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Abstract

The history of life has involved several major evolutionary transitions that have each led
to the emergence of a new individual. Examples of major transitions in individuality
include the evolution of the eukaryotic cell, multicellular organisms and eusocial societies.
In each of these events, previously independently replicating units (cells, individuals etc.)
cooperate to form a new individual, which can then only replicate as a whole. For this to
occur, conflict between individuals needs to be minimised, to allow maximising their
inclusive fitness to be roughly equivalent to maximising group fitness. It has been
predicted that the way in which social groups form should be key for eliminating conflict
between individuals and promoting cooperation. In this thesis, I have focused on two
major evolutionary transitions; the evolution of multicellularity and the evolution of
symbiosis, and show that the mode of group formation (whether groups are parent-
offspring associations or not) is crucial for understanding when and why major transitions
occur. Firstly, I show that the major transition to obligate multicellularity has only
occurred with clonal group formation (where cells remain together after division).
Secondly, I use an experimental system to show that predation pressure may be key in
promoting the formation of multicellular groups in algae. Finally, I show that the mode of
group formation is also important in between-species transitions. I use the evolution of
symbiosis to show that transmission route of symbionts and environmental factors,

determine how cooperative symbionts will be towards their hosts.
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Chapter 1: Introduction

Twenty years ago, Maynard Smith and Szathmary (1995) proposed that the history of life
has involved several major transitions in evolution; for example genes come together to
form genomes, cells come together to form multicellular organisms and individuals form
eusocial societies (Table 1). The Major Transitions framework has been the most
successful attempt to unify the principles of biological organization at all levels, from

gene to cell to society (Bourke 2011; Maynard Smith & Szathmary 1995).

Maynard Smith and Szathmary define major transitions as events that involved a change
in how information is transmitted between generations, resulting in the emergence of a
new individual (Maynard Smith & Szathmary 1995). The problem with this definition is
that whilst some of the examples that they define as major transitions do involve a change
in the way information is transmitted (e.g. the evolution of sex and of the genome), several

others do not (e.g. the evolution of eusociality and multicellularity).

Table 1: The major transitions in evolution, as defined by Maynard Smith & Szathmary (1995).

1) Replicating molecules Populations of molecules

2) Independent replicators Chromosomes
3) RNA DNA
4) Prokaryotes Eukaryotes

5) Asexual clones Sexual clones

6) Protists Animals, plants, fungi

7) Solitary individuals Colonies

IR ZR AR AR AR R 2

8) Primate societies Human societies

Major transitions in individuality, a subset of these transitions, are defined as a group of
individuals joining to form a new, more complex life form that can only replicate as a

whole, and where there is negligible within-group conflict (Queller 2000). In this thesis I



only focus on major evolutionary transitions in individuality (Fig. 1), as they lead to the

evolution of a new individual.

Major evolutionary transitions
in individuality

Within-species Between-species
The evolution of The evolution of the
multicellularity genome

The evolution of the

The evolution of cukaryotic cell

eusociality

The evolution of obligate
interspecific mutualisms

Figure 1: The major evolutionary transitions in individuality. In this figure I use the terms
‘within-‘ and ‘between-species’ to refer to whether similar or dissimilar units were involved in the
transition. I have eliminated the transition from primate to human societies proposed by Maynard
Smith & Szathmary (1995), as this did not involve the evolution of a new individual. I have
included the transition to interspecific mutualisms, which is theoretically analogous to the
evolution of the eukaryotic cell. The evolution of the genome could be considered a within- or
between- species transition, but I have included it as a potential example of a between-species
transition for simplicity. Queller (2000) classified major transitions as either fraternal (between
relatives, where indirect benefits are important) and egalitarian (between non-relatives, where
direct benefits are important). Although this is similar to the within- and between- species
classification, it focuses on the mechanism of the transition rather than the type of units involved
in the transition (Bourke 2011).

All major evolutionary transitions involve cooperation between individual units (e.g.
genes, cells or individuals). Cooperative behaviour is any behaviour that provides a
benefit to another individual, and has evolved at least partially because of this benefit
(West et al. 2007). The problem of explaining cooperative behaviour from an evolutionary
perspective is that individuals are expected to act selfishly to promote their own personal
reproduction. The key question, then, is why cooperate? Inclusive fitness theory has gone
a long way to solving this problem, and specifically Hamilton’s (1964) insight that

cooperative behaviour can be favoured if (1) the individual gains direct benefits from
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cooperating and/or (2) the behaviour benefits other individuals that share the same genes,
i.e. relatives (Hamilton 1964). Inclusive fitness is defined as the sum of an individual’s
direct fitness (fitness gained through their own reproduction) and their indirect fitness

(fitness gained through their relatives reproduction).

Not all cooperative groups, however, are considered major transitions. There are two
criteria that set major transitions apart from other social groups. Firstly, there needs to be
so little conflict between interacting units (cells, individuals etc.) that there is a
coincidence of fitness interests between the individual and the group. Gardner and Grafen
(2009) sum up nicely that while we should typically expect individuals to maximise their
inclusive fitness, we should only expect them to behave in a way that maximises group
fitness when within-group conflict has been eliminated or suppressed (Gardner & Grafen
2009). Secondly, there needs to be complete mutual dependence between individuals, so
that the social group can be considered obligate. For example, Atta ants are part of an
obligate eusocial group; workers cannot reproduce without the queen and vice versa. If
both these conditions are met, the social group can be considered a new individual and a
major evolutionary transition has occurred. Social evolution theory has led to a relatively
good understanding of how these conditions can be met for within-species transitions

(Bourke 2011). However, things are still much less clear for between-species transitions.

Within-species major transitions

For within-species transitions, a potential way to remove conflict over whether to
reproduce or help, is if individuals are equally related to the offspring that they could help

raise (7,) and their own offspring (7,). In this situation, the individual will be selected to do
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whatever maximises the production of offspring, and this then entirely depends on the
benefit (B) and the cost (C) of the cooperative behaviour (Fig. 2). This can be achieved

through the way in which social groups form (Fig. 3).

help
Focal —> B _
1 other’s offspring

reproduce | I,

C
own offspring

Figure 2: Relatedness and Hamilton’s rule. A focal individual is related to individuals it could
potentially help 74, and is related to its own offspring r,. B is the benefit of the behaviour to the
recipient and C is the cost to the focal individual. A focal individual will be favoured to help
another if r,B-r,C > 0.

Several comparative studies have shown that within-species major transitions have only
occurred when the route of group formation has meant that »,= r,, leading to negligible
conflict between individuals (Boomsma 2009; Fisher et al. 2013; Queller 2000; Hughes et
al. 2008). For multicellular organisms, obligate multicellularity has only evolved where
the organism is formed through cells sticking together after division. In this situation,
conflict between individual cells is effectively eliminated and so, if ecological conditions
allow, a major transition can occur. When cells aggregate together, there is the potential
for appreciable conflict between cells, because 7, # r,, and this has never led to a major
transition to multicellularity (Chapter 2, Fisher et al. 2013). Furthermore, in eusocial
societies, it has been demonstrated using phylogenetic techniques that monogamy and
subsociality (where offspring stay behind to help their parents) are ancestral to all

obligately eusocial clades, and so the major transition to eusociality (Hughes et al. 2008;

Boomsma 2009).
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There are several good examples of within-species major transitions in individuality, such
as the evolution of obligate multicellular organisms (animals, plant, fungi) and the
evolution of obligate eusocial societies, for example ants and termites (Crespi & Yanega

1995).

Between-species major transitions

Although we have a relatively good theoretical understanding of the conditions that lead to
negligible conflict in within-species transitions, there has been much less attention paid to
between-species transitions. As in within-species transitions, the way in which groups
form may be key for reducing conflict and increasing cooperation between individual
units (Bourke 2011). In the case of interspecific mutualisms, a strictly vertically
transmitted symbiont can only maximise its fitness by increasing the reproductive success
of the host (Herre et al. 1999; Frank 1996b, Fig. 3). For example, Buchnera bacteria that
infect aphids are strictly vertically transmitted to aphid offspring, such that the fitness
interests of the bacteria and the host are completely aligned (Douglas 1996). In contrast,
symbionts that are transmitted horizontally between hosts, like Rhizobia bacteria, could be
selected to help their hosts less than would be optimum from the host’s perspective (Sachs
et al. 2010; Kiers & Denison 2008), leaving the potential for conflict over reproduction

and transmission.

Although strict vertical transmission is likely to lead to the alignment of host and
symbiont reproductive interests, there is a caveat to this. If symbionts have uniparental

inheritance there is potential for conflict between hosts and symbionts over sex allocation.
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For example, certain symbiotic bacteria, e.g. Wolbachia, have become ‘reproductive
manipulators’ by evolving mechanisms to bias the offspring sex ratio of the host to

maximise their transmission to future generations (Bright & Bulgheresi 2010).

The evolution of the eukaryotic cell is also an example of a between-species major
transition in individuality (Appendix 1). The endosymbiotic origin of mitochondria and
plastids led to the formation of a new individual, the eukaryotic cell, which could then
only replicate as a whole (Keeling 2010; Cavalier-Smith 2006). Another potential
between-species major transition is the symbiosis between Buchnera bacteria and their
aphid hosts, as the aphids rely on Buchnera for essential amino acids, and Buchnera are

not found outside of its host (Douglas 1996, Fig. 3).

14



Route of social group formation leads to negligible conflict

Within species Between
species
Individuals o ’
Subsocial Monogamy Vertical
+ subsocial
Social (s
group PR ) ’

Examples

wasp mitochondria symbiont

Tral\::iit(i,tr)n? v X v X v X

Route of social group formation leads to appreciable conflict

Between

Within species -
species

r N

Individuals Ap .:O 9
o’

Semisocial PromiSCuityl Horizontal
Social ® <O
group o ’
¢ O
Examples a
- 7“
slime mould birds Rhizobia
Major
Transition? X X X

Figure 3: Group formation is a major determinant of when major transitions have taken
place. The way in which groups form is a major determinant of when major transitions have taken
place because it determines relatedness and the potential for within-group conflict. Within-species
transitions have only taken place when offspring stay to help their parents (subsocial) and either
asexual reproduction or lifetime monogamy. Between-species transitions seem to involve similarly
restrictive group formation, such as vertical transmission leading to clonal symbionts whose
interests are aligned with their hosts. Different coloured circles represent either genetically distinct
individuals (within-species) or individuals of different species. Larger circles represent hosts with
smaller circles representing their symbionts. The images, from left to right, show: obligately
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multicellular human, facultatively multicellular Chlamydomonas, Atta ants, Stenogastrine hover
wasp, mitochondrion, Hamiltonella defensa (image shows parasitoid infecting aphid containing
Hamiltonella), facultatively multicellular Dictyostelium slime mould, cooperatively breeding
superb fairy wren, Rhizobia-legume mutualism.

Thesis and chapter aims

The main aim of this thesis is to identify common principles that apply across major
evolutionary transitions in individuality. Specifically, I focus on mechanisms that reduce
or eliminate conflict. I explore this by looking at both within- and between-species

transitions and identify key underlying principles that apply to both.

Chapters 2 and 3 deal with the evolution of multicellularity; the transition from single
cells to multicellular organisms. In Chapter 2, I examine how the route of social group
formation influences the likelihood of a major transition to obligate multicellularity using
a phylogenetically controlled comparative analysis. In Chapter 3, I explore the transition
to multicellularity using the alga Chlorella vulgaris as a model experimental system,
focusing on the role that predation plays in promoting social group formation in this

species.

In Chapter 4, I focus on the evolution of bacterial symbiosis. I test the hypothesis that
vertical transmission of symbionts should limit host-symbiont conflict and lead to greater
cooperation between symbionts and their hosts using a phylogenetically controlled meta-

analysis.

In the Appendix 2, myself and co-authors review the Major Transitions framework.

16



Chapter 2: Group formation, relatedness and the evolution of
multicellularity*

Summary

The evolution of multicellular organisms represents one of approximately eight major
evolutionary transitions that have occurred on earth (Leigh 1995; Maynard Smith &
Szathmary 1995; Queller 2000; Bourke 2011). The major challenge raised by this
transition is to explain why single cells should join together and become mutually
dependent, in a way that leads to a more complex multicellular life form that can only
replicate as a whole. It has been argued that a high genetic relatedness () between cells
played a pivotal role in the evolutionary transition from single-celled to multicellular
organisms, because it leads to reduced conflict and an alignment of interests between cells
(Heath-Heckman et al. 2013; Maynard Smith & Szathmary 1995; Queller 2000;
Strassmann & Queller 2010; Michod & Roze 2001; Boomsma 2013, 2007, 2009;
Grosberg & Strathmann 1998, 2007; Kuzdzal-Fick et al. 2011; Gardner & Grafen 2009;
Michod 1997; Keller 1999; Frank 1995; Hamilton 1964). We tested this hypothesis with a
comparative study, comparing the form of multicellularity in species where groups are
clonal (» = 1), to species where groups are potentially non-clonal (» < 1). We found that
species with clonal group formation were more likely to have undergone the major
evolutionary transition to obligate multicellularity, had more cell types, a higher likelihood
of sterile cells and a trend towards higher numbers of cells in a group. More generally, our

results unify the role of group formation and genetic relatedness across multiple

* Published as: Fisher, R M., C K. Cornwallis, and S A. West. "Group formation,
relatedness, and the evolution of multicellularity." Current Biology 23.12 (2013): 1120-
1125 (appended).

17



evolutionary transitions, and provide an unmistakable footprint of how natural selection

has shaped the evolution of life (Leigh 1995).

Results and Discussion

The evolution of life on earth, from the simplest replicating molecules to complex animal
societies has involved approximately eight major evolutionary transitions in individuality
(Maynard Smith & Szathmary 1995; Queller 2000; Bourke 2011). In each of these
transitions, a group of individuals that could previously replicate independently join
together to form a new, more complex life form that can only replicate as a whole. For
example, genes come together to form genomes, cells join together to form multicellular
organisms, and multicellular organisms join together to form eusocial societies. The major
challenge raised by each of these transitions is to explain why individuals should join
together and become mutually dependent, in a way that leads to a more complex

individual (Maynard Smith & Szathméary 1995; Queller 2000; Bourke 2011).

Here, we use a phylogenetically based (Hadfield & Nakagawa 2010) comparative study to
test how the relatedness between interacting cells influenced both the likelihood of the
major evolutionary transition to obligate multicellularity, and the level of sociality in
multicellular groups. We obtained data on 168 species, with representatives from all
multicellular lineages, except the diatoms and Charaphyte algae (Fig. 1). We used life
history data on how groups form to infer relatedness. Specifically, when groups form by
cells remaining with their parents, then groups are clonal (» = 1; 149 species). This usually
involves the group going through a single celled (unicellular) stage (Grosberg &

Strathmann 1998, 2007). In contrast, if groups form by cells aggregating together, then

18



relatedness could be anything from zero to one (» < 1), but is likely to be non-clonal (r <

1; 19 species) (Gilbert et al. 2007).
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Figure 1: Multicellularity across the tree of life. The figure shows an overview phylogram of
the taxa in our data set. We have labeled each taxon according to whether multicellular groups are
either clonal (black circles) or non-clonal (grey circles), and whether multicellularity is an obligate
(bold font) or a facultative (normal font) part of the life-cycle. The relatively low number of times
that multicellularity has evolved, especially in taxa with non-clonal groups, emphasises the
importance of collecting data on specifically targeted groups, to increase the statistical power of
phylogenetically based analyses.

Transitions to obligate multicellularity

We first examined whether relatedness influenced the likelihood that groups underwent
the transition to obligate multicellular groups. Our distinction here is between obligately
multicellular species, which can only complete their life-cycle as a multicellular organism,

and facultatively multicellular species, which are able to complete their life-cycle as
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unicells, and only become multicellular under certain environmental conditions. For
example, Dictyostelium species can remain in their unicellular state for many generations,
without the need to form a multicellular fruiting body, which they only do under certain
harsh conditions, and so we classify them as facultatively multicellular. In contrast, in
mammals, the unicellular stage is finite and ultimately always has to lead to the
multicellular stage, and so we classify them as obligate multicellular. Consequently, we
are focusing on whether one of the key requirements for a major evolutionary transition in
individuality has occurred, termed contingent irreversibility (Maynard Smith & Szathmary

1995; Bourke 2011).

We found that species with clonal groups were significantly more likely to have made the
transition to obligate multicellularity (Figs. 2 & 3; pMCMC = 0.0002). Overall, 75%
(9/12) of the lineages with clonal group formation had made the transition to obligate
multicellularity, whereas the five lineages with potentially non-clonal group formation had
only led to facultative multicellularity. In order for a multicellular group to have made a
major transition in individuality, requires both obligate multicellularity, and that there is
lack of within group conflict such that the group be thought of as an individual (Maynard
Smith & Szathmary 1995; Queller 2000; Bourke 2011). Clonality leads to no within group
conflict (Gardner & Grafen 2009). Consequently, because obligate multicellularity has
only evolved in species with clonal groups, all of these species have made a major
transition in individuality. Obligate multicellularity is feasible in species with non-clonal
group formation — all it would require is that cells always aggregate to complete a
necessary part of their life cycle (i.e. not just under certain conditions). Given that we

found no evidence for non-clonal organisms having evolved obligate multicellularity, this
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suggests that the genetic conflict that arises from lower relatedness (» < 1) inhibits this

major transition in individuality.
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Figure 2. Evolutionary relationships between clonality and multicellular traits. The figure
shows the evolutionary transitions between clonal (black tips and edges) and non-clonal (red tips
and edges) group formation and its correlation with obligate (black squares) versus facultative
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multicellularity (white squares), presence of sterile soma (black diamonds = sterile soma, white
diamonds = no sterile soma) and the number of different cell types (white circles: size = natural
logarithm of number of cell types). Ancestral reconstruction of clonal and non-clonal states
conducted using Bayesian phylogenetic mixed models in MCMCglmm.

—_—
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B Obligate
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N W A U Y 9 0 O
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Figure 3. The evolutionary transitions to facultative and obligate multicellularity. The figure
shows the number of lineages in which obligate multicellularity has evolved, comparing lineages
where groups are clonal (9/12 lineages) or potentially non-clonal (0/5). Obligate multicellularity
has only evolved in clonal groups.

Sociality in multicellular groups

We then examined whether relatedness influenced the level of sociality in multicellular
groups. We collected data on four life history variables: the number of different cell types
that can occur in each group; whether or not species had sterile cells; the percentage of the
total number of cells that were sterile in species that had sterile cells; and the number of
cells in the group. The number of different cell types that can occur in a group is
analogous to the number of castes in eusocial insect colonies, and hence represents the
extent to which different group members specialise in different roles (Bourke 2011).
Sterile cells represent a case of extreme altruism, analogous to sterile workers in eusocial

insects, forgoing any opportunity to reproduce directly in order to help others (Strassmann

22



& Queller 2010). The number of cells in a group is seen as one of the traits that contribute

to and correlate with group complexity (Bourke 2011).

We found that species with clonal groups had significantly higher numbers of cell types,
and a significantly higher probability of having sterile cells. Species with clonal groups
had, on average, approximately six times as many cell types as species with non-clonal
groups (Fig. 2 & 4a; pMCMC = 0.0008), and were approximately twice as likely to have
sterile cells (Figs. 2 & 4b; pMCMC = 0.02). These significant influences of relatedness
are particularly impressive given that: (a) ecological costs and benefits also matter, not
just relatedness (Hamilton 1964); (b) relatedness may still be extremely high, for example
r = 098 (Gilbert et al. 2007) in the non-clonal groups; (c) the limited number of
evolutionary transitions to multicellularity. This emphasises that not only does relatedness

matter, but that it matters a lot.

We found that species with clonal groups had a higher proportion of sterile cells (in the
species with sterile cells), and a greater number of cells, but that these differences were
non-significant. In species with sterile cells, those that formed clonal groups had
approximately three times the proportion of sterile cells in comparison to species with
non-clonal groups (Fig. 4c; pMCMC = 0.41). Species with clonal groups had, on average,
approximately 100 times as many cells in their group as species with non-clonal groups
(Figs. 2 & 4d; pMCMC = 0.27). This lack of significant differences, despite their
magnitude, reflects both high variability and a limited statistical power, due to the small
number of independent evolutionary origins of multicellularity, especially those with
potentially non-clonal group formation (Figs. 1 & 3). For example, the comparison of the

proportion of sterile cells was limited primarily to a comparison of clonal Volvocine algae
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and cyanobacteria with the non-clonal cellular slime moulds (Fig. 3). The high variability
may reflect that whilst a higher relatedness can favour more sterile cells, and larger

groups, the ecological costs and benefits of these traits could vary across taxa.
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Figure 4. Sociality and the method of group formation. The graphs show, for multicellular
groups that are either clonal or potentially non-clonal, the: (a) number of cell types; (b) probability
of having steriles cells; (c) percentage of sterile cells in species with a sterile soma; (d) total
number of cells. Estimates are posterior modes with 95% credible intervals from Bayesian
phylogenetic mixed models. Number of cell types are backtransformed from a Poisson distribution
with log link function, probability of sterile cells from a binary distribution with logit link
function, proportion of sterile cells from a binomial distribution with a logit link function and total
number of cells is on a logarithmic scale.

