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Microbes produce many compounds that are costly to a focal cell
but promote the survival and reproduction of neighboring cells.
This observation has led to the suggestion that microbial strains
and species will commonly cooperate by exchanging compounds.
Here, we examine this idea with an ecoevolutionary model where
microbes make multiple secretions, which can be exchanged
among genotypes. We show that cooperation between genotypes
only evolves under specific demographic regimes characterized by
intermediate genetic mixing. The key constraint on cooperative
exchanges is a loss of autonomy: strains become reliant on complementary genotypes that may not be reliably encountered.
Moreover, the form of cooperation that we observe arises through
mutual exploitation that is related to cheating and “Black Queen”
evolution for a single secretion. A major corollary is that the evolution
of cooperative exchanges reduces community productivity relative to
an autonomous strain that makes everything it needs. This prediction
finds support in recent work from synthetic communities. Overall, our
work suggests that natural selection will often limit cooperative
exchanges in microbial communities and that, when exchanges do
occur, they can be an inefficient solution to group living.
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‘Benefit-of-the-species’ arguments . . . provide for the reader an escape from inner conflict, exacting nothing emotionally beyond what
most of us learn to accept in childhood, that most forms of life exploit
and prey on one another.
Hamilton, 1975 (1)

cooperation should commonly evolve between microbial strains
and species (27–30). This view contrasts with empirical surveys of
natural bacterial communities, which suggest that competitive
interactions predominate over cooperative interactions (31).
However, it has also been suggested that cooperation between
different genotypes may explain the unculturability of many
species in the laboratory when in monoculture (32–34). If correct, studies with culturable species could underestimate cooperativity in microbial communities.
The potential for cooperation between different microbial genotypes then remains unclear. Indeed, we even lack clear predictions of what to expect. There is a need for general theory on
cooperation between microbial genotypes. One microbial interaction that has been explored theoretically is syntrophy, where one
species produces a toxic waste product that another species consumes (35–38). Syntrophy is likely to be ecologically important and
under some conditions (36), can benefit both species. However,
syntrophic species need not pay energetic costs to interact: one
species is producing waste, and the other species is feeding.
Such byproduct cooperation can, therefore, readily evolve but is
fundamentally different to the exchange of costly secretions
(39, 40). Other models have analyzed when costly cooperation
between species is expected in microbes and other organisms
(35, 39, 41). However, these models assume that there is no
opportunity for one partner to express the beneficial trait of
the other. Although this constraint will sometimes occur, there
is considerable functional overlap in the cooperative traits of
microbial species (7). In addition, the potential for horizontal
gene transfer in microbes means that there is a broad scope
for a focal strain to pick up the phenotypes of co-occurring
strains and species (42–44).

M

icrobes typically live in dense communities containing
many strains and species. These genetically diverse societies are widespread and central to how microbes affect us, including
examples such as the gut microbiome, polymicrobial infections, and
communities vital to bioremediation and nutrient cycling (2, 3).
In these collectives, ecological interactions are thought to be
both common and strong given that cell density is typically high
and that microbes possess many phenotypes that influence the
reproduction and survival of surrounding cells (4, 5). Such social
traits include many secretions, such as extracellular enzymes and
scavenging molecules (4–6), and other beneficial “leaky” traits,
such as detoxification agents (7) or amino acids (8, 9).
A central explanation for cooperative phenotypes in microbes
is that they function to help cells of the same genotype (10, 11),
which is backed up by a growing body of theory and experiments
(12–18). However, it is also clear that, in nature, microbes
commonly interact with many different genotypes (both different
strains and species) in complex ecological networks (19–21). Do
these different microbial genotypes cooperate with one another?
Understanding this question is central to building models of
microbial communities and how they will respond to both environmental and anthropogenic perturbations (22).
Studies involving genetically engineered (8, 9, 23, 24) and/or
artificially selected communities (23, 25, 26) emphasize how easily
cooperation between genotypes can be achieved in the laboratory.
