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Abstract

The last 30 years have seen major advances in our understanding of the evolution of cooperation —
traits that have evolved because of the benefit they provide other individuals. In contrast, we have
been much less successful in determining the consequences of cooperation for long-term ecological
and evolutionary change. Studies of birds, insects and bacteria, suggest that cooperation has major
consequences for fundamental features of life such as ecological niche-range, genetic variation
within species and rates of species diversification. However, the role of cooperation in driving these
changes is largely limited to hypotheses, as we lack both data and a general theoretical framework.
We synthesise the progress that has been made and highlight the major gaps in our understanding

for future study.

Introduction

Cooperation occurs at all levels of life. Genes cooperate to produce organisms, cells cooperate to
produce multicellular organisms, and multicellular organisms cooperate to produce multicellular
groups (Bourke 2011). Our understanding of how natural selection has favoured this cooperation
has advanced considerably over the last 30 years (Box 1) (Sachs et al. 2004; West et al. 20075;
Bourke 2011; Taborsky et al. 2021; West et al. 2021; Boomsma 2023). This progress has resulted
from successful integration of theory and empirical data: evolutionary theory predicts the conditions
that favour cooperation, and empirical research has applied this theory to explain cooperation in a

diversity of organisms, from viruses and bacteria to insects and birds.

In contrast, we have been much less successful in determining the longer-term ecological and
genetic consequences of cooperation at the species level. Our distinction here is between the

relatively shorter-term fitness consequences of cooperation at the individual level, which determine
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whether it is favoured by natural selection, and the longer-term consequences for species. These
longer-term consequences include the habitats that species can exploit, the rates of speciation and
extinction, and patterns of genetic variation. We lack answers to basic but fundamental questions
about the longer-term consequences of cooperation. To give some concrete examples of the types of
question we mean:

¢ Does cooperation influence the ability of species to exploit different environments (Cornwallis
et al. 2017; Firman et al. 2020; Guindre-Parker and Rubenstein 2020)?

¢ Does cooperation influence the diversification of species, via extinction or speciation rates
(Cornwallis et al. 2023)?

e [s cooperation especially important to the success of certain taxa or lifestyles, such as
pathogenic bacteria?

e What are the consequences of cooperation at the genomic level, for factors such as genetic
variation and genetic architecture (Linksvayer and Wade 2009, 2016; Dyken and Wade 2010,
2012; Dyken et al. 2011; Hall and Goodisman 2012; Hall et al. 2013; Ostrowski et al. 2015;
Ghoul et al. 2017; Noh et al. 2018)?

¢ Does cooperation have the same or similar consequences across different taxa?

¢ Does cooperation within and between species have different consequences?

Progress in answering these kinds of questions requires the generation and testing of hypotheses. To
provide a conceptual framework, we broadly classify the consequences of cooperation into two
categories: (1) ecological, such as the type or diversity of environments in which organisms live
(niche use); and (ii) genetic, such as patterns of diversity within species or the genetic architecture
and underlying mechanisms (fig. 1). In the main parts of this paper, we provide examples where
empirical research has already provided some evidence for the consequence of cooperation in these

two areas. In each case we synthesise the existing research and highlight the outstanding problems.



69  We then ask whether cooperation has especially large consequences for certain taxa or lifestyles,

70  and whether there are any applied implications of this research.
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73 Figure 1: Cooperation can have major consequences for long-term ecological and evolutionary change. A classification dividing between ecological

74 and genetic consequences. Examples from left to right: Leaf cutter ants are major herbivores in neotropical forests (A¢tini tribe). Cooperative breeding
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allows birds such as superb starlings, Lamprotomis superbus, to live in harsh environments. Cooperation allows bacteria to live in a more diverse range
of environments (niches) — image is Nitrogen-fixing bacteria (Rhizobium sp.) in a plant root nodule. Coral is a three-way symbiosis between the
animals, Symbiodinium alga and apicomplexans, providing a habitat for many other species. The symbiosis with arbuscular mycorrhizal fungi helped
their host plants colonize land. Buchnera bacterial symbionts provide their aphid hosts with essential amino acids, allowing them to live on plant sap
(pea aphid, Acyrthosiphon pisum). Evidence of shared genetic toolkits controlling caste differentiation in Vespid wasps (Common Wasp, Vespula
vulgaris). Signatures of kin selection for cooperation have been identified in the genomes of Pharoah ants, Monomorium pharaonic. Photos by: Ulrike

Langer, Dennis Irrgang, Legume lover, Qui Nguyen, Oyarte Galvez, Shipher Wu, Donald Hobern, & 3emnepotikus .
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Ecological consequences of cooperation

Species show considerable variation in the range of environments (niches) that they can colonise.
Superb starlings can breed in African savannas, where both the temperature and variation in rainfall
are high, whereas great tits breed in European woodlands, where temperatures are lower and
variation in rainfall lower (Cornwallis et al. 2017). The bacterium Pseudomonas aeruginosa is
found in variety of habitats, including water, soil, plants and animals. In contrast, Mycobacterium
tuberculosis, which causes tuberculosis (TB), is highly adapted to human hosts and rarely found
elsewhere. Can differences in cooperation help explain such variation? In this section we will
review the relevant empirical studies and outline the major outstanding problems, especially the

lack of a guiding theoretical framework.

Cooperation and consequences for the colonisation of harsh environments

Cooperative breeding birds are more likely to be found in harsh environments, where the
temperature is higher and rainfall more variable (Arnold and Owens 1999; Rubenstein and Lovette
2007; Jetz and Rubenstein 2010; Griesser et al. 2017). This correlation has usually been taken as
evidence for harsh environmental conditions favouring cooperative breeding. Causality could
however be in the opposite direction, with cooperation facilitating the colonisation of harsh

environments, or the correlation could be an artifact of correlations with another variable.

Ancestral state reconstruction provides a methodology for testing between the likelihood of these
different causal hypotheses, by examining the order of evolutionary change (fig. 2A) (Cornwallis
and Griffin 2024). Within birds, there was consistent support for the hypothesis that cooperative

breeding facilitated the colonisation of harsh environments. The transition rate from living in a
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benign environment to living in a harsh environment was twice as high in cooperative as opposed to
non-cooperative breeders (Cornwallis et al. 2017) (fig. 2B). In contrast, the transition rate from non-

cooperative to cooperative breeding was not more likely in harsher environments (fig. 2B).

There are several other studies where the most likely direction of causality still needs to be tested
(fig. 2C & 2D). For example, cooperative breeding mammals are more likely to be found in
environments where annual rainfall is low (Lukas and Clutton-Brock 2017) (fig. 2D); Polistes wasp
species which live in environments with greater short-term temperature fluctuations are more likely
to form cooperative groups (Sheehan et al. 2015); ants with multiple worker castes (greater
cooperative division of labour) are more likely to be found in hotter and drier climates (Richelicre et
al. 2022) (fig. 2C). These studies have used phylogenetic regressions to uncover correlations, but
ancestral state construction has not yet been used test the relative likelihood of different causal
hypotheses. An example of causality in the other direction is provided by work on Australian
rodents, which found that transitions to some form of social group were more likely with low
rainfall and high temperature variability (Firman et al. 2020). Causality could also be in both

directions, leading to coevolution between cooperation and habitat use.

The consequences of cooperation across species can also be studied experimentally. Larger
cooperative groups of the burying beetle Nicrophorus nepalensis were able to breed across a
broader range of temperatures and elevations than smaller, non-cooperative groups (Sun et al.
2014). This was shown to be because larger groups are more effective against competitors, such as
flies, which are more common at warmer temperatures. In ants, the development of large
‘supercolonies’ appears to help species to spread colonise and dominate as ‘invasive species’

(Fournier et al. 2019; Helantera 2022) .



133

134

135

136

137

EEn

Em Behaviour

L Il Cooperatve 5
om i

. B Soitary

®®  Environment

—i am M Harsh =N
EE  mBenign
LA

om P
m

. g :
= §
ne
-m
om
om

probability of
polymorphism

0.45
0.40
0.35
0.30
0.25
0.20

300

-

250

200

~

180

100

.

£0

Average annual rainfall (mm)

All habltats i’é g

A Y ’}3

'
P S—

£
2
g
&
2
-
£
g
2
:
8
;) la

moNOYamous cooperalive

Ganeralists W;IIIB

Figure 2: Consequences of cooperation for niche use. (A) Ancestral state construction allows the
likelihood of different causal hypotheses to be compared. We use a hypothetical phylogeny to ask
whether cooperation facilitated the colonisation of harsh environments or harsh environments

facilitated the evolution of cooperation. Living species are cooperative breeders (pink squares) or
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solitary (blue squares; non-cooperative) and live in harsh (green lines) or benign (black lines)
environments. Cooperative breeding species are more likely to live in a harsh environment than
solitary species. An analysis across estimated ancestral states shows that transitions to cooperative
breeding (blue — pink squares) are not more likely to occur in harsh environments (along green
lines), but that transitions to living in harsh environments (black — green lines) are more likely to
occur in cooperative (pink species). This supports the causal hypothesis that cooperation facilitates
the colonisation of harsh environments and does not support the hypothesis that harsh environments
favoured the evolution of cooperation. (B) The transition rate from living in benign to harsh
environments is significantly higher in cooperative breeding birds, compared with non-cooperative
species. In contrast, the transition rate from non-cooperative to cooperative breeding is not higher in
harsh environments (Cornwallis et al. 2017). (C) Ants that live in hotter and drier climates are more
likely to have multiple worker castes (polymorphic workers) (Richeliere et al. 2022). (D) Mammals
that live in areas with lower rainfall are more likely to be cooperative breeders (Lukas and Clutton-
Brock 2017). (E) Bacteria species found in a broad range of niches (generalists) have a higher
proportion of genes which code for extracellular proteins than species found in few niches
(specialists). Extracellular proteins are likely to represent cooperative public goods (Garcia-Garcera
and Rocha 2020). Meerkat (Suricata suricatta) & ant (Atta) silhouettes by Michael Keesey &

Courtney Rockenbach (PhyloPic; creative commons license). Bacteria from NIH bioart.