Causality and assumptions

We have examined separately the influence of relatedness on whether a transition to
obligate multicellularity has occurred, and the different traits that determine the level of

sociality, such as whether there are sterile cells in the group. Previous work has examined
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multiple traits simultaneously, by comparing simple and complex multicellular species,
where complexity is defined by the presence of sterile cells, an early germ-soma split, a
high number of cell types and a large number of cells (Bourke 2011; Grosberg &
Strathmann 1998, 2007). However, whilst the simple/complex distinction is likely to be
correlated with whether a major transition has occurred, it is not a defining feature and the
correlation can break down (Boomsma 2013). For example, Dictyostelium purpureum and
Volvox carteri are both simple, having a sterile soma and the same number of cell types,
but only V. carteri has undergone the major transition to obligate multicellularity.
Furthermore, whilst complex multicellularity has only evolved in species with a single cell
stage (unitary development) that leads to clonality (» = 1) (Grosberg & Strathmann 1998,
2007), there is no significant correlation between relatedness and whether multicellularity
is simple or complex (pMCMC=0.21). A problem here is that complex multicellularity has
evolved only five times, in sister groups; animals, fungi, plants, red algae and brown algae
(Bourke 2011; Grosberg & Strathmann 2007). Consequently, complex multicellularity
hasn’t evolved in enough separate places on the tree of life to provide statistical power for

a formal comparative analysis (Hadfield & Nakagawa 2010; Harvey & Purvis 1991).

Our results are robust to the assumptions that we make about how relatedness and the
various social traits coevolve. Our above analyses assumed that relatedness does not
evolve and causally effects each of the social traits. Whilst the causal effect of relatedness
on the evolution of social traits is strongly supported (Davies ef al. 2012), the variation in
relatedness amongst cells may change over evolutionary time. We therefore reanalysed
our data, allowing both relatedness and the social traits to evolve across the tree, whilst
relaxing our assumption of causality (Felsenstein 2012). These analyses gave qualitatively

identical results, with a significant statistical correlation between relatedness and obligate
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versus facultative multicellularity (p<0.0001), number of cell types (p=0.003) and
probability of sterile soma (p=0.009), but not number of cells (p=0.08), or the proportion

of sterile cells in the species that had sterile cells (p=0.34; Table S3).

In almost all of the species with clonal group formation, a unicellular stage is involved,
where the group (or organism) arises from a single cell, usually a zygote or spore
(Grosberg & Strathmann 1998, 2007). The exception to this is in species with
multicellular propagules, when the propagules are formed by cells remaining with their
parents, as in some Cyanobacteria (Schirrmeister et al. 2011). Another consequence of a
unicellular stage is that it leads to a shared developmental history that could facilitate the
scope for coordinated development among cells, for example into different cell types
(Grosberg & Strathmann 2007). This should not be seen however as a competing
explanation to relatedness, as it is a mechanistic (proximate) and not a selective (ultimate)
issue (Mayr 1961; Tinbergen 1963). For example, whilst the potential for coordination
could place a limit on the number of cell types (the strategy set open to natural selection),
we still need an explanation for why multiple cell types are favoured (which strategy is
favoured by natural selection). Nonetheless, interactions can be important, as natural
selection can only act on the options that are developmentally and mechanistically

possible.

Relatedness and the major transitions

More generally, when combined with data from previous studies, our results show how
relatedness provides a single life-history variable that plays a key role in explaining
evolutionary transitions that involve members of the same species joining together to

cooperate (Queller 2000; Bourke 2011; Boomsma 2013, 2007, 2009; Hatchwell 2009).
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We have shown how a higher relatedness between cells leads to a higher likelihood of
obligate multicellular groups, a higher number of cell types and a higher likelihood of
sterile cells (Figs. 2-4). A previous experimental study has shown that Dictyostelium
discoideum loses cooperative fruiting body formation if kept under conditions of low
relatedness (Kuzdzal-Fick et al. 2011). Previous comparative studies have shown how a
higher within group relatedness is correlated with cooperative breeding in both birds and
mammals (Cornwallis ef al. 2010; Lukas & Clutton-Brock 2012), and the evolution of

eusociality in animals (Boomsma 2007, 2009; Hughes et al. 2008).

In all cases, relatedness is determined by how groups are formed. A higher relatedness
arises from: (a) offspring staying with their parents (termed subsociality) rather than
individuals of the same generation aggregating together (termed parasociality or
semisociality); and (b) either asexuality or lower levels of promiscuity. Taken together,
these results support a fundamental role of how groups form, via its influence on
relatedness, for the evolution of cooperative breeding, eusociality and now multicellularity
(Boomsma 2013, 2007, 2009; Cornwallis et al. 2010; Lukas & Clutton-Brock 2012;
Hughes et al. 2008) (Figs. 2-4). Experimental evolution studies suggest that the form of
group formation is similarly important for a range of cooperative behaviours in

microorganisms (Griffin ef al. 2004; MacLean & Gudelj 2006; Diggle et al. 2007).

Furthermore, our data also support Boomsma’s (Boomsma 2013, 2007, 2009) hypothesis
that whilst a higher relatedness favours greater levels of cooperation, there is something
special about clonality in asexual species or strict-lifetime monogamy in sexual species.
At these extreme points, the offspring that can potentially stay and help their parents are

equally related to the offspring they can help raise (r4.,) and the offspring they could
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produce if they breed independently (r.5), such that 7., = r,5 (Fig. 5). Consequently, as
long as there is some ecological benefit to cooperation, this removes any conflict over
whether to help or breed (Gardner & Grafen 2009), and so facilitates the evolution of
complete reproductive dependency between group members. The major evolutionary
transitions to obligate multicellularity and obligate eusocial societies have only occurred
when 7y, = ropholds, due to group formation by offspring staying with parents, combined
with either strict lifetime monogamy or asexual reproduction (Boomsma 2013, 2007,
2009; Grosberg & Strathmann 2007; Hughes et al. 2008) (Fig. 2). The distinction between
facultative and obligate multicellularity is of equal importance, and directly analogous to
that between facultative and obligate eusociality (Boomsma 2013, 2009; Crespi & Yanega

1995).

In contrast, when there is not strict-lifetime monogamy in sexual species, or groups form
by individuals of the same generation aggregating together, then this leads to 7. < rop
and only transitions to facultative multicellularity or cooperative breeding have occurred
(Boomsma 2013, 2007, 2009; Grosberg & Strathmann 2007; Cornwallis et al. 2010;
Lukas & Clutton-Brock 2012) (Fig. 2). For example, the multi-clone fruiting bodies of
Dictyostelid slime moulds, or the slightly promiscuous cooperative breeding vertebrates.
This suggests that 7., = 7,y can be a necessary precursor for ‘fraternal’ major transitions
that involve cooperation between members of the same species. If 7., < 7,4, then at some
point in their life, potential helpers may do better by breeding independently, and so they
are selected to retain the flexibility to do so (Boomsma 2013, 2007, 2009). Major
transitions require, by definition, a complete reproductive dependency between group
members (Maynard Smith & Szathmary 1995; Bourke 2011), and so the retention of this

flexibility can stall a potential major transition (Fig. 5).
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Figure 5. Relatedness, group formation and evolutionary transitions. (a) In sexual animals,
with strict lifetime monogamy, when groups form by offspring staying to help their mother
(subsociality), then potential helpers are equally related to their own offspring (r,; =1/2) and to
their mother’s offspring (#5.,,=1/2), who they could help raise. This means that there is no conflict
over which to raise (7,5 =rnep), Which facilitates the evolution of reproductive dependency between
group members, and means that any small efficiency benefit of helping will favour altruistic
cooperation (Boomsma 2007; Gardner & Grafen 2009) (B/C > 1; where B and C are the benefit to
the and cost terms in Hamilton’s (Hamilton 1964) rule). In contrast, if groups form by individuals
from the same generation aggregating together (parasociality), such as sisters, or if females mate
multiply during their lifetime (promiscuity), then potential helpers are more related to their own
offspring (r,; =1/2) than to the offspring who they could help raise (7., <1/2). In this case, it is
much harder to evolve complete reproductive dependency between group members, and a larger
efficiency benefit of helping is required to favour cooperation. (b) The same general predictions
occur when considering group formation by cells, or asexual animals, such as aphids. Specifically:
when groups form by offspring remaining with their parents, this leads to potential helpers being
equally related to their own offspring and to the offspring that they could help raise (i = Fop), as
they are all clonal (» = 1); when groups form by individuals aggregating together, this leads to
potential helpers being more related to their own offspring than to the offspring who they could
help raise (7 < Fop).

We thank: Bettina Schirrmeister for comments on cyanobacteria; Koos Boomsma, Andy
Gardner, Ashleigh Griffin, Rick Grosberg, Elli Leadbeater, Andy Young and an
anonymous referee for comments on the manuscript; the ERC, NERC and

Vetenskapsradet for funding. The dataset for this study can be found online.
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Supplementary Information

Data Collection

We searched the literature for information on the evolution and development of
multicellularity in as many different taxa as possible. We searched for papers by: (1)
searching for combinations of the following key words in the literature with Papers 2
(covering Scopus, Web of Knowledge, JSTOR, PubMed and Google Scholar):
multicellular, multicellularity, colony formation, evolution, development, aggregation,
subsocial, semisocial, clonal; (2) searching reviews of multicellularity; (3) doing forward
and back searches on papers. Bettina Schirrmeister provided information on the life cycles

of cyanobacteria.

We found data for 17 out of the 25 independent evolutionary transitions to
multicellularity. Several groups (e.g. plants) include both complex and simple
multicellular species. When analysing the evolutionary transitions (Fig. 4) we are
interested in the highest level of complexity obtained, and so we classified each group
according to the more complex species in the group. Whilst a single cell (unitary) stage
leads to clonality (Grosberg & Strathmann 1998, 2007), clonality can also occur in species
with multicellular propagules, when the propagules are formed by cells remaining with
their parents, as in some Cyanobacteria (Schirrmeister ef al. 2011). This matters because,
from an evolutionary theory perspective, the key distinction is whether groups are clonal
(r=1) or not (r < 1), and not just whether there is a single cell (unitary) stage (although

they will be highly correlated (Grosberg & Strathmann 1998, 2007)).
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Statistical methods

We examined whether the evolution of multicellularity was influenced by relatedness by
testing if there were differences between clonal and non-clonal taxa for six different social
traits: (1) obligate versus facultative multicellularity (binary distribution); (2) total number
of cells (Gaussian after log transformation); (4) the number of cell types after controlling
for total number of cells (Poisson distribution); (5) presence of sterile cells (binary
distribution); (4) % of cells that are sterile in taxa with sterile soma (binomial
distribution); (6) complex versus simple multicellularity (binary distribution). Our

analyses involved four steps:

1. Differences between clonal and non-clonal taxa in multicellular traits

We analyzed if clonal and non-clonal taxa differed in traits 1 to 6 using Bayesian
generalised linear models (BGLM) with Markov chain Monte Carlo (MCMC) estimation
in MCMCglmm, R version 2.15.1 (Hadfield & Nakagawa 2010). The results are presented
in Table SI. In all models relatedness (clonal versus non-clonal) was entered as a fixed
effect. For the analysis of cell types, the total number of cells (log and then Z-transformed)
was included as a covariate. For some taxa information on the total number of cells was
not available. To avoid excluding these data points from the analysis of cell types missing
data was imputed as the mean value (=0 after Z transformation) (Nakagawa & Freckleton

2010).

The parameter estimates we report are the posterior mode and 95% credible intervals
(lower CI — upper CI), which were back-transformed to the scale of the response variable
and marginalized over the residual variance. In all models the global intercept was

removed to gain absolute parameter estimates for each level of the fixed effects. Estimates
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of the differences between the levels of fixed effects were calculated from a posterior
distribution created by subtracting the estimates for each level obtained during each
MCMC iteration (labelled difference in Tables S1-S2). Parameter estimates were
considered statistically significant when 95% credible intervals did not include 0 and
pMCMC values calculated in MCMCglmm (number of simulated cases that are > 0 or <0

corrected for finite number of MCMC samples) were less than 0.05.

1.2 Model specifications: We ran each analysis for 6000000 iterations with a burn-in of
1000000 and thinning interval of 1000. These iteration settings were chosen as they
minimized autocorrelation between posterior samples during test runs where we varied the
number of iterations from 1 to 6 million, the burn-in from 0.5 to 5 million and the thinning
interval from 100 to 1000. For binary and binomial traits we used models with logit link
functions and specified a fixed effect prior of N (0, c2units, +n2/3), which is relatively
uniform on the logit scale. For binary response variables we fixed the residual variance to
1. For Poisson response variables we used log link functions and for Poisson and Gaussian

traits we specified a prior of V=1, nu=0.002 for the residual variance.

1.3 Model checking: We checked the convergence of models by visually inspecting trace
plots of MCMC chains and using Gelman-Rubin tests in the R package ‘coda’ (Gelman &
Rubin 1992; Plummer et al. 2006). For the Gelman-Rubin test we ran each analysis 3
times and used the Gelman-Rubin statistic (potential scale reduction factor; PSR) to
compare within- and between-chain variance. When models have converged the PSR <1.1
and in all our analyses PSR was <1.05. Furthermore, for models using logit link functions
we checked that the absolute value of the latent variable did not exceed 20 (Nakagawa &

Freckleton 2010).

33



2. Phylogenetic analyses of differences between clonal and non-clonal taxa in
multicellular traits

We obtained the data on multicellular traits from a very diverse range of taxa. We
therefore repeated the analyses outlined in section 1, but included information on the non-
independence of data caused by the phylogenetic relationships between taxa (Nakagawa &
Freckleton 2010). We used Bayesian phylogenetic mixed models (BPMM) with MCMC
estimation implemented in MCMCglmm. A phylogenetic tree of the taxa in our dataset
(created from published sources — see 2.1) was entered as a random effect, which specifies
a covariance matrix describing the relationships between taxa (Nakagawa & Freckleton
2010). The output from these models is reported in exactly the same way as section 1 apart
from parameter estimates were marginalized over the sum of the random effects
(phylogenetic and residual variance) as opposed to only residual variance. The results are

presented in Table S2.

2.1 Tree creation: We used phylogenies from the following sources to resolve polytomies
in our dataset and create taxonomic structuring for the analyses: (1) between the three
domains showing bacteria as the root, (Williams et al. 2012); (2) between the major
groups of bacteria (Wu et al. 2009); (3) between major groups of eukaryotes (Burki &
Pawlowski 2006; Paps et al. 2012); (4) relationships within the fungi (James et al. 2006);
(5) relationships within the red algae (Freshwater & Rueness 1994); (6) relationships
within the brown algae (Silberfeld et al. 2010); (7) relationships within the Volvocine
algae (Hallmann 2011). We used these phylogenies because they were recent, included

taxa in our dataset and were highly cited.
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We converted the information on taxonomy and topology into a phylogenetic tree using
the R package ‘ape’ (Paradis ef al. 2004). In some parts of the tree there were polytomies
and we resolved these using the multi2d function in ape. In the areas of the tree with
polytomies there was no variation in relatedness (all taxa involved in polytomies were
either clonal or non-clonal) and there was no variation in obligate versus facultative
reproduction, the presence of sterile soma or complex versus simple classifications of
multicellularity. Therefore resolving these polytomies randomly had little influence on our
results. We set all branch lengths equal to 1 (see section 4 for tests of robustness of our

results to different branch length settings).

2.2 Model specifications: Model settings were the same as in section 1.2 apart from the
prior specification for the extra random effect of phylogeny. We ran models using two
different priors for random effects. First, we used an inverse gamma prior that is
commonly used for random effects (V = 1, nu=0.002). Second, we ran models with
parameter expanded priors (half-Cauchy priors following: V=1, nu=1, alpha.mu = 0,
alpha.V = 2572) as sometimes variance components were close to 0 (Gelman & Rubin
1992) .The inverse gamma prior led to better convergence as measured by autocorrelation

between posterior samples and therefore we only present results from these models.

2.3 Model checking: We checked models in exactly the same way as in section 1.3. We

also examined the convergence of estimates of random effects by visually inspecting trace

plots of the MCMC chains and by examining autocorrelation between posterior samples.

3. Robustness of results to assumptions of causality and allowing relatedness to

evolve across the phylogenetic tree
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The analyses presented in sections 1 & 2 assume that relatedness does not evolve and
causally effects each of the social traits (response variables). Theoretically, the causal
effect of relatedness on the evolution of social traits is strongly supported, but variation in
relatedness amongst cells may change over evolutionary time. We therefore modeled the
phylogenetic correlation between relatedness and each of the six social traits allowing
relatedness and the social traits to evolve across the tree, whilst also relaxing the

assumption of causality. The results are presented in Table S3.

We analyzed phylogenetic correlations using the threshold model described by Felsenstein
(Felsenstein 2012). The threshold model allows the correlated evolution of discrete
characters, such as clonal versus non-clonal and obligate versus facultative reproduction,
to be modeled by assuming there is some unobserved quantitative character (liability) that
underlies discrete characters: at a certain threshold in liability the phenotype switches
from one state to another. This is well suited to modeling evolutionary changes in discrete
characters because it allows the underlying probability of displaying a character to evolve
rather than assuming changes between states at each node occur with equal probability
across tree, as with continuous-time Markov models. For example, the probability of
evolving obligate multicellular reproduction is more likely if taxa are within clades
dominated obligate reproduction in comparison to the average across the tree (Felsenstein
2012; Hadfield 2010). Furthermore, it also allows the phylogenetic correlation between
discrete and continuous traits, such as clonal versus non-clonal and total number of cells,
to be estimated. We used a Bayesian implementation of the threshold model, threshBayes,
in the R package ‘phytools’ (Revell 2011) to analyze our data. Prior to analysis the
number of cells and the number of cell types were log and then Z-transformed and the

proportion of sterile cells was square root arcsine transformed.
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3.1 Model specifications: We ran each analysis for 6000000 iterations with a burn-in of
1000000 and thinning interval of 1000. We used the default prior settings that specify
exponential priors for the evolutionary variances associated with each trait, normal priors
for the ancestral state of each trait and a uniform prior for the correlation between the two

traits.

3.2 Model checking: We checked models with the same diagnostics as section 2.3.

4. Robustness of results to assumptions of tree branch lengths
Phylogenetic analyses using trees with equal branch lengths can over estimate the strength
of association between variables (Purvis et al. 1994). We therefore examined the

robustness of our results to assumptions of branch lengths in two ways.

4.1 Repeating analyses using different tree transformations: We repeated the analyses
outlined in sections 2 & 3 twice, once where the branches of the phylogenetic tree had
been transformed to simulate an early burst of diversification (Fig. Sla. Referred to as
‘early burst’ in tables) and once to simulate a late burst of diversification (Fig. Slc.
Referred to as ‘late burst’ in tables). We created the early and late burst trees using Pagel’s
O transformations (Early burst & = 0.2, Late burst 6 = 1.5) implemented through the
deltaTree function in the R package ‘Geiger’ (Harmon ef al. 2008; Pagel 1994; Pagel
1999). The results of the MCMCglmm analyses are presented in Table S4 and those of

threshBayes are given in Table S5.
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4.2 Removing branch lengths: ancestral reconstruction using maximum parsimony: We
used maximum parsimony, which does not require a tree with branch lengths, to
reconstruct ancestral states of relatedness using the MPR function in the R package ‘ape’.
After reconstructing ancestral states we identified independent evolutionary transitions
between clonal and non-clonal multicellularity. We tested whether clonal and non-clonal
taxa differed in their social traits using Wilcoxon paired rank sum tests of the mean
phenotype of the clonal taxa and the mean phenotype of the non-clonal taxa involved in

each independent comparison. The results of these analyses are presented in Table S6.
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Supplementary Figures

Figure S1: Ancestral reconstruction of the relationships between clonal (black tip labels
and edges) and non-clonal (red tip labels and edges) taxa. Where data were missing for the
tips (e.g for the total number of cells and cell types) no symbols were plotted. Grey dots
and lines represent ambiguous reconstructions where nodes could not be assigned to one
state or the other (posterior probability between 0.1 and 0.9: state 0 was classified as <0.1
posterior probability and state 1 as >0.9 posterior probability). pPMCMC values are taken
from Table S2 and represent differences between clonal and nonclonal taxa in each of the
social traits.
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Figure S1a: Ancestral reconstruction of the relationships between clonal (black tip
labels and edges) and non-clonal (red tip labels and edges) taxa and obligate versus
facultative multicellularity (obligate = black dots at tips and nodes, facultative = red
dots at tips and nodes)
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(b) Number of cells
(pMCMC = 0.27)
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Figure S1b: Ancestral reconstruction of the relationships between clonal (black tip labels
and edges) and non-clonal (red tip labels and edges) taxa and total number of cells (size of
dots at tips and nodes = log number of cells),
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(c) Number of cell types
(pMCMC = 0.0008)
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Figure Slc: Ancestral reconstruction of the relationships between clonal (black tip labels
and edges) and non-clonal (red tip labels and edges) taxa and number of cell types (size of
dots at tips and nodes = log number of cell types).
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(d) Probability of sterile soma
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Figure S1d: Ancestral reconstruction of the relationships between clonal (black tip labels
and edges) and non-clonal (red tip labels and edges) taxa and probability of sterile soma
(sterile = black dots at tips and nodes, non-sterile = red dots at tips and nodes).
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(e) % cells that are sterile

(PMCMC = 0.26)
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Figure Sle: Ancestral reconstruction of the relationships between clonal (black tip labels
and edges) and non-clonal (red tip labels and edges) taxa and % cells that are sterile (size
of dots at tips and nodes = %).
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(f) Complex versus simple multicellularity
(pMCMC =0.21)
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Figure S1f: Ancestral reconstruction of the relationships between clonal (black tip labels

and edges) and non-clonal (red tip labels and edges) taxa and complex versus simple
multicellularity (complex = black dots at tips and nodes, simple = red dots at tips and
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Figure S2: The (a) early burst (6=0.2), (b) equal length and (c) late (6=1.5) burst trees
used for analyses examining the robustness of results to assumptions about branch lengths

(related to Figure 2 in main text).
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Figure S3. Relatedness and sociality in multicellular groups. The graphs show, for

multicellular groups that are either clonal or potentially non-clonal, the: (a) number of cell types;

(b) probability of having sterile cells; (c) percentage of sterile cells in species with a sterile cells;

(d) total number of cells in the group. The graphs show the raw data, with means and standard
errors calculated assuming species as independent data points. (¢) shows the difference between
clonal and non-clonal (posterior mean estimate from BPMM = 95% credible interval) species for
five measures of sociality: the probability of being obligate, number of cell types, probability of
having a sterile soma, % sterile cells in species with a sterile soma and total number of cells
(related to Figure 3 in the main text).
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Table S1: Analyses of the effect of relatedness (clonal versus non-clonal) on social traits
in multicellular groups not accounting for phylogenetic relationships between species
conducted using MCMCglmm.