Additionally, there are a growing number of suggestions that
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Significance
Microbes form dense and diverse communities that affect every
aspect of our lives. Microbial communities are often viewed as
cooperative networks with species working together toward
a common goal. Here, we critically evaluate this view using an
ecoevolutionary model. We show that cooperating with other
species can be a poor evolutionary strategy, because it renders
a cell dependent on species that may not be nearby. Moreover,
when cooperative exchanges do evolve, they are inefficient and
reduce the productivity of the community. Evolution by natural
selection then limits the potential for productive cooperation
between microbial species. We argue that understanding these
limits and how to overcome them will be key to engineering
microbial communities for our own ends.
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Here, we examine the potential for microbial cooperation
between different strains and species. We base our work on the
well-established models of within-genotype microbial cooperation for a single public good (12, 18, 45–47) so that the relationship to previous work is clear (SI Materials and Methods). We
add one key feature to these models: we allow cells to invest in
multiple distinct cooperative secretions, such that there is the
potential for different genotypes to exchange secretions with one
another. Our analysis shows that the degree of genetic mixing
defines the potential for cooperation both within and between
genotypes. Low mixing favors genotypes that produce all secretions, whereas high mixing favors genotypes that do not produce
any at all. Only for intermediate levels of genetic mixing do we
find between-genotype cooperation, where strains produce a
subset of secretions and rely on other genotypes for the complementary traits. Moreover, the form of cooperation that emerges
is inefficient and results in a loss of productivity relative to one
genotype making all secretions. Natural selection limits both the
occurrence and effectiveness of cooperation within microbial
communities.
Results and Discussion
Logic of the Model. We are interested in the potential for the

evolution of cooperative exchanges in microbial communities.
Cooperative phenotypes can be central to growth in microbes (4,
6, 48) in both natural (49–51) and disease (52) settings. These
phenotypes are typically costly to produce but provide large
shared benefits that increase the yield of all cells in a neighborhood (4–6, 48). To reflect these strong benefits, we focus on
secretions that are essential for bacterial growth and set final
population yield (Materials and Methods), although our conclusions also hold for nonessential secretions (Fig. S1). Whereas
our analysis is phrased in terms of secretions, like enzymes that
liberate nutrients, it also captures a range of other leaky beneficial traits, such as detoxifying enzymes like catalase (7) or
amino acids (8, 9).
Fig. 1 outlines the logic of our ecoevolutionary model. For two
secretions, our model has four genotypes: a producer of both
traits [1,1], a producer of the first trait [1,0], a producer of the
second trait [0,1], and a nonproducer [0,0], where for simplicity,
1 and 0 denote production or no production, respectively, of
a given secretion, thus labeling each genotype. Our modeling is
intended to capture two related scenarios. The first scenario is a
single strain that makes multiple secretions, where loss of function mutations can generate the above trait combinations. The
second scenario is where the different genotypes come from
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Fig. 1. Ecoevolutionary model of the microbial lifecycle. We considered
three cyclically recurrent phases to model the evolutionary dynamics of a
microbial population that depends on multiple secretions to grow: (i) formation (stochastic seeding of M separate subpopulations following a Poisson
process with mean n0), (ii) growth (independent evolution of each group
following logistic growth, where the carrying capacity of the environment is
proportional to the concentration of secretions in the focal group), and (iii)
merging (M groups merge, and the cycle starts again after updating the
genotypic frequencies). As an illustrative example, we show the effect of
two different n0 values in a two-trait model of four genotypes ([1,1], [1,0],
[0,1], and [0,0], which make both secretions, one secretion, the other secretion, and none, respectively).
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a combination of interacting strains and species that have similar
ecologies. This latter case has clear potential for complexities
that we do not represent, but we can, nevertheless, capture the
evolutionary dynamics that would be driven by the focal traits. In
addition to extending models of single secretions, our model is
intended to formalize the hypothesis that cooperation can arise
by different genotypes losing the genes for different secretions
(29). This hypothesis was developed from the idea of “Black
Queen” evolution (7). Specifically, if many strains all make and
use the same leaky trait, some strains can lose the trait and rely
on others to grow. For a single trait, Black Queen evolution then
has similarities to the evolution of cheating, where a diverse
network of species may be involved as either a producer or
receiver of a particular trait. When microbes possess multiple
leaky traits, it raises the possibility that two genotypes may
reciprocally exchange beneficial traits when one loses one trait
and one loses another trait (29). Linked to this scenario, a key
assumption in our analysis is that it is possible for a cell to make
all secretions if favored by natural selection (i.e., in a system
relying on two secretions, for example, there is always the
possibility of a [1,1] genotype). Although not always the case,
this possibility seems likely to be common, because many secretion systems are associated with horizontal gene transfer
(42, 44). However, we discuss later the effect of some secretions
only being achievable by some genotypes.
