenopila, indicating clonal multicellular features found in each one 
(Bringloe et al. 2020). Larger groups in which multicellularity has been reported are shown in 
colored boxes; lineages in which complex multicellularity has been reported are shown in bold. 
B, Laminaria digitata (Laminariales, Phaeophyceae, Ochrophyta) © Stemonitis 2007 (modi-
fied by Thiotrix), distributed under a CC BY 2.5 license. C, Kelp (Laminariales) © Eric Kilby 
2015, distributed under a CC BY 2.0 license. D, Sargassum muticum (Fucales, Phaeophyceae, 
Ochrophyta) © Lamiot 2015, distributed under a CC BY–SA 4.0 license. E, Ectocarpus sp. 
(Ectocarpales, Phaeophyceae, Ochrophyta), © Curtis Clark 2012, distributed under a CC 
BY–SA 3.0 license. F, Ectocarpus siliculosus (Ectocarpales) thallus, © Mike Wilcox 2014, 
distributed under a CC BY–SA 4.0 license. G, Schizocladia ischiensis (Schizocladiophyceae, 
Ochrophyta), from (Rizouli et al. 2020) (distributed under a CC BY–SA 4.0 license). 
H, Unbranched filaments of Xanthonema bristolianum (Xanthophyceae, Ochrophyta). I, 
sarcinoid pseudofilaments of Heterococcus leptosiroides (Xanthophyceae). J, autosporangia 
(left), and single cells (right) of Pleurochloris meiringensis (Xanthophyceae). H – J, reprinted 
by permission of the publisher Taylor &Francis Ltd (Rybalka et al. 2020), scale bars 10mm. 
K, Chrysostephanosphaera globulifera (Chrysophyceae, Ochrophyta), L, Cyclonexis sp. 
(Chrysophyceae, Ochrophyta). M, Synura petersenii (Synurophyceae, Ochrophyta). K – M, 
© Steffen Clauß and Eckhard Völcker (modified from http://www.penard.de/), with permis-
sion to the authors. N, Pythium debaryanum (Oomycota) aseptate hyphae © Tashkoskip 2015, 
distributed under a CC BY–SA 4.0 license.

http://www.penard.de
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More recently, phylogenetic analyses using molecular data have superseded mor-
phology- and life history-based classification schemes, and revealed the variable 
distribution of each type of trait among brown algal species (Silberfeld et al. 2010; 
Bringloe et al. 2020) (Figure 9.3A). Most phylogenetic analyses of brown algae have 
been carried out using a small number of markers or focusing on specific subgroups 
(reviewed in (Bringloe et al. [2020]). However, large-scale multimarker analyses have 
recovered Discosporangiales and Ishigeales as the earliest branching lineages, fol-
lowed by a grouping of Sphacelariales, Syringodermatales, Dictyotales, Onslowiales 
(the SSDO clade) (Silberfeld et al. 2014) (Figure 9.3A), and resolved relationships 
within the remaining brown algae (a previously poorly resolved grouping known as 
the brown algal crown radiation (BACR) (Silberfeld et al. 2010). The same study sug-
gested that filamentous thallous architecture was likely secondarily derived conver-
gently in several brown algal lineages.

Within Phaeophyceae, only the Laminariales (kelp) (Figures 9.3 B, C) show sig-
nificant tissue differentiation. This includes distinct differences between the blades, 
stipe and holdfast, and specialized phloem-like structures that transport nutrients 
(Bringloe et al. 2020).

The small, filamented genus Ectocarpus (Figures 9.3E, F) has been developed 
as a model system to understand multicellular evolution and development in brown 
algae (see Chapter 15), as well as basic biological questions such as the control and 
evolution of lifecycles and reproductive systems (Coelho et al. 2020).

While Phaeophyceae contains exclusively complex multicellular lineages, sim-
ple multicellularity is found in members of its three closely related lineages, the 
Schizocladiophyceae (consisting of the single species Schizocladia ischiensis; 
Figure 9.3G), Xanthophyceae (Figures 9.3H–J) and Phaeothamniophyceae (Derelle 
et al. 2016; Ševčíková et al. 2016; Ševčíková et al. 2019). All three groups include 
at least some species that form filamentous thalli without spatial cell differentiation 
(Yamagishi et al. 2014; Nicholls and Wujek 2015); of these, at least some members 
of the Xanthophyceae are known to be haplontic (Pereira and Neto 2014; Sahoo 
and Kumar 2015). This suggests that simple multicellular thalli were present in at 
least the last common ancestor of Phaeophyceae and Schizocladiophyceae (Bringloe 
et al. 2020), and possibly earlier. However, both spatial cell differentiation and cell 
wall polysaccharide metabolism pathways appear to be innovations of Phaeophyceae 
(Yamagishi et al. 2014).

9.2.2.2 Chrysophyceae and Synurophyceae (Stramenopila, Sar, Eukaryota)
Simple multicellularity appears to have evolved independently in two other closely 
related groups of stramenopiles, the Chrysophyceae (commonly, golden-brown algae 
or golden algae; Figures 9.3K–L) and the Synurophyceae (or synurids; Figure 9.3M) 
(Figures 9.3A, 3C, 3D, 3E). Many species form clonal colonies with a wide variety of 
morphologies between species (Nicholls and Wujek 2015; Kristiansen and Škaloud 
2017), and in at least some cases consisting of exclusively male or female cells, some 
of which detach from the main colony to become gametes (Kristiansen and Škaloud 
2017). Colonial species are found in all groups of the Chrysophyceae except for 
the earliest-branching Paraphysomonadida (Kristiansen and Škaloud 2017). One 
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species, Hydrurus foetida, forms macroscopic (10–30cm), gelatinous, undifferenti-
ated thalli (Nicholls and Wujek 2015).

9.2.2.3  Oomycetes (Oomycota/Peronosporomycetes, 
Stramenopila, Sar, Eukaryota)

A different form of multicellularity is found within the Oomycetes (Figure 9.3A), a 
group that includes parasitic pathogens of plants, and free-living saprophytic molds. 
Oomycetes form aseptate hyphae (Figure 9.3N): structures consisting of branching, 
clonally multinucleate cells (coenocytes) through successive rounds of nuclear divi-
sion without cytokinesis, superficially similar to those found in fungi (Latijnhouwers 
et al. 2003).

9.2.2.4  Sessile Peritrich Ciliates (Peritricha, Ciliophora, 
Alveolata, Sar, Eukaryota)

Ciliates are large (typically >50μm) single-celled eukaryotes named for the char-
acteristic cilia (short, hairlike organelles) arranged on their surface. They are found 
in a variety of marine, freshwater and soil environments, and as parasites and com-
mensals of animals (reviewed in Lynn [2016]). While the vast majority of described 
ciliates are unicellular (whether motile or sessile), clonal colonies have been reported 
in members of subclass Peritricha (Figure 9.1; Figure 9.4).

Within peritrichs, the colonial lifestyle has been reported in members of the fami-
lies Usconophryidae, Ophrydiidae, Zoothamnidae (Figures 9.4A, B), Vorticellidae 
(Figures 9.4C–E), Operculariidae, Scyphidiidae, and Epistylididae (Lynn 2016), all 
of which are placed (together with a number of noncolonial species) in the order 
Sessilida. Colonies vary widely between species, containing between two cells and 
thousands (Clamp and Williams 2006; Lynn 2016; Volland et al. 2018), and may 
measure up to 1.5 cm in height (Clamp and Williams 2006; Volland et al. 2018). 

FIGURE 9.4 Clonal multicellular ciliates. A, Life cycle of Zoothamnium niveum (Peritricha, 
Ciliophora) © Bright, Espada-Hinojosa, Lagkouvardos and Volland 2014 (Bright et al. 2014) 
(distributed under a CC BY–SA 4.0 license). B, Drawing of Zoothamnium niveum colony 
showing different cell types, modified from © Bright, Espada-Hinojosa, Lagkouvardos 
and Volland 2014 (Bright et al. 2014) (distributed under a CC BY–SA 4.0 license). C–E, 
Apocarchesium arndti (Peritricha, Ciliophora), reprinted from (Norf and Foissner 2010), 
© Norf and Foissner 2010, with permission from John Wiley and Sons; C contracted colony 
with two macrozooids (MAZ), 27 visible ordinary zooids (Z) and stalk (ST), D, extended 
colony, E, partially contracted colony.
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They have best been described in species of Zoothamnium. Here, motile single cells 
(known as telotrochs or swarmers) settle and divide by binary fission (Figures 
9.4A, B), giving rise to several individual cells within the larger colony (zooids) that 
branch off from a single contractile stalk (spasmoneme; Figures 9.4C–E) attached to 
the substrate. Overall colony morphology varies widely between species, with vary-
ing spasmoneme structure and branching patterns that have emerged convergently in 
several species (Clamp and Williams 2006).

Spatial differentiation has been described in two genera (Sun et al. 2011; Herron 
et al. 2013): Zoothamnium (Fauré-Fremiet 1930) and Apocarchesium (Ji and 
Kusuoka 2009; Norf and Foissner 2010), with smaller feeding microzooids, larger 
macrozooids that detach from the colony as new telotrochs, and actively proliferat-
ing terminal zooids at the tip of each colony (Fauré-Fremiet 1930; Bauer-Nebelsick 
et al. 1996b; Bauer-Nebelsick et al. 1996a) (Figure 9.4B).

Uncertainty surrounds the phylogenetic placement and relationships of colonial 
ciliates. Based on morphological characteristics, the order Sessilida was originally 
placed sister to order Mobilida, within subclass Peritricha. This classification scheme 
was subsequently challenged by molecular data that cast doubt on the sister relation-
ship between Sessilida and Mobilida (Gong et al. 2006), and as a result, members 
of the order Mobilida were formally removed from Peritricha to the new subclass 
Mobilia (Zhan et al. 2009). However, debate has persisted (Gong et al. 2010; Sun 
et al. 2011; Zhan et al. 2013; Gao et al. 2016); most recently, a robust phylogenomic 
analysis based on a much larger multigene dataset (Gentekaki et al. 2017) recovered 
a monophyletic relationship between Sessilida and Mobilida that reflects the origi-
nal classification scheme. Traditional clades within sessilid peritrichs have similarly 
been revisited based on molecular data: most notably, recent molecular data suggest 
that genus Zoothamnium is in fact paraphyletic (Zhuang et al. 2018).

9.2.2.5  Viridiuvalis adhaerens (Chlorarachnea, 
Cercozoa, Rhizaria, Sar, Eukaryota)

Chlorarachniophytes are a small yet morphologically diverse group of coccoid, flag-
ellated or amoeboid single-celled algae that fall within the larger group Cercozoa. 
Recently, the first instance of clonal colonies was reported in a chloroarachniophyte, 
Viridiuvalis adhaerens (Shiratori et al. 2017) (Figure 9.1, Cercozoa). Here, daughter 
cells are believed to be retained within the mother cell wall, resulting in sarcinoid 
clusters of two to many cells, and occasionally compound clusters.

9.2.3 aMorphea

Amorphea is a clade comprised of the Holozoa (animals and their closest relatives), 
the Nucletmycea (or Holomycota – fungi and their closest relatives), the Amoebozoa, 
and two poorly understood lineages of single-celled organisms, the Breviatea and 
the Apusomonadida (Figure 9.1). Within this group, the Holozoa and Nucletmycea 
are most closely related to one another and form the subgroup Opisthokonta. Clonal 
multicellularity has been reported only in the Opisthokonta, though aggregative mul-
ticellularity is present in the Amoebozoa (see Chapter 5).
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9.2.3.1 Fungi (Opisthokonta, Amorphea, Eukaryota)
The fungi are generally understood as the major clade within Nucletmycea, with complex 
multicellularity present in two of its largest lineages, the Ascomycota and Basidiomycota 
(Figure 9.5A). However, the group is unusual in that there is a lack of consensus 

FIGURE 9.5 Clonal multicellularity in Opisthokonta. A, Schematic phylogeny showing the 
major groups within Opisthokonta, indicating types of multicellular or multinucleate struc-
tures found in each one. Larger groups in which multicellularity has been reported are shown 
in coloured boxes; lineages in which complex multicellularity has been reported are shown 
in bold. B, Allomyces (Blastocladiales, Fungi) strain WJD103 mature thallus, © TelosCricket 
2011, distributed under a CC BY–SA 4.0 license. C, Mucor racemosus (Mucoromycotina, 
Fungi), © Medmyco 2011, distributed under a CC BY–SA 4.0 license. D, Alternia sp. 
(Pezizomycotina, Ascomycota, Fungi) septate hyphae © Tashkkoskip 2008, distributed under 
a CC BY–SA 4.0 license. E, Aleuria aurantia (Pezizomycotina, Ascomycota, Fungi) © Holger 
Krisp 2009, distributed under a CC BY–SA 3.0 license. F, Phallus indusiatus (Agaromycotina, 
Basidiomycota, Fungi) fruiting body (https://www.pxfuel.com). G – I © Joan J. Soto Àngel, 
with permission to the authors: G, Parazoanthus axinellae (Cnidaria, Metazoa, Holozoa), 
H, Sponge (Porifera, Metazoa, Holozoa), I, Bolinopsis infundibulum (Ctenophora, Metazoa, 
Holozoa). J, Cross-section through Choanoeca flexa cup-shaped colony, © Thibaut Brunet, 
with permission to the authors. K, Salpingoeca rosetta (Choanoflagellatea, Holozoa) rosette 
colonies © Mark J. Dayel 2009, distributed under a CC BY–SA 3.0 license. L, Sphaeroforma 
arctica (Ichthyosporea, Holozoa) polarized layer of cells, © Omaya Dudin, with permission 
to the authors.

https://www.pxfuel.com
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surrounding the groups that should be included within Fungi itself (and thus, the very 
definition of “Fungi”), and those that should be counted merely as sister lineages.

Briefly, Nucletmycea comprises two clades: the Rotosphaerida (or Nucleariida), 
containing amoeboid protists, and a second comprising seven major groups: the 
Opisthosporidia, Chytridiomyceta (including Chytridiomycota, Monoblephari-
diomycota and Neocallimastigaceae), Blastocladiales, Zoopagomycota, Mucoromycota 
(including Glomeromycotina and Mucoromycotina), Ascomycota and Basidiomycota 
(Adl et al. 2019; James et al. 2020) (Figure 9.5A). Of these, there is broad consen-
sus on the inclusion of the latter six within Fungi. Meanwhile, Opisthosporidia com-
prises three lineages of unicellular, mainly parasitic organisms (Aphellida, Rozellida, 
Microsporidia); these lineages are excluded from the Fungi in some schemes (Karpov 
et al. 2014; Torruella et al. 2018), but included in most others (Ahrendt et al. 2018; 
Hibbett et al. 2018; Tedersoo et al. 2018; Naranjo-Ortiz and Gabaldón 2019; James 
et al. 2020) because the monophyly of Opisthosporidia is not always recovered. Of 
the remaining six lineages, Blastocladiales, Chytridiomyceta and Zoopagomycota 
are usually recovered as the earliest branching three clades; studies have differed 
regarding the branching order of the Blastocladiales and Chytridiomyceta (and the 
monophyly of taxa previously considered to form Chytridiomycota) (reviewed in 
Naranjo-Ortiz and Gabaldón [2019] and James et al. [2020]), though recent phylog-
enies place Blastocladiales as the earlier branching of the two (Ahrendt et al. 2018; 
Kiss et al. 2019). Ascomycota and Basidiomycota have traditionally been placed 
together in the larger group Dikarya; recent analyses have also placed the small, 
parasitic group Entorrhizomycota within this group, either as the earliest branching 
lineage, or sister to Basidiomycota (reviewed in Hibbett et al. [2018]); Mucoromycota 
form the sister group to this clade (Spatafora et al. 2016). Earlier taxonomic schemes 
included a further major group, the Zygomycota; this grouping has been confirmed 
to be paraphyletic, and its members are now placed within the Mucoromycota and 
Zoopagomycota (Liu et al. 2009; Spatafora et al. 2016).

Many fungi form mycelia (vegetative networks of hyphae; Figures 9.5B–D), 
which may be either septate (with cell walls between cells) or aseptate (i.e., coe-
nocytic) (Stajich et al. 2009). True hyphae are present in the Zoopagomycota, 
Mucoromycota, Ascomycota and Basidiomycota, where they have undergone many 
secondary losses (Harris 2011), and in some members of the Chytridiomyceta and 
Blastocladiales, where they may have originated independently (Dee et al. 2015). In 
addition to hyphae, members of two groups of Ascomycota (Pezizomycotina and 
Taphrinomycotina) and one group of Basidiomycota (Agaricomycotina) form com-
plex multicellular fruiting bodies (reviewed in Stajich et al. [2009] and Naranjo-
Ortiz and Gabaldón [2019]; see Chapter 14; Figures 9.5E,F).

9.2.3.2 Holozoa (Opisthokonta, Amorphea, Eukaryota)
Holozoa is the clade that includes animals (Metazoa) and their closest unicellular 
relatives (Figure 9.5A). Within this clade, Metazoa (Figures 9.5G–I) represents the 
best understood and most morphologically diverse group, with by far the largest 
described number of taxa, including several well-established model organisms. All 
animals form a clade – that is, they descend from a single common ancestor that 
already displayed complex multicellularity arising through embryonic development, 
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and that possessed the key signaling, adhesion and genetic regulation systems ubiq-
uitous in modern animals (Sebé-Pedrós et al. 2017; Paps and Holland 2018; Richter 
et al. 2018; Fernández and Gabaldón 2020).

The phylogeny of the earliest-branching animals remains the subject of intense 
debate (Figure 9.5A), involving sophisticated large-scale phylogenomic analyses 
as well as morphological evidence, with rival camps favoring sponges (Porifera; 
Figure 9.5H) (e.g. Feuda et al. 2017; Simion et al. 2017) or comb jellies (Ctenophora; 
Figure 9.5I) (e.g., Shen et al. 2017; Whelan et al. 2017; Laumer et al. 2019), respec-
tively, as the first lineage to diverge from other animals (reviewed in King and Rokas 
2017) (Figure 9.5). This question has profound implications for our understanding of 
the timing of animal origins (Dohrmann and Wörheide 2017) and of the key events 
in animal evolution. Comb jellies appear to possess more features in common with 
animals than do sponges, including neurons, specialized gametes and striated mus-
cle (Ryan et al. 2013; Moroz et al. 2014; Dunn et al. 2015). Uncertainty surrounding 
the branching order of these taxa, therefore, affects our assessment of the complex-
ity of the last animal common ancestor, and whether these traits were acquired only 
once in animals, after sponges diverged from the lineage that gave rise to the rest 
of animals (in the Porifera-first scenario) (Simion et al. 2017); whether they were 
ancestrally present, but secondarily lost in sponges (in the Ctenophora-first scenario)
(Ryan and Chiodin 2015); or whether some features evolved convergently in cteno-
phores and in other animals (in the Ctenophora-first scenario) (Moroz 2015).

In recent years, improved sequencing technologies and discoveries of new organ-
isms have improved our understanding of the closest unicellular relatives of animals. 
Broadly, four major lineages of these organisms are recognized: Choanoflagellatea, 
Filasterea, Ichthyosporea, and Corallochytrea (or Pluriformea) (Figure 9.5A). Each 
lineage includes at least some members with a complex lifecycle that includes a 
simple multicellular stage: in the case of Filasterea, this stage is an aggregative one 
(Sebé-Pedrós et al. 2013), while the other three lineages each display a clonal mul-
ticellular stage.

The closest unicellular lineage to animals, Choanoflagellatea (Figures 9.5J, K), 
is also the best understood. Choanoflagellates are single-celled bacterivorous flagel-
lates, ubiquitous in marine and freshwater environments (reviewed in Leadbeater 
2015; Richter and Nitsche 2017).

Some choanoflagellate species have long been known to form transient simple 
clonal multicellular structures (James-Clark 1866), arising through clonal division, 
with between two to hundreds of cells remaining connected to one another by their 
collar microvilli, by cytoplasmic bridges, and/or by a shared extracellular matrix 
(Hibberd 1975; Karpov and Coupe 1998; Dayel et al. 2011; Brunet et al. 2019; Levin 
et al.). Different colony morphologies exist, several of which may be present in a 
single species (Dayel et al. 2011; Leadbeater 2015; Brunet and King 2017; Carr et al. 
2017): chains or sheets of cells, clusters (sometimes present on stalks), or “rosettes” – 
spherical clusters oriented around a hollow center containing secreted extracellular 
matrix that controls colony shape (Dayel et al. 2011; Larson et al. 2020) (Figure 
9.5K). The latter structure has made Salpingoeca rosetta a model for understanding 
the genetic basis of simple clonal multicellularity, and the subject of investigation into 
commonalities between its simple multicellularity and the complex multicellularity 
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of animals (Dayel et al. 2011; Fairclough et al. 2013; Levin et al.). Recent 3-D recon-
struction of colony shapes from electron micrographs showed apparent morphologi-
cal differences between individual cells within single colonies, raising the possibility 
that these colonies exhibit some degree of spatial cell differentiation (Laundon et al. 
2019; Naumann and Burkhardt 2019).

Uncertainty remains regarding relationship between the two deepest lineages 
within Holozoa, Ichthyosporea and Corallochytrea (or Pluriformea): the two lin-
eages may be sister to one another (Grau-Bové et al. 2017; López-Escardó et al. 
2019), or Ichthyosporea may be the earliest branching of the two, with Pluriformea 
branching sister to the clade comprising Filasterea, Choanoflagellatea and Metazoa 
(Hehenberger et al. 2017). Known species of ichthyosporeans are mainly parasites 
of fish, amphibians or arthropods, with a smaller number of free-living species. 
They form large, rounded or elongated coenocytes (Marshall and Berbee 2011; 
Mendoza and Vilela 2013), which may grow from two to up to hundreds of nuclei 
within a single species (Ondracka et al. 2018); cell walls subsequently form around 
the individual nuclei to produce daughter cells. Interestingly, in at least one spe-
cies of ichthyosporean, newly cellularized daughter cells form a layer that superfi-
cially resembles the epithelium that forms during early animal development (Dudin 
et al. 2019) (Figure 9.5L). Coenocytes have also been reported in Corallochytrea/
Pluriformea, as have binary colonies arising through clonal division (Raghu-kumar 
1987; Torruella et al. 2015; Kożyczkowska et al. 2020; Tikhonenkov et al. 2020). 
Because both lineages possess homologs of animal cell adhesion genes and tran-
scription factors (de Mendoza et al. 2015; Torruella et al. 2015; Grau-Bové et al. 
2017), representative taxa make attractive targets to understand the functions of 
these genes outside animals, and their possible role in simple multicellularity (Suga 
and Ruiz-Trillo 2013; Waller et al. 2018; Faktorová et al. 2020).

9.3 ARCHAEA

9.3.1 methanosarcina spp. (MethanosarCinales, euryarChaeota, arChaea)

Multicellularity has been described in only one group of Archaea: the genus 
Methanosarcina. Members of this group are metabolically diverse, capable of pro-
ducing methane through three different metabolic pathways and using nine differ-
ent substrates, the most among any group of methanogens (Galagan et al. 2002). 
They are found in a wide range of environments, including marine and freshwater 
sediments, soil, decaying organic matter, anaerobic sewage digesters, and ungulate 
rumens (Galagan et al. 2002).

Methanosarcina species form simple multicellular structures in response to a 
range of environmental stressors: temperature, pH, mechanical, osmotic, and anti-
biotic-induced (Macario and de Macario 2001). Two main types of structure have 
been described: packets (cubelike clusters arising through cell division, coated in a 
fibrous extracellular matrix; Figure 9.6A) (Robinson 1986) and lamina (flat sheets 
or meshes reaching several cm in length, consisting of actively dividing cells of vari-
ous shapes and sizes held together by intercellular connective material (Mayerhofer 
et al. 1992)). It has been suggested that cell size and morphological heterogeneity 



173Phylogenetics of Clonal Multicellularity

within these structures, and possible localized differences in protein and extracel-
lular matrix secretion, may point to some degree of cell differentiation (Macario and 
de Macario 2001), although this remains to be studied in detail.

9.4 BACTERIA

9.4.1 CyanobaCteria (CyanobaCteria, baCteria)

The oldest evidence for multicellular structures comes from cyanobacterial fossils. 
Formerly known as blue-green algae, Cyanobacteria are gram-negative, photosyn-
thetic bacteria found ubiquitously in aquatic and terrestrial habitats, including polar 
environments, deserts and thermal springs (Herrero et al. 2016), and in symbiosis 
with fungi to form lichens (Rikkinen 2013). While some species exist only as single 
cells, others form multicellular filaments consisting of chains of cells covered by 

FIGURE 9.6 Clonal multicellular structures in prokaryotes. A, Methanosarcina barkeri 
(Methanomicrobiales, Archaea) packets, reprinted from (Lambie et al. 2015) (distrib-
uted under a CC BY–SA 4.0 license). B, Chroococcus turgidus (Cyanobacteria, Bacteria) 
© Burn12121212 2020, distributed under a CC BY–SA 4.0 license. C, Cylindrospermum sp. 
(Cyanobacteria, Bacteria) © Willem van Aken, CSIRO, 2007, distributed under a CC BY–SA 
3.0 license. D, Streptomyces sp. SF1293 (Actinomycetes, Bacteria) mycelium, © 2002–2020 
The Society for Actinomycetes Japan (http://atlas.actino.jp/), Contributors T.  Shomura, 
S. Amano & T. Niida, used with permission. E – F, Single (E) and dividing (F) Multicellular 
magnetotactic prokaryote (MMP) Ca. Magnetoglobus multicellularis (Deltaproteobacteria, 
Bacteria) multicellular individuals, reprinted from (Keim et al. 2004), © 2004 Federation 
of European Microbiological Societies, with permission from Elsevier. G, Beggiatoaceae 
(Gammaproteobacteria, Bacteria) mat in Guaymas Basin (individual orange filaments approx. 
40μm), from (Buckley et al. 2019) (distributed under a CC BY–SA 4.0 license).

http://atlas.actino.jp
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a mucilaginous sheath, with a structurally and functionally continuous periplasm 
that may allow communication and coordination between individual cells within 
the filament (Herrero et al. 2016) (Figures 9.6B, C). Fossilized cyanobacterial fila-
ments have been preserved as part of stromatolites (layered sedimentary formations 
of mineral compounds produced by cyanobacteria) (Golubic and Seong-Joo 1999), 
and in sediment layers at least 1900 million years old (Hofmann 1976) though bacte-
rial filaments that may be cyanobacterial have been found in 3465-million-year old 
rock formations (Schopf and Kudryavtsev 2009).

Cyanobacteria have traditionally been classified into five subsections based on 
their ability to form filaments: subsections I and II, which do not form filaments; 
subsection III (e.g., Oscillatoriales), whose filaments are undifferentiated, compris-
ing only vegetative cells; subsection IV (e. g. Nostocales), in which vegetative cells 
may terminally differentiate into specialized heterocysts (nitrogen-fixing cells), 
and/or akinocysts (resistant resting cells), with the filaments branching in a single 
plane (false branching); subsection V (e. g. Stigonematales), in which cells may 
likewise undergo terminal differentiation, but with the filaments branching in all 
planes, giving rise to complex true branching patterns (Castenholz et al. 2001). Of 
these, only subsections IV and V are supported by molecular data (Tomitani et al. 
2006; Schirrmeister et al. 2015), while each of the other subsections is polyphy-
letic. Interestingly, IV and V together form a clade in the same analyses. Overall, 
this lends support to multiple origins of the undifferentiated filamentous lifestyle 
in Cyanobacteria, and a single origin of differentiated filaments, likely from within 
a clade of cyanobacteria possessing undifferentiated filaments (Schirrmeister et al. 
2015). Tomitani et al. (Tomitani et al. 2006) have suggested that this filament dif-
ferentiation emerged in response to the Great Oxygenation Event, which likely 
compromised the reducing conditions necessary for nitrogen fixation in existing cya-
nobacteria, leading to selection for specialized heterocysts capable of fixing nitrogen 
under oxidative conditions.

9.4.2 aCtinobaCteria (aCtinobaCteria, baCteria)

A different type of multicellular structure is present in members of the Actinobacteria. 
These are gram-positive bacteria that are cosmopolitan, but best known for their 
importance in soil ecosystems, their use as sources of antibiotics, and pathogenic 
members such as the causative agents of tuberculosis, diphtheria and leprosy (Barka 
et al. 2015). While the earliest-branching Actinobacteria are unicellular rod- or 
coccoid-shaped organisms, most species form transient or permanent multicellu-
lar mycelia in solid or liquid media (Chandra and Chater 2014; Barka et al. 2015) 
(Figure 9.6D). On surfaces, cells in some species differentiate by growing upwards 
to form aerial hyphae, which produce asexual spores (Barka et al. 2015); in others, 
spores may form directly on the mycelium, or individual hyphae may fragment as a 
means of vegetative reproduction. The morphology (chains, loops, spirals, vertices 
or bags) and length of spore chains vary considerably between species (Barka et al. 
2015). Streptomyces has been the most extensively studied as a model for myce-
lium development and aerial hyphae formation; it appears that homologs of genes 
involved in mycelium development in other actinobacteria have become co-opted 
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for spore formation in this genus (Chandra and Chater 2014). Interestingly, nutrient 
depletion in Streptomyces leads to autoproteolytic degradation of the mycelium to 
provide the raw materials for aerial hyphae (and thus, spore) formation, in a bacterial 
analog of autophagy (Barka et al. 2015).

9.4.3  MultiCellular MagnetotaCtiC proKaryotes (canDiDatus 
Magnetoglobus MultiCellularis, deltaproteobaCteria, baCteria)

Multicellular Magnetotactic Prokaryotes (MMPs) are an intriguing case within mul-
ticellular bacteria, in that they appear to lack a unicellular stage altogether. Instead, 
they exist as spherical clonal colonies of 15–45 pyramidal cells organized around a 
central compartment, with the flagella of each cell arranged outward (Figure 9.6E); 
cells are capable of swimming only as part of the colony. Division of the colony 
begins with growth and then coordinated division of all cells within the colony, 
resulting in doubling in size and cell number of the whole colony. This is followed 
by elongation of the colony, which progresses further at the midpoint than in the 
rest of the colony. This creates a constriction at the midpoint (Figure 9.6F), which 
progresses until the two daughter colonies separate. MMPs do not appear to pos-
sess different cell types, yet their cells undergo a high level of coordination, and 
some degree of division of labor based on positioning. MMPs appear to form a clade 
together with uncultured sequences in Deltaproteobacteria (Abreu et al. 2007).

9.4.4 other baCterial taxa (baCteria)

Multicellular filaments have also been reported in other diverse, distantly related 
bacteria species (Lyons and Kolter 2015). While these filaments are known to be 
clonal, little is known about their formation in most species. The examples below 
provide an exciting glimpse into how much still remains to be understood of their 
cell biology, evolutionary origins and environmental interactions.

The candidate genera Electrothrix and Electronema (Desulfobulbacea, 
Deltaproteobacteria) (Trojan et al. 2016), known as cable bacteria, form multicellu-
lar filaments with ridges running along their surfaces. Incredibly, these filaments act 
as living wires, conducting electrons over distances of several centimeters through 
marine or freshwater sediments, allowing them to couple oxygen reduction at the 
sediment surface with sulfide oxidation in the deeper, anaerobic layers of sediment 
(Pfeffer et al. 2012; Bjerg et al. 2018).

The segmented filamentous bacteria (SFB; Candidatus Savagella, Clostridiales 
[Jonsson et al. 2020]) are host-specific intestinal symbionts of vertebrates. In recent 
years, they have drawn attention for their ability to attach to the epithelial cells 
in the small intestine and stimulate innate and adaptive immune cell activation, 
particularly T helper 17 activation (Flannigan and Denning 2018). Although their 
effects on organismal health are not yet fully understood, they are likely to play 
a critical role in post-natal maturation of the gut immune system. Filaments form 
from a single infectious particle that adheres to epithelial cells, forming an anchor-
ing segment known as a holdfast. Once anchored, this segment elongates and then 
divides by transverse septum formation. Filaments may reach up to 90 segments 
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and 1000μm in length. The free ends of filaments of >50μm undergo differentia-
tion and asymmetric division leading to new infectious particle formation (Schnupf 
et al. 2013).

Another group of bacteria with similar filamentous morphology (Candidatus 
Arthromitus, Lachnospiracea, Clostridiales) is found in arthropod guts. Filaments 
in individual species were 1.5μm or 0.8 – 1μm in diameter, with oblong, rounded or 
oval endospores, respectively. Although initially classified as members of the SFB 
based on morphology, these were later found to place separately from the SFB, 
in a more distantly related group of Clostridiales known as the Lachnospiraceae 
(Thompson et al. 2012).

Filamentous forms with variable size and morphology belonging to the 
Chloroflexi have been reported in activated sludge wastewater treatment plants, 
where they form an important structural support for organic compound degradation 
and fermentation (Speirs et al. 2019). Molecular data have only recently begun to 
supersede morphology as a means of identification, and little is understood of their 
physiology.

Two genera of Gammaproteobacteria form conspicuously large filaments and 
mats in sulfide-rich environments (coastal sediments, salt marshes, hydrothermal 
vents, cold seeps). Beggiatoa species form individual filaments 1 – 200 μm in diam-
eter, and up to 10 cm in length (Figure 9.6G); Thioploca species form bundles of 
multiple filaments enveloped in a single gelatinous sheath; each bundle may be 2.5 – 
80 μm in diameter, and 2 – 5 cm in length (Teske and Nelson 2006). Despite these 
differences, 16S rDNA phylogenies suggest that Beggiatoa is in fact paraphyletic, 
with Thioploca forming either one or two clades branching from within it (Teske 
and Nelson 2006).

9.5 CONCLUSIONS

Complex multicellularity has arisen only six times, and then only in eukaryotes. 
However, recent studies of a growing number of lineages have made it clear that 
simple multicellularity is more widespread than previously believed – more than is 
appreciated even by many researchers working on questions relating to multicellu-
larity in specific systems. With greater efforts to sample new organisms from a wider 
range of environments, and with cheaper and higher quality genome sequencing, it is 
likely that simple clonal multicellularity will be discovered in an ever-larger number 
of lineages, and this represents an exciting area for future research.

It is apparent that most complex clonal multicellular organisms have at least some 
close relatives with simple multicellular stages, and that some of them share key 
genes underpinning the multicellular lifestyle of their complex multicellular rela-
tives. This suggests that clonal multicellularity progresses in sequential steps, with 
the early emergence of genes implicated in simple multicellular processes potentiat-
ing its retention (or emergence) in several closely related lineages, followed by the 
complexification of multicellularity in some of those lineages, involving increased 
spatial division of labor and cellular coordination. Efforts to study simple multicel-
lularity in close relatives of complex multicellular organisms will allow us to under-
stand how this complexification occurred in different lineages.
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10.1 INTRODUCTION

Multicellularity occurs all over the tree of life in myriad different forms and, depend-
ing on the estimate, has evolved independently between 8 and 25 times (Fisher et al., 
2013; Grosberg & Strathmann, 2007; Knoll, 2011; Lyons & Kolter, 2015; Niklas, 2014; 
Niklas & Newman, 2013). Multicellularity underpins much of the complex life that we 
can see, but increasingly we are becoming aware of the plethora of microbial species 
that are multicellular or have cooperative multicellular behaviors. In Chapters 5–8, we 
heard about the myxobacteria and about Dictyostelium and the cellular slime molds. 
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However, regardless of the taxa in which multicellularity has evolved, the way in which 
multicellular groups form has important ramifications for cooperative behavior, multi-
cellular complexity, and the potential to evolve obligate multicellularity (which we will 
come to later). In this chapter, we focus on clonal multicellularity, where multicellular 
groups form through daughter cells sticking to mother cells after cell division. This 
type of multicellularity has evolved in at least 12 different lineages and has led to some 
of the most complex and diverse multicellular species (Fisher et al., 2013).

First, we briefly review the different lineages where multicellularity is found and 
ways in which multicellular groups can form, before focusing on clonal multicel-
lularity. Next, we give a primer in social evolution theory to allow us to explore the 
reasons why clonality has allowed the evolution of extreme cooperative behavior, 
such as altruistic somatic cells. We then give some examples of clonal multicellular 
taxa to explore the advantages this type of group formation can pose in the natural 
world. Finally, we ask whether clonality is the only route to complex, obligate mul-
ticellularity, like we see in animals and plants, and finish by reflecting on the major 
evolutionary transitions in individuality.

10.2 WHAT DO WE MEAN BY MULTICELLULARITY?

What do we mean by multicellularity? On a basic level, we define multicellularity 
as when cells stick together (hence ‘multicell’) and have been selected to do so. This 
definition captures a huge variety of multicellular phenotypes, including Bacteria 
and Archaea that form cooperative groups (e.g. Bonner, 1998, 2009; LaPaglia & 
Hartzell, 1997; Mayerhofer et al., 1992), fungal hyphae, plant multicellularity, 
fruiting bodies in ciliates, a range of algal phenotypes, and of course, metazoans. 
However, it is clear that multicellularity can either be facultative, where cells are able 
to survive and reproduce independently or be part of a group, or obligate, where cells 
are permanently part of a group and cannot survive and reproduce independently of 
that group. As an example, humans are obligately multicellular. Our somatic cells 
(e.g. skin cells, neurons, muscle cells) cannot separate themselves from our multicel-
lular bodies and live an independent existence. They exist as part of a multicellular 
whole and are terminally differentiated into their respective somatic phenotypes so 
that they have no (sexually) reproductive function. Our gametes may exist transiently 
as unicells, but this is an existence which either ends in death or a new, obligately 
multicellular individual. This is in stark contrast to species with facultative multi-
cellularity, where individual cells need not join a multicellular group and may do 
so only under specific conditions. An example of this is the cellular slime mold 
Dictyostelium. In this species, single cells can survive and proliferate in the environ-
ment quite happily (Hashimura et al., 2019; Strassmann & Queller, 2011), only com-
ing together to form a multicellular fruiting body during times of hardship where 
food supplies run low (Bonner, 2009; Strassmann et al., 2000). The fruiting body 
phase is in no way required for Dictyostelium amoebae to feed, move, communicate 
and divide (Kessin, 2001; Strassmann, 2010).

Multicellular species also form multicellular groups in distinctly different 
ways. These can be broadly classified as non-clonal (aggregative) multicellularity 
and clonal multicellularity. A possible third category, hyphal multicellularity as 
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described below, displays similarities to both types of group formation but seems (at 
least in practice) to more closely resemble clonal multicellularity.

10.2.1 non-Clonal (aggregatiVe) MultiCellularity

We will only describe aggregative multicellularity very briefly here, as it has been cov-
ered extensively in Chapters 5–8. However, it is worth stating that non-clonal aggrega-
tive multicellularity has evolved independently in five different lineages and is, therefore, 
more common than clonal aggregative multicellularity, which has evolved indepen-
dently in three different lineages, as a way of forming multicellular groups (Fisher et al., 
2013). Succinctly put, aggregative multicellularity occurs when many individual cells in 
the environment come together to form a multicellular group. They do this not through 
mitotic cell division, but through either active movement or chance. This results in a 
group made of often genetically distinct cells (which is why it is also referred to as 
‘non-clonal’ multicellularity). Some classic examples of species with non-clonal group 
formation include Dictyostelium (mentioned here before, and in detail in Chapter 7), 
Myxobacteria (Chapter 6), and many species of green algae in the Chlorophyta.

10.2.2 hyphal MultiCellularity

Hyphal multicellularity is specific to Fungi, a lineage where multicellularity is some-
what distinct from all others. Multicellular fungi are composed of many hyphae 
(tubular structures that form by apical extension), and these hyphae form a mycelium 
that spreads out through a substrate to forage for nutrients (Olsson et al., 2002). This 
is a unique setup for a few reasons. Firstly, hyphae are not compartmentalized so 
do not need to solve conflicts between cells in the same way as non-clonal species 
(Scott et al., 2019). Secondly, there can also be multiple nuclei in one hypha. This 
makes hyphal multicellularity similar to the non-clonality that occurs in aggregative 
multicellularity. However, the way hyphae form is through cell division and does 
often result in an alignment of fitness interests across hyphae, which more closely 
resembles clonal group formation (Kuhn et al., 2001; Marleau et al., 2011). Hyphal 
multicellularity in the fungi probably didn’t evolve in response to predators, like we 
think might have happened in other lineages, but instead helped with foraging for 
nutrients (Heaton et al., 2020; Olsson et al., 2002; Richards et al., 2017).

10.2.3 Clonal MultiCellularity

Clonal multicellularity is defined as when multicellular groups form through daugh-
ter cells remaining attached to their mother cells after division (Figure 10.1). This 
can be very simple, as displayed in Chlamydomonas reinhardtii (see later section), 
where several rounds of divisions take place leading to multiple cells attached 
with an extracellular matrix. This simple clonal group formation is found in, for 
example, Scenedesmus, Candida albicans and Physarum polycephalum (Baldauf 
& Doolittle, 1997; Berman, 2006; Engelberg et al., 1998; Everhart & Keller, 2008; 
Kapsetaki et al., 2017; Lürling, 2001; Whiteway & Bachewich, 2007). However, in 
the metazoan and plant lineages, large and complex multicellular bodies are formed 
through much the same process – a zygote divides many thousands of times to form 
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a body with perhaps up to 100 quadrillion individual cells (Zhang et al., 2005). 
The fundamental similarity between all multicellular species that form this way is 
that (given everything else being equal) all cells in the multicellular body are clon-
ally related. In other words, they are all copies of each other formed through mito-
sis (hence, the name). This mode of group formation results in special relatedness 
conditions between cells, which we deal with in more depth in our ‘Social evolution 
primer’ (below). This is in stark contrast to non-clonal group formation, where cells 
with different genetic backgrounds form a multicellular group.

Whilst aggregative and hyphal multicellularity can result in myriad of multicel-
lular forms and, in some cases, impressively complex and coordinated behavior (as 
described in Chapters 5–8), only clonal multicellularity has led to the levels of com-
plexity demonstrated in the lineages of animals and plants. Only clonal multicel-
lularity, where all cells in the body result from one (or very few) initial cells, has led 
to permanent division of labor and >100 different cell types (Figure 10.2) (Fisher 
et al., 2013; Nagy et al., 2020). And whilst multicellularity has evolved >24 times, 
obligate multicellular organisms have in fact only evolved nine times, and only in  

FIGURE 10.1 Multicellular group formation. Sketches showing non-clonal, clonal and hyphal 
multicellular group formation and the consequences of each for relatedness between cells.

FIGURE 10.2 Cell-type complexity in non-clonal, hyphal and clonal multicellular lineages. 
N indicates the number of lineages in each category. (Reproduced from Fisher et al., 2020.)
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species with clonal multicellularity (Fisher et al., 2013). It is clear there is some-
thing unique about clonal multicellularity. To understand what, it is necessary to go 
back to social evolution theory.

10.3 SOCIAL EVOLUTION PRIMER

At a fundamental level, multicellularity is a cooperative behavior between cells. Here, 
we will just briefly touch on how cooperative behaviors can evolve between cells, but 
for an in-depth explanation of the evolution of cooperative behavior, we direct the reader 
to Bourke (2011), Davies et al. (2012) and West et al. (2007b). Simply put, in order for 
cooperation to evolve the cooperative behavior needs to be beneficial and the benefits 
of cooperating need to be felt by the individual cells themselves or the relatives of those 
cells. For example, if clumping together in a group means that each individual cell has a 
lower risk of being eaten by a predator (Kapsetaki & West, 2019; Lürling, 1999b, 2020; 
Lürling et al., 1996; Van Donk et al., 1993), then cooperation can be favored – there is 
a clear survival benefit to cooperating (not being eaten) and that benefit is felt by the 
individual cells in the group. In the above example, the cells experience direct benefits – 
the cooperating cells are the cells that receive the benefit of cooperation. However, coop-
eration can also evolve when cooperating cells experience indirect benefits – where it 
is the relatives of the cooperating cells that receive the benefits of cooperation. This 
requires that the cells are genetically related so that the benefits of cooperation are 
directed towards other individuals that carry the same genes as the cooperator (for a 
more thorough explanation, see Fisher et al., 2013 and West et al., 2007b).