Trait Species Effect Posterior mode  Lower Upper P diff
CI CI
1. Obligate versus 168 Clonal 0.91 0.87 0.95
facultative
Non-clonal 0.03 0.0006 0.13
Difference 0.89 0.77 0.94 <0.0001
2. Number of cells 133 Clonal 15.16 13.67 16.73
Non-clonal 8.36 1.33 14.39
Difference 6.73 0.55 13.99 0.02
3. Number of cell types 162 Clonal 7.23 6.36 8.83
Non-clonal 2.64 1.42 4.12
Difference 491 2.95 6.65 <0.0001
Number of 3.50 2.88 424 <0.0001
cells
4. Probability of sterile 167 Clonal 083 0.76 0.88
soma
Non-clonal 0.45 0.26 0.69
Difference 0.30 0.14 0.58 0.001
5. % cells that are sterile 48 Clonal 0.74 0.49 0.86
Non-clonal 0.35 0.17 0.65
Difference 0.35 -0.02 0.61 0.05
6. Complex versus 168 Clonal 0.58 0.50 0.66
simple
Non-clonal 0.03 0.00 0.14
Difference 0.55 0.41 0.65 <0.0001

Table S2: Analyses of the effect of relatedness (clonal versus non-clonal) on social traits
in multicellular groups taking into account phylogenetic relationships between species
conducted using MCMCglmm.

Trait Effect Posterior mode Lower Upper P diff
CI CI
1. Obligate versus Clonal 0.80 0.43 0.97
facultative
Non-clonal 0.02 0.002 0.35
Difference 0.78 0.26 0.92 0.0002
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Phylogeny'

2. Number of cells Clonal
Non-clonal
Difference
Phylogeny”

3. Number of cell types Clonal
Non-clonal
Difference
Number of cells

Phylogeny”

4. Probability of sterile
soma

Clonal
Non-clonal
Difference
Phylogeny'
5. % cells that are sterile Clonal
Non-clonal
Difference
Phylogeny”
6. Complex versus simple’  Clonal
Non-clonal
Difference

Phylogeny'

0.36
4.98
2.55
1.55
0.99
433

1.71

2.20
1.98
0.97
0.79
0.19
0.51

0.66
0.61

0.34
0.21

0.99
0.50
0.53
-0.10
0.97

0.08
-2.94
-3.05
-3.60
0.34
2.12
0.80
0.67
1.68
0.65
0.42
0.03
0.06
0.29
0.06
0.03
-0.54
0.06
0.20
0.38
-0.57
0.56

0.87
12.04
8.96
7.84
0.99
8.53
3.69
5.79
223
0.99
0.97
0.53
0.79
0.95
0.92
0.86
0.72
0.99
0.74
0.92
0.17
0.99

0.27

0.000

8

<0.0001

0.02

0.39

0.21

"Intraclass correlation coefficient of phylogeny.
*Proportion of residual variation explained by phylogeny.

’Should be interpreted with caution, logit link function overloaded as latent variable exceeded 20.
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Table S3: Estimates of the phylogenetic correlation between relatedness (clonal versus
non-clonal) and different social traits in multicellular group analysed using threshBayes.

Trait Phylogenetic correlation Lower Upper CI P
with relatedness (posterior CI
mode)

1. Obligate versus facultative 0.73 0.39 0.97 <0.0001
2. Number of cells 0.36 -0.11 0.68 0.08
3. Number of cell types 0.59 0.18 0.74 0.003
4. Probability of sterile soma 0.58 0.11 0.73 0.009
5. % cells that are sterile 0.31 -0.59 0.81 0.34
6. Complex versus simple 0.26 -0.09 0.60 0.09

P value = proportion of iterations where phylogenetic correlations was greater than 0
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Table S4: The influence of assumptions about branch lengths on the estimated effect of
relatedness (clonal versus non-clonal) on social traits in multicellular groups analysed
using MCMCglmm.

Trait Branch DIC Posterior mode of Lower Upper P diff  Phylogenetic Lower Upper
lengths difference between CI CI posterior CI CI
clonal and non- mode
clonal
1. Obligate Equal
versus quat 467 0.78 026 092  0.0002 0.36 008 087
. length
facultative
Early g5 ¢ 0.54 020 081  0.001 0.77 023 096
burst
Late 429 0.64 022 088  0.001 0.68 032 096
burst
2. Number  Equal ¢ o 1.55 360  7.84 0.27 0.99 034 099
of cells length
Early  ¢10.6 478 031 878 0.06 0.47 023  0.69
burst
Late 81.5 225 682 775 0.47 0.99 080  0.99
burst
3. Number Equal
of cell q 730.4 2.20 067 579  0.0008 0.97 065  0.99
length
types
Early 43¢ 2.99 148 497  <0.0001 0.99 084  0.99
burst
Late ¢ 1.66 0.07 1651  0.003 0.99 089  0.99
burst
4.
Probability Equal 0.51 006  0.79 0.02 0.66 029 095
of sterile length
soma
Early ) ¢ 0.27 002 0.8 0.02 0.98 059  0.99
burst
Late 63.3 0.23 0.04 054 0.05 0.98 068 099
burst
5. % cells
Equal
that are 1002.9 0.21 054 072 0.39 0.99 006  0.99
. length
sterile
Early 6029 0.09 035  0.63 0.33 0.99 052 099
burst
Late 15030 0.25 040 0.8 0.32 0.99 0.001 0.9
burst
6. Complex
versus Equal 4, -0.10 057 017 0.21 0.97 056  0.99
simple length
1
Early 54 -0.05 035  0.09 0.15 0.99 076  0.99
burst
Late 11.05 -0.03 031 0.14 0.28 0.99 089  0.99
burst

'Should be interpreted with caution, logit link function overloaded as latent variable exceeded 20.
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Table S5: The influence of assumptions about branch lengths on the estimated
phylogenetic correlation between relatedness (clonal versus non-clonal) and social traits in
multicellular groups analysed using threshBayes.

Trait Branch LogL Phylogenetic Lower Upper P diff
lengths correlation with CI CI
relatedness (posterior
mode)
1. Obligate versus Equal length  -606.7 0.73 039 097  <0.0001
facultative
Early burst -449.9 0.80 0.49 094  <0.0001
Late burst -356.5 0.70 0.32 0.89 0.002
2. Number of cells Equal length  -674.4 0.36 -0.11 0.68 0.08
Early burst -645.5 0.51 0.07 0.70 0.01
Late burst -558.8 0.23 -0.25 0.69 0.18
3. Number of cell types Equal length  -381.9 0.59 0.18 0.74 0.003
Early burst -356.6 0.53 0.25 0.75 0.0004
Late burst -252.8 0.57 0.17 0.77 0.005
4. Probability of sterile oo 1 1cnoth 6177 0.58 011 073  0.009
soma
Early burst -489.3 0.50 0.17 0.74 0.005
Late burst -328.1 0.44 0.09 0.77 0.016
o,
3. % cells that are Equal length  -35.2 031 059 081 034
sterile
Early burst -29.4 0.50 -0.46 0.82 0.28
Late burst -26.6 0.39 -0.62 0.87 0.36
6. Complex versus Equal length  -625.2 0.26 0.09 060  0.09
simple
Early burst -485.2 0.40 0.10 0.69 0.01
Late burst -334.0 0.45 -0.009  0.78 0.05
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Table S6: Wilcoxon paired rank sum tests of differences in social traits across
independent evolutionary transitions between clonal (black) and non-clonal states (red)
identified using maximum parsimony ancestral reconstruction.

Contrast Probability | Number of Cell types Probability of | % sterile Probability
of being cells (log having sterile | cells of being
obligate transformed) soma complex
Clonal | Non | Clonal | Non | Clonal | Non | Clonal | Non Clonal | Non | Clonal | Non

1 0 0 5.7 106 |2 2 1 0.8 - 19710 0

2 1 0 4.95 6.2 4 1 1 0 - 0 0 0

3 0.99 0 233 6.6 9.7 2 0.8 0 2227 |0 0.5 0

4 0.78 0 4.6 115 | 1.6 1.8 | 0.6 0.8 0 0 0 0

5 1 0 5.8 - 2.6 1 1 0 10 0 0 0

6 0 0 - - 2 2 1 0 - 0 0 0

Average| 0.63 0 8.9 8.8 3.6 1.6 | 0.88 0.26 10.76 | 3.28 | 0.08 0

P value| 0.07 0.88 0.14 0.07 0.18 0.32
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Chapter 3: Multicellular group formation in Chlorella vulgaris

Abstract

To understand the evolution of multicellular organisms, we need to examine why
individual cells would cooperate and form a multicellular group. It has been suggested that
predation pressure may be crucial in promoting multicellular group formation, where
individual cells benefit by lowering their chance of being eaten, and there is support for
this in unicellular algae and bacteria. We use a new experimental system using the green
alga Chlorella vulgaris and the protist Tetrahymena thermophila to examine whether
predation pressure can initiate the formation of colonies. We find that (1) predators and
predator exoproducts promote colony formation, (2) higher predator densities cause more
colonies to form and (3) colony formation in this system is facultative. Our results suggest
that predators could be a key force promoting the formation of multicellular groups, and

thus may be important in understanding the first stages of the evolution of multicellularity.

Introduction

The evolution of multicellularity is one of the major evolutionary transitions and has led to
the evolution of the dominant organisms on earth; animals, plants and fungi.
Multicellularity has evolved over 25 times across the tree of life (Grosberg & Strathmann
2007) with species ranging from simple organisms like photosynthetic cyanobacteria, to
the most complex metazoans with hundreds of different cell types. During the evolution of
a multicellular organism, individual cells cooperate to form a group comprised of many
cells. Why they would do this is not clear, because the formation of groups could have

fitness costs, such as increased competition for resources (Lurling & Van Donk 2000).
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One theory is that cells may group together to defend themselves against predation
(Grosberg & Strathmann 2007; Stanley 1973). The benefit of being part of a group could
therefore outweigh any costs such as increased resource competition. The formation of
colonies in the presence of predators has been experimentally shown in several species of
algae (Table 1), and an analogous type of predator defence can be seen in the formation of
social groups in animals (Bourke 2014; Shultz et al. 2011; Korb et al. 2012; Pike et al.

2007).

Recent experimental studies have shown that colony formation can be favoured by factors
other than predation (Ratcliff et al. 2012; Ratcliff et al. 2013; Hammerschmidt et al.
2014). Ratcliff et al. (2013) showed that both Chlamydomonas reinhardtii and
Saccharomyces cerevisiae formed obligate multicellular clusters under intense settling
selection (Ratcliff er al. 2013; Ratcliff et al. 2012), and the maintenance of a
Pseudomonas fluorescens multicellular phenotype has also been shown in laboratory
conditions (Hammerschmidt et al. 2014). These studies highlight that many factors could
have been important for providing the initial benefit of multicellularity, but in this study

we focus on predation.

The previous work on multicellular group formation in algae in the presence of predators
needs expanding in a number of ways. Firstly, many studies have focused on the number
of colonies formed in the presence of predators, rather than the proportion of cells in
colonies (Table 1). The number of colonies is confounded with population growth, and so
does not necessarily reflect whether cells are more likely to form groups in the presence of

predators. Secondly, several studies have been anecdotal, lacking formal statistical

57



analyses (Boraas et al. 1998), or have not included appropriate controls (for example,
treatments to elucidate the specific cause of colony formation) (Yang et al. 2006; Yang &
Li 2007; Boraas et al. 1998). Furthermore, many previous studies have not tested explicity
whether colonies persisted over time (i.e. were obligate) or whether populations reverted
back to being unicellular (i.e. were facultative) (Lurling et al. 2000; Lurling et al. 1997;
Mayeli et al. 2005; Long et al. 2007). This distinction is important, because the formation
of a heritable colony-forming phenotype is a key step towards the evolution of an obligate

multicellular organism.

In this study, we use a potential predator-prey system, the green alga Chlorella vulgaris
and the protist Tetrahymena thermophila, to test whether the presence of a predator
promotes colony formation. If colony formation is a defensive response to predation, we
would expect to see an increase in the proportion of cells in colonies when predators are
present, a stronger response when the density of predators is high and a response to cues
of predator presence, as well as actual predators. We test these predictions by examining:
(1) whether T. thermophila can induce colony formation in C. vulgaris; (2) if T.
thermophila exoproducts were sufficient for this response; (3) if 7. thermophila density
influenced the strength of the colony induction; and (4) whether colony formation was

obligate or facultative.
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Table 1: Examples of colony induction experiments in species of green algae and bacteria. v/
indicates that colony formation in the presence of predators was observed. X indicates that no colony
formation was observed. — indicates that the test was not performed.

Colony induction?

Algae/bacteria Predator species Measure(s) of Live Predator Predator + | Reference
species colony induction predators | exoproducts | algae
exoproducts
Cyanobium sp. Ochromonas sp. Colony abundance | v - - (Jezberova
&
Komarkova
2007)
Ochromonas sp. Colony abundance | - - v (Yang et
al. 2009)
Daphnia magna Number of cells - - v (Ha et al
Microcystis per colony, mean 2004)
aeruginosa particle volume
Moina macrocopa | Number of cells - - v (Ha et al
per colony, mean 2004)
particle volume
Phaeocystis globosa Gyrodinium Colonies ml™! v - - (Jakobsen
dominans & Tang
2002)
Phaeocystis Euplotes % of total cells in v - - (Long et al.
colonies 2007)
Daphnia pulex Cells per colony - v - (Lurling &
Van Donk
1996)
Daphnia galeata Proportion of cells | v v - (Lurling et
in colonies of al. 1997)
different sizes,
Scenedesmus acutus number of cells per
colony
Daphnia magna Proportion of cells | - v - (Lampert et
in colonies of al. 1994)
different sizes,
mean particle
volume
Scenedesmus Daphnia magna Cells per colony, v - X (Lurling &
subspicatus mean particle Van Donk
volume 1997)
Scenedesmus Daphnia magna Cells per colony, v - v (Lurling &
obliquus mean particle Van Donk
volume 1997)
Scenedesmus Moina macrocopa | Number of cells - - v (Ha et al.
dimorphus per colony, mean 2004)
particle volume
Chlorella vulgaris Ochromonas - v - - (Boraas et
vallescia al. 1998)
Chlamydomonas Brachionus % single cells, v - - (Becks et
reinhardtii mean clump size al. 2010)
Flectobacillus sp. Ochromonas sp. cell volume, cell v v - (Como &
length/width, cell Jurgens
number, % inedible 2006)
morphotypes
Comamonas Ochromonas sp. % single cells, v - - (Hahn et
acidovorans mean cell volume al. 1999)
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Methods

In all experiments, we used the green algae species Chlorella vulgaris and the ciliate
protist Tetrahymena thermophila. We purchased both as axenic cultures from the Culture
Collection of Algae and Protozoa (CCAP); strain numbers 211/11B and 1630/1M
respectively. We chose C. vulgaris for this study because it has been previously been
shown to form colonies (Boraas et al. 1998) and we wanted to expand on this observation
with statistical analysis and further tests of the factors causing colony formation. We
chose T. thermophila because it is easy to grow in axenic culture and is common in
freshwater environments where C. vulgaris can be found. We grew stock cultures of C.
vulgaris at room temperature in 300 ml of Bolds Basal Media (Bolds) and kept them on a
shaker to prevent sedimentation. We grew 7. thermophila cultures at room temperature in
10 ml of Proteose Peptone Yeast Media (PPY) and subcultured stocks every week by

transferring 100 pl to 10 ml of fresh PPY media.

To get independent readings each day for five days, we set up three replicates of each
treatment (described in detail for each experiment below) and repeated these five times
(three replicates of each treatment each day for five days). We then randomised these
treatments in 24-well plates (I ml volume per well). We therefore only measured each
microcosm once, so that all measurements on consecutive days would be independent. We

kept the plates on a microplate shaker in a 20°C incubator with a 16/8-light/dark cycle.

We produced supernatants of: (1) predator only culture; (2) algae only culture; and (3)

algae and predator culture. We produced the supernatant of predator culture by filtering 7.

thermophila in PPY media (400000 cells/ml) through a 0.22 pum syringe filter, to remove
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all T. thermophila cells, leaving just a supernatant of exoproducts and PPY media. We
produced the algae supernatant using the same method, but with C. vulgaris in Bolds
media. We produced the algae and predator supernatant by adding 7. thermophila in PPY
to C. vulgaris culture and then leaving this mixture for one hour. We then filtered this
through a 0.22 um syringe filter to remove all cells, leaving only exoproducts and media.
These different supernatants are referred to throughout as: ‘predator supernatant’
(supernatant of 7. thermophila culture), ‘algae supernatant’ (supernatant of C. vulgaris
culture), and ‘algae and predator supernatant’ (supernatant of 7. thermophila and C.

vulgaris culture).

In order to quantify the effect of predation on the algal populations, we captured images of
the experimental cultures using a VisiCam on an inverted light microscope and processed
the images using ImagelJ software. In all experiments, we took one photograph of each
relevant (e.g. day one, two, three etc.) microcosm at 20x magnification, focusing on a
random area of the well. We then used Imagel software to manually count unicells and
colonies in each photograph, using the CellCounter plugin. We defined three or more cells
with cell walls touching to be colonies. Where possible, we estimated the size of each
colony, and calculated mean colony size (although for some colonies this was not possible
due to poor image quality). If cells appeared to be paired, we counted them as two

unicells.

Experiment 1: Do predators induce colony formation?

We tested whether the timing and number of times that 7. thermophila was added to algal
populations had any influence on colony formation. The experiment had three treatments:

(1) the addition of T. thermophila to C. vulgaris on day one only (pl), (2) the addition of
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T. thermophila to C.vulgaris every day for five days (pl-5) and, (3) the addition of T.
thermophila to C. vulgaris on day three (p3). As a control we used C. vulgaris in PPY
media. We replicated each treatment 15 times, giving a total of 4x15=60 microcosms,

which we randomised in 24-well plates.

Experiment 2: Do predator exoproducts induce colony formation?

We tested whether colony formation occurred in the presence of 7. thermophila
exoproducts. The experiment had four treatments: (1) the addition of 50 pl 7. thermophila
(roughly 10000 individuals) in PPY media to 950 pl C. vulgaris, (2) addition of 50 ul 7.
thermophila supernatant to 950 ul C. vulgaris, (3) addition of 7. thermophila and C.
vulgaris supernatant to 950 pl C. vulgaris and (4) addition of 50 ul C. vulgaris supernatant
to 950 ul C. vulgaris. We added the live predator treatment, as we wanted to control for
potential differences with Experiment 1. We used two controls; (1) 1 ml C. vulgaris in
Bolds media and (2) 950 pl C. vulgaris with 50 ul PPY media (to control for the increased
growth in high nutrient PPY media). We replicated each treatment 15 times, giving a total

of 5x15=75 microcosms, which we randomised in 24-well plates.

Experiment 3: Does predator density influence colony formation?

We tested whether 7. thermophila density affected the strength of colony formation in C.
vulgaris. The experiment had three treatments: (1) low density of 7. thermophila (11000
cells/ml), (2) medium density of 7. thermophila (31000 cells/ml) and (3) high density of
T. thermophila (1000000 cells/ml), all of which were added to C. vulgaris culture. As a
control we used C. vulgaris in PPY media. We replicated each treatment 15 times, giving

a total of 6x15=90 microcosms, which we randomised in 24-well plates.
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Experiment 4: Is colony formation facultative?

This experiment was an extension of Experiment 1. We tested whether colony formation
in C. vulgaris is obligate or facultative. We kept Experiment 1 plates in the incubator for
an extra 15 days without any additional 7. thermophila, and we transferred to fresh media
on day 10. On day 20, we took photographs of the microcosms and quantified colony

formation using the same protocol described above.

Statistical methods

We used R version 2.14.1 for statistical analysis. We used generalized linear models and
specified error structures as quasipoisson (for number of colonies and total number of
cells) and quasibinomial (for proportion of cells in colonies) to account for overdispersion
in the data, and Gaussian (for colony size). In all analyses, the treatment (e.g. density of
predators) was used as the explanatory variable, and the response variable was either the
number of colonies, the proportion of cells in colonies, mean colony size or total number
of algal cells. To test for differences between each treatment, we used Tukey honest
significant differences (Tukey HSD). We only tested for differences between means on
relevant days, for example the day after predators had been added or on the final day of
the experiment, as we were interested in the immediate effect of predators or predator
exoproducts on colony formation and not the overall population dynamics of algal

cultures.

Results

Experiment 1: Do predators induce colony formation?
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a) unicellular C. vulgaris b) C. vulgaris + T. thermophila

Figure 1: Examples of C. vulgaris and T. thermophila cultures. Image a) shows C. vulgaris
unicells when predators are absent. Image b) shows the formation of colonies when predators are
added (a particularly large colony is shown for illustrative purposes). An individual T. thermophila
protist can be seen in image b), indicated with an arrow. Both images were taken using VisiCam
software at 40x magnification.
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Figure 2: Predators induce colony formation. Plots showing a) the proportion of cells in
colonies, b) the number of colonies, ¢) total number of algal cells for all treatments. Treatments
were pl: predators added on day one, p1-5: predators added every day, p3: predators added on day
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three, control: no predators added. N = 3 for each treatment on each day. Means and standard
errors are shown.