Cooperation and consequences for niche breadth

As well as being associated with harsh environments, cooperation may also have broader
consequences for the range of environments (niches) that species can occupy or even the
environments available to other species. Cooperation between species has resulted in the creation of
entire eco-systems such as the mutualisms responsible for the formation of coral reefs and flowering

plants. Cooperation within species may allow species to occupy a broader range of environments.

10
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Consequences of between-species cooperation for niche breadth. Cooperation between species can
have major consequences for determining the environments that species can exploit (Bronstein
1994). Symbioses with bacteria have allowed insects to expand to a range of diets that are low in B
vitamins, including plant-based resources (phyloem, xylem or wood), plant parts (herbivory), fungi
and blood (Cornwallis et al. 2023). This expansion to new habitats has also led to some spectacular
changes in the species diversification rate — for example, herbivorous insect families with obligate
symbionts have 15x as many species compared with herbivorous families without symbionts

(Cornwallis et al. 2023).

There are even more extreme examples, which are crucial to the development and maintenance of
numerous ecosystems. The symbiotic partnership between arbuscular mycorrhizal fungi and their
host plants helped facilitate the colonization of land by plants over 400 million years ago (Remy et
al. 1994) . Coral reefs are built upon a three-way symbiosis between the Anthozoa animals,
Symbiodinium alga and apicomplexans that form coral (Kwong et al. 2019). Over 85% of flowering
plants depend upon mutualistic cooperation with insects and other animals for pollination (Ollerton
etal. 2011). Finally, cooperation can also impact ecosystems negatively. Leaf cutter ants account
for approximately 25% of herbivory in Neotropical Forest ecosystems, harvesting 10-15% of leaves
within their foraging range (Swanson et al. 2019). Cooperation between humans and honeyguides to
exploit bee nests impacts upon both bees and the trees that contain their nests (Spottiswoode et al.

2016; Wal et al. 2022).

Consequences of within-species cooperation for niche-breadth. Bacterial species show considerable
variation in the range of environments (niches) they can colonise - some have only ever been
isolated from a single environment, whereas others are found in many (Kiimmerli et al. 2014;

McNally et al. 2014; Garcia-Garcera and Rocha 2020; Chen et al. 2021; Meijenfeldt et al. 2023).

11
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Can cooperation help explain this variation in ‘niche breadth’? The evolutionary consequences of
cooperation may be especially significant for bacteria and other microbes because they rely heavily
on cooperation to exploit different environments (Griffin et al. 2004; Diggle et al. 2007; Sandoz et
al. 2007; Chuang et al. 2009; Kiimmerli and Brown 2010; Xavier et al. 2010; Cordero et al. 2012;
Koschwanez et al. 2013; Dimitriu et al. 2014; Drescher et al. 2014; McNally et al. 2014;
Ackermann 2015; Lyons and Kolter 2015; Bruce et al. 2017; Butaité et al. 2017; Dragos et al. 2018;
O’Brien et al. 2018; Smith and Schuster 2019; Tai et al. 2022). Experimental studies have
demonstrated that bacteria cooperate by secreting factors that provide a benefit to the local
population of cells. These ‘public goods’ appear to play key roles in how bacteria acquire resources
from their environment, and hence their ability to grow in different environments. For example,

enzymes to break down proteins, and molecules to scavenge iron or aid movement.

Bacterial species which can colonise more environments possess more genes for extracellular
proteins (fig. 2E) (McNally et al. 2014; Garcia-Garcera and Rocha 2020). These proteins are likely
to act as public goods because they can diffuse away from the producing cell, potentially benefitting
neighbouring cells. However, as with the correlations between cooperation and habitat use in
animals, these results could be explained by multiple causal hypotheses. Cooperation could have
facilitated the colonisation of more environments or living in a greater range of environments could

favour increased cooperation.

Ancestral state reconstruction has since shown that species with a lower proportion of genes for
cooperative traits are more likely to transition to exploiting a smaller number of environments
(niche contraction) (Hao et al. 2024). A possible explanation for this result is that the cost of
maintaining cooperative traits leads to more frequent gain and loss of cooperative genes depending
upon environmental conditions. When they are lost, this can trigger niche contraction. In support of

this explanation, a pangenome analysis found that genes for cooperative behaviours were more

12
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likely to be gained and lost at higher rates than genes for private behaviours (Hao et al. 2024). This
means that cooperative genes are less likely to be found in the core genome (all the genomes
sequenced in a species), and more likely to be found in the accessory genome (genes found in just a
fraction of strains). Cooperation can simultaneously influence habitat use and gene gain/loss

(genetic architecture), and how these are inter-linked.

The gain and loss of cooperation can also consequences for other species (Morris et al. 2012;
Morris 2015) . Especially in microbes, the benefits of cooperative behaviours can be ‘leaky’ and
shared with members of other species. Consequently, when a cooperative behaviour helps a species
to live in a certain habitat, it could also help other species, that do not perform that behaviour, to
also live in that habitat. For example, the extracellular enzyme invertase is secreted by yeast to
decompose sucrose (Gore et al. 2009) . The presence of an invertase producing yeast in a fruit could
therefore help other yeast species, that do not produce invertase, to colonise that fruit (Morris

2015) .

Consequences of cooperation for species diversification

There are several reasons why these ecological consequences of cooperation could also influence
the rate at which species diversify. Cooperation could allow new habitats to be colonised, open gaps
for speciation, decrease the extinction rate or aid in competition with other species. However, apart
from the insect symbiosis example above, there is an almost complete lack of empirical work
testing this hypothesis (Cornwallis et al. 2023). Advances in both molecular phylogenies and
analytical methods offer a wealth of opportunities for examining species diversification (Nee 2006;

Beaulicu et al. 2013; Maddison and FitzJohn 2015; Louca et al. 2018).

Outstanding problems
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Research examining the consequences of cooperation for niche use is in its infancy and there is a
wealth of unanswered questions. Across species studies investigating the consequences of
cooperation for niche use are usually restricted to testing for correlations, and there is a need for
studies that test for the most likely causal relationship. Detailed studies of single species are
required to explain the across-species patterns. For example, how does cooperative breeding in
birds, or multiple worker castes in ants, help individuals to survive and breed in harsh
environments? Targeted comparisons can be made within species in which cooperative breeding
may be present or absent to varying degrees, as it is in some birds (Cornwallis et al. 2017).
Bioinformatic tools can be used to identify genes for cooperative traits in bacteria, allowing broad

across species studies (Belcher et al. 20235).

One of the reasons that we understand the evolution of cooperation so well is that inclusive fitness
theory provides a relatively unified theoretical framework to explain it (Box 1). In contrast, a factor
impeding research on the consequences of cooperation is that we lack a theoretical framework to
predict and explain them. To what extent can we expect a similarly unified body of theory to
explain the consequences of cooperation? The idea that cooperation could help colonise new
environments is highly intuitive, and was proposed as far back as 1902, by the Russian prince,
turned anarchist, Pyotr Kropotkin (Kropotkin 1902). However, as we discussed above, causality

could also be in the opposite direction, and we need theory that allows for both possibilities.

One possible approach is to generate ‘eco-evolutionary feedback’ models that examine the interplay
between ecology and cooperation to examine how each influence each other (Box 2) (62). For
example, by examining how the level of cooperation can influence the type of environments which
can be lived in, or the state of the environment, but also how environmental conditions influence

selection for cooperation (Mullon et al. 2021; Prigent and Mullon 2023) . This approach could be
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used to develop a framework that predicts when we should see consistent patterns or variation
across taxa. Any attempt to identify the critical biological details (parameters) would raise several
questions. For example, do we just need to examine how environmental conditions influence the
mean costs and benefits of cooperation (and vice versa), or do we also need to examine whether
cooperation influences the variance in reproductive success (Kennedy et al. 2018; Santos et al.
2024)? As with previous theoretical developments it may be useful to develop theory for different
scenarios and questions, and then later determine the extent to which they can be unified into a

single framework (Charnov 1982; Frank 1998).

The form of cooperation may also be a crucial factor. For example, in vertebrates, we can
differentiate between: (i) cooperative breeding species, which normally live in family groups and
where helping is favoured because of indirect fitness benefits and (ii) communal breeding, which
involves unrelated individuals coming together for mutual benefit (Downing et al. 2020).
Communal breeding could represent a conditional response to harsh conditions that could be
favoured in numerous species, whereas cooperative breeding will be restricted to relatively
monogamous species which live in family groups (Cornwallis et al. 2010, 2017; Downing et al.
2020). Does that mean that cooperative breeding is more likely to facilitate colonisation of harsh

environments, while communal breeding is more likely to be a response to harsh environments?

Genetic consequences of cooperation

We now turn to a second area - the genetic consequence of cooperation. There are theoretical

reasons to expect cooperation to influence patterns of genetic variation within-species, which have

gained some empirical support. In addition, there is increasing empirical evidence that cooperation

can influence the evolution of the underlying genetic basis of traits (genetic architecture).