When cells are clonally related, i.e. when relatedness (r) = 1, this creates specific 
conditions that allow altruism to evolve. This is because altruistic behaviors (Foster 
et al., 2006; Hamilton, 1964a, 1964b; West et al., 2007a) do not provide direct ben-
efits to the cooperating cell, but instead provide indirect benefits to related cells. 
When the condition of r = 1 is consistent in time (throughout the lifespan of the mul-
ticellular body) and space (between all cells in the body), unconditionally altruistic 
cell types can evolve, that will always cooperate despite receiving no direct benefits. 
If r < 1 between cells, this opens up the possibility for natural selection to favor cells 
not cooperating.

Clonal group formation guarantees that all cells in the group will be genetically 
identical (r = 1), as they have all arisen through mitotic divisions from a single (or 
very few) cell(s). It is for this reason that multicellular species that develop through 
clonal group formation have been able to evolve an unconditional division of labor 
leading to many different cell types in obligately multicellular bodies. This has not 
been achieved by species developing through non-clonal group formation because 
relatedness between cells has not been high enough (and/or consistently high enough 
in time and space) to allow altruistic cooperation to evolve between cells (Fisher 
et al., 2013). For these species, there has always been the (at least theoretical) pos-
sibility that cells could ‘do better’ by not cooperating, and hence natural selection 
has not favored the evolution of unconditional altruistic behavior, such as permanent 
division of labor (for a detailed explanation, see Cooper & West, 2018).

As an interesting side note, this observation is reflected in other cooperative sys-
tems, most strikingly in animal societies. Just like multicellularity, animals from a 
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variety of taxonomic groups live in cooperative groups (to varying degrees), includ-
ing spiders, aphids, fish, meerkats, lions, bees, birds, monkeys – the list goes on. 
However, consistent with social evolution theory, the only lineages where uncon-
ditionally altruistic behaviors have evolved and cooperative groups have developed 
into obligate associations, is where groups begin with a strictly monogamous sexual 
pair (e.g. in ants) or where groups develop clonally (e.g. aphids) (Boomsma, 2007, 
2009; Boomsma & Gawne, 2018; West et al., 2015).

It is worth noting that not all clonally developing species have become obligately 
multicellular. Clonal group formation does not guarantee that a species will evolve 
obligate multicellularity. This is because relatedness alone does not determine 
whether cooperation can evolve. It is a crucial point that clonal genetic relatedness is 
a necessary condition of obligate multicellularity, but it is not sufficient. The benefits 
(and costs) of multicellular cooperation still need to be high (and low) enough over 
time and through space to allow the evolution of unconditional altruism and obligate 
multicellularity (Foster et al., 2006; West et al., 2015). That is why there are many 
examples (see below) of multicellular species that develop clonally, but that have 
remained facultatively multicellular.

10.4 BENEFITS AND COSTS OF CLONAL MULTICELLULARITY

In order to understand what the benefits and costs of clonal multicellularity might 
be, we cannot just focus on obligate, complex multicellular species. This is because 
it can be difficult to disentangle the benefits and costs of multicellularity in spe-
cies with hundreds of cell types, and even more so in species that are obligately 
multicellular where we cannot compare the free-living cells with their multicellular 
equivalents. It is also difficult to disentangle the current benefits of multicellularity 
(e.g. the benefits of having specialized organs) with the initial benefits of clonality. 
For clonal group formation to have been favored, there must have been consistent 
benefits of clonal group formation versus unicellularity, and this can be especially 
hard to evaluate in highly complex species such as metazoans.

Ideally, we want to be able to ‘look back in time’ to see what the initial benefits 
may have been for forming multicellular groups through clonal group formation. 
Here, we focus on four examples of multicellular species that develop clonally and 
allow us to explore what the benefits and costs of clonal multicellularity might be.

10.5 CYANOBACTERIA

Cyanobacteria are a large and diverse group of bacteria with an estimated 2698 spe-
cies (Nabout et al., 2013). They include species such as Microcystis aeruginosa and 
Nostoc thermotolerans. For our purposes, what is particularly interesting about the 
cyanobacteria is that they include some of the simplest but oldest examples of clonal 
multicellularity (and, in fact, multicellularity in general). Evidence of multicellular 
filaments of cyanobacteria have been found in rocks from three billion years ago 
(Schirrmeister et al., 2011, 2013).

Certain species, notably Oscillatoria sancta, Anabaena sp., and Cylindrospermum 
sp., form long filaments of individual cells that originate from one precursor cell 
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through clonal group formation (see Figure 10.3) (Schirrmeister et al., 2011). These 
filaments are obligately multicellular in the sense that the individual cells cannot sur-
vive and reproduce on their own (i.e. distinct from the group). Several species also have 
a division of labor between cells in the filament. For example, Nostoc species have cells 
called ‘heterocysts’ which fix nitrogen at night and vegetative cells that photosynthe-
size during the day (Bonner, 2003; Golden & Yoon, 2003; Kaiser, 2001; Schirrmeister 
et al., 2011). Nitrogen from the atmosphere is converted into ammonia via the enzyme 
nitrogenase, and this enzyme is inactivated by oxygen (Gallon, 1981; Rossetti et al., 
2010). Such division of labor evolves when different partners (vegetative and heterocyst 
cells) receive accelerating fitness benefits from their environment when their tasks do 
not mix well or become more efficient (Cooper & West, 2018; Rossetti et al., 2010; 
West et al., 2015; West & Cooper, 2016). Accelerating fitness benefits means that the 
fitness of the individual performing the tasks increases over time (West et al., 2015). 
The fixation of nitrogen and photosynthesis are both beneficial to the cyanobacteria.

Cyanobacteria provide an example of how clonal group formation has allowed 
extreme morphological, functional, and spatiotemporal division of labor even in a rel-
atively simple species (Cooper & West, 2018; Flores & Herrero, 2010; Schirrmeister 
et al., 2011). In fact, Rossetti et al. 2010 show that spatial structure, specifically the 
organization of cells in compartments, is important in preventing the spread of cheat-
ing cells, allowing the evolution of cooperation and division of labor in this species.

10.6 CHLAMYDOMONAS REINHARDTII

Chlamydomonas reinhardtii is a single-celled eukaryotic alga. When these cells are 
exposed to predators, they form multicellular groups through clonal group formation 
(Lurling & Beekman, 2006). One cell divides to gradually form a palmelloid cluster 
of many cells – a behavior that increases their survival (Lurling & Beekman, 2006). 
Cellular clumping in response to predation is selectively advantageous for the prey 
and has been observed in many more species of green algae (Kapsetaki & West, 
2019; Lüring et al., 1997; Lürling, 1999a; Lürling et al., 1996; Van Donk et al., 1993).

However, these groups are not obligately multicellular (Figure 10.3). When 
removing the predators, algal groups break apart into single cells (Fisher et al., 2016; 

FIGURE 10.3 Examples of clonal multicellularity. A: Cyanobacteria (Cylindrospermum 
sp). Image courtesy of Adelaide laboratories of CSIRO Land and Water (1993). B: 
Chlamydomonas reinhardtii. Image courtesy of Josh Ming Borin (Herron et al., 2019). C: 
Volvox carteri. Image courtesy of Shelton & Michod, 2010. D: Choanoflagellate (Desmarella 
moniliformis). Image by Sergey Karpov, CC BY-SA 3.0 via Wikimedia Commons.
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Kapsetaki et al., 2016). One of the explanations for this phenomenon is that being 
in a group can be costly for individual cells (Kirk, 1994;; Kapsetaki & West, 2019; 
Lürling, 1999a; Ploug et al., 1999; Reynolds, 1984; Tollrian & Dodson, 1999; Trainor, 
1998) because cells in the group may have less access to light due to higher sinking 
rates, and may pay a cost of producing extracellular adhesive molecules (Francis Rice 
Trainor, 1998; Kirk, 1994; Lürling, 1999a; Ploug et al., 1999; Reynolds, 1984; Tollrian 
& Dodson, 1999). Chlamydomonas is, therefore, a good example of a species that can 
form multicellular groups through clonal group formation, but does so facultatively.

An interesting consideration is the experimental evolution of multicellularity in C. 
reinhardtii by Herron et al. (2019) in response to predation pressure by Paramecium 
tetraurelia. Multicellular life cycles had a fitness advantage over the unicellular 
ancestors, showing that multicellularity conferred a significant benefit to C. rein-
hardtii cells. They were also able to show that multicellular groups of C. reinhardtii 
were stable over multiple generations, suggesting that obligate multicellularity could 
possibly evolve in the lab given the right conditions (Herron et al., 2019).

10.7 VOLVOX CARTERI

C. reinhardtii is a species in the order Chlamydomonadales also known as Volvocales 
(Buss, 1987; Grosberg & Strathmann, 2007; Koufopanou, 1994). This group con-
tains more than 1760 species, many of which display multicellular phenotypes to 
varying degrees (Fritsch & West, 1927; Herron, 2009; Umen, 2020). Here, we focus 
on Volvox carteri (Figure 10.3), arguably one of the most extensively studied multi-
cellular species in the group (Herron et al., 2009), but a detailed account of multicel-
lularity in the Volvocine algae is given in Chapter 11.

Volvox carteri forms spherical colonies composed of up to 6000 cells (Kochert, 
1968; Smith, 1944), each of which bears a striking resemblance to Chlamydomonas. 
V. carteri is obligately multicellular, and its cells are functionally and reproduc-
tively differentiated (Buss, 1987; Grosberg & Strathmann, 2007; Koufopanou, 1994). 
Every colony contains around 16 larger reproductive cells that are enclosed by an 
outer layer of many more somatic cells that are terminally differentiated and contrib-
ute only to motility and photosynthesis (Matt & Umen, 2016; Shelton et al., 2012).

Division of labor between reproductive and somatic cells is achieved because some 
cells, during the first five rounds of cell division, express the gene regA whose protein 
inhibits cell growth (Herron, 2016; Meissner et al., 1999). These cells become smaller 
than 8μm, they keep their flagella, and become somatic non-reproductive cells. Other 
cells do not express regA and grow much larger, lose their flagella and become repro-
ductive germ cells (Hallmann, 2011; Kirk et al., 1993; Koufopanou, 1994).

Clonality plays a major role in V. carteri. The somatic and germ cells of V. carteri 
are clonal. In other words, their fitness interests are aligned. If a cell was to ‘choose’ 
to maximize its inclusive fitness by dividing (direct fitness) or sacrificing its repro-
duction to help a neighboring cell divide (indirect fitness), either ‘choice’ would be 
similar in terms of fitness, since the neighboring cell here is a clone (Foster et al., 
2006). This is the case in V. carteri. Somatic cells have altruistically sacrificed their 
ability to reproduce, they are sterile, and only the germ cells reproduce. In this case 
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of clonality, the maximal fitness of an individual cell is equal to the maximum fitness 
of the group (Davies et al., 2012; Michod et al., 2003, 2006).

10.8 CHOANOFLAGELLATES

In marine and freshwater environments, we find some single-celled eukaryotes, the 
choanoflagellates. They share a common ancestor with multicellular animals (e.g. 
Brunet & King, 2017; Fairclough et al., 2010; King, 2005; Koehl, 2020; Leadbeater, 
2015; Mikhailov et al., 2009; Salvini-Plawen, 1978; Valentine & Marshall, 2015), 
and are therefore widely used as model organisms in the study of multicellular ori-
gins (Brunet et al., 2019; Brunet & King, 2017; Fairclough et al., 2013; King, 2004; 
King et al., 2008; Richter & King, 2013), including the benefits and costs of group 
formation. Groups of choanoflagellates have an evolutionary advantage over single 
cells in terms of their ability to forage (Kirkegaard & Goldstein, 2016; Nichols 
et al., 2009; Roper et al., 2013) and avoid predation (Koehl, 2020). Prey bacteria 
Algoriphagus machipongonensis release a sulfonolipid, RIF-1, in the extracellular 
environment. This localized concentration of RIF-1 can trigger facultative multicel-
lular group formation in their predator Salpingoeca rosetta (Alegado et al., 2012). 
Group formation can provide a selective advantage to the choanoflagellate cells since 
they are better able to capture their prey than single cells (Kreft, 2010). The groups 
are formed by cells remaining attached after division (Dayel et al., 2011; Fairclough 
et al., 2010; Koehl, 2020; Laundon et al., 2019). Such attachment allows high relat-
edness that minimizes conflict between cells (Buss, 1987; Grosberg & Strathmann, 
2007), despite the potential costs that come with living in a multicellular group such 
as production and secretion of an extracellular matrix (Cavalier-Smith, 2017).

10.9 THE ROLE OF THE ENVIRONMENT

All species are shaped by their environment, and multicellular species are of course 
no exception to this (Bonner, 1998; Darwin, 1859). In the section above, we have 
considered how the ecological benefits and costs of cooperation influence multicel-
lularity in clonal species, and these can vary depending on the species and ecological 
conditions. However, it is becoming clear that the environment could play a larger 
role in determining the course of multicellular evolution and that the environment 
may impact non-clonal and clonal multicellular species in different ways.

A recent comparative study across 14 independent transitions to multicellular-
ity has shown that in aquatic environments a higher proportion of lineages that 
originated there form groups clonally than non-clonally (Fisher et al., 2020). This 
includes multicellular lineages such as animals, plants, green algae, red algae and 
brown algae, who all originated in the sea and develop through clonal group forma-
tion. This result suggests (although is by no means definitive) that aquatic environ-
ment, in general, has an impact on which mode of group formation works best. One 
hypothesis, first suggested by Bonner (1998), is that in order to reap the benefits of 
being in a group, cells in the water need to stick together directly after division to 
avoid being dispersed by water currents. The study also showed that there have been 
more transitions to obligate multicellularity in aquatic environments compared to on 
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land, which supports the previous observation that obligate multicellularity has only 
ever evolved in groups with clonal group formation (Fisher et al., 2013).

Temperature, calcium concentration, resource availability and artificial selection 
can also affect multicellular group formation. At low temperatures, the facultatively 
multicellular algae Scenedesmus form multicellular groups (Egan & Trainor, 1989; 
Trainor, 1992; 1993). High calcium concentrations induce aggregation in the cya-
nobacteria Microcystis, but when calcium concentrations decrease, they form colo-
nies clonally by cell division (Chen & Lürling, 2020). In terms of resources, when 
they are abundant, we see monoclonal multicellular groups being prevalent, whereas 
when resources are scarce, polyclonal groups are more common (Hamant et al., 
2019). In experimental conditions of artificial selection for fast-settling multicellular 
yeast, unicellular yeast can evolve into clonal multicellular clusters with division of 
labor (Ratcliff et al., 2012).

10.10 IS CLONAL DEVELOPMENT THE ONLY WAY?

In this chapter, we have focused on the observation that all instances of obligate 
multicellularity have evolved in species with clonal group formation. But is clonality 
always necessary in the formation of an obligate multicellular organism? Here, we 
give several examples of how obligate multicellular organisms can ‘break the rules’ 
of clonality and challenge our idea that clonality is essential for obligateness.

10.11 PLACOZOA

Placozoa are an obligately multicellular phylum of animals consisting of three spe-
cies: Trichoplax adhaerens, Hoilungia hongkongensis, and Polyplacotoma mediter-
ranea (Bernd Schierwater & DeSalle, 2018; Eitel et al., 2013; Schierwater & Eitel, 
2019). These microscopic marine organisms (Eitel et al., 2013; Grell & Ludwig, 
1971; Pearse & Voigt, 2007; Signorovitch et al., 2006; Voigt et al., 2004) break up 
into single cells upon exposure to certain chemicals (colchicine, vinblastine, and 
seawater without divalent ions). Removal of these chemicals makes the cells reag-
gregate (Ruthmann & Terwelp, 1979). This phenomenon raises several questions. 
First, can cells of the disaggregated individual grow independently, as in a facul-
tatively multicellular organism? Second, are non-clonal cells able to join the group 
during reaggregation? Third, do the reaggregated cells form an obligate multicellular 
organism (West et al., 2015)? Future experiments would need to confirm Ruthmann 
& Terwelp’s (1979) findings of disaggregation and reaggregation in Placozoa, and 
further assess whether addition of non-clonal cells in the disaggregated clonal cel-
lular culture leads to chimeric obligately multicellular individuals. This will help us 
answer whether obligate multicellularity can arise non-clonally in placozoa.

10.12 MICROCHIMERISM

Microchimerism refers to the presence of non-clonal cells inside the brain, thyroid, 
breast tissue and bloodstream of mammals, including cattle, dogs, Rhesus monkeys 
and even humans (Axiak-Bechtel et al., 2013; Bakkour et al., 2014; Barinaga, 2002; 
Boddy et al., 2015; Muehlenbachs et al., 2015; Owen, 1945; Turin et al., 2007; Van 
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Dijk et al., 1996; Youssoufian & Pyeritz, 2002). These cells are exchanged between 
mother and fetus during pregnancy for many generations and can survive for over 
27 years inside the mother as seen in humans (Barinaga, 2002; Boddy et al., 2015; 
Chan et al., 2012; Kinder et al., 2017; O’Donoghue et al., 2004; Yan et al., 2005). 
According to social evolution theory, non-clonal cells can be a source of conflict 
inside the multicellular organism, as the genetic fitness interests of all cells in the 
multicellular group are not aligned (Burt & Trivers, 2006; Gardner & Grafen, 2009; 
Queller & Strassmann, 2009; Roze & Michod, 2001; West & Gardner, 2013). Even 
though the presence of microchimerism cells is a fact, they do not outnumber the 
majority of the cells in our body which are clonal. Furthermore, centuries of trans-
plantation experiments have shown that despite some observations of donor transplant 
cells moving to the semen of a recipient patient (Long & Chilton, 2019), multicellular 
organisms are known to reject foreign tissue via rapid immune responses (Brent, 
1996; Medawar, 1948). The immune system tightly regulates such sources of conflict 
within the multicellular organism after obligateness has evolved.

10.13 CANCER

Another source of conflict within the obligate multicellular organism that challenges 
the notion of clonality being necessary in obligate multicellularity, are nucleotide sub-
stitutions among clonal cells. If these substitutions lead to cellular over proliferation 
and movement to other tissues, these non-clonal cells now can cause disease inside 
the multicellular body in the form of cancer. Cancer is found within the body of multi-
cellular organisms across the tree of life (Aktipis et al., 2015), even between different 
bodies as in transmissible cancers (Metzger et al., 2016; Murchison, 2009; Murchison 
et al., 2014). However, this does not mean that the multicellular organism is non-
clonal and obligate at the same time. The first steps in its development are clonal, with 
single-cell bottlenecks minimizing the potential for conflict among cells (Buss, 1987; 
Fisher et al., 2013; Grosberg & Strathmann, 2007; Hurst et al., 1996; Michod, 1999; 
2003; Michod et al., 1997; Niklas, 2014). If the first few divisions of multicellular life 
are non-clonal, with substitutions accumulating among cells, the embryo usually dies 
and is naturally aborted (Pandey et al., 2005; Tur-Torres et al., 2017).

Slime molds reveal that even if cells in a multicellular group are highly related, 
they are not necessarily on the ‘road towards obligate multicellularity’. Slime molds 
form multicellular aggregates upon starvation (Bourke, 2011; Fisher et al., 2013; 
Smith et al., 2014). High relatedness (r = 0.97) prevents cheating cells from spreading 
in the population and allows high levels of altruism (Gilbert et al., 2007; Strassmann 
et al., 2000). Cells in the stalk altruistically sacrifice their ability to reproduce, and 
can only pass their genes to the next generation by helping the spores that repro-
duce. Still, these multicellular groups are facultatively multicellular (Gilbert et al., 
2007). There is conflict among cells, as there has been selection for within-group 
kin discrimination (Mehdiabadi et al., 2006; Strassmann et al., 2000). For altruistic 
behavior to become unconditional (permanent), any deviation from r = 1 means that 
(rb < c) the cost of cooperating will be larger, even if only slightly larger, than the 
benefit of cooperating and this will lead to a breakdown of the evolution of uncon-
ditional altruism (Bourke, 2011; Hamilton, 1964a, 1964b; West et al., 2007b, 2015).



198 The Evolution of Multicellularity

10.14 CONCLUSION

In this chapter, we have tried to describe the importance and consequences of clonal 
group formation in multicellular evolution. Our purpose has been to provide an over-
view of the topic and we have tried to direct the reader to more detailed accounts 
where necessary.

The question, however, remains: why do some species form multicellular groups 
clonally, rather than by other means? We have described the consequences and 
advantages of clonal group formation once it has evolved, but what about the initial 
benefit? This is a much more difficult question to answer. We would argue that a 
combination of the physical environment and a species’ biology imposes constraints 
on what type of group formation is possible – as always with evolution, there is some 
luck and chance at its core! It is possible that the physical environment of living in 
water created conditions that made clonal group formation much more likely than 
non-clonal group formation. It is also possible that certain species were predisposed 
to form groups clonally due to almost random facts of their biology, e.g. those with 
cell walls or particular proteins in their extracellular matrix. Whatever the reason, it 
is a fact that clonal group formation, under the influence of many ecological, inter-
cellular, and intracellular, known and unknown factors, has led to some of the most 
impressive and complex multicellular radiations in the living world.

A crucial point that we have only briefly touched upon is the necessity of clonal group 
formation for the major evolutionary transition to multicellularity. In other words – the 
evolution of a multicellular individual. This is not a chapter devoted to the major evolu-
tionary transitions in individuality, but it is worth noting that multicellularity has been 
included amongst the 8 or so transitions from the outset. Maynard-Smith & Szathmary 
recognized that the transition from unicells to multicells represented a ‘key event in the 
history of life’ (Maynard Smith & Szathmary, 1995) but it has only been more recently 
(Bourke, 2011; Michod, 2007; West et al., 2015) that the underlying evolutionary theory 
behind the major evolutionary transitions in individuality has been refined.

It is now clear that in order to transition from one level of individuality, single 
cells, to a new level of individuality, the obligate multicellular organism, isn’t just 
made more likely by clonal group formation, but requires it. To use Andrew Bourke’s 
terminology, clonal group formation allows not only group formation and group 
maintenance but allows the final step in the evolution of multicellularity, group 
transformation (which could also be called the major evolutionary transition to indi-
viduality). This point leads us nicely to the next chapter in this book, which deals 
with multicellular group maintenance (Chapter 11).
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11.1 INTRODUCTION

Multicellularity has evolved independently in many lineages from both the prokary-
otic and eukaryotic domains of life (e.g., Grosberg and Strathmann 2007). Generally, 
multicellular phenotypes can evolve via two very distinct pathways: cell aggregation 
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(such as in myxobacteria and social amoebae) or failure to separate following cell 
division (e.g., in filamentous bacteria and most eukaryotic multicellular groups). The 
latter evolutionary strategy is known as clonal multicellularity, as the constituent 
cells are, by definition, clonal. Extant multicellular lineages exhibit very different 
levels of complexity – from simple multicellular forms without specialized cells 
to very complex organisms with hundreds of cell types and diverse developmental 
patterns and life histories. Remarkably, complex multicellular organisms with large 
bodies and many specialized cell types are only known among clonal multicellular 
lineages (e.g., land plants and animals).

Several theoretical frameworks (including kin selection/inclusive fitness, multi-
level selection, cooperation/cheating, conflict/conflict mediation, self-limitation/
limitation of exploitation from inside; e.g., Michod and Roze 2001; Libby and Rainey 
2013; Bourke 2019; Aktipis 2020) and mechanistic views (mostly in the context of 
cancer suppression; e.g., Aktipis et al. 2015; Nedelcu and Caulin 2016; Nedelcu 
2020) have been used to address how multicellular groups can be maintained and 
evolve into complex multicellular organisms. Most commonly, the increased evolu-
tionary success of clonal multicellularity – in terms of prevalence and complexity, 
is thought to have been facilitated by the high relatedness of cells in clonal multi-
cellular organisms (e.g., Fisher et al. 2013). Increased relatedness allows kin selec-
tion to operate and promotes cooperative and altruistic behaviors among cells (e.g., 
Queller 2000; Bourke 2019). However, as in all cooperative behaviors, cheaters – 
that is, cells that enjoy the benefits of cooperation without paying the costs, are still 
expected to occur even in clonal multicellular organisms (Buss 1987; Michod 1996; 
Queller 2000; Aktipis et al. 2015). Thus, to facilitate the evolutionary stability of 
multicellular lineages, the emergence and success of selfish/cheater cells have to be 
limited (Michod 1996).

Here, we are taking a first-principles approach to explore different aspects 
involved in the evolutionary stability of clonal multicellular lineages. Specifically, 
we are using the framework of evolutionary transitions in individuality (Michod 
1998) and consider multicellular groups as units of evolution – used here to imply 
both that (i) they are levels of selection and (ii) adaptations occur at the group level. 
For that to be the case, multicellular groups need to possess heritable variation in 
fitness at their level of organization (Michod 2007). However, because multicellular 
individuals evolved from groups of previously independent units of evolution (i.e., 
single-celled entities) that still possess the necessary conditions to evolve (heritable 
variation in fitness), variation can still occur and selection can still act at the cell 
level. Thus, for selection to act at the group level and for multicellular groups to be 
maintained and become stable evolutionary units, within-group variation and selec-
tion have to be lower than among-group variation and selection (Michod 1997). In 
other words, intra-organismal evolution needs to be limited/controlled.

At the mechanistic level, controlling intra-organismal evolution requires both 
reducing the incidence of mutations (limiting genetic variation within the group) and 
lowering the negative effects of such mutations by decreasing their selective advan-
tage (limiting cell-level selection). Many different processes have likely contributed to 
decreasing intra-organismal evolution and increasing group stability in clonal multi-
cellular systems. Nevertheless, a series of pre-conditions, constraints, and life-history 
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traits specific to each lineage can also affect the type of mechanisms involved and the 
outcome in terms of the evolutionary stability and evolvability of the extant multicel-
lular lineages. Here, we explore the relative contribution of these factors, both during 
the early evolution of multicellularity as well as in lineages that achieved high levels 
of morphological and developmental complexity, with a focus on animal, green algal 
and plant lineages, which have been studied more extensively.

11.2 WITHIN-GROUP VARIATION: FACTORS AND MECHANISMS

By definition, cells in clonal multicellular organisms are genetically related, and thus 
within-group variation is expected to be low. However, different factors can affect 
variation within groups, and a series of mechanisms are thought to have evolved 
specifically to lower within-group variation.

11.2.1 Mode oF reproduCtion

Although the evolution of clonal multicellularity is predicated on the inability of 
daughter cells to separate following the division of a single cell, a distinction has to 
be made between the origin of clonal multicellular organisms and their subsequently 
evolved modes of reproduction and development (i.e., life cycles). This is because 
although all clonal multicellular lineages evolved from single-celled ancestors, dur-
ing their life cycles, the offspring can develop from either a single cell (spore or 
zygote) or multiple cells (propagule) (Figure 11.1A and C). These two distinct strate-
gies result in marked differences in the potential for within-group genetic variation 
in the offspring (Figure 11.1B and D) and the fate of mutations during the early 
evolution of multicellularity (Ratcliff et al. 2017).

Single-cell reproduction has been proposed to be an adaptation to ensure that the 
clonality of cells in a multicellular organism is restored at the start of each generation 
(Szathmáry and Maynard Smith 1995; Grosberg and Strathmann 1998; Kuzdzal-
Fick et al. 2011). The passage through a “single-cell bottleneck” is considered criti-
cal for the evolutionary stability of multicellular organisms by ensuring high cell 
relatedness, which is thought to be very important both in the early evolution of 
multicellular groups and as a means to prevent genetic conflicts in each generation, 
especially in multicellular lineages that evolved large body sizes and/or long lifes-
pans (discussed later). But going through a single-celled stage every generation can 
also contribute to the elimination of deleterious mutations from the population by 
segregating and exposing the cell variants to inter-organismal selection in the next 
generation (Grosberg and Strathmann 1998). Such variants can include mutations 
that negatively affect both the cell and the multicellular group (uniformly deleteri-
ous; Roze and Michod 2001) as well as mutations that increase the fitness of a cell 
lineage at a cost to the group (selfish; Queller 2000) (Figure 11.1B and D).

Nevertheless, single-celled stages have also been proposed to be necessary for 
complex development (Wolpert and Szathmáry 2002) or as means to maximize 
fecundity and population growth (Pichugin et al. 2017). The latter is supported by 
evidence from the experimental evolution of a multicellular life cycle with a single-
cell bottleneck in the unicellular alga Chlamydomonas reinhardtii; the evolution 
of a unicellular bottleneck prior to any genetic conflicts in the multicellular group 



210 The Evolution of Multicellularity

can imply that single-cell propagation is a preadaptation that was later co-opted for 
conflict suppression (Ratcliff et al. 2013). Furthermore, a series of life cycle mod-
els developed by Ratcliff et al. (2017) suggested that genetic bottlenecks and clonal 
development can also link the selection on heritable multicellular traits to that of the 
genes that affect them, and maximize the variance of group-level traits.

Although single-cell bottlenecks can be involved in many evolutionary processes 
(see Grosberg and Strathmann 1998 for a discussion), it is important to note that for 
lineages that reproduce sexually, the single-cell stage is a de facto phase unrelated to 
the evolution of multicellularity. That is, by definition, sexual reproduction requires 
passing through single-cell phases – the gametes and the zygote. Thus, the question of 
the role of the unicellular stage in the life cycle of obligately sexual multicellular lin-
eages cannot be fully dissociated from the question of the role of sexual reproduction. 
Notably, many multicellular lineages are facultatively sexual, reproducing asexually 
for much of their life cycle (e.g., algae, sponges, cnidarians). Therefore, if single-cell 
bottlenecks are required to maintain the evolutionary stability of multicellular phe-
notypes in terms of reducing intra-organismal evolution, asexual reproduction should 
also employ a single-celled stage in facultatively sexual multicellular lineages.

However, in many clonal multicellular lineages, asexual reproduction can involve 
groups of cells (e.g., fragmentation in green, red or brown algae; stolons in land plants; 
budding in cnidarians) whose relatedness coefficient can vary depending on develop-
ment and cell division patterns (discussed below). Accordingly, all else being equal, 

FIGURE 11.1 Simplified representation of two modes of asexual reproduction involving 
single-celled stages (A and B) and multicell propagules (C and D), highlighting the advan-
tages of unicellular bottlenecks both in terms of fecundity (A versus C) as well as lowering 
intra-organismal variation and purging of uniformly deleterious (gray circles) and selfish 
(black circles) mutations (B versus D).
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the potential for within-group variation in the developing offspring should be higher 
in these lineages. The potential for purging deleterious mutations is also expected 
to decrease, especially when propagules are large and/or the initiating cells in the 
propagule are distantly related (Kondrashov 1994; see Roze and Michod 2001 for 
a discussion). Nevertheless, if within-organism selection is stronger than selection 
among individuals, the mutation load can decrease as propagule size increases (Otto 
and Orive 1995). The fitness effect of mutations (uniformly deleterious vs selfish) 
can also influence the propagule size (which can affect the fitness of the offspring), 
with smaller propagules being favored when mutations are selfish, despite the cost in 
terms of smaller offspring (Roze and Michod 2001).

Many multicellular lineages (including among animals and plants) are known to suc-
cessfully employ reproductive modes involving fragmentation or budding during their 
asexual phase or as their only means of reproduction over many generations. While for 
some lineages their eventual passage through a single cell stage during the sexual phase 
would reset the clonality within the multicellular group and “purge” them of deleterious 
mutations (Grosberg and Strathmann 1998), it is unclear if the unicell sexual stage is 
in fact an adaptation to decrease intra-organismal evolution or a by-product of sexual 
reproduction. In this context, it has also been suggested that unicellular bottlenecks 
are in fact “exaptations conferring immunity to future cell-cell conflicts rather than 
being adaptations per se” (Niklas and Newman 2020). Furthermore, in some instances 
(e.g., filamentous cyanobacteria and some green algae) both single and multicell asexual 
propagules can be produced, arguing that the two modes of reproduction are adapta-
tions to selective pressures unrelated to preventing within-group variation (Singh and 
Montgomery 2011). Thus, it is possible that the frequent use of single-celled stages in the 
life cycle of most multicellular lineages is the result of multiple distinct selective forces. 
Moreover, even in lineages that always go through a single-celled stage, the potential 
for intra-organismal variation still exists, and additional mechanisms are required to 
control variation acquired during ontogeny. Overall, although a single-cell bottleneck 
is definitely an efficient way to decrease intra-organismal evolution, other factors and 
mechanisms are also equally important for the early evolutionary stability of clonal 
multicellularity (Libby et al. 2016; Queller and Strassmann 2009).

11.2.2 deVelopMental Modes

One of the most fundamental differences among multicellular phenotypes is related 
to the presence of specialized cells and in particular reproductive/germ and non-
reproductive/somatic cells. The absence of a germ-soma separation in simple 
multicellular lineages (e.g., cyanobacteria, some green algae) implies that all intra-
organismal variation will also be transmitted to the offspring. Whether that variation 
will affect the offspring depends on the reproductive mode. In lineages that always 
go through a single-cell bottleneck during the asexual phase (i.e., each cell in the 
group will produce a multicellular offspring; such as in multicellular volvocine green 
algae) each generation will start from a single cell founder. However, in lineages 
that reproduce by fragmentation (e.g., filamentous cyanobacteria and many green, 
red and brown algae) the fate of intra-organismal variation will be dependent on 
the cell division pattern and growth mode (apical, intercalary, lateral; see below). 
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Nevertheless, since multicellular organisms without a germ-soma separation have 
simple developmental and growth patterns, the cells in the propagule are expected to 
be closely related (Ratcliff et al. 2017).

In multicellular lineages with a defined soma and germline, the fate of the within-
group variation will be affected by both the reproductive and developmental modes 
(Figure 11.2). The main difference in developmental modes is with respect to the 
timing of germline segregation (Figure 11.2). In the so-called “ancestral mode 
of development” (Buss 1987), the germline is segregated late in development. In 
groups with this mode of development (e.g., sponges, cnidarians, land plants), the 
somatic cell lineages are incapable of continuous division or re-differentiation and  

FIGURE 11.2 Simplified representation of the “ancestral” (A and B) and “derived” 
(C and D) modes of development (Buss 1987), highlighting the different impact that muta-
tions have on intra-organismal variation in the two developmental modes (B versus D). 
(A) In the “ancestral” mode (such as in cnidarians and plants, for instance), a pluripotent 
lineage (white circles; numbers indicate cell divisions) gives rise to both differentiated cells 
(various coloured circles) and gametes (stars) throughout lifetime (and to offspring, during 
vegetative reproduction; arrow). (B) Mutations (lightning signs) that occur in this pluripo-
tent lineage (for simplicity and to allow comparison of effects, mutation events are indi-
cated every 8th cell division) will be inherited in all subsequent differentiated cell lineages 
(including gametes and asexual offspring) and can have cumulative effects (indicated by 
changes in colour). (C) In the “derived” mode (such as in animals and V. carteri, for exam-
ple) a totipotent lineage (white circles; numbers indicate cell divisions) gives rise to several 
multipotent stem lineages that self-renew (various colours and shapes with dashed lines) 
and produce differentiated cells with limited replication potential (blunt arrows), and then 
terminally differentiates into gametes (stars) early in development. (D) Mutations (lightning 
signs) occurring with the same frequency as in panel B (every 8th cell division) will largely 
only affect the terminally differentiated cells and will be removed from the group as cells 
senesce and die.
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thus they have to be replenished from one or a few pluripotent lineages that remain 
mitotically active throughout ontogeny, and can later differentiate into germ cells 
(Figure 11.2A). These multicellular lineages are also capable of vegetative reproduc-
tion via fragmentation or budding, which allows somatic variation to be transmitted 
to offspring. In contrast, in the “derived mode of development” (Buss 1987) – such 
as in most animals and some (but not all) multicellular volvocine algae (e.g., Volvox 
carteri), multipotent stem cells with various degrees of mitotic capacity (approach-
ing immortality in some stem cell lineages) and/or potential for differentiation are 
produced from a totipotent lineage which then differentiates into germ cells early in 
the development (Figure 11.2C). The evolution of an early segregated germline is 
thought to mediate potential conflicts among cell lineages – including cheaters, in 
terms of access to the germline and representation in the next generation (Michod 
1996; Michod et al. 2003). Nevertheless, since multicellular lineages with an early-
segregated germline do also go through a bottleneck, such mutants will ultimately 
be removed from the population through among-group selection (as a multicellular 
group composed exclusively of cheaters will be less fit) (Figure 11.1B).

Important to controlling intra-organismal variation is also the cell division 
potential associated with the various developmental modes. For instance, in the 
ancestral mode of development, all cells in the multicellular organism (including 
the germ cells) are descendants from one or a few pluripotent cell lineages that 
divide continuously throughout ontogeny. Furthermore, in multicellular groups 
that reproduce through fragmentation, budding or stolons, the offspring inherits 
these long-lived proliferative lineages; thus, the potential for variation in the veg-
etatively produced offspring could be high (Figure 11.2B). On the other hand, in 
organisms with an early-segregated germline (i.e., the “derived mode of develop-
ment”), somatic cells are descendants of a limited number of stem cell lineages 
that “delegate” proliferative tasks to a battery of progenitor/amplifying cells that 
replenish the terminally differentiated cells as needed (Figure 11.2C). This pattern 
of distribution of the cell proliferation potential is thought to represent an adapta-
tion to limit the number of cell divisions (and thus potential for mutation) in the 
stem cells as a means to reduce the occurrence of oncogenic somatic mutations 
(DeGregori 2011).

Multicellular lineages also differ vastly in their embryonic development and 
ontogeny in terms of cell division and multicellular growth patterns. In multicellu-
lar organisms that can reproduce vegetatively and/or do not have an early-segregated 
germline, these aspects have the potential to influence the genetic composition of 
the multicellular offspring. For instance, plants employ complex cell division and 
growth patterns (even in the same individual), including apical and lateral cell divi-
sion as well as intermediate/indeterminate growth (i.e., throughout life; e.g., roots, 
shoots) and determinate growth (i.e., stops when a final size is reached; e.g., leaves, 
flowers). Indeterminate growth (also characterizing some animal lineages; e.g., cor-
als, many fishes, amphibians, snakes), by definition, will result in an increasing num-
ber of cell divisions and thus potential for high intra-organismal genetic variation. 
Nevertheless, the distribution of this intra-organismal variation is also under selec-
tion, depending on the tissue’s contribution to the next generation and longevity. 
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For instance, in perennial (but not annual) plants, the rate of mutation accumula-
tion (per unit time) in shoot apical meristems is lower than that in root apical tis-
sues (Wang et al 2019). But even when growth is limited to a final size (such as in 
insects, mammals), cell divisions do occur during ontogeny to replace damaged as 
well as senescent cells, which can result in intra-organismal variation. A notable 
exception is among some invertebrates (e.g., Caenorhabditis elegans; Pearson and 
Sánchez Alvarado 2008) and volvocine algae (Kirk 1998), in which there are no 
post-embryonic cell divisions; in these lineages, the potential for intra-organismal 
variation is restricted to the embryonic stage.

Another difference in developmental modes that can influence the potential for 
intra-organismal genetic variation is the ability of cells to move within the group. 
The lack of cell mobility in plant lineages decreases the potential for variants to 
invade nearby tissues and/or migrate to distant locations, which might explain both 
the absence of malignant tumors and the high incidence of vegetative reproduction 
(including fragmentation, stolons/runners, bulbs) in many plant lineages. On the 
other hand, the ability of animal cells to move both during embryonic development 
as well as in adults reflects in the high incidence of malignancy and might contribute 
to the low incidence of vegetative reproduction involving fragmentation and budding 
in animal lineages.

11.2.3 body size

The potential for intra-organismal genetic variation is also expected to increase with 
group/body size. That is because – all else being equal, more cells require more 
cell divisions, and more cells also equal more targets for mutation. This correla-
tion is generally expressed in an expected increase in cancer incidence in multi-
cellular lineages with large body sizes. However, this expected correlation has not 
been confirmed, a situation known as Peto’s paradox (Peto et al. 1975). For instance, 
large organisms such as elephants and whales do not show the high cancer incidence 
expected based on their body size (Caulin and Maley 2011). The lack of correlation 
between body size and cancer rates is commonly attributed to the evolution of bet-
ter/additional tumor suppression mechanisms in larger animals (Tollis et al. 2017). 
Nevertheless, cancer-unrelated life-history traits and pressures associated with the 
evolution of a large body size (e.g., low metabolic rates that could reflect in less 
oxidative damage; late maturation and low fecundity that would result in, or require, 
increased investment in somatic maintenance) could also have affected mutation 
rates or shaped the development in these lineages in a way that has resulted in lower 
than expected (based on size alone) cancer rates (Brown et al. 2015; Nedelcu and 
Caulin 2016; Møller et al. 2017; Nedelcu 2020).

Interestingly, large body sizes are achieved both in lineages with single-cell 
reproductive modes and early segregated germline (animals) as well as in lineages 
that do not segregate their germline early in development and do not necessarily go 
through a single-cell bottleneck in every generation (some plants). Notably, large 
long-lived plants also do not show the expected (based on size alone) increase in the 
per-generation mutation rate and are assumed to have evolved mechanisms to reduce 
mutation rates per unit growth (Orr et al. 2020).
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11.2.4 liFe span

Increased life span is expected to increase intra-organismal variation as well since 
cell lineages go through a higher number of cell divisions during the lifetime of a 
long-lived individual. For instance, long-lived plants (such as conifers) have been 
shown to have among the highest per-generation mutation rates for any eukaryote, 
in spite of their remarkably low annual somatic base substitution rate (Hanlon et al. 
2019; Hofmeister et al. 2020). Similarly, the number of somatic mutations in normal 
human liver was shown to increase with age, with up to 3.3 times more mutations per 
cell in aged humans than in young individuals (Brazhnik et al. 2020). This increase in 
the number of cell divisions and mutations with age should result in higher incidence 
of cancer in longer-lived multicellular lineages. The lack of correlation between lifes-
pan and cancer incidence is another side of Peto’s paradox, which is also commonly 
explained in terms of better cancer suppression mechanisms in long-lived species 
(Tollis et al. 2020). Nevertheless, as for body size, the lower than expected (based 
on lifespan alone) incidence of cancer can be an indirect by-product of life-history 
traits and adaptations unrelated to suppressing cancer (Nedelcu and Caulin 2016). 
Interestingly, an increased intra-organismal mutation load in long-lived trees is con-
sidered adaptive as it generates important genetic variation that enables selection 
both among offspring (as such mutations can be inherited since plants do not have a 
segregated germline) and among cell lineages within individual trees (e.g., a branch 
can acquire resistance to herbivory) (Padova et al. 2013; Hanlon et al. 2019).

11.2.5 soMatiC Mutation suppression MeChanisMs

The potential for intra-organismal variation is dependent on the incidence of somatic 
mutations. Because of the impact such mutations have on the development of cancer, 
most studies on this topic are centered around animal systems. Although not all 
somatic mutations are associated with cancer (see below), it is generally believed 
that a series of mechanisms had to evolve specifically to prevent the initiation and 
progression of cancers in all multicellular lineages. These mechanisms are generally 
referred to as tumor suppression mechanisms. They include both “caretakers” (e.g., 
DNA damage sensing and DNA repair) and “gatekeepers” (premature senescence 
and apoptosis) (Kinzler and Vogelstein 1997; Hooper 2006). However, caretakers 
also function in indispensable cellular processes, and many, including p53 – the most 
frequently mutated tumor suppressor gene in human cancers, have actually evolved 
in single-celled lineages (Domazet-Lošo and Tautz 2010). On the other hand, the 
evolution of gatekeeper genes is thought to largely overlap with the emergence of 
metazoans and has been interpreted to reflect the need for both increased coopera-
tion and cheating prevention (Domazet-Lošo and Tautz 2010). Yet, both premature 
senescence and apoptosis-like phenomena have been found in unicellular lineages, 
suggesting that they also predate the origin of multicellularity (Nedelcu et al. 2011; 
Nedelcu and Caulin 2016). Also, many tumor suppressor genes (including p53) do 
not seem to be involved in tumor suppression in invertebrates (Pearson and Sánchez 
Alvarado 2008). However, direct correlations between tumor suppressing mecha-
nisms and the ability to decrease cancer potential have been reported. For instance,  
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the lower than expected (based on size and lifespan) cancer incidence in elephants 
was correlated with the finding of extra copies of the tumor suppressor gene p53, 
which is thought to result in increased sensitivity to DNA damage-induced apop-
tosis (and thus elimination of potentially oncogenic cells) in elephants (Sulak 
et al. 2016). Nevertheless, additional p53 gene copies have not been found in the 
humpback whale, suggesting that if additional tumor suppressing mechanisms are 
indeed required to control cancer (and intra-organismal evolution) in large/long-
lived multicellular bodies, they are lineage specific (Tollis et al. 2019). Lower per-
year somatic mutations in long-lived angiosperms (such as poplar) – compared to 
annual plants, are also thought to be the result of mechanisms that can decrease 
the potential for somatic mutations (and thus intra-organismal variation). These 
include limiting the number of meristematic cell divisions and evolving ways 
to protect meristematic cells from DNA-damaging factors such as UV radiation 
(Hofmeister et al. 2020).