Between-Genotype Cooperation Emerges with Intermediate Levels of
Genotypic Mixing. We are interested in understanding the effects

of natural selection when microbes produce more than one fitness-promoting secretion. In particular, we are interested in
whether strains will evolve to exchange secretions. Fig. 2 gives
the final (steady-state) frequencies of each of the different secretion genotypes as a function of the degree of genotypic mixing. We include a model of a single secretion, which recapitulates
the well-known cooperator–cheater dynamics where limited genotypic mixing (high relatedness) leads to the evolution of secretion, whereas high genotypic mixing (low relatedness) leads to
a loss of secretion (15, 16, 18, 45–47). What happens when cells
can produce two secretions? At low mixing, the genotype that
produces all secretions dominates, and at high mixing, one sees
the opposite (the genotype that does not produce any secretions
dominates). Interestingly, however, at intermediate levels of
genotypic mixing, there is natural selection for partial secretors
that produce only a subset of the secretions, such as [1,0], which
rely on the complementary strain [0,1] for the other secretion. The
emergence of such cross-feeding between partial secreting genotypes represents a simple form of between-genotype cooperation.
Why do complementary genotypes dominate nonsecretors at
intermediate genotypic mixing? The answer is in the demographics of the system and the potential for something known as
Simpson’s Paradox (45, 47). Within any one group, nonsecretors
outcompete secretor genotypes because of the costs associated
with making the secretions. However, the groups containing
more secretors produce more cells in total to seed new groups.
Then, at intermediate levels of genetic mixing, complementary
genotypes are associated with more productive groups relative to
nonsecretors and therefore, can outcompete them. Additionally,
because there is a significant amount of mixing, one partial secretor genotype [0,1] will often meet the partner genotype [1,0]
within a given group, allowing them to outcompete full secretors
[1,1] that grow more slowly to make both traits. Partial secretors
compete best against full secretors [1,1] when the costs of secretions are relatively high, because there is a more significant growth
advantage from not making a secretion (Fig. 2).
The behavior of the model for two, three, and four secretions
is broadly similar (Fig. 2 and Fig. S2). However, adding more
secretions to the system increases the scope for cross-feeding
genotypes to outcompete other genotypes. A key reason for this is
that increasing the number of secretions increases the associated
costs, which promotes cross-feeders over full secretors (Fig. 2). The
importance of costs is shown by changing the number of secretions
Oliveira et al.
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Fig. 2. The evolution of within- and between-genotype cooperation in
microbial communities. We show steady-state frequencies of different
genotypes as a function of the average number of cells founding each group
(n0) and the cost of each trait (c) in systems that depend on one, two, and
three secretions to grow. Genotypes are labeled with one and zero to show
whether they invest or not in a given secretion; [1], [1,1], and [1,1,1] have the
advantage at low n0, whereas [0], [0,0], and [0,0,0] have the advantage at
high n0. Cross-feeding genotypes that cooperatively exchange secretions
dominate at intermediate values of n0 (a proxy for mixing among genotypes), particularly for secretions with high cost (c).

in the system while keeping the total cost of all secretions constant
(Fig. S2). A general prediction then is that raising the costs of
secretions, either through a single secretion that is very costly or the
expression of many individually costly secretions, can favor crossfeeders relative to full secretors. As we show below, however, using
many secretions also creates problems, because cross-feeders need
to reliably find multiple partners to be successful. This dependence
on multiple other genotypes makes cross-feeding with many
secretions particularly fragile to factors that limit access to other
genotypes (Fig. S3).
Our model assumes that all strains compete for the same
niche. Although this assumption seems reasonable given the
competition observed between strains and species from a common environment (31, 53), the extent of niche overlap will vary
between different genotypes. We, therefore, decided to test the
importance of complete niche overlap for our conclusions. We did
this by modeling two sets of interacting strains. All strains can
cooperate with one another, but only within a set do the strains
compete. Between sets, there is no resource competition consistent with each set occupying a different niche. Importantly,
this model shows the same qualitative behavior as our simpler
single-niche model: between-genotype cooperation requires intermediate levels of genotypic mixing to evolve by natural selection (Fig. S4).