By day three, the treatments where predators had been added on day one (pl and p1-5)
had significantly higher proportion of cells in colonies than treatments where predators
had not been added (control and p3), (pl: p = 0.001; p1-5: p = 0.001; p3: p = 0.21; overall
difference between all treatments: F = 57.33, df =3, p = 0.001) (Fig. 1 & 2a). On day five,
only the treatment when predators had been continually added (p1-5) had a significantly
higher proportion of cells in colonies compared to the control (pl: p = 0.09; p1-5: p =
0.01; p3: p = 0.08; overall difference between all treatments: F = 10.78, df = 3, p = 0.003)
and compared to when predators had only been added on day one or three (F = 14.11, df =

1, p=0.007).

We found a similar pattern for the number of colonies (Fig. 2b). By day three, treatments
where predators had been added on day one (pl and pl-5) had a significantly more
colonies than treatments where predators had not been added (control and p3), (pl: p =
0.007; p1-5: p = 0.003; p3: p = 0.44; overall difference between all treatments: F = 16.81,
df = 3, p = 0.001). On day five, all treatments where predators had at some point been
added had significantly more colonies compared to the control where predators had not
been added (pl: p = 0.009; p1-5: p = 0.001; p3: p = 0.01; overall difference between all
treatments: F = 31.05, df = 3, p = 0.001). When we added predators continually (p1-5),
this led to significantly more colonies than when we just added predators on day one or
three (pl and p3) and all other treatments (TukeyHSD, p = 0.001). In contrast, we found
that neither mean colony size (glm, df = 3, F = 2.51, p = 0.07) or the total number of algal
cells significantly varied depending on whether predators were added or not (glm, df = 3,

F =0.45, p=0.72) (Fig. 2¢).
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Experiment 2: do predator exoproducts induce colony formation?
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Figure 3: Predator exoproducts induce colony formation. a) the proportion of cells in colonies
and b) the number of colonies. ‘Predator’ related treatments (predators, predator supernatant and
predator + algae supernatant) are shown with filled shapes, and ‘control’ treatments (algae, algae
supernatant and algae + PPY media) are shown with open shapes. N=3 for each treatment on each
day. Means and standard error bars are shown.

We found no difference in the proportion of cells in colonies between any treatments on

day one (glm, TukeyHSD, p = > 0.05 between all treatments). By day three we found that

‘predator related’ treatments (pred + algae supernatant, pred supernatant and live
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predators) did not have a significantly higher proportion of cells in colonies compared to
control treatments (algae, ppy and algae supernatant) (glm, F = 4.42, df = 1, p = 0.05)
(Fig. 3a). However, on day five, we found that ‘predator related’ treatments had
significantly higher proportion of cells in colonies than control treatments (glm, F = 10.16,
df = 1, p = 0.006). The same results where obtained when we compared the ‘predator
related’ treatments to just the ppy control on day five (day 5: F = 5.61, df = 1, p = 0.04),
but not day three (day 3: F = 1.42, df = 1, p = 0.26). Considering the number of colonies,
we found that ‘predator related’ treatments had significantly more colonies compared to
the control treatments on both days three (glm, F = 8.89, df = 1, p = 0.009) and five (glm,

F=15.23,df=1,p=0.001) (Fig. 3b).

We found no significant difference in mean colony size between supernatant treatments
and the control (glm, F = 0.53, N = 12, p = 0.75). We ran this analysis on a subset of the
full dataset with day one eliminated, because we did not have data on mean colony size for

that day.

Experiment 3: does predator density influence colony formation?
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Figure 4: Predator density influences the proportion of cells in colonies. The three treatments
were: low density of 7. thermophila (11000 cells/ml), medium density of T. thermophila (31000
cells/ml) and high density of 7. thermophila (1000000 cells/ml) and the control was C. vulgaris in
PPY media. N=3 for each treatment on each day. Means and standard errors are shown.

There was a significantly higher proportion of cells in colonies when predator density was
higher, examining days three (glm, F = 9.88, df = 1, p = 0.01), four (glm, F = 10.76, df =
1, p=0.008) and five (glm, F = 10.19, df = 1, p = 0.01) (Fig. 4). In contrast, there was no

significant difference in mean colony size between control and treatments (glm, F = 0.25,

df=3,p=0.86).

Experiment 4: is colony formation facultative?
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Figure 5: Colony formation is a facultative trait. a) The proportion of cells in colonies and b)
the number of live, mobile predators (per field of view at x10 magnification) for all treatments (p1:
predators added on day one, pl-5: predators added every day, p3: predators added on day three,
control: no predators added) over the course of 20 days. a) Days 1-5 show the same data as in
Figure 2a, from Experiment 1. N=3 for each treatment on each day. Means and standard errors are
shown.

By day 20, we found no difference between any of the treatments where predators had
been added compared to the treatment where no predators had been added (pl: p = 1.00;
pl-5: p =1.00; p3: p = 1.00; overall difference between all treatments: F = 6.19, df =3, p

= 0.02) (Fig. 5a).
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Discussion

We found that; (1) the presence of the protist predator 7. thermophila promotes colony
formation in the algae C. vulgaris (Fig. 1 & 2); (2) supernatants taken from predator
cultures and predator/algae cultures are able to promote colony formation (Fig. 3); (3)
higher predator densities cause more cells to form colonies (Fig. 4); and (4) colony
formation in this system is facultative, with populations reverting to being predominantly

unicellular after 20 days (Fig 5).

This is the first study to show that 7. thermophila can promote colony formation in C.
vulgaris (Fig. 2), and that predator and predator/algae exoproducts are sufficient to induce
this response (Fig. 3). It has previously been observed that the presence of predators
causes colony formation in C. vulgaris (Boraas et al. 1998). However, we have shown
experimentally that C. vulgaris forms colonies not only in response to live predators, but
also predator and predator/algae exoproducts and that a higher density of predators causes
more colonies to form (Fig. 2 & 4). Previous studies have also observed that predator
exoproducts promote colony formation in other green algae (Van Donk et al. 2011). Our
results are consistent with the hypothesis that colony formation is a defensive response to
the presence of predators and suggests that predation pressure could be important for the

evolution of cooperative multicellular groups.

Notably, even when predators are added continually to algal cultures for five days
(treatment p1-5), we see a decrease in the proportion of cells in colonies after day three

(Fig. 2a). This suggests that after an initial strong response to predators (days one to
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three), the colonies begin to break up (leading to a lower proportion of cells in colonies).
This could be due to a fluctuation in predator numbers, and thus intensity of predation
pressure, or because colony formation is costly and nutrients have been depleted.
Alternatively, it may be that this slight decrease in the proportion of cells in colonies is

due to natural variation and had we measured for longer we would have seen recovery.

Our results cannot exclude the possibility that the increased proportion of cells in colonies
is a response to selection for colonies, as opposed to phenotypic plasticity. In our
experimental setup, C. vulgaris has a doubling time of roughly 4 hours, so it is possible
that over five days (roughly 30 generations) we are seeing experimental evolution of
multicellular groups. However, experimental evolution in Chlamydomonas (Ratcliff et al.
2013) has shown that multicellular clusters take over 200 days to evolve (>300
generations), even under intense selection regimes, so it is unlikely that we are seeing

evolution over five days.

We found that the presence of predators had no significant influence on mean colony size
(Fig. 2c). One possible explanation is that there is an optimum colony size, for a given
environment. For example, if competition for resources led to an increasing cost of
forming larger colonies (Yang et al. 2009), then this would have to be traded off against
any increased ability to defend against predators (Lurling & Van Donk 2000). Some
predators of algae are size-selective (Long ef al. 2007), and so the benefits of increased

colony size could also asymptote with colony size.

We observed that the total number of C. vulgaris cells did not differ when 7. thermophila

were present or not (Fig. 2d). There are at least three possible explanations for this. First,
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the predator densities that we used, whilst sufficient to trigger colony formation, were not
sufficient to impact on population growth. Second, the increased colony formation was
able to prevent appreciable decrease in the total number of algal cells through increased
defence, and thus survivorship. Third, that 7. thermophila is a poor predator of C.
vulgaris. The first and third of these possibilities would indicate a generic response by C.
vulgaris to potential predators in its local environment, rather than the specific danger of

predation.

We have shown that in our experimental setup colony formation in C. vulgaris is
facultative, with populations reverting back to being unicellular when predators are absent
(Fig. 5). In contrast to our result, Boraas et al. (1998) found that C. vulgaris colonies
persisted for several months even after predators were removed, which could be because
they used a different predator, the flagellate protist Ochromonas vallescia. Another
difference that could have affected the degree of colony formation is that their
experimental system used 500ml chemostat cultures, compared to ours which used smaller
volumes. Facultative colony formation may be favoured over the formation of obligate
colonies, because it allows algae to have a flexible response to different types of predators
(Van Donk ef al. 2011), particularly if the benefit of colony formation only outweighs the
cost in specific environments. Our observations of C. vulgaris colonies suggest that the
cells are held together with a gelatinous extracellular matrix, which could indicate that
colonies are forming via aggregation, and not through incomplete cell division
(contrasting with the result of Boraas ef al. 1998). The next steps will be investigating the
costs and benefits of colony formation in this system, and clarifying how multicellular
groups form, so we can fully understand the role predators might play in the evolution of

multicellularity.
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Chapter 4: The evolution of bacterial symbiosis

Abstract

Symbiosis between bacteria and their hosts is a potential between-species major
evolutionary transition in individuality. Bacterial symbionts are found in a diverse range
of species, but the degree to which they benefit their hosts varies. One major suggestion to
explain this variation has been transmission route, with vertical transmission of clonal
symbionts leading to higher levels of cooperation than horizontal transmission. However,
it has also been suggested that horizontal transmission may be particularly beneficial in
changeable or stressful environments. Here, we test the hypothesis that both transmission
mode and environment determine how much symbionts should benefit their hosts using a
phylogenetically controlled comparative analysis of studies measuring host fitness on
removal of their symbiont(s). We find (1) that horizontally transmitted symbionts are
relatively more beneficial in stressful versus unstressful environments, (2) that nutritional
symbioses are more beneficial to hosts than defensive ones, and (3) there is no difference
in host benefit between obligate and facultative symbionts. Our results show that to
understand the evolution of symbiosis we need to consider multiple aspects of

transmission mode and ecology.

Introduction

The evolution of symbiosis represents a between-species major evolutionary transition. It
led to the origins of mitochondria and chloroplasts through endosymbiosis, and thus the
evolution of the eukaryotic cell (Keeling 2010) and underpins ecologically important
species such as corals. Bacterial symbionts are found frequently in nature, particularly in

insects (Sachs et al. 2011; Moran et al. 2008) and they commonly provide nutrition to the

72



host (Douglas 1998b) or are involved in defence, by producing useful compounds such as

antibiotics (Kaltenpoth 2009) or by protecting against parasites (Oliver et al. 2003).

Although symbiosis is defined as any long-lasting interaction where both partners receive
a benefit (Herre et al. 1999; Sachs et al. 2011), the degree of benefit to the host can vary
dramatically (Sachs & Wilcox 2006; Hosokawa et al. 2010). For example, Buchnera
bacteria, found in aphids, are extremely cooperative nutritional symbionts that provide
their hosts with essential amino acids (Douglas 1996). On the other hand, rhizobia bacteria
vary in how cooperative they are, and non-cooperative cheats can arise in natural
populations (Sachs et al. 2010). The problem is understanding why some symbioses seem
exclusively cooperative, to the extent that the host becomes completely dependent on the

symbiont, and vice versa, whereas others do not.

It has been suggested that transmission route could explain variation in symbiont
cooperation (Douglas 1998a; Ebert 2013). Symbionts will be selected to maximize their
fitness, as will hosts, and so cooperation should be most favoured when maximizing the
symbionts’ fitness is aligned with maximizing the host’s reproductive output (Bourke
2011). Vertical transmission of symbionts, leading to the fitness interests of the host and
symbiont becoming aligned, has been suggested to lead to more beneficial symbionts
(Herre et al. 1999; Frank 1996b; Yamamura 1993). Conversely, horizontal transmission,
resulting in multiple symbiont genotypes coexisting within a host will lead to higher levels
of host-symbiont conflict, and the evolution of less beneficial symbiotic partners (Frank
1996b). However, even with horizontal transmission, hosts may be able to select the most
cooperative strains of symbionts, leading to higher than predicted levels of cooperation

(Aanen et al. 2009; Kiers et al. 2003).
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However, it has been suggested that horizontal transmission may be particularly beneficial
for hosts that experience unpredictable or variable environments, as it exposes them to a
much wider pool of potential symbiotic partners (Henry et al. 2013; Douglas 1998a) and
allows uptake of novel traits (Oliver ef al. 2010). For example, corals can acquire diverse
photosynthetic symbionts from the surrounding water, and particular groups of these
symbionts have different characteristics, such as certain strains of Symbiodinium

conferring higher thermal tolerance for their hosts than others (Mieog et al. 2009).

There have been few experimental (Bull ez al. 1991; Clayton & Tompkins 1994; Pagan et
al. 2014; Sachs & Wilcox 2006) and no comparative tests of the hypothesis that vertical
transmission generally leads to higher cooperation, and that horizontally transmitted
symbionts may be particularly beneficial in stressful environments. Here, we test the
effect of transmission route (either strictly vertical or some horizontal transmission) on
cooperation between bacterial symbionts and hosts, and the effect that the environment
(stressful or not) has on this relationship, using a phylogenetically controlled comparative
analysis. We focus on bacterial symbionts because: (1) they have given rise to the most
extreme examples of symbiosis; mitochondria and chloroplasts; (2) they are numerous and
have a diverse range of hosts and; (3) there are examples of vertically and horizontally
transmitted bacterial symbionts. We calculate the host fitness change when symbionts are

removed from hosts.

Methods
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We searched for papers that measured host fitness with and without their bacterial
symbionts, both from experimental manipulation and from natural populations. We found
papers by (1) searching combinations of the following key words using Papers 2 (covering
Scopus, Web of Knowledge, JSTOR, Google Scholar and PubMed): bacteria, symbiosis,
mutualism, fitness, removal, elimination, fecundity, dependence, obligate, facultative,
aposymbiosis, (2) forward and backward searches on papers and (3) searching key reviews
of symbiosis including Moran et al. (2008), Moya et al. (2008), Sachs et al. (2011), Bright

& Bulgheresi (2010), Baumann (2005), Oliver et al. (2010).

We eliminated any papers that (1) did not include fitness measurements with and without
bacterial symbionts; (2) where the PDF was unavailable or not available in English; (3)
were not studying a bacterial symbiont and (4) studies involving the introduction of a
novel symbiont to a naive host. Where a paper provided observational evidence or raw

data were not included in the paper, we contacted the corresponding author.

After the elimination criteria (above) had been applied, the literature search returned over
200 papers directly related to the study question. The final database included data from 58
studies, however these studies commonly included multiple experiments and several
measures of fitness, resulting in a total of 324 fitness measures for 31 species. For each
species we recorded 1) the transmission mode, 2) the type of symbiosis, 3) the mean
fitness of the host with and without the symbiont, 4) whether the symbiont was obligate or
facultative, 5) environment; whether the experiment included a ‘stress’ treatment, for

example heat stress, presence of a parasitoid or a novel food source.

1) Transmission mode
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We catergorised all symbionts as either having strict vertical transmission, or transmission
with at least some horizontal component. We classified species as having strict vertical
transmission if they faithfully transmitted symbionts from parent to offspring (Bright &
Bulgheresi 2010). We defined horizontal transmission as acquisition of symbionts from
the environment, rather than parents. If a species had predominantly vertical transmission,
but potential for transmission to non-offspring, we classified it as having some horizontal
transmission. Our classification of transmission mode was therefore conservative with
respect to the hypothesis that vertical transmission should lead to higher symbiont
cooperation. When the same symbiont was found in multiple hosts, but details about
transmission could only be found for one host, we assumed that the transmission mode

was the same in all hosts, e.g. Hamiltonella in the pea aphid and black bean aphid.

2) Type of symbiosis
We classified the type of symbiosis based on the type of role of the symbiont. For
example, the Buchnera-aphid symbiosis was classified as ‘nutritional’, based on evidence
from the literature that Buchnera provides aphid hosts with essential amino acids
(Baumann 2005). This is in contrast to the Hamiltonella-aphid symbiosis, which we
classified as ‘defensive’ due to evidence that Hamiltonella protects the aphid from

parasitism (Guay et al. 2009).

3) Fitness change of host

We measured host fitness change in two ways, (1) by calculating the percent fitness

change and (2) by calculating the effect size of fitness change.
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Percent fitness change: We calculated percent fitness change of the host by calculating the
percent change between the mean fitness of the host with the symbiont, and the mean
fitness of the host without the symbiont. Experiments included used a variety of methods
to cure hosts of their symbionts, including antibiotic treatment and egg sterilisation. The
advantage of this measure of fitness change was that only means with and without the
symbiont were needed for calculation, and this was particularly useful when studies didn’t
report variance or sample sizes. For several papers, we calculated the overall mean
ourselves or got the data from the supplementary information, e.g. we calculated means
from an appendix table given by Castaneda et al. (2010). When only the overall sample
size (N) was given, but not the control and treatment sample sizes, we assumed that they
were equal (i.e. N/2). We also calculated means and errors directly from plots in published

studies.

Effect size of fitness change: An effect size allows comparison, on the same scale, of the
results of different studies where a common effect has been measured (Koricheva et al.
2013). For many studies we were unable to calculate an effect size due to papers not
reporting variance, statistical tests or sample sizes (in these cases we were only able to
calculate percent change in fitness). Where possible, we used the calculation for Hedge’s d
and Pearson’s correlation coefficient » from Boxes 13.2 and 13.3. Where it wasn’t
possible to directly calculate Pearson’s correlation coefficient (due to lack of information
about test statistics), we converted from Hedge’s d to ». We transformed Pearson’s » using

Fisher’s Z transformation (Zr).

We then catergorised the various measures of host fitness used in experiments as (1)

fecundity (e.g. number of eggs laid); (2) survival (e.g. longevity); (3) resistance (e.g
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resistance to a pathogen, number of parasite eggs laid); (4) development time (e.g. age at
first reproduction); or (5) size/mass based measures of fitness (e.g. body mass or length).
By looking at experiments that measure host fitness in different ways, we were able to
analyse the data focusing on just host fecundity, rather than all measures of host fitness
(including size, mass etc.). Fecundity is likely to be a much more accurate and relevant

measure of host fitness, compared to mass or length.

4) Obligate or facultative symbiont
We defined symbionts as obligate when they are completely host-bound, and have no free-
living stage. We defined symbionts as facultative when they have a free-living stage and

are not dependent on the host for reproduction (Oliver et al. 2010).

5) Environment
We recorded whether symbiont removal was in stressful conditions or unstressful
conditions. For example, some experiments removed symbionts and then measured host
fitness under stressful (e.g. heat stress, poor nutrient) conditions and also under unstressful

conditions (e.g. no stressors, food available).

Our data on mitochondria and chloroplasts comes from the observation that animal and
plant cells cannot survive without the presence of these organelles (mitochondria in
animals and both in plants). Therefore, if mitochondria or chloroplasts are removed, the

fitness change of the host would be -100%.

Statistical methods
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We examined whether the extent of host-symbiont cooperation was influenced by (1)
transmission route (strictly vertical versus some horizontal), (2) the environment (stressed
versus unstressed), (3) the type of symbiosis (nutritional or defensive) and (4) whether the
symbiont was obligate or facultative. To do this, we used generalized linear mixed models

with Markov chain Monte Carlo (MCMC) estimation in R.

We included transmission route, environment, the type of symbiosis and whether the
symbiont was obligate or facultative as fixed effects in models. We included a phylogeny
of the bacterial symbionts as a random effect to account for non-independence due to
shared ancestry. We also included symbiont species and study as random effects to
account for non-independence due to species or study conditions. In all models, we used

% fitness change or effect size Zr as the response variable.

The parameter estimates we report are the posterior mode and 95% credible intervals
(lower Cl-upper CI), which have been back-transformed to the scale of the response
variable (fitness change or effect size Zr). We calculated estimates of the differences
between the levels of fixed effects from a posterior distribution created by subtracting the
estimates for each level obtained during each MCMC iteration (labelled ‘difference’ in
Statistical results tables). We considered parameter estimates statistically significant when
95% credible intervals did not include 0 and pMCMC values calculated in MCMCglmm
(number of simulated cases that are > 0 or less than 0 corrected for finite number of

MCMC samples) were less than 0.05 (labelled pdiff in Statistical results tables).

We ran each analysis for 6000000 iterations with a burn-in of 1000000 and thinning

interval of 1000. These settings minimised auto-correlation between posterior samples.
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We weighted studies using the inverse of the sample size (1/N) for analyses with fitness
change as the response variable, and we weighted using 1/N-3 for analyses with Zr effect
size as the response variable. We checked the convergence of models using Gelman-

Rubin tests in the R package ‘coda’ (Plummer ef al. 2006; Gelman & Rubin 1992).