11.2.6 hoMeostasis

In addition to DNA replication/repair and metabolically-induced mutations, environ-
mental factors can also result in DNA damage and mutations (Figure 11.3). One of 
the proposed advantages of group living is homeostasis, which can provide protec-
tion from environmental stressors (Smukalla et al. 2008). Developmental modes that 
ensure stem cell lineages are protected from environmental challenges can also limit 
the potential of DNA damage-induced mutations and intra-organismal variation.  

FIGURE 11.3 Simplified summary of the various factors and mechanisms that affect 
within-group variation and selection (see text for details and discussion).
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These include, for instance, the location of stem cells in crypts (in animals) and of 
meristems in buds (in plants).

11.2.7 selF-reCognition

For multicellular groups that developed clonally but faced a continual threat of 
chimerism, the evolution of a self-recognition system would have had obvious ben-
efits against germline-invading or fitness-reducing cells from other individuals 
(Fernández-Busquets et al. 2009). However, as in the case of the unicellular bottle-
neck, the timing of the evolution of self-recognition systems may determine whether 
they evolved as a specific anti-cheating mechanism or were later co-opted into that 
role. Sponges are good model-system for studying the role of adhesive/recognition 
mechanisms during the evolution of animal multicellularity (Fernández-Busquets 
et al. 2009; Vilanova et al. 2016).

The ability to discriminate against non-self can also be beneficial to recognize 
internal self-cell variants and thus act to suppress intra-organismal variation emerg-
ing during ontogeny. This aspect is extremely relevant in the context of the recog-
nition of malignant cells by the immune system (see below). In animals, immune 
systems are thought to be efficient mechanisms to both eliminate intra-organismal 
genetic variants as well as provide a strong barrier to the inter-organismal transmis-
sion of malignant cells. The few special cases of transmissible cancer are thought to 
be facilitated by low non-self-recognition systems (Belov 2012).

11.3  WITHIN-GROUP SELECTION: LIMITING THE 
ADVANTAGE OF SELFISH MUTANTS

Mechanisms that reduce intra-organismal variation will affect the incidence and 
distribution of all types of mutations. But the ultimate fate of mutations will be 
determined by the effect (positive +; negative −; or neutral ~) they have on the fitness 
of both the cell (C) and the multicellular group (M). In multicellular organisms with 
a differentiated soma, somatic mutations can be (i) deleterious only at the cell level 
(C−/M~), (ii) deleterious or advantageous at both the cell and organism level (C−/M−, 
or C+/M+), (iii) altruistic (C−/M+), (iv) selfish (C+/M−), or (v) uniformly neutral 
(C~/M~). C−/M~ mutants, by definition, will likely be eliminated through negative 
selection at the cell level (Otto and Orive 1995; Otto and Hastings 1998). However, 
uniformly deleterious mutations can accumulate in some cell types and have been 
associated with human diseases, neurodegeneration and aging (see Gonzalez-Perez 
et al. 2019 and Brazhnik et al. 2020 for examples and references). Thus, mecha-
nisms that reduce the occurrence and spread of C−/M− could be favored, if they 
affect the reproductive fitness of the multicellular individual. Nevertheless, in long-
lived woody plants, such deleterious somatic mutations can accumulate, and this has 
been hypothesized to favor outcrossing by reducing the survival of inbred progeny 
(Bobiwash et al 2013).

The fate of cell-level advantageous mutants will be determined by their effect on 
organismal fitness. In plants, due to their developmental and reproduction modes, 
cell-level beneficial mutations occurring in the apical meristems can be selected for 
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and transmitted to offspring, which might then affect inter-individual variation. Thus, 
in plants, intra-organismal variation can have implications for their ability to adapt 
to changing ecological conditions and, ultimately, for plant speciation (Hanlon et al. 
2019; Schoen and Schultz 2019; Orr et al. 2020). However, in animals, mutants that 
gain selective advantages at the cell level are more likely to be costly at the organism 
level (Frank and Nowak 2004). Cancer is a reflection of such mutants, resulting in 
selection at the cell level overriding selection at organism level. If these selfish vari-
ants negatively affect the fitness of the multicellular group during the reproductive 
phase, they can affect the evolutionary stability of the lineage and have the potential 
to drive the groups to extinction directly (through decreasing their fitness) or indi-
rectly through gaining access to the germline. Thus, several factors and mechanisms 
are known or have been proposed, to limit or reduce the selective advantage of self-
ish mutants (Figure 11.3), especially in the context of cancer.

11.3.1 antagonistiC pleiotropy

One mechanism that can decrease the selective advantage of selfish mutants (and 
thus enforce cooperation) – especially during the early evolution of multicellularity, 
is antagonistic pleiotropy. Specifically, if cooperative genes are linked to advanta-
geous individual-level traits, mutations in such genes will also negatively affect the 
fitness of the selfish mutants (Foster et al. 2004). A related evolutionary mechanism 
– coined as “type 1 ratcheting,” has been proposed by Libby et al. (2016). This sce-
nario envisions that reversion to unicellularity is hindered by the fact that the accu-
mulation of mutations that increase cell-level fitness in a multicellular context are 
also costly in a single-celled context.

Pleiotropy has been shown to stabilize cooperation in aggregative multicellularity 
(Foster et al. 2004), but less is known about its role in the evolution of clonal mul-
ticellularity. However, at least in the volvocine alga Volvox carteri, selfish mutants 
that evade the developmental control of cell proliferation are also more sensitive to 
stress (Konig and Nedelcu 2020). Notably, the increased proliferation of cancer cells 
is also known to be linked to a lower ability (compared to normal somatic cells) to 
withstand nutrient stress due to their failure to trade-off cell proliferation for main-
tenance in stressful environments (Raffaghello et al. 2008; Lee et al. 2012). Similar 
trade-offs and pleiotropic effects are likely to have contributed to the evolutionary 
stability of early multicellular groups and have played roles in the evolution of other 
clonal multicellular lineages.

11.3.2 genotype-phenotype Map re-organization

During the transition to multicellularity, a new genotype-phenotype map (i.e., the 
relationship between genotype and phenotype; Alberch 1991) had to evolve to 
reflect both the loss of unicellular traits (“type 2 ratcheting”; Libby et al. 2016) and 
the emergence of new traits at the group level. How a new map is established can 
influence the stability of the group and the evolvability of the lineage (Nedelcu 
and Michod 2004). For instance, the differentiation of somatic cells in V. carteri is 
achieved through the induction of a single gene whose expression suppresses both  
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the immortality and totipotency of these cells. Mutations in this gene alone result in 
somatic cells gaining full proliferative and reproductive abilities, with drastic nega-
tive effects for the group. Thus, having such a simple genetic architecture (that can 
be entirely lost via single mutations) can endanger the stability of the group and limit 
the evolutionary potential of the lineage.

The genotype-phenotype map is also very important for the stability of com-
plex multicellular organisms. In the context of cancer, this aspect is reflected in the 
number of genes/pathways that need to be inactivated to induce malignancy, known 
as transformation stages. Interestingly, the number of stages differs between spe-
cies. For instance, the transformation of fibroblasts requires that six signal pathways 
be affected in humans, compared to only two in mice (Rangarajan et al. 2004). 
Also, the development of retinoblastoma (an eye cancer that begins in the retina and 
mostly affects children) requires the inactivation of only one locus (Rb) in humans 
but two (Rb and p107) in mice (see discussion in Leroi et al. 2003). Furthermore, 
human cells require more mutations than mouse cells to create immortalized cul-
tures; both the Rb and p53 pathways must be knocked out to immortalize human 
fibroblasts while mouse cells require only the p53 pathway to be inactivated (Hahn 
and Weinberg 2002).

Added redundancy in the form of extra tumor suppressor genes can also limit 
the selective advantage of selfish mutants. In this scenario, mutations in all copies 
would be required to result in malignancy. In support of this possibility, transgenic 
mice that contain an extra copy of p53 (including its regulatory elements) gain an 
increased resistance to cancer (García-Cao et al. 2002). Redundancy in tumor sup-
pressor genes is also thought to be responsible for the lower than-expected cancer 
incidence in large animals (Nunney 1999; Leroi et al. 2003). For instance, there are 
at least 19 copies of p53 in the African elephant genome, and though 18 of these 
appear to be a result of retrotransposition events, some are expressed and are thought 
to contribute to improved cancer suppression in elephants (Abegglen et al. 2015).

11.3.3  liMiting the potential For the progressiVe 
aCCrual oF selFish Mutations

In many multicellular lineages with an early segregated germline and determi-
nate growth, most somatic cell lineages have limited proliferation potentials. In 
animals, this phenomenon is known as replicative senescence and is induced by 
telomere shortening (via repression of telomerase activity). In this way, the accumu-
lation of mutations that could provide somatic lineages with selective advantages 
is limited (Campisi 2001). On the other hand, animals with indeterminate growth 
express telomerases in the tissues of adults (e.g., American lobster and rainbow 
trout; Klapper et al. 1998a, b). However, exceptions do exist. For instance, in mouse, 
somatic cells express telomerases, have very long telomeres and do not exhibit rep-
licative senescence (senescence of these cells is thought to be a stress response; e.g., 
Seluanov et al. 2008). Furthermore, rodent species differ as far as telomerase activi-
ties in their somatic cells, and replicative senescence appears to correlate with body 
mass (Seluanov et al. 2007, 2008). Interestingly, the long-lived naked mole rat does 
express telomerase activities in its somatic cells, and despite its increased longevity 
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relative to other rodents, spontaneous neoplasms have never been reported in this 
species (Buffenstein 2005). Notably, although it involves a different mechanism, 
replicative senescence is also known in yeast (Steinkraus et al. 2008) and the simple 
multicellular green alga, Volvox carteri (Shimizu et al. 2002). Similarly, although 
plants do express a form of replicative senescence known as mitotic senescence, 
this process does not involve shortening of telomeres and is involved in curtailing 
cell proliferation in germline-like apical meristems and during early stages of fruit 
development (Gan 2003).

In animals with an early segregated germline, many features of stem cell dynam-
ics are also thought to be adaptations to reduce the selective advantage of potentially 
selfish mutants. These include: asymmetric divisions, preserving an immortal DNA 
strand in the self-renewed stem cell, limiting the number of stem cells, interposing 
a series of transiently amplifying cells between the stem cells and the terminally 
differentiated cells, and the imposition of differentiation on proliferating stem cell 
progeny (Potten et al. 2002; Frank and Nowak 2004; Caussinus and Gonzalez 2005; 
DeGregori 2011). Overall, stem cells are indeed known to experience reduced spon-
taneous mutation loads compared with differentiated cells, although the mechanisms 
are not fully understood (Brazhnik et al. 2020).

Additional ways that can reduce the impact of selfish mutants on the fitness of the 
multicellular organism include traits associated with tissue organization and archi-
tecture – such as the organization of epithelial tissues in crypts, microenvironmental 
signals and niche or stromal matrix contacts, and serial differentiation (Cairns 1975; 
Frank and Nowak 2004; Gatenby et al. 2010; DeGregori 2011). Differences in tis-
sue architecture could influence the frequency of mutant cell lineages (and cancers) 
depending on the number of stem cells or the dynamics of the tissue itself (Leroi 
et al. 2003). For example, it has been suggested that under a model of serial differen-
tiation it is possible to increase the number of cells and the amount of cell turnover 
per organism without increasing the number or proliferative activity of somatic cells, 
simply by increasing the number of non-stem stages (Pepper et al. 2007).

Tissue architecture and development also affect intra-organismal selection in 
plants. For instance, the large number of apical initials in conifers allows efficient 
selection among cells within the meristem, but the highly structured nature of their 
apical meristems might limit the potential for cells with higher fitness to remain 
within the meristem. Furthermore, conifers and angiosperms differ in both devel-
opment and physical architecture, with most conifers having one dominant stem, 
little bifurcating branching, and a single layer of apical initials in a relatively simple 
meristem, all of which are thought to limit somatic selection (Hanlon et al. 2019). 
Generally, patterns of stem cell divisions – such as limiting the number of cell divi-
sions between the meristem and the new branch, are thought to contribute to the low 
per-year somatic mutation rates and longevity in perennial plans (Burian et al. 2016).

11.3.4 reMoVal oF potentially selFish Mutants

Policing is a well-documented strategy to decrease the selective advantage of selfish 
mutants in all social groups. In many animal lineages, this role is performed by the 
immune system which, in addition to recognizing pathogens, can also identify and 
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remove abnormal self-cells, including mutant cells that have the potential to become 
selfish (Dunn et al. 2004). The low incidence of cancer in Decapoda is credited in 
part to their immune system (Vogt 2008). Similarly, the immune system of verte-
brates can recognize and eliminate primary developing tumors (Shankaran et al. 
2001). However, following clonal escape and tumor formation, chronic activation of 
innate immune cells can also promote tumor growth (De Visser et al. 2006).

11.3.5 tissue MiCroenVironMent and Fitness

As in any system, the selective advantage of a cell variant is dependent on (or relative 
to) a specific environment. Recently, the role of tissue microenvironment and fitness 
in suppressing cancer (and thus, controlling intra-organismal evolution) has been 
acknowledged and is receiving a lot of attention. Healthy tissues are known to be 
able to provide a strong barrier to selection of mutant clones. For instance, NOTCH1 
mutant clones (often associated with cancer) have been found to increase with age 
in the human esophageal tissue and can coexist with normal clones (Martincorena 
et al. 2018). However, changes in the tissue microenvironment during aging as well 
as in response to environmental stimuli (e.g., smoking) and chronic inflammation 
can select for cancer clones better fit to those conditions and promote cancer develop-
ment (Casás-Selves and DeGregori 2011; DeGregori 2018).

11.4 CONCLUSION

The capacity of multicellular groups to become stable evolutionary units is depen-
dent on their ability to control intra-organismal evolution. For such groups to become 
units of evolution, within-group variation has to be lower than among-group varia-
tion such that selection at the group level overrides selection at the cell level. That 
is, mechanisms to control both intra-organismal genetic variation and the selective 
advantage of within-group variants have to evolve (Figure 11.3). However, the spe-
cific mechanisms and their relative contributions are dependent on the genetic and 
structural background on which multicellularity evolved.

For instance, in multicellular plant lineages, the potential for oxidative DNA 
damage due to their photosynthetic activities as well as the increased potential 
for UV-induced DNA damage associated with the sessile lifestyle of land plants 
are expected to increase mutation levels, and thus intra-organismal variation. 
Nevertheless, the presence of a cell wall inherited from their single-celled ances-
tors (reflected in the strong connections between plant cells) decreases the selective 
advantage of mutant cells by limiting their ability to spread. These are in contrast 
to the high mobility of animal cells and the increased range of physiological and 
behavioral adaptations that animals evolved to cope with environmental stress. Also, 
in addition to differences inherited from their unicellular ancestors, plant and animal 
lineages also differ in their developmental and reproduction modes as well as life-
history traits and strategies, which together are expected to have distinct effects on 
intra-organismal evolution.

A number of mechanisms have been proposed to have evolved to control intra-
organismal evolution during the evolution of clonal multicellularity. However,  
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although in most cases their current contribution to the evolutionary stability of a 
multicellular lineage is obvious, it is not always clear whether they evolved specifi-
cally to limit/control cell-level variation and selection. In other words, it is unclear 
whether other selective pressures or life-history traits shaped these mechanisms that 
in turn also allowed a better control of intra-organismal evolution.

The astonishing diversity that independently-evolved clonal multicellular lin-
eages achieved in a relatively short evolutionary time reflects independently-evolved 
successful strategies to control intra-organismal evolution. A full understanding of 
the mechanisms underlying the success of clonal multicellularity in terms of evo-
lutionary stability and increased complexity requires a comparative approach that 
must take into account both the evolutionary history of the lineages and the specific 
selective pressures and life-history traits that shaped the evolution of each multicel-
lular lineage.
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12.1 INTRODUCTION

Division of labor is an old concept. One can find the basic idea in the Republic of Plato:

Things are produced more plentifully and easily and of better quality when one man does 
one thing which is natural to him and does it in the right way, and leaves other things.

Ever since Plato, numerous theorists have proposed variations on this theme with dif-
ferent degrees of sophistication. In The Wealth of Nations, Adam Smith (1776) tells us 
that 10 men in a pin factory can produce approximately 48,000 pins in a single day, 
whereas he estimated that they would only produce less than 20 each individually or 
even none if 10 untrained men were performing all the 18 necessary steps to produce 
a pin on their own. This is because each man is specialized in one or two steps of the 
pin-producing process and, thus, performs the steps more efficiently without the need 
to switch between tasks than a man performing all the steps sequentially. Without this 
difference in efficiency and task-switching, there would be no advantage for a man 
to become a specialist because it only suffices that a single one of the 18 “types” of 
men is unavailable for no pins to be produced at all. However, in conditions where an 
individual can be confident in finding other men with each of the 17 other specializa-
tions (or with the ability to switch from one to another), it becomes advantageous to 
specialize in one of the steps for producing pins. This example illustrates the point that 
a division of labor entails “trade-offs.” First, for dividing labor to pay off, an individual 
performing all the steps must be unable to produce an outcome with the same effi-
ciency and at the same time as a specialist. Second, in situations where the men’s inter-
actions are limited or the number of men is too low, becoming a specialist must lead 
to a worse outcome than being a generalist. The idea of division of labor, like several 
other concepts in economics, has made its way to biological theory. Biological entities 
at all levels of organization exhibit division of labor, resulting in various degrees of 
specialization. However, in contrast to economic theory, division of labor is posited in 
evolutionary theory as an outcome of natural selection rather than rational decision.

One fundamental trade-off faced by all biological entities is the investment in 
maintenance (e.g., escaping predators, foraging, repairing damage) and reproduc-
tion (e.g., investing in gametes, finding a mate). It represents a particular kind of 
division—namely, reproductive division of labor. Multicellular organisms present 
intriguing examples of reproductive division of labor and a high degree of cellular 
differentiation. A widely accepted theory even suggests that germ-soma specializa-
tion has been key in the evolutionary transition from cellular groups to multicellular 
individuals (Buss, 1987; Simpson, 2012). Such transitions, where multiple preexist-
ing entities form a new level of organization, are examples of major evolutionary 
transitions (Maynard Smith & Szathmáry, 1995) or evolutionary transitions in indi-
viduality (ETIs) (Buss, 1987; Michod, 2000). This chapter focuses on a theoretical 
model addressing the role of a trade-off between life history traits in selecting for a  
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reproductive division of labor during the transition from unicellular to multicellular 
organisms (Michod, 2005; 2007; Michod et al., 2006; Michod & Herron, 2006), 
hereafter referred to as the life history trade-off model for the emergence of division 
of labor, or “life history model” (lhm) (Chapter 3).

The lhm has been inspired by the volvocine green algae, a taxonomic group where 
contemporary species range from unicellular over simple multicellular to fully dif-
ferentiated (Kirk, 1998). These phototrophic eukaryotes use flagella to remain in 
the photic zone of freshwater environments where photosynthesis is possible. The 
best studied unicellular representative of this group is Chlamydomonas reinhardtii, 
which can be observed to possess its two flagella only for parts of its life cycle, 
during the growth phase. For cell division (i.e., reproduction), the flagella must be 
absorbed as cells face the functional constraint of simultaneous cell division and 
flagellation. This constraint necessitates a fundamental trade-off between swimming 
and cell division (Koufopanou, 1994).

The constraint that simultaneously bears upon viability (i.e., swimming) and 
reproduction has been “solved” in the closely related multicellular species Volvox 
carteri, where these incompatible functions are segregated into two different cell 
types. Its spherical colonies move around in the water column due to approximately 
2,000 cells that look very similar to the cells of C. reinhardtii in that they each pos-
sess two flagella. Crucially, these cells never lose their flagella and cannot divide—
they are the irreversibly differentiated soma. Reproduction is carried out by a few 
germ cells, called gonidia, which do not possess flagella but do possess the ability 
to divide. In contrast to the uncellular C. reinhardtii, for which these two functions 
are separated temporally during its life cycle, the multicellular V. carteri displays a 
spatial rather than temporal separation of somatic and reproductive functions with 
two cell types, which is characteristic of a reproductive division of labor.

This example of the origin of the division of labor in the volvocine green algae 
illustrated here is not unique. In fact, the need to accommodate two incompatible 
processes is also thought to drive the origin of the reproductive division of labor in 
other multicellular groups—for example, in metazoans, the incompatibility between 
cell division and flagellation (King, 2004) and, in cyanobacteria, the incompatibil-
ity between fixation of atmospheric N2 and photosynthesis (Rossetti et al., 2010; 
Hammerschmidt et al., 2021).

The lhm relies on five key assumptions concerning the relationship between fit-
ness and life history traits (i.e., viability and fecundity) of cells and collectives: (1) 
fitness is the product of viability and fecundity; (2) collective traits are linear func-
tions (sum or average) of their cell counterparts; (3) there is a trade-off between 
a cell’s viability and its fecundity; (4) cell traits are optimal in the sense that they 
display the traits that ensure the highest contribution to collective fitness; and (5) the 
viability–fecundity trade-off is convex for large collectives due to the initial cost of 
reproduction. Assumptions 1–2 are summarized in Figure 12.1, Assumptions 3–4 in 
Figure 12.3, and Assumption 5 in Figure 12.4. The definitions of the symbols used 
are presented in Table 12.1; the assumptions are summarized in Table 12.2.

In this chapter, we pursue two aims. First, we provide a step-by-step guide to 
these assumptions for the reader to build an intuitive understanding of the lhm. In 
doing so, we highlight some strengths and limits of the model and provide directions 
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to explore. Second, we present two interpretations of the lhm in the context of ETIs, 
with a particular focus on the metaphorical notion of “fitness transfer” and its limita-
tions. Throughout, we illustrate our points with biological examples.

12.2  A STEP-BY-STEP GUIDE TO THE LIFE HISTORY 
MODEL OF DIVISION OF LABOR

12.2.1 Fitness is Viability tiMes FeCundity

Assumption 1 of the lhm is that the value of two life history traits characterizes 
any entity (e.g., a cell or a collective): their viability (v for cells and V  for collec-
tives, which measures their propensity to survive) and their fecundity (b and B, 

TABLE 12.1
Definitions of the Symbols

Description Symbol Formula

Effort of the i-th cell toward viability ei (parameter)

Cell viability, cell fecundity (of the i-th cell) ,v bi i : ( )=v v ei i ; : ( )=b b ei i

v and b are an increasing and decreasing 
function of ei, respectively.

Cell fitness (of the i-th cell) fi :=f v bi i i

Average cell fitness (in a collective of size N) f : 1

1

∑= −

=

f N f
i

N

i

Collective fitness (of a collective of size N) FN : =F V BN N N

Viability, fecundity of a collective of size N ,V BN N :  
1

∑= α
=

V vN

i

N

i ; :  
1

∑= α
=

B bN

i

N

i

Contribution of the i-th cell to collective fitness ci : 1 1= + +− −c bV B v b vi i i i i i i

FIGURE 12.1 Geometric representation of collective fitness. As a consequence of Assumption 1 
(i.e., fitness is the product of fecundity and viability) and Assumption 2 (i.e., collective traits are 
linear functions of their cell counterparts), it is possible to represent the fitness of a collective 
geometrically—as the area of a rectangle whose sides are its fecundity and viability—and to 
decompose it into the contribution of its constituent cells. Symbols are defined in Table 12.1.
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which measures their propensity to reproduce). Fitness can be defined as the product 
of those two components ( =f vb and =F VB). The effect of fitness components1 
on the evolutionary success of organisms lies at the center of life history theory 
(Stearns, 1992), notably through the study of the constraints that link them together 
(see Stearns, 1989; Assumption 3). Other components of fitness exist in life history 
theory; however, the lhm focuses solely on viability and fecundity.

Taking the viability and fecundity product to compute fitness is a common 
assumption in the literature (Sober, 2001). There are at least two ways to justify this 
choice: phenomenologically and mechanistically. First, the product of two quanti-
ties phenomenologically characterizes the way these two components interact in the 
context of fitness. One can visualize fitness geometrically as the area of a rectangle 
whose sides’ lengths are v and b (Figure 12.1). This representation helps to illustrate 
why 1) to be maximal, a multiplicative function requires a “strong balance” (Michod 
et al., 2006) between the two components; and 2) if one of the two sides is smaller, 
the marginal benefit (the surface gain) of increasing the other side is also relatively 
small. Additionally, if either side (fecundity or viability) has length zero, the area 
(fitness) is nil (we return to this point below).

Second, the product between two terms measuring fecundity and viability also 
arises naturally in various mechanistic models of population dynamics. As an exam-
ple, consider a simple deterministic two-stage model with newborns and fertile adults 
that all share the same traits. Further, consider that whether proportion v of individu-
als reach the reproductive stage is given by their viability v (0 1< <v ), and that all 
adults leave a number of offspring equal to their fecundity ( 0>b ). It follows naturally 
that, on average, an individual will have vb offspring and the population size will 
grow geometrically with ratio vb in each generation (provided that generations do not 
overlap). This growth rate  vb is also called the Malthusian parameter of the popula-
tion and is commonly identified as a fitness measure (Fisher, 1930, p. 22). However, 
in a real biological situation, there is typically no fixed proportion of the population 
dying at each generation, and individuals leave a varying number of offspring. Despite 
this, the product fecundity–viability (or equivalent ratio of fecundity to mortality) is 
not just a feature of simple models. It also appears in more complex, stochastic mod-
els, where those fluctuations are taken into account (Kot, 2001; Haccou et al., 2007).

In the lhm, any relevant entity is characterized by fitness, which is broken down 
into its components. To study the two-level system of cells and collectives of interest 
for the evolution of multicellularity, one must describe how those two levels relate to 
each other. This is the purpose of Assumption 2.

TABLE 12.2
Summary of Modeling Assumptions 1–5

1 Fitness is viability times fecundity.

2 Collective traits are linear functions of their cell counterparts.

3 There is a trade-off between cell viability and fecundity.

4 Cell contribution to the collective is optimal.

5 There is an initial reproductive cost in large collectives.
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12.2.2  ColleCtiVe Viability and FeCundity are a linear 
FunCtion oF Cell Viability and FeCundity

Assumption 2 of the lhm, which is perhaps the most controversial, is that a collec-
tive’s viability and fecundity are considered proportional to the sum or average of its 
component cells’ viability and fecundity, respectively. In other words, the relation-
ship between cell and collective fitness components is considered linear. Thus, a 
collective composed of N  cells indexed 1,2  …N will have the viability  1= α ∑ =V vN i

N
i 

and the fecundity  1= α ∑ =B bN i
N

i, where   α is a coefficient of proportionality. If we 
assume 1α = , the collective trait is the sum of the individual traits (Michod et al., 
2006). If 1α = −N , the collective trait is the average individual trait (Michod, 2006). 
The value of the coefficient is a matter of simplifying expressions and is irrelevant 
for most results unless comparing collectives of different sizes. For ease of presenta-
tion throughout the rest of the chapter, let  1α = . The assumption of linearity is of 
great significance in the construction of the lhm because it qualifies the relationship 
of traits (and, thus, fitness components) between the lower level (cells) and the higher 
level (collectives). Therefore, it permits the unambiguous definition of the contribu-
tion of the N -th cell to collective fitness (cN).

Assuming    ,  1= +−F F cN N N  we have:

 : ,1 1= + +− −c b V B v b vN N N N N N N
 (12.1)

where 1−FN , 1−VN , and  1−BN respectively refer to the fitness, viability, and fecundity 
of a collective composed only of the cells 1 to 1−N . We can see that cN is the sum 
of three terms. The first term on the right-hand side is the effect of the focal cell’s 
fecundity in the context of the remainder of the collective’s viability ( 1−b VN N ). The 
second term is the effect of the focal cell’s viability in the context of the remainder 
of the collective’s fecundity ( 1−B vN N). Finally, the last term is the N -th cell’s fitness 
( =b v fN N N). These three terms can be visualized as the sum of the three blue rect-
angles in Figure 12.1, and the contribution as the hatched orange area.

It follows from Assumption 2 that the only way a cell can affect collective viabil-
ity and fecundity (and, ultimately, fitness) is by its own viability and fecundity. Thus, 
the indexing order and relative position of cells are irrelevant in this model. Further, 
since the cells’ indexing is purely formal, any cell’s contribution to the collective 
can be computed in the same fashion. However, a cell’s contribution is not limited 
to its own fitness (the third term on the right-hand side of Equation 12.1). This is 
because it depends on the traits carried by the remainder of the collective (the first 
and second terms in Equation 12.1). Thus, the contribution of a cell can be higher if 
one of its components “compensates” for the weakness of the other component at the 
collective level (or, more accurately, the  1 −N other cells). As previously, this can 
be visualized as in Figure 12.1. The same v quantity leads to a larger area with the 
orange dotted border (the cell contribution) if B is large and V  is small, compared to 
a large V  and a small B.

One consequence of Assumption 2 is that a cell with nil fitness ( 0)=vb  does not 
necessarily make a nil contribution toward collective fitness. For instance, consider 
a cell with zero viability and fecundity of one. In this situation, only the last two 
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terms of Equation 12.1 are nil. This result might appear puzzling at first, particularly 
considering that cells with nil fitness might never exist or subsist in the population 
(provided further implicit but standard assumptions regarding population dynamics) 
(Godfrey-Smith 2011, Bourrat 2015b). However, it means that, even if a cell with nil 
fitness (or which tends toward zero) would quickly die, its contribution to collective 
fitness does not necessarily tend toward zero.

A cell’s viability/fecundity contribution to collective fitness can be visualized by 
drawing isolines of fitness in the trait-space (see orange lines in Figure 12.3). An 
isoline of fitness is a curve in the space v, b that corresponds to a fixed value of col-
lective fitness. An isoline can be thought of as the contour lines of a map. This allows 
us to visualize the potential contribution of any cell (i.e., any pair v, b) to an already 
existing collective. Note that the isolines are convex (see Box 12.1) and, provided 
that traits of the other cells are “balanced,” form a “hill” with its crest following the 
first diagonal, when the two traits are balanced ( =v b), and a valley close to the two 
axes when one of the traits is close to zero. The minimum contribution is the point 
(0,0) where it is null and, thus,    1= −F FN N .

Another way to visualize how cells with low fitness can “compensate” for one 
another and yield a high collective fitness is through what has been named the group 
covariance effect (Michod, 2006). Rewriting the terms of the definition of collective 
fitness (Table 12.1) shows the relationship between FN and the average cell fitness 
( = ∑ = ∑−

=
−

=:  1
1

1
1f N f N v bi

N
i i

N
i i):

 ( )= −       ,2 v bF N f covN  (12.2)

Equation 12.2 shows that collective fitness is not simply proportional to the average 
of cell fitnesses f , but that there is a corrective term due to the interplay of cells that 
can be identified as the sample covariance between the fecundity and viability of the 
N  cells, which is defined as:

 ∑ ( )( )= − − = − ×
=

( , ):
1

  ,
1

v bcov
N

v v b b vb v bi i

i

N

with : ,  :1
1

1
1= ∑ = ∑−

=
−

=v N v b N bi
N

i i
N

i and : =vb f  and noting that 2× = −v b N FN .
Equation 12.2 shows that, when covariance is nil, such as when all cells are pheno-

typically indistinguishable (Figure 12.2a) or have independent trait values, collective 
fitness is directly proportional to the sum of its constituent cells’ fitnesses. However, 
when cell fecundity and viability are not independent of one another, covariance is 
not nil—it is either positive or negative. If it is positive (Figure 12.2b), cells with a 
high v also have a high b, resulting in what we call “all-or-nothing cells.” The opposite 
is true if it is negative (Figure 12.2c), resulting in specialized germ or soma-like cells.

Cell–cell interactions compensate for cell heterogeneities only when the cova-
riance is negative. This can be seen by tallying the relative weight of “individual 
effects” of the cells on collective fitness (i.e., the direct sum of cell fitnesses, in 
color in Figure 12.2) and “interaction effects” due to the cross product between cell 
traits (the rest, in white in Figure 12.2). When this is done, it becomes apparent that 
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BOX 12.1 TRADE-OFF CONVEXITY

A trade-off is a relationship linking two quantities that cannot simultaneously 
be maximal; often, if one increases, the other must decrease. In this chapter, 
those two quantities are the life history traits of an individual (viability v and 
fecundity b).

This relationship can be due to a variety of phenomena. A trade-off between 
size and nutrient intake might result from physical laws (e.g., diffusion), or the 
trade-off may arise from the resource allocation of an organism (with a given 
quantity of nutrient, only so many molecules might be synthesized, creating a 
natural trade-off between structural molecules, housekeeping, and reproduc-
tive machinery). Trade-offs may also be caused by the underlying genetic struc-
ture of the organism (e.g., a single regulator molecule acting on two pathways, 
making regulation of one and the other correlated, or the functional constraint 
of simultaneous cell division and flagellation in the case of C. reinhardtii), or 
through interaction with other species (the expression of a useful transporter 
might render the cell vulnerable to a certain type of virus). Consequently, trade-
offs themselves might change during the evolutionary history of organisms.

This box gives a short introduction to the simple, deterministic one-
dimensional trade-offs used in the lhm for the division of labor in multicellular-
ity. Additional resources can be found in life history theory textbooks, such as 
Flatt and Heyland (2012). Two-dimensional trade-offs are represented conve-
niently by placing the two measures on the axis of a plane and shading the area of 
pairs of values that are possible within the confine of the trade-off (Figure 12.B1). 
This may result in a surface (two degrees of freedom) or a curve (one degree of 
freedom) depending on the number of free dimensions the trade-off allows.

Maximal value of trait 2

Possible values of trait 1

Possible
values of

trait 2 Maximal value
of trait 1

FIGURE 12.B1 Example of a trade-off between trait 1 and trait 2 with two degrees 
of freedom, represented by the purple surface.



235Life History Trade-offs

Such a trade-off provides a straightforward definition of a “specialist” or-
ganism (with a maximal or close to the maximal value in a trait and, accord-
ingly, a lower value for the other trait) and a “generalist” organism (with an 
intermediate value in both traits).

A particularly useful graphical way of analyzing a trade-off is to consider its 
position with respect to any segment defined by any two couple of trait values. 
The trade-off curve (or the edge of the surface) might coincide (Figure 12.B2.a), 
go below (Figure 12.B2.b), above (Figure 12.B2.c), or cross (Figure 12.B2.d) 
these segments.

When the curve coincides with all segments, the trade-off is said to be 
linear. In this case, the relationship between the two traits is proportional, 
reducing the value of trait 1 by a quantity x, and increasing the value of trait 2 
by ax (where a depends on the slope of the curve and may depend on the scal-
ing of the trait values). When the curve is below all segments, the trade-off is 
said to be convex. A small reduction in trait 1 has a different effect on trait 2 if 
the trait is close to the maximum value (small effect when compared to the lin-
ear) or the minimum value (large effect). Similarly, if the trade-off is above all 
segments, it is said to be concave. In this case, a small reduction in an optimal 
trait has a large effect on the other trait, whereas a small increase in a low trait 
has a small effect on the other trait. If the curve is above some segments and is 
below or crosses others, it is neither convex nor concave but can be studied in 
part by focusing on the different regions.

Intuitively, if the trade-off is convex, being a specialist (i.e., being on either 
axis) is the only way to reach high trait values, while being a generalist is “costly” 
in the sense that it entails a large reduction in trait value. This is reversed if the 
trade-off is concave—generalists enjoy a less pronounced reduction of their 
trait values with respect to specialists (being a specialist can be considered 
“costly” in the sense that the marginal cost of increasing a high value trait is 
relatively high compared to the case of a convex trade-off).

However, note that the convexity (or even the shape) of a trade-off does 
not make a prediction about the outcome of the evolutionary process on its 
own. It simply delimits the set of possible organisms. To be able to predict the 
outcome of the evolutionary process from such a trade-off, one must make 
additional assumptions. For instance, one could assume, as we do in the lhm, 

FIGURE 12.B2 a) Linear, b) convex, c) concave, d) composed trade-off.
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that a fitness function F of the two traits exists and that the evolutionary 
dynamics reached an equilibrium state in which only the organisms with the 
highest fitness F are represented in the population. (In this case, one must 
determine the value within the set of possible individuals that gives the high-
est fitness). If density-dependent interactions are suspected to play a role, 
one possibility may be to define the invasion fitness of a rare mutant in a 
resident population for all pairs of points in the trade-off and look for evo-
lutionary stable strategies, following the adaptive dynamics method (Geritz 
et al., 1998).

FIGURE 12.2 The covariance effect quantifies the extent to which collective fitness depends 
on intrinsic and interaction effects between cells. Three collectives composed of three cells 
are represented in the viability–fecundity space. The traits of each cell ,v b are represented 
in color, and their fitness f  is the area of a colored rectangle (green, red, orange). The three 
collectives have the same fitness 3 3 3=F V B , represented by the area of the purple rectangle and 
the same average cell fitness .f  The collective fitness 3F  is the sum of the cell fitnesses (col-
ored tiles, )f  and of the interaction effects between cells (in white). a) a collective composed 
of three identical cells with equal traits (null covariance between v and b). b) a collective 
composed of “all-or-nothing” cells that would simultaneously have a high (low) viability and 
fecundity (positive covariance) (note that these cells are conceptual constructs; they are not 
biologically plausible). c) a collective composed of specialist cells with high fecundity and 
low viability (germ) or low fecundity and high viability (soma). d) the sum of cell fitnesses 
(colored area, labeled “individual effect”) represents a larger fraction of the collective fitness 
(purple delimited area) when cells do not compensate for one another’s weaknesses (all-or-
nothing cells) as compared to when they do (specialists).
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individual effects are relatively more important when the covariance is positive and 
relatively less important when the covariance is negative (Figure 12.2d). The con-
verse is true for the interaction effects. Interaction effects are important because they 
explain how a collective can have high fitness, even if the fitness of its constituent 
cells is constrained to be low.

As stated earlier, Assumption 2 characterizes the relationship between cell and 
collective fitness in a more subtle way than simply taking the average. It also permits 
studying the combined effects of any set of cells (characterized by viability–fecun-
dity pairs), as well as teasing apart a cell’s direct contribution and its interactions 
with other cells in the collective by using the cell contributions (Equation 12.1) and 
the covariance effect (Equation 12.2). However, Assumption 2 is quite strong and, 
thus, comes at a steep price. In particular, it limits the range of phenomena that can 
be described satisfactorily by the model. As discussed below, biologically plausible 
scenarios of nonlinear and non-monotonic or, in general, higher-order interactions 
are impossible to describe within this framework due to this assumption. This limi-
tation should be kept in mind by experimentalists and modelers alike.

A further limitation of Assumption 2 stems from the fact that it implies a mono-
tonic relationship between cell and collective fitness. Thus, increasing the fecundity 
of one or all the cells of a collective of a given size is assumed to always increase 
the whole collective’s fecundity by the same magnitude (up to the proportionality 
coefficient). In turn, this causes a net collective fitness increase, even though the 
return might be diminishing (when viability and fecundity are not well balanced). 
We can imagine that this assumption might not hold for all trait values. Increasing 
cell fecundity might increase collective fecundity by increasing the potential num-
ber of propagules the collective can produce. However, we might reasonably think 
that the fast proliferation of cells negatively interacts with the propagule-producing 
mechanisms when above a certain threshold.

Concerning the previous point, Assumption 2 also implies a kind of “beanbag” 
model of collectives, where the relative position and orders of cells cannot be captured. 
It might seem obvious for eukaryotes with sophisticated developmental dynamics and 
organ partitioning that a cell will have a different impact on the collective fate depend-
ing on its position and the nature of its neighboring cells. However, even relatively 
simple examples of multicellular organisms, such as heterocyst-forming filamentous 
cyanobacteria (Chapter 9), demonstrate why this is pervasive. In these species, the lack 
of combined nitrogen in the environment induces the formation of differentiated cells, 
heterocysts, which are devoted to the fixation of atmospheric N2. Heterocysts exchange 
fixed nitrogen compounds for carbon products with the neighboring photosynthesizing 
(vegetative) cells of the filament. Crucially, heterocysts are not located at random spots 
in the filament; rather, they are spaced at regular intervals (Yoon & Golden, 1998). 
For example, in the model species Anabaena sp. PCC 7120, heterocysts are separated 
by 10–15 vegetative cells (Herrero et al., 2016). This ensures an adequate supply of 
fixed nitrogen compounds while maximizing the number of vegetative cells within a 
filament (Rossetti et al., 2010). Notably, while vegetative cells can divide and generate 
all other specialized cell types, heterocysts cannot divide and are terminally differenti-
ated. Thus, we observe not only a metabolic division of labor but also a reproductive 
one, where heterocysts are comparable to the somatic and the vegetative cells to the 
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germ cells in multicellular eukaryotic organisms (Rossetti et al., 2010). This structure 
cannot be described accurately in the original lhm (but see Yanni et al., 2020)

Assumption 2 implies that increasing any individual trait is bound to increase 
its collective counterpart. Assumption 3 prevents the simultaneous increase of both 
viability and fecundity.

12.2.3 trade-oFF betWeen Cell Viability and FeCundity

Assumption 3 of the lhm posits that a cell with a particular value for viability is 
necessarily constrained on its counterpart value for fecundity. Consequently, this 
reduces the number of free dimensions in the model—the two traits cannot vary 
independently.

This assumption covers the intuitive point that a cell cannot simultaneously be 
highly fecund and highly viable (i.e., an all-or-nothing cell) if it has a finite amount of 
energy to allow both of these (biological) functions. There are many ways to imple-
ment a trade-off in a model. The lhm does this using a relatively simple, determin-
istic, and one-dimensional method. Consider that, besides viability and fecundity, 
there is a third “hidden” trait for a cell, noted e, that quantifies the effort or invest-
ment toward one of the two traits. Then, by definition, the viability is an increas-
ing function of the effort, ( )=v v ei i , and the fecundity a decreasing function of the 
effort: ( )=b b ei i . Here,  v and b are (mathematical) functions that must be specified 
by the modeler. For instance, a simple linear trade-off can be defined as    ( ) =v e e and 

1( ) = −b e e for 0,1[ ]∈e .
If the notion of effort is essential for understanding the logic of the trade-off, it can 

be abstracted graphically when representing the trade-off in the (v,b) plane introduced 
in Assumption 2. The trade-off can be represented as a curve (purple in Figure 12.3) 

FIGURE 12.3 Isolines of fitness, trade-offs, and optimality of cell contributions. Represen-
tation in the plane ( ,b vN N ) formed by the fecundity and viability of the N-th cell of a collective. 
As a consequence of Assumptions 1 and 2, collective fitness is a surface (represented by orange 
isolines) and, at the origin ( 0= =v bN N ), the collective fitness is minimal ( ,1= −F FN N  green dot). 
As a consequence of Assumption 3, the values of vN  and bN  are constrained by a trade-off (pur-
ple line). As a consequence of Assumption 4, the model predicts that the traits favored by natu-
ral selection are those that yield the highest collective fitness (yellow disk) while satisfying the 
trade-off constraint. Concave (and linear) trade-offs (left) favor generalist cells (with balanced 
,v b), while convex trade-offs (right) favor specialist cells (with high v and low b, or vice versa).
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constituting all the combinations of , v bi i given by all possible values of ei. Different 
functional forms result in different trade-off shapes. Its shape and, in particular, its 
convexity are at the base of many strategies within the framework of life history 
theory (see Box 12.1 for a primer). We will return to this in discussing Assumption 5.

The notion of trade-offs in life history theory is an indubitably elegant way to 
incorporate an organism design’s underlying constraints into a model. For instance, 
it can be used to account for the fact that the microtubule organizing center in the 
Volvocaceae cannot participate simultaneously in reproduction (through mitosis) 
and viability (through flagellar motility) (Koufopanou, 1994). While they are power-
ful theoretical tools, the existence of trade-offs is difficult to demonstrate, let alone 
quantify. One reason for this is that they can originate from many sources, such as 
physical (diffusion, buoyancy), genetic (metabolic pathways, regulations), or ecologi-
cal (grazing, parasites) constraints. Moreover, trade-offs are not always set in stone. 
If physical constraints such as diffusion hardly change, mutation events can overturn 
other constraints—for instance, in the flagellate Barbulanympha, the microtubule 
organizing center can participate simultaneously in locomotion and reproduction 
(Buss, 1987). Note that, in the lhm, the shape of the trade-off changes with the size 
of the collective. This will be covered in more detail as part of Assumption 5.