15
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Consequences for patterns of genetic variation within species

An exciting aspect of this area is that we already have a theoretical framework for generating
hypotheses for the effect of cooperation on patterns of genetic variation within-species, such as
nucleotide diversity within populations. In this section we will summarise the theory, review the

support for this theory, and outline the major outstanding problems.

Predicting genetic variation. Population genetic theory predicts that kin selection for cooperation
will leave a signature, or ‘footprint’, at the genomic level (Linksvayer and Wade 2009, 2016; Dyken
and Wade 2010, 2012; Dyken et al. 2011; Hall and Goodisman 2012; Hall et al. 2013). Consider a
bacterial species that reproduces clonally. Genes that code for private traits provide a direct benefit
to the individual expressing them. Genes that code for cooperative traits provide an indirect benefit
to other cells in the population. In a clonal population, the cells that benefit from cooperation will
also carry the cooperative gene, as relatedness » = 1. However, in a nonclonal population, the cells

that benefit from cooperation might not carry the gene for cooperation, as relatedness » < 1.

If the benefits of cooperation go to cells that do not carry the gene for cooperation, then this reduces
or ‘relaxes’ selection for cooperation relative to private traits, where the benefit of a gene always go
to the individual carrying the gene. This relaxed selection when < 1 results in an increased
probability that deleterious mutations are maintained in the population, and a decreased probability
of fixation for beneficial mutations (fig. 3A) (Linksvayer and Wade 2009, 2016; Dyken and Wade
2010, 2012; Dyken et al. 2011; Hall and Goodisman 2012; Hall et al. 2013). The consequence of
this change in fixation probabilities, when » < 1, is that there is an accumulation of genetic
variation, which can be tested for with population genetic analyses. Specifically, we predict an

increased polymorphism and divergence in genes for cooperative behaviours relative to genes for
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private behaviours (fig. 3B). In contrast, the benefits of cooperation in clonal populations would

always go to individuals carrying the gene for cooperation, and so selection would not be relaxed.

This leads to two predictions: (1) In non-clonal populations, genes controlling cooperative traits will
have higher polymorphism and divergence, and more deleterious mutation, relative to genes for
private behaviours (fig. 3B). (2) As relatedness decreases, genes for cooperative traits are predicted
to have increasingly larger polymorphism and divergence, and more deleterious mutations (fig. 3C).
An analogous prediction can be made for sexually reproducing species, but the critical value of
relatedness is when helpers are equally related to their own offspring and those they are helping
(full siblings, 7=0.5), rather than clonal populations (Hall et al. 2013). In such studies it is important
to control or test for alternative explanations such as variation in gene expression (Belcher et al.

2022, 20234) .
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Figure 3: Consequences of cooperation for patterns of genetic diversity within-species. (A)
Population genetic theory for cooperative traits (Linksvayer and Wade 2009, 2016; Dyken and
Wade 2010, 2012; Dyken et al. 2011; Hall and Goodisman 2012; Hall et al. 2013). Mutations
influencing private traits (black line) are: more likely to fix when they are beneficial relative to
mutations influencing cooperative traits (coloured lines); and less likely to fix when deleterious.
This effect is more pronounced with lower genetic relatedness (7) between interacting cells. (B)
Consequently, genes for cooperation are predicted to have elevated polymorphism (and divergence;
when r<1). (C) As relatedness decreases (lower r), genes for cooperation are predicted to have
increasingly larger polymorphism (and divergence) relative to genes for private traits. The dashed
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line shows the expectation for genes which control private traits. (D) Data from P. aeruginosa
supports the prediction shown in panel B, with genes for cooperative traits (blue) showing
significantly higher polymorphism than genes for private traits (yellow) (Belcher et al. 2022). The
comparison is between cooperative and private traits controlled by quorum sensing, and each dot
represents a gene. The same qualitative pattern has observed for other forms of cooperation (e.g.
iron scavenging, antimicrobial resistance, toxins & movement) and in another species (B. subtilis)

(Belcher et al. 2022, 2023a, 2023b).

Testing predictions I: Bacteria and other microbes. These theoretical predictions have been
supported by data from two species of bacteria, Pseudomonas aeruginosa and Bacillus subtilus.
Studies on both species found that genes for putatively cooperative traits (behaviours) showed
increased polymorphism and divergence, and more deleterious mutation, relative to genes for
private traits (fig. 3D) (Belcher et al. 2022, 2023a). The putatively cooperative traits studied
included a number of factors which are produced by cells, released extracellularly and provide a
benefit to the local population of cells, not just the cell that produced them (West et al. 2006,
2007a) . For example, extracellular enzymes to digest proteins, iron scavenging siderophore
molecules, and bacteriocin toxins. These analyses supported the suggested role of kin selection for
cooperation in these species and showed how cooperation can lead to increased genetic variation.
Just as social evolution can help explain phenotypic variation across species, it appears that social

evolution can help explain genetic variation.

In contrast, genes associated with non-cooperative cheating in the slime mould Dictyostelium
discoideum did not show the elevated divergence consistent with relaxed selection. This pattern is
however also predicted, because relatedness is almost clonal in this species (7=0.98) (Gilbert et al.
2007; Noh et al. 2018). Further analyses on D. discoideum also showed increased polymorphism

that was consistent with cheats having an advantage when rare (frequency dependence or balancing
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selection) (Ostrowski et al. 2015). Different kinds of social interaction are predicted to generate

different footprints at the genomic level (Ostrowski et al. 2015; Ghoul et al. 2017) .

Testing predictions II: Social insects. Relaxed selection on cooperative traits has also been detected
in social insects. Transcriptome data has been used to identify genes for cooperative traits,
depending on whether they are significantly upregulated in workers (cooperative genes) or queens
(private genes) (Hall and Goodisman 2012; Warner et al. 2017; Chandra et al. 2018; Imrit et al.
2020; Taylor et al. 2021; Wyatt et al. 2023). If a gene is significantly upregulated in workers, that do
not reproduce, then it can only be favoured because of its indirect fitness consequences via queen

reproduction.

An analysis on the pharaoh ant, Monomorium pharaonsis, found relatively weak selection in
worker-upregulated (cooperative) genes, relative to reproductive-upregulated (private) genes
(Warner et al. 2017). This is predicted in this species, where there are multiple queens and so
relatedness is relatively low. In addition, as also predicted by theory, a comparison of two species
found greater variation in worker-upregulated genes in species where the queen mates multiply and
so relatedness is lower (honeybee, Apis mellifera), relative to a species where the queen mates with

only one male (fire ant, Solenopsis Invicta) (Hunt et al. 2010, 2011; Hall and Goodisman 2012).

The consequences of cooperation for patterns of genetic variability: future directions. The influence
of cooperation on genetic variation has been examined in a very small number of bacteria and social
insect species. Further empirical work is required to: (i) test the generality of the prediction that kin
selection for cooperation leads to increased polymorphism, divergence and deleterious mutations;
(i1) test whether this theory can be used to explain differences in the level of genetic variation across
species. Previous studies have been limited by our ability to identify genes for cooperation with

labour intensive methodologies, based on experimental results, but improved methods are being
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developed for this, using gene annotation in bacteria and gene expression data in social insects
(Belcher et al. 2023b; Wyatt et al. 2023) . A potential problem with work in this area is that a
negative result can be explained by either a high relatedness or the putatively cooperative traits

being private (e.g. =1 for an asexual species in fig. 3A).

While we already have a theoretical basis for how cooperation can influence genomic variation,
there are several ways in which it needs to be extended to clarify predictions for different scenarios.
Population genetic theory suggests that several factors other than kin selection for cooperation,
including conditional expression, can also lead to increased polymorphism and divergence
(Linksvayer and Wade 2009, 2016; Dyken and Wade 2010, 2012; Dyken et al. 2011; Hall and
Goodisman 2012; Hall et al. 2013; Ostrowski et al. 2015; Ghoul et al. 2017; Noh et al. 2018). How
do these factors interact? Another way of looking at this, is that previous theory has assumed that:
‘all else is equal’ across genes for private and cooperative traits (e.g. similar costs and benefits); and
that alternative factors such as frequency dependent selection were not also operating. What if that
is not the case? How can we control for the influence of other factors when testing for an influence
of cooperation? In addition, what are the consequences of different levels of sociality, cooperation
between species, or other types of social interaction, such as parent-offspring interactions in

vertebrates. Can novel predictions be made for comparative studies across species?

Consequences of cooperation for genetic architecture

Cooperation can not only influence patterns of genetic variation - it can also facilitate or arise from
changes in the genetic architecture (Ghoul et al. 2017). Possible changes to the genetic architecture
include the evolution or acquisition of new genes, the rewiring of existing gene networks, change in
genome size, and the evolution of supergenes (McCutcheon and Moran 2011; Simola et al. 2013;

Wang et al. 2013; Kapheim et al. 2015; Hanschen et al. 2016; Mullon et al. 2018; Rubenstein et al.
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2019; Lengronne et al. 2021; Taylor et al. 2021, 2024; Sumner et al. 2023; Wyatt et al. 2023). We
might expect the consequences of cooperation for genetic architecture to depend upon the form of
cooperation. Bacterial symbionts show extreme genome reduction, and symbiont species with
smaller genomes provide greater benefits to their hosts (McCutcheon and Moran 2011; Fisher et al.

2017). Genome reduction is also seen in pathogens (Murray et al. 2020).

