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Abstract

In this chapter we focus specifically on clonal multicellularity, where multicellular groups form
through daughter cells remaining attached to mother cells after division. This type of group
formation has evolved in several prominent multicellular taxa, including the animals, plants and
fungi, and is unique in that it guarantees clonal relatedness between cells. This is in contrast to
aggregative group formation, found in the cellular slime moulds, some algae, ciliates, and many
species of bacteria, where genetically distinct cells come together to form the multicellular body
(see Chapters 5-8). Clonal relatedness allows highly cooperative behaviour to evolve, including
altruism, and is the only type of group formation that has led to the evolution of obligate
multicellularity. We give an introduction to clonal multicellularity and set the scene with a short
primer in social evolution theory. We then review several examples of species with clonal group
formation and assess the benefits and costs of multicellular cooperation in clonal groups. We
conclude by discussing the impact of the environment on multicellular group formation and asking
whether it is possible to evolve obligate multicellularity without clonality.

10.1 Introduction

Multicellularity occurs all over the tree of life in myriad different forms and, depending 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 behaviours. In Chapters 5-8 we heard about the myxobacteria and about Dictyostelium
and the cellular slime moulds. However, regardless of the taxa in which multicellularity has
evolved, the way in which multicellular groups form has important ramifications for cooperative
behaviour, multicellular 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 multicellularity. 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 behaviour, 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



multicellularity, 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, 2000; 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 multicellular 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 multicellularity, 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 mould Dictyostelium. In this species, single cells can survive and proliferate in the
environment quite happily (Hashimura et al., 2019; Strassmann & Queller, 2011), only coming
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, 2019).

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 described below, displays similarities to both
types of group formation but seems (at least in practice) to more closely resemble clonal
multicellularity.
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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.

10.2.1 Non-clonal (aggregative) multicellularity

We will only describe aggregative multicellularity very briefly here, as it has been covered
extensively in Chapters 5-8. However, it is worth stating that non-clonal aggregative
multicellularity has evolved independently in 5 different lineages and is therefore more common
than clonal aggregative multicellularity, that has evolved independently in 3 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),
Mpyxobacteria (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 somewhat 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 daughter 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; Liirling,
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 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 clonally related. In other words,
they are all copies of each other formed through mitosis (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 multicellular forms and, in
some cases, impressively complex and coordinated behaviour (as described in Chapters 5 - 8), only
clonal multicellularity has led to the levels of complexity demonstrated in the lineages of animals and
plants. Only clonal multicellularity, where all cells in the body result from one (or very few) initial
cells, has led to permanent division of labour and >100 different cell types (Fisher et al., 2013; Nagy
et al., 2020). And whilst multicellularity has evolved >24 times, obligate multicellular organisms
have in fact only evolved 9 times, and only in species with clonal multicellularity (Fisher et al., 2013).
It is clear there is something unique about clonal multicellularity. To understand what, it is necessary
to go back to social evolution theory.
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Figure 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.

10.3 Social evolution primer

At a fundamental level, multicellularity is a cooperative behaviour between cells. Here, we will just
briefly touch on how cooperative behaviours can evolve between cells, but for an in-depth
explanation of the evolution of cooperative behaviour, we direct the reader to Bourke (2011), Davies
et al. (2012) and West et al. (2007). Simply put, in order for cooperation to evolve the cooperative
behaviour 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; Liirling,
1999b, 2020; Liirling et al., 1996; Van Donk et al., 1993), then cooperation can be favoured - 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, cooperation 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., 2007).

When cells are clonally related, i.e. when relatedness () = 1, this creates specific conditions that
allow altruism to evolve. This is because altruistic behaviours (Foster et al., 2006; Hamilton, 1964a,



1964b; West et al., 2007a) do not provide direct benefits to the cooperating cell, but instead provide
indirect benefits to related cells. When the condition of » = 1 is consistent in time (throughout the
lifespan of the multicellular 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 » < 1 between
cells, this opens up the possibility for natural selection to favour cells not cooperating.

Clonal group formation guarantees that all cells in the group will be genetically identical (» = 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 labour 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) possibility that cells could ‘do better’ by not
cooperating, and hence natural selection has not favoured the evolution of unconditional altruistic
behaviour, such as permanent division of labour (for a detailed explanation, see Cooper & West,
2018).