Following Assumption 3, the set of all possible cells is reduced, as the trait of 
any new cell must be located on the trade-off curve. The model is not yet complete; 
natural selection acts on the organism in the context of these trade-offs, and its effect 
must be described. This is the purpose of Assumption 4.

12.2.4 Cell Contribution to the ColleCtiVe is optiMal

So far, the role of natural selection has seldom been invoked in the lhm. We have only 
described the properties of cells and collectives and the diversity of traits they can 
exhibit, given some underlying constraints. Assumption 4 models the consequence 
of natural selection for this system—it assumes that all cells are optimal in terms of 
their contribution c to collective fitness. Formally, it means that the life history traits 
of any cell i within the collectives are such that the value of ci is maximal:

 =e argmax ci i

Note that optimality is an assumption rather than an outcome of the model.
Graphically, to find the values for a cell to contribute optimally to the collective, 

one must identify the intersection between the trade-off curve (purple in Figure 12.3) 
and the highest isoline of collective fitness (orange in Figure 12.3). This point is 
where a cell existing within the physiological constraints that link v and b has the 
highest fitness contribution. If the shape of the trade-off is sufficiently simple, there 
is a single optimal point and, thus, the model predicts the traits of any new cell based 
on Assumptions 1–4 plus the shape of the trade-off.

Of course, Assumption 4 could turn out to be incorrect if the cells are not opti-
mal in their contribution to collective fitness. Cells might not be optimal for several 
reasons. For instance, the optimization of their traits might not occur independently 
from one another because they share the same underlying developmental program. 
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Alternatively, they might be “stuck” in another region of the trait space, in which case 
no viable mutation path would bring them to the optimal phenotype. Other reasons 
include that the trade-off’s shape has recently changed due to changes in the environ-
ment or evolutionary forces (e.g., selection at another level or an evolutionary branch-
ing point) prevent the cells from reaching or remaining at the optimal phenotype.

Thus far, we have seen that the lhm assumes that the reproductive success of 
a collective depends on two fitness components (Assumption 1) that derive from 
their cell counterparts (Assumption 2), which are linked by underlying constraints 
(Assumption 3), and that natural selection is expected to favor optimal cells within 
this context (Assumption 4). The last piece of the puzzle is to qualify the shape of the 
trade-off—Assumption 5 does precisely this.

12.2.5 there is an initial reproduCtiVe Cost in large ColleCtiVes

Assumption 5 states that small collectives have a linear or concave trade-off—favor-
ing generalist cells—while large collectives have a convex trade-off—favoring 
division of labor. The distinction between linear, concave, and convex trade-offs is 
presented in Box 12.1. The mechanism proposed to explain why large collectives 
have a convex trade-off is the initial cost of reproduction. This assumption is critical 
because it characterizes the underlying constraints that bear on cell traits, but also 
ties them to the collective, in particular to collective size.

To understand Assumption 5, consider a cell specialized in viability (i.e., with 
a low fecundity) (Figure 12.4a). The mechanism for the initial cost of reproduc-
tion hinges on the assumption that, if this cell was investing more in fecundity than 
it currently does, it would reduce its viability but would not increase its fecundity 
(Figure 12.4b) until a threshold is reached (Figure 12.4c), after which it would 
increase (Figure 12.4d) until the cell is fully specialized in fecundity (Figure 12.4e).

FIGURE 12.4 Initial reproductive cost as a model for a convex trade-off. Cell viability 
vi  and fecundity   bi  are constrained, as represented by the purple curve corresponding to 
the possible combinations ( ,v bi i) under the trade-off modeled by the reproductive effort ei. 
Starting from maximal investment toward viability ( ,vmax  a), reduction in the viability effort 
has no effect on fecundity (b) until a threshold (c), where fecundity increases (d) up to the 
maximal fecundity allowed by the model ( ,  bmax e). Contrast this with the simple linear trade-
off (brown).
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The relationship between group size and the shape of the trade-off between 
contribution to collective viability and fecundity is generally understood in terms 
of physical constraints. For instance, at the collective level, in the volvocine green 
algae, the enlargement of reproductive cells increases the downward gravita-
tional force, increasing sinking; this is only overcome by the investment in more 
buoyant somatic cells (Solari et al., 2015). Thus, when colony size increases, a 
required initial investment toward buoyancy emerges that did not exist in unicel-
lular organisms. This, in turn, explains how the trade-off, taken to be linear (or 
even concave) for single cells and small collectives, becomes convex when con-
sidering larger groups.

This is the last part of the lhm. As a consequence of Assumptions 1–5, large col-
lectives favor the selection of specialist cells and, thus, division of labor.

12.3  DISCUSSION: FITNESS INTERPRETATIONS IN 
EVOLUTIONARY TRANSITIONS IN INDIVIDUALITY

The previous section presented a mechanism that promotes cell specialization 
between two life history traits (viability and fecundity) and, hence, a division of 
labor. This mechanism is based on the presence of a convex trade-off between the 
two traits due to the existence of an initial cost of reproduction in large collectives. 
This section places this model back in the broader context of ETIs by contrasting two 
interpretations of this phenomenon.

12.3.1 “reorganization and transFer oF Fitness” interpretation

A first interpretation of the lhm is based on the idea that the hallmark of an ETI is fit-
ness reorganization/transfer/decoupling in the sense that cell specialization results in 
the lower-level cells “relinquish[ing] their autonomy in favor of the group” (Michod, 
2005 p. 969; Michod et al., 2006, p. 258), resulting in a transfer of “fitness and 
individuality [from] the cell level to the group level” (ibid). We have tacitly assumed 
this interpretation throughout because it is the one with which the lhm was initially 
proposed when interpreting fi as cell fitness and FN as collective fitness.

This interpretation is rooted in the Multi-Level Selection 1–2 framework (Damuth 
& Heisler, 1988; Okasha, 2006), as cited in Michod (2005). In Multi-Level Selection 
1 (MLS1) models, collective fitness is taken to be the average fitness of its members 
(or proportional to it), whereas in Multi-Level Selection 2 (MLS2), collective fitness 
cannot be defined in terms of particle survival and reproduction. Consequently, a 
new notion of fitness must be devised.

From this interpretation, the problem of explaining ETIs can be “reduced” 
to explaining the transition from an MLS1-like situation to an MLS2-like situa-
tion (Okasha, 2006, Chapter 8). Initially, this may appear to be an insurmountable 
hurdle because, in MLS1 (before the transition), cells are selected to have the high-
est cell fitness. In contrast, fully specialized cells in the model (after the ETI has 
occurred) have nil (or close to nil) fitness. The concept of fitness transfer (Michod, 
2006) solves this problem by considering that, during an ETI, fitness between the two 
levels is reorganized—it is transferred from the lower level (the cells) to the higher 
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level (the collective). The transfer is achieved through germ and soma specialization 
(which results from the trade-off’s convexity). When cells become specialized, they 
relinquish their fitness to the benefit of the collective. Further, during the process, 
collective fitness transitions from a mere average of cell fitness (MLS1) to a quantity, 
which is no longer the cell fitness average in the collective (MLS2) due to the covari-
ance effect.

Although this interpretation is appealing, there are some problems associated 
with it. The main problem is that it seems to imply that fitness is a material quantity 
that can be transferred from one entity to another, comparable to a liquid that can 
be poured from one container to another. While, at first glance, this analogy may 
seem helpful for obtaining an intuitive idea of the problem, it contradicts our mod-
ern understanding of fitness as a predictor of evolutionary success (Bourrat, 2015a, 
2015b, Bourrat, 2021a, b; Doulcier et al., 2021). First, it implies that some cells with 
nil fitness (or close to it) are not dead, contradicting the principle of natural selec-
tion. Second, because the evolutionary fates of cells and collectives are tied (by vir-
tue of being made of the same biological substrate), it is difficult to determine how 
one level could ever be favored at the other’s expense (Black et al., 2020; Bourrat, 
2021a, b). This point is known in the philosophical literature as the “causal-exclusion 
principle.” If a phenomenon is explained or described exhaustively at the lower level, 
one cannot appeal to the higher level to explain this phenomenon further. Doing so is 
either a form of “double counting” or requires assuming that strongly emergent prop-
erties are created ex nihilo at the higher level. Assuming the existence of strongly 
emergent properties raises a new range of issues because they contradict material-
ism, the idea that all causes are physical in nature.

Finally, the fitness transfer interpretation implies that cells constituting a multicel-
lular organism can have different fitness values. This conflicts with the fact that those 
cells are clones and should, thus, have the same (inclusive) fitness (Bourrat, 2015b). To 
clarify this point, while a queen and a worker bee have different reproductive outputs, 
they have the same (inclusive) fitness. Evolutionarily, it does not make sense to say 
that the queen is more successful than the worker. Similarly, it does not make sense to 
say that a liver cell in a multicellular organism is fitter than a brain cell.

Recent work has helped to solve these issues by proposing a new interpretation of 
fitness at different levels of organization (Shelton & Michod, 2014, 2020). Following 
this new interpretation, the term “cell fitness” does not represent the cell’s fitness 
within the collective but rather the one it would have if it were without a collective 
(counterfactual fitness). When cells have the same fitness they would have in the 
absence of the collective, no transition has occurred. However, when cells have dif-
ferent fitness, a transition has occurred (or at least been initiated). This constitutes 
a reasonable argument toward deciding whether an ETI happened (i.e., the state of 
cells and collectives). Crucially, this says nothing about the mechanism of the transi-
tion. There is no actual “decoupling” or “transfer” of fitness, other than in the loose 
metaphorical sense that the purely theoretical counterfactual fitness aligns or not 
with the actual fitness.

Metaphors and analogies are incredibly useful in biology because they allow us 
to build intuition of complex mechanisms by drawing parallels with other systems. 
Fitness transfer or reorganization implies the physical transfer of a material quantity 
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(with or without conservation). However, fitness is not transferred from one place 
(the cell) to another (the multicellular organism) in the way that heat, for instance, 
can be transferred. “Fitness transfer” might be used, but only in a loose metaphoric 
sense—that is, in the same way, teleological language in evolutionary biology is used 
in the context of a teleonomic explanation (Pittendrigh, 1958; Jacob, 1970). A further 
point worth mentioning is that metaphors may favor a specific interpretation that 
could obscure some aspects of the phenomena studied, such as how the sole focus 
on selection created the blind spots of the adaptationist program (Gould et al., 1979).

12.3.2 “propensity” interpretation

We favor an alternative interpretation of the lhm. This interpretation starts with the 
same mechanism—a convex trade-off between contribution to collective fecundity 
and collective viability will promote the emergence of individual specialist cells and, 
thus, a division of labor. It diverges from the previous one by its treatment of fitness, 
emphasizing how it emerges from cell traits rather than using it as a reified quantity 
of cells and collectives.

For the concept of fitness to qualify as a predictor in evolutionary biology, it 
cannot be reduced to an entity’s actual success (i.e., its realized fitness). Instead, it 
must be tied to its potential success (or success in the long run). Without this point 
acknowledged, fitness is condemned to be tautological, as philosophers and biolo-
gists alike have long recognized (Manser, 1965; Popper, 1974; Smart, 1963; reviewed 
in Doulcier et al., 2021).2 This conundrum has led to establishing several frame-
works for the interpretation of fitness, one of which is the propensity interpretation 
of fitness (Brandon, 1978; Beatty, 1984; Pence & Ramsey, 2013). According to the 
propensity interpretation, fitness is a probabilistic property of entities summariz-
ing their probability distribution of reproductive success (as defined by their demo-
graphic parameters: birth and death rates) in a given environment.

If we adopt this interpretation, the problems raised by the fitness transfer interpre-
tation vanish. First, the problem of a collective’s different (clonal) cells having differ-
ent fitnesses disappears. Although their realized fitnesses (actual life history) might 
be different, their “true” fitnesses (potential life history) are equal because they 
relate to the potential success of the same genotype. Second, this interpretation does 
not appeal to fitness transfer or decoupling since cell and collective fitness are com-
puted in expectation. Following the transfer of fitness interpretation, although this is 
not made explicit in the model, cell fitness and collective fitness are computed rela-
tive to different environments. In particular, collective-level demography (i.e., birth 
and death events of collectives) is typically ignored when computing cell fitness. 
Consequently, it becomes possible to define different values of fitness for the collec-
tive (F) and the cells ( f ). However, the fact that they are computed in different envi-
ronments implies that they cannot legitimately be directly compared. When cell and 
collective fitnesses are computed in the same environment following the propensity 
interpretation—for instance, by factoring in collective events in the cell-level com-
putation—they are necessarily equal (Bourrat, 2015a, 2015b; Bourrat et al., 2020). 
Cells and multicellular organisms are two levels of description of the same physical 
reality and cannot contradict one another, despite some claims to the contrary (e.g.,  
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Okasha, 2006).3 Although conflicting processes might exist (e.g., segregation distor-
tion locus, cancerous growth), fitness, properly computed to be comparable, must 
tally these conflicts and be coherent when referring to the same entity, regardless of 
the method of description.

Alternatively, one way to connect the interpretation we favor and the counter-
factual fitness approach is to compare the fitness of free-living cells with cells 
within the collectives and observe apparent decoupling between these two envi-
ronments: a decrease in free-living fitness and an increase in within-collective 
fitness (Bourrat, 2015a, 2015b, 2016; Bourrat et al., 2021; Bourrat, 2021a, 2021b). 
However, this apparent decoupling is rather a sign of linkage between the traits 
that contribute to free-living and within-collective fitness. The propensity inter-
pretation of fitness can explain the same phenomena without invoking any “fitness 
transfer.” If there is a “transfer,” it is between the energetic investment of the cell 
toward different traits: from traits that provide no advantage to cells living in a 
collective (and potentially contributing to a free-living life cycle) toward traits that 
provide an advantage to the cells living in a collective (including vicarious advan-
tages of cells with the same genotype).

Doing away with the reifying idea that fitness is something to be transferred and, 
more generally, treating the MLS1/MLS2 distinction as conventional—that is, two 
different ways to formalize the same idea—rather than as an evolutionary mechanism 
allows pursuing lines of inquiries that were more difficult to conceive within this 
framework. For instance, the focus on the relationship between cell and collective 
fitness leads naturally to the assumption that contributions to the collective fitness 
component are linear functions of their free-living counterparts (as was the case in 
Assumption 2). However, designing a mechanistic model naturally leads to relax-
ing this assumption. Traits of collectives are most certainly more complex than the 
arithmetic aggregation of individual quantities measured in the propagule or the fully 
developed collective. Rather, they are the result of internal developmental dynam-
ics—that is, within-collective cellular ecological dynamics (Hammerschmidt et al., 
2014; Rose et al., 2020). Selection of developmental mechanisms has long been rec-
ognized as a vital part of ETIs (Buss, 1987; Michod & Roze, 1997) and can be studied 
fully by models that describe the ecological dynamics within collectives explicitly 
(see Ikegami & Hashimoto, 2002; Williams & Lenton, 2007; Xie et al., 2019 for gen-
eral cell communities; but see Doulcier et al., 2020 for an application to ETIs).

12.4 CONCLUSION

Division of labor is observed in complex organisms. The functions exhibited 
by multicellular organisms cannot be exhibited simultaneously by a single cell. 
Multicellularity solves this problem by allowing different subsets of cells to perform 
the different functions at once. The level of division of labor exhibited by a collective 
varies with the extent to which cells are specialized.

Natural selection favors specialist cells (hence, division of labor) if there is a con-
vex trade-off between two equally important functions for cell fitness. The convexity 
of the trade-off is a consequence of two hypotheses: first, an energetic investment 
model in which a cell has limited energy to invest in two traits that contribute toward 
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each function and, second, an initial investment cost whereby a small investment in a 
trait does not translate immediately to an improvement of the function. The lhm pre-
dicts that collectives constituted of cells investing less energy in traits that contribute 
toward free-living fecundity and viability but more in traits that contribute toward 
fecundity and viability of collectives will progressively outcompete other collectives 
and become widespread.

This phenomenon has been interpreted as a “transfer of fitness” in the sense that 
individual cells relinquish their autonomy (investing less in free-living traits) to par-
ticipate in life history traits of collectives (investing more in contribution toward 
collective function). During this “reorganization of fitness,” cell fitness has been pro-
posed to decrease while collective fitness increases. The fact that cell fitness and 
collective fitness do not change in the same direction has been named “fitness decou-
pling.” However, this interpretation can be misleading because it conflicts with the 
concept of fitness as used in evolutionary biology. To fully appreciate the relevance 
of the lhm to ETIs, two things must be stressed. First, trade-offs occur between traits, 
not between fitnesses at different levels of organization. Second, fitness can only be 
defined with respect to a given entity (cell or collective) in a given environment and 
cannot be incoherent between the whole and the part. Thus, fitness cannot literally be 
“transferred” from individuals to collectives, even if, in retrospect, the traits that are 
adaptive in a collective environment would be detrimental to a free-living organism.

Trade-offs between life history traits are valid mechanisms—independently of 
the interpretation in terms of fitness transfer or steady state propensity, or even any 
other kind of interpretation one might propose (e.g., inclusive fitness, game theory, 
altruism). The interpretation chosen only represents a useful narrative for placing 
ETIs in the broader context of the evolution of complexity and allowing us to pur-
sue subsequent questions, such as regarding developmental programs. Nonetheless, 
invoking a fitness concept that is consistent with the broader use of this term rep-
resents the primary reason for preferring one interpretation of the lhm to the other.
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NOTES
 1. Or life history traits—the two terms are often used indistinguishably (Flatt & Heyland, 

2012).
 2. The propensity interpretation of probability is contentious in philosophy (Hájek, 2012). 

It produces a number of problems, some of which are inherited by the propensity inter-
pretation of fitness (Godfrey-Smith, 2009; Bourrat, 2017). In recent years, several alter-
native interpretations of probabilities that play the same role as propensities and solve 
the issues of the propensity account have been proposed (e.g., Rosenthal, 2010; Lyon, 
2011; Strevens, 2011; Abrams, 2012). Addressing the differences between these various 
interpretations in the context of fitness is beyond the scope of the present work. For our 
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purpose, we use “propensity” loosely as an entity’s dispositional property to produce 
offspring (or equivalent terms in the aforementioned interpretations) without commit-
ting to any particular probability interpretation.

 3. This claim admits a few theoretical exceptions, which are not relevant to ETIs.
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13.1  ORIGIN OF THE QUESTION: THE CELL THEORY 
AND THE CONCEPT OF COMMON DESCENT

The question of the single-celled ancestor of animals only makes sense in the light of 
two concepts that are now central to biology and that emerged in parallel in the second 
half of the 19th century: (1) the cell theory, which posits that all living beings are com-
posed of cells (some of many, some of only one) (Schleiden, 1839; Schwann, 1839); and 
(2) the theory of common descent, which posits that all living species – unicellular or 
multicellular – descended from a single common ancestor (Darwin and Wallace, 1858).

That all living beings are made of cells is the first fact many of us learned about 
biology and is so familiar that we sometimes take it for granted. But the cellular 
organization of all life forms was not initially obvious, and it took a full 250 years 
after the invention of the microscope for this idea to gain general acceptance. Two of 
the first people to observe microorganisms (van Leeuwenhoek, 1677; Müller, 1786) 
indiscriminately used the terms “infusorians” or “animalcules” to describe what 
we now think was a mélange of unicellular protists (e.g., ciliates, heliozoans, amoe-
bae, and flagellates) and small multicellular animals (e.g., rotifers and flatworms). 
Multicellular organization was first described in 1665 by Robert Hooke based on his 
observations of dead plant tissue in the form of a bottle cork. Hooke was intrigued by 
the structures he was later to name “cells,” but had no idea he had discovered a gen-
eral phenomenon, and considered them a structural peculiarity of cork. An additional 
170 years of research and many additional observations were needed before the offi-
cial “birth date” of the cell theory, often attributed to Schwann (1838) and Schleiden 
(1839) (reviewed in (Morange, 2016). Once the cell theory was accepted, several early 
cell biologists (including Meyen (1839), Dujardin (1841), Barry (1843) and von Siebold 
(1845)) took the leap to posit that the simplest life forms might consist of only one cell 
(reviewed in Leadbeater and McCready, 2002).

The theory of evolution emerged in parallel with the cell theory. The first elab-
orate theory of evolution, proposed in 1809 by the French biologist Jean-Baptiste 
de Lamarck (1744–1829), assumed that life started with the spontaneous genera-
tion of “infusorians”– including both protists and small animals (Lamarck, 1809). 
Infusorians were then inferred to have gradually evolved into all other organisms 
through a progressive increase in size and complexity, with no individual step that 
would have clearly paralleled our modern concept of a transition to multicellular-
ity. Lamarck’s ideas attracted attention and criticism, but the concept of common 
descent did not become widely accepted until after the debate spurred by the theory 
of evolution through natural selection proposed by Charles Darwin (1809–1882) 
and Alfred Russel Wallace (1823–1913) (Darwin and Wallace, 1858; Darwin, 1859). 
Their theory was the first to propose a plausible mechanism for descent with modifi-
cation and thus brought new credibility to the concept of evolution.

By the end of the 19th century, the scientific stage was set for considering the 
origin of animals: both evolution and cell theory had gained widespread acceptance, 
and three of the most abundant and charismatic groups of single-celled organisms 
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had been identified – flagellates, ciliates and amoebae (Table 13.1). Quickly, all three 
were considered potential ancestors of animals.

13.2 HAECKEL’S HYPOTHESIS: AMOEBAE AS ANCESTORS

The first researcher to attempt to reconstruct the unicellular progenitor of animals 
was the German biologist Ernst Haeckel (1834–1919), arguably one of Darwin’s most 
high-profile supporters in continental Europe (Richards, 2008). While Haeckel’s 
name is most often mentioned today in the context of his now-obsolete theory of 
recapitulation (according to which development directly recapitulated evolution 
[Gould, 1977]) or for his controversial drawings of vertebrate embryos (Pennisi, 1997; 
Richards, 2009), his contributions to biology were much broader, and one can get an 
idea of their scope by considering that he coined the words “ecology,” “ontogeny,” 
“phylogeny,” and “gastrulation” among many others.

Haeckel had an exceptionally ambitious research program: organizing all of life’s 
diversity into a phylogenetic framework and – if that was not enough – reconstituting 
the extinct ancestors that occupied the most important nodes of that tree. In his 
attempt to reconstitute the single-celled progenitor of animals, he inferred it was 

TABLE 13.1
Timeline of Hypotheses on the Single-celled Precursor of Animals

Nature of the 
Hypothesized Ancestor Proposed as Early as References
Amoeba 1876 (Haeckel, 1876, 1914), (Reutterer, 1969), 

(Hanson, 1977)

Ciliate 1882 (Kent, 1882), (Sedgwick, 1895), (Hadzi, 1953, 
1963), (Steinböck, 1963), (Hanson, 1963, 
1977)

Flagellate 1884 (Bütschli, 1884), (Metchnikoff, 1886), (Nielsen 
and Norrevang, 1985), (King, 2004), (Nielsen, 
2008), (Cavalier-Smith, 2017)

Fucus-like syncytial 
brown alga

1924 (Franz, 1924)

Amoeboflagellate or 
complex ancestor

1949 (Zakhvatkin, 1949), (Sachwatkin, 1956), 
(Willmer, 1971), (Mikhailov et al., 2009), 
(Arendt et al., 2015), (Sebé-Pedrós, Degnan 
and Ruiz-Trillo, 2017), (Brunet et al., 2021)

Volvox-like alga 1953 (Hardy, 1953)

Prokaryote 1974 (Pflug, 1974)

Note: Hypotheses are organized in chronological order. The four most influential hypotheses (the amoeboid 
hypothesis, flagellate hypothesis, ciliate hypothesis, and amoeboflagellate hypothesis) are underlined 
in the table and discussed in specific sections in the text (Sections 13.2, 13.3/13.4, 13.3/13.4 and 
13.7/13.8 respectively). Note that proponents of the ciliate hypothesis usually thought that animals 
were polyphyletic, with sponges having evolved from flagellates and all other animals from ciliates.
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an amoeba based on two independent sources of evidence: (1) his theory of recapitu-
lation; and (2) Magosphaera planula, a mysterious organism that he considered the 
“missing link” between protists and animals.

13.2.1  haeCKel’s eMbryologiCal arguMents For 
an aMoeboid aniMal anCestor

Haeckel’s case for an amoeboid ancestor started with embryology (Haeckel, 1874, 
1876, 1914). He noted that the egg cells of animals lack a flagellum but are often con-
tractile. Moreover, he observed that in sponges, the unfertilized eggs are bona fide 

FIGURE 13.1 Mystery organism 1: Magosphaera planula, a facultatively multicellular 
amoeba described by Haeckel but never re-observed, which he thought resembled the ances-
tor of animals. (A) Haeckel’s depiction of the life history of M. planula (Haeckel, 1870). 
The first and third row depict the cleavage of the large, spherical cell initially observed by 
Haeckel, resulting in a swimming sphere of multiciliated cells. The second row shows the 
cells produced by dissociation of that sphere, which are first multiciliated and then become 
amoeboid. (B) Modern phylogenetic tree showing interrelationships between animals and 
their closest relatives (modified from Nichols, Dayel and King [2009]). Ichthyosporeans (red 
arrow) belong to a lineage considered among the closest relatives of animals and form spheri-
cal masses of spores by cleavage at constant volume, which evokes M. planula.
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crawling amoeboid cells (later confirmed by Franzen, 1988; Ereskovsky, 2010). After 
fertilization, the sponge zygote divided to give rise to a ball of non-ciliated cells (the 
morula) that only later acquired cilia and collectively formed an internal space (thus 
becoming a blastula). According to Haeckel, future feeding cavities then formed 
during gastrulation. Seen through a recapitulationist lens, these developmental facts 
told a compelling evolutionary story: animals had evolved from free-living amoe-
bae that had first formed balls of cells before acquiring ciliation, an internal cavity 
and then, eventually, evolving a gut (Haeckel 1874, 1914; Figure 13.1; Box 13.1). 
Embryology might have been enough to convince Haeckel of the amoeboid origin of 
animals. But he thought he had another critical piece of evidence: a “missing link.”1

13.2.2  magosphera planula: haeCKel’s “Missing linK” 
betWeen aMoebae and aniMals

Haeckel’s purported encounter with M. planula (Haeckel, 1870, reviewed in 
Reynolds and Hülsmann 2008; see also Levit et al., 2020) occurred in 1869 off the 
coast of Bergen, Norway. In a seaweed sample, Haeckel observed tiny round capsules 
(~70 μm large in diameter) that resembled egg cells, with a single central nucleus. 
These egg-like structures then started dividing at constant cell volume – like the 
cleavage of an early animal embryo – and gave rise to spheres of cells, each of which 
then acquired a covering of motile cilia. These ciliated spheres started swimming 
around, but did not develop further; instead, they fell to the bottom and dissociated 
into individual amoeboid cells that crawled around. Haeckel did not observe the 
further development of these amoebae but assumed they would eventually increase 
in volume to give rise to another spherical cell, thus completing the cycle (Haeckel, 
1870) (Figure 13.2A).

In Haeckel’s view, Magosphaera provided an important window into animal ori-
gins. Its amoeboid single-celled form matched his recapitulation-inspired view of 
the animal ancestor. It had facultative multicellularity, which it reached by a cleavage 

BOX 13.1 HAECKEL’S AMOEBOID 
HYPOTHESIS IN HIS OWN WORDS

The existence of this single-celled Amoeba-like primary form of the 
whole animal kingdom is proved by the extremely important fact that 
the fructified egg of all animals, of the sponge and the worm up to that 
of an ant and to that of man, is a simple cell. The ripe eggs of dif-
ferent animals frequently present very different shapes, accordingly as 
they may be enclosed by variously formed coverings or burdened with 
nutritive yolk. But the youthful egg-cells are still naked and without any 
membrane, of the simplest construction, and at times they even creep 
about in the body like an Amoeba – thus, for instance, in Sponges; they 
were formerly, in this case, even considered to be parasitic Amoebae. 
(The History of Creation, 1914, p. 149–150)
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process similar to animal embryos. It was a concrete, living embodiment of the 
Moraea stage of his evolutionary timeline.

Yet, M. planula is shrouded in mystery. Haeckel saw it only once and modern 
efforts to re-isolate it has failed (Reynolds and Hülsmann, 2008). It is an inter-
esting exercise to take Haeckel’s description at face value and wonder what he 
might have seen. The closest parallel to Magosphaera may be found among the 
ichthyosporeans, a lineage of unicellular opisthokonts closely related to animals 
and choanoflagellates (Figure 13.2B). Ichthyosporeans are free-living amoebae or 
flagellates that, like Magosphaera, can grow into large round cysts that divide at 

FIGURE 13.2 Haeckel’s amoeboid hypothesis of animal origins. (A) the amoeboid egg cell 
of a sponge (from Sycon raphanus [Franzen, 1988]). (B) a free-living amoeba, Chaos caroli-
nense (Creative commons license; https://commons.wikimedia.org/wiki/File:Chaos_carolin-
ense.jpg). (C) Haeckel’s model of animal origins, in which ontogeny (development) parallels 
phylogeny (evolution). In both courses, the starting point was depicted as an amoeboid cell, 
similar to the sponge oocyte and free-living amoebae. Proliferation of such amoeboid cells 
was inferred to first result in the formation of a non-ciliated sphere, the Moraea/morula. 
Ciliation in this scenario only arose after the evolution/development of multicellularity, at the 
Blastaea/blastula stage. The sketch of the cytula stage is a sponge egg cell (Haeckel, 1872) 
and sketches of the following stages are coral embryos (Haeckel, 1914).

https://commons.wikimedia.org
https://commons.wikimedia.org
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constant cell volume and finally dissociate back into single cells (Mendoza, Taylor 
and Ajello, 2002; Glockling, Marshall and Gleason, 2013; Suga and Ruiz-Trillo, 2013). 
They differ from Magosphaera in three main ways: (1) the spherical multicellular 
form of known ichthyosporeans is never swimming or multiciliated; (2) almost all 
known ichthyosporeans are commensal or parasitic, not free-living; (3) the large ich-
thyosporean cysts are multinucleated and divide by simultaneous global cellularization 
around pre-existing nuclei (Dudin et al., 2019), rather by serial binary division of a 
large, initially mononucleated cell (as in animal zygotes). However, and interestingly, 
an environmental metabarcoding study has suggested the existence of undescribed 
free-living ichthyosporeans (Del Campo and Ruiz-Trillo, 2013) and three apparently 
free-living species have since been isolated (belonging to the genera Chromosphaera 
[Grau-Bové et al., 2017] and Sphaeroforma [Hassett, López and Gradinger, 2015]).

If Haeckel’s description was accurate, he could be the first person to have seen a 
free-living ichthyosporean, that would have (unlike other described ichthyosporeans) 
undergone serial binary cleavage from a mononucleated cyst. Alternatively, he might 
have misinterpreted – or exaggerated – what he saw.

For all of Haeckel’s fame, his amoeboid hypothesis never seems to have gained 
followers. The reasons for this are unclear, but his hypothesis may have suffered 
from the rise of a worthy competitor: the flagellate hypothesis of animal origins.

13.3  METCHNIKOFF’S HYPOTHESIS: 
CHOANOFLAGELLATES AS ANCESTORS

Colonies of flagellates have been known since van Leeuwenhoek first observed 
Volvox (van Leeuwenhoek, 1677). The similarity of such colonies to the blastula 
stage of animal development (which impressed even Haeckel [1914]) seemed to sug-
gest a plausible evolutionary path from flagellates to animals – an idea that emerged 
shortly after Haeckel’s amoeboid hypothesis of animal origins.

A first piece of evidence was the striking similarity between choanoflagellates 
and the feeding cells of sponges, the choanocytes. Both have a near-identical appear-
ance with a flagellum surrounded by a ring of microvilli, together forming a “collar 
complex” (Brunet and King, 2017) (Figure 13.3A, B). This resemblance was already 
evident to some of the earliest choanoflagellate observers, Henry James-Clark (1826–
1873) and William Saville-Kent (1845–1908) (James-Clark, 1867; Kent, 1882). Both 
authors erroneously concluded that sponges were specialized choanoflagellates and 
not animals at all. In support of his hypothesis, Saville-Kent described facultative 
multicellular colonies in several choanoflagellates (Kent, 1882), suggesting a possi-
ble path to complex multicellularity. This idea was extended by Otto Bütschli (1848–
1920), who suggested that sponges had evolved from choanoflagellates, while other 
animals had evolved from another (unidentified) flagellate group (Bütschli, 1884).

The Russian biologist Elie Metchnikoff2 (1845–1916; better known for having 
later discovered macrophages), inspired by Haeckel’s inference that sponges were 
bona fide animals, took seriously the similarity of sponges to both choanoflagellates 
and to other animals. On this basis, he suggested that all animals, including sponges, 
might have evolved from a choanoflagellate-like ancestor (Metchnikoff, 1886)3  
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(Figure 13.3C–D; Box 13.2). To explain the apparent absence of collar cells in ani-
mals other than sponges, Metchnikoff suggested that the microvillous collar had 
been lost in these lineages, and pointed out that it is retracted in some phases of 
the choanoflagellate life cycle (Leadbeater, 2015). (In the 20th century, it would be 
discovered that collar cells are in fact widespread in the animal kingdom and not 
restricted to sponges – see section 13.5 below).

The flagellate hypothesis was easy to combine with Haeckel’s Blastaea theory: 
one just had to replace Haeckel’s amoeboid ancestor with a flagellate. This made the 
resulting hypothesis more parsimonious, as it no longer required convergent evolu-
tion of flagella in protists and in animals. Perhaps because this synthesis appeared 
so intuitive, the concept of a flagellate ancestor has often been erroneously attributed 
to Haeckel himself in textbooks and in review papers of the 20th and 21st centuries, 
including by ourselves (Hyman, 1940; Willmer, 1990; Wainright et al., 1993; Brunet 
and King, 2017; Sogabe et al., 2019).

FIGURE 13.3 The flagellate hypothesis of animal origins. (A) the choanoflagellate S. 
rosetta (Dayel et al., 2011). (B) sponge choanocytes (Leys and Hill, 2012). Note the similar-
ity of the apical collar complex between choanoflagellates and choanocytes, composed of a 
flagellum (fl) surrounded by microvilli (mv). nu: nucleus, fv: food vacuole. (C) Metchnikoff’s 
postulated flagellate colony, with some cells internalizing to balance the flagellation/motil-
ity constraint (Metchnikoff, 1886). (D) a contemporary illustration of the flagellate model, 
redrawn after (King, 2004). Cells can either divide on the surface of the colony (a) or ingress 
inside the colony (b) and divide internally (c). (Drawing: Debbie Maizels)
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13.4  SAVILLE-KENT’S POLYPHYLETIC HYPOTHESIS OF 
ANIMAL ORIGINS: SPONGES FROM FLAGELLATES 
AND BILATERIANS FROM CILIATES

William Saville-Kent and Henry James-Clark – two of the first choanoflagellate 
experts – agreed with Metchnikoff on the evolution of sponges from choanoflagel-
late-like ancestors. But they disagreed (collegially) with Metchnikoff and (much 
more passionately) with Haeckel on the connection of sponges to animals (reviewed 
in Leadbeater [2015]). This led Saville-Kent to conclude that animals had a dual 
origin: sponges had evolved from choanoflagellates, while all other animals had 
evolved from ciliates.

Haeckel initially thought of sponges as protists rather than animals (Haeckel, 
1876) but changed his mind after he discovered that they went through a gastrula 
stage (Haeckel, 1872) – an observation that was doubted for more than a century but 
was confirmed in 2005 (Leys and Eerkes-Medrano, 2005). Saville-Kent, on the other 
hand, strongly objected to the concept of sponges as animals, apparently because 
he thought that it conflicted with their connection to choanoflagellates. From the 
modern perspective, it seems clear that sponges can be related both to other animals 
(through exclusive common ancestry) and to the sister group of animals, the choano-
flagellates (as was evident to Metchnikoff). However, both Haeckel and Saville-Kent 

BOX 13.2 METCHNIKOFF’S FLAGELLATE 
HYPOTHESIS IN HIS OWN WORDS

The hypothesis which supposes that colonies of flagellate Infusoria were 
transformed into primitive Metazoa explains very clearly the most impor-
tant phenomena of metazoan development. On this view, the segmentation 
of the egg, and especially the more primitive total segmentation, has been 
derived from the division which the Flagellata undergoes in building up a 
colony. In like manner the fact that the cells of so many blastospheres are 
ciliated is probably due to inheritance from the Flagellata. This hypothe-
sis (…) enables us, as Bütschli first pointed out, to comprehend the origin 
of sexual multiplication. As a fact most embryologists, Ray Lankester and 
Balfour among others, have adopted this (…) hypothesis, and after a pro-
longed trial it has become a basis for further speculations. Having progressed 
this far, we should ask ourselves whether it is not possible, with the help of 
our present knowledge, to determine more or less exactly the nature of those 
Flagellate colonies from which the Metazoa are descended. Bütschli believes 
the Metazoa have had a double origin: the Sponges he derives from colo-
nies of the Choano-Flagellata, the rest of the Metazoa from colonies of true 
Flagellata. Aside from the fact that there is very little ground for such a ven-
turesome assumption, we must remember that the two groups (of Flagellata) 
are not sharply separated, and that the collar, which constitutes the main 
point of difference, is in some cases entirely retracted. ([Metchnikoff 1886] 
translated in Wilson [1887]).
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seem to have strongly felt that sponges could either be related to one or the other, 
not both.

Saville-Kent’s hostility toward Haeckel often got personal, and his comments 
on Haeckel’s work contained a surprising density of personal attacks (e.g., Kent, 
1878; reviewed in Leadbeater, 2015). Saville-Kent thought the strongest blow to 
Haeckel’s views was the discovery of his own “missing link” (see Footnote 1) – a 
living species that he felt was the perfect intermediate between choanoflagellates and 
sponges. Out of sheer spite4, Saville-Kent named that organism after his nemesis: 
Proterospongia haeckelii. P. haeckelii occupied a similar place in Saville-Kent’s 
mind as Magosphaera did in Haeckel’s: it was the keystone – and the concrete 
proof – of his hypothesis. It was also similar in another way: no one else ever man-
aged to observe it, and to this day, we still don’t know if it was real (Figure 13.4).

P. haeckelii was a flat colony of choanoflagellates with a unique feature: just like 
a sponge, it had spatially differentiated cells. Collar cells positioned on the outside 
of the colony (similar to sponge choanocytes) coexisted with amoeboid cells on the 
inside (similar to sponge archeocytes). All cells were embedded in a shared flat layer 
of extracellular matrix. The classification of these two cell types within the same 

FIGURE 13.4 Mystery organism 2: Proterospongia haeckelii (from Kent [1882]). This 
purported colonial choanoflagellate was reported to contain both flagellated collar cells 
and amoeboid cells. All panels shown depict different developmental stages – arranged by 
Saville-Kent to minimize space on the page, and thus not in developmental order, which is 
as follows: 24, 25, 23, 21, 22 and 20. 30 is a side-view of a mature colony (same stage as 20). 
28 is a close-up of a cell in the process of becoming amoeboid. 26/27 and 29 are respectively 
the thecate and spore forms of P. haeckelii.
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species of choanoflagellate was supported by observed interconversions between 
both. Saville-Kent’s drawing of a mature colony with differentiated cells (Figure 
13.4, panel 20) found its way into textbooks and has been widely reproduced since 
(Buss, 1987; Brusca and Brusca, 2003), but he also produced many lesser-known 
illustrations covering the complete developmental trajectory of P. haeckelii, includ-
ing a single collar cell serially dividing into 2, 4 and 8 cells, after which amoeboid 
cells started differentiating (Figure 13.4).

Saville-Kent was a thorough and careful microscopist, with his meticulous 
sketches anticipating structures that have been consistently detected and verified 
using modern techniques in microscopy. It is therefore unlikely that he would have 
simply misunderstood or misobserved an isolated specimen (such as a sponge larva). 
Instead, his description of the life history of P. haeckelii implies a detailed and 
extensive familiarity with multiple specimens, followed over an extended period of 
time. He was also a generally reliable observer, and his descriptions of other pro-
tists have been largely confirmed. Even though choanoflagellates have recently been 
shown to switch to an amoeboid form under confinement (Brunet et al., 2021), it is 
unlikely that Saville-Kent would have accidentally confined his samples: indeed, 
in the same book in which he described P. haeckelii (Kent, 1882), he reported the 
retraction of the choanoflagellate collar complex under confinement and its regenera-
tion after confinement release.

If an honest mistake is ruled out, then P. haeckelii might have been real – and 
close to Saville-Kent’s description. However, efforts to re-isolate P. haeckelii 
from the source location in Kew Gardens by one of us (T.B., together with Barry 
Leadbeater) have failed so far5. Given the personal rivalry between Saville-Kent 
and Haeckel, an alternative interpretation is that the description of P. haeckelii by 
Saville-Kent was either partly or entirely fabricated, possibly to get back at Haeckel. 
As with Magosphaera, the existence of P. haeckelii remains a mystery.

As significant as Saville-Kent thought P. haeckelii was, he only considered it 
relevant to the origin of sponges, but not of other animals. Instead, he proposed that 
(most) animals had evolved from ciliates – not just once, but many times, with dif-
ferent ciliates giving rise to different animal lineages (Kent, 1882). Saville-Kent was 
struck by the similarity in size, shape, and behavior between ciliates and small ani-
mals (both meiofaunal species – like rotifers or flatworms – and planktonic larvae; 
Figure 13.5A). His idea initially drew skepticism (Lankester, 1883) but had a few 
early supporters (Sedgwick, 1895). It would, however, make a spectacular comeback 
and then recede again in the 20th century.

13.5  20th CENTURY: THE RISE AND FALL 
OF THE CILIATE HYPOTHESIS

13.5.1  siMilarities betWeen aCoels and Ciliates and 
the rise oF the Ciliate hypothesis

Saville-Kent was correct on one point: the similarities between ciliates and small 
animals of the interstitial fauna are striking (reviewed in Leander, 2008; Rundell 
and Leander, 2010). At first sight, one could easily mistake Paramecium for an acoel 
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worm (Figure 13.5B, C). Both are elongated, bilaterally symmetrical, nearly half 
a millimeter long, and densely covered in motile cilia. Acoel worms are minute 
animals of extreme simplicity (long believed to be flatworms, but now known to 
belong to a separate bilaterian lineage (Ruiz-Trillo et al., 1999; Cannon et al., 2016; 
Marlétaz, 2019; Philippe et al., 2019). They lack excretory organs, an anus, and even 
a proper gut. Early histological studies emphasized that simplicity and many observ-
ers went so far as to erroneously conclude that acoels lacked separate cells (except 

FIGURE 13.5 The ciliate hypothesis of animal origins. (A) Saville-Kent’s depicted paral-
lels between small animals (left) and ciliates (right). 1: Cnidarian planula larva; 2: Opalina; 3: 
flatworm; 4: Paramecium; 5: nemertean larva; 6: Melodinium; 7: annelid trochophore larva; 
8: Telotrochidium; 9: echinoderm larva; 10: Didinium; 11: bryozoan larva; 12: Vorticella. from 
(Kent, 1882). (B) The acoel Convolutriloba longifissura. mo: mouth, vf: ventral folds. from 
(Hejnol and Martindale, 2008). (C) the ciliate Paramecium sonneborni, from (Aufderheide, 
Daggett and Nerad, 1983). mo: cytostome (“cellular mouth”). (D)  Hadzi’s cellularization 
hypothesis, from (Willmer, 1990) after (Hadzi, 1963). (1) a Paramecium-like ciliate hypoth-
esized to be ancestral to animals, with multiple nuclei, pulsatile vacuoles, a cytostome (“cel-
lular mouth”) and periodic invaginations of the plasma membrane. (2) nuclei migrate to 
the periphery of the cell to be lodged underneath the plasma membrane and between the 
invaginations. The cytostome becomes more elaborate and acquires features of a pharynx. 
(3) an acoel-like hypothetical ancestor of animals, with different body parts (epidermis, gut, 
nephridia) having evolved by partial or complete cellularization from ciliate structures.
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perhaps in the epidermis) and instead represented a single large syncytium contain-
ing floating nuclei. Uncertainty around this point persisted from the 1880s to the 
1960s, when electron microscopy finally demonstrated that acoels were actually 
almost entirely cellular (to the exception of their digestive cellular mass, which is 
genuinely syncytial; see Delage, 1886; Pedersen, 1964 for reviews).