To create a phylogeny, we downloaded the nexus file of a recent bacterial phylogeny (Wu
et al. 2009) from TreeBase (treebase.org). Where possible, we directly matched species in
our database to species used in the Wu et al. (2009) phylogeny, e.g. Burkholderia (in our
database) was matched to Burkholderia sp. 383. If a species in our database wasn’t
included in the Wu et al. (2009) phylogeny, we searched for sister taxa, and where
possible found phylogenies including both species for reference. The phylogeny was then

trimmed in R so that it only included the species in our dataset (Fig. 1, Table S2 for

details).
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Figure 1: Phylogeny of bacterial symbionts. Constructed from Wu et al. (2009) and edited using
Trimtree. See Supplementary Methods for details.
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Results

The effect of transmission mode and environment on symbiont benefit to host

The main effects of transmission (strict vertical transmission versus some horizontal
transmission) and environment (stressed versus unstressed) are non-significant, but there
is a significant interaction between the transmission mode and the environment. We found
that horizontally transmitted symbionts were relatively more beneficial in stressed

environments compared to unstressed (MCMCglmm, N =293, pMCMC = 0.02, Fig. 2).
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Figure 2: The effect of transmission mode and environment on the benefit of symbionts to
their hosts. Horizontally transmitted symbionts were relatively more beneficial in stressed
compared to unstressed environments. There was limited data on horizontally transmitted
symbionts in stressed environments (N = 7) and the standard error of this estimate is large because
of two extreme data points. % fitness change (y axis) is defined as the percent change in fitness of
the host when the symbiont was present, compared to after removal of the symbiont, e.g. if the
number of eggs laid dropped from 20 to 10, this would be a -50% change in host fitness. Samples
sizes for each treatment are: stressed N = 49, unstressed N = 244, horizontal N = 122, vertical N =
171. Means and standard error bars are shown; Table S1 for details.

Nutritional and defensive symbioses
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We found that symbionts that provided nutrition to their hosts (e.g. Buchnera) were
significantly more beneficial to their hosts than symbionts involved in defence (e.g.

Hamiltonella) MCMCglmm, N = 170, pdiff = 0.04, Fig. 3).
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Figure 3: The effect of the type of symbiosis on the benefit of the symbiont to the host.
Nutritional symbioses are significantly more beneficial to hosts than defensive symbioses. %
fitness change (y axis) is defined as the percent change in fitness of the host when the symbiont
was present, compared to after removal of the symbiont. Sample sizes for each treatment are:
defensive N = 13 and nutrient N = 157. Means and standard errors bars are shown; Table S2 for

details.

Obligate and facultative symbioses

We found that obligate symbionts were not significantly more beneficial to the host that

facultative symbionts (MCMCglmm, N = 292, pdiff = 0.06, Fig. 4).
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Figure 4: The effect of obligate and facultative symbionts on the benefit to their hosts. %
fitness change (y axis) is defined as the percent change in fitness of the host when the symbiont
was present, compared to after removal of the symbiont. There is no significant difference of the
benefit to the host between obligate and facultative symbionts (Table S5 for details). Sample sizes
are facultative N = 153 and obligate N = 139. Means and standard error bars are shown.

Robustness of results

We also investigated whether our results were robust when looking at specific subsets of
the data. For example, we tested whether there was a difference in host benefit for
vertically versus horizontally transmitted symbionts, only looking at experiments carried
out in unstressful conditions and we found no significant difference in host benefit
between transmission modes (MCMCglmm, N = 244, pdiff = 0.38, Fig. 5a). We ran the
same analysis for a further subset of the data, only including experiments that measured
host fitness as fecundity (rather than size or mass) and found no significant difference in

host benefit between transmission modes (MCMCglmm, N = 100, pdiff = 0.67, Fig. 5b).
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Figure S: The effect of transmission mode on the benefit of symbionts to their hosts. a) only
data from experiments conducted in unstressed environment, including all measures of fitness
(horizontal N = 118, vertical N = 126) and b) only data from experiments conducted in unstressed
environments and with just fecundity as a measure of fitness (horizontal N = 20, vertical N = 80)
(Tables S3a and S3b for details). % fitness change (y axis) is defined as the percent change in
fitness of the host when the symbiont was present, compared to after removal of the symbiont.
Means and standard error bars are shown.

To confirm that our results were not being influenced by certain species in the dataset (e.g.
reproductive manipulators Wolbachia and Rickettsia) we re-ran this analysis having
eliminated them. We found that the result remained the same; horizontally transmitted
species were relatively more beneficial in stressed versus unstressed environments
(MCMCglmm, N = 203, pMCMC = 0.01, Table S8). Finally, we ran the analysis without

mitochondria and chloroplasts and again, confirmed that our results remained the same

(MCMCglmm, N =291, pMCMC = 0.01, Table S6).

The effect of transmission mode and environment: effect size

We tested whether there was a difference between the effect size (Zr) of host benefit for

vertically versus horizontally transmitted symbionts. We found that there was no
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significant difference in benefit to host between transmission modes (MCMCglmm, N =

144, pMCMC = 0.81, Fig. 6).
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Figure 6: The effect of transmission mode and environment on the benefit of symbionts to
their hosts. In this analysis we used Zr (effect size) as opposed to the raw fitness change on
symbiont removal. A negative effect size means that the host has a decrease in fitness on symbiont
removal, and a positive effect size means the host has an increase in fitness on symbiont removal.
An effect size of -1 is equivalent to a 100% decrease in fitness. The main effects of transmission
(strictly vertical transmission versus some horizontal transmission) and environment (stressed
versus unstressed) are non-significant, and the interaction between the transmission mode and the
environment was also non-significant. Sample sizes for each treatment are: horizontal N = 23,
vertical N = 121, stressed N = 36 and unstressed N = 108. Means and standard error bars are
shown for each effect, Table S4 for details.

86



Discussion

We found that (1) horizontally transmitted symbionts were relatively more beneficial to
their hosts in stressful compared to unstressful environments (Fig. 2); (2) nutritional
symbionts were more beneficial to hosts than defensive symbionts (Fig. 3); and (3)
obligate symbionts were not significantly more beneficial to hosts than facultative ones
(Fig. 4). This study demonstrates the importance of considering multiple aspects of

symbiont transmission mode and ecology for understanding host-symbiont cooperation.

Transmission mode

We found no significant difference between vertically and horizontally transmitted
symbionts in how much they benefit their hosts (Fig. 2 & 5). This could be for several
reasons. Firstly, this could be due to the conservative way in which we classified
transmission mode, where extracellular vertical transmission (e.g. through social contact)
was classified as horizontal (because of the potential for transmission to non-offspring).
Secondly, it could be because we have included a bacterial phylogeny in the analyses, to
control for the effect of shared ancestry, meaning the bacterial symbionts and independent

contrasts of transmission mode are clustered in certain areas of the phylogenetic tree.

It is possible that if we included a more phylogenetically diverse set of bacterial symbionts
we may see that vertically transmitted symbionts are more beneficial than horizontally
transmitted ones. However, this relies on (1) studies on less well-studied symbioses, (2)
the ability to experimentally manipulate infection with symbionts and (3) knowledge of
transmission mode. Finally, another factor influencing symbiont cooperativeness could be

the age of the symbiosis, with older partnerships leading to higher cooperation than
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younger ones (Moran et al. 2008; Dale & Moran 2006). This is a factor we have not

controlled for, but would be a relevant and interesting next step.

Environment

We found that horizontally transmitted symbionts were relatively more beneficial than
vertically transmitted symbionts in stressful environments (i.e. in the presence of a
parasitoid, when heat-shocked or when food is limited) (Fig. 2). It has been argued that
vertical transmission should lead to the evolution of more cooperative symbionts (Herre et
al. 1999) and that horizontal transmission should lead to more diverse and less cooperative
symbionts (Douglas 1998a; Frank 1996b). Frank (1996) argued that it is relatedness
between symbionts within a host, which is determined by transmission, rather than vertical

transmission per se that determines fitness effects on the host.

A wide variety of symbionts are horizontally transmitted between hosts, including all root
symbionts (rhizobia, Frankia), Burkholderia, Erwinia and Vibrio fischeri. It has been
suggested that horizontal transmission exposes hosts to a wider pool of potential symbiotic
partners and so may be useful in unpredictable, novel or stressful environments, where
different symbionts would be preferred in different situations (Henry et al. 2013; Oliver et
al. 2010; Ebert 2013). Our results support the hypothesis that the benefit of horizontally
transmitted symbionts is context dependent and they may be particularly beneficial when

the host is under environmental stress.

We focus on transmission mode on an ecological timescale, so even strictly vertically

transmitted symbionts could be subject to rare horizontal transmission on an

evolutionary/longer timescale. These rare instances of horizontal transmission could result
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in a mixing of different symbiont lineages within a host which would increase conflict
between symbionts, potentially having a detrimental effect on host fitness (Frank 1996b;
Frank 1996a). If this is the case, our classification would not capture the possibility for

within-host conflict brought about by rare events of horizontal transmission.

However, host choice could also be important for determining the degree to which
symbionts benefit their host. For example, hosts may use mechanisms such as sanctions
(Kiers et al. 2003; Kiers & Denison 2008) whereby they can eliminate non-cooperative
strains, to increase the benefit they receive from symbionts. These mechanisms may be
more important in changeable environments, where hosts encounter many different

symbionts, and where the benefit of strains may vary (West et al. 2002).

Despite extensive work investigating the benefits of specific symbionts to their hosts
(Douglas 1998a; Himler et al. 2011; Chen et al. 2000; Dedeine et al. 2005; Vorburger et
al. 2010; Koga et al. 2007; Koga et al. 2003), this is first comparative study looking at
how transmission mode affects cooperation across species. There has been analogous
experimental work on host-parasite systems demonstrating that vertical transmission of
parasites can lead to reduced virulence (Bull ef al. 1991; Clayton & Tompkins 1994;
Pagan et al. 2014). Bull et al. (1991) showed that vertically transmitted bacteriophage
evolved to be more benevolent towards their host, whereas horizontally transmitted
bacteriophage maintained virulence. Clayton and Tompkins (1994) showed that imposing
vertical transmission on a parasite of Arabidopsis led to a reduction in harmful effects on
the host. This work supports the hypothesis we test here, that vertical transmission leads to

higher cooperation between host and symbiont (or host and parasite).
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Types of symbiosis

We found a significant difference in host benefit between nutritional and defensive
symbionts (Fig. 3). This could be for several reasons. Symbionts that provide a nutritional
benefit to hosts are likely to be beneficial at all times, whereas symbionts involved in
defence are likely to only be beneficial in certain circumstances. This may mean that the
selective pressure for cooperation with the host is lower for defensive compared to
nutritional symbionts. As well as this, we might expect that high levels of cooperation are
harder to attain for symbionts involved in defence against parasitoids, as they are faced
with coevolving parasitoid populations that will inevitably vary in time and space. We
found relatively few studies that measured the benefit of defensive symbionts in a
biologically meaningful way (Russell & Moran 2006; Lukasik et al. 2013; Brock 2012;
Vorburger et al. 2010; Guay et al. 2009), where host benefit was measured in the presence
of the relevant parasitoid or stressor, and so it is possible our result is an artefact of the
type of data collected rather than a real biological phenomenon. Ultimately, the ideal
measure of host fitness would be lifetime reproductive value (Fisher 1958), and most
measures included in this analysis were of survival or fecundity, which is probably the
best estimate of host fitness that can be measured by these kind of studies. Finally, the
exact function of some symbionts is unknown, e.g. Verminephrobacter in earthworms
(Lund et al. 2014), so it is also possible that some symbionts have more than one function

or that their function varies between hosts.

Obligate versus facultative symbionts

We found no difference in the benefit to the host of obligate versus facultative symbionts

(Fig. 4). This is a somewhat surprising result, as we might predict that obligate symbionts
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(e.g. Buchnera, Serratia, Hamiltonella etc.) that spend their entire life cycle within hosts,
would be selected to be cooperative and maximize hosts’ reproduction, whereas
facultative symbionts (e.g. thizobia, Vibrio etc.) may not be as cooperative given that they
can survive without the host. One possible reason we found no difference in benefit to the
host could be that once inside a host, symbionts cannot leave, and so the only way to

maximize their fitness is to maximize the fitness of their host, by being cooperative.

This study is limited by the availability of data measuring the fitness effects of symbionts
and particularly, the lack of data in understudied groups such as bacterial symbionts of
sponges, lichens and corals. However, we have shown that in understanding cooperation
between symbionts and their hosts, we need to look at multiple aspects of both symbiont

transmission and ecology, and measure the benefit of symbionts in the correct context.
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Supplementary Information

Statistical Results

Table S1: Analysis of the effect of transmission and environment on fitness change of the host on
symbiont removal, accounting for phylogenetic relationships using MCMCglmm. This analysis
included the full dataset.

Effect N Posterior Lower CI | Upper CI p diff
mode
Transmission Horizontal & 122 | -26.07 -47.39 -6.34
Vertical
Ovarial vertical | 171 | -30.92 -43.53 -17.67
Difference 1.58 -20.35 28.81 0.40
Phylogeny 1.49 0.0002 191.29
Symbiont -0.67 0.0002 192.78
Study 804.30 444.16 1465.01
Environment  [Stressed 49 -31.48 -47.15 -16.71
Unstressed 244 | -28.31 -40.87 -19.14
Difference -3.24 -15.85 8.95 0.67
Phylogeny 2.09 0.0002 150.42
Symbiont -0.65 0.0002 189.67
Study 796.14 427.71 1406.40
Interaction 0.02

Table S2: Analysis of the effect of the type of symbiosis on fitness change of host on symbiont
removal, taking into account phylogenetic relationships using MCMCglmm.

Effect N Posterior Lower CI | Upper CI p diff
mode
Type of | Defensive 13 -5.67 -38.90 22.95
symbiosis
Nutrient 157 | -38.04 -53.99 -25.06
Difference -28.01 -64.97 4.09 0.04
Phylogeny 3.61 0.0002 349.24
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Symbiont

-1.75

0.0002

441.84

Study

532.80

168.57

1225.32

Table S3a: Analysis of the effect transmission on fitness change of host on symbiont removal,
taking into account phylogenetic relationships using MCMCglmm. This analysis was run on a
subset of the full dataset eliminating studies that stressed the host.

Effect N Posterior Lower Upper CI | p diff
mode Cl
Transmission Horizontal & 118 | -30.93 -54.50 -11.00
Vertical
Ovarial vertical | 126 | -28.91 -41.17 -14.54
Difference -5.61 -29.71 22.66 0.38
Phylogeny -0.81 0.0003 304.79
Symbiont 2.97 0.0002 291.30
Study 1027.77 515.34 1735.44

Table S3b: Analysis of the effect transmission on fitness change of host on symbiont removal,
taking into account phylogenetic relationships using MCMCglmm. This analysis was run on a
subset of the full dataset; 1) eliminating studies that stressed the host and 2) only using fecundity
as a measure of fitness.

Effect N Posterior Lower Upper CI | p diff
mode Cl
Transmission Horizontal & 20 -23.62 -63.14 10.22
Vertical
Ovarial vertical | 80 | -35.53 -48.08 -18.07
Difference 7.32 -28.27 49.78 0.67
Phylogeny -0.37 0.0002 152.23
Symbiont -0.33 0.0002 155.98
Study 1207.76 719.49 2256.52

Table S4: Analysis of the effect transmission and environment on fitness change (as an effect size,
Zr) of host on symbiont removal, taking into account phylogenetic relationships using

MCMCglmm.

Effect

N

Posterior

Lower

Upper CI | p
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mode Cl diff
Transmission | Horizontal & 23 | -1.00 -1.76 -0.17
Vertical
Ovarial vertical | 121 | -0.74 -1.08 -0.28
Difference -0.30 -1.08 0.71 0.27
Phylogeny 0.002 0.0001 0.20
Symbiont 0.004 0.0002 0.17
Study 0.50 0.25 1.09
Environment [Stressed 36 | -0.70 -1.09 -0.25
Unstressed 108 | -0.71 -1.12 -0.43
Difference 0.12 -0.20 0.38 0.73
Phylogeny 0.002 0.0002 0.18
Symbiont 0.002 0.0001 0.17
Study 0.51 0.25 1.04
Interaction 0.81

Table S5: Analysis of the effect of obligate versus facultative symbionts on fitness change of host
on symbiont removal, taking into account phylogenetic relationships using MCMCglmm.

Effect N Posterior Lower Upper CI | p diff
mode CI
Obligate or Facultative 153 | -19.17 -36.19 -6.90
facultative?
Obligate 139 | -35.31 -46.32 -21.93
Difference 11.24 -3.05 30.46 0.06
Phylogeny -0.29 0.0002 113.18
Symbiont -0.25 0.0001 98.26
Study 752.57 464.02 1456.41

Table S6: Analysis of the effect of transmission and environment on fitness change of the host on
symbiont removal, accounting for phylogenetic relationships using MCMCglmm. This analysis

was run on a subset of the dataset eliminating mitochondria and chloroplasts.

Effect

N

Posterior

Lower CI

Upper CI

p diff
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mode

Transmission Horizontal & 122 | -25.02 -47.58 -7.82
Vertical
Ovarial vertical | 169 | -25.11 -40.52 -15.70
Difference 5.09 -22.70 23.67 0.52
Phylogeny 2.24 0.0002 216.98
Symbiont 2.30 0.0003 189.71
Study 724.06 384.99 1348.36
Environment Stressed 49 -29.88 -45.30 -15.11
Unstressed 242 | -26.13 -37.11 -16.36
Difference -1.50 -15.35 9.83 0.32
Phylogeny 1.41 0.0001 168.17
Symbiont -0.62 0.0002 176.78
Study 791.50 403.14 1331.23
Interaction 0.01

Table S7: Analysis of the effect of transmission and environment on fitness change of the host on
symbiont removal, accounting for phylogenetic relationships using MCMCglmm. This analysis
excluded all fecundity data.

Effect N Posterior Lower CI | Upper CI p diff
mode
Transmission Horizontal & 101 | -23.78 -39.27 -8.21
Vertical
Ovarial vertical | 60 -9.45 -22.49 3.58
Difference -16.95 -33.61 6.25 0.08
Phylogeny -0.21 0.0002 87.40
Symbiont -0.25 0.0003 91.52
Study 377.49 149.47 882.08
Environment  [Stressed 17 -6.04 -23.46 9.40
Unstressed 144 | -15.38 -27.13 -6.04
Difference 9.80 -4.80 24.79 0.90
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Phylogeny -0.35 0.0003 113.61
Symbiont -0.33 0.0001 124.33
Study 410.68 151.30 921.42
Interaction 0.005

Table S8: Analysis of the effect of transmission and environment on fitness change of the host on
symbiont removal, accounting for phylogenetic relationships using MCMCglmm. This analysis
excluded reproductive manipulators (Wolbachia, Spiroplasma and Rickettsia).

Effect N Posterior Lower CI | Upper CI p diff
mode
Transmission Horizontal & 122 | -26.18 -47.80 -6.45
Vertical
Ovarial vertical | 81 -32.26 -51.59 -17.69
Difference 8.97 -21.28 31.79 0.70
Phylogeny -0.75 0.0002 304.66
Symbiont -0.74 0.0002 294.88
Study 602.60 255.09 1509.19
Environment  [Stressed 28 -31.30 -50.18 -13.53
Unstressed 175 | -30.29 -43.82 -18.32
Difference -0.02 -16.05 14.92 0.47
Phylogeny -0.55 0.0002 232.33
Symbiont -0.59 0.0002 245.44
Study 749.07 279.07 1443.93
Interaction 0.01
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Supplementary Methods

Table S8: Summary of bacterial symbiosis dataset. Transmission description is given and then the
resulting classification of transmission mode that we used in our analyses. If the transmission
description allows any potential for horizontal transmission, then we classify the transmission mode
as horizontal. The mean fitness change given is the average percent fitness change (on symbiont
removal) from all studies and all experiments within each study.

Symbiont Transmission Classification | Type of | Mean Reference(s)
description symbiosis | fitness
change
(%)
Azospirillum Environmentally Horizontal nutritional | -11.11 (Kapulnik et al.
acquired 1981; Kapulnik
etal. 1987)
Blochmannia Bacteriocytes, and in | Vertical nutritional -78.53 (Feldhaar et al.
Sfloridanus ovaries in females. 2007)
Bradyrhizobium Environmentally Horizontal nutritional | -33.07 (Deli¢ &
acquired Stajkovic-
Srbinovié¢
2011; Lau et al.
2012; Hafeez et
al. 2001)
Buchnera Maternally inherited | Vertical nutritional -39.19 (Douglas 1996;
through ovaries. Caillaud &
Rahbe 1999)
Burkholderia The symbiont is not | Horizontal nutritional | -20.28 (Kikuchi et al.
vertically transmitted, 2007)
acquired anew every
generation
Chemoautotrophic Environmentally Horizontal nutritional -47.06 (Gros et al
bacteria of clam transmitted from a 1998)
free-living symbiont
to the new host
generation
Chloroplast Vertical nutritional | -100 (Keeling 2010)
Coxiella Coxiella present in | Vertical nutritional | -59.75 (Zhong et al
tick eggs- evidence of 2007)
transovarial
transmission
Erwinia No evidence for | Horizontal nutritional -29.16 (de Vries et al.
transovarial 2004)
transmission. Each
generation  acquires
bacteria anew through
feeding.
Erwinia The association | Vertical nutritional -61.69 (Ben-Yosef et
extends via the egg al. 2010)
and continues into the
larval stage
Frankia Horizontal Horizontal nutritional -61.50 (Huss-Danell &
transmission and free- Frej 1986)
living stages
Gut microbiota of | Social  environment | Horizontal defensive (Koch &
bumblebee leads to Schmid-
predominantly vertical Hempel 2011)
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transmission

Hamiltonella defensa | Maternally Vertical defensive -5.97 (Russell &
transmitted, but Moran  2006;
secondary (not all Oliver et al.
hosts have them). 2006; Guay et
High  fidelity  of al.2009)
vertical transmission.