In sum, we find that between-genotype cooperation can evolve
by natural selection, particularly with high costs to secretions and
intermediate levels of mixing of microbial genotypes.
Between-Genotype Cooperation Is Associated with Reduced Group
Productivity. The two-way exchanges of secretions that emerge

in the model can be viewed in at least two different ways. The
first way is cooperation for mutual benefit. Indeed, if two complementary strains or species were examined in a laboratory
experiment, one would find that each cannot grow alone but
together they grow well, a result that is commonly used to diagnose cooperation or mutualism (31, 54). However, another aspect of the interaction is competitive, where each partial secretor
is acting as a cheater on full secretors and its complementary
partner. Can one then quantify the impact of this competition? A
simple but powerful way to assess the effects of competition is to
look at overall group performance, which can be harmed by
genotypes investing in competitive traits instead of cooperative
traits that benefit the group (55).
Oliveira et al.

Fig. 3 shows the evolved group productivities as a function of
founder cell number (the degree of genotypic mixing). The
emergence of cross-feeding exchanges with increased genetic
mixing is associated with a loss of group productivity—a diagnostic of wasteful competition that is inefficient at the group
level. The greater the potential for between-genotype crossfeeding, therefore, the lower the group performance relative to
a single strain that makes all secretions. Accordingly, any factor
that promotes cross-feeding exchanges, such as increasing the
cost or number of secretions, leads to greater losses in group
productivity. Why this reduction? The emergence of this type of
cross-feeding is associated with a loss of genes for secretion in
each partner. This loss means that less of the secretion will accumulate in a cross-feeding group relative to a group of cells that
all make all secretions.
The model does not allow strains to modulate the amount of
secretion that they make. If allowed, will cross-feeders compensate for their low productivity by increasing their investment
in cooperation? We evaluated this in two ways. First, we extended our model to allow strains to invest in three different
levels of secretion (0.5, 1, and 2). Second, we developed another
model that allows strains to invest any amount in secretions by
considering mutations that can change the level of investment
(Materials and Methods). Rather than increasing group productivity, however, allowing strains to modulate secretion levels
only makes things worse for cross-feeders (Fig. 4 and Fig. S5).
The evolution of cross-feeding is now associated with even
greater losses in group productivity, because cross-feeders evolve
to invest less in each secretion than full secretors. In sum, the
evolution of cross-feeding cooperation between microbial genotypes is associated with significant levels of competition and
mutual exploitation.
The idea that a cooperative interaction between genotypes can
arise by exploitation has a precedent in discussions of mutualism
and host–parasite evolution (54). There it has been observed that
a chronic parasite might produce a factor that a host evolves to
depend upon. Under these conditions, removing a parasite can
harm a host, although the original basis for the interaction
was strongly negative for the host. These situations, like in our
system, can be viewed either as competitive or cooperative
depending on the comparison taken. Specifically, if an experimenter simply removes a partner, he or she will diagnose the
relationship as cooperative. However, this diagnosis will hide the
evolutionary history and the fact that the partnership originally
evolved through competition and exploitation. This historical
effect of competition is not merely a definitional issue; it predicts
that the productivity of microbial communities relying on crossfeeding exchanges will be low relative to their full potential.
Constraints on the Evolution of Between-Genotype Cooperation. The
evolution of cooperation between genotypes is predicted with
relatively high costs to secretions and intermediate levels of
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Fig. 3. Evolved average group productivity as a function of founder cell
number (n0). The emergence of cooperative exchanges between genotypes is
associated with a loss of group productivity (two- and three-trait models). This
loss of productivity occurs for the same reason that cheaters harm group
function in single-secretion models (one-trait model). This outcome is particularly clear for secretions with high cost (c) and a high number of traits. Average
group productivities were obtained from 1,000 independent subpopulations. SE
bars are smaller than the plotting dots and therefore, not shown.