In the meantime, however, the supposedly syncytial organization of acoels, 
together with their overall similarity to ciliates prompted a revival of Saville-Kent’s 
ciliate hypothesis of bilaterian origins. The idea was proposed independently by 
Jovan Hadži (1884–1972) and Otto Steinböck (1893–1969), and further elaborated 
by Earl D. Hanson (1927–1993) (Hadzi, 1953, 1963; Hanson, 1963, 1977; Steinböck, 
1963). These authors identified many purported homologies among ciliates and 
acoels: ciliary arrays of the former were homologized to the ciliated epidermis of the 
latter; the contractile infraciliary lattice of ciliates was inferred to represent an ante-
cedent of acoel musculature; the digestive vacuoles were proposed to be equivalent to 
the acoel digestive mass and pulsatile vacuoles in ciliates were considered homolo-
gous to nephridia (excretory organs that are absent in acoels but found in flatworms). 
The fact that ciliates only have two nuclei (a micronucleus and a macronucleus) 
and do not display a multicellular or even syncytial organization was countered by 
pointing to Opalina, a protist then considered to be a ciliate which possessed many 
nuclei underneath its cell membrane (and which is now known to be a heterokont 
that only convergently resembles ciliates [Cavalier-Smith and Chao, 2006]). Like 
Saville-Kent, supporters of the ciliate hypothesis explained the similarity between 
choanoflagellates and choanocytes by hypothesizing that sponges were specialized 
choanoflagellates, and thus unrelated to other animals. Animals were thus assumed 
to have had at least two independent origins in the protistan world, and maybe even 
three (with cnidarians possibly descending from amoebae [Hanson, 1977]).

13.5.2 the Fall oF the Ciliate hypothesis

The hypothesis of the syncytial nature of acoels was finally disproved by electron 
microscopy in the mid-1960s (Pedersen, 1964), but the ciliate hypothesis of animal 
origins had by then taken a life of its own and survived the loss of its former central 
argument (Hanson, 1977). As late as the 1980s–1990s, the ciliate hypothesis and the 
polyphyletic origin of animals were still often presented as the likeliest hypotheses 
of animal origins in popular texts and textbooks. In his best-seller Wonderful Life, 
Stephen Jay Gould wrote: “The vernacular term animal itself probably denotes a 
polyphyletic group, since sponges (almost surely), and probably corals and their 
allies as well, arose separately from unicellular ancestors – while all other animals 
of our ordinary definition belong to a third distinct group” (Gould, 1989). Similar 
statements could be found in many contemporary zoology textbooks (Mitchell, 
Mulmor and Dolphin, 1988; Willmer, 1990; Miller and Harley, 1999), although a 
few were critical (Brusca and Brusca, 1990). Surprisingly, the ciliate hypothesis 
survived the first molecular phylogenies as well: early studies included only a few 
genes analyzed with simple, similarity-based algorithms and often failed to recover 
the monophyly of the animal kingdom, thus apparently lending credence to mul-
tiple independent origins of animals from several protist groups (Field et al., 1988; 
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Lake, 1990; Christen et al., 1991). It was only with larger datasets and better models of 
sequence evolution that a consistent picture of monophyletic animals closely related 
to choanoflagellates finally emerged, with ciliates relegated to a very distant branch 
(Wainright et al., 1993), making the ciliate hypothesis untenable. Unsurprisingly, the 
hypothesized homologies also eventually failed to withstand molecular scrutiny. For 
example, the infraciliary contractile lattice of Paramecium was found to be made of 
centrins, a family of contractile proteins unrelated to actin and myosin, the contrac-
tile proteins of animal musculature (Levy et al., 1996).

With the benefit of hindsight, many of the arguments underlying the ciliate 
hypothesis appear contrived. Yet, it convinced many – if not most – experts for 
nearly 30 years. We now know that its proponents were misled by an impressive suite 
of morphological convergences between metazoans, ciliates, and additional protists 
like Opalina. While the ciliate hypothesis has now been dismissed as inconsistent 
with the modern eukaryotic phylogeny, it serves as a reminder of how much com-
plexity – in morphology, patterning, and behavior – can be achieved by a single cell 
(Marshall, 2020). The animal-like behaviors of ciliates, which fascinated scientists 
and philosophers at the turn of the 20th century (Schloegel and Schmidgen, 2002), 
are currently undergoing a renaissance as a research topic (Coyle et al., 2019; Dexter, 
Prabakaran and Gunawardena, 2019; Mathijssen et al., 2019; Wan and Jékely, 2020), 
as are the mechanisms of their patterning and morphogenesis (Marshall, 2020). 
Properly understood as an independent and unique evolutionary experiment in 
achieving levels of size and morphological complexity that rival those of small ani-
mals, ciliates remain as fascinating as ever.

13.6  20th CENTURY: THE COLLARED FLAGELLATE/
CHOANOBLASTAEA MODEL

Although it had to compete with the ciliate hypothesis for part of the 20th cen-
tury, Metchnikoff’s concept of a choanoflagellate-like ancestor for all animals – and 
not just for sponges – was continuously supported by some authors (Hyman, 1940; 
Rieger, 1976; Salvini-Plawen, 1978; Nielsen and Norrevang, 1985). These research-
ers were each convinced about the monophyly of animals based on shared features 
such as sperm and eggs, epithelia, and gastrulation. This implied that all animals 
had evolved from a single lineage of protist, of which choanoflagellates were con-
sidered the most plausible living representative as their similarity to choanocytes 
was so strong. This view received further support from the discovery of choanocyte-
like collar cells by electron microscopy in diverse animal phyla other than sponges 
(Nerrevang and Wingstrand, 1970; Lyons, 1973; Rieger, 1976; Brunet and King, 
2017). Claus Nielsen named this revised Blastaea model – starting from a collared 
ancestor – the “Choanoblastaea” (Nielsen, 2008) (Figure 13.6).

13.6.1  MoleCular phylogenies and the rise oF the 
Choanoblastaea Model

While early molecular studies initially contradicted the Choanoblastaea hypothesis 
and suggested animal polyphyly (see section 13.4 above), improved analyses with more 
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data and better statistical models of sequence evolution ended up consistently support-
ing the monophyly of animals and their sister-group relationship to choanoflagellates 
(Wainright et al., 1993; King and Carroll, 2001; Lang et al., 2002; King, Hittinger and 
Carroll, 2003; Rokas et al., 2003; King et al., 2008; Ruiz-Trillo et al., 2008). Unlike 
hypothesized homologies between ciliates and animals, the inferred homology of the 
collar complex in animals and choanoflagellates survived molecular and biochemical 
analyses, which confirmed that the collar is composed of homologous cytoskel-
etal filaments in both choanoflagellates, sponges, and other animals (reviewed in 
Leadbeater, 2015; Brunet and King, 2017). The hypothesis of the homology of the col-
lar complex – proposed on morphological grounds in the 19th century – thus appears to 
have been predictive (Colgren and Nichols, 2020) and is now accepted by many authors 
(but see Mah, Christensen-Dalsgaard and Leys, 2014; Sogabe et al., 2019 for exceptions 
and Brunet and King, 2017; Myers, 2019; Colgren and Nichols, 2020 for responses).

13.6.2 the liMits oF the Choanoblastaea Model

Despite its support from the data, the Choanoblastaea model leaves some questions 
unresolved. One is the similarity of crawling amoeboid cells, widespread in animals, 
to the amoeboid motility of diverse protists. While some authors explicitly ascribed 
that similarity to evolutionary convergence (Cavalier-Smith, 2017), few directly 
recognized or addressed the issue. While one solution could have been to revive 
Haeckel’s amoeboid hypothesis, a strict interpretation of his hypothesis had clearly 
become incompatible with structural information that had emerged in the 20th cen-
tury showing the homology of flagella in animals and diverse protists (reviewed in 
Margulis, 1981). Instead, one parsimonious way to account for all the data has been 
to reconstruct the progenitor of animals as a shape-shifter: sometimes flagellate, 
sometimes amoeba, and maybe more.

FIGURE 13.6 The choanoblastaea model of animal origins (Nielsen, 2008). (A) a modern 
choanoflagellate rosette colony proposed to resemble early stem-animals. Cells are arranged 
as a sphere surrounding a shared core of extracellular matrix (dark grey). (B) a hypothetical 
later stem-animal (“Choanoblastaea”), in which cells have become adjacent and have evolved 
intercellular junctions and now form a sealed epithelial sphere. (C) a later hypothetical stem-
animal (“Advanced choanoblastaea”) in which some cells have become amoeboid and popu-
lated the inner space of the colony (compare P. haeckelii, Figure 13.4). Note that cell division 
is now restricted to those inner cells.
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13.7  20th CENTURY: THE AMOEBOFLAGELLATE 
MODEL AND THE SYNZOOSPORE MODEL

Complex life cycles in protists have been known since the 19th century. In 1898, the 
British medical doctor Ronald Ross (1857–1932) described the different life stages 
of the unicellular parasite that causes malaria, Plasmodium falciparum (reviewed 
in Cox, 2002). A year later, the Austrian biologist Franz Schardinger (1853–1920) 
discovered Naegleria gruberi (then named Amoeba gruberi), a free-living amoeba 
that had the unusual ability to transdifferentiate into a flagellate form (Schardinger, 
1899; Fulton, 1977, 1993).

The transition between the amoeboid and the flagellate forms of Naegleria is rem-
iniscent of the reversible transdifferentiation between the flagellated choanocytes 
and the amoeboid archeocytes of sponges (Figure 13.7) that was already known to 
Saville-Kent (Kent, 1882) and later confirmed by modern studies (Nakanishi, Sogabe 
and Degnan, 2014; Sogabe et al., 2019).

In spite of this parallel, shape-shifting protists such as Naegleria were appar-
ently never considered relevant to animal origins before the mid-20th century, 

FIGURE 13.7 Interconversions between flagellate and amoeboid phenotypes in sponge cell 
transdifferentiation. (A) (Kent, 1882) and in Naegleria development (B) (Willmer, 1971).
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when the Soviet biologist Alexey Zakhvatkin (1906–1950, alternatively spelled 
Sachwatkin) and the British biologist E. N. Willmer (1902–2001) independently 
hypothesized that the elaborate life cycles of animals might have their roots in the 
unicellular world. In his treatise Comparative embryology of the low invertebrates 
(Zakhvatkin, 1949 for the Russian original and Sachwatkin, 1956 for the German 
translation, which we consulted), Zakhvatkin explicitly compared the complex life 
cycles of protists and animals. By comparing animal cell differentiation with the 
reversible amoeboid/flagellate switches of Naegleria gruberi6 and of Polytomella 
citri (a parasitic green alga7; Kater, 1925), Zakhvatkin suggested animals evolved 
from an amoeboflagellate. He also noted that cleavage at constant volume of the 
animal zygote (a process called “palintomy”) had parallels in several protists, 
including dinoflagellates and green algae, in which it resulted in a mass of flagel-
lated “zoospores” that eventually dissociated and underwent dispersal. Zakhvatkin 
suggested that the morula stage of animal development might have evolved from 
zoospores that failed to separate – a “synzoospore.”

Because Zakhvatkin’s work was only available in Russian and in German, it 
did not immediately reach the English-speaking world. It is thus independently 
of Zakhvatkin and based on his own studies of Naegleria, that Willmer came to 
remarkably similar conclusions and proposed an amoeboflagellate ancestry for ani-
mals in his 1971 book Cytology and Evolution (Willmer, 1971). While he did not 
believe that Naegleria was directly related to animals, he thought it gave an idea of 
what animal ancestors might have looked like.

Zakhvatkin’s and Willmer’s ideas seem to have gone mostly unnoticed in their 
time, and debates regarding animal origins remained dominated by the ciliate 
hypothesis and the flagellate hypothesis. It is only in the last decade – the 2010s – 
that the concept of a protist ancestor with a complex life history has undergone 
a revival.

13.8  21st CENTURY: HOW COMPLEX WAS 
THE METAZOAN PRECURSOR?

In 2009, Zahkvatkin’s ideas were shared with a broader audience thanks to a review 
paper that presented his hypothesis in English and named it the “temporal-to-spatial 
transition” model of animal origins (Mikhailov et al., 2009). Nearly at the same 
time, molecular phylogenies revealed that the previously enigmatic filasterans and 
ichthyosporeans (Ruiz-Trillo et al., 2008) are the closest known living relatives of 
choanozoans (the clade formed by choanoflagellates and animals; Figure 13.2). 
Together, choanozoans, ichthyosporeans and filasterans form the clade Holozoa8. 
Interestingly, single-celled holozoans assume diverse cellular forms (including flag-
ellates, amoebae, and cystic forms), and many of them have complex life histories 
with multiple phenotypes (as do choanoflagellates, which have sessile, swimming 
and colonial flagellate forms, and often spores as well; Leadbeater, 2015).

Several studies have investigated the cellular and molecular basis for the com-
plex life histories of unicellular holozoans (Fairclough, Dayel and King, 2010; Dayel 
et al., 2011; Sebé-Pedrós et al., 2013; Suga and Ruiz-Trillo, 2013). Remarkably, many 
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FIGURE 13.8 Current minimalistic, intermediate and maximalistic concepts of the last 
common ancestor of animals and choanoflagellates. The minimalistic ancestor (upper left) is 
reconstructed as a collared flagellate with a sexual cycle, but no multicellularity and no other 
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of these cell type transitions correlate with chromatin remodeling and pre- and 
post-transcriptional regulation (Fairclough et al., 2013; Sebé-Pedrós, Ballaré, et al., 
2016; Sebé-Pedrós, Peña, et al., 2016; Dudin et al., 2019), suggesting the existence 
of shared mechanisms with animal cell differentiation. Adding to this picture of 
generally dynamic cell phenotypes, novel amoeboflagellate species were recently 
discovered among holozoans (Hehenberger et al., 2017; Tikhonenkov, Hehenberger, 
et al., 2020). Finally, choanoflagellates themselves turned out to be able to reversibly 
switch to an amoeboid phenotype in response to spatial confinement (Brunet et al., 
2021), thus reviving Saville-Kent’s concept of amoeboid phenotypes in choanoflagel-
lates. Overall, these data converged to suggest that our ancestors along the holozoan 
stem-line – including the choanozoan ancestor – almost certainly had the ability 
to generate more cell phenotypes than just a collared flagellate, potentially paving 
the way to animal cell differentiation; and modern variants of the Choanoblastaea 
hypothesis have started to incorporate that idea (Arendt et al., 2015).

What did the choanozoan ancestor look like? Although we have made progress 
since Haeckel, Metchnikoff and Saville-Kent, many questions remain open. In 
Figure 13.8, we have illustrated two extreme options – a “minimalistic ancestor” (a 
simple collared flagellate without other phenotypes) and a “maximalistic ancestor” 
that combines several cell phenotypes frequently found in single-celled holozoans 
(most of which have an equivalent in animal biology) – along with an intermediate 
scenario that captures features we consider likely to have existed in the protistan 
ancestor of animals. The life cycle of this long extinct organism might have included 
“facultative features” such as amoeboid migration, encystment, clonal multicellular-
ity (with or without palintomy) and aggregative multicellularity.

FIGURE 13.8 (Continued)
cell phenotype. The intermediate ancestor (upper right) is also assumed to have been obligately 
unicellular but can transdifferentiate into several forms, including a collared flagellate, an 
amoeba (similar to animal crawling cells such as macrophages), and a quiescent cyst (perhaps 
similar to animal quiescent stem cells or egg cells). The maximalistic ancestor (bottom) dis-
plays several forms of facultative multicellularity and combines several additional phenotypes 
known in single-celled relatives of animals, all of which have parallels among animal cell 
types and represent hypothetical evolutionary precursors of the latter. Spherical multicellular 
colonies of flagellates, similar to those of some choanoflagellates (Dayel et al., 2011), resemble 
the Morula stage of animal embryos. Sessile flagellated cells adhere to the substrate by a 
combination of filopodia and secreted extracellular matrix (ECM, green), as in modern cho-
anoflagellates (Dayel et al., 2011) and in the filasteran Capsaspora (Parra-Acero et al., 2018, 
2020). This might have prefigured the adhesion of animal epithelial cells to the basal lamina. 
Amoeboid cells are proposed to undergo aggregative multicellularity, similar to Capsaspora 
(Sebé-Pedrós et al., 2013) and to dissociated sponge cells (Dunham et al., 1983). Note that 
aggregation of flagellated cells has been observed in Syssomonas (Tikhonenkov, Hehenberger 
et al. 2020) and might also have been present in the last choanozoan common ancestor, though 
it is not depicted here. Finally, cysts are proposed to undergo hypertrophy by nuclear prolifera-
tion without cytokinesis, resulting in a syncytium that can cleave at constant volume to revert 
to a uninucleated state, as in modern ichthyosporeans (Suga and Ruiz-Trillo, 2013; Dudin et al., 
2019) and chytrid fungi (Medina et al., 2020). This process could have been the evolutionary 
precursor to the cleavage of animal zygotes. (Drawing: Debbie Maizels)
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Interestingly, comparative genomics has revealed that many genes thought to be 
animal-specific are present in their single-celled relatives – but often with a patchy 
and mosaic distribution, indicating rampant gene loss in most lineages (Suga et al., 
2013; Richter et al., 2018). This suggests that the last choanozoan common ancestor 
possessed a mosaic of features that are not fully realized in any of its living relatives 
or descendants. We think this lends credibility to the possibility of a “maximalistic 
ancestor.” Future work will help to refine the “checklist” of ancestral choanozoan 
features – which will not necessarily include all those we depicted in Figure 13.8, 
nor will necessarily be restricted to them.

13.9 CONCLUSION

The past has only left incomplete traces, and our understanding of it is inevitably 
simplified. There is, however, another force that often pushes us to simplification: 
the urge to summarize history as a linear narrative that leads to the present. In this 
review, we have strived to embrace the complexity of the past – both of our scientific 
predecessors, and of our evolutionary ancestors. We hope the winding history of our 
field is worth appreciating for itself and for the many small gems it contains, before 
trying to extract an – inevitably simplified – global message.

Nonetheless, a few general themes emerge. The diversity of historical hypotheses 
simultaneously reflects the complexity of the problem itself, the limited information 
available at the time, and the personal assumptions and preferences of their authors. 
On the one hand, morphological data were clearly confounded by multiple events of 
evolutionary convergence (such as between ciliates and animals), parallelism, and 
rampant loss. Solving the problem from morphology only was genuinely challeng-
ing (even after the advent of electron microscopy), and involved some degree of 
subjective judgment. On the other hand, many authors seemed to have made the 
task unnecessarily more difficult by assuming that the last single-celled ancestors 
of animals necessarily had an exact equivalent within living protists – while this 
ancestor likely had its own, unique combination of features that is not necessarily 
represented today. This point has become increasingly salient in the past few years, 
and we expect it to remain central to future research. Consistently, several species of 
single-celled holozoans with novel phenotypes have been newly described in the past 
few years (Hehenberger et al., 2017; Brunet et al., 2019; Tikhonenkov, Hehenberger, 
et al., 2020; Tikhonenkov, Mikhailov, et al., 2020), and metagenomic surveys have 
provided evidence for the existence of additional undiscovered holozoan lineages 
(Del Campo and Ruiz-Trillo, 2013; Arroyo et al., 2020). Further exploration of 
single-celled biodiversity thus holds the promise to enrich our reconstitution of ani-
mal ancestors – and eventually maybe even to clarify the mysteries of Magosphaera 
planula and Proterospongia haeckelii. Depending on their phylogenetic position, 
these species – if they exist and if the original descriptions were accurate – might 
provide stronger evidence for a pre-metazoan origin of palintomy and spatial cell 
differentiation, respectively.

Another point of interest is the way in which past controversies were resolved. 
Many debates could only be settled after the invention of new techniques; yet, 
technical innovations alone were rarely sufficient. The first molecular phylogenies, 
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for example, were rather inaccurate. Consensus was only reached after commonly 
accepted standards of evidence were agreed upon, and once multiple independent, 
technically solid studies converged toward the same answer. At a time where a new 
wealth of molecular data (notably from single-cell techniques) is promising to bring 
an unprecedented quantity of evidence to bear on the study of the evolution of cell 
phenotypes, we hope that our historical summary can be read both as a cautionary 
tale and as a reason for optimism.
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NOTES
 1. The concept of the extant “missing link” that represents the ancestral condition is no 

longer considered valid, but it accurately captures Haeckel’s views, which often envi-
sioned some living groups as identical to the ancestors of other living groups.

 2. Alternatively spelled Metschnikoff or Mechnikov.
 3. See (Wilson, 1887) for an English translation.
 4. Naming species out of spite is a venerable tradition that dates back to Linnaeus, who 

named an especially smelly weed, Siegesbeckia, after one of his detractors. For a list, 
see https://www.science-shenanigans.com/species-named-out-of-spite/

 5. As a caveat, the reisolation of even a well-studied choanoflagellate species can be chal-
lenging. For example, the laboratory model species Salpingoeca rosetta (Dayel et al., 
2011) has been isolated only once and we have been unable to re-isolate it from its 
source location despite repeated attempts.

 6. Which he referred to as Vahlkampfia gruberi.
 7. P. citri is a secondarily non-photosynthetic, parasitic green alga, and thus belongs to a 

lineage whose sequenced representatives have lost regulators of cell crawling such as 
SCAR/WAVE (Fritz-Laylin, Lord and Mullins, 2017) and myosin II (Sebé-Pedrós et al., 
2014). While the genome of P. citri itself has not been sequenced, it is interesting to 
wonder how amoeboid mobility could function in this species if it also lacks those genes.

 8. A few additional lineages (such as corallochytrids) have since been added (Figure 2B).
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14.1 INTRODUCTION – WHAT IS COMPLEX MULTICELLULARITY?

The evolution of multicellularity has been one of the most significant transitions 
in the history of life. Multicellularity comes in many forms, ranging from simple 
aggregation of cells to the largest macroscopic organisms that dominate the vis-
ible world. Some of these are reminiscent of primordial states of multicellularity 
that hardly go beyond unicellularity in terms of function, whereas others feature 
sophisticated, highly integrated bodies and structures, structural and functional 
differentiation, or complex behaviors. Whereas simple cell aggregations, colonies, 
filaments or other simple solutions to multicellularity have emerged many times 
during evolution (Grosberg and Strathmann 2007), the highest levels of complexity 
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evolved on only a few occasions. To facilitate discussion, therefore, the continuum 
of complexity levels is often classified into simple and complex multicellularity. 
Knoll (2011) provided a detailed but simple, operational distinction between sim-
ple and complex multicellularity. Complex multicellular organisms grow three-
dimensional structures or bodies, in which adhesion and a sophisticated division 
of labor between cells takes place and the shape and size of the organism is deter-
mined by a genetically encoded developmental program. A key trait of complex 
multicellularity is that not all cells are in direct contact with the environment, 
necessitating cellular or intercellular mechanisms for transporting oxygen and 
nutrients to inner cells of the organism. Complex organisms have evolved circula-
tory and respiratory structures to circumvent this obstacle, a trait that is not seen 
in simple cell aggregations or filaments.

This chapter focuses on convergent events in multicellular evolution in fungi. 
Fungi represent one of the most diverse multicellular lineages, with approximately 
130,000 described and potentially several times more undescribed species (Willis 
2018). The vast majority of fungi are multicellular through most of their life cycle, 
whereas a minority of species, in particular, early-diverging fungi, are unicellular, 
similar to related opisthokont protists. Multicellular fungi form tubular, elongate fil-
aments, called hyphae, which grow apically and branch to form an intricate filamen-
tous thallus. Yeasts, although mostly considered as unicellular, secondarily evolved 
reduced complexity and are capable of switching to diverse multicellular behaviors 
(biofilms, hyphae) in response to diverse environmental cues or at given time points 
in their life cycle. Transitions in levels of complexity show a great deal of conver-
gence in fungi, which is not commonly seen in other frequently studied organisms. 
Here, we discuss evidence for potential convergent transitions in cellularity level, 
with a particular focus on complex multicellularity.

14.2 MULTICELLULARITY IN FUNGI

14.2.1 the driVing ForCe For the eVolution oF MultiCellularity in Fungi

Multicellularity in fungi differs from that of other lineages in many respects, which 
is probably a result of the combination of fungi’s unique growth mode via hyphae 
and the unique selection pressures that drove their evolution. As sessile heterotro-
phic organisms, fungi forage for nutrients by apically growing hyphae, which extend 
at their apex in response to various chemical cues. It has been speculated that the 
rigid cell wall, which evolved in early, unicellular fungal ancestors, constrained the 
trajectory of multicellular evolution (Kiss et al. 2019; Nagy et al. 2020). The cell 
wall evolved in early fungal ancestors may have offered protection to the cells, but 
rendered vegetative, feeding cells of early fungi sessile (note that motile cell types in 
such taxa are restricted to sexual reproduction), which perhaps allowed for efficient 
feeding in aquatic habitats, where most unicellular fungi live. However, the transition 
to terrestrial habitats, where nutrient sources are patchy, probably required a strategy 
that allowed for efficient foraging across larger distances. Under such circumstances 
and with a rigid cell wall, an apically growing, filamentous thallus might have been 
the most, or only, optimal solution for fungi, which may explain the evolution of 
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hyphae. Thus, the cell wall and patchy terrestrial nutrient sources together may have 
led to the evolution of hyphae in fungi (Kiss et al. 2019; Heaton et al. 2020). Of note, 
very similar tubular hyphae evolved convergently in the Oomycota (Stramenopila), 
a group that shares a heterotrophic, sessile nature, the decomposition of solid food 
sources and uptake of nutrients by osmotrophy as well as a cell wall with fungi 
(Diéguez-Uribeondo et al. 2004; Money et al. 2004).

Compared to the hyphae of extant, early-diverging fungi (e.g., Mucoromycota), early 
fungal hyphae were likely compartmentalized syncytia, in which the flow of nuclei 
and organelles were little regulated (Spatafora et al. 2016). Compartmentalization is 
achieved by cross-walls, called septa, that range from incomplete in early-diverging 
fungi to highly structured closures between neighboring cells (Jedd 2011; Riquelme 
et al. 2018). Septation regulates the flow of cytoplasm, organelles and nuclei. Hyphal 
growth and septation also have a bearing on how intra-organismal conflict is handled 
in fungi. Conflict naturally arises in the evolution of multicellularity, due to unicells 
having to align individual behaviors in the interest of a higher, organism-level fit-
ness level (Michod and Roze 2001; Ratcliff et al. 2012; Rainey and Monte 2014). In 
contrast to most multicellular lineages, that evolved via colonial intermediates (e.g., 
animals; Sebé-Pedrós et al. 2017, Chapter 13), in fungi multicellular hyphae evolved 
by what Niklas referred to as a ‘direct’ route, from siphonous tubular to multicellular 
(Niklas 2014), which required that fungi handled conflict also in a different way 
(discussed in Nagy et al. 2020 and Kiss et al. 2019).

14.2.2 siMple Versus CoMplex MultiCellularity in Fungi

In terms of complexity, hyphal growth resembles other lineages in which the pre-
dominant multicellular forms are filamentous (e.g., algae, cyanobacteria) or colonial 
(e.g., choanoflagellates). This is often referred to as simple multicellularity, which is 
defined as the level of organization in which all cells are in contact with the envi-
ronment and cell-to-cell differentiation is limited (Knoll 2011; Nagy et al. 2018; 
Kiss et al. 2019). Fungi also evolved complex multicellular structures, however, these 
evolved significantly later than hyphal multicellularity (Kiss et al. 2019). Complex 
multicellularity in fungi is most frequently discussed in the context of sexual fruiting 
bodies, structures that aid the protection, development, and dispersal of sexual spores 
(Figure 14.1). Fruiting bodies are three-dimensional structures whose development 
follows a genetically encoded program and results in species-specific shapes and 
sizes. Fruiting bodies come in several shapes and sizes, from simple, crust-like mor-
phologies to the most complex mushroom shapes known in fungi (Figure 14.1d,f). 
The evolution of fruiting body morphologies follows some well-known trends. For 
example, Basidiomycota fruiting bodies evolved from crust-like forms towards the 
typical ‘toadstool’ morphology, i.e., those with cap, stipe and gills (Varga et al. 2019). 
In the Ascomycota, fruiting bodies evolved from open types, which bear the spore-
producing surface on the upper side open to the environment (called apothecium-
type), towards closed forms in which spore-producing cells (asci) develop internally 
and shoot spores into the air through various pores/channels (called perithecium-
type; Liu and Hall 2004).
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It should be noted, however, that a large number of other complex multicellular 
structures also evolved in fungi, these include sclerotia, ectomycorrhizae or asexual 
fruiting bodies, to name a few (Nagy et al. 2018). It is important to note that growth 
remains hyphal even in fruiting bodies, but cell shape is modified, in some cases 
to an extent that resembles isodiametric (polyhedral) cell morphologies (Lord and 
Read 2011).

14.2.3  blurred lines betWeen siMple and CoMplex 
MultiCellularity in Fungi

Whereas the distinction between simple and complex multicellularity is relatively 
straightforward in most lineages (Knoll 2011), the diversity of fungal morpholo-
gies often blurs lines between these categories. Fungi evolved a range of forms 
that lie intermediate between simple and complex multicellularity and which has 
also led to confusion about the use of these terms in the mycological literature (see 
Nagy et al 2020 for more discussion). For example, asexual spores are produced  

FIGURE 14.1 Example representatives of complexity levels in fungi. Fungi produce a 
plethora of different structures that are plesiomorphically unicellular (a: Spizellomyces punc-
tatus), simple multicellular (b: hyphal colony with conidiophores; c: hyphal network), com-
plex multicellular (d: a morel fungus, Morchella and Neolecta irregularis; e: fruiting bodies 
[Gymnosporangium sp.] and galls [Ustilago maydis] of complex multicellular rust and smut 
fungi, respectively; f: representatives of mushroom-forming fungi, Agaricomycotina left to 
right, top to bottom: Cortinarius sp, Tremella mesenterica, Pleurotus ostreatus, Agaricus 
bisporus, Mycena sp, Geastrum sp, Clavulinopsis helvola) and secondarily unicellular yeasts 
(g: Saccharomyces cerevisiae and Cryptococcus neoformans).
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on specialized structures, called conidiophores (Figure 14.1b), that grow out of 
vegetative mycelia and are made up of individual cells that are in contact with 
the environment but follow a genetically determined developmental program and 
grow determinately. Thus, while conidiophores are not real three-dimensional 
structures, they do show several attributes of complex multicellularity as defined 
by Knoll (2011).

Similar, but less well-known cases can be encountered in sexual reproductive 
structures also. In both the Asco- and Basidiomycota, early-diverging species pro-
duce sporogenous cells called asci and basidia, respectively, on the bare surface of 
the substrate, without an enclosing fleshy fruiting body. Asci and basidia are sexual 
sporangia and resemble conidiophores, in that their shapes and sizes are species-
specific and genetically encoded and, in the simplest cases, they grow naked on the 
substrate. It is conceivable that such ‘naked’ asci and basidia represent the ancestral 
condition in the Asco- and Basidiomycota, respectively (Hibbett 2004; Varga et al. 
2019), although reductive evolution has not been completely ruled out in many of 
the cases (Wynns 2015). Nevertheless, a gradient in complexity levels can be found 
in early-diverging Asco- and Basidiomycota, with a gradual thickening of hyphal 
layers that eventually enclose asci and basidia into a thick, protective tissue that 
supports spore production. These evolutionary processes might explain some of the 
pervasiveness of convergence fungal fruiting bodies (see below).

14.2.4 reduCtion oF MultiCellularity in Fungi

Along with the emergence of multicellularity, fungi display repeated reductions in 
complexity level (Figure 14.2). The best-known examples are yeasts, which are sec-
ondarily simplified organisms that spend much of their life cycle in a unicellular 
form. This is a remarkable case of reduced complexity, given that most lineages 
seem to evolve towards increased complexity (O’Malley et al. 2016) or that most 
research attention is directed towards that. Losses of multicellularity are rare across 
the tree of life (but seen in cancerous cells; Chen et al. 2015), especially in lineages, 
like fungi, which transitioned to stable multicellular organization hundreds of mil-
lions of years ago (losses were less surprising in lineages that show transient or 
primordial forms of multicellularity). The loss of multicellularity also may seem 
surprising given that it is considered to offer selective advantages to the organisms in 
diverse environments, for example, through increased cell size which helps to avoid 
predation (Rokas 2008). How can we then explain the unicellularity of yeasts?

The term yeasts refers to a polyphyletic assemblage of fungi that are observed 
primarily as unicells (Nagy et al. 2017) and that evolved convergently from 
more complex, hyphal ancestors. The best-known yeasts are those found in the 
Saccharomycotina subphylum, such as baker’s yeast Saccharomyces cerevisiae 
or Candida spp, which are causative agents of often life-threatening mycoses. 
Another widely known yeast is the fission yeast Schizosaccharomyces pombe 
(Taphrinomycotina subphylum), which is best known for its role as a model organ-
ism. However, there are several other yeast-like lineages in fungi as well (Nagy et al. 
2017). The term yeast-like fungus is used in this review for species that spend the 
majority of their life cycle as walled unicells that feed by osmotrophy and divide by 
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budding or fission. The Basidiomycota comprises three yeast-like lineages, the class 
Tremellomycetes, which includes the opportunistic pathogen Cryptococcus neofor-
mans, the Ustilaginomycotina subphylum, which includes plant pathogenic smuts 
(e.g., Ustilago maydis) and the Pucciniomycotina, which comprises several groups 
rust species and red yeasts (e.g., Rhodotorula). Fungi further include several dimor-
phic fungi, which, by definition are able to switch between unicellular and multicel-
lular morphologies (Boyce and Andrianopoulos 2015).

To understand how surprising the reduction of multicellularity in yeasts is, it is 
important to reiterate that for fungi, the selective advantage of multicellularity might 
have been different, perhaps to move from liquid niches to terrestrial habitats. In 
view of this, if we examine the niche that yeasts fill, we find that they share prop-
erties with aquatic niches of plesiomorphically unicellular fungi. Yeast-like fungi 
are often found in liquid niches, such as, for example, nectars, insect guts, or vari-
ous external or internal surfaces of mammals, including humans. Simple sugars are 
readily available in these niches, which makes active foraging for spatially heteroge-
neous nutrients dispensable. It is, thus, not surprising that yeasts produce unicellular 
morphologies that divide mitotically either by budding or fission. A widely held view 
assumes that, collaterally, the ability to form multicellular hyphae has also been lost 
in yeast species. In support of this hypothesis, yeasts experienced rampant gene loss 
during their evolution (Nagy et al. 2014) and recent analyses of yeast genomes sug-
gested a complex ancestor of the budding yeast lineage (Saccharomycotina; Shen 
et al. 2018). To test this hypothesis, we tested whether the massive gene loss event 

FIGURE 14.2 The diversity and patchiness of complexity levels in fungi. A schematic rep-
resentation of the fungal tree is shown with main complex multicellular and yeast-like clades 
highlighted. The phylogenetic distribution of unicellular, simple and complex multicellular as 
well as yeast-like fungi is shown on the bottom panel.
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that five independent yeast-like lineages experienced in their evolution affected 
hypha morphogenesis genes more, less or to a similar extent than it did metabolic 
and other gene functions (Kiss et al. 2019). Surprisingly, genes related to hyphal 
growth were significantly depleted among lost genes, suggesting that such genes are 
preferentially retained by yeasts despite having lost ~3–5,000 genes since their last 
common ancestors. This argues against the presumed losses, or reductions in mul-
ticellularity and, rather, reinforces the view that multicellularity, once acquired, is 
maintained through evolution.

It is important to note that yeasts display a number of multicellular traits, such 
as communication between cells (e.g., via quorum sensing), synchronization of cel-
lular behaviors or cell differentiation. Most yeast species are capable of producing 
(reduced) hyphae and they can switch between unicellular and hyphal growth in 
response to environmental stimuli. For example, opportunistic pathogen Candida 
albicans, which is a commensal resident of the mucosal and genital surfaces in 
healthy human individuals, can form true hyphae and invade tissues upon changing 
environmental or host conditions. This, again, underscores the finding that yeasts, 
despite their most commonly seen morphology, retained multicellular growth form 
in their evolution.

14.2.5 CoMplex MultiCellular Fungi are phylogenetiCally sCattered

Complex multicellularity represents the highest level of morphological organization 
that evolved across the tree of life. It refers to organisms or structures in which 
cells are tightly packed, show extensive morphological and functional differentia-
tion and are organized into higher-level functional units, such as tissues or organs 
(Knoll 2011). In contrast to simple multicellularity, which evolved in >25 lineages 
(Grosberg and Strathmann 2007), complex multicellularity is limited to five major 
groups: metazoans, green plants, brown and red algae as well as fungi. Species in 
these groups dominate the visible world and have evolved to fill diverse niches on 
Earth. Whereas research on multicellular behaviors of metazoans and green plants 
has deep roots and goes back to over a century, our knowledge on complex multicel-
lularity and how it evolved in fungi is more limited. For example, while cell type 
diversity is well-understood in several animal and plant species, and current research 
aims to refine cell type definitions and classifications (e.g., by single-cell transcrip-
tomics), our estimates of cell-type diversity in complex multicellular fungi are based 
on the counting of morphologically distinct cellular morphologies. Even using such 
simple approaches, up to 28–30 morphologically distinct cell types were recognized 
in sexual fruiting bodies of fungi (Bistis et al. 2003; Lord and Read 2011; Kües and 
Navarro-González 2015), but this number is expected to rise significantly as single-
cell approaches get deployed for complex multicellularity fungi.

Complex multicellularity is rare across the tree of life; this accords well with the 
hypothesis that lineages need to overcome a significant number of genetic obstacles 
to evolve it (Knoll 2011). Complex multicellular fungi are not monophyletic, rather, 
they display a patchy phylogenetic distribution. The best-known complex multicel-
lularity fungi are found in the Agarico- and Pezizomycetes, which belong to the 
Basidio- and Ascomycota respectively and are separated by at least 600 million 
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years from each other (Kohler et al. 2015). These include the best-known mush-
room-forming fungi, such as truffles and morels in the Pezizomycotina and aga-
rics, puffballs, bracket fungi, among others, in the Agaricomycotina (Figure 14.1f). 
However, a number of other complex multicellular lineages are also found in fungi, 
some of which comprise a single genus with less than a handful of species (Neolecta, 
Taphrinomycotina or Modicella, Mortierellomycotina, see Figure 14.1d), whereas 
others are highly diverse. Estimates for the species diversity and age of these lin-
eages range from 2 to over 32,000 species and from very recent origins to clades that 
are >500 million years old (Nagy et al. 2018). Altogether, we identified 8–11 clades 
of complex multicellular clades across fungi, although their number may change 
slightly in the future as some phylogenetic uncertainties in the fungal tree of life 
get resolved. These clades are separated from each other by simple multicellular 
and facultatively unicellular, yeast-like lineages. This scattered nature of complex 
multicellular fungal lineages suggests an intricate evolutionary history either with 
multiple origins or with a single origin and several losses.

14.2.6  Fungi oFFer an unparalleled Model systeM 
For studying CoMplex MultiCellularity

Given the disparate occurrence of complex multicellularity in fungi, we were 
interested in what genetic mechanisms might underlie its evolution. To this end, 
we used developmental transcriptomes – gene expression data that can reveal 
multicellularity-related genes in fungi. Fungi offer a great model system to study 
transitions in multicellularity because they undergo a transition from simple to com-
plex multicellularity as part of their life cycle. The vegetative mycelium, which is an 
underground fungal network of filaments that is adapted to explore the substrate and 
assimilate nutrients, is simple multicellular, whereas sexual fruiting bodies, which 
enclose developing spores into a resistant, reproductive organ, are complex multicel-
lular (Figure 14.1a–f). Because the transition from simple to complex multicellular-
ity happens within the same, extant fungal species, it allows us to assay what genes 
become activated upon the onset of the complex multicellular stage of the life cycle, 
offering a window into the genetic bases of complex multicellularity.

Fruiting body formation can be induced under laboratory conditions by changes 
in environmental variables (nutrient availability, light). Accompanying changes in 
gene expression can be assayed in real-time for example, by RNA-Seq, providing 
an unparalleled model system not available for studying complex multicellular-
ity in other lineages. This is not available in animal or plant model systems that 
evolved complex multicellularity once and exist in that state throughout their life 
cycle (except for a unicellular bottleneck in gametes) and therefore, research on the 
evolution of their multicellularity has to rely on looking into the past, using com-
parative genomic techniques (Sebé-Pedrós et al. 2017). The existence of faculta-
tive multicellular developmental stages in fungi is surprisingly similar to that seen 
in aggregative multicellular amoebozoans, such as the slime mold Dictyostelium, 
which produces very simple fruiting bodies and has been subject to multicellularity 
research for decades (Eichinger et al. 2005; Du et al. 2015; Glöckner et al. 2016). 
Notably, both fungi and slime molds respond to starvation and use conserved cAMP 
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signal transduction pathways during this process. However, this probably reflects 
conserved genetic circuits underlying sexual reproduction – which is induced when 
nutrients become limiting – rather than homologies among fungal and slime mold 
fruiting bodies, given the clearly independent origins of the latter.

Researchers have taken advantage of the ability of fungi to produce fruiting bodies 
and used high-throughput -omics techniques in both the Asco- and Basidiomycota to 
unravel the genes that get activated or downregulated upon the start of complex mul-
ticellular development. For this, RNA-Seq offers a suitable approach (Nowrousian 
2018), which, combined with the ever increasing number of sequenced fungal 
genomes (Grigoriev et al. 2014) provides a window into how complex multicellular 
development takes place in fungi. RNA-Seq data on sexual fruiting bodies started to 
accumulate from the two largest complex multicellular clades. In the Ascomycota, 
some classic model systems of sexual fruiting body development, for which RNA-
Seq data have been published, include Neurospora crassa (Lehr et al. 2014; Wang 
et al. 2014; Trail et al. 2017), Aspergillus nidulans (Han 2009), Sordaria macrospora 
(Nowrousian et al. 2010; Teichert et al. 2020) along with more recently emerging 
models such as Pyronema confluens (Traeger et al. 2013), Fusarium spp (Kim et al. 
2019) or Botrytis cinerea (Rodenburg et al. 2018). In the Agaricomycotina, the most 
researched model species are Coprinopsis cinerea (Kues 2000; Stajich et al. 2010; 
Krizsan et al. 2019) and Schizophyllum commune (Ohm et al. 2010), with fruiting 
body transcriptomes available for both (Ohm et al. 2011; Muraguchi et al. 2015; 
Almási et al. 2019; Krizsan et al. 2019). Fruiting body development of a number of 
other Agaricomycotina species has also been examined, including that of Lentinula 
edodes (Sakamoto et al. 2017), Flammulina velutipes (Park et al. 2014), among oth-
ers, to a large extent motivated by interest in informing rational strain development 
for commercially produced mushroom species.

14.3  THE GENETIC BASES OF TRANSITIONS 
TO COMPLEX MULTICELLULARITY

14.3.1  transitions to CoMplex MultiCellularity 
May not be so hard For Fungi

It has been hypothesized that complex multicellularity is rare across the tree of life 
because organisms have to overcome a significant number of genetic/physiological 
obstacles to evolve it (Knoll 2011). This is in line with complex multicellularity being 
limited to animals, plants, green and brown algae, as well as fungi. However, it 
appears that in fungi, a large number of independent complex multicellular clades 
exist, raising questions on convergent evolution and on to how complicated it might 
be for fungi to evolve complex multicellularity.

A particularly relevant group of organisms for examining this question is the 
genus Neolecta, which contains species that form yellow, tongue-like fruiting bodies 
in temperate forests. Phylogenetically, this genus is nested in the Taphrinomycotina, 
which primarily contains simplified, yeast-like or filamentous fungi, such as the fis-
sion yeast Schizosaccharomyces pombe. The genome of Neolecta irregularis has 
recently been published (Nguyen et al. 2017). This has revealed that its genome 
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contains ~5,500 genes, which is an unusually low gene count for a complex mul-
ticellular fungus (Nagy 2017). Most filamentous and complex multicellular fungal 
genomes encode on average 12,000–15,000 protein coding genes, whereas yeasts 
and yeast-like fungi have small, highly streamlined genomes, containing 5,000 to 
7,000 protein coding genes. Further evidence for the similarity between Neolecta 
and yeast genomes is that yeast genomes and that of Neolecta evolved predominantly 
by gene loss and are depleted in introns (Nguyen et al. 2017), whereas genomes of 
complex multicellular fungi did not experience massive gene loss events, are rich in 
intron/exon boundaries and are known to be alternatively spliced (Marshall et al. 
2013; Gehrmann et al. 2016).