There are numerous ways in which cooperation could influence selection on the genetic
architecture. Selection for a diversity of non-cooperative ‘cheats’, who fail to perform different
cooperative behaviours, has been suggested to lead to genome fragmentation in multipartite viruses,
where the genome is split into multiple segments, each of which is transmitted via a separate capsid
(Leeks et al. 2023). In bacteria and other microbes, when the benefits of cooperation are ‘leaky’ and
shared with other species, this can select for those other species to lose the genes for those
cooperative behaviours (the ‘black queen hypothesis’) (Morris et al. 2012; Morris 2015).
Cooperation and conflict between genes can influence selection on many selfish genes, their
suppressors, and epigenetic functions such as imprinting (Haig 2002; Burt and Trivers 2006; Scott
and West 2019). Cooperation could influence selection for and / or the atability of ‘supergenes’

(Mullon et al. 2018).

There is not yet been sufficient data collected to support a useful synthesis in this area, and we lack
a theoretical framework. Consequently, several fundamental questions remain. How repeatable or
predictable are these changes? Do we see some convergence at the genomic level, or do the
mechanistic details vary? How is the influence of cooperation in bacteria influenced by horizontal
gene transfer (Dewar et al. 2021, 2024; Scott et al. 2023; Hao et al. 2024)? Does cooperation favour
the construction of pleiotropic links between cooperative and private traits, or does pleiotropy
favour cooperation (Santos et al. 2018; Bentley et al. 2022). Can the different examples of

consequences for genetic architecture be brought together into a single conceptual framework?
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More generally, the study of cooperation has been essential to understanding variation and
adaptation at the phenotypic level, and so we suspect that it is also highly likely to be important at
the genomic level, for explaining both patterns of genetic variation and genetic architecture
(Linksvayer and Wade 2009, 2016; Dyken and Wade 2010, 2012; Dyken et al. 2011; Hall and
Goodisman 2012; Hall et al. 2013; Hanschen et al. 2016; Ghoul et al. 2017; Rubenstein et al. 2019;

Sumner et al. 2023).

Is cooperation especially important for certain taxa or lifestyles?

We have attempted to synthesise across different taxa. But it is also worth stepping back and asking
if we expect the consequences of cooperation to be especially large in certain taxa, or with certain
lifestyles. We have already suggested that cooperation has major consequences for bacteria because
it plays a key role in how they obtain resources from the environment. We also hypothesise that
cooperation has especially important consequences for pathogenic bacteria. Cooperation can be
critical to pathogen growth, and the damage that a pathogen causes to its host (virulence), by
acquiring resources or tackling immune responses. For example, the survival rate after three days
when mice were infected with P. aeruginosa can be increased from 0% to =50% by coinfecting
with a non-cooperative ‘cheat’ (Rumbaugh et al. 2009). Does cooperation influence the evolution of
antibiotic resistance, the ability to move to new host species, or the ability to become opportunistic
pathogens (Yurtsev et al. 2013; McNally et al. 2014; Frost et al. 2018; Sheppard 2022; Ma et al.
2024)? It remains an open question whether cooperation is especially important for other taxa or

lifestyles.

Applied implications
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Before we conclude, are there also applied implications of the topics that we have discussed in this
paper? Yes, the longer-term consequences of cooperation have implications for managing
pathogens, conservation and biotechnology. Because cooperation is so important for the success of
many pathogens, interventions that reduce cooperation can potentially also reduce virulence
(Rumbaugh et al. 2009). Interventions that disrupt cooperation can be harder to evolve resistance to
than antibiotics (André and Godelle 2005; Dieltjens et al. 2019). The introduction of non-
cooperative cheats (‘cheat therapy’). has been used to reduce virulence in for viruses and could
potentially also be applied to bacterial pathogens (Brown et al. 2009; Leeks et al. 2021). Can cheats
be used as ‘trojan horses’ to drive useful genes into infections, such as antibiotic susceptibility

(Brown et al. 2009; Mutlu et al. 2024)?

Considering conservation, if we know how cooperation influences the ability of species to survive
in different environments, then we could predict how they will respond to climate change or other
changes imposed by humans (Kiers et al. 2010). For example, will different types of cooperation
make species more or less vulnerable to climate change, or require different conservation strategies?
Considering biotechnology, many processes such as biodegradation of waste products or pollutants,
rely on cooperation or cooperative division of labour to either break things down or to produce
things (Nikel et al. 2014; Cavaliere et al. 2017; Rafieenia et al. 2022). Consequently, the causes and
consequences of cooperation can be exploited to increase the efficiency of these processes. For
example, could manipulations of the genetic architecture be used to reduce the short-term invasion
of non-cooperative cheats that would reduce the efficiency of such bioprocesses (Santos et al.
2018) . Finally, human societies are built upon cooperation and so we can also apply any of the
questions raised in this paper to humans. For example, can it be shown, analogous to the patterns in
birds or bacteria, that cooperation has played a key role in determining where and how different

human societies live.
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Conclusions

We conclude by emphasising the enormous potential for future work, both theoretical and empirical.
Except for some pivotal analyses of how cooperation can influence genetic variation, we largely
lack a theoretical framework for understanding the longer-term consequences of cooperation. We
suspect that it would first be useful to generate models for specific scenarios and then try to build up
towards a theoretical overview. Empirically, with just a couple of notable exceptions, there is an
almost complete lack of empirical work examining the consequences of cooperation. In what
species does cooperation influence factors such as habitat use, patterns of diversification, genetic
variability or genetic architecture? How widespread is the influence of cooperation? Is cooperation
especially important for certain taxa or lifestyles? To what extent can we explain different cases
with a single theoretical framework or identify broad patterns? Can exploit the consequences of
cooperation to manage pathogens, aid conservation strategies or improve the efficiency of
biotechnologies? The lack of research on these questions matters because there are reasons to

expect the consequences of cooperation to be substantial, across a diversity of taxa.

Box 1. The evolution of cooperation.
A behaviour or trait is cooperative if it provides a benefit for another individual and has evolved at
least partially because of this benefit (West et al. 2007¢). Examples include subordinate helpers at
the nest in cooperative breeding birds, the sterile workers of ants, and when bacteria produce
‘public goods’ that benefit the local group of cells. Inclusive fitness theory provides two broad
categories of theoretical explanation for cooperation: direct fitness benefits and indirect fitness
benefits (kin selection) (Sachs et al. 2004; West et al. 20075h; Boomsma 2023) .

Direct fitness benefits arise when cooperation increases the reproductive success of the actor
that performs the cooperation (Trivers 1971; Axelrod and Hamilton 1981). In this case, cooperation

is ‘mutually beneficial’, benefiting both the actor and the recipient. Direct benefits could arise as a
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simple consequence of cooperation. For example, the fitness of a symbiont could depend upon host
reproduction, favouring cooperation with its host. Alternatively, direct benefits may depend on
mechanisms that enforce cooperation, such as rewarding cooperators, or punishing non-cooperators.

Indirect benefits arise when cooperation is directed towards other individuals that carry the
gene for cooperation (Hamilton 1964). This is usually termed ‘kin selection’ because the simplest
and most common way this could occur is if cooperation is directed at relatives that share genes
from a common ancestor. Genes don’t care where copies in future generations come from — so
copies in the offspring of relatives are equally valuable as copies in direct descendants. Indirect
benefits provide the only possible explanation for altruism: cooperative behaviours that are costly to
the actor and beneficial to the recipient.

These explanations for cooperation are encapsulated in a simple way by Hamilton’s rule,
which states that a behaviour or trait will be favoured by selection when »B-C>0, where C is the
fitness cost to the actor in terms of number of offspring, B is the fitness benefit to the recipient, and
r is the genetic relatedness of the recipient to the actor (Hamilton 1963, 1964). Indirect fitness
benefits can explain altruistic cooperation when the benefits to the recipient, weighted by
relatedness (Br), outweigh the costs to the actor (C). Direct benefits can explain cooperation when
the actor gains a direct benefit (C is negative).

There is a vast amount of evidence for how indirect benefits can explain altruistic
cooperation within species, including: across species (e.g. higher levels of cooperation when
relatedness is higher); observational (e.g. kin discrimination or finding that »B-C>(0); experimental
(e.g. manipulations of relatedness); and population genetic (signatures of kin selection for
cooperation) studies (West et al. 2021). Furthermore, this work is across the entire tree of life from
bacteria and slime moulds to insects and birds. Direct benefits are less important for explaining
cooperation within species, where they are usually associated with less costly forms of cooperation,

such as grooming.
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Similarly, there is also much evidence for cooperation between species being favoured when
there is a direct or indirect benefit to helping an individual of another species. This can occur
because the reproductive interests of different species are intertwined (e.g. via horizontal
transmission of symbionts) or when one partner enforces cooperation from the other partner (e.g.
sanctions or trading) (Kiers et al. 2003, 2011).

The inclusive fitness benefits of cooperation also provide a framework for explaining when
major evolutionary transition in individuality have taken place (Bourke 2011; West et al. 2015;
Boomsma 2023). We have not considered major evolutionary transitions in this paper because they
are relatively rare evolutionary events (albeit hugely important!), already covered elsewhere, and
we are concerned with the more continuously varying macroevolutionary and macroecological

processes such as habitat use, genetic variation and diversification.

Box 2. A theoretical framework to explain the consequences of cooperation.