Mitochondria Vertical nutritional | -100 (Cavalier-

Smith 2006)

Nardonella Ovarial transmission- | Vertical nutritional -15.68 (Kuriwada et
detected in female al. 2010)
ovaries

Regiella insecticola High rates of | Vertical defensive -19.24 (Leonardo
transmission from 2004; Russell
mother to daugher. & Moran 2006;

Vorburger et

al. 2010)
Rhodococcus rhodnii | uncertain nutritional | -7.73 (Schaub &

Eichler 1998)

Rickettsia Maternally Vertical 8.54 (Montllor et al.
transmitted  through 2002; Chen et
the egg. al. 2000;

Himler et al
2011; Sakurai
et al. 2005;
Chiel et al
2009)

Serratia symbiotica No evidence of | Vertical -3.32 (Chen et al
horizontal 2000; Russell
transmission. & Moran 2006)

Sinorhizobium Environmentally Horizontal nutritional | -14.26 (Heath & Lau

meliloti acquired 2011)

Spirochaetes bacteria | Vertically transmitted | Horizontal -94.73 (Eutick et al.
but  not  through 1978)
ovaries

Spiroplasma Stable vertical | Vertical -13.47 Xie et al
transmission through 2010; Xie et al.
multiple generations. 2011; Fukatsu

et al. 2001)

Verminephrobacter Transmitted vertically | Vertical -31.05 (Lund et al
via cocoon, where 2010; Lund et
they are deposited al. 2014;
along with eggs and Davidson &
sperm Stahl 2008)

Wigglesworthia Vertically transmitted | Vertical nutritional | -74 (Pais et al

glossinidius to offspring through 2008)
milk glands

Wolbachia Maternally Vertical nutritional | -40.31 (Dedeine et al.
transmitted from 2005; Fytrou et
mother to offspring al. 2006; Tkeya
through egg et al. 2009)
cytoplasm
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Tree creation

Table S9: Matching species for phylogeny. Species in our database that did not match a species
in the Wu et al. (2009) phylogeny directly are included in this table.

Species in  our

dataset

Details and reference

Matched species in Wu et
al. (2009) phylogeny

Azospirillum

Magnetospirillum and
Rhodospirillum are included in
the phylogeny, and these are
sister taxa of Azospirilllum

Rhodospirillum_rubrum_at
cc 11170

Spirochaetes bacteria

There are no other spirochaetes
bacteria in our database, so I
entered it as the most basal
spirochaetes bacteria in the Wu

phylogeny

Leptospira_biflexa_serovar
_Patoc strain

Hamiltonella
defensa

Checked sister taxa relationships
(Degnan et al. 2009), matched
with the closest relative in the
Wu phylogeny

Yersinia

Nardonella

Checked sister taxa relationships
(Toju et al. 2013). Matched to a
subspecies of Buchnera to create
the correct branching
relationships between Buchnera,
Nardonella and Wigglesworthia

Buchnera_aphidicola_str_
Cc_cinara

Mitochondria

Ancestral bacterial species is
known to be an
alphaproteobacteria  (Cavalier-
Smith 2006), so entered as most
basal alphaproteobacteria in Wu

phylogeny

Magnetococcus sp.

Chloroplast

Ancestral  bacterial  species
known to be a cyanobacteria
(Keeling 2010), so entered as
most basal cyanobacteria on Wu

phylogeny.

Gloeobacter violaceus
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Figure S1: Host fitness change for different measures of fitness. Means and standard errors are
shown.
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Figure S2: Effect size (Zr) of host fitness change for different measures of fitness. Means and
standard errors are shown.
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Chapter 5: Discussion

Each chapter contains an extensive discussion section relevant to that particular study, so
here I only discuss the general results and themes of this thesis. The aim of this thesis has
been to identify common principles that apply to both within- and between- species major
transitions. I have focused on how conflict between individuals is minimised in social
groups, potentially leading to the evolution of cooperation, complexity and, if conditions

allow, a major evolutionary transition in individuality.

Within-species transitions

In Chapters 2 & 3 I focused on the within-species transition to multicellularity. In Chapter
2, I used the evolution of multicellularity as a model system for understanding how the
way social groups form influences relatedness between individuals, and thus the evolution
of complexity and the likelihood of a major transition. Multicellularity has evolved many
times on the tree of life in diverse groups of organisms, but I found that the major
transition to obligate multicellularity has only occurred when multicellular organisms
form through clonal group formation (where cells stick together after division). These
results are analogous to and support comparative work on another within-species
transition, the evolution of eusociality (Boomsma 2007, 2009), showing that obligate

eusociality has only evolved through subsociality and strict lifetime monogamy (Hughes

et al. 2008).

There is potential to extend the comparative work in Chapter 2 in several ways. The
dataset could be used to investigate the types of environments that may favour clonal or
non-clonal group formation. Bonner (1998) suggested that aquatic environments should

favour clonal group formation and terrestrial environments may favour non-clonal group
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formation, due to the physical constraints of forming a group in aquatic environments
(Bonner 1998). It would also be possible to investigate whether the benefit of
multicellularity, e.g. dispersal in Dictyostelium or defence against predation in algae,
correlates with the complexity of multicellularity and whether or not a major transition has

taken place.

In Chapter 3, I investigated how predation pressure can promote the formation of
multicellular groups in C. vulgaris. This suggests that predation pressure could be
important in understanding the evolution of multicellularity. Studying the initial stages of
social group formation is important for understanding major evolutionary transitions,
because the route of group formation determines within-group conflict through its
influence on genetic relatedness between individuals (Queller 2000; Bourke 2011). I
would like to extend this experimental work to investigate how multicellular groups form
in C. vulgaris, and test whether this varies depending on predation pressure. There is also
potential to test comparatively whether the route of group formation in colony-forming
green algae influences complexity and cooperation, given that there are examples of clonal

and non-clonal group formation within the algae (Table 1).

Table 1: Routes to social group formation, induced by predation, in a diverse range of algal
species. Clonal group formation is when cells stick together after division, and non-clonal group
formation is when cells aggregate together to form groups. This list is not intended to be
exhaustive.

Algal species Predator Proposed route to Reference
social group
formation
Chlorella vulgaris ~ Ochromonas vallescia  Clonal (Boraas et al. 1998)
Cyanobium sp. Ochromonas sp. Non-clonal (Jezberova & Komarkova
2007)
Microcystis Ochromonas sp. and Non-clonal (Yang et al. 2009; Yang et
aeruginosa other zooplankton al. 2005)
Scenedesmus Daphnia magna Clonal (Lurling et al 1997;
subspicatus Hessen & Van Donk
1993)
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Scenedesmus Daphnia magna Clonal (Lurling et al. 1997)
acutus
Scenedesmus Daphnia magna Clonal (Ha et al. 2004; Lurling et

dimorphus al. 1997)

Between-species transitions

In Chapter 4, I focused on the between-species transition to symbiosis. I investigated how
transmission route and environment influence how beneficial symbionts are to hosts.
Although transmission mode has been predicted to determine how cooperative symbionts
should be (through its influence on within-host symbiont relatedness), I found that this
effect depended on environmental conditions. This study highlights the importance of
considering transmission, the type of benefit symbionts confer to their hosts and
environmental factors in understanding the evolution of symbiosis. This study could be
extended to include fungi, which would then add other ecologically important symbioses

such as leaf cutter ants, mycorrhizae and lichens.

In this thesis I have used both within- and between-species transitions to investigate how
social groups form and what factors lead to negligible conflict between individuals, in
order to understand when and why major transitions in evolution occur. This work
highlights (1) the power of using broad scale comparative studies to answer questions
about major transitions, (2) the potential of using facultatively multicellular algae as a
model system to understand the initial stages of a transition and (3) the two conditions,
namely complete mutual dependence and negligible conflict, needed for a major transition

in individuality are the same for within- and between-species transitions.
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Summary

The evolution of multicellular organisms represents one of
approximately eight major evolutionary transitions that
have occurred on earth [1-4]. The major challenge raised
by this transition is to explain why single cells should join
together and become mutually dependent, in a way that
leads to a more complex multicellular life form that can
only replicate as a whole. It has been argued that a high ge-
netic relatedness (r) between cells played a pivotal role in the
evolutionary transition from single-celled to multicellular
organisms, because it leads to reduced conflict and an align-
ment of interests between cells [1-17]. We tested this hy-
pothesis with a comparative study, comparing the form of
multicellularity in species where groups are clonal (r= 1) to
species where groups are potentially nonclonal (r < 1). We
found that species with clonal group formation were more
likely to have undergone the major evolutionary transition
to obligate multicellularity and had more cell types, a higher
likelihood of sterile cells, and a trend toward higher numbers
of cells in a group. More generally, our results unify the role
of group formation and genetic relatedness across multiple
evolutionary transitions and provide an unmistakable foot-
print of how natural selection has shaped the evolution of
life [1].

Results and Discussion

The evolution of life on earth, from the simplest replicating mol-
ecules to complex animal societies, has involved approxi-
mately eight major evolutionary transitions in individuality
[2-4, 18]. In each of these transitions, a group of individuals
that could previously replicate independently joins together
to form a new, more complex life form that can only replicate
as a whole. For example, genes come together to form ge-
nomes, cells join together to form multicellular organisms,
and multicellular organisms join together to form eusocial so-
cieties. The major challenge raised by each of these transitions
is to explain why individuals should join together and become
mutually dependent in a way that leads to a more complex in-
dividual [2-4, 18].

Here, we use a phylogenetically based [19] comparative
study to test how the relatedness between interacting cells
influenced both the likelihood of the major evolutionary transi-
tion to obligate multicellularity and the level of sociality in
multicellular groups. We obtained data on 168 species, with
representatives from all multicellular lineages except diatoms
and charophyte algae (Figure 1; Figure S1 available online). We
used life-history data on how groups form to infer relatedness.

*Correspondence: stuart.west@zoo.ox.ac.uk

Specifically, when groups form by cells remaining with their
parents, then groups are clonal (r = 1; 149 species). This
usually involves the group going through a single-celled (uni-
cellular) stage [10, 11]. In contrast, if groups form by cells
aggregating together, then relatedness could be anything
from zero to one (r < 1) but is likely to be nonclonal (r < 1; 19
species) [20].

Transitions to Obligate Multicellularity

We first examined whether relatedness influenced the likeli-
hood that groups underwent the transition to obligate multicel-
lularity. Our distinction here is between obligately multicellular
species, which can only complete their life cycle as a multicel-
lular organism, and facultatively multicellular species, which
are able to complete their life cycle as unicells and only
become multicellular under certain environmental conditions.
For example, Dictyostelium species can remain in their unicel-
lular state for many generations, without the need to form a
multicellular fruiting body, which they do only under certain
harsh conditions, and so we classify them as facultatively
multicellular. In contrast, in mammals, the unicellular stage is
finite and must always ultimately lead to the multicellular
stage, and so we classify them as obligately multicellular.
Consequently, we are focusing on whether one of the key re-
quirements for a major evolutionary transition in individuality
has occurred, termed “contingent irreversibility” [2, 4].

We found that species with clonal groups were significantly
more likely to have made the transition to obligate multicellu-
larity (Figures 2 and 3A; pMCMC = 0.0002). Overall, 75%
(9/12) of the lineages with clonal group formation had made
the transition to obligate multicellularity, whereas the five line-
ages with potentially nonclonal group formation had only led to
facultative multicellularity. Obligate multicellularity is feasible
in species with nonclonal group formation—all it requires is
that cells always aggregate to complete a necessary part of
their life cycle (i.e., not just under certain conditions). Given
that we found no evidence for nonclonal organisms having
evolved obligate multicellularity, this suggests that the genetic
conflict that arises from lower relatedness (r < 1) inhibits this
major transition in individuality.

If there is a lack of conflict within obligate multicellular
groups, such that the group is thought of as an individual,
then they will have made a major evolutionary transition in in-
dividuality [2-4]. Clonality leads to no within-group conflict
[13]. Consequently, because obligate multicellularity has only
evolved in species with clonal groups, all of these species
have made a major transition in individuality.

Sociality in Multicellular Groups

We then examined whether relatedness influenced the level of
sociality in multicellular groups. We collected data for four life-
history variables: the number of different cell types that can
occur in each group, whether or not species had sterile cells,
the percentage of the total number of cells that was sterile in
species that had sterile cells, and the total number of cells in
the group (organism). The number of different cell types that
can occur in a group is analogous to the number of castes in
eusocial insect colonies, and hence represents the extent to
which different group members specialize in different roles
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The figure shows an overview phylogram of the taxa in our data set. We have labeled each taxon according to whether multicellular groups are either clonal
(black circles) or nonclonal (gray circles) and whether multicellularity is an obligate (bold font) or a facultative (normal font) part of the life cycle. The relatively
low number of times that multicellularity has evolved, especially in taxa with nonclonal groups, emphasizes the importance of collecting data on specifically
targeted groups to increase the statistical power of phylogenetically based analyses.

[4]. Sterile cells represent a case of extreme altruism, analo-
gous to sterile workers in eusocial insects, forgoing any oppor-
tunity to reproduce directly in order to help others [5]. The total
number of cells in the group is seen as one of the traits that
contribute to and correlate with group complexity [4].

We found that species with clonal groups had significantly
higher numbers of cell types and a significantly higher proba-
bility of having sterile cells. Species with clonal groups had, on
average, approximately six times as many cell types as spe-
cies with nonclonal groups (Figures 2 and 3B; pMCMC =
0.0008) and were approximately twice as likely to have sterile
cells (Figures 2 and 3C; pMCMC = 0.02). These significant in-
fluences of relatedness are particularly impressive given the
following: (1) ecological costs and benefits also matter, not
just relatedness [17]; (2) relatedness may still be extremely
high (for example, r = 0.98 [20] in the nonclonal groups); and
(3) our statistical power is limited by the small number of evolu-
tionary transitions to multicellularity. This emphasizes not only
that relatedness matters, but that it matters a lot.

We found that species with clonal groups had a higher pro-
portion of sterile cells (in the species with sterile cells) and a
greater number of cells, but that these differences were
nonsignificant. In species with sterile cells, those that formed
clonal groups had approximately three times the proportion
of sterile cells in comparison to species with nonclonal groups
(Figure 3D; pMCMC = 0.41). Species with clonal groups had,
on average, approximately 100 times as many cells in their
group as species with nonclonal groups (Figures 2 and 3E;
PMCMC = 0.27). This lack of statistical significance despite
the magnitude of differences reflects both high variability
and a limited statistical power, due to the small number of

independent evolutionary origins of multicellularity, especially
those with potentially nonclonal group formation (Figures 1
and 3A). For example, the comparison of the proportion of
sterile cells was limited primarily to a comparison of clonal vol-
vocine algae and cyanobacteria with the nonclonal cellular
slime molds (Figure 3D). The high variability may reflect that
although a higher relatedness can favor more sterile cells
and larger groups, the ecological costs and benefits of these
traits could vary across taxa.

Causality and Assumptions

We have examined how relatedness influences both whether a
transition to obligate multicellularity has occurred and the
different traits that determine the level of sociality, such as
whether there are sterile cells in the group. Previous work
has examined multiple traits simultaneously by comparing
simple and complex multicellular species, where complexity
is defined by the presence of sterile cells, an early germ-
soma split, a high number of cell types, and a large number
of cells [4, 10, 11]. However, although the simple/complex
distinction is likely to be correlated with whether a major
transition has occurred, it is not a defining feature, and the cor-
relation can break down [7]. For example, Dictyostelium
purpureum and Volvox carteri are both simple, having a sterile
soma and the same number of cell types, but only V. carteri has
undergone the major transition to obligate multicellularity.
Furthermore, although complex multicellularity has evolved
only in species with a single-cell stage (unitary development)
that leads to clonality (r = 1) [10, 11], there is no significant cor-
relation between relatedness and whether multicellularity is
simple or complex (PMCMC = 0.21). A problem here is that



Current Biology Vol 23 No 12
1122

fe
=

Figure 2. Evolutionary Relationships between Clonality and Multicellular Traits

The figure shows the evolutionary transitions between clonal (black tips and edges) and nonclonal (red tips and edges) group formation and its correlation
with obligate (black squares) versus facultative (white squares) multicelluarity, the presence of sterile soma (black diamonds represent sterile soma; white
diamonds represent no sterile soma), and the number of different cell types (the size of the white circles represents the natural logarithm of the number of cell
types). Ancestral reconstruction of clonal and nonclonal states was conducted using Bayesian phylogenetic mixed models in MCMCglmm (see also Figures

S1 and S2).
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complex multicellularity has evolved only five times, in sister
groups: animals, fungi, plants, red algae, and brown algae [4,
11]. Consequently, complex multicellularity hasn’t evolved in
enough separate places on the tree of life to provide statistical
power for a formal comparative analysis [19, 21].

Our results are robust for the assumptions that we make
about how relatedness and the various social traits coevolve.
We assumed that relatedness does not evolve and causally
affects each of the social traits. Although the causal effect of
relatedness on the evolution of social traits is strongly sup-
ported [22], the variation in relatedness among cells may
change over evolutionary time. We therefore reanalyzed our
data, allowing both relatedness and the social traits to evolve
across the tree, while relaxing our assumption of causality [23].
These analyses gave qualitatively identical results, with a
significant statistical correlation between relatedness and
obligate versus facultative multicellularity (p < 0.0001),
number of cell types (p = 0.003), and probability of sterile
soma (p = 0.009), but not number of cells (p = 0.08) or the
proportion of sterile cells in the species that had sterile cells
(p = 0.34; Table S3).

In almost all of the species with clonal group formation, a
unicellular stage is involved, wherein the group (or organism)
arises from a single cell, usually a zygote or spore [10, 11].
The exception to this is in species with multicellular propa-
gules, wherein the propagules are formed by cells remaining
with their parents, as in some cyanobacteria [24]. Another
consequence of a unicellular stage is that it leads to a shared

Figure 3. Group Formation, Evolutionary Transi-
tions, and Sociality

The graphs show, for multicellular groups that
are either clonal or potentially nonclonal, the (A)
number of lineages in which facultative and obli-
gate multicellularity have evolved; (B) number of
cell types; (C) probability of having steriles cells;
(D) percentage of sterile cells in species with a
sterile soma; and (E) total number of cells. Esti-
mates in (B)-(E) are posterior modes with 95%
credible intervals from Bayesian phylogenetic
mixed models. The number of cell types is back-
transformed from a Poisson distribution with log
link function, the probability of sterile cells from a
binary distribution with logit link function, the
proportion of sterile cells from a binomial distri-
bution with a logit link function, and total number
of cells is on a logarithmic scale (see also Fig-
ure S3).

developmental history that could facili-
tate the scope for coordinated develop-
ment among cells, for example into
different cell types [11]. This should not
be seen, however, as a competing
explanation to relatedness, as it is a
mechanistic (proximate) and not a se-
lective (ultimate) issue [25, 26]. For
example, although the potential for co-
ordination could place a limit on the
number of cell types (the strategy set
open to natural selection), we still need
an explanation for why multiple cell
types are favored (which strategy is
favored by natural selection). Nonethe-
less, interactions can be important, as
natural selection can only act on the options that are develop-
mentally and mechanistically possible.

Clonal

Clgnal

Relatedness and the Major Transitions

More generally, when combined with data from previous
studies, our results show how relatedness provides a single
life-history variable that plays a key role in explaining evolu-
tionary transitions that involve members of the same species
joining together to cooperate [3, 4, 7-9, 27]. We have shown
how a higher relatedness between cells leads to a higher likeli-
hood of obligate multicellular groups, a higher number of cell
types, and a higher likelihood of sterile cells (Figures 2, 3,
and S3). A previous experimental study has shown that
Dictyostelium discoideum loses cooperative fruiting-body
formation if kept under conditions of low relatedness [12].
Previous comparative studies have shown how a higher
within-group relatedness is correlated with cooperative
breeding in both birds and mammals [28, 29] and with the evo-
lution of eusociality in animals [8, 9, 30].

In all cases, relatedness is determined by how groups are
formed. A higher relatedness arises from (1) offspring staying
with their parents (termed “subsociality”) rather than individ-
uals of the same generation aggregating together (termed “par-
asociality” or “semisociality”) and (2) either asexuality or lower
levels of promiscuity. Taken together, these results support a
fundamental role of how groups form, via the influence of group
formation on relatedness, for the evolution of cooperative
breeding, eusociality, and now multicellularity [7-9, 28-30]
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(Figures 2 and 3). Experimental evolution studies suggest that
the method of group formation is similarly important for arange
of cooperative behaviors in microorganisms [31-33].
Furthermore, our data also support Boomsma’s hypothesis
[7-9] that although a higher relatedness favors greater levels of
cooperation, there is something special about clonality in
asexual species or strict lifetime monogamy in sexual species.
At these extreme points, the offspring that can potentially stay
and help their parents are equally related to the offspring they
can help raise (r,ep) and the offspring they could produce if
they breed independently (ros), such that rpe), = ros (Figure 4).
Consequently, as long as there is some ecological benefit to
cooperation, this removes any conflict over whether to help
or breed [13], and thus facilitates the evolution of complete
reproductive dependency between group members. The ma-
jor evolutionary transitions to obligate multicellularity and obli-
gate eusocial societies have only occurred when ry, = ros
holds, due to group formation by offspring staying with par-
ents combined with either strict lifetime monogamy or asexual

MONOGAMY or PROMISCUITY

Offspring ==---~

Cooperative breeding

Figure 4. Relatedness, Group Formation, and
Evolutionary Transitions

(A) In sexual animals with strict lifetime
monogamy, when groups form by offspring
staying to help their mother (subsociality), poten-
tial helpers are equally related to their own
offspring (ror = 1/2) and to their mother’s
offspring (rheip = 1/2), who they could help raise.
This means that there is no conflict over which
f’r‘]’;‘f‘;‘é‘f" offspring to raise (fosr = rneyp), Which facilitates
1 the evolution of reproductive dependency be-
E Forr= "2 tween group members and means that any small
' efficiency benefit of helping will favor altruistic
cooperation [8, 13] (B/C > 1, where B and C are
the benefit and cost terms in Hamilton’s rule
[17]). In contrast, if groups form by individuals
from the same generation aggregating together
(parasociality), such as sisters, or if females
mate multiply during their lifetime (promiscuity),
then potential helpers are more related to their
own offspring (ro = 1/2) than to the offspring
who they could help raise (rhep < 1/2). In this
case, it is much harder to evolve complete repro-
ductive dependency between group members,
and a larger efficiency benefit of helping is
required to favor cooperation.
(B) The same general predictions occur when
considering group formation by cells or asexual
animals, such as aphids. Specifically: when
groups form by offspring remaining with their par-
ents, this leads to potential helpers being equally
related to their own offspring and to the offspring
that they could help raise (rnep = o), as they are
all clonal (r = 1); when groups form by individuals
aggregating together, this leads to potential
helpers being more related to their own offspring
than to the offspring who they could help raise
(rhelp < roﬂ)-
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reproduction [7-9, 11, 30] (Figure 3A).
The distinction between facultative and
obligate multicellularity is of equal
importance, and it is directly analogous
to that between facultative and obligate
eusociality [7, 9, 34].