The finding that Neolecta is able to produce complex multicellular fruiting bod-
ies suggested, first, that the gene count difference between yeast-like and complex 
multicellular fungi may not be relevant to differences in complexity level, (ii) that 
complex multicellularity can exist in organisms with highly streamlined, small 
genomes, and (iii) that, in terms of protein coding capacity, it does not require a 
lot more to build complex multicellular fruiting bodies than to build hyphae or 
yeast cells. A broader look across complex multicellular fungi revealed that there 
are several complex multicellular clades with reduced genomes, particularly in the 
Basidiomycota (Nagy 2017). Several species in the reduced-genome Puccinio- and 
Ustilaginomycotina, as well as the Tremellomycetes produce complex multicellular 
fruiting bodies. For example, the golden jelly fungus (Tremella mesenterica), which 
forms gelatinous, yellow fruiting bodies on dead branches of trees, possesses ca. 
8,000 genes and, like Neolecta, is a close relative of morphologically secondarily 
simplified yeast-like fungi, such as Cryptococcus neoformans.

The streamlined genomes and close phylogenetic affinity of certain complex 
multicellular fungi to yeast-like species, combined with the phylogenetic patchiness 
of complex multicellularity in fungi suggests that complex multicellularity might 
be easy to evolve for fungi. Given the multiple origins model of fungal complex 
multicellularity, these fruiting body-forming fungi must have evolved in the middle 
of otherwise simplified fungi that have already undergone severe genome contrac-
tions (Nagy et al. 2014). It also follows from these that the genome contractions 
that yeasts have experienced must have left much of the genetic toolkit required 
for complex multicellularity largely intact, otherwise, these complex multicellular 
fungi could not have evolved from within yeast-like clades. It may seem impera-
tive to revisit, in light of these observations, the single origin model, which could 
more logically explain how complex multicellular fungi can be nested in secondarily 
simplified clades. In that scenario, complex multicellularity would be the ances-
tral condition, which was retained by some species (Figure 14.3), whereas others 
have lost complex multicellularity (and even hyphae) and reversed to a facultatively 
unicellular lifestyle. However, species richness data and topologies of phylogenetic 
trees speak against the single origin model in both the Tremellomycetes and the 
Taphrinomycotina, where Tremella and Neolecta belong, respectively. Both clades 
are composed primarily of simple organisms, with an estimated diversity of 400 
and 200 species in the Tremellomycetes and the Taphrinomycotina, of which only 
<100 and 3 are complex multicellular, respectively. Thus, considering trait gain/loss 
at higher resolution, it becomes clear that a complex multicellular ancestry in these 
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clades would entail an excessively high number of loss events, which makes the 
single origin model even less likely.

14.3.2 repeated Co-option oF genes in CoMplex MultiCellular Fungi

As explained above, developmental transcriptomes offer a window into the genetic 
bases of the formation of complex multicellular fruiting bodies in fungi. These can 
be used to address questions about the origins of fruiting body formation as well. We 
used transcriptomes from five Asco- and four Basidiomycota species to test plausible 
models of the evolution of complex multicellularity in fungi (Merényi et al. 2020). 
More specifically, in the Ascomycota, we focused on the Pezizomycotina, whereas 
in the Basidiomycota we sampled species from the Agaricomycotina. These two sub-
phyla represent the largest complex multicellular clades in fungi and include several 
species that can complete their life cycle under laboratory conditions.

Asco- and Basidiomycota fruiting bodies show no evidence for homology, which 
could be because of independent origins, or because, after a single origin, they have 
diverged so much that traces of homology are not detectable anymore. In line with 
the lack of discernible homology, ancestral character state reconstructions unequivo-
cally supported the independent origins model, with fruiting bodies having origi-
nated independently in the most recent common ancestor of the Agaricomycotina 
and in that of the Pezizomycotina. However, phylogenetic methods have little power 
for distinguishing between potential models of trait evolution. While phylogenetic 
methods build on homology hypotheses at the phenotypic level, looking for homolo-
gies at the level of the genetic toolkit behind complex multicellularity might provide 

FIGURE 14.3 Contrasting scenarios of the multiple and single origin model describing the 
evolution of complex multicellularity in fungi. Acquisitions and losses of complex multicel-
lularity under two contrasting models are shown by green and blue squares, respectively. 
The multiple (convergent) origins model (left) requires 8–11 steps to explain the phylogenetic 
distribution of complex multicellular fungi, whereas the single origin model (right) implies a 
single origin and at least 16 losses. Pie charts mark clades containing complex multicellular 
species; solid section denotes the approximate proportion of complex multicellular species.
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a more resolved view on how complex multicellularity evolved and help the evalua-
tion of alternative models of trait evolution.

We analyzed the extent to which developmentally regulated genes were shared 
among Asco- and Basidiomycota fruiting bodies. After reanalyzing published devel-
opmental transcriptome data, we identified developmentally regulated genes, i.e., 
genes that show considerable (in this case ≥4 fold) expression dynamics throughout 
fruiting body development. Given the convergent nature of fruiting bodies in these 
clades, we expected little overlap among developmentally regulated genes. Yet, we 
identified 1,026 gene families that were developmentally regulated in ≥75% of the 
species in either the Asco-, the Basidiomycota or both. These break down to 314, 
439, and 273 families that were developmentally regulated in ≥7 of 9 species overall, 
≥3 of 4 Basidiomycota, and ≥4 of 5 Ascomycota species, respectively (Figure 14.4).

To understand the evolution of complex multicellularity at a higher resolution, we 
reconstructed the evolution of developmental gene families along the phylogeny (see 
Figure 14.4a). Of the 1,026 conserved developmental families, 297 and 169 families 
that are taxonomically restricted to the Agarico- and Pezizomycotina, respectively. 
On the other hand, 560 families predate the origin of complex multicellularity, indi-
cating that they were likely co-opted for multicellularity-related functions (Figure 
14.4b). These ancient families were significantly more often developmentally reg-
ulated in both clades than expected by chance (314 out of 560 ancient families, 
P < 10−4, permutation-test), indicating that parallel co-option of these families has 
been rampant. On the contrary, the frequency of clade-specific co-option was low, 
with only about 7.5% and 12% in the Agarico- and Pezizomycotina (42 and 67 fami-
lies). The combination of limited clade-specific co-option with rampant parallel co-
option suggests that genes with suitable biochemical properties were predominantly 
recruited into the genetic toolkit underlying fungal complex multicellularity. It is 
also consistent with the hypothesis that genes suitable for any given trait are rare and 
thus they mostly end up being recruited for convergent traits (Christin et al. 2010).

The observed evolutionary patterns of developmental gene families can be 
explained by two hypotheses. First, the simplest model of convergent evolution can 
explain gene families with clade-specific taxonomic distribution or clade-specific 
co-option. Under this scenario, complex multicellularity emerged independently 
in the Agarico- and Pezizomycotina and different genes evolved de novo, or were 
co-opted into the genetic toolkit. Similarly, shared developmentally regulated gene 
families could have been parallelly co-opted for complex multicellularity in the 
Agarico- and Pezizomycotina. However, this assumes a large number of parallel 
co-option events. As a more parsimonious explanation, these families could also 
encode functions that the Dikarya ancestor possessed and that were integrated into 
complex multicellular fruiting bodies of the Agarico- and Pezizomycotina as single 
units or developmental modules. This scenario does not assume independent co-
option events for each of those genes and is thus more parsimonious, from a purely 
phylogenetic perspective, than a simple model that assumes convergence at all levels. 
Processes related to sexual spore formation represent probable candidates for such 
functions: they are conserved in sporulating tissues across fungi, and fruiting bodies 
evolved to provide a protected environment to sporulating tissues. As a consequence, 
genes associated with spore formation show expression peaks within fruiting bodies 
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FIGURE 14.4 Phylogenetic relationships of complex multicellularity (a) and the fate of con-
served developmentally regulated gene families (b). (a) two independent clades of complex 
multicellular species are marked, and typical fruiting body morphologies are shown. Pie 
charts at nodes indicate the ancestral states inferred by Maximum Likelihood (proportional 
likelihoods of complex multicellular [red] and non-complex multicellular [black]). Complex 
multicellular species are shown by boldface font. (b) developmentally regulated gene families 
grouped by evolutionary conservation and history. Adapted from Merenyi et al. (2020).
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and will show up among the developmentally regulated genes we identified. There 
are other plesiomorphic functions that may have been present in the last common 
ancestor of the Agarico- and Pezizomycotina, such as adhesion or defense-related 
gene families that may have proven useful for complex multicellularity, explaining 
their parallel co-option.

14.3.3 plausible genetiC Models For phylogenetiCally patChy traits

Complex multicellularity in fungi is a typical phylogenetically patchy trait: it occurs 
in disparate clades across the tree, yet certain components of its genetic bases show 
homologies across independent occurrences. Such traits are not uncommon in biol-
ogy. For example, the formation of nodules that harbor nitrogen-fixing bacteria 
occurs in several clades of leguminous plants and its phylogenetic distribution sug-
gests convergent origins. Yet, nodule development shares a surprisingly high frac-
tion of its genetic components across clades (van Velzen et al. 2018). Griesmann 
et al addressed the origins of root nodule symbiosis with nitrogen-fixing bacteria 
using a broad sampling of plant genomes (Griesmann et al. 2018) and found that, 
although the NODULE INCEPTION (NIN) gene, which is a key regulator of nodule 
development, was shared across a wide phylogenetic spectrum of plants and was 
lost repeatedly in multiple non-nodulating leguminous plants, its conservation can’t 
explain the convergent origins of nodule formation in plants.

Traits with patchy phylogenetic distributions pose a challenge for evolutionary 
biologists to explain. They often display homologies in terms of genetic composi-
tion, in conflict with the classic model of convergent evolution, which implies that 
traits arose independently via different genetic changes to non-homologous genetic 
precursors (Figure 14.5). On the other hand, their patchiness across the phyloge-
netic tree speaks against homology because explaining their contemporary distri-
bution on the tree would require an excessive number of gene losses to be assumed 
(cf. Figure 14.3).

Intermediate models that incorporate elements of both homology and indepen-
dent origins have been proposed recently (Figure 14.5/b–c). The latent homology 
model posits that precursor traits underlie several phylogenetically patchy or con-
vergent characters (Nagy et al. 2014; Nagy 2018). Precursors are traits that have 
been in place in the common ancestors of species that show the trait and were 
convergently modified, resulting in the repeated emergence of the patchy trait. 
Such conserved precursor traits can underlie the convergent emergence of new 
traits if they can easily be co-opted for new functions by simple genetic changes. 
Such changes could include but are not limited to, tweaks to the regulation of 
the precursor, which results in its expression in a new context. For example, a 
few mutations affecting the regulation of a master regulator that orchestrates the 
expression of an entire developmental module should be sufficient to cause the 
expression of this module in a new context. Precursor traits could be developmen-
tal modules, gene regulatory circuits or other modular gene assemblages, among 
others, that are mutationally accessible for being deployed for a new function. 
Thus, latent homologies can reduce the mutational target size for evolution, by 
providing ready access for evolution to new cellular outputs via a few mutations. 
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This increases the likelihood of convergence and makes convergent scenarios 
more parsimonious than if we had to assume convergent or parallel mutations to 
each of the member genes in that module. Examples where a genetic module is 
only a few mutations away from being expressed in a new context are abundant in 
the literature, and there is a documented history of such traits in developmental 
biology (Carroll 2008); however, how frequently such cases underlie convergent 
traits has not been explored yet. This way, latent homologies can increase the 
likelihood of convergent evolution without assuming highly unparsimonious evo-
lutionary scenarios.

The latent homology model was first proposed to explain the convergent evolution 
of yeasts and yeast-like fungi (Nagy et al. 2014). As explained above, yeast-like fungi 
are secondarily and facultatively unicellular organisms that spend much of their life 
cycle in a unicellular form. They emerged independently in fungi several times and 
include some of the most important human pathogens. They evolved presumably as 
adaptations to liquid niches, such as nectars, insect intestinal tracts, or other habi-
tats rich in simple sugars. Based on the phylogenetically widespread occurrence of 

FIGURE 14.5 Models of trait evolution. The simplest models include a single origin fol-
lowed by divergence (a). Traits share deep homology if divergence blurs similarity and com-
mon origins completely (b). Phylogenetically patchy traits can evolve convergently, building 
on non-homologous genetic bases (d) or via latent homologies (c) where similar function 
arises convergently by independent co-option of the homologous genes or genetic modules for 
the same, new function. Black arrows mark the origin of similar traits.
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yeast-like fungi, we suggested that some part of the genetic toolkit for yeast-like 
growth, the putative precursor trait, is ancient and conserved in fungi. In support of 
this hypothesis, we reconstructed convergent changes in transcription factor fami-
lies along stem branches leading to yeast-like clades (Nagy et al 2014). Although 
the identity of the precursor trait remains unknown, the latent homology model can 
explain how the yeast morphology may have evolved repeatedly at various phyloge-
netic depths and clades and why the morphology of yeast-like fungi shows surpris-
ingly high similarity across clades.

In light of these considerations, it is imperative to examine if precursor traits 
might underlie the convergent evolution of complex multicellularity as well in 
fungi. The presence of such precursor traits in non-complex multicellular ancestors 
would have predisposed lineages for evolving complex multicellularity by provid-
ing stepping stones for evolution, leading to a higher likelihood of phenotypic con-
vergence and explaining why complex multicellularity is so common across fungi. 
To understand if any functions and which might have served as precursors to com-
plex multicellularity, we looked at the genetic makeup of the last common ancestor 
of the Agarico- and Pezizomycotina. Although this ancestral species most likely 
did not have fruiting bodies, we reasoned that its ancestral genome composition 
could shed light on whether predisposition by precursor traits provides a plausible 
hypothesis for the evolution of complex multicellularity in fungi. We reconstructed 
989 genes in the 314 shared developmental families (Figure 14.4) of the Dikarya 
ancestor, which showed an enrichment of genes related to several multicellular 
and developmental functions of fungi (see Merényi et al. 2020), reminiscent of 
general functions required for fungal development. These include gene regulatory 
circuits related to sexual reproduction, mating partner recognition, light, nutrient 
and starvation sensing, fungal cell wall synthesis and modification, cell-to-cell 
signaling, and morphogenesis. It also includes genetic circuits related to adhesion 
and cell-differentiation-related genes that are used by non-complex multicellular 
fungi for pathogenicity or asexual reproduction, although the hypothesis that these 
were precursors to adhesion and cell differentiation in complex multicellular fruit-
ing bodies remains challenging to test experimentally.

Taken together, the patchy phylogenetic distribution of complex multicellularity 
makes the fungal kingdom an oddball in the history of the evolution of multicel-
lularity. This patchiness manifests in morphologically diverse fruiting bodies and 
other structures and led to the formulation of a range of genetic and evolutionary 
hypotheses. Addressing these from a mechanistic standpoint will require further 
research and the integration of suitable model systems with genetic, evo-devo and 
-omics techniques, all of which, fortunately, are at the disposal of fungal evolution-
ary biologists and just need to be combined in effective ways to understand one (or 
many?) of the most spectacular transitions in evolution.
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15.1 INTRODUCTION

The term ‘algae’ is generally used to group together all photosynthetic eukaryotes 
with the exception of land plants. The algae are therefore a highly polyphyletic group 
that includes organisms from many of the major eukaryotic lineages (Figure 15.1). The 
broad phylogenetic distribution of these organisms is explained by the evolutionary 
history of their photosynthetic organelles (plastids). With only one known exception 
(Marin et al., 2005), these organelles are all thought to be derived from a cyanobac-
terium captured by an ancestor of the Archaeplastida (the lineage that includes green 
and red algae; Figure 15.1; Keeling, 2013). Following this primary endosymbiosis, 
plastids were subsequently acquired by organisms in other eukaryotic supergroups 
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FIGURE 15.1 Schematic view of the eukaryotic tree of life and multicellular and morphologi-
cal complexity in the brown, red and green algal lineages. The eukaryotic tree (adapted from 
Burki et al., 2020) is based on a consensus of recent phylogenomic studies. Broken lines indicate 
uncertainty about the monophyly of certain groups. Colored arrows indicate plastid endosymbio-
sis events (Bodył, 2018; Keeling, 2013). The blue arrow indicates the primary plastid endosym-
biosis event that occurred in a common ancestor of glaucophytes, red (Rhodophyta) and green 
(Viridiplantae) algae. Red or green arrows indicate plastids acquired by endosymbiosis from algae 
of the red or green lineages, respectively. Note that these acquisitions could have been direct via 
a secondary endosymbiosis or indirect, involving two or more transfers of plastids between hosts 
(tertiary or quaternary endosymbioses). Note also that the presence of a colored arrow does not 
necessarily indicate that all the members of the lineage corresponding to that branch of the tree 
acquired a plastid. The simplified trees for the three major algal lineages are based on Leliaert 
et al. (2012) and De Clerck et al. (2012) for the green algae, Qiu et al. (2016) for the red algae 
and Silberfeld et al. (2014), Kawai et al. (2015) and Bringloe et al. (2020) for the brown algae. 
Only the brown algae, together with their sister clade, the Schizocladiophyceae, are shown for 
the Stramenopila.
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over the course of evolution via secondary endosymbiosis events involving capture of 
red or green algae and integration of their plastid systems into the machinery of the 
host cell (Keeling, 2013). It was these events, which presumably involved unicellular 
ancestors in each lineage, that led to the very broad distribution of algae across the 
eukaryotic supergroups. For many of the lineages, the extant species are still unicel-
lular (glaucophytes, dinoflagellates, chlorarachnids, euglenids, cryptophytes, hapto-
phytes). In other lineages, different levels of multicellularity have evolved, ranging 
from the formation of simple colonial chains or clusters of cells (e.g., some diatom 
species) to the emergence of large, complex multicellular organisms with differenti-
ated organs and multiple cell types (brown, red and green macroalgae; Figure 15.1).

This chapter will focus on the three macroalgal lineages, which are the algal 
groups that exhibit the highest level of multicellularity and are the only algal groups 
that are considered to have made the transition from simple multicellularity to com-
plex multicellular body plans (along with the animals, land plants and fungi; Cock 
et al., 2010; Cock and Collén, 2015; Knoll, 2011). The chapter will describe what 
is known about developmental events in each lineage and will discuss the develop-
mental features of each group that are currently under investigation in relation to the 
evolution of multicellularity.

15.2 GREEN ALGAE

The green algae and the land plants compose the green lineage (Viridiplantae), one 
of the major groups of oxygenic photosynthetic eukaryotes. Current hypotheses 
propose early divergence of two discrete clades from an ancestral green flagellate 
organism. One clade comprises the chlorophytes. The other clade, the streptophytes, 
includes the charophyte green algae from which the land plants evolved (Leliaert 
et al., 2012). Multicellular taxa have repeatedly evolved in the green algae, as well 
as macroscopically complex unicellular forms that show many of the features that 
are emblematic of multicellularity. We will focus here on two multicellular groups of 
chlorophytes, the volvocines and ulvophytes, whilst charophyte algae will be treated 
in another Chapter 16.

The chlorophytes diverged from the streptophytes approximately 900-1000 
MYA (Bhattacharya et al., 2009; Hedges et al., 2004). Ancestral green algal spe-
cies were probably small unicellular marine biflagellates (Leliaert et al., 2012) and 
this form is still prevalent among modern aquatic algae, such as the well-studied 
unicellular, biflagellate alga Chlamydomonas reinhardtii. Of the four classes of 
chlorophyte, three (Chlorophyceae, Trebouxiophyceae, and Ulvophyceae) include 
members that are multicellular during at least part of their life cycle. Transitions to 
multicellularity or macroscopic forms occurred several times independently (Lewis 
and McCourt, 2004; Mattox and Stewart, 1984; Chapter 9). These transitions gave 
rise to an exceptional range of morphological patterns, from relatively large algae 
(up to 1 m) with complex tissues and organs to several species that form small 
motile multicellular colonies (Van den Hoek, Mann and Jahns, 1995; Lewis and 
McCourt, 2004) (Figures 15.1 and 15.2).

In multicellular green algae, cells are connected by adhesives to maintain a coher-
ent, physically attached body. Cells may also communicate through plasmodesmata, 
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which ensure a supra-cellular organization at the level of the whole organism (Raven, 
1997). Some multicellular green algae, however, are merely unconnected groups of 
cells embedded in an extracellular matrix, and the form of the alga can be extremely 
variable, from simple unbranched filamentous forms to organisms with, for example, 
highly branched thalli or leaf-like blades. Note that complex and macroscopic unicel-
lular organization is found in giant unicellular algae (e.g. Acetabularia) that possess 
a single nucleus (siphonous), but also in coenocytic algae where large single cells 
contain several nuclei within a common cytoplasm (reviewed in Leliaert et al., 2012). 

FIGURE 15.2 Schema indicating different degrees of developmental complexity in volvocine 
algae, from C. reinhardtii to V. carteri. Different shades of green represent different cell types.
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Although these organisms are not ‘multicellular’, they possess remarkable structures 
with specialized sub-domains. For example, Caulerpa has different ‘tissues’ that 
resemble roots, stems and leaves (Jacobs, 1970). Some green algae may also be both 
multicellular and coenocytic (siphonocladous) because they are composed of mul-
tiple cells, each of which contains multiple nuclei (e.g., Cladophora).

In the next sections, we will discuss both established and emerging model green 
algae and describe how these models are being used to explore the mechanisms 
underlying cell differentiation and the emergence of complex multicellular develop-
mental patterns.

15.2.1 VolVoCine algae (ChlorophyCeae)

The volvocine algae, in the order Volvocales, are a monophyletic group of chloro-
phyceae algae that together form a fascinating study set for the emergence of mul-
ticellularity and evolution of developmental complexity. They include a series of 
species exhibiting increasing levels of cell-type specialization and developmental 
complexity, from unicellular forms such as Chlamydomonas, through multicellular 
groups with undifferentiated cells (e.g., Gonium and Eudorina) to relatively complex 
multicellular individuals that may have one (e.g., Pleodorina) or two (Volvox) spe-
cialized cell types.

The Volvocales include experimentally tractable model-systems for which a range 
of molecular tools are available (Merchant et al., 2007; Prochnik et al., 2010; Umen 
and Olson 2012; Umen, 2020). The genomes of three species that represent a broad 
range of developmental complexity —Tetrabaena socialis, Gonium pectorale, and 
Volvox carteri, together with the genome of a unicellular close relative, C. rein-
hardtii, have been sequenced and compared (Featherston et al., 2018; Hanschen 
et al., 2016; Merchant et al., 2007; Prochnik et al., 2010). Analysis of these genomes 
has revealed that, although the four species exhibit contrasting levels of morphologi-
cal complexity, their genomes are relatively similar with the notable exception of the 
expansion of gene families involved in extracellular matrix (ECM) formation and 
cell-cycle regulation (Featherston et al., 2018; Hanschen et al., 2016; Prochnik et al., 
2010). These comparative genomic analyses, together with classical genetic studies, 
have shed light on the mechanisms underlying the stepwise progression of increasing 
cell number, colony size and degree of cell-type specialization. Specifically for V. 
carteri, genetic screens have been a powerful tool in revealing the molecular path-
ways involved in developmental and morphological traits (e.g., Kirk, 1998, 2001).

The evolution of multicellularity in the Volvocales is thought to have involved 
a series of 12 specific innovations (Kirk, 2005; Umen, 2014). These innovations 
include, for example, genetic modulation of the number of cells per individual and 
modifications to the cell cycle program (Kirk, 1998, 2005; Umen and Olson, 2012). 
C. reinhardtii cells can divide as soon as they double in size, whereas cells in colo-
nial species must grow to a specific size between reproductive cycles so that entire 
new colonies can be formed with the appropriate number of cells. In C. reinhardtii, 
the retinoblastoma (Rb) tumor suppressor pathway has been shown to control cell 
size and the number of cell divisions a cell undergoes before the daughter cells sepa-
rate (Fang et al., 2006; Umen and Goodenough, 2001). It is thought that the Rb 
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pathway may have been modified in colonial species to increase the minimum size 
threshold at which division can occur.

Another important feature of the evolution of multicellularity in this group is the 
transformation of the cell wall into an ECM and ECM expansion and complexifica-
tion. For example, the walls of individual Gonium cells have an additional outer 
layer, compared to those of C. reinhardtii, that maintains colony cohesion (Nozaki, 
1990). The more complex, spheroidal species Pandorina, Eudorina, Pleodorina, 
and Volvox also have expanded ECMs and additional modifications of this structure 
in these species include the formation of a colony boundary layer.

One of the best-studied innovations during the transition to multicellularity in the 
volvocines is the differentiation of germ and somatic cell lineages that is observed 
in the genera Pleodorina and Volvox. In V. carteri, germ-soma differentiation takes 
place after completion of embryonic cell division. Germ versus soma cell fate is 
established solely based on cell size and not by inheritance of cytoplasmic cell fate 
factors (Kirk et al., 1993). The nature of the cell size signal is unknown but it may 
be linked to the Rb pathway, which has a role in cell size control in C. reinhardtii 
(Fang et al., 2006; see above). Somatic cell fate determination involves differential 
expression of a master regulatory gene (somatic regenerator, RegA), which is thought 
to encode a transcriptional repressor of genes for growth and reproduction. Mutation 
of this gene results in somatic cells regaining reproductive capability (Kirk et al., 
1999; Stark et al., 2001). RegA expression is restricted to somatic cells and its mRNA 
is first detectable shortly after embryogenesis is completed (Kirk et al., 1999). RegA 
belongs to a family of VARL (Volvocine algae RegA-like) proteins with 14 members 
in V. carteri and 12 in C. reinhardtii (Duncan et al., 2007). The closest homolog of 
RegA in C. reinhardtii is RLS1, and its expression is induced under nutrient and light 
limitation and during stationary phase (Nedelcu, 2009; Nedelcu and Michod, 2006). 
Based on these observations, it has been hypothesized that the evolution of somatic 
cells in V. carteri involved the co-option of an ancestral environmentally-induced 
RLS1-like gene by switching its regulation from a temporal/environmental to a spa-
tial/developmental context.

Recent comparative transcriptomic approaches indicated that V. carteri ortho-
logs of genes that are diurnally controlled in C. reinhardtii exhibit a strongly parti-
tioned pattern of expression, with expression of dark-phase genes overrepresented in 
somatic cells and light-phase genes overrepresented in the gonidial cells of the germ 
cell lineage (Matt and Umen, 2018). This observation further supports the idea that 
cell-type programs in V. carteri arose by co-option of temporally or environmentally 
controlled genes from a unicellular ancestor that came under cell-type control in the 
V. carteri lineage.

The idea that large-scale changes in gene expression underlie the transition to a 
multicellular life cycle is further supported by experimental evolution approaches. 
Herron and colleagues used experimentally evolved C. reinhardtii to explore the 
genetics underlying a de novo origin of multicellularity. They identified changes in 
gene structure and expression that distinguish an evolved ‘multicellular’ clone from 
its unicellular ancestor. Among these, changes to genes involved in cell cycle and 
reproductive processes were overrepresented, supporting previous indications from 
genetic screens (see above; Herron et al., 2018). Isolation of new regulatory loci using 
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genetic screens and further investigation of V. carteri and C. reinhardtii mutants 
will help to clarify the origins of cell-type specification in this lineage and to further 
deepen our understanding of how multicellularity emerged.

15.2.2 ulVophyCeae

The Ulvophyceae, or green seaweeds, represent an independent emergence of a mac-
roscopic plant-like vegetative body. Members of the class Ulvophyceae display a fas-
cinating morphological and cytological diversity, including multicellular organisms 
such as the sea lettuce Ulva but also species with macroscopic siphonous coenocytes 
(Figure 15.1).

Despite the interest of this group of green algae with regard to the transition 
to multicellular development and the evolution of the cytomorphological diversity, 
genomic resources for the Ulvophyceae have remained relatively scarce, except for a 
transcriptomic study of U. linza (Zhang et al., 2012), a description of the mating-type 
locus of U. partita (Yamazaki et al., 2017) and a study of the distribution of tran-
scripts in the thallus of the siphonous green seaweed Caulerpa (Ranjan et al., 2015).

This situation is changing rapidly with the emergence of Ulva sp. as an exciting 
novel model organism for studies of green algal growth, development and morpho-
genesis as well as mutualistic interactions (Wichard et al., 2015). Several interesting 
aspects of Ulva biology, including cell cycle, cytology, life-cycle transition, induction 
of spore and gamete formation, and bacterial-controlled morphogenesis, have been 
studied in detail (reviewed in Wichard et al., 2015). The Ulva thallus has a relatively 
simple multicellular organization, with small uninucleate cells and a limited number 
of cell types. In natural environments, Ulva may exhibit two morphological patterns: 
either flattened blades that are two-cells thick or thalli that develop as tubes that are 
one-cell thick (Figure 15.3). These morphologies require the presence of symbiotic 
bacteria, without which only slow-growing, undifferentiated ‘callus-like colonies’ 
develop (Spoerner et al., 2012; Stratmann et al., 1996). The growth, cell differentia-
tion and morphogenesis of Ulva depend on interactions with specific bacteria and 
the chemical mediators these bacteria produce, in particular the compound thalusin 

FIGURE 15.3 Alternative morphological patterns in Ulva spp. Thalli either develop as 
tubes (A) or as flattened blades (B).
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(Egan et al., 2013; Goecke et al., 2010; Wichard et al., 2015). The possibility of trig-
gering morphogenesis by adding an engineered microbiome (Wichard et al., 2015) 
or a compound produced by these microbes is a major asset that may allow insights 
to be gained into molecular events during cellular differentiation. Therefore, Ulva is 
being increasingly used as a model organism for investigating morphogenesis (De 
Clerck et al., 2018; Wichard et al., 2015).

The first whole-genome sequence of an Ulva species, U. mutabilis, has recently 
opened new opportunities for the study of the emergence of multicellularity in the 
green lineage (De Clerck et al., 2018). Remarkably, analysis of the U. mutabilis 
genome has detected loss of genes that encode components of the retinoblastoma 
(RB)/E2F pathway and associated D-type cyclins. Comparative genomic studies of 
volvocine algae have revealed that the co-option of the RB cell-cycle pathway is 
key to the emergence of multicellularity in this lineage (see above). It appears there-
fore that the paths towards multicellularity in U. mutabilis and in volvocines pro-
gressed through different routes. Parallels can however still be drawn between ECM 
gene family expansions in the volvocine algae and the diversity of protein domains 
associated with the ECM in U. mutabilis relative to closely related unicellular taxa, 
especially given the proposed role of expanded volvocine ECM gene families in 
environmental signaling (De Clerck et al., 2018).

15.3 RED ALGAE

The red algae (Rhodophyta) are an ecologically important group of organisms, 
dominating many coastal environments, and are also of economic interest as a 
source of food and industrial colloids. They are a sister group to the green lineage 
(Viridiplantae) and acquired their plastids via the same primary endosymbiosis 
(Figure 15.1; Keeling, 2013). From an evolutionary point of view, red algae are also 
important because they donated plastids to several other eukaryotic supergroups via 
secondary endosymbioses (Figure 15.1; Keeling, 2013). Fossil evidence indicates 
that the red algae were the first eukaryotic lineage to evolve complex multicellular-
ity, as early as 1600 Mya (Bengtson et al., 2017; Butterfield, 2000). Extant red algae 
exhibit a broad range of complexity, including species that are unicellular, colonial, 
grow as simple filaments or that form large, foliose thalli (Cock and Collén, 2015; 
Waaland, 1990). The latter can be either pseudoparenchymatous (made up of amal-
gamated filaments) or parenchymatous (true tissues formed by three-dimensional 
cell divisions). The larger multicellular red algae can possess several types of organs, 
including stems, holdfasts, bladders and bladelike fronds and can reach lengths of 
up to three meters. However, even the largest red algae exhibit significantly less 
morphological and cellular complexity than the most complex representatives of the 
brown algae.

In the 1970s and 1980s, genetic approaches were applied to the red algae with the 
objective, in part, of studying multicellular development. Red algal morphological 
mutants were isolated and analyzed genetically, but these studies did not go as far as 
identifying the underlying genetic loci (van der Meer et al., 1990). Mutant analyses 
did however provide some insights into developmental processes at the cellular level. 
For example, in several members of the Bangiales, meiosis coincides with the first 
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cell divisions of the gametophyte resulting in chimeric individuals descended from 
all four meiotic products. Using color mutants, this phenomenon was exploited to 
study cell lineage patterns in the developing gametophyte (Mitman and Meer, 1994; 
Niwa, 2010).

Interest in red algal multicellular development has been revived recently as genome 
data has become available for this lineage. Complete genome sequences, with varying 
qualities of assembly, have currently been reported for 11 red algal species, including 
eight multicellular taxa (Table 15.1). Comparison of these assemblies indicates that 
multicellular species tend to have larger genomes than unicellular species (50–100 
Mbp compared with 16–20 Mbp; Table 15.1), a trend that has been observed in other 
multicellular lineages. It has been proposed that expansion of the genomes of mul-
ticellular organisms occurs due to a weakening of purifying selection as a result of 
reduced effective population sizes (Lynch and Conery, 2003). Genome expansion in 
multicellular red algae appears to have occurred principally as a result of the prolif-
eration of transposable elements (Table 15.1) rather than by polyploidization (Collén 
et al., 2013; Lee et al., 2018). Collén et al. (2013) have proposed a general scenario for 
genome evolution in the red algae in which there was a marked reduction in genome 
size during the early evolution of the lineage, followed by genome expansion associ-
ated with the transition to multicellularity. The genomes of multicellular red algae 
have been analyzed for features that may be related to the transition to multicellular-
ity, such as gene family expansions and the composition of signaling gene families 
including transcription factors (Brawley et al., 2017; Collén et al., 2013). Interestingly, 
it has been suggested that the constricted repertoire of cytoskeleton genes in red 
algae may have prevented the lineage from evolving highly complex multicellular 
body plans because of limitations on cell size and complexity (Brawley et al., 2017). 

TABLE 15.1
Red Algal Genome Assemblies

Species
Multicellular 
or Unicellular

Genome 
Size (Mbp)

Repeat 
Sequences Reference

Chondrus crispus Multicellular 104.8 59% (Collén et al., 2013)

Calliarthron tuberculosum Multicellular (51.1)* nd (Chan et al., 2011)

Gracilariopsis chorda Multicellular 92.1 61% (Lee et al., 2018)

Gracilariopsis lemaneiformis Multicellular 81.2 55% (Zhou et al., 2013)

Gracilaria changii Multicellular (35.8)* nd (Ho et al., 2018)

Porphyra umbilicalis Multicellular 87.7 43% (Brawley et al., 2017)

Pyropia yezoensis Multicellular (43.0)* nd (Nakamura et al., 2013)

Pyropia yezoensis Multicellular 108 48% (Wang et al., 2020)

Pyropia haitanensis Multicellular 53.3 24% (Cao et al., 2020)

Cyanidioschyzon merolae Unicellular 16.5 20% (Matsuzaki et al., 2004)

Galdieria sulphuraria Unicellular 13.7 16% (Schönknecht et al., 2013)

Porphyridium purpureum Unicellular 19.7 4% (Bhattacharya et al., 2013)

* Draft genomes and therefore probably incomplete assemblies. nd, not determined.
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Genomic data, together with transcriptomics, is also being used to identify potential 
key developmental genes. For example, a recent study showed that a three amino acid 
loop extension homeodomain transcription factor (TALE HD TF) was upregulated in 
the conchosporangium of Pyropia yezoensis, suggesting a possible role in the regula-
tion of life-cycle-related developmental processes (Mikami et al., 2019).

From an evolutionary point of view, it would clearly be of interest to have a deeper 
understanding of multicellular development in the red algae. Genome sequencing 
has provided the necessary gene catalogs on which to build such analyses but genetic 
tools are also required to directly investigate gene function. Another key factor is 
likely to be the selection of a model species and focusing of effort across the red algal 
community on that species. Pyropia yezoensis (then Porphyra yezoensis) was pro-
posed as a model several years ago (Waaland et al., 2004) and this species remains a 
strong candidate, but other species should also be considered.

15.4 BROWN ALGAE

The brown algae (Phaeophyceae) are part of the stramenopile (or heterokont) super-
group (Figure 15.1), which also includes diatoms and oomycetes. Brown seaweeds 
have therefore had a very different evolutionary history to the green and red algae, 
having diverged from the Archaeplastida lineage (i.e., Glaucophyta, Viridiplantae 
and Rhodophyta) at the time of the eukaryotic crown radiation. The photosynthetic 
stramenopiles (ochrophytes) acquired their plastid via a secondary endosymbiosis 
involving a red alga (Figure 15.1; Keeling, 2013).

All brown algae are multicellular but they exhibit a broad range of complexities, 
from simple filamentous species to large complex organisms with distinct, parenchy-
matous tissues and organs (Charrier et al., 2012). Kelps of the order Laminariales, for 
example, rival land plants in their complexity, with well-defined organs such as the 
holdfast, which anchors the alga to its substratum, the stipe, which serves a similar 
function to a land plant stem, and the frond, which represents the main photosyn-
thetic surface, equivalent to land plant leaves. Each of these structures is composed 
of several cell types, including epidermal structures, cortical tissues and other spe-
cialized cells. Of particular interest are the trumpet hyphal cells, which represent 
a primitive vascular system. Macrocystis pyrifera (giant kelp) is often cited as an 
example of the level of multicellular complexity that has been attained by the brown 
algae. This kelp can grow up to lengths of 50 meters and therefore represents one of 
the largest organisms on the planet.

Stramenopiles other than the brown algae are all unicellular or filamentous organ-
isms, including the stramenopile taxa closest to the brown algae, the filamentous alga 
Schizocladia. Moreover, the thalli of the most basal group within the brown algae, 
the Discosporangiales, also consist of uniseriate filaments (chains of single cells) 
whereas the most complex brown algae tend to belong to recently evolved taxa such 
as the Laminariales or the Fucales. These observations suggest a gradual acquisition 
of multicellular complexity during the evolution of the brown algae. However, while 
this conclusion is probably correct overall, a closer look at the phylogeny indicates 
a slightly more complex story because, for example, some recently evolved groups 
such as the Ectocarpales exhibit quite simple filamentous morphologies and some 
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basal groups, such as the Dictyotales, have more complex features. These observa-
tions suggest that there has either been independent, parallel evolution of complex 
features in different brown algal groups or that orders such as the Ectocarpales have 
experienced some loss of complexity over evolutionary time.

The following sections will discuss how model organisms have been used and are 
being used to investigate developmental processes in the brown algae.

15.4.1 Fucus and Dictyota

Fucoids are a group of brown algae that has attained a high level of multicellular 
complexity in terms of number of cell types and developmental complexity of tissues 
and organs (Figure 15.1). They are also the only brown algal group that has evolved 
diploid life cycles, where the gametophyte stage is inexistent, their life cycle resem-
bling that of an animal (Heesch et al., 2019) (Figure 15.4).

FIGURE 15.4 Schematic representation of the different types of sexual systems in the 
brown algae. The diversity of sexual systems include haploid or diploid sex determination, 
each associated with either co-sexuality (monoicy, monoecy) or separate sexes (dioicy, dio-
ecy). Sex chromosomes are represented in the scheme as grey bars with the non-recombining 
region highlighted in dark grey. Note that some species have a large sexual dimorphism in 
terms of gamete size (oogamy, e.g., Fucus spp.) or a subtle difference in terms of male versus 
female gamete size (near-isogamy, e.g., Ectocarpus).



312 The Evolution of Multicellularity

Brown algal zygotes and embryos have served as a system to explore early devel-
opmental events, such as polarity and asymmetric cell division because fertiliza-
tion is external and embryos develop free from maternal tissue. This feature allows 
access to the cellular events underlying polarization, the first cell division and cell 
fate determination. Accordingly, Fucus zygotes and embryos have been employed 
to study polarity and asymmetry during early embryo development (reviewed in 
Brownlee et al., 2001). The initial asymmetric cell division produces two cells – a 
rhizoid and a thallus cell – with distinct morphologies and fates. The rhizoid cell 
generates the holdfast which will attach the alga to substrates, whereas the thallus 
cell will give rise to the stipe and the rest of the algal body (fronds, air bladders, 
and reproductive structures in Fucus). Fucoid eggs possess no intrinsic polarity and 
no cell wall. After fertilization, zygotes synthesize a cell wall within minutes and 
become polarized in response to external vectors, most frequently unilateral light. 
Photopolarization and germination are followed by the asymmetric division of the 
zygote, with subsequent divisions occurring in a highly ordered, spatial, and tempo-
ral pattern (Brownlee and Bouget, 1998). The cell wall was identified as a source of 
position-dependent information required for polarization and fate determination in 
the zygote and 2-celled embryo (Berger et al., 1994). Regeneration is regulated in a 
position-dependent manner and is strongly influenced by intercellular communica-
tion, likely involving transport or diffusion of inhibitory signals which appear to be 
essential for regulation of cell fate decisions (Bouget et al., 1998). Apoplastic diffus-
ible gradients of unknown nature were proposed to be involved in pattern formation 
in the multicellular embryo (Bouget et al., 1998).

While a large amount of work has been done in the cell biology mechanisms 
underlying asymmetrical cell division, we still know very little about the molecular 
mechanisms that drive cell fate determination in fucoid algae, mostly because there 
are very few molecular tools developed for this group of organisms. Injection of 
double-stranded RNA has been shown to provide a potential means to knockdown 
gene expression by RNA interference but no stable transformation system has been 
described yet. Classical genetic approaches are not feasible due to the slow growth 
rate and long life cycle.

A more recent model for cell fate determination and evolution of multicellular-
ity is the brown alga Dictyota dichotoma (Bogaert et al., 2020; Coelho and Cock, 
2020). In contrast to the situation for Fucus, the life cycle of D. dichotoma can be 
completed under laboratory conditions, opening the possibility of applying classical 
genetic approaches (Bogaert et al., 2016). As in other brown algae, the establishment 
of the apical-basal multicellular pattern is achieved through an initial asymmetric 
cell division (Bogaert et al., 2017; De Smet and Beeckman, 2011; Peters et al., 2008) 
and recent studies have indicated a potential role for auxin in patterning multicel-
lular development in D. dichotoma (Bogaert et al., 2019).

15.4.2 ectocarpus

Both Fucus and D. dichotoma have provided important insights into the cellular 
events during early embryogenesis but neither model is currently adapted to the 
analysis of the molecular events underlying developmental processes. This situation 
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may change for D. dichotoma in the future as the life cycle of this species can be 
completed in the laboratory (see above), but this is not the case for Fucus. Currently, 
the most powerful model system for exploring developmental processes in the brown 
algae at the molecular level is the filamentous alga Ectocarpus (Coelho et al., 2020; 
Coelho and Cock, 2020). As a filamentous alga, this species does not exhibit the same 
level of developmental complexity as the kelps, for example, but the Ectocarpales are 
a sister order to the Laminariales (kelps) and the genetic systems that control devel-
opmental processes are expected to be conserved between the two taxa.

Ectocarpus was proposed as a general model system several years ago (Peters 
et al., 2004) based on its potential for genetic and genomic analyses. Ectocarpus 
cultures can be easily maintained in the laboratory and earlier work, principally by 
Dieter Müller and colleagues at Konstanz University in Germany, had shown that 
genetic approaches could be successfully applied to this organism (e.g., Müller, 
1964; Müller and Eichenberger, 1997). Since 2004, a broad range of tools has been 
developed for Ectocarpus (Coelho et al., 2020; Coelho and Cock, 2020) including 
notably a high-quality genome assembly (Cock et al., 2010; Cormier et al., 2017). 
These tools are currently being employed to investigate the genetic basis of devel-
opmental processes with the objective of comparing developmental programs in 
brown algae with those of other eukaryotic lineages that have evolved complex 
multicellularity.