Most theoretical models have used inclusive fitness or game theory to explore the factors that can
favour cooperation (Box 1). In contrast, these models rarely explore the consequences of
cooperation for ecological or evolutionary processes such as habitat use, or how those processes
then feedback on the evolution of cooperation (i.e., eco-evolutionary feedback) (Lion 2018; Govaert
et al. 2019; Yamamichi et al. 2020; Lion et al. 2023) .

Recent studies have developed theoretical models incorporating the feedback processes
between cooperation and eco-environments, based on a common framework feedbacks (Weitz et al.
2016; Mullon and Lehmann 2018; Estrela et al. 2019; Tilman et al. 2020; Yamamichi et al. 2020;
Mullon et al. 2021, 2024).To demonstrate this, we follow Tilman et al. (2020) by describing a
model of joint dynamics of cooperation and environmental state, in which the population consists of
cooperator (low-harvester; frequency p) and non-cooperator (high-harvester; frequency 1-p), and

the resource availability e (which determines the environmental state).
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In general, the replicator-equation yields the frequency dynamics of the form dp/dt = p (f
(p, e) — m), where fis payoff to cooperator, and m is population-wide mean of payoff (i.e., average
of /). This equation tells us that the evolutionary dynamics is determined not only by the frequency
of the cooperators fbut also on environmental state e. On the other hand, the environmental state
may change with the fraction of cooperators, so we can write: (de/df) e=r (1 —ke) e—g(e, p),
where r represents intrinsic growth of resource, k& represents density-dependent degradation, g
represents the effect of cooperation on the change in resource availability, and € represents the
relative timescale of the environmental dynamics (time in de/d) to evolutionary dynamics (time in
dx/dr). Specifically, when =0, the environment is extremely fast whereas large € leads to slow
environmental changes. This framework allows for predicting the condition for either (i) the
occurrence of stable, constant coexistence of cooperator and non-cooperator, or (ii) joint oscillation
of evolutionary and environmental dynamics (Tilman et al. 2020). Depending on model
assumptions, other consequences are possible, including chaotic dynamics. Parameters can be
varied to determine their influence on the relationship between cooperation and environments (e.g.,
the timescale in Tilman et al 2020). As such, the modelling framework can help identify

mechanisms of cooperation for other variables.

More generally, we could use a diversity of modelling frameworks to examine
evolutionary and ecological dynamics. For instance, assuming polygenic effects on cooperative
traits, we can combine quantitative genetics models with ecological or environmental dynamics,
which is a well-established framework to model joint dynamics of ecology and evolution (Pelletier
et al. 2009). Alternatively, we could make use of replicator dynamics for “qualitative” traits; for
example, phenotypes like rock, paper, and scissors with explicit dependence on temporally varying
environmental conditions (Sinervo and Lively 1996). Finally, whereas these modelling approaches
are simple and analytically tractable, stochastic simulations (such as individual-based simulations)

can incorporate various complex, and realistic, mechanisms of cooperation and environmental
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dynamics, which could allow for examining the effect of cooperation on population persistence for

applied purposes such as conservation.

Acknowledgements

We thank: the American Naturalist for inviting this review; Zohar Katz, Gen Kurosawa & Sébastien
Lion for useful comments; Charlie Cornwallis, Dieter Lucas, Gabriel Munoz & Eduardo Rocha for
kindly providing figures; the European Research Council (834164) and St John’s College, Oxford

for funding.

Author Contribution statement

SAW conceptualised the paper. All authors contributed to the writing and figures.

Figure 2: B is figure 5 from (Cornwallis et al. 2017). C is figure 2 from (Richeliere et al. 2022). D is
figure 2a from (Lukas and Clutton-Brock 2017). E is Figure 6a in (Garcia-Garcera and Rocha

2020).

29



616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

Supplementary Information

Direct benefits | | Indirect benefits

Cooperation

Ecology Genetics

Environmentw Niche H Species diversification |

Type of Number of Interactions o - : :

.yp . . Speciation || Extinction Genetic Genetic
environment environments with other rates rates architecture variation
(harsh/benign) (niche breadth) species

Interactions between Host- Rewiring gene Super- || Genome New Balancing Relaxed
free-living species associations networks genes size genes selection selection
| Cooperation || Competition | | Symbiosis || Pathogenicity Horizontal gene transfer Gene duplication

Figure S1: Cooperation can major consequences for long-term ecological and evolutionary change.
A classification dividing between ecological and genetic consequences — providing a more detailed

classification than the summary figure in the main text.

References

Ackermann, M. 2015. A functional perspective on phenotypic heterogeneity in
microorganisms. Nature Reviews Microbiology 13:497-508.

André, J., and B. Godelle. 2005. Multicellular organization in bacteria as a target for drug
therapy. Ecology Letters 8:800-810.

Arnold, K. E., and I. Owens. 1999. Cooperative breeding in birds: the role of ecology. Behavioral
Ecology 10:465-471.

Axelrod, R., and W. D. Hamilton. 1981. The evolution of cooperation. Science 211:1390—-1396.

30



632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

Beaulieu, J. M., B. C. O’Meara, and M. J. Donoghue. 2013. Identifying hidden rate changes in the
evolution of a binary morphological character: the evolution of plant habit in campanulid
angiosperms. Systematic Biology 62:725-737.

Belcher, L. J., A. E. Dewar, M. Ghoul, and S. A. West. 2022. Kin selection for cooperation in
natural bacterial populations. Proceedings of the National Academy of
Sciences 119:€2119070119.

Belcher, L. J., A. E. Dewar, C. Hao, M. Ghoul, and S. A. West. 2023a. Signatures of kin selection
in a natural population of the bacteria Bacillus subtilis. Evolution Letters 7:315-330.

Belcher, L. J., A. E. Dewar, C. Hao, Z. Katz, M. Ghoul, and S. A. West. 2023b. SOCfinder: a
genomic tool for identifying social genes in bacteria. Microbial Genomics 9.

Bentley, M. A., C. A. Yates, J. Hein, G. M. Preston, and K. R. Foster. 2022. Pleiotropic constraints
promote the evolution of cooperation in cellular groups. PLoS Biology 20:¢3001626.

Boomsma, K. 2023. Domains and major transitions of social evolution. Oxford University Press.

Bourke, A. F. G. 2011. Principles of social evolution. OUP Oxford.

Bronstein, J. L. 1994. Our current understanding of mutualism. The Quarterly Review of
Biology69:31-51.

Brown, S. P., S. A. West, S. P. Diggle, and A. S. Griffin. 2009. Social evolution in micro-organisms
and a Trojan horse approach to medical intervention strategies. Philosophical Transactions of
the Royal Society B: Biological Sciences 364:3157-3168.

Bruce, J. B., G. A. Cooper, H. Chabas, S. A. West, and A. S. Griffin. 2017. Cheating and resistance
to cheating in natural populations of the bacterium Pseudomonas
fluorescens. Evolution 71:2484-2495.

Burt, A., and R. Trivers. 2006. Genes in conflict: the biology of selfish genetic elements. Harvard

University Press.

31



656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

Butaité, E., M. Baumgartner, S. Wyder, and R. Kiimmerli. 2017. Siderophore cheating and cheating
resistance shape competition for iron in soil and
freshwater Pseudomonas communities. Nature Communications 8:414.

Cavaliere, M., S. Feng, O. S. Soyer, and J. I. Jiménez. 2017. Cooperation in microbial communities
and their biotechnological applications. Environmental Microbiology 19:2949-2963.

Chandra, V., 1. Fetter-Pruneda, P. R. Oxley, A. L. Ritger, S. K. McKenzie, R. Libbrecht, and D. J.
C. Kronauer. 2018. Social regulation of insulin signaling and the evolution of eusociality in
ants. Science 361:398—402.

Charnov, E. L. 1982. The theory of sex allocation. Princeton University Press.

Chen, Y.-J., P. M. Leung, J. L. Wood, S. K. Bay, P. Hugenholtz, A. J. Kessler, G. Shelley, et al.
2021. Metabolic flexibility allows bacterial habitat generalists to become dominant in a
frequently disturbed ecosystem. The ISME Journal 15:2986—-3004.

Chuang, J. S., O. Rivoire, and S. Leibler. 2009. Simpson’s paradox in a synthetic microbial
system. Science 323:272-275.

Cordero, O. X., L.-A. Ventouras, E. F. DeLong, and M. F. Polz. 2012. Public good dynamics drive
evolution of iron acquisition strategies in natural bacterioplankton populations. Proceedings
of the National Academy of Sciences of the United States of America 109:20059-20064.

Cornwallis, C. K., C. A. Botero, D. R. Rubenstein, P. A. Downing, S. A. West, and A. S. Griffin.
2017. Cooperation facilitates the colonization of harsh environments. Nature Ecology &
Evolution 1:0057-10.

Cornwallis, C. K., and A. S. Griffin. 2024. A guided tour of phylogenetic comparative methods for
studying trait evolution. Annual Review of Ecology, Evolution, and Systematics 55:181-204.

Cornwallis, C. K., A. van ’t Padje, J. Ellers, M. Klein, R. Jackson, E. T. Kiers, S. A. West, et al.
2023. Symbioses shape feeding niches and diversification across insects. Nature Ecology &

Evolution7:1-23.

32



681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

Cornwallis, C. K., S. A. West, K. E. Davis, and A. S. Griffin. 2010. Promiscuity and the
evolutionary transition to complex societies. Nature 466:969-972.

Dewar, A. E., L. J. Belcher, T. W. Scott, and S. A. West. 2024. Genes for cooperation are not more
likely to be carried by plasmids. Proceedings of the Royal Society B 291:20232549.