As an interesting side note, this observation is reflected in other cooperative systems, most strikingly
in animal societies. Just like multicellularity, animals from a variety of taxonomic groups live in
cooperative groups (to varying degrees), including spiders, aphids, fish, meerkats, lions, bees, birds,
monkeys - the list goes on. However, consistent with social evolution theory, the only lineages where
unconditionally altruistic behaviours 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 species 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 favoured, 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.

Figure 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 courtesy of CC BY-SA 3.0.

10.5 Cyanobacteria

Cyanobacteria are a large and diverse group of bacteria with an estimated 2698 species (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 3 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 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 survive and reproduce on their own (i.e. distinct from the group).
Several species also have a division of labour between cells in the filament. For example, Nostoc
species have cells called ‘heterocysts’ which fix nitrogen at night and vegetative cells that
photosynthesise 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 labour
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 & Cooper, 2016; West et al., 2015). 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 labour even in a relatively simple species
(Cooper & West, 2018; Flores & Herrero, 2010; Schirrmeister et al., 2011). In fact, Rossetti et al.
2010 show that spatial structure, specifically the organisation of cells in compartments, is important
in preventing the spread of cheating cells, allowing the evolution of cooperation and division of labour
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 behaviour 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; Liiring et al., 1997; Liirling, 1999a; Liirling 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; Kapsetaki et al., 2016). One of the
explanations for this phenomenon is that being in a group can be costly for individual cells (Kapsetaki
& West, 2019; J. T. O. Kirk, 1994; Liirling, 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 (Kirk, 1994; Liirling,
1999a; Ploug et al., 1999; Reynolds, 1984; Tollrian & Dodson, 1999; Francis Rice Trainor, 1998).
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. reinhardtii 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 contains 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 (Fig. 3), arguably one of the most extensively
studied multicellular species in the group (Herron et al., 2009), but a detailed account of
multicellularity 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 reproductively 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 contribute
only to motility and photosynthesis (Matt & Umen, 2016; Shelton et al., 2012).

Division of labour 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 8um, 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 reproductive 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 maximise its inclusive fitness by
dividing (direct fitness) or sacrificing its reproduction to help a neighbouring cell divide (indirect
fitness), either ‘choice’ would be similar in terms of fitness, since the neighbouring 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 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 origins (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 multicellular
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 relatedness that minimises 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 multicellularity 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 multicellularity 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
formation. This result suggests (although is by no means definitive) that aquatic environment 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 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, 1993; Trainor, 1992). High
calcium concentrations induce aggregation in the cyanobacteria Microcystis, but when calcium
concentrations decrease, they form colonies clonally by cell division (Chen & Liirling, 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 labour (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 species: Trichoplax
adhaerens, Hoilungia hongkongensis, and Polyplacotoma mediterranea (Eitel et al.,, 2013;
Schierwater & Eitel, 2019; Bernd Schierwater & DeSalle, 2018). 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 sea water without divalent ions). Removal of these chemicals makes the cells
reaggregate (Ruthmann & Terwelp, 1979). This phenomenon raises several questions. First, can cells
of the disaggregated individual grow independently, as in a facultatively 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 cellular 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 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 transplantation 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 substitutions among clonal cells.
If these substitutions lead to cellular overproliferation 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 multicellular 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 minimising the
potential for conflict among cells (Buss, 1987; Fisher et al., 2013; Grosberg & Strathmann, 2007;
Hurst et al., 1996; Michod, 2003; Michod et al., 1997; Michod, 1999; 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 (» = 0.97)
prevents cheating cells from spreading in the population and allows high levels of altruism (Gilbert
etal.,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 reproduce. 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 behaviour to become unconditional (permanent), any deviation
from » = 1 means that (b < 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 unconditional altruism
(Bourke, 2011; Hamilton, 1964a, 1964b; West et al., 2007b, 2015).

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 overview 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,
intercellular, 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 evolutionary 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 recognised 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 individuality). This point leads us nicely to the next chapter in this book, which deals with
multicellular group maintenance (Chapter 11).
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