Analysis of the Ectocarpus genome sequence, which was the first macroalgal 
genome to be described (Cock et al., 2010), allowed the identification of a number 
of genomic features that may be related to the evolution of multicellularity in the 
brown algal lineage. These included structural features, such as the presence of a 
considerable amount of repeated sequence and large numbers of introns, but also 
the identification of genes that may be important for the regulation of developmental 
processes, such as transcription factors, ion channels and microRNAs (Cock et al., 
2010; Cock and Collén, 2015; Tarver et al., 2015). Interestingly, genome analysis 
revealed that the brown algae independently evolved membrane-localized receptor 
kinases, a feature they share with two other complex multicellular lineages: animals 
and land plants (Cock et al., 2010). An additional four complete brown algal genome 
sequences have been reported since the publication of the Ectocarpus genome, 
allowing these analyses to be extended to other brown algal species (Table 15.2).

TABLE 15.2
Brown Algal Genome Assemblies

Species
Multicellular 
or Unicellular

Genome 
Size (Mbp)

Repeat 
Sequences Reference

Ectocarpus sp. Multicellular 214 22.7% (Cormier et al., 2017)

Cladosiphon okamuranus Multicellular 140 4.1% (Nishitsuji et al., 2016)

Nemacystus decipiens Multicellular 154 8.8% (Nishitsuji et al., 2019)

Saccharina japonica Multicellular 537 40% (Ye et al., 2015)

Undaria pinnatifida Multicellular 511 34.2% (Shan et al., 2020)
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Whilst comparative genomics can provide important information about genes 
potentially linked to the transition to multicellularity, this approach has the weak-
ness that it relies on predicting gene function based on sequence homology and, 
therefore, that it only allows the detection of features that are shared with the refer-
ence organisms that are used for the comparisons. A major recent advance in the 
brown algal field has been the development of forward genetic approaches, including 
positional cloning and cloning-by-sequencing, for Ectocarpus (Godfroy et al., 2017; 
Macaisne et al., 2017), which allow the identification of genes that play important 
roles in developmental processes based solely on mutant phenotypes.

The first brown algal developmental gene to be identified by a genetic approach 
was IMMEDIATE UPRIGHT (IMM; Macaisne et al., 2017). This gene is particularly 
interesting because it is a member of a large gene family that is completely absent 
from animal and land plant genomes and therefore corresponds to the type of gene 
that would not be identified by comparative genomic approaches. Mutation of IMM 
leads to a change in the morphology of the basal system of the sporophyte genera-
tion. Ectocarpus has a haploid diploid life cycle that involves alternation between 
a diploid sporophyte generation and haploid, male and female (dioicous) gameto-
phytes (Figure 15.4). Both generations are multicellular, filamentous organisms and 
are of similar size but with distinct morphologies. In imm mutants, the normally 
extensive basal system of the sporophyte is replaced by a structure that resembles 
the gametophyte basal system, i.e., a small rhizoid-like structure. The IMM protein 
does not contain any known protein domains but includes a motif that resembles an 
atypical zinc-finger, suggesting a possible role in signaling. Mutations in a second 
gene, DISTAG (DIS), also affect the development of the basal system, but in this 
mutant, both the sporophyte and the gametophyte generation are affected and both 
completely lose their basal systems (Godfroy et al., 2017). DIS encodes TBCCd1, 
a protein that has been implicated in cytoskeleton function and cellular architec-
ture in diverse eukaryotic species (Andre et al., 2013; Feldman and Marshall, 2009; 
Goncalves et al., 2010). Interestingly, the existence of the sporophyte and gameto-
phyte generations means that Ectocarpus has had to evolve developmental programs 
to construct two different multicellular body plans. Based on the phenotypes of the 
imm and dis mutants, this process appears to have involved both sharing of devel-
opmental components by the two generations (such as the DIS gene) and evolution 
of developmental components specific to each generation (such as the IMM gene).

Land plants also have haploid-diploid life cycles, and the deployment of the spo-
rophyte generation has been shown to be under the control of a pair of TALE HD 
TFs (Horst et al., 2016; Sakakibara et al., 2013), orthologues of which also control 
the deployment of the diploid phase of the life cycle in unicellular green algae (Lee 
et al., 2008). Remarkably, deployment of the sporophyte developmental program in 
Ectocarpus has also been shown to be under the control of a pair of TALE HD TFs 
(called OUROBOROS and SAMSARA; Arun et al., 2019). Based on these obser-
vations, together with studies implicating HD TFs in life cycle regulation in other 
eukaryotic lineages (Hedgethorne et al., 2017; Nasmyth and Shore, 1987), we have 
suggested that these proteins are all derived from an ancient life cycle regulatory 
system that has been independently exapted to act as a developmental regulator in 
at least two complex multicellular lineages, the land plants and the brown algae. 
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This is a compelling example of a phenomenon referred to as latent homology 
(Merényi et al., 2020; Nagy et al., 2014) in which an evolutionary process, in this 
case, the emergence of complex multicellularity, is constrained by the shared, ances-
tral genetic tool kit, leading to convergent evolution of similar regulatory systems.

Although only a limited number of brown algal developmental genes have been 
characterized so far, these analyses have already provided several interesting insights 
into the evolution of developmental processes and multicellularity, including the identi-
fication of evolutionary novelties, convergent evolution constrained by an ancestral tool 
kit and differences between the developmental programs of body plans deployed at dif-
ferent generations of the life cycle. Ongoing efforts to use forward genetic approaches, 
coupled with complementary methodologies such as transcriptomics and network 
analysis, to identify additional key regulatory genes are expected to significantly 
expand our knowledge of brown algal regulatory gene networks in the coming years. 
Additional approaches of interest include recent studies aimed at characterizing chro-
matin modifications in brown algae (Bourdareau et al., 2020; Fan et al., 2020; Gueno 
et al., 2020), as epigenetic processes presumably play important roles in establishing 
and maintaining the differentiated cell states that underlie multicellular development.

15.5 CONCLUSION

The algae played a prominent role in the emergence of multicellularity over the course 
of evolution. Three of the five transitions to complex multicellularity involved algal 
lineages (the red, green and brown algae) and multiple additional algal taxa underwent 
transitions from unicellularity to simple forms of multicellularity. They also include the 
first eukaryotic lineage to undergo the transition to complex multicellularity, the red 
algae. As a consequence, algae potentially represent highly interesting model systems 
to understand many aspects of the evolution of multicellularity, including the two key 
transitions from a unicellular state to multicellularity and from simple to complex mul-
ticellularity. However, with the exception of long-standing model systems within the 
Volvocales (Matt and Umen, 2016), algae have remained a relatively underexploited 
resource, mainly due to a dearth of genomic information and a lack of effective genetic 
tools to explore gene function. This situation is changing as an increasing number of 
whole-genome sequences are being made available for a broad range of algal species 
and with the emergence of model species associated with powerful tools for forward and 
reverse genetic approaches (Brodie et al., 2017; Coelho and Cock, 2020). This process 
is expected to accelerate in the coming years with the completion of large-scale genome 
sequencing projects and adaptation of new tools such as CRISPR-Cas9 to algal systems 
(Badis et al., 2021; Nymark et al., 2016; Shin et al., 2016). With these advances, we 
expect algae to continue to make important contributions to multicellularity research.
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16.1  THE EARLY DIVERGING STREPTOPHYTES – UNICELLULAR 
AND SIMPLE MULTICELLULAR ALGAE

Embryophytes (land plants) are nested within a grade of charophyte algae, and 
together these taxa comprise the Streptophytes (Figure 16.1). Charophyte algae 
inhabit freshwater environments, and it is their gametophyte generations, which 
range from unicellular to complex multicellular, that are predominantly observed. 
Their diploid generation is always unicellular, and is often a resting, or dispersal, 
stage of the life cycle. A lineage uniting Mesostigma and Chlorokybus is posi-
tioned as sister to all other Streptophytes (Lemieux et al. 2007; Puttick et al. 2018; 
Timme et al. 2012; Wang et al. 2020; Wickett et al. 2014). Mesostigma is an aquatic 
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FIGURE 16.1 Phylogenetic relationships of the streptophytes. Streptophytes (green and dark 
blue branches) form a monophyletic group diverging as a sister group to Chlorophytes (light 
blue branch). Within Streptophytes, the Embryophytes (green branches) resolve as a monophy-
letic group nested within a phylogenetic grade of charophytes (dark blue branches). Putative 
character acquisitions (in black) and losses (in red) indicated at nodes are inferred by parsimony. 
The ploidy of life cycles stages for representative taxa are indicated in brackets (n, red; 2n, 
purple), with the unicellular diploid sporophytes of charophyte taxa not shown. Phylogenetic 
relationships follow Puttick et al. (2018) and node age estimates are based on Morris et al. 
(2018). (Images: Allen 1888; Collins 1909; Coupin 1911; De Bary 1858; Gottsche 1843; Hooker 
1837; Klebahn 1914; Klebs 1896; Lauterborn 1899; Lendner 1911; Strasburger et al. 1911).
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freshwater alga with a unicellular body plan, and Chlorokybus occupies alpine ter-
restrial habitats and consists of loose packets of cells (Geitler 1942; Lauterborn 1894; 
Marin and Melkonian 1999). Many features of Mesostigma, namely its unicellular 
motile vegetative phase and freshwater habitat are characters likely shared with the 
ancestral streptophyte (Leliaert et al. 2012; Umen 2014).

Along with land plants, extant members of all four other lineages of cha-
rophyte algae possess multicellular gametophytes, with flagella lost in the 
vegetative stages but maintained – with the exception of Zygnematophyceae 
taxa  – in the zoospores (i.e. motile unicellular spores) (Stewart and Mattox 
1975). Klebsormidiophyceae are usually placed as sister to a clade including a 
grade of three groups of charophyte algae (Charophyceae, Coleochaetophyceae 
and Zygnematatophyceae) and Embryophytes. Collectively this group has been 
named the Streptophytina (Lewis and McCourt 2004). Thus, simple multicel-
lularity likely evolved in the common ancestor of the Klebsormidiophyceae and 
the Streptophytina (Figure 16.1).

Extant Klebsormidiophyceae taxa are characterized by unbranched filamentous, 
such as Entransia and Klebsormidium species, or sarcinoidal forms (i.e. three- 
dimensional packets of cells) as in some species of Interfilum, growing in shal-
low freshwater or on damp surfaces (Mikhailyuk et al. 2008, 2018; Rindi et al. 
2008). Given that Entransia and Hormidiella, two unbranched filamentous genera, 
diverge from basal nodes within the Klebsormidiophyceae (Mikhailyuk et al. 2008, 
2018), it is probable that the ancestor had an unbranched filamentous morphology, 
with sarcinoidal forms derived. Extant Klebsormidiophycean algae have a simple 
rather than complex multicellular form (following Knoll [2011]), with diffuse cell 
divisions, and with filaments generally lacking differentiated or specialized cells, 
apart from differentiation between reproductive and vegetative cell types (Cook 
and Graham 2017; Sluiman et al. 1989). Additionally, Klebsormidophyceae taxa 
lack plasmodesmata (Lokhorst 1996; Mikhailyuk et al. 2014; Stewart et al. 1973) – 
cytoplasmic connections between cells – suggesting that intercellular communica-
tion is less critical for development in this lineage. Given the taxonomic position 
of Klebsormidiophyceae, the earliest multicellular streptophytes – dating to around 
800–600MYA (Morris et al. 2018) – were possibly comprised of simple unbranched 
filaments in the gametophyte generation, with this growth form retained by most 
extant Klebsormidiophyceae taxa (Leliaert et al. 2012; Umen 2014). The unbranched 
filamentous form may have been selectively advantageous, allowing for more effi-
cient nutrient foraging via growth along vectors and additionally reducing the adverse 
effects of grazing predation by conferring greater size (Niklas 2000; Umen 2014).

16.2  THE STREPTOPHYTINA AND ANISOGAMY – A CLUE 
INTO THE ORIGINS OF MULTICELLULARITY

Recent phylogenetic analyses with broader taxon coverage place Zygnematophyceae 
as sister to Embryophytes, with Coleochaetophyceae sister to Zygnematophyceae + 
Embryophytes, and Charophyceae more distantly related (Figure 16.1) (Finet et al. 
2010; Wickett et al. 2014). Extant Charophyceae, such as the stoneworts Nitella and 
Chara, have large gametophyte bodies composed of united branched filaments, 
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occupying deep and generally permanent freshwater habitats. The diversity of repro-
ductive morphologies observed in the fossil record suggests that extant Charophyceae 
only represent a small fraction of previous family diversity (Feist et al. 2005). Extant 
Coleochaetophyceae are comprised of branched filamentous and discoidal forms 
(Delwiche et al. 2002; Hall and Delwiche 2007; Thompson 1969), with the ancestral 
form predicted to be a branched filament. Within Zygnematophyceae, there are both 
unicellular and filamentous taxa, with filamentous forms represented by the basally 
diverging genera Spirogyra, Mougeotia and Mesotaenium, and desmids, unicellular 
algae composed of two rigid halves that share a nucleus, derived (Hall et al. 2008). 
However, the recent placement of the unicellular genus Spirogloea as sister to all 
other members raises the possibility that the ancestral Zygnematophyceae was uni-
cellular (Cheng et al. 2019).

Along with land plants, multicellular gametophytes are present in extant members 
of the four most recently diverging lineages of the charophyte algae grade (Figure 
16.1), suggesting that multicellularity may have evolved just once in the ancestor of 
Klebsormidiophyceae and Streptophytina. However, the potential for a unicellular 
ancestral state of the Zygnematophyceae allows for the possibility of a unicellular 
algal ancestor of land plants (Stebbins and Hill 1980).

Of the Streptophytina, Embryophytes, Charophyceae and Coleochaetophyceae 
are anisogamous and oogamous, suggesting that these traits may be plesiomorphic 
(i.e. ancestral), with both characters subsequently lost in the Zygnematophyceae, 
which sexually reproduce via conjugation of cells between or within filaments 
(reviewed in Mori et al. 2015). The transition from uni- or simple multicellular-
ity to complex multicellularity in eukaryotic lineages has been proposed to drive 
disruptive selection resulting in dimorphic gametes (i.e. anisogamy) (Bulmer and 
Parker 2002; Hanschen et al. 2018; Parker et al. 1972). Most (but not all) unicellular 
organisms are isogamous whereas multicellular organisms can more readily evolve 
anisogamy (Bulmer and Parker 2002; Hanschen et al. 2018). If multicellularity 
had evolved multiple times independently during the evolution of Streptophytina 
lineages, then it might be expected that anisogamy would be a homoplasious (inde-
pendently acquired) trait regulated by distinct genetic factors. However, the DUO 
POLLEN1 (DUO1) transcription factors, which regulate sperm differentiation in 
Embryophytes, are thought to have a homologous role in sperm differentiation of 
the Charophyceae, since Chara braunii DUO1 orthologs can rescue Mpduo1 knock-
outs in the liverwort Marchantia polymorpha (Higo et al. 2018). DUO1 orthologs 
have been lost from Zygnematophyceae, which is consistent with these charophyte 
algae having lost anisogamy, and instead sexual reproduce via conjugation of dis-
tinct mating-type cells (Higo et al. 2018; Hisanaga et al. 2019). Thus, given that 
anisogamy is likely a homologous trait among the Streptophytina, multicellularity 
probably evolved only once in the common ancestor of the Streptophytina, and by 
parsimony in the common ancestor of the Streptophytina + Klebsormidiophyceae. 
As discussed below, multicellularity in the Streptophytina – with the exception of 
the Zygnematophyceae – is complex, with differentiation of specialized vegeta-
tive cell types in the gametophyte (as well as the sporophyte in Embryophyta). 
Thus, complex multicellularity likely evolved in the gametophyte generation in the 
ancestral Streptophytina.
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16.3  THE STREPTOPHYTINA – INCREASING MORPHOLOGICAL 
COMPLEXITY: PHRAGMOPLASTS, BRANCHING, APICAL 
CELLS, SPECIALIZED TISSUES AND PLASMODESMATA

In Mesostigma, Chlorokybus and Klebsormidiophyceae, cytokinesis occurs via cen-
tripetal cleavage without the formation of a cell plate (Lokhorst et al. 1988; Manton 
and Ettl 1965; Pickett-Heaps 1975; reviewed in Buschmann and Zachgo 2016). In 
contrast, the Streptophytina possess efficient microtubule arrays called phragmo-
plasts, which assemble the cell plate and more effectively allow for shifts in the plane 
of cell division (Pickett-Heaps 1975; Pickett-Heaps et al. 1999). In Charophyceae, 
Coleochaetophyceae and some Zygnematophyceae (i.e. Mougeotia), the action of 
phragmoplasts facilitates the formation of branched filaments by rotations in the 
planes of division of filament cells (reviewed in Buschmann 2020). Additionally, 
preprophase bands of microtubules, which effectively mark the site of the next plane 
of cell division, originated in the ancestor of Zygnematophyceae and Embryophyta 
(Buschmann and Zachgo 2016). The acquisition of pre-prophase bands in the ances-
tor of Zygnematophyceae and Embryophyta would again suggest that their common 
ancestor was not unicellular, but rather multicellular, with cell divisions occurring 
in multiple dimensions.

Unlike the Klebsormidiophyceae, where growth is diffuse, Streptophytina have 
evolved localized growth from apical cells (Graham et al. 2000; Leliaert et al. 
2012). However, as discussed later, it remains uncertain as to whether or not the 
apical cells of charophytes and Embryophytes are homologous. The ongoing devel-
opment of a range of charophyte and Embryophyte model organisms (Domozych 
et al. 2016) provides the opportunity for determining whether a conserved genetic 
program regulates the apical cells of charophytes and Embryophytes. The apical 
cells of the Charophyceae, Zygnematophyceae and some Coleochaetophyceae divide 
anticlinally, and do not directly undergo rotations in plane division; instead, the sub-
apical cells are the sites of lateral bulging and/or periclinal divisions giving rise 
to uniseriate branched filaments (Buschmann 2020; Delwiche et al. 2002; Graham 
et al. 2000). An exception is the majority of Coleochaete species, where the apical 
cell itself cuts from two faces to give rise to apically branching filaments or discoi-
dal body plans (Delwiche et al. 2002; Graham et al. 2000). However, this character 
may be derived within Coleochaetophyceae rather than ancestral, given that early 
diverging lineages tend to display subapical branching (i.e., Chaetosphaeridium spp. 
and Coleochaete irregularis) (Delwiche et al. 2002; Thompson 1969). Embryophyte 
apical cells are unique among the Streptophytina in cutting from three or more faces 
and thus directly coordinating the establishment of three-dimensional tissues and 
body plan (Bowman et al. 2019; Campbell 1918; reviewed in Moody 2020).

Coinciding with the emergence of bodies controlled by apical cells in the 
Streptophytina is an increase in the number of specialized cell and tissue types 
(Figure 16.2). For example, the early diverging Charophyceae genera are branched 
filaments attached to the substrate by multicellular rhizoids, with filaments consist-
ing of central axes of multinucleate internodal cells separating whorls of branchlets, 
which radiate from clusters of uninucleate nodal cells (Beilby and Casanova 2014; 
Wood and Imahori 1965). Additionally, members of the Coleochaetophyceae possess 
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specialized seta cells, along with maternal cells that envelope the zygote follow-
ing fertilization (Figure 16.2) (Marchant 1977; Pringsheim 1860). Likewise, some 
Zygnematophyceae taxa (Mougeotia and Spirogyra spp.) have rhizoids and/or rhi-
zoid-like tip cells (Buschmann 2020; Inoue et al. 2002; Nagata 1973; Pascher 1906).

The evolution of localized apical cells and cell specialization suggests the 
requirement of increased cell-to-cell communication during development. All 
Streptophytina lineages except the Zygnematophyceae contain taxa with plasmodes-
mata – i.e. membrane-lined channels through cell walls (Cook et al. 1997; Marchant 
and Pickett-Heaps 1973; Pickett-Heaps 1967a, 1967b). Some authors suggest that 
charophyte algae and Embryophyte plasmodesmata are homologous (Graham et al. 
2000; Nicolas et al. 2017; Raven 2005), while others propose that they evolved in 
parallel (Brunkard and Zambryski 2017). Plasmodesmata in bryophytes and vascu-
lar plants have central strands of compressed endoplasmic reticulum (i.e., desmotu-
bules), a character not observed in studies of Coleochaete species (Cook et al. 1997; 

FIGURE 16.2 Increased morphological complexity in the life cycles of the strepto-
phytes. Depicted are the life cycles of the unicellular chlorophyte Chlamydomonas sp., the 
charophyte Coleochaete pulvinata and the liverwort Haplomitrium hookeri. Vegetative 
gametophyte stages = n (red), gametes = n (pink) and sporophyte stages = 2n (purple). In 
Chlamydomonas, both stages of the life cycle are unicellular, with gametes fusing to produce 
a zygote that immediately undergoes meiosis to form spores that develop into the vegeta-
tive cells of the next generation. By parsimony, the ancestral streptophyte life cycle likely 
resembled the life cycle of Chlamydomonas. Members of the Streptophytina (Charophyceae, 
Coleochaetophyceae and Embryophyta) have evolved increased morphological complexity, 
with multiple specialized cell types and growth from apical cells. The charophyte alga C. 
pulvinata possesses a multicellular gametophyte, with growth controlled by localized apical 
cells, and produces specialized cell types such as seta (se) and gametangia (antheridia, an and 
oogonia, oo), with the latter producing dimorphic gametes. After fertilization, the enlarged 
zygotes are protected by specialized enveloping cells, with post-meiotic cell divisions pro-
ducing 8–32 meiospores per fertilization event (Graham 1984). These meiospores disperse, 
and after settling on a substrate undergo mitoses (green) to generate a multicellular haploid 
plant. The liverwort H. hookeri, like all extant land plants, displays complex multicellularity 
in both generations, undergoing mitoses following both meiosis and fertilization. The game-
tophyte develops into a three-dimensional axial shoot, with gametangia producing sperm 
and eggs. After fertilization, an unbranched, axial sporophyte develops which is attached 
and nutritionally dependent on the gametophyte generation. (Images: Goroschankin 1891; 
Gottsche 1843; Pringsheim 1860.)
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Cook and Graham 1999; Stewart et al. 1973). Some studies have indicated that 
plasmodesmata in Chara cells occasionally have desmotubules or desmotubule-
like central structures (Brecknock et al. 2011; Cook et al. 1997), while others have 
proposed that they are absent (Franceschi et al. 1994). The presence of plasmodes-
mata in the ancestral Streptophytina (or otherwise evolving in parallel shortly after-
wards) would allow for metabolite and resource sharing, and additionally facilitate 
efficient transport of signaling molecules along spatial gradients, promoting cell 
specialization (Hernández-Hernández et al. 2012; Lucas and Lee 2004; Niklas and 
Newman 2013).

16.4 THE ADVENT OF A TERRESTRIAL FLORA

There exists evidence of a widespread land flora of Embryophyte affinity by the mid-
Ordovician (470 MYA) in the form of meiotic cryptospores – fossilized spores with 
walls containing sporopollenin, but distinct from monolete and trilete spores and 
pollen grains – that in some respects resemble those produced by extant bryophytes 
(Edwards et al. 2014; Wellman and Gray 2000). Despite the abundant cryptospore 
assemblages, there is little fossil evidence of the plants that produced the cryptospores; 
however, it is likely they were produced inside complex multicellular sporophytes 
although it is possible that Embryophytic spores preceded the evolution of multicel-
lular sporophytes (Brown and Lemmon 2011; Strother and Taylor 2018). Regardless, 
the common ancestor of all extant land plants possessed complex multicellular bod-
ies in both haploid gametophyte and diploid sporophyte generations. Thus, in the 
100 million or so years after their divergence from the most closely related lineage 
of extant charophycean algae, the lineage leading to land plants experienced two 
key innovations with respect to body plan. First, the evolution of a meristem con-
taining an apical cell with three or more cutting faces enabled the development of 
complex multicellularity with three-dimensional tissues. A three-dimensional body 
plan with a differentiated epidermis surrounding parenchymatous tissues facilitated 
adaptation to the terrestrial environment where water is limiting. Second, complex 
multicellularity with three-dimensional tissues evolved in both gametophyte and 
sporophyte generations. It has been proposed that the adaptive significance of the 
evolution of a multicellular sporophyte is the potential generation of thousands of 
haploid spores from a single fertilization event, presumed to be limiting in the ter-
restrial environment, rather than just four haploid progeny per fertilization event 
in the ancestral alga (Bower 1908). These two key evolutionary innovations, along 
with the establishment of arbuscular mycorrhizal interactions with fungi, have been 
credited for the rapid radiation of early land plants (Field et al. 2015; Selosse and Le 
Tacon 1998).

That land plants evolved complex multicellularity in both gametophyte and spo-
rophyte generations raises two key questions. First, what were the molecular genetic 
innovations that facilitated the evolution of complex multicellularity? Second, did 
the evolution of complex multicellularity evolve in one generation initially, with 
genetic programs subsequently co-opted by the second generation, or did complex 
multicellularity evolve de novo independently in each generation? While these two 
questions may be inextricably linked, we will discuss them in series below.
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16.5 HOW DID COMPLEX TISSUE FORMATION EVOLVE?

As land plants evolved from an ancestral charophyte alga that possessed a life cycle 
similar to that of extant relatives, with a multicellular gametophyte generation and a 
single-celled (zygote) sporophyte generation, it has been proposed that the gametophyte 
generation is the ‘older’ multicellular generation (Bower 1908). While apical growth 
and apical cells evolved within the charophyte algal grade, given the sister relationship 
between the Zygnematophyceae and Embryophytes (Figure 16.1), it is not clear that they 
are homologous with apical cells in land plant gametophytes. In contrast, parsimony 
indicates gametophyte shoot apical meristems, and their apical cells, are homologous 
throughout Embryophytes (Bowman et al. 2019). As alluded to above, a key innovation 
was the evolution of apical cells with three or more cutting faces producing three-dimen-
sional tissues (Graham et al. 2000). The apical cells and their immediate derivatives that 
also actively undergo division in multiple planes act as a pool of stem cells, a meristem, 
from which all the other tissues and organs of the plant body are ultimately derived. 
Development from apical meristems allows directional growth whose vector is influ-
enced by light (phototropism) and gravity (gravitropism). Directional growth is another 
adaptation to terrestrial habitats, where substantial spatial differences in environmental 
stimuli exist, in contrast to the relative uniformity of aqueous environments.

Following spore germination, the gametophyte generations of bryophytes and ferns 
undergo a constitutive, or inducible depending upon light conditions, protonemal growth 
period, where one-dimensional algae-like filaments are formed, before transitioning to 
two-dimensional growth consisting either of branched protonemata or prothallus body 
plans (Campbell 1918; Goebel 1905). The duration of two-dimensional growth may be 
extended (mosses) or brief (most other lineages) following which three-dimensional 
growth is established. During this time, either in the two-dimensional prothallus or at 
the onset of three-dimensional growth, an apical cell with three or more cutting faces is 
specified. The precise anatomies of gametophyte shoot meristem apical cells vary among 
the different major lineages of land plants, but all involve shifts in division plane between 
successive cell divisions. The continual shifts in apical cell division planes and subse-
quent pattern formation imply substantial cell communication networks act between 
apical cells and other cells within the meristem. One form of communication is via plas-
modesmata, which allow small cytoplasmic molecules to move between cells. In both 
fern and liverwort gametophytes, plasmolysis causes severance of plasmodesmatal con-
nections (as well as other disruptions) resulting in cell dedifferentiation and subsequent 
reestablishment of new apical cells (e.g., Nagai 1919; Tilney et al. 1990). Likewise, if an 
apex including its apical cell is removed by decapitation, a new apical cell is specified 
nearby, indicating that signals emanating from the apical cell prevent other nearby cells 
from becoming apical cells (e.g., Nishihama et al. 2015; Vöchting 1885).

16.6  EVOLUTION OF NEW SIGNALLING PATHWAYS FACILITATED 
EVOLUTION OF THE GAMETOPHYTE SHOOT MERISTEM

A direct approach to uncover the genetic underpinnings of apical cell formation 
and function is to screen for mutants in which this process is disrupted. Such an 
approach has been undertaken in the moss Physcomitrium (Physcomitrella) patens, 
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uncovering a number of genes whose activity is required for proper gametophyte api-
cal cell function (Moody et al. 2018). As the functions of most of the genes identified 
have not been investigated in other taxa, and since this approach has been recently 
reviewed (Moody 2020; Véron et al. 2020), here we focus on a second approach – an 
investigation of candidate molecules based on the extensive knowledge of angio-
sperm sporophyte apical meristems.

Arguably the most important land plant hormone is auxin, with the auxin-mediated 
transcriptional responses as first characterized in angiosperms being a land plant 
innovation (Bowman et al. 2017; Mutte et al. 2018). In the liverwort Marchantia 
polymorpha, loss of the primary auxin biosynthetic pathway, that mediated by the 
Tryptophan Aminotransferase of Arabidopsis (TAA) and YUCCA enzymes, results 
in a complete loss of developmental patterning in the gametophyte, with the mutant 
plants reduced to globular masses of undifferentiated cells (Eklund et al. 2015). Both 
TAA1 and YUCCA2, the only gametophyte-expressed members of their respective 
gene families, are expressed in the apical cell and its immediate derivatives (Eklund 
et al. 2015). Likewise, in P. patens, gametophyte apical stem cells synthesize auxin, 
but the apical cell and its immediate derivatives themselves are insensitive to auxin, 
with auxin signaling present only more distally in cells that enter differentiation 
pathways (Landberg et al. 2020). These observations are consistent with the hypoth-
esis that the evolution of auxin signaling was instrumental in the evolution of focal 
growth from meristems as opposed to more diffuse growth observed in many charo-
phyte lineages (Flores-Sandoval et al. 2018). While local auxin synthesis and subse-
quent downstream signaling are critical for gametophyte shoot meristem formation 
and function, PIN-FORMED1 (PIN)-mediated polar transport of auxin has not yet 
been shown to be required for the formation or maintenance of the gametophyte 
shoot meristem, despite its importance in sporophyte shoot organization (Viaene 
et al. 2014). This implies that localized auxin synthesis and limited, perhaps diffu-
sion-based, auxin movement along with a spatially localized response is sufficient 
for gametophyte shoot meristem function. Auxin-mediated signaling was integrated 
into a pre-existing transcriptional network and acts as a facilitator of other transcrip-
tional networks rather than specifier of cellular fates in land plants (Bennett and 
Leyser 2014; Flores-Sandoval et al. 2015; Stewart and Nemhauser 2010). Hence, it is 
critical to identify the pre-existing networks with which it was integrated and those 
with which it co-evolved in order to understand the origin of the meristem.

A second class of signaling pathway crucial for meristem function also 
evolved in the ancestral land plant, with receptor kinase-peptide ligand sig-
naling pathways greatly expanding in the ancestral land plant (Bowman et al. 
2017). One class, composed of CLAVATA3/embryo surrounding region-related 
(CLE) peptides and associated receptors, was originally identified as negative 
regulators of stem cell activity in angiosperm sporophyte meristems (Somssich 
et al. 2016). Using a reverse genetic approach in P. patens, CLE peptide signal-
ing was demonstrated to be critical for proper cell division plane reorienta-
tion that occurs during the transition from two- to three-dimensional growth 
(Whitewoods et al. 2018). It was reported that P. patens CLE loss-of-function 
mutants exhibit over-proliferation phenotypes, and application of exogenous 
CLE peptide to P. patens gametophyte shoots stunted their growth (Whitewoods  
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et al. 2018). A similar reverse genetic approach undertaken in M. polymorpha also 
revealed a role for CLE signaling in gametophyte shoot meristem function. In M. 
polymorpha, application of exogenous MpCLE2 peptide causes an accumulation 
of stem cells in the shoot meristem, while Mpcle2 loss-of-function alleles exhibit a 
reduction in meristem size (Hirakawa et al. 2020). These data clearly demonstrate that 
MpCLE2 signaling in the M. polymorpha meristem acts to stimulate stem cell prolif-
eration (or restrict differentiation), an effect opposite to that observed in angiosperm 
sporophyte shoot meristems (Hirakawa et al. 2020). Furthermore, a key downstream 
target of CLE signaling in sporophyte meristems, a WUSCHEL-related homeobox 
(WOX) transcription factor, is not a downstream target of CLE signaling in bryo-
phyte gametophyte shoot meristems (Hirakawa et al. 2020; Sakakibara et al. 2014). 
However, another class of transcription factor critical for sporophyte shoot meristem 
function, AINTEGUMENTA/PLETHORA/BABY BOOM (APB), does play a criti-
cal role in the establishment of P. patens three-dimensional growth, acting in the 
presumptive apical cell, perhaps in response to auxin signaling (Aoyama et al. 2012).

16.7  HOW ARE THE SHOOT APICAL MERISTEMS 
IN THE TWO GENERATIONS RELATED?

The question of whether, and if so, how, the evolution of multicellularity in the hap-
loid gametophyte and diploid sporophyte are related can be rephrased as a question 
of whether the two generations are homologous or antithetic in origin (Bowman et al. 
2016; Haig 2008). A homologous origin implies the ancestral land plant possessed 
isomorphic generations with the two generations subsequently morphologically 
diverging, while an antithetic origin implies the two generations were heteromorphic 
at their inception and had distinct evolutionary origins. Given that Embryophytes 
are nested within a grade of charophyte algae, and the most closely related extant 
algae possess a multicellular haploid generation and a single-celled diploid genera-
tion, this might then suggest that the origins of the two Embryophyte generations 
differ and that the origin of the alternation of generations is antithetic. This was the 
view of Bower when he considered the gametophyte generation to be older, with 
the sporophyte generation evolving by an intercalation of mitoses between gamete 
fusion and meiosis (Bower 1908). However, since current phylogenetic analyses sug-
gest monophyletic bryophytes rather than a bryophyte grade, a homologous origin 
cannot be conclusively excluded. And while extant Embryophytes have distinctly 
heteromorphic alternations of generations, some Devonian Embryophytes possessed 
life cycles in which the two generations were more similar to one another than in any 
extant land plant (Kenrick 2018). While phylogenetic and fossil evidence are equivo-
cal, developmental genetic analyses of shoot meristems in the two generations indi-
cate that although they may share some common modules (e.g., auxin, APB, CLE 
signaling), some act differently in the two generations and other components crucial 
to sporophyte shoot meristems are not required for gametophyte shoot meristems 
(Bowman et al. 2019). Thus, although the shoot meristems in the two generations 
share some genetic components, it appears unlikely that there was a comprehensive 
co-option of a developmental regulatory network from one generation to the other 
as would be predicted if the generations had a homologous origin. If this is the case,  
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two questions remain to be answered – how did complex multicellularity evolve in 
the gametophyte (assuming this is the older multicellular generation) and how much 
of the pre-existing gametophyte genetic machinery was co-opted during the evolu-
tion of complex multicellularity in the sporophyte generation.

16.8 CONCLUSION

Multicellularity arguably achieved its highest complexity in the Embryophyta and 
Metazoa lineages. Animal multicellularity can be traced back to a single unicel-
lular lineage and is limited to the diploid phase of the life cycle. In contrast, in land 
plants complex multicellularity evolved in both the haploid and diploid generations. 
The haploid multicellularity of land plants has likely antecedents in related cha-
rophyte algal lineages, whereas the evolution of a multicellular diploid generation 
occurred in the ancestral land plant, likely as an adaptive response to ephemeral 
conditions for aquatic fertilization in terrestrial habitats. Major questions remain 
about the relationship between the two complex multicellular generations, whether 
genetics programs of the presumed older multicellular haploid generation were 
co-opted to regulate aspects of the multicellular diploid generation, or whether 
the evolution of complex multicellularity in the two generations utilized largely 
independent genetic programs.
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17.1 GRAFTING, CHIMERAS, AND FRANKENSTEIN CREATIONS

In order to boost productivity, commercial agriculture embraces something unnatural 
(Lee et al., 2010). Like some creation of Dr. Frankenstein or a creature from Greek 
mythology, different plant species are fused together in a process called grafting. For 
example, the fruiting part of a watermelon may be fused to the root system of a pump-
kin. The resulting chimeric plant produces watermelon fruit but is more resistant to 
disease and stress than a typical watermelon (Davis et al., 2008). Grafting allows 
farmers to harness beneficial aspects from different species but in a way that does not 
naturally occur. Watermelons and pumpkins do not normally detach parts in order to 
fuse with each other, even though grafting shows there could be potential gains from 
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doing so. So why do such multi-species chimeras need human intervention to come 
into existence—why are they more associated with mythology than biology?

At first glance, there seem to be significant potential benefits to forming multi-
species chimeras. The extensive number and diversity of mutualisms within the 
biological world demonstrate that cooperation among different species can produce 
synergies either through division of labor or novel combinations of functionalities 
(Bronstein et al., 2006; Callaway, 1995; Gestel et al., 2015; Hay et al., 2004; Janzen, 
1985; Knowlton and Rohwer, 2003). Moreover, combining different genomes into 
a single, fitter entity is also widespread within biology; it is the basis of hybrid 
vigor (Birchler et al., 2003) and a well-recognized benefit of sexual reproduction 
(Colegrave, 2002; Michod et al., 2008). Yet, unlike hybridization and sex, multi-
species chimeras keep their different genomes distinct, which means they likely face 
fewer issues of genetic incompatibilities. Since multi-species chimeras are not lim-
ited by traditional species boundaries, they have many possible combinations and 
opportunities available to uncover potential synergistic benefits.

Of course, even if there are significant possible benefits of forming multi-species 
chimeras, there may be barriers that prevent their formation or persistence. If we 
return to the example of the grafted watermelon-pumpkin combination, one obvious 
barrier to them forming naturally is reproduction. The pumpkin roots have no way of 
producing offspring so there is no direct way for the watermelon-pumpkin chimera 
to produce watermelon-pumpkin offspring. However, unlike mules and other sterile 
hybrids that also cannot reproduce, the grafted watermelon-pumpkin entity does not 
fuse genetic material, so its sterility is not necessarily due to a failure of genetics but 
instead a failure of configuration. It seems plausible that a different configuration 
would allow successful reproduction of the whole entity. In this chapter, we consider 
possible configurations of multi-species chimeras that can reproduce and potentially 
evolve. Identifying such configurations may reveal the structure of existing multi-
species chimeras or help explain their relative rarity.

17.2 MULTI-SPECIES “ORGANISMS”

Before we identify possible configurations of multi-species chimeras, it is useful to 
have some benchmark for what kind of entity we are after. We use the term “entity” 
because it is not clear if or when a group of multiple species might be an “organ-
ism” or “individual”. Certainly, there are many groups of species that are simply 
populations living in a shared environment, e.g., an arbitrary group of animals in the 
Serengeti. Yet, there are other examples of groups formed by different species that 
function like organisms or individuals (Bourrat and Griffiths, 2018; Godfrey-Smith, 
2009; Queller and Strassmann, 2009). Lichens, for instance, are formed by a part-
nership between fungi and photosynthetic species (algae and/or cyanobacteria) and 
differ from an arbitrary group of species in fundamental ways: they exhibit complex 
traits that are not expressed by either constituent species on its own, they interact 
with their environment and other species in novel ways, and they can reproduce (at 
least vegetatively) and gain adaptations (Nash, 2008). If lichens are organisms and 
arbitrary groups of animals in the Serengeti are not, then it raises the question: where 
is the boundary between a community and a multi-species organism?
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One difficulty with this question lies in how to disentangle a species or organism 
from others in its environment (Bourrat and Griffiths, 2018). For example, a human 
is often considered to be an example of a single-species organism, but it is intimately 
associated with a large community of microbes that play a significant functional 
role. Disruptions of these communities can impair fitness or even development of 
their hosts (Gilbert et al., 2012). The associations have led some to describe such 
host-microbiome associations as new types of biological entities, called holobionts, 
similar in some ways to a lichen (Bordenstein and Theis, 2015; Gilbert et al., 2012; 
Rosenberg and Zilber-Rosenberg, 2016). Others view holobiont associations more 
as ecological communities of organisms, e.g., a human and many environmentally-
associated microbial species (Douglas and Werren, 2016; Moran and Sloan, 2015; 
Queller and Strassmann, 2016; Skillings, 2016).

A simple approach to delineating between populations and multi-species organ-
isms is to adopt a restrictive organism definition such that only entities formed by 
a single species (or genome) are organisms and everything else is a community. 
A problem with this approach is the classification of eukaryotes. Eukaryotes have 
intracellular organelles such as the mitochondria and chloroplasts that evolved from 
endosymbioses between different species. These organelles retain their own distinct 
DNA, which means eukaryotes violate the restrictive, single-species definition of an 
organism and would be considered communities rather than organisms.

Regardless of whether eukaryotes are communities or organisms, there is a 
broader, underlying issue that groups of species seem different in terms of their 
functional integration and evolvability (Godfrey-Smith, 2009). For example, contrast 
a unicellular eukaryote such as a yeast or algal cell with an arbitrary community of 
soil bacteria. Besides the unicellular eukaryote’s higher level of functional integra-
tion, it can give rise to offspring that resemble the parent. Furthermore, cell walls 
make offspring distinct from their parents, which helps selection fix mutations that 
increase the fitness of the unicellular eukaryote. In contrast, the ability of a commu-
nity of soil bacteria to reproduce depends on what it means for the community as a 
whole to reproduce—is it at least one cell of each species or do the ratios somehow 
matter? Moreover, without physical boundaries between parent and offspring soil 
communities, it can be difficult for selection to act and fix beneficial mutations.

The lack of a clear distinction between a community and a multi-species organ-
ism and the recognition that multi-species populations vary in terms of functionality 
and evolvability suggest a different approach. Strassmann and Queller (Queller and 
Strassmann, 2009) propose viewing the term “organism” as a spectrum, such that 
some entities are more organismal than others (Godfrey Smith also adopts a spectrum 
approach in (Godfrey-Smith, 2009) to classify “Darwinian populations”). The mini-
mum requirement for any organismal entity is that it has the capacity to reproduce and 
gain adaptations. So, the watermelon-pumpkin grafting is not organismal because it 
cannot reproduce, but a lichen is organismal. After satisfying the minimal criteria, the 
extent to which an entity is organismal, its “organismality”, depends on other factors. 
Strassmann and Queller consider cooperation and conflict between the entity’s constit-
uent parts such that more organismal entities have high cooperation and low conflict. 
The key idea for our purposes is that there is a spectrum of organismality, and multi-
species entities may evolve within this spectrum to become more/less organismal.
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A consequence of the spectrum approach to organismality is that it suggests an 
evolutionary process by which a multi-species community may become a multi-spe-
cies “organism”. If an initial configuration of multiple species can somehow form 
entities capable of reproduction and evolution, then it may become more organismal 
by gaining mutations that reduce conflict or enhance cooperation—though it is not a 
certainty that it will evolve into something more organismal. Based on studies of the 
evolution of multicellularity within single species, it is likely that the evolutionary 
trajectory of the multi-species entity will depend heavily on its initial configuration 
(Ratcliff et al., 2017). In the next sections, we consider the various starting con-
figurations of organismal multi-species entities with an aim of understanding their 
evolutionary potential for organismality.

17.3 MULTI-SPECIES GROUP CONFIGURATIONS

We now consider how an organismal multi-species entity first arises within a com-
munity. Since a multi-species entity must keep its different genomes distinct, it is 
likely to resemble some form of multicellularity—assuming that cells from differ-
ent species do not fuse. Thus, we draw upon studies of the evolutionary origins of 
multicellularity to understand how a population of cells (or species) may evolve into 
something organismal. In particular, we focus on two basic requirements of any mul-
ticellular entity’s life cycle (Black et al., 2020; Libby and Rainey, 2013; Ratcliff et al., 
2017; Van Gestel and Tarnita, 2017): 1. a group structure and 2. a mode of group 
reproduction. We consider these aspects separately in order to produce a combinato-
rial framework that exhaustively describes initial configurations of an organismal 
multi-species entity.

Although the concept of a group is useful in studies of multicellularity as a way 
to distinguish nascent multicellularity from its ancestral unicellular population, the 
nature of what constitutes a group varies greatly between studies. For example, in 
studies that use experimental evolution techniques to evolve multicellularity, groups 
often form because mutations cause cells to stay physically attached following repro-
duction (Herron et al., 2019; Ratcliff et al., 2012, 2013). In contrast, social evolution 
studies often consider groups that form through cells aggregating and temporarily 
binding (Kessin, 2001; Muñoz-Dorado et al., 2016; Strassmann et al., 2000; Velicer 
et al., 2000). Groups can also form without any direct binding or attachment, rather 
by enclosing cells within a membrane or boundary (Black et al., 2020; Doulcier 
et al., 2020). If groups can form through temporary interactions or by enclosure 
within a boundary, it can be difficult to specify precise requirements that distinguish 
groups from populations. For our purposes, we consider a broad interpretation of 
groups and only require some direct interaction between constituent cells. We also 
note that since an organismal group needs some mechanism for reproduction and 
evolution, the group structure should make this possible if not straightforward.