Dewar, A. E., J. L. Thomas, T. W. Scott, G. Wild, A. S. Griffin, S. A. West, and M. Ghoul. 2021.
Plasmids do not consistently stabilize cooperation across bacteria but may promote broad
pathogen host-range. Nature Ecology & Evolution 5:1624—1636.

Dieltjens, L., K. Appermans, M. Lissens, B. Lories, W. Kim, E. V. V. der Eycken, K. R. Foster, et
al. 2019. Inhibiting bacterial cooperation is an evolutionarily robust anti-biofilm
strategy. Nature Communications 11:107.

Diggle, S. P., A. S. Griftin, G. S. Campbell, and S. A. West. 2007. Cooperation and conflict in
quorum-sensing bacterial populations. Nature 450:411-414.

Dimitriu, T., C. Lotton, J. Benard-Capelle, D. Misevic, D. Misevic, S. P. Brown, A. B. Lindner, et
al. 2014. Genetic information transfer promotes cooperation in bacteria. Proceedings of the
National Academy of Sciences of the United States of America 111:11103-11108.

Downing, P. A., A. S. Griffin, and C. K. Cornwallis. 2020. Group formation and the evolutionary
pathway to complex sociality in birds. Nature Ecology & Evolution 4:479-486.

Dragos, A., H. Kiesewalter, M. Martin, C.-Y. Hsu, R. Hartmann, T. Wechsler, C. Eriksen, et al.
2018. Division of labor during biofilm matrix production. Current Biology 28:1-11.

Drescher, K., C. D. Nadell, H. A. Stone, N. S. Wingreen, and B. L. Bassler. 2014. Solutions to the
public goods dilemma in bacterial biofilms. Current Biology 24:50-55.

Dyken, J. D. V., T. A. Linksvayer, and M. J. Wade. 2011. Kin selection—mutation balance: a model
for the origin, maintenance, and consequences of social cheating. American
Naturalist 177:288-300.

Dyken, J. D. V., and M. J. Wade. 2010. The genetic signature of conditional
expression. Genetics184:557-570.

33



707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

. 2012. Detecting the molecular signature of social conflict: theory and a test with bacterial
quorum sensing genes. American Naturalist 179:436—450.

Estrela, S., E. Libby, J. V. Cleve, F. Débarre, M. Deforet, W. R. Harcombe, J. Pefia, et al. 2019.
Environmentally mediated social dilemmas. Trends in Ecology & Evolution 34:6—18.
Firman, R. C., D. R. Rubenstein, J. M. Moran, K. C. Rowe, and B. A. Buzatto. 2020. Extreme and
variable climatic conditions drive the evolution of sociality in Australian rodents. Current

Biology30:691-697.e3.

Fisher, R. M., L. M. Henry, C. K. Cornwallis, E. T. Kiers, and S. A. West. 2017. The evolution of
host—symbiont dependence. Nature Communications 8:15973.

Fournier, A., C. Penone, M. G. Pennino, and F. Courchamp. 2019. Predicting future invaders and
future invasions. Proceedings of the National Academy of Sciences 116:7905-7910.

Frank, S. A. 1998. Foundations of social evolution. Princeton University Press.

Frost, I., W. P. J. Smith, S. Mitri, A. S. Millan, Y. Davit, J. M. Osborne, J. M. Pitt-Francis, et al.
2018. Cooperation, competition and antibiotic resistance in bacterial colonies. ISME
Journal 12:1582—-1593.

Garcia-Garcera, M., and E. P. C. Rocha. 2020. Community diversity and habitat structure shape the
repertoire of extracellular proteins in bacteria. Nature Communications 11:758.

Ghoul, M., S. B. Andersen, and S. A. West. 2017. Sociomics: using omic approaches to understand
social evolution. Trends in Genetics 33:408—419.

Gilbert, O. M., K. R. Foster, N. J. Mehdiabadji, J. E. Strassmann, and D. Queller. 2007. High
relatedness maintains multicellular cooperation in a social amoeba by controlling cheater
mutants. Proceedings of the National Academy of Sciences of the United States of
America 104:8913-8917.

Gore, J., H. Youk, and A. van Oudenaarden. 2009. Snowdrift game dynamics and facultative

cheating in yeast. Nature 459:253-256.

34



732 Govaert, L., E. A. Fronhofer, S. Lion, C. Eizaguirre, D. Bonte, M. Egas, A. P. Hendry, et al. 2019.
733 Eco-evolutionary feedbacks—theoretical models and perspectives. Functional

734 Ecology 33:13-30.

735  Griesser, M., S. M. Drobniak, S. Nakagawa, and C. A. Botero. 2017. Family living sets the stage for
736 cooperative breeding and ecological resilience in birds. PLoS Biology 15:€2000483.

737  Griffin, A. S., S. A. West, and A. Buckling. 2004. Cooperation and competition in pathogenic

738 bacteria. Nature 430:1024-1027.

739  Guindre-Parker, S., and D. R. Rubenstein. 2020. Survival benefits of group living in a fluctuating
740 environment. The American Naturalist 195:1027-1036.

741  Haig, D. 2002. Genomic imprinting and kinship. Rutgers University Press.

742  Hall, D. W., and M. A. D. Goodisman. 2012. The effects of kin selection on rates of molecular
743 evolution in social insects. Evolution 66:2080-2093.

744  Hall, D. W., S. V. Yi, and M. A. D. Goodisman. 2013. Kin selection, genomics and caste-

745 antagonistic pleiotropy. Biology Letters 9:20130309.

746  Hamilton, W. D. 1963. Evolution of altruistic behavior. American Naturalist 97:354.

747 . 1964. The genetical evolution of social behaviour. I & I1. Journal of Theoretical

748 Biology 7:1-52.

749  Hanschen, E. R., T. N. Marriage, P. J. Ferris, T. Hamaji, A. Toyoda, A. Fujiyama, R. Neme, et al.
750 2016. The Gonium pectorale genome demonstrates co-option of cell cycle regulation during
751 the evolution of multicellularity. Nature Communications 7:11370.

752  Hao, C., N. Konno, M. Ito, L. J. Belcher, W. Iwasaki, and S. A. West. 2024. Cooperation shapes

753 bacterial niche breadth evolution and patterns of

754 diversification. bioRxivhttps://www.biorxiv.org/content/10.1101/2024.10.05.616009v1.

755  Helantera, H. 2022. Supercolonies of ants (Hymenoptera: Formicidae): ecological patterns,
756 behavioural processes and their implications for social evolution. Myrmecological

757 News 32:1-22.

35


https://www.biorxiv.org/content/10.1101/2024.10.05.616009v1

758

759

760

761

762

763

764

765

766

767

768

769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

Hunt, B. G., L. Ometto, Y. Wurm, D. Shoemaker, S. V. Yi, L. Keller, and M. A. D. Goodisman.
2011. Relaxed selection is a precursor to the evolution of phenotypic plasticity. Proceedings
of the National Academy of Sciences of the United States of America 108:15936—-15941.

Hunt, B. G., S. Wyder, N. Elango, J. H. Werren, E. M. Zdobnov, S. V. Yi, and M. A. D.
Goodisman. 2010. Sociality is linked to rates of protein evolution in a highly social
insect. Molecular Biology and Evolution 27:497-500.

Imrit, M. A., K. A. Dogantzis, B. A. Harpur, and A. Zayed. 2020. Eusociality influences the
strength of negative selection on insect genomes. Proceedings of the Royal Society B:
Biological Sciences287:20201512.

Jetz, W., and D. R. Rubenstein. 2010. Environmental uncertainty and the global biogeography of
cooperative breeding in birds. Current Biology 21:72—78.

Kapheim, K. M., H. Pan, C. Li, S. L. Salzberg, D. Puiu, T. Magoc, H. M. Robertson, et al. 2015.
Social evolution: genomic signatures of evolutionary transitions from solitary to group
living. Science348:1139-1143.

Kennedy, P., A. D. Higginson, A. N. Radford, and S. Sumner. 2018. Altruism in a volatile
world. Nature24:1020-1029. <!-- Note: Nature no. 24 is likely incorrect; check details if
possible. -->

Kiers, E. T., M. Duhamel, Y. Beesetty, J. A. Mensah, O. Franken, E. Verbruggen, C. R. Fellbaum,
et al. 2011. Reciprocal rewards stabilize cooperation in the mycorrhizal
symbiosis. Science 333:880—882.

Kiers, E. T., T. M. Palmer, A. R. Ives, J. F. Bruno, and J. L. Bronstein. 2010. Mutualisms in a
changing world: an evolutionary perspective. Ecology Letters 13:1459—1474.

Kiers, E. T., R. A. Rousseau, S. A. West, and R. F. Denison. 2003. Host sanctions and the legume—
Rhizobium mutualism. Nature 425:78-81.

Koschwanez, J. H., K. R. Foster, and A. W. Murray. 2013. Improved use of a public good selects
for the evolution of undifferentiated multicellularity. eLife 2:¢00367.

36



784

785

786

787

788

789

790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

Kropotkin, P. 1902. Mutual aid: a factor of evolution. McClure Phillips & Co., New York.

Kiimmerli, R., and S. P. Brown. 2010. Molecular and regulatory properties of a public good shape
the evolution of cooperation. Proceedings of the National Academy of Sciences of the United
States of America 107:18921-18926.

Kiimmerli, R., K. T. Schiessl, T. Waldvogel, K. McNeill, and M. Ackermann. 2014. Habitat
structure and the evolution of diffusible siderophores in bacteria. Ecology Letters 17:1536—
1544.