In contrast, when there is not strict life-
time monogamy in sexual species, or
groups form by individuals of the same

generation aggregating together, this leads to rnejp < rom and
only transitions to facultative multicellularity or cooperative
breeding have occurred [7-9, 11, 28, 29] (Figure 3A).
Examples of this include the multiclone fruiting bodies of Dic-
tyostelid slime molds, or the slightly promiscuous coopera-
tive-breeding vertebrates. This suggests that r;,q, = ros can
be a necessary precursor for “fraternal” major transitions that
involve cooperation between members of the same species.
If rheip < ros, then at some point in their life, potential helpers
may do better by breeding independently; therefore, they are
selected to retain the flexibility to do so [7-9]. Major transitions
require, by definition, a complete reproductive dependency
between group members [2, 4], and thus the retention of this
flexibility can stall a potential major transition (Figure 4).

Experimental Procedures

We searched the literature for information on the evolution and development
of multicellularity in as many different taxa as possible and found data for 17
out of the 25 independent evolutionary transitions to multicellularity
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(Supplemental Information). Several groups (e.g., plants) include both
complex and simple multicellular species. When analyzing the evolutionary
transitions (Figure 3) we are interested in the highest level of complexity ob-
tained; therefore, we classified each group according to the more complex
species in the group. A single-cell (unitary) stage leads to clonality [10, 11],
but clonality can also occur in species with multicellular propagules when
the propagules are formed by cells remaining with their parents, as in
some cyanobacteria [24]. This matters because, from an evolutionary theory
perspective, the key distinction is whether groups are clonal (r=1) or not (r <
1), and not just whether there is a single-cell (unitary) stage (although they
will be highly correlated [10, 11]).

We examined whether the evolution of multicellularity was influenced by
relatedness by testing whether there were differences between clonal and
nonclonal taxa for six different social traits: (1) obligate versus facultative
multicellularity (binary distribution); (2) total number of cells (Gaussian after
log transformation); (3) the number of cell types after controlling for total
number of cells (Poisson distribution); (4) presence of sterile cells (binary
distribution); (5) percentage of cells that are sterile in taxa with sterile
soma (binomial distribution); and (6) complex versus simple multicellularity
(binary distribution). We carried out our analyses using Bayesian phyloge-
netic mixed models (BPMM) with MCMC estimation implemented in
MCMCgImm and checked the robustness of our results to assumptions of
causality and tree-branch lengths (Supplemental Information).
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The evolution of life on earth has been driven by a small number
of major evolutionary transitions. These transitions have been
characterized by individuals that could previously replicate inde-
pendently, cooperating to form a new, more complex life form.
For example, archaea and eubacteria formed eukaryotic cells, and
cells formed multicellular organisms. However, not all cooperative
groups are en route to major transitions. How can we explain why
major evolutionary transitions have or haven't taken place on dif-
ferent branches of the tree of life? We break down major transi-
tions into two steps: the formation of a cooperative group and the
transformation of that group into an integrated entity. We show
how these steps require cooperation, division of labor, communi-
cation, mutual dependence, and negligible within-group conflict.
We find that certain ecological conditions and the ways in which
groups form have played recurrent roles in driving multiple tran-
sitions. In contrast, we find that other factors have played rela-
tively minor roles at many key points, such as within-group kin
discrimination and mechanisms to actively repress competition.
More generally, by identifying the small number of factors that
have driven major transitions, we provide a simpler and more
unified description of how life on earth has evolved.

cooperation | altruism | signaling | division of labor | conflict

he evolution of life, from simple organic compounds in a

primordial soup to the amazing diversity of contemporary
organisms, has taken roughly 3.5 billion years. How can we ex-
plain the evolution of increasingly complex organisms over this
period? A traditional approach has been to consider the suc-
cession of taxonomic groups, such as the age of fishes giving rise
to the age of amphibians, which gave way to the age of reptiles,
and so on. Although this approach has some uses, it is biased
toward relatively large plants and animals and lacks a conceptual
or predictive framework, in that it suggests we look for different
explanations for each succession (1).

Twenty years ago, Maynard Smith and Szathmdry (2) revolu-
tionized our understanding of life on earth by showing how the
key steps in the evolution of life on earth had been driven by a
small number of “major evolutionary transitions.” In each tran-
sition, a group of individuals that could previously replicate in-
dependently cooperate to form a new, more complex life form.
For example, genes cooperated to form genomes, archaea and
eubacteria formed eukaryotic cells, and cells cooperated to form
multicellular organisms (Table 1).

The major transitions approach provides a conceptual framework
that facilitates comparison across pivotal moments in the history
of life (2, 3). It suggests that the same problem arises at each
transition: How are the potentially selfish interests of individuals
overcome to form mutually dependent cooperative groups? We
can then ask whether there are any similarities across transitions
in the answers to this problem. Consequently, rather than look-
ing for different explanations for the succession of different
taxonomic groups, we could potentially identify a few key factors
that have been important again and again at driving increases in
organismal complexity. This approach would both unify and sim-
plify our understanding of the evolution of life on earth.

We define the steps and processes in major transitions and
show that the problem of explaining major transitions can be

www.pnas.org/cgi/doi/10.1073/pnas.1421402112

broken down into six questions. We explore what is already known
about the factors facilitating transitions, examining the extent to
which we can generalize across the different transitions. Ultimately,
we are interested in the underlying evolutionary and ecological
factors that drive major transitions.

Defining Major Transitions

A major evolutionary transition has been most broadly defined
as a change in the way that heritable information is stored and
transmitted (2). We focus on the major transitions that lead to a
new form of individual (Table 1), where the same problems arise,
in a way that facilitates comparison, and so exclude the evolution
of the genetic code, sex and language (1, 2, 4, 5).

A major evolutionary transition in individuality is defined by two
conditions (1, 2). First, entities that were capable of independent
replication before the transition can replicate only as part of a larger
unit after it, termed mutual dependence, interdependence, or con-
tingent irreversibility. Second, there is a relative lack of within-group
conflict such that the larger unit can be thought of as a fitness-
maximizing individual (or organism) in its own right. For example, it
is common to think of the nucleus and organelles of a eukaryotic
cell, or the group of cells that makes up a multicellular animal, as a
single organism (6).

When these two conditions are met, evolution can lead to a
new higher level individual (organism). We have a group that can’t
be broken up (condition 1), and we can conceptualize the group
acting with a single purpose, where the interests of the previously
independent individuals are now aligned (condition 2). We pro-
vide examples of how this definition can be applied in Table 1.
A precise definition matters because a blurring of exactly what is
being examined can obscure the relative importance of the un-
derlying selective forces (7, 8).

Steps

Major evolutionary transitions can be divided into two steps: (i) the
formation of a cooperative group and (ii) the transformation of
the cooperative group into a more cohesive and integrated
entity that can be considered a new level of individual (organism)
(Fig. 1) (1, 2). The second step typically involves a number of
common features, including the following: the individuals in a
group evolving to perform different tasks (division of labor);
division of labor becoming so specialized that the members of
the group become dependent upon each other; and communi-
cation to coordinate cooperation at the group level.

Although these two steps may not have clear borders, and can
move gradually from one to the next, they can occur in some
order (1). For example, in transitions involving members of the
same species, we would not expect division of labor to evolve
until after cooperative groups have formed. Consequently, the
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Table 1. The major evolutionary transitions in individuality

Major transitions

Not major transitions

Why not?
Mutual Negligible
Transition Examples Examples dependence? conflict?
Independent replicators —  Populations of Genome — — —
replicators
Separate unicells —  Symbiotic unicell  Eukaryotic cell*, primary plastid — — —
endosymbiosis*, Paulinella*
Secondary/tertiary plastid
endosymbiosis*
Unicells —  Multicellular Animals, plants, fungi, red Dictyostelid slime molds® No No
organism algae, brown algae Pseudomonas biofilms No No
Multicellular organisms ~ —  Eusocial society Higher termites, leaf-cutter Social aphids* No Yes
ants, honeybee Melipona bees Yes No
Cooperative vertebrates No No
Humans No No
Multicellular organisms —  Obligate Some obligate endosymbionts Legumes-Rhizobia® No No
interspecific (e.g., Buchnera in aphids*), Squid-Vibrio No No
mutualism leaf-cutter ants and their fungi, Gut microbiota No No

Paracatenula flatworms and their
chemoautrophic symbionts

*Highly integrated/obligate symbioses, where the hosts cannot survive without their symbionts, and there seems to be a relative lack of conflict, such that the
symbionts can best increase their own fitness by helping their hosts reproduce (45).

Facultatively multicellular species, which can remain in their unicellular state for many generations, without the need to form a multicellular fruiting body,
which they do only under certain harsh conditions to increase dispersal success (no mutual dependence) (37). Sufficient conflict to select for noncooperative

cheats, and within-group kin discrimination (68, 69).

*Facultatively eusocial species, where queens are still able to breed if the workers/soldiers are removed (no mutual dependence).
SHosts are able to grow and replicate without these symbionts (no mutual dependence), and there is sufficient conflict to select for noncooperative cheats (69).

benefits of having different cell types in multicellular organisms
may not provide an explanation for why multicellular groups
initially formed. In contrast, with transitions between members
of different species, individuals can be specialized to perform
different tasks before the formation of cooperative groups, and
group transformation involves specialization to help each other.

What Are the Big Questions?

We suggest six questions that are key to understanding the
evolutionary and ecological drivers of major transitions:

i) What conditions favor the formation of cooperative groups?

ii) What conditions maintain cooperation during group trans-
formation?

iii) What conditions favor division of labor?

iv) What conditions favor communication that coordinates co-
operation at the group level?

v) What conditions lead to negligible conflict within groups?

vi) What conditions favor mutual dependence?

Question i concerns the first step in a major transition (the for-
mation of a cooperative group) whereas the other five questions
concern the second step in a major transition (the transformation of
the cooperative group into a new level of individuality) (Fig. 1). We
have divided these questions to identify specific research problems.
Our division emphasizes that major transitions are not just about
cooperation or extreme altruism (sterility); they are about an ex-
treme form of cooperation, involving multiple traits, division of la-
bor, mutual dependence, and a lack of conflict.

What Conditions Favor Cooperation?

The first step in a major transition is that individuals come to-
gether and form a cooperative group. Cooperation then needs
to be maintained while group transformation takes place. We
consider the factors that may favor the formation and maintenance
of cooperative groups together because the same selective forces

20of 8 | www.pnas.org/cgi/doi/10.1073/pnas.1421402112

can be involved. A trait is cooperative if it provides a benefit to
another individual and has evolved at least partially because of that
benefit (8). The problem of cooperation is that, all else being
equal, cooperators could be exploited and outcompeted by non-
cooperators (cheats), who gain the benefits from the cooperation
of others, but avoid the cost of cooperating (9). The evolution of
cooperation requires two conditions (1, 10-12). First, there is some
ecological or efficiency benefit to cooperation. Second, there is
some mechanism that leads to the benefits of cooperation being
directed back to the cooperator and/or their relatives.

Ecological or Efficiency Benefits. The ecological benefits of co-
operation have been well studied in many taxa. Cells form co-
operative multicellular clumps to evade predators, make more
efficient use of factors that are excreted from individual cells,
and form fruiting bodies that aid dispersal (1, 13). Cooperation

Cooperative Group
group formation transformation
_— _—
Solitary Cooperative New ‘higher
individuals group level” individual

Fig. 1. A major evolutionary transition involves two steps: first, the formation
of a cooperative group; second, the transition to a new level of organism, with
division of labor, interdependence, and coordination of the parts. Although the
first step is well-understood, the second is not. We follow Bourke, except that he
divides transitions into three steps, distinguishing between maintenance and
transformation (1).
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Fig. 2. The hypothetical level of cooperative helping in a symbiont plotted
against the relatedness between the symbionts infecting a host. If the hosts
sanction uncooperative symbionts, then a high level of cooperation is pre-
dicted, relatively independent of relatedness. If the hosts do not carry out
sanctions, then the level of cooperation is predicted to depend strongly
upon relatedness between symbionts (23).

between different species often involves a symbiont providing a
service, such as a resource that allows their host to grow better
(14-16). Cooperation is favored in eusocial species to care for
young over an extended period where the parent may die, or to
defend a valuable resource (17).

Mechanism to Direct Benefits Back (Within Species). Cooperation
can be favored if the benefits go to relatives who carry the same
genes for cooperation, termed kin selection (18). By helping a
close relative reproduce, an individual is still passing on copies of
its genes to the next generation, just indirectly. Kin selection is
often encapsulated with Hamilton’s rule (18), which predicts that
altruistic cooperation will be favored when rB — C > 0, where C
is the fitness cost to the altruist, B is the fitness benefit to the
beneficiary, and r is their genetic relatedness. Hamilton’s rule
shows that altruism can be favored when the indirect benefits of
helping relatives (rB) outweigh the direct costs (C). There is a large
empirical literature supporting the role of relatedness and showing
how a high relatedness can arise either through limited dispersal,
which keeps relatives together, or kin discrimination, where co-
operation is preferentially directed toward relatives (1, 11).

Cooperation can be favored between nonrelatives in the same
species if it provides a direct benefit to the cooperator: for ex-
ample, when unrelated ants cooperate to increase their chance of
founding a new colony (19). It can also occur via mechanisms,
such as reciprocity, that reward cooperators or punish nonco-
operators (20). In these cases, the costs incurred by cooperating
are outweighed by the benefits received in return, and so co-
operation is mutually beneficial rather than altruistic.

Mechanism to Direct Benefits Back (Between Species). Cooperation
between species also requires mechanisms that lead to the ben-
efits of cooperation being directed back to the cooperator and/or
their relatives (21). Broadly speaking, two mechanisms are likely
to be important for producing this feedback. The first mecha-
nism is if individuals tend to be associated in such a way that
their fitness becomes entwined (partner-fidelity feedback) (12).
For example, in a vertically transmitted clonal symbiont, then
helping the host could increase the number of host offspring that
the symbiont would be transmitted to. Relatedness among the
symbionts matters because it determines who receives the benefits

West et al.

of helping the host, and thus whether cheats could exploit the
cooperation (22) (Fig. 2). A high relatedness among vertically
transmitted symbionts in a host is likely to be important with mi-
tochondria, plastids, and endosymbionts such as Buchnera.

The second mechanism is if the host preferentially rewards
more cooperative symbionts and/or punishes less cooperative
symbionts (23). For example, legumes provide more resources to
more cooperative rhizobia, and squid eliminate symbiotic bac-
teria that do not luminesce (24, 25). Such “sanctions” mecha-
nisms can favor cooperation even when symbiont relatedness is
low at the level of the host (Fig. 2).

What Conditions Favor Division of Labor?

Organisms must perform a number of tasks to survive and re-
produce. When will natural selection favor a division of labor,
with different individuals performing different tasks? To illus-
trate this problem with a specific example, consider two tasks, A
and B. We assume that investment into these two activities must
be traded off against each other because time and energy spent
on A cannot be spent on B. Division of labor will tend to be
favored when the shape of the relationship between the pro-
portion of resources allocated to each task and the fitness return
are accelerating (Fig. 3) (2). The fitness return might be accel-
erating if a task becomes more efficient as more effort is put into
it, or if tasks A and B don’t mix well. In contrast, if the fitness
returns on tasks are decelerating, then it can be more efficient to
have all individuals perform some A and some B.

There are numerous examples of division of labor. In some
volvocine algae, there is a division between large cells that re-
produce and small cells who beat their flagella to keep the colony
afloat (5). In some cyanobacteria, there is a division between
cells that photosynthesize and cells that fix nitrogen into am-
monia (heterocysts)—this division seems to be favored because
nitrogenase, the enzyme that converts nitrogen gas to ammonia,
is rapidly destroyed in the presence of oxygen (26). Symbioses by
definition involve a division of labor, with partners providing
different services for each other. In some cases, one partner will
provide a service that the other partner cannot perform, such
as the intracellular chemoautotrophic bacterial symbionts that
provide nutrition for marine flatworms lacking a digestive tract
(27). Hosts can sometimes harbor multiple symbionts, with dif-
ferent symbionts performing different tasks (28). Mitochondria

1 -

decelerating
(favors generalism)

Fitness returns from A

accelerating
(favors specialization)

1
1

0

Investment into A

Fig. 3. The relationship between the proportion of resources invested into a
trait (A) and the fitness return from that trait. We assume that a proportion of
resources X is put intro trait A, and the remaining proportion 1 — X into trait B.

PNAS Early Edition | 3 of 8

PAPER

=
=
=2
(=4
=]
=
=
o
o

EVOLUTION



[ T

/

1\

=y

and plastids provide clear examples of extreme specialization in
transitions between species.

The general principle is that a division of labor will be favored
when there are efficiency benefits to specialization (Fig. 3). There is
a lack of research showing why division will be the favored in spe-
cific systems. Both theoretical models demonstrating how trade-offs
between different traits can lead to benefits of specialization, and
empirical studies measuring these trade-offs, are required to ad-
dress this gap (29). Furthermore, our discussion has ignored many
complexities. For example, how would factors such as within-group
conflict, variation in relatedness, or different abilities to coordinate
at the group level influence selection for division of labor?

What Conditions Favor Communication That Coordinates
Cooperation at the Group Level?

Communication can be key to all stages of a major transition,
playing multiple roles in the formation and transformation of
cooperative groups: for example, coordinating cooperation and
the division of labor at the group level. However, communication
systems are potentially exploitable by cheats who fail to respond
to signals or who signal dishonestly (30). Individuals could ignore
signals to cooperate or could signal in a way to make others
cooperate more. What maintains the honesty of the communi-
cation systems that help drive major transitions?

Theory has shown that honest signaling requires either that
signals can’t be faked (indices), that signals are costly to fake
(handicaps), and/or that the sender and receiver have a common
interest (30). A common interest is particularly relevant in major
transitions because the same conditions that favor cooperation
can also favor honest communication—high relatedness or aligned
reproductive interests. The importance of high relatedness in fa-
voring honest signaling within cooperative groups has been dem-
onstrated experimentally with quorum sensing (QS), the process
whereby bacteria use small signal molecules to regulate the pro-
duction of extracellular factors that aid growth, motility, and biofilm
formation. QS is favored at high relatedness and disfavored at low
relatedness (31). Common interest presumably explains a range of
signals in cases where major transitions have been made, from the
waggle dance of the honeybee to among cell coordination in ani-
mals. Comparative studies could examine how communication
systems vary across species that differ in their degree of conflict.

Symbioses involve many forms of communication, including
the acquisition of symbionts from the environment, to the co-
ordination of tasks. Specific cases range from partnerships in which
effective communication allows both partners to prosper, to cases
in which signals produced from one partner are used to manipu-
late the other for selfish gain. With luminous bacteria and their
squid hosts, there seems to be a mutual interest in coordinating
rhythms such that bacterial luminescence peaks when hosts most
need the camouflage provided by the bacteria. This coordination
involves the host genes’ being regulated by the light and molecules
produced by the bacteria (32). In other cases, conflict among
partners is higher, and signals may be used to manipulate others.

What Conditions Lead to Negligible Conflict Within Groups?

Even when there are clear benefits to evolving cooperation,
conflicts can still arise in cooperative groups. Evolutionary theory
predicts that individuals are adapted to maximize their inclusive
fitness, even if this maximization comes at a cost to other individuals
or the group (18). Inclusive fitness is the sum of an individual’s
influence on its own reproductive success and that of related
individuals. The question here is, as required for a major tran-
sition, what conditions are required for individuals maximizing
their own inclusive fitness to also be maximizing the fitness of the
group (33) (Fig. 4). We focus on inclusive fitness because it is
under the full control of the actor, and so represents a measure
of fitness that could be maximized (34). It is useful to consider
within- and between-species transitions separately.

Within-Species Transitions. What do the empirical data show?

Group formation seems to play a key role in whether a major
transition to multicellularity or eusociality can take place (Fig. 5)
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(1, 35-37). The major transition to obligate multicellularity has
taken place only in species where daughter cells stick together
after division and so group formation is clonal, such as the ani-
mals, fungi, red algae, green plants, volvocine algae, brown algae,
some ciliates, and some cyanobacteria (37, 38). Although non-
clonal group formation occurs via aggregation in many species,
such as the cellular slime molds, ciliates, and acrasid slime molds,
and can lead to very high relatedness (39), it has led only to
facultative multicellularity.