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Fig. 4. Evolved investment into secretion production as a function of
founder cell number (n0). Allowing for differential investment in secretion
production amplifies the tragedy of the commons, because cross-feeders
evolve to invest less in secretions than strains that make all secretions. (A)
Discrete model. Genotypes that invest two times as much in secretions ([2,2]
instead of [1,1]) reach fixation when genetic mixing is low. However, at high
mixing, the genotypes that fixate are cross-feeders that invest less in
secretions than in the original model ([0.5,0] and [0,0.5] instead of [1,0] and
[0,1], respectively). (B) Continuous model. If cells continuously tune their
investments into secretion production, we find the same patterns, where
cross-feeding strains invest less in cooperation than strains that make all
secretions. Upper shows the genotypic frequencies of systems for low and
high mixing, whereas Lower shows the mean investment in secretions. Inset
clarifies that genotypic frequencies are identical at the beginning, but producers of both traits quickly reach fixation. SE bars for steady-state investments are smaller than the plotting lines and therefore, not shown. We set
the cost per trait (c) at 5%.

mixing of microbial genotypes. Do these conditions commonly
occur in nature? The fitness cost of secretion can be highly
variable in strongly regulated traits, such as siderophores,
depending on how much a cell makes (56). Nevertheless, estimates of costs of secretions are often low (in the range of a few
percent of growth rate or less) (57–59). Low-cost secretions are
expected whenever prudent regulation limits secretion to times
when it is cheap to do so (59). The effects of costs are also
limited when secretions have a private component that benefits
a secreting cell more than other cells (60). If low-cost secretions
are the norm in nature, then our model suggests that the emergence of between-genotype cooperation will be limited. Potential
exceptions to this prediction are if cells use many relatively costly
secretions (Fig. 2 and Fig. S2) or indeed, if using multiple secretions is, for some reason, disproportionally costly (Fig. S6).
What about the levels of genetic mixing in microbial communities? This key variable is still poorly understood (6, 22).
However, what is clear is that many natural microbial communities display spatial structure, whereby microbes attach to surfaces and each other and grow (16, 61). This structuring will
affect genetic mixing and is not accounted for in our model,
which assumes that genetic mixing within any one microbial
group is perfect. To examine the impacts of spatial structure, we
implemented an individual-based version of our two-secretion
model, where cells are seeded on a lattice and divide if they have
space around them and access to both public goods (Materials
and Methods). In particular, we focus on parameter ranges that
strongly promote cross-feeding pairs in the absence of spatial
structure within the group.
We first use the individual-based model to recapitulate the
well-mixed model by allowing secretions to diffuse a long distance
so that cells have access to all secretions. We then implement a lowdiffusion scenario so that secretions only reach a limited range.
This simple change has a strong qualitative effect on predictions:
now, the genotype that produces both secretions is dominant (Fig.
5A). The reason for this effect is intuitive: spatial structure limits
the potential for interactions with other genotypes. Cross-feeders
are now much less likely to interact with their complementary
partner, which means that they will often lack secretions that they
need for their growth.
Spatial structure then tends to limit cooperation between
microbial genotypes, which is consistent with recent empirical
work showing that spatial structure can limit positive interactions
between microbial genotypes (26, 62). This effect contrasts with
17944 | www.pnas.org/cgi/doi/10.1073/pnas.1412673111

the typical conclusion that spatial structure promotes cooperation
(13, 16, 17, 63, 64) by increasing the probability of interacting with
the same genotype (10, 11). However, cooperation between genotypes in our multitrait model emerges under the same conditions
as cheating in the classical models. Accordingly, we find that
spatial structure simultaneously inhibits between-genotype cooperation and promotes within-genotype cooperation.
Another assumption of our model, which is important for
genetic mixing, is that all interacting genotypes in the system
make use of the secretions. This assumption is likely to be broken, because the extreme diversity associated with natural microbial communities suggests that there will often be many
species present that do not use or make the secretions of our
focal genotypes (65). In models of a single secretion, it has been
shown that such passive genotypes can insulate a focal genotype
from interacting with other genotypes that might use its secretions [social insulation (65)]. Fig. 5B shows the effect of introducing passive genotypes that do not use the secretions or
resources of the focal group. Like the effect of introducing space,
the presence of passive genotypes decreases the probability that
cross-feeding genotypes interact with their complementary
partner, thereby favoring strains that can function effectively in
isolation. Put another way, passive genotypes reduce the group
size of the focal interacting genotypes, which reduces the effective level of genetic mixing and promotes autonomous genotypes
like [1,1].