In terms of how groups form, there may be many possible factors that deter-
mine whether different species can form a group together. For example, lifestyle or 
chemical repertoire might play a role such that organisms that produce extracellular 
glues to attach to surfaces might be more likely to form multi-species groups, by 
adhering to other species (Niklas and Newman, 2013; Rokas, 2008). In this chapter, 
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we choose to focus on whether each species is unicellular or multicellular because it 
is likely to be influential in group formation. If one species is already multicellular, 
then it has the capacity to form a group of cells that can give rise to new groups. 
Adding another species to this system might be easier due to the pre-existing mul-
ticellularity, i.e., multicellularity could provide a scaffold for other species to join 
and modify.

If we consider all possible combinations of two species that can be either unicel-
lular or multicellular, we arrive at three possible routes to forming a multi-species 
multicellular group: 1) both species are unicellular, 2) one is unicellular and the 
other is multicellular, and 3) both species are multicellular (see Figure 17.1). Each of 
these initial configurations constitutes a class with representative features. We dis-
cuss these features below and provide examples of organismal multi-species entities 
that may have evolved from similar starting configurations.

17.3.1 Class 1, tWo uniCellular speCies

In the first class, both species are unicellular and come together to form a multicellu-
lar group. There are many examples of organismal groups that likely started this way. 
For example, microbial syntrophies often feature interdependent, metabolic coupling 
between different unicellular microbial species (Morris et al., 2013; Schink, 2005; 

FIGURE 17.1 Multi-species multicellular life cycles. We outline a set of six life cycles that 
describe how an organismal multi-species group may form and generate group offspring. The 
life cycles are organized into three classes based on whether the partner species are unicel-
lular or multicellular. The dotted lines distinguish groups from free-living species. Following 
group formation, there is some time needed for groups to grow via cell reproduction so that 
they can reproduce. Each multi-species group can reproduce through fragmentation and/or 
dissociation. In all cases of fragmentation, a multi-species group splits into smaller groups. 
We show an equal splitting but this is not required. In dissociation some set of the constituent 
species leave the multi-species group, with the potential to form new groups.
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Stams and Plugge, 2009). Unlike typical microbial communities, these syntrophies 
exhibit a high degree of interdependence, specificity, and coupling between species. 
Nonetheless, these syntrophies are quite far from paradigmatic organisms and have 
not evolved to be much more than mutualistic communities.

The extent to which syntrophic communities resemble populations as opposed to 
multicellular organisms depends in part on their physical structure. Some microbes 
establish physical connections between cells in order to share resources while others 
rely on diffusion in a shared environment (D’Souza et al., 2018). Since paradigmatic 
multicellular organisms, like plants and animals, use physically attached cells to 
construct tissues, it is tempting to consider multi-species communities that rely on 
physical connections as more organismal than those that rely on diffusion. Yet, if the 
species occupy an environment in which communication via diffusion is effective 
or even better than rigid physical connections, then the environment would limit the 
evolution of physical structures associated with more paradigmatic organisms.

This first class of multi-species entities is not limited to groups that resemble 
communities. The endosymbiosis that gave rise to eukaryotes would also fall in this 
category. Here, we are not equating the current, derived form of a eukaryotic cell 
with a multicellular organism. Instead, we are considering the earliest stage of the 
endosymbiosis when the two species were unicellular organisms and the endosym-
biont could leave the host without threatening the survival of either species. At that 
initial stage, the two unicellular species would have formed a multicellular group. 
It may seem unusual to equate an endosymbiosis with a multicellular group, but the 
fact that one species is inside the other does not seem so different from a group of 
clonal cells in which there are interior cells completely surrounded by exterior cells, 
e.g., some of the volvocine algae (Kirk, 2005). Of course, in the case of the eukary-
otic endosymbiosis the initial multicellular group did not stay multicellular but rather 
evolved into a more complex form of unicellularity that in some lineages later re-
evolved multicellularity (often clonal).

On the one hand, it seems surprising that this class of multi-species multicellular-
ity did not evolve into large, complex chimeric organisms. Since both species are 
unicellular and build the multicellular group from the bottom up, there is the poten-
tial to produce integrated structures that harness the functional capacities of the two 
species. If, by contrast, they had already evolved complex multicellular tissues prior 
to forming a group, then it might be difficult to combine them in an effective way. On 
the other hand, it could be that building a complex structure is difficult for two dif-
ferent unicellular species because of possible breakdowns in cooperation. The eco-
logical and evolutionary time scales for unicellular organisms often overlap, which 
means cheating mutations can arise and disrupt cooperation (Ennis et al., 2000; 
Velicer et al., 2000). Cheating mutants also present a problem for clonal multicel-
lularity, but kin selection can help to stabilize the multicellular group and maintain 
cooperation (Gilbert et al., 2007; Kuzdzal-Fick et al., 2011). Without kin selection, 
multi-species groups composed of unicellular species may be limited in the extent 
to which they can evolve large, complex structures—this constraint may be lessened 
if one of the species has already evolved multicellularity as there would be some 
stable structure on which to add. Ultimately, we lack observations of large complex, 
multicellular forms being built from two different unicellular species.
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17.3.2 Class 2, a uniCellular and a MultiCellular speCies

In the second class of multi-species group formation, a unicellular species is incor-
porated as part of an existing multicellular species. There are many possible sce-
narios that can lead to such a multi-species group. For example, a unicellular species 
may share the same environment as a multicellular species and begin to grow on 
its surface, or it may be internalized (either accidentally or as a parasite or food). 
Whatever the case, the multicellular species provides a structural—and possibly eco-
logical—niche for the unicellular species. And since the multicellular species would 
have already evolved a way of reproducing its multicellular form, it would regularly 
occur and be available for interactions with unicellular species.

This class includes lichens, which are probably the best example of a multi-
species chimeric organism. Lichens evolved through associations between multicel-
lular fungal lineages and unicellular photobionts (algae and/or cyanobacteria). Even 
though the original nature of the relationship varied between parasitic to mutualistic 
(Gargas et al., 1995), the evolved relationship is fairly similar across lineages. The 
fungal partner provides an organized physical structure that surrounds and protects 
the photobionts from harsh environmental conditions, and the photobionts provide 
the fungi with energy (Honegger, 1998; Nash, 2008). When lichens reproduce sexu-
ally it is typically via the fungal partner, whose offspring must associate with a free-
living photobiont to produce a new lichen (Bowler and Rundel, 1975). Thus, it is the 
multicellular fungal species that drives the repeated formation of groups.

Other organismal entities that evolved from this second class of group forma-
tion share a similar organization to each other. In general, the multicellular species 
constitutes most of the group’s cells and maintains its body while the unicellular 
species is an endosymbiont or is at least kept localized to a specific section or organ. 
Examples include termites that maintain unicellular endosymbionts in their hindguts 
(Lombardo, 2008) and bobtail squid that grow populations of Vibrio fischeri in spe-
cialized light organs (McFall-Ngai, 2014; Ruby and Lee, 1998). The similar organi-
zation of this second class of multi-species entities could help maintain and regulate 
the inter-species relationship (Estrela et al., 2016). For instance, if the unicellular 
species lived on the outside surface of the multicellular species, then the partnership 
would be susceptible to disruption or invasion from other species in the environment. 
Alternatively, if the unicellular species were free to move around inside the multicel-
lular species, this could interfere with other internal structures or functions of the 
multicellular species.

Unlike single-species multicellularity or the first class of multi-species multicel-
lularity, the second class features different time scales between constituent parts. The 
time it takes a multicellular species to complete its life cycle is likely to be signifi-
cantly longer than its partner unicellular species (Marbà et al., 2007). The difference 
in time scales may lead to the multicellular species evolving mechanisms to manage 
the evolution of its partner unicellular species. Without such mechanisms, the inter-
species cooperation could be lost. For example, in the case of the bobtail squid, when 
a population of its Vibrio fisheri evolves to produce less light, the squid expels them 
and acquires a new population from the environment (McFall-Ngai, 2014; McFall-
Ngai et al., 2012). Examples from this class that involve an endosymbiont often have 
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intricate regulation that allows the multicellular species to control reproduction of 
its unicellular endosymbionts, preventing their loss or rampant growth (Lowe et al., 
2016; Ratzka et al., 2012). Indeed, the need for multicellular species to manage their 
unicellular partners might point to why many examples from this class have special-
ized physical structures that contain the unicellular species.

17.3.3 Class 3, tWo MultiCellular speCies

Finally, in the third class of multi-species groups, two multicellular species unite to 
form a single group. Since both species are multicellular, they have traits that can be 
co-opted to assist in evolving multi-species multicellularity. For instance, by virtue 
of being multicellular, both species would already have the ability to create groups, 
perhaps by secreting extracellular glues or maintaining cell-cell attachment follow-
ing reproduction (Rainey and Kerr, 2010; Ratcliff et al., 2012). If the watermelon-
pumpkin grafting had a mechanism for reproduction and gaining adaptations, it 
would form an organismal group belonging to this class, as would the mythological 
chimera (Knox and Fagles, 1990).

Both the grafting and the mythological chimera demonstrate a key challenge 
within this class. Since the two multicellular species have evolved to build complex 
structures, it can be difficult to combine them in an effective way. If we return to 
our grafting example, there are many ways to combine parts of watermelons and 
pumpkins that would not create a surviving, reproducing entity. Many representative 
examples of this class of group formation also do not feature intimate physical inte-
gration; instead, the multicellular species are mostly distinct. For example, an acacia 
and the protective ants it houses could be viewed as a member of this class (Janzen, 
1966), as would a fig and the pollinating wasps it houses (Janzen, 1979; Weiblen, 
2002). In both examples, cells of each multicellular species are kept segregated, and 
the amount of cell-cell contact between species is limited (i.e., most cells are only in 
contact with clonemates).

The acacia-ant and fig-wasp groups are examples of mutualisms that because of 
partner specificity and co-evolution may be considered more organismal than other 
multi-species communities. Yet, they may be limited in the extent of organismality 
they can achieve. As a point of comparison, we consider honeybee colonies, which 
can contain tens of thousands of multicellular organisms cooperating together to grow 
and sustain a hive (Seeley, 2009). Their scale, functional integration, and complexity 
have led them to be placed in a class of highly organismal groups called superorgan-
isms (Seeley, 1989). Unlike the acacia-ant and fig-wasp mutualisms, superorganisms 
contain only a single multicellular species, and despite their comparative genetic 
homogeneity, they have evolved intricate mechanisms to control who reproduces so 
as to maintain cooperation (Ratnieks et al., 2006). Multicellular mutualisms may 
not be able to attain similar levels of reproductive control because it would need to 
emerge from the interaction between two genomes rather than being encoded in a 
single genome. Lack of reproductive control provides evolutionary opportunities for 
both genomes to exploit their partner species or abandon the partnership all together, 
which would constrain the amount of interdependence and functional integration 
that evolves between the species in this third class of multispecies groups.
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17.4 MULTI-SPECIES GROUP REPRODUCTION

In the previous section, we discussed the different configurations of multi-species 
groups, but for these groups to be organismal they need some mode of reproduction. 
Across the different classes of multi-species multicellularity there are two basic modes 
of reproduction: 1) fragmentation and 2) cycles of dissociation and re-association (Libby 
and Ratcliff, 2021, see Figure 17.1). In the case of fragmentation, the multi-species 
group simply splits into smaller groups, each of which contains at least both species and 
possibly maintains some type of physical or community structure. In the second mode 
of reproduction, one or both species abandons the group and at some later point re-
associates with the same partner species—though not necessarily the same individuals 
or lineage—to recapitulate the multi-species group. Importantly, both modes of group 
reproduction allow groups to produce group offspring and gain adaptations.

A key distinction between the two modes of reproduction lies in whether the multi-
species partnership is maintained or temporarily severed (or, alternatively, whether 
the offspring group is a result of staying together or coming together (Tarnita et al., 
2013)). If the relationship is severed, as is the case in dissociation, there is the risk 
that the two species will not be able to re-establish their partnership. If this risk is 
high enough then it will reduce the fitness of groups and interfere with the species 
evolving interdependence (Estrela et al., 2016). While there is no requirement that 
species are interdependent in organismal multi-species groups, it is a common trait 
of more organismal, clonal multicellular organisms, e.g., cells in different organs 
rely on one another for the organism as a whole to function. When faced with a 
recurring risk of not re-establishing a partnership, the different species are likely 
to maintain self-reliance or evolve more general reliance on species present in the 
environment (Estrela et al., 2016; Oliveira et al., 2014).

Although dissociation can sever the relationship between specific lineages, it may 
also facilitate some kinds of adaptation. Many clonal multicellular organisms repro-
duce through a single-cell bottleneck, which helps purge deleterious mutations, con-
solidate developmental changes, and maintain cooperation (Grosberg and Strathmann, 
1998; Queller, 2000; Ratcliff et al., 2017). A cycle of dissociation and then re-asso-
ciation can function in a similar manner by reducing the size of group offspring and 
allowing species to swap members of the same species. Moreover, dissociation can be 
coupled with sexual reproduction to give partner species a chance to generate genetic 
variation. In lichens, when fungi reproduce sexually they dissociate from the lichens to 
disperse and form new lichen associations (Bowler and Rundel, 1975).

We note that the two modes of reproduction are not mutually exclusive, so the 
same multi-species group can use both to reproduce depending on the circumstances. 
For example, many lichens reproduce via fragmentation as part of an asexual repro-
ductive life cycle and also dissociate their mycobionts (and possibly photobionts) as 
part of a sexual reproductive life cycle (Bowler and Rundel, 1975). Fragmentation 
allows for faster colonization of new niches, while dissociation increases genetic 
variation in lichens. Since the two modes of reproduction have different costs and 
benefits, lichens may incorporate both modes into their life cycles to better propagate 
the multi-species groups across generations.

At the onset of multi-species multicellularity, there is nothing that theoretically 
prevents multi-species groups from reproducing via either mode. But if we look at the 
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different classes of multi-species groups, there appears to be a bias in favor of dissocia-
tion when at least one multicellular species is involved—especially if it has complex 
traits such as developmental programs or sexual reproduction. For example, in the 
acacia-ant system acacia trees reproduce through seeds, so in order to re-establish the 
relationship, ants must disperse and colonize new acacia trees (dissociation). Similarly, 
in the squid-Vibrio system, the squid reproduces via eggs, which means the symbio-
sis goes through cycles of dissociation and re-association (Nyholm and McFall-Ngai, 
2004). The bias towards dissociation, however, is less apparent when both species are 
unicellular, e.g., microbial syntrophies can fragment or dissociate depending on envi-
ronmental conditions and whether the species disperse (Cremer et al., 2012). Ultimately 
the prevalence of either mode of reproduction likely stems from the pre-existing life 
cycles of the partner species. Since complex multicellular species have a higher preva-
lence of dissociation-based life cycles, so too do their multi-species groups.

17.5 CONCLUSIONS

In the beginning of this chapter, we considered the peculiarity of plant grafting and 
the seeming rareness of multi-species chimeric organisms. To understand this rare-
ness, we used a bottom-up approach informed by studies on the origins of multicellu-
larity to explore how a group of multiple species might first form and then reproduce. 
A key idea in our approach is that these simple, reproducing multi-species groups 
are starting points from which something more organismal might evolve (or not). We 
organized multi-species groups into three classes depending on whether the partner 
species are unicellular or multicellular. For each class, we gave examples of exist-
ing multi-species entities that may have evolved from similar initial configurations. 
We then considered the two ways in which such groups could reproduce—either via 
fragmentation or dissociation—and weighed the benefits and prevalence of their use. 
In this last section, we draw a few conclusions on the different types of multi-species 
multicellularity and their potential to evolve a chimeric organism.

Firstly, there are a dearth of examples of multi-species entities high on the organ-
ismality spectrum that were formed by two unicellular species. Apart from the exam-
ples of the eukaryotic cell and perhaps a dozen plastid endosymbioses (Hackett et al. 
2007), the vast majority of multi-species entities from this class are likely to be simi-
lar to microbial syntrophies, i.e., unicellular communities with some degree of coop-
eration. The turbulent dynamics of microbial communities in which environments 
change and new species frequently invade likely inhibit these communities from per-
sisting and reliably reproducing with the same partners (Oliveira et al., 2014). The 
exceptions from this class, including the original eukaryotic cell as well as primary, 
secondary, and tertiary endosymbiotic origins of plastids, established persistent and 
reliable relationships through endosymbiosis. The extreme rarity of unicellular host-
endosymbiont pairs (Lane, 2017) suggests that there are important physical constraints 
that make this an unlikely route to multi-species multicellularity. So, while this first 
class of multi-species groups seldom becomes anything more organismal than a com-
munity, it has the potential to produce highly integrated, organismal entities.

Compared to the first class of multi-species group formation, the second and third 
classes describe many more existing multi-species entities. Both of these classes 
involve a multi-species group formed by at least one multicellular species. Their 
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evolutionary trajectories often result in one of two characteristic configurations: 1) 
a multicellular species with a unicellular endosymbiont and 2) two multicellular 
species with a mutualistic relationship. These examples represent fundamental and 
ubiquitous ecological relationships. Although the organismality of any of these part-
nerships depends on partner specificity as well as the cooperation/conflict elements 
of their relationship, some symbioses in which there is a strong interdependence 
between partner species have been considered to be very organismal (Estrela et al., 
2016). Thus, multi-species organisms may be quite prevalent, and if so they were 
likely formed by a merger involving at least one multicellular species.

Though multi-species organisms may be widespread, they have different confor-
mations than the chimeras presented in mythology. Mythological chimeras were often 
odd assortments of parts of creatures, e.g., an amalgamation of a lion’s head, a goat’s 
body, and a serpent’s tail (Knox and Fagles, 1990). In some sense, this is similar to 
our grafting example of a watermelon fruit sewn on a pumpkin root. Yet, it is far 
removed from the best extant example of a multi-species chimera, lichens. As with 
other organismal representatives of the second and third classes, one species is con-
tained within another. In lichens, the photobiont is surrounded by the multicellular 
fungi, in the squid-Vibrio system, the Vibrio are contained in specialized light organs 
in the squid, and in the fig-wasp system the wasp lives inside the fig fruit. The fact 
that one species is contained inside another establishes a more persistent relationship, 
which may facilitate the evolution of species-specific adaptations (Estrela et al., 2016).

Finally, we end by noting an interesting consequence to the prevalence of the dis-
sociation mode of reproduction in multi-species multicellularity. By separating species 
in order to reproduce, there is the risk the species will not re-establish a group. This 
may disrupt the evolutionary trajectory of a multi-species group, but it could lead to the 
partner species forming new partnerships with other species. There are many biologi-
cal examples of inter-species partnerships being lost and exchanged for others, e.g., the 
evolutionary history of lichens shows that the symbiosis has been lost and re-gained 
across diverse fungal lineages (Lutzoni et al., 2001; Nelsen et al., 2020). Such fluidity 
in forging new relationships may complement the evolution of new species to create 
new types of multi-species chimeric organisms, whose genomes contain an evolution-
ary legacy of previous inter-species cooperation as members of previous chimeras.
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18.1 INTRODUCTION

In this final chapter, we examine some of the major outstanding questions and 
approaches for multicellularity research that we believe will define the intermedi-
ate-term future of the field. This is not meant to be an exhaustive list of potential 
future directions, but rather an overview of particularly compelling topics and ques-
tions that are well poised to make major contributions to our understanding of the 
evolution of multicellularity, based on the current conceptual and technical state of 
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the field. The list is inevitably affected by our backgrounds and biases, and we have 
no doubt that some important contributions will come from directions that we have 
not foreseen.

The chapter is organized around eight research areas that are not truly distinct—
indeed, there are many interactions among these topics, and we expect insight will 
just as often come from the edges of these networks as the nodes.

18.2 PHILOSOPHICAL ISSUES IN MULTICELLULARITY

The evolution of multicellularity has historically been a rich topic for philosophical 
inquiry. The evolution of a new type of individual requires us to confront questions 
for which we in biology have long relied on heuristic solutions, but which break 
down when examining this major transition. Understanding the transition from uni-
cellular organisms to multicellular organisms challenges us to define what organ-
isms and biological individuals are (Clarke, 2010; Godfrey-Smith, 2013; Pradeu, 
2016; Queller and Strassmann, 2009) and what it means to be multicellular (Rose 
and Hammerschmidt, 2021). Once we have these definitions in hand, how do we 
know when the transition to multicellularity has occurred? Is multicellularity even a 
binary state, such that an organism is either multicellular or not, or is it a continuum? 
These are challenging philosophical questions, and addressing them has broad value 
for biology as a whole, not just the evolution of multicellularity.

In Chapter 2, Maureen O’Malley challenges the notion that multicellularity is even 
a coherent category. Specifically, she argues that multicellular organisms are so diverse 
that they do not naturally fit under a single label—and indeed, there may be many more 
differences than similarities between, say, a cellular slime mold such as Dictylostelium 
that spends most of its life in a unicellular state, only ephemerally inhabiting a multicel-
lular state, and an animal, which does the opposite. This has relevance beyond catego-
rization: the way we frame scientific questions depends on how we see the differences 
among organisms. For example, the question “Why have aggregative multicellular 
organisms remained relatively simple?” (Márquez-Zacarías et al., 2021) assumes that 
this is a reasonable question to ask (i.e., that developmental mode is an evolutionarily-
salient factor among the many other differences between these organisms).

In addition to these questions about the evolution of multicellularity per se, the 
philosophy of biology is concerned with understanding the approaches that are 
used to study it. In Chapter 4, Merlijn Staps, Jordi van Gestel, and Corina Tarnita 
classify these approaches into two broad categories: bottom-up approaches that 
address particular evolutionary trajectories, considering the roles of the nature of 
the unicellular ancestor and the environmental factors imposing natural selection, 
and top-down approaches that aim to identify general principles by comparing the 
features of existing multicellular organisms. Recognizing that both approaches 
have strengths and limitations, they advocate for integrating, for example, the top-
down, multilevel selection approach of Rick Michod (Chapter 3) with a bottom-up, 
mechanistic model of the emergence of multicellular life cycles. The multilevel 
selection framework, including its application to the evolution of multicellularity, 
has itself been a frequent point of intersection between biologists and philosophers 
of biology (Bourrat, 2015; Godfrey-Smith, 2013; Michod, 2005; Okasha, 2006).
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Philosophical research has significant potential to contextualize and generalize 
macroevolutionary trends. We believe that philosophy will continue to play a key 
role in describing how multicellular organisms become units of selection, how multi-
cellular traits arise, become heritable, and affect fitness, and how parts of organisms 
emerge and become entrenched within a multicellular context.

18.3 NATURAL HISTORY

One of the most important resources for the field of multicellularity is the only truly 
long-term natural experiments that we will ever have access to: lineages that have 
independently evolved multicellularity, in most cases hundreds of millions of years 
ago. Each such origin is a replicate natural experiment, and phylogenetic compara-
tive methods make them useful for testing hypotheses. Most of what we know about 
multicellularity we’ve learned from these organisms, and yet we believe that we are 
only beginning to utilize this resource.

Future work will be critical for more accurately resolving the phylogenies of 
multicellular organisms. These will be essential for answering basic questions, 
for instance: How many times have both simple and complex multicellularity 
evolved? The most widely cited figure is ‘at least 25 origins,’ which comes from 
an analysis by King (2004), performed on a phylogeny developed by Baldauf 
(2003) and widely popularized in a landmark review by Grosberg and Strathmann 
(2007). Recent work, however, suggests that the true number is likely far higher. 
For example, multicellularity appears to have evolved in the green algae alone at 
least 25 times (Umen and Herron, 2021), and complex multicellularity appears to 
have convergently evolved from simple multicellular ancestors in the fungi 8–11 
times using the same suites of genes (Nagy et al., 2018). How and when has cel-
lular differentiation evolved in different lineages? Which phylum is sister to the 
remaining animals, sponges or ctenophores (Jékely and Budd, 2021)?

We still have much to learn about the natural diversity of less ecologically-domi-
nant multicellular taxa. For example, recent work has shown that choanoflagellates, 
the closest known relative of animals, are capable of forming epithelia-like sheets 
of cells and can regulate phototactic swimming by manipulating the shape of their 
sheet-like bodies (Brunet et al., 2019). Another choanoflagellate species forms hol-
low spherical groups that contain a microbiome (Hake et al., 2021). Work with non-
Metazoan Holozoans shows that they are capable of expressing a remarkable diversity 
of cellular phenotypes (e.g., flagellated cells, amoeboid cells, cysts and coenocytes) 
through time (Sebe-Pedros et al., 2017), lending support to the hypothesis that tempo-
ral cellular differentiation may have been co-opted for spatial cellular differentiation 
in animals (Brunet and King, 2017), as it likely was in the volvocine algae (Nedelcu 
and Michod, 2006). Within fungi, recent work has shown that large, complex multi-
cellular structures do not necessarily require large genomes (Nguyen et al., 2017). It 
is clear that we are only beginning to appreciate the diversity of multicellular life on 
Earth, particularly among the “minor” multicellular taxa (Herron et al., 2013).

Improved sampling of extant multicellular organisms will provide deeper insight 
into the manifold routes, mechanisms, and constraints on this major transition. In par-
ticular, it will be helpful to know how much the cell biology of the unicellular ancestor 
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dictates the way in which multicellularity subsequently evolves. For example, we still 
don’t have a widely accepted explanation for why complex multicellularity has only 
evolved in eukaryotes (which is especially surprising given that bacterial multicel-
lularity had a ~600 million to 1 billion year head start (Bengtson et al., 2017; Gibson 
et al., 2018; Schirrmeister et al., 2015)), though hypotheses linking eukaryotic tran-
scriptional regulation to complex multicellularity have been proposed (de Mendoza 
et al., 2013; Petroll et al., 2021; Tarver et al., 2015). Groundbreaking work has shown 
that genes put to extensive use in multicellular processes (e.g., cellular adhesion, devel-
opment, and cancer suppression) often predate this transition (King 2004; Nedelcu and 
Michod, 2006; Rokas, 2008; Ruiz-Trillo et al., 2008), suggesting that they were co-
opted for novel multicellular use. Improved taxonomic sampling will refine our ability 
to infer how, when, and why genes have been co-opted for multicellular functionality, 
and how important this process is for the evolution of novel multicellular traits.

18.4  LIFE CYCLES: AN ORGANIZING PRINCIPLE 
FOR MULTICELLULAR ORIGINS

All multicellular organisms possess a life cycle, which characterizes their growth and 
reproduction. As Merljin Staps, Jordi van Gestel, and Corina Tarnita explain in Chapter 
4, life cycles are a foundational concept for the origin of multicellularity, because they 
describe the manner in which groups of cells are generated and reproduce themselves 
(Bonner, 1965; Buss, 1987). Such group-level reproduction is an essential component 
in multicellular groups becoming Darwinian entities (Rainey and Kerr, 2010), and 
variation in the life cycle (i.e., how they partition genetic variation among multicellu-
lar groups) has profound implications for the subsequent evolution of multicellularity 
(Hammerschmidt et al., 2014; Ratcliff et al., 2017; Staps et al., 2019).

Despite the centrality of life cycles for this major evolutionary transition, we know 
relatively little about how they arise. Experimental evolution with yeast (Koschwanez 
et al., 2013; Ratcliff et al., 2012) and green algae (Herron et al., 2019; Ratcliff et al., 
2013) shows that life cycles can arise through growth followed by physical fracture. 
In both of these examples, the emergent life cycles can include unicellular genetic 
bottlenecks, efficiently partitioning genetic variation between groups. Ecology itself 
can act as a “scaffold” (Black et al., 2020)—creating an environment that favors a 
multicellular phase (e.g., a biofilm) followed by a unicellular phase (Hammerschmidt 
et al., 2014). Over time, the cycling between unicellular and multicellular states 
could be brought under developmental control (Black et al., 2020). Alternatively, life 
cycles may arise due to environment-specific cues (e.g., expression of aggregative 
proteins during starvation) (Dworkin, 1963; Mahadeo and Parent, 2006). Despite 
the plausibility of these different routes, we do not yet have a general theory for 
how life cycles arise, nor have we resolved the ancestral life cycle state of all extant 
clades of multicellular organisms. Further, we know little about how, when and why 
developmental processes modify multicellular life cycles, taking them from simple, 
stochastic beginnings to the robust and highly regulated processes that characterize 
most extant multicellular organisms.

The above framework raises an intriguing and largely unexplored hypothesis: the 
ecology of early multicellular life cycles may constrain the types of multicellularity 
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that ultimately evolve (Pichugin and Traulsen, 2020). Some early multicellular life 
cycles provide a clear ecological advantage—for example, single cells aggregating 
to form groups when stressed. Such a behavior can provide group survival benefits 
(Smukalla et al., 2008) and may limit the costs associated with multicellularity (i.e., 
resource diffusion slowing growth (Pentz et al., 2020) or limited dispersal (Queller 
and Strassmann, 2014)). Indeed, simple environmentally-dependent aggregation has 
evolved many times among otherwise unicellular organisms, leading to the ubiq-
uity of microbial biofilms (Flemming and Wuertz, 2019), though in some cases, this 
simple life cycle has served as the basis for more significant multicellular innovation 
(see Chapters 5–8). Might we be missing modes of multicellularity simply because 
those early life cycles were not ecologically advantageous enough to persist? Future 
work will be necessary to disentangle this effect from the downstream evolutionary 
consequences of how these life cycles affect the evolution of multicellularity itself.

18.5 THE CRITICAL ROLE OF ORGANISMAL SIZE

As John Tyler Bonner made clear (Bonner, 2006), size is a universally important 
trait for multicellular organisms. The benefits of multicellularity stem in part from 
advantages of size derived from group formation, and many multicellular lineages 
have undergone selection to form larger, more mechanically-robust multicellu-
lar bodies at some point in their evolutionary history. A number of key questions 
remain unanswered regarding the evolution of larger size in early multicellular 
organisms, however.

Biophysically, how do larger organisms evolve? This is not a trivial question: 
multicellular organisms face biophysical stresses that act over evolutionarily novel 
length scales, and we have no reason to believe that early multicellular bodies are 
particularly robust. Cells growing within groups face a challenge—as cells divide, 
they exert strain on neighboring cells, which accumulates until it causes the group 
to fracture (Jacobeen et al., 2018). In order avoid fragmenting, organisms growing 
in groups must either stop dividing, reduce the accumulation of cell-cell strain, or 
evolve to tolerate this strain by becoming tougher. Extant organisms do all three. 
For example, aggregative organisms such as Dictylostelium discoideum typically 
do not divide in the multicellular phase, which is induced by starvation (Jang and 
Gomer, 2011). In some clonal multicellular organisms, such as plants, growth is often 
developmentally regulated to limit strain accumulation by producing new cells in 
parallel sheets (Jackson et al., 2017), or incorporating information about packing-
induced strain into cellular division planes (Dupuy et al., 2010). Other mechanisms 
for increasing multicellular toughness include cell-cell adhesion (Abedin and King, 
2010; El-Kirat-Chatel et al., 2015) and the entanglement of filamentous biological 
materials (Zou et al., 2009). We know relatively little about how biophysical tough-
ness evolves prior to the evolution of developmental systems that coordinate strain 
reduction and increased toughness. Further work should examine the biophysical 
organizing principles for multicellularity and assess how they constrain the types of 
multicellular organisms that can evolve.

Is selection for larger size itself a driver of increased complexity? Size is costly, 
as it reduces access to extracellular resources (e.g., food and oxygen), providing a 
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selective incentive to evolve traits that overcome these limitations (Bonner, 2006; 
Knoll, 2011). Examples of such traits include circulatory systems, low surface-area 
to volume morphologies, and even oxygen-binding proteins such as myoglobin. 
Many of these require the evolution of increased developmental regulation and mul-
ticellular integration. Despite the conceptual strength of this hypothesis, however, it 
has yet to be directly tested.

18.6 ORIGINS OF MULTICELLULAR DEVELOPMENT

Few topics are more important for the evolution of complex multicellular life than 
the origin of multicellular development. Developmental regulation of cells within a 
multicellular group (defined as the genetic, bioelectric, and biophysical mechanisms 
that allow cells to perform spatially and temporally explicit behaviors) is required 
for the expression of any reasonably sophisticated multicellular structure, yet we still 
know little about how development evolves de novo.

One school of thought argues that development is an outcome of multicellular 
adaptation. This may occur through the rewiring of phenotypic variation that was 
expressed through time in the unicellular ancestor (e.g., flagellar swimming, amoe-
bal crawling, etc.) to be expressed in a spatially dependent manner (Brunet and King, 
2017; Mikhailov et al., 2009; Sebe-Pedros et al., 2017), or the de novo evolution of 
cellular differentiation (Arendt, 2008). Alternatively, Stuart Newman and Ramray 
Bhat have proposed that the initial steps of development may have been non-adaptive. 
Specifically, they hypothesize that dynamical patterning modules may initially have 
arisen through the interactions of cellular behaviors and biophysical mechanisms 
that would have had novel developmental consequences once in a multicellular con-
text. These could then have been refined by selection for improved multicellular 
functionality (Newman and Bhat, 2009).

Future work resolving how development has evolved in disparate lineages, and 
how it can evolve from scratch in initially undifferentiated groups of cells, will be 
critical for developing a comprehensive understanding of this process. Major ques-
tions remain: how critical is the evolution of the life cycle to the origin and ulti-
mate evolution of development (Fortezza et al., 2021; see Chapter 4)? How and 
when will cell-cell communication be important during development? What is the 
relative importance of co-opting ancestral plasticity in cellular phenotype vs. evolv-
ing plasticity de novo? This work will require understanding not just the selective 
advantages of development, but also the mechanisms through which it arises (see 
Chapters 14–16). This research area will benefit greatly from interdisciplinary col-
laboration among theorists, natural historians, and groups leveraging emerging tools 
in synthetic biology/experimental evolution to directly test hypotheses.

18.7 ENVIRONMENTAL DRIVERS AND NICHE CONSTRUCTION

One of the most fundamental lines of inquiry in the field of multicellularity concerns 
when and why multicellularity evolved on Earth (Knoll, 2011; Chapters 6 and 10). 
This is critically important for developing a robust understanding of the environmen-
tal drivers of simple multicellularity and the subsequent evolution of more complex 
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lineages. This is a challenging research topic because these transitions occurred 
in the deep past, and early multicellular lineages tend not to be well preserved in 
the fossil record. Even with exceptional fossils (such as those from the Doushantuo 
Formation, where even cellular organelles remain visible (Sun et al., 2020)), it can 
be difficult to place the fossils into phylogenetic context (Chen et al., 2014). Future 
work will be crucial for increasing not just the sampling resolution of ancient multi-
cellular lineages, but resolving their broader Earth context, their local environment, 
and their biotic interactions. The latter may be especially important for resolving 
how organismal interactions (e.g., arms races, co-evolution) underlie the evolution of 
increased multicellular complexity (Sperling et al., 2013), and subsequently impact 
biogeochemical processes (Butterfield, 2018).

It is clear that multicellularity has fundamentally transformed Earth’s surface 
and biogeochemical processes—for instance, plants alone account for approxi-
mately 80% of the biomass of all life on Earth by one estimate (Bar-On et al., 2018). 
Despite recent progress, we do not fully understand how multicellular organisms 
have affected the evolution of Earth’s biogeochemical cycles and climate, or how 
multicellular niche construction has affected the subsequent evolution of multicellu-
larity. For example, we often define our biomes by the dominant multicellular taxa in 
that environment (e.g., forests, grasslands, coral reefs, kelp forests), and nearly all of 
the organisms in these environments are there because of the niches created, directly 
or indirectly, by the dominant multicellular taxa. Plants give rise to herbivores and 
pollinators, which in turn give rise to predators, predators of the predators, parasites 
of all of these, hyperparasites, predators of the hyperparasites, and so on. Clearly, the 
evolution of multicellularity depends on the prior evolution of multicellularity—but 
how, why, and are these principles general or lineage-specific?

Finally, it’s unclear to what extent Earth’s environment has constrained the evolu-
tion of multicellularity. For example, how has environmental oxygen affected the 
evolution of multicellular size (Bozdag et al., 2021; Cole et al., 2020)? Prior to the 
rise of near modern oxygen levels in the Phanerozoic (Lyons et al., 2014), did low 
ocean/atmospheric oxygen constrain the evolution of tissues more than a few cells 
thick? How might environmental constraints interact with the origin of life cycles, 
the environment in which multicellular organisms could persist (Turner, 2021), the 
topology of multicellular groups (Yanni et al., 2020), and the subsequent evolution 
of multicellular development?

18.8 ASTROBIOLOGY: THE ULTIMATE GENERALIZATION

A comprehensive understanding of how, when, and why multicellularity has evolved 
on Earth should provide insight into a fundamental question in astrobiology: assum-
ing cellular life has independently evolved elsewhere in the Universe, what is the 
probability that it would evolve to be multicellular? This is not quite the fi of the 
Drake equation ("the fraction of planets with life that actually go on to develop intel-
ligent life (civilizations)"), but it is probably a factor contributing to fi, unless we are 
imagining intelligent unicells (as some science fiction authors have done).

What biotic and abiotic factors are critical for the initial transition to multicel-
lularity and the subsequent evolution of complex multicellularity, and how might 
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these apply to other planetary contexts? Is this process necessarily slow, or can it 
occur quickly given the right conditions? Understanding the evolution of multicel-
lularity on Earth, and, in particular, developing robust theory from evolutionary first 
principles, should allow us to make strong astrobiological hypotheses. In addition to 
its importance for the field of astrobiology, this has deep significance for humanity, 
helping address a fundamental existential question: are we alone, or is sentient mul-
ticellular life cosmologically common?

18.9 KEY METHODS

Understanding the evolution of multicellularity will take a plurality of methods and 
disciplines. Here, we highlight some of the key approaches that will be crucial for 
research progress. These approaches can be roughly classified into three broad cat-
egories: comparative, experimental, and theoretical. Although there is some overlap, 
and although other classifications are certainly possible, we think this is a reasonable 
first pass at making sense of the diversity of methods.

Comparative methods often involve describing the differences between multicel-
lular organisms and their closest unicellular relatives. Differences between the two 
must have evolved since they diverged from a (presumably unicellular) ancestor, and 
some of these differences will be causes and consequences of the transition to multi-
cellularity. We are employing a broad definition of comparative methods, to include 
comparisons of morphology, physiology, biochemistry, genetics, and so on.

Of course, such comparisons are only meaningful when we understand the evo-
lutionary relationships among the organisms we’re comparing, so accurate phylog-
enies are crucial (see Chapters 5 and 9). There is simply no substitute for knowing 
how and when multicellularity evolved in extant lineages. As we describe in Section 
18.3, improved phylogenetic inferences have often led to new insights into the evolu-
tion of multicellularity.

Paleontology and Earth science play critical roles in ground-truthing compara-
tive methods. Fossils are indispensable in calibrating divergence time estimates in 
phylogenies, and they provide a unique snapshot into the phenotype of early multi-
cellular life. Earth system science (e.g., isotope geochemistry) will allow for more 
precise inference of the environmental and planetary contexts of early multicellular 
evolution.

Although comparative methods are powerful tools for understanding the evolu-
tion of multicellularity, they do have some important limitations. In most cases, the 
closest unicellular relatives of extant multicellular organisms diverged from them 
hundreds of millions of years ago, and subsequent, uncharacterized changes in 
the unicellular lineages limit their utility as stand-ins for the unicellular ancestors. 
Experimental/directed evolution offers the unique opportunity to examine the origin 
of multicellularity directly and has been recently applied to fungi (Ratcliff et al., 
2012), bacteria (Hammerschmidt et al., 2014), algae (Boraas et al., 1998; Herron 
et al., 2019; Ratcliff et al., 2013), and ichthyosporea (Dudin et al., 2021). In addition 
to examining how simple multicellularity can evolve in various lineages, this method 
can provide insight into how increasingly complex multicellularity evolves and 
allows one to directly test hypotheses that are otherwise experimentally intractable 
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(e.g., how early life cycles or environmental conditions affect the evolution of multi-
cellularity (Bozdag et al., 2021)). The trade-off for this approach is that it sacrifices 
relevance to particular historical origins of multicellularity for tractability and (pos-
sibly) generality. It can, in other words, tell us about how multicellularity can evolve, 
but not about how it did evolve.

Other experimental approaches lie at different points along this continuum. Some, 
for example detailed studies of genetic and developmental mechanisms, synergize 
well with comparative methods by fleshing out the differences between unicellu-
lar and multicellular organisms. Others, for example biophysics, may derive general 
principles that should be relevant to many or all origins of multicellularity.

Another promising experimental approach is synthetic biology. Despite its poten-
tial as a sandbox allowing virtually unlimited experimental possibilities, relatively 
little work has leveraged synthetic approaches to study multicellularity (but see Basu 
et al., 2005; Solé et al., 2018; Toda et al., 2018). We expect that this will change 
as methods for gene editing become increasingly routine in non-model organisms 
(Booth and King, 2020), and as techniques for engineering organoids allow for 
increasingly precise control on in vitro morphogenesis (Hofer and Lutolf, 2021).

Theory plays a key role in multicellularity research, complementing natural 
history (which tells us what has happened in this one run of Earth’s timeline) and 
experiments with organisms (which let us test various hypotheses about when, why 
and how these things happened). Theory thus provides a formal method for sum-
marizing our knowledge about evolutionary processes, allowing hypotheses to be 
clearly defined and subsequently tested. By the same token, theory and computa-
tion allow us to explore the evolution of multicellularity in a way that is unencum-
bered by the historical contingencies that are otherwise an unimpeachable constraint 
of real organisms living in a specific environment. Computational and theoretical 
approaches are thus an invaluable tool for exploration, hypothesis generation, and 
the identification and formulation of general principles.

One theoretical approach that has been crucial for understanding the evolu-
tion of multicellularity is that of multilevel selection. In Chapter 3, Rick Michod 
reviews the development of multilevel selection theory, especially as it applies to 
the evolution of multicellularity and of cellular differentiation, including his own 
considerable contributions to this application. Among the most influential of these 
is a collection of population genetic models based on life-history tradeoffs that 
address the evolution of a division of labor among cells, or cellular differentiation. 
In Chapter 12, Guilhem Doulcier, Katrin Hammerschmidt, and Pierrick Bourrat 
analyze the life-history model and its underlying assumptions, limitations, and 
interpretation as a critical step in the transformation of cell groups into multicel-
lular organisms.

Just as the origins of multicellularity in plants, animals, and other taxa are par-
ticular cases of a broader category (but see Chapter 2), the evolution of multicellular-
ity writ large is a particular case of the broader category of “major transitions” in 
evolution (Maynard Smith and Szathmáry, 1995) or evolutionary transitions in indi-
viduality (Michod and Roze, 1997). Much of the theory that has been developed for 
the evolution of multicellularity can be applied more broadly to the larger category, 
though just how much of the theory can be so applied, and to which transitions, are 
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very much open questions (Calcott and Sterelny, 2011; Herron, 2021; McShea and 
Simpson, 2011; O’Malley and Powell, 2016).

Comparative, experimental, and theoretical approaches can all benefit from the 
development of new model systems. Model systems of extant multicellular organ-
isms, such as Dictylostelium discoideum, Myxococcus xanthus, Neurospora crassa, 
Volvox carteri, and Salpingoeca rosetta have been crucial for generating and testing 
hypotheses about the evolution of multicellularity. Given how contingent each of 
these model systems is (each species is nested within a lineage that has indepen-
dently evolved multicellularity in largely idiosyncratic ways), new model systems 
will significantly expand our suite of experimental possibilities.

18.10 CONCLUSION

There has never been a better time to work on the evolution of multicellularity. 
Rapid advances in life sciences technology have opened new avenues for research 
that would have been unimaginable a generation ago, and will no doubt continue to 
revolutionize progress. And, despite the deep history of the field, it has remained a 
small enough niche that major conceptual breakthroughs are not only possible but 
are a regular occurrence.

David Kirk (1998), quoting Jerome Gross, advised that the best path to a happy 
and productive scientific career is to find "a quiet backwater where there are lots of 
big fish to be caught, but not many people fishing." The evolution of multicellularity 
is much less of a backwater today than it was when Kirk wrote that, but it is still a 
relatively small pond, and we are convinced that there are indeed still big fish to be 
caught. We hope that this book has been useful to you, and we invite readers to reach 
out to any of the authors if you have questions about the evolution of multicellularity 
or are interested in wetting a line.
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