Similarly, the transitions to both facultative and obligate euso-
ciality have taken place only in species where offspring stay to help
their parents and there is either strict lifetime monogamy or
asexual reproduction (35, 36, 40). Multiple mating and multiple
queens occur in some eusocial species, but they are derived states
that evolved after eusociality was fixed. Although cooperation
occurs in many species where females mate multiple times, such as
the cooperative breeding birds and mammals, no multiply mating
species has made a major transition to obligate eusociality (41).

Group Formation. How groups form is important because of its in-
fluence on relatedness and conflict. Consider a focal individual who
is choosing either (i) to perform a cooperative behavior that helps
another individual produce B offspring, to whom the focal actor is
related 7, or (i) to produce C of their own offspring to whom they
are related by r, . In this case, helping is favored if r,B — r,C > 0,
which represents a form of Hamilton’s rule. However, we are in-
terested not in whether helping is favored, but whether there is
conflict between different individuals over whether to help. Conflict
occurs when individuals disagree about the best strategy (6).
What conditions would be required to remove conflict between
the helpers (workers) in a social group, such that they could be
considered a single maximizing unit? One way to remove this
conflict would be if the potential helper is equally related to the
offspring that it could help raise and its own offspring (r, =r,) (33,
35-37). In this case, the different offspring are worth equal value to
the potential helper, and they are selected to do whatever leads to

Group Inclusive Fitness

cooperation

0 1
0 within-group conflict 1

Fig. 4. The individual and the group. The hypothetical level of a cooperative
trait, such as the amount of an extracellular factor produced by bacterial cells,
plotted against the extent of conflict between interacting individuals. The
different lines show the optimal strategy from the perspective of an individual’s
inclusive fitness (blue line) and group fitness (red line). Natural selection will
lead to the evolutionarily stable strategy (ESS), which will be the strategy that
maximizes inclusive fitness (i.e., the blue line), irrespective of the consequences
at the group level. We would expect natural selection to lead to maximization
of group fitness, and thus think of the group as a fitness-maximizing individual,
only in extreme cases where there is no within-group conflict.
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Fig. 5. The way in which groups form is a major determinant of when major transitions have taken place, because it determines relatedness and the po-
tential for within-group conflict. Within-species transitions have taken place only when offspring stay to help their parents (subsocial), and reproduction is
either asexual or sexual with lifetime monogamy. Between-species transitions seem to involve similarly restrictive group formation, such as vertical trans-
mission leading to clonal symbionts whose interests are aligned with their hosts. Different colored circles represent either genetically distinct individuals
(within-species) or individuals of different species. Larger circles represent hosts with smaller circles representing their symbionts. The images, from left to
right show: obligately multicellular human (image courtesy of Stu West), facultatively multicellular Chlamydomonas algae (image courtesy of Will Ratcliff),
obligately eusocial Atta ants (image courtesy of Wikimedia commons/Arpingstone), facultatively eusocial Stenogastrine hover wasp (image courtesy of
Wikimedia commons/David Baracchi), mitochondrion (image courtesy of Wikimedia commons/Louisa Howard), Hamiltonella defensa symbiont in black bean
aphids (image courtesy of Christoph Vorburger), facultatively multicellular Dictyostelium slime mould (image courtesy of Wikimedia commons/Bruno in
Columbus), cooperatively breeding superb fairy wren (image courtesy of Wikimedia commons/JJ Harrison), Legume-Rhizobia mutualism (image courtesy of
Dave Whitinger, All Things Plants). Negligible conflict is not sufficient for a major transition—the algae, wasp, and symbiont examples have not made a major

transition because there is not mutual dependence (see also Table 1).

the production of the most offspring, which will depend upon B
and C. In a sexual species, this condition is met with strict lifetime
monogamy, where potential helpers are aiding their parents, such
that they are helping rear full siblings (1, = r, = 1/2). In an asexual
species, these conditions arise in clonal groups (7, =7, = 1), which
also removes conflict between helpers and their parent. Multicel-
lularity and eusociality have evolved only under these conditions.
Our above discussion makes clear that we need to specify whom
we are considering potential conflict between, and their behavioral
options. We have considered conflict among helpers, and not
between helpers and their parents. This assumption is reasonable
in large colonies where the workers are effectively in control, but
not in smaller colonies or when the reproductives can still wield
power over factors such as caste or sex ratio. Consequently, factors
such as colony size and caste determination can influence whether
a major transition can be made because they will determine the
impact of conflict between queens and workers at the colony level.
Conflict can still arise in monogamous species, when the decision a
helper faces is not whether to help raise full siblings. In Melipona
bees, conflict arises as to whether individuals rear their own offspring,
or their niblings (nieces and nephews), resulting in a wasteful 5-14%
of individuals competing to become queens (42). A general issue
here is that the Hamilton’s rule approach is relatively heuristic, and
explicit theory is required to determine when different individuals
within a social group will act as a single maximizing agent (33).

Repression. Another way to eliminate within-group conflict is if
there is complete repression of competition within groups, such
that individuals cannot increase their reproductive success via
any form of cheating (33, 43). As with the relatedness scenario
described above, repression of competition unites the interest of
the group. Repression of competition has been important in
some social hymenoptera, where workers destroy or “police” the
eggs laid by other workers (44). For example, in the honeybee,
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worker policing is so efficient that workers are effectively se-
lected to not try to reproduce.

Haplodiploidy. Our above discussion of eusociality ignored the
complication of haplodiploidy. In diploids, when offspring stay to
help their monogamous parents, the helpers are equally related
to offspring that they could help raise and their own offspring
(ro = r, = 1/2). This same condition holds in haplodiploids if
helpers cannot differentiate between male and female offspring.
However, if we allow for the possibility that males and females
can be distinguished from each other, then we find that workers
are more related to (7) their own sons (r = 0.5) than their brothers
(r = 0.25), (i) their sisters (r = 0.75) than their daughters (r = 0.5),
(iii) their daughters (r = 0.5) than their brothers (» = 0.25), and
(iv) their nephews (r = 0.375) than their brothers (r = 0.25). These
relatedness asymmetries can lead to conflicts between workers in
haplodiploid species where diploidy would not. Consequently,
haplodiploidy hinders major transitions, such that haplodiploid
species can require an extra step. Monogamy and sufficient
ecological benefit of cooperation can take species to obligate
eusociality (35, 40) and, in the case of diploids, a major transi-
tion. However, then, in haplodiploids, an extra step is required to
suppress conflict and complete a major transition: for example,
the evolution of multiple mating leading to worker policing (44).
This point emphasizes that, in haplodiploids, mating frequency
can have different roles at different stages, with monogamy re-
quired to make the transition to obligate eusociality, but then
multiple mating driving from eusociality to a major transition.

Transitions Between Species. Less attention has been paid to what
conditions lead to reduced within-group conflict in between-
species transitions. Again, the way in which groups form may
be key. There will be no conflict between vertically transmitted
clonal symbionts, who could transmit to more individuals only by
increasing the reproductive success of their host. Examples that
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seem to lack appreciable conflict include mitochondria, plasmids,
the various secondary and tertiary plastid endosymbioses, and
possibly the Buchnera bacteria that infect aphids (14, 45). In
contrast, both the opportunity for horizontal transmission, and
within-host symbiont diversity, could lead to conflicts that select
for less cooperative symbionts (22, 46). Consistent with the pre-
dicted role of transmission route, the evolutionary transition from
a parasitic to a mutualistic lifestyle in a range of bacterial lineages
is associated with the loss of horizontal transmission (47).

Repression of competition could play a role in transitions be-
tween species. Sanction mechanisms seem to be more common in
partnerships when symbionts transmit horizontally, where we pre-
dict that there will be more conflict to resolve, such as in part-
nerships with root symbionts, luminous symbionts, and pollinator
mutualisms (24, 25, 48, 49).

Hosts could structure or transmit their symbionts in a way that
better aligns their interests and removes conflict. However, mech-
anisms that repress competition, such as reducing symbiont di-
versity, will be favored only if they have an immediate fitness
benefit, and not because they will select for more cooperative
symbionts in the future (46). For example, leaf-cutter ants actively
remove foreign mycelial fragments to prevent incompatibility in-
teractions that can reduce fungal-garden productivity; this removal
has the byproduct benefit of more closely aligning the interests of
the ants and their fungi over evolutionary time (50). A general
problem here is that we lack formal theory for the conditions re-
quired to eliminate conflict in between-species transitions.

What Conditions Favor Mutual Dependence?

In many cases, if a cooperative group is broken up, then in-
dividuals are still able to reproduce. In contrast, cases can arise
in which different members of the group have lost the capacity
for independent replication they once had. For example, mito-
chondria cannot reproduce without the rest of the eukaryotic
cell, and higher termite queens cannot reproduce without the
help of their workers. In most cases, mutual dependence seems
to arise as a result of extreme division of labor. Individuals be-
come so specialized that they lose the ability to perform other
tasks. The question here is what conditions favor the loss of any
potential to perform certain tasks that are necessary to replication?
Why did higher termite queens lose the ability to feed/rear their
offspring, and their workers lose the ability to produce offspring?
There is an almost complete lack of work addressing why certain
traits are lost, both generally and for specific cases (51).
Presumably, there is some efficiency benefit from becoming
irreversibly specialized, which will depend upon a range of bi-
ological factors, such as how groups are formed (relatedness),
mortality rates, and how those that reproduce (breeders) are
replaced. Symbionts offer excellent opportunities for comparative
studies on the evolutionary and ecological correlates of mutual
dependence. For example, why does the interaction between
photosynthetic symbionts and their hosts vary from the obligate
symbiosis typified by plastids in plants to ciliates that can “culture”
the chloroplasts found in their algal food (45, 52, 53)? Are part-
nerships in which symbionts access and deliver new forms of en-
ergy for their hosts more likely to lead to major transitions than
cases where the symbionts provide a resource that the host can
also obtain directly? Repression of competition can also favor
mutual dependence, as demonstrated by the influence of worker
policing on whether hymenopteran workers develop ovaries (44).
Genetic drift can play a role in the evolution of mutual de-
pendence. When symbionts have small asexual populations, drift
can be a significant factor, leading to the inactivation and eventual
deletion of mildly beneficial genes (54). As symbionts lose func-
tionality in traits or structures, such as transporters and cell walls,
the host may evolve to take over these roles, coadapting in a way
that leads to mutual dependence. Similarly, hosts can lose traits that
the symbionts perform. Oligochaete worms have lost the ability to
excrete their own waste, relying instead on metabolic pathways in-
troduced by endosymbionts to provide and process nutrients (55),
whereas coral hosts (e.g., Acropora sp.) have lost their cysteine
synthesis pathway in favor of symbiont-derived sources (56). When
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multiple symbiont lineages are within a host, different lineages may
lose different traits, such that multiple symbionts and the host can
become interdependent (28).

Conflict and Maximizing Agents

A major transition requires that there is a relative lack of within-
group conflict such that a larger unit can be thought of as a
fitness-maximizing agent (individual or organism) in its own
right. We are interested in when a group can be considered a fit-
ness-maximizing agent for at least three reasons (6, 34). First, the
maximizing agent analogy informs us when group-level adaptation
will occur (33). Almost all interesting traits and behaviors are the
construction of multiple entities (genes, cells, etc.), pulling in the
same direction cooperatively with minimal conflict. If there is neg-
ligible conflict, and we can think of a group as a single maximizing
agent, then we can expect adaptation at the group level to maximize
the fitness of the group and, thus, substantial increases in organis-
mal complexity. For example, clonal multicellular groups have led
to animals and plants whereas nonclonal multicellular groups have
led only to things like slime molds.

Second, this analogy facilitates progress at the interface of
theory and data in evolutionary biology (34). It allows us to think
about a single, individual-level agent, rather than trillions of cell-
or gene-level agents (57). By black-boxing these lower layers, we
can focus on other aspects of biology, such as ecology and be-
havior, making it easier to develop models and test the robust-
ness of those models to changes in the underlying biological
parameters. Nonetheless, the maximizing agent analogy is a heu-
ristic approach that should be used only when the advantages
outweigh the disadvantages, which is best judged empirically (58).
Third, a focus on maximizing agents makes it easier to identify
potential conflicts and determine how they are resolved, both
between and within individuals: for example, how conflict can
arise over who produces male offspring in haplodiploid social in-
sects, and how conflict is suppressed by worker policing (44).

More generally, we emphasize that the fundamental question
being asked with major transitions is one of individuality, and not
other issues such as sterility, altruism, complexity, ecological im-
pact, or whether gene transfer has occurred (33). Although traits
such as sterility raise important evolutionary questions and can be
correlated with whether a major transition has occurred, they are
neither necessary nor sufficient for a major transition. Indeed,
other examples of complete altruism can be found, which are
clearly not major transitions, including bacteria bursting suicidally
to release factors that reduce competition (59).

Pragmatism

Identifying whether a major transition has been made is an
empirical problem, where pragmatism can be important. From a
theoretical perspective, we can identify the ideal qualities that
would unequivocally define individuality and identify when a
major transition has been made. For example, we can examine
what conditions would lead to no conflict, such as clonality or
complete repression of competition (33). In the real world, conflict
between genes or cells can still exist. For example, in animals and
plants, there is still some opportunity for conflict among genes, and
somatic mutation can lead to conflicts among cells (6, 60, 61). Our
aim is to consider when there is so little conflict that the conse-
quences for the group can be effectively ignored.

Whether there is negligible conflict and the group acts as a
fitness-maximizing agent can be trait-dependent, even within an
organism. For example, although we expect plant traits con-
trolled by nuclear genes to maximize plant fitness, we know that
cytoplasmic genes can select for male sterility, to their own
selfish benefit. Similarly, in ants such as Formica exsecta, we can
assume that the different ants are behaving as a single maxi-
mizing unit for traits such as foraging, refuse disposal, etc.,
whereas there is also clear conflict between the queen and the
workers over sex allocation (62). What is key is not to argue
whether a certain species has made a major transition, but to use
the approach in a way that helps us understand the processes
that lead to major transitions: for examining what conditions
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lead to greater mutual dependence or lower conflict. Evolution is
a process of continuous change, and so we should expect blurry
edges with a mosaic of features (1).

Pragmatism is also required when considering whether the
members of a group are mutually dependent. We are not saying
that mutual dependence can never be reversed by evolution—
mitochondria have been lost in some parasites of humans, and
plastids have been lost multiple times (45, 63). Instead, our aim
is to consider whether the breaking up of a group would prevent
replication. Related to this point, all organisms are dependent
upon other organisms to be able to reproduce, and we are con-
sidering mutual dependence relative to a defined social group. For
example, we can ask whether the cells that make up a male lion
are mutually dependent upon each other, even though that male is
also dependent upon a female lion to mate with, zebras to eat,
grass to feed those zebras and so on.

The World Made Simpler

Maynard Smith and Szathmdry offered a mixture of explanations
for the different transitions, suggesting that a diversity of factors
were at play (2). We suggest that both theoretical and empirical
advances have provided a more unified explanation for the dif-
ferent major transitions. Major transitions require extreme
conditions, with certain factors being either consistently impor-
tant, or consistently unimportant.

First, at a very general level, the same two factors play a key role
in answering all six questions that we posed: (i) an ecological benefit
to cooperation and (i) a mechanism to unite the interests of dif-
ferent individuals. Consequently, the same ecological and evolu-
tionary conditions can provide the answers to all six questions. For
example, the combination of clonality and the right ecological ben-
efit can remove within-group conflict (question v) and favor co-
operation (questions i and i), division of labor (question i), honest
communication (question #), and mutual dependence (question vi).

Second, at a more specific level, both theory and data suggest
that how social groups form has played an analogous and fun-
damental role, across the different major transitions (Fig. 5). The
within-species transitions to multicellularity and eusociality have
occurred only when (i) the social group passes through a single
propagule phase (cell or singly mated female) or (ii) the social
group forms by offspring staying to help their parent (sub-
sociality) (35-37, 40). We suggest that transitions between spe-
cies may involve similarly restrictive conditions, such as vertical
transmission of clonal symbionts.

Third, the restrictive conditions required for a major transition
make it easier to understand where and why major transitions
have not taken place: for example, why there have been no major
transitions in promiscuous cooperative breeders or multicellular
groups formed by aggregation. A major transition is not driven
simply by satisfying Hamilton’s rule (questions i and if); it is
about conflict being sufficiently eliminated that the group acts as
a single maximizing agent (question v). Consequently, a lower
relatedness (r) cannot be made up for just with a greater eco-
logical benefit to cooperation (B/C). We would not expect major
transitions with certain life histories, such as promiscuity or non-
clonal aggregation (33, 35).

Fourth, there are striking similarities in the ecological benefits
to cooperation that have driven different transitions. The euso-
cial insects can be divided depending upon whether the evolution
of eusociality was driven by either the advantage in forming
defensive groups (e.g., termites, aphids) or the efficiency benefit
gained from cooperating to rear young (e.g., hymenoptera) (17).
The ecological benefits to multicellularity seem to divide along
analogous lines due to the benefits of forming defensive groups
(e.g., algae) or to make certain traits more efficient (e.g., yeast,
slime molds) (13, 64). Can we make similar generalizations about
the transitions between species?

Fifth, within-group kin discrimination seems to have played a
limited role in helping within species’ major transitions. The tran-
sitions to obligate multicellularity and obligate eusociality have
taken place only in clonal or monogamous populations (7, = ),
where there is no or limited potential for kin discrimination.
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Consequently, although kin discrimination can be important
in facultatively multicellular species or cooperative breeders, this
discrimination is only favored when there is appreciable variation
in within-group relatedness (65), which also prevents major tran-
sitions. Furthermore, some cases of kin discrimination, such as
haplodiploid females favoring sons over brothers, increases rather
than decreases conflict, and so disfavor rather than favor major
transitions. An important exception is the involvement of kin
discrimination in the worker policing of the haplodiploid social
insects (44).

Sixth, repression of competition seems to have played a lim-
ited role in helping within-species major transitions. The tran-
sitions to obligate multicellularity and obligate eusociality have
taken place only in clonal or monogamous populations (7, = 7;,),
where there is no or limited competition to be suppressed. Fur-
thermore, theory suggests that it is hard to evolve the complete
repression of competition that would be required for a major
transition because the marginal benefits of repressing competition
will often plateau, such that an intermediate level of repression will
be favored (66). As with kin discrimination, an important exception
is policing in the haplodiploid social insects (44).

Considering transitions between species, the relative role of
repression of competition is less clear but may also be relatively
unimportant. In many cases, vertical inheritance of clonal sym-
bionts may mean that there is no competition to repress. With
horizontal transmission of symbionts, sanction mechanisms that
reward cooperators and/or punish noncooperators can be fa-
vored (23, 24), but these sanctions may not be able to suppress
competition enough for a major transition to occur.

Future Directions

We conclude by emphasizing that many of the ideas in this paper
are tentative. Major theoretical issues remain unanswered, and
empirical work has only begun to tackle the issues surrounding
the major questions. Insights can be obtained from studies of
species that haven’t made major transitions, as well as those that
have, or by comparing across species that have transitioned to a
different extent.

First, although we have a relatively good understanding of
cooperation (questions i and ii), we have a much poorer un-
derstanding of group transformation (questions #i—vi). In cases
where we have a good understanding, other questions arise: for
example, how groups form is important, but how can we explain
variation in the way in which groups form?

Second, we have a much better understanding of the within-
species transitions than the between-species transitions. The
within-species transitions have been easier to study because they
have happened both more often and usually more recently than
transitions such as the evolution of the eukaryote cell or the
genome. Advances in genomic methodologies are allowing di-
vision of labor and mutual dependence to be much better studied
in endosymbionts and organelles (15, 28, 45, 67).

Third, the applicability of the fitness-maximizing agent anal-
ogy to certain scenarios remains to be explored. For example,
what are the consequences of horizontal gene transfer in bacteria,
or cultural evolution (social learning) in humans? There is a lack of
formal theory examining the conditions required to remove conflict
and thus lead to a group acting as a single maximizing unit, espe-
cially for between-species transitions (33).

Fourth, we have focused on determining the ultimate selective
forces that have favored major transitions. Mechanistic details
can matter if they predispose certain species to making transi-
tions: for example, if bacteria are able to acquire resources re-
quired by a potential host, gain entry to and proliferate in the
tissues and cells of eukaryotes, and exchange symbiotic loci
horizontally. Can generalizations be made about the role of
predispositions within or between transitions?

Finally, we have focused on the route to making a major
transition. Once a major transition has been made, evolution can
lead to scenarios that reintroduce conflict into the group. For
example, multicellular groups can become so large that mutation
becomes an appreciable problem, and eusocial insects can evolve
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multiple mating or multiple queens (40, 60). In addition, mutual
dependence can break down, allowing major transitions to be
reversed, as has occurred with both mitochondria and plastids.
Genomic reduction could lead to endosymbionts becoming so
ineffective that they are lost or replaced (54). These points raise
at least two more questions:

vii) How are new conflicts of interest suppressed in groups that
have already made a major transition?
viii) What conditions favor the breakdown of major transitions?

As when considering questions i—vi, the beauty of the major-
transition approach is that it facilitates the identification of general
patterns. How important is repression of conflict mechanisms for
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keeping down conflicts that arise after transitions have been made,
such as suppressors of selfish genes or cancer (1, 61)? Do major
transitions tend to break down because of new conflicts arising, or
because the ecological benefits change? A new era of research fo-
cused on the commonalities in the major transitions across the tree
of life is positioned to tackle these questions.
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