Kwong, W. K., J. del Campo, V. Mathur, M. J. A. Vermeij, and P. J. Keeling. 2019. A widespread
coral-infecting apicomplexan with chlorophyll biosynthesis genes. Nature 568:103—-107.

Leeks, A., S. A. West, and M. Ghoul. 2021. The evolution of cheating in viruses. Nature
Communications 12:6928.

Leeks, A., P. G. Young, P. E. Turner, G. Wild, and S. A. West. 2023. Cheating leads to the
evolution of multipartite viruses. PLOS Biology 21:¢3002092.

Lengronne, T., D. Mlynski, S. Patalano, R. James, L. Keller, and S. Sumner. 2021. Multi-level
social organization and nest-drifting behaviour in a eusocial insect. Proceedings of the Royal
Society B288:20210275.

Linksvayer, T. A., and M. J. Wade. 2009. Genes with social effects are expected to harbor more

sequence variation within and between species. Evolution 63:1685-1696.

. 2016. Theoretical predictions for sociogenomic data: the effects of kin selection and sex-
limited expression on the evolution of social insect genomes. Frontiers in Ecology and
Evolution4:1-10.

Lion, S. 2018. Theoretical approaches in evolutionary ecology: environmental feedback as a
unifying perspective. American Naturalist 191:21-44.

Lion, S., A. Sasaki, and M. Boots. 2023. Extending eco-evolutionary theory with oligomorphic

dynamics. Ecology Letters 26:522—-S46.

37



809

810

811

812

813

814

815

816

817

818

819

820

821

822

823

824

825

826

827

828

829

830

831

832

Louca, S., M. F. Polz, F. Mazel, M. B. N. Albright, J. A. Huber, M. 1. O’Connor, M. Ackermann, et
al. 2018. Function and functional redundancy in microbial systems. Nature Ecology &
Evolution 2:1-8.

Lukas, D., and T. H. Clutton-Brock. 2017. Climate and the distribution of cooperative breeding in
mammals. Nature Ecology & Evolution 1:160897.

Lyons, N. A., and R. Kolter. 2015. On the evolution of bacterial multicellularity. Current Opinion
in Microbiology 24:21-28.

Ma, H. R., H. Z. Xu, K. Kim, D. J. Anderson, and L. You. 2024. Private benefit of f-lactamase
dictates selection dynamics of combination antibiotic treatment. Nature
Communications 15:8337.

Maddison, W. P., and R. G. FitzJohn. 2015. The unsolved challenge to phylogenetic correlation
tests for categorical characters. Systematic Biology 64:127—136.

McCutcheon, J. P., and N. A. Moran. 2011. Extreme genome reduction in symbiotic
bacteria. Nature Reviews Microbiology 10:13-26.

McNally, L., M. Viana, and S. P. Brown. 2014. Cooperative secretions facilitate host range
expansion in bacteria. Nature Communications 5:1-8.

Meijenfeldt, F. A. B. von, P. Hogeweg, and B. E. Dutilh. 2023. A social niche breadth score reveals
niche range strategies of generalists and specialists. Nature Ecology & Evolution 7:768-781.

Morris, J. J. 2015. Black Queen evolution: the role of leakiness in structuring microbial
communities. Trends in Genetics 31:475-482.

Morris, J. J., R. E. Lenski, and E. R. Zinser. 2012. The Black Queen Hypothesis: evolution of
dependencies through adaptive gene loss. mBio 3:¢00036—12.

Mullon, C., L. Keller, and L. Lehmann. 2018. Social polymorphism is favoured by the co-evolution

of dispersal with social behaviour. Nature Ecology & Evolution 2:1320-1334.

38



833  Mullon, C., and L. Lehmann. 2018. Eco-evolutionary dynamics in metacommunities: ecological
834 inheritance, helping within species, and harming between species. The American

835 Naturalist192:664—686.

836  Mullon, C., J. Peiia, and L. Lehmann. 2024. The evolution of environmentally mediated social
837 interactions and posthumous spite under isolation by distance. PLOS Computational

838 Biology20:e1012071.

839  Mullon, C., J. Y. Wakano, and H. Ohtsuki. 2021. Coevolutionary dynamics of genetic traits and
840 their long-term extended effects under non-random interactions. Journal of Theoretical
841 Biology525:110750.

842  Murray, G. G. R,, J. Charlesworth, E. L. Miller, M. J. Casey, C. T. Lloyd, M. Gottschalk, A. W.

843 (Dan) Tucker, et al. 2020. Genome reduction is associated with bacterial pathogenicity across
844 different scales of temporal and ecological divergence. Molecular Biology and
845 Evolution 38:msaa323.

846  Mutlu, A., E. J. Vanderpool, K. P. Rumbaugh, S. P. Diggle, and A. S. Griffin. 2024. Exploiting
847 cooperative pathogen behaviour for enhanced antibiotic potency: a Trojan horse

848 approach. Microbiology 170:001454.

849  Nee, S. 2006. Birth—death models in macroevolution. Annual Review of Ecology, Evolution, and
850 Systematics 37:1-17.

851  Nikel, P. I, R. Silva-Rocha, I. Benedetti, and V. de Lorenzo. 2014. The private life of

852 environmental bacteria: pollutant biodegradation at the single cell level. Environmental
853 Microbiology 16:628—-642.

854  Noh, S., K. S. Geist, X. Tian, J. E. Strassmann, and D. Queller. 2018. Genetic signatures of

855 microbial altruism and cheating in social amoebas in the wild. Proceedings of the National

856 Academy of Sciences of the United States of America 115:201720324.

39



857

858

859

860

861

862

863

864

865

866

867

868

869

870

871

872

873

874

875

876

877

878

879

880

881

O’Brien, S., E. Hesse, A. Lujan, D. J. Hodgson, A. Gardner, and A. Buckling. 2018. No effect of
intraspecific relatedness on public goods cooperation in a complex
community. Evolution 72:1165-1173.

Ollerton, J., R. Winfree, and S. Tarrant. 2011. How many flowering plants are pollinated by
animals? Oikos 120:321-326.

Ostrowski, E. A., Y. Shen, X. Tian, R. Sucgang, H. Jiang, J. Qu, M. Katoh-Kurasawa, et al. 2015.
Genomic signatures of cooperation and conflict in the social amoeba. Current
Biology 25:1661-1665.

Pelletier, F., D. Garant, and A. P. Hendry. 2009. Eco-evolutionary dynamics. Philosophical
Transactions of the Royal Society B: Biological Sciences 364:1483—1489.

Prigent, 1., and C. Mullon. 2023. The molding of intraspecific trait variation by selection under
ecological inheritance. Evolution 77:2144-2161.

Rafieenia, R., E. Atkinson, and R. Ledesma-Amaro. 2022. Division of labor for substrate utilization
in natural and synthetic microbial communities. Current Opinion in
Biotechnology 75:102706.

Remy, W., T. N. Taylor, H. Hass, and H. Kerp. 1994. Four hundred-million-year-old vesicular
arbuscular mycorrhizae. Proceedings of the National Academy of Sciences 91:11841-11843.

Richeliére, F. L., G. Munoz, B. Guénard, R. R. Dunn, E. P. Economo, S. Powell, N. J. Sanders, et
al. 2022. Warm and arid regions of the world are hotspots of superorganism
complexity. Proceedings of the Royal Society B 289:20211899.

Rubenstein, D. R., J. A. Agren, L. Carbone, N. C. Elde, H. E. Hoekstra, K. M. Kapheim, L. Keller,
et al. 2019. Coevolution of genome architecture and social behavior. Trends in Ecology &
Evolution34:844-855.

Rubenstein, D. R., and 1. J. Lovette. 2007. Temporal environmental variability drives the evolution

of cooperative breeding in birds. Current Biology 17:1414-1419.

40



882

883

884

885

886

887

888

889

890

891

892

893

894

895

896

897

898

899

900

901

902

903

904

905

906

Rumbaugh, K. P., S. P. Diggle, C. M. Watters, A. Ross-Gillespie, A. S. Griffin, and S. A. West.
2009. Quorum sensing and the social evolution of bacterial virulence. Current
Biology 19:341-345.

Sachs, J. L., U. G. Mueller, T. P. Wilcox, and J. J. Bull. 2004. The evolution of cooperation. The
Quarterly Review of Biology 79:135-160.

Sandoz, K. M., S. M. Mitzimberg, and M. Schuster. 2007. Social cheating in Pseudomonas
aeruginosa quorum sensing. Proceedings of the National Academy of Sciences of the United
States of America 104:15876—15881.

Santos, M. dos, P. A. Downing, A. S. Griffin, C. K. Cornwallis, and S. A. West. 2024. Altruism and
natural selection in a variable environment. Proceedings of the National Academy of
Sciences121:€2402974121.

Santos, M. dos, M. Ghoul, and S. A. West. 2018. Pleiotropy, cooperation, and the social evolution
of genetic architecture. PLoS Biology 16:¢2006671.

Scott, T. W., and S. A. West. 2019. Adaptation is maintained by the parliament of genes. Nature
Communications 10:1-7.

Scott, T. W., S. A. West, A. E. Dewar, and G. Wild. 2023. Is cooperation favored by horizontal
gene transfer? Evolution Letters 7:113—120.

Sheehan, M. J., C. A. Botero, T. A. Hendry, B. E. Sedio, J. M. Jandt, S. Weiner, A. L. Toth, et al.
2015. Different axes of environmental variation explain the presence vs. extent of cooperative
nest founding associations in Polistes paper wasps. Ecology Letters 18:1057-1067.

Sheppard, S. K. 2022. Strain wars and the evolution of opportunistic pathogens. Current Opinion in
Microbiology 67:102138.

Simola, D. F., L. Wissler, G. Donahue, R. M. Waterhouse, M. Helmkampf, J. Roux, S. Nygaard, et
al. 2013. Social insect genomes exhibit dramatic evolution in gene composition and regulation

while preserving regulatory features linked to sociality. Genome Research 23:1235-1247.

41



907

908

909

910

911

912

913

914

915

916

917

918

919

920

921

922

923

924

925

926

927

928

929

930

931

Sinervo, B., and C. M. Lively. 1996. The rock—paper—scissors game and the evolution of alternative
male strategies. Nature 380:240-243.

Smith, P., and M. Schuster. 2019. Public goods and cheating in microbes. Current
Biology 29:R442—-R447.

Spottiswoode, C. N., K. S. Begg, and C. M. Begg. 2016. Reciprocal signaling in honeyguide—
human mutualism. Science 353:387-389.

Sumner, S., E. Favreau, K. Geist, A. L. Toth, and S. M. Rehan. 2023. Molecular patterns and
processes in evolving sociality: lessons from insects. Philosophical Transactions of the Royal
Society B 378:20220076.

Sun, S.-J., D. R. Rubenstein, B.-F. Chen, S.-F. Chan, J.-N. Liu, M. Liu, W. Hwang, et al. 2014.
Climate-mediated cooperation promotes niche expansion in burying beetles. eLife 3:€02440.

Swanson, A. C., L. Schwendenmann, M. F. Allen, E. L. Aronson, A. Artavia-Ledn, D. Dierick, A.
S. Fernandez-Bou, et al. 2019. Welcome to the Atfa world: a framework for understanding the
effects of leaf-cutter ants on ecosystem functions. Functional Ecology 33:1386—1399.

Taborsky, M., M. Cant, and J. Komdeur. 2021. The Evolution of Social Behaviour: Conflict and
Cooperation. Cambridge University Press.

Tai, J.-S. B., S. Mukherjee, T. Nero, R. Olson, J. Tithof, C. D. Nadell, and J. Yan. 2022. Social
evolution of shared biofilm matrix components. Proceedings of the National Academy of
Sciences119:€2123469119.

Taylor, B. A., A. Cini, C. D. R. Wyatt, M. Reuter, and S. Sumner. 2021. The molecular basis of
socially mediated phenotypic plasticity in a eusocial paper wasp. Nature
Communications 12:775.

Taylor, B. A., D. Taylor, A. Bodrug-Schepers, F. C. Ferreira, N. Stralis-Pavese, H. Himmelbauer,
R. Guigé, et al. 2024. Molecular signatures of alternative reproductive strategies in a

facultatively social hover wasp. Molecular Ecology 33:e17217.

42



932  Tilman, A. R., J. B. Plotkin, and E. Ak¢ay. 2020. Evolutionary games with environmental

933 feedbacks. Nature Communications 11:915.

934  Trivers, R. 1971. The evolution of reciprocal altruism. Quarterly Review of Biology 46:35-57.

935 Wal, J. E. M. van der, C. N. Spottiswoode, N. T. Uomini, M. Cantor, F. G. Daura-Jorge, A. I. Afan,
936 M. C. Attwood, et al. 2022. Safeguarding human—wildlife cooperation. Conservation

937 Letters 15:€12886.

938  Wang, J., Y. Wurm, M. Nipitwattanaphon, O. Riba-Grognuz, Y.-C. Huang, D. Shoemaker, and L.
939 Keller. 2013. A Y-like social chromosome causes alternative colony organization in fire

940 ants. Nature493:664—668.

941  Warner, M. R., A. S. Mikheyev, and T. A. Linksvayer. 2017. Genomic signature of kin selection in
942 an ant with obligately sterile workers. Molecular Biology and Evolution 34:1780—1787.

943  Weitz, J. S., C. Eksin, K. Paarporn, S. P. Brown, and W. C. Ratcliff. 2016. An oscillating tragedy of
944 the commons in replicator dynamics with game—environment feedback. Proceedings of the
945 National Academy of Sciences 113:E7518-E7525

946  West, S. A., G. A. Cooper, M. B. Ghoul, and A. S. Griffin. 2021. Ten recent insights for our

947 understanding of cooperation. Nature Ecology & Evolution 5:419-430.

948  West, S. A., S. P. Diggle, A. Buckling, A. Gardner, and A. S. Griffin. 2007a. The social lives of
949 microbes. Annual Review of Ecology, Evolution, and Systematics 38:53-77.

950  West, S. A., R. M. Fisher, A. Gardner, and E. T. Kiers. 2015. Major evolutionary transitions in

951 individuality. Proceedings of the National Academy of Sciences of the United States of

952 Americall2:10112-10119.

953  West, S. A., A. S. Griffin, and A. Gardner. 2007b. Evolutionary explanations for

954 cooperation. Current Biology 17:R661-R672.

955  West, S. A, A. S. Griffin, and A. Gardner. 2007c. Social semantics: altruism, cooperation,

956 mutualism, strong reciprocity and group selection. Journal of Evolutionary Biology 20:415—

957 432.

43



958

959

960

961

962

963

964

965

966

967

968

969

970

971

972

973

974
975

976
977

978

979
980
981

982
983
984
985

West, S. A., A. S. Griffin, A. Gardner, and S. P. Diggle. 2006. Social evolution theory for
microorganisms. Nature Reviews Microbiology 4:597—-607.

Wyatt, C. D. R., M. A. Bentley, D. Taylor, E. Favreau, R. E. Brock, B. A. Taylor, E. Bell, et al.
2023. Social complexity, life history, and lineage influence the molecular basis of castes in
vespid wasps. Nature Communications 14:1046.

Xavier, J. B., W. Kim, and K. R. Foster. 2010. A molecular mechanism that stabilizes cooperative
secretions in Pseudomonas aeruginosa. Molecular Microbiology 79:166—179.

Yamamichi, M., D. Kyogoku, R. Iritani, K. Kobayashi, Y. Takahashi, K. Tsurui-Sato, A. Yamawo,
et al. 2020. Intraspecific adaptation load: a mechanism for species coexistence. Trends in
Ecology & Evolution 35:897-907.

Yurtsev, E. A., H. X. Chao, M. S. Datta, T. Artemova, and J. Gore. 2013. Bacterial cheating drives
the population dynamics of cooperative antibiotic resistance plasmids. Molecular Systems

Biology 9:1-7.

Photos in figure 1 from:

Leaf cutter ant: https://unsplash.com/photos/red-ant-on-green-leaf-F8ZboXu7kNO

Superb starlings: https://commons.wikimedia.org/wiki/File:Lamprotornis_superbus_-
Wilhelma_Zoo,_ Stuttgart, Germany -family-8a.jpg

Rhizobia: https://commons.wikimedia.org/wiki/File:Symbiotic_nitrogen_ fixing bacteria_inside leg

ume_root_nodule_cells.tif

Coral reef: https://unsplash.com/photos/live-corals-0G01UI1MQhg

Mycorrhizal
fungi https://commons.wikimedia.org/wiki/File:Mycelium_of arbuscular_mycorrhizal fungi with
false_color.png

Aphid: https://commons.wikimedia.org/wiki/File:Acyrthosiphon_pisum_(pea_aphid)-PLoS.jpg

Wasp: https://commons.wikimedia.org/wiki/File:Vespula vulgaris (14392962760).jpg

Pharoah ant: https://commons.wikimedia.org/wiki/File:M.pharaonis.jpg

44


https://unsplash.com/photos/red-ant-on-green-leaf-F8ZboXu7kN0
https://unsplash.com/photos/red-ant-on-green-leaf-F8ZboXu7kN0
https://commons.wikimedia.org/wiki/File:Lamprotornis_superbus_-Wilhelma_Zoo,_Stuttgart,_Germany_-family-8a.jpg
https://commons.wikimedia.org/wiki/File:Lamprotornis_superbus_-Wilhelma_Zoo,_Stuttgart,_Germany_-family-8a.jpg
https://commons.wikimedia.org/wiki/File:Symbiotic_nitrogen_fixing_bacteria_inside_legume_root_nodule_cells.tif
https://commons.wikimedia.org/wiki/File:Symbiotic_nitrogen_fixing_bacteria_inside_legume_root_nodule_cells.tif
https://unsplash.com/photos/live-corals-0G01UI1MQhg
https://unsplash.com/photos/live-corals-0G01UI1MQhg
https://commons.wikimedia.org/wiki/File:Mycelium_of_arbuscular_mycorrhizal_fungi_with_false_color.png
https://commons.wikimedia.org/wiki/File:Mycelium_of_arbuscular_mycorrhizal_fungi_with_false_color.png
https://commons.wikimedia.org/wiki/File:Acyrthosiphon_pisum_(pea_aphid)-PLoS.jpg
https://commons.wikimedia.org/wiki/File:Acyrthosiphon_pisum_(pea_aphid)-PLoS.jpg
https://commons.wikimedia.org/wiki/File:Vespula_vulgaris_(14392962760).jpg
https://commons.wikimedia.org/wiki/File:Vespula_vulgaris_(14392962760).jpg
https://commons.wikimedia.org/wiki/File:M.pharaonis.jpg