We saw earlier that a high number of secretions can promote
cross-feeding (Fig. 2 and Fig. S2). However, it is important to note
that the introduction of passive genotypes has a disproportionately
strong effect when cells use a high number of secretions (Fig. S3).
With many secretions, each cross-feeder has to find multiple
partners, and passive genotypes become more of a problem than
when a cell has to find just one partner. In sum, the use of many
traits presents cross-feeders with two problems. First, cross-feeding involving many traits is associated with greater reductions in
group productivity than with fewer traits; communities become
more inefficient (Fig. 3). Second, relying on many traits makes
cross-feeding networks fragile in the sense that each cross-feeder
will typically require multiple other genotypes nearby to grow
(Fig. S3).
Although we expect the effect of passive genotypes to be
strong, mechanisms that promote association between complementary strains will improve the prospects of cross-feeding.
Candidate mechanisms that promote association include emergent sorting that can occur if two strains grow more in each other’s
presence than when alone (22, 65, 66), chemotaxis toward partner
genotypes, or even direct attachment (67). The importance of such
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Conclusions
Our models identify conditions under which different microbial
genotypes evolve to exchange fitness-promoting secretions. This
outcome might occur through the selective loss of costly but
leaky traits through Black Queen dynamics (7, 29). The Black
Queen Hypothesis was developed to explain the genome
streamlining often seen among free-living organisms (7, 58). It
suggests that microbes will lose functions that are costly but can
be obtained from other genotypes because of their leaky nature
(7). This process leads to the evolution of dependencies among
genotypes and potentially interdependent networks of cooperation in microbial communities (29). However, consideration of the costs of secretions and the levels of genetic mixing
in natural communities suggests that the evolution of such cooperative networks is not always expected. Instead, our models
predict that it may often be beneficial for a microbial genotype to
produce all of the secretions that it needs.
Constraints may sometimes prevent a microbe from evolving
all of the cooperative traits that it needs (i.e., a [1,1] strain
cannot evolve). This scenario makes cooperative exchanges with
other genotypes much more likely and corresponds to the typical
view of mutualism between species (Fig. S7). However, the
widespread potential for horizontal gene transfer (42–44) suggests that the evolution of multiple traits should often be possible. Possessing multiple traits is beneficial in our model,
because it removes reliance on other strains that may not be encountered. This benefit of autonomy then has the potential to limit
both between-genotype cooperation and the evolution of cheating
genotypes (10, 11, 15, 63, 65).
Does the between-genotype cooperation that we see in our
model ever evolve in nature? An interesting corollary of the
similarity between cheating and between-genotype cooperation
in our model (Fig. 2) is that the discovery of one in nature should
help to identify conditions that favor the other. A phenotype
often associated with both cheating (15) and Black Queen evolution (7) is the production of siderophores, which are secreted
iron-scavenging molecules. Studies of marine assemblages suggest that bacterial strains often evolve to not secrete siderophores,
while retaining the import proteins to take up siderophores made
by other strains and species (32, 49). In addition, siderophores
seem particularly amenable to cheating and cross-feeding, because
they can be both costly (56) and diffusible (Figs. 2 and 5A).
Siderophore interactions, therefore, may be unusually prone to
the evolution of between-genotype cooperation.
Amino acids are another potential currency for cooperative
exchange in microbial communities. Many bacteria lack the
ability to make certain amino acids, particularly those that are
costly to make (8). This observation raises the possibility that
cooperative networks of amino acid exchange occur in microbial
communities, which was recently shown for synthetic communities of up to 14 different auxotrophic genotypes of Escherichia
coli (8). What is critical for our arguments, however, is that the
WT E. coli that makes all amino acids grows at least 1.5–2 times
faster than the cooperating communities. If these networks of
amino acid exchange do evolve in nature, therefore, then they
are likely to be relatively inefficient.
Cooperation between cells of a single genotype seems common, which is likely explained by the clonal and patchy nature of
microbial growth that guarantees frequent association between
genetically identical cells within microbial communities (13, 16,
17, 68). Here, we have shown that cooperation between microbial genotypes is expected under different conditions (intermediate levels of genetic mixing), and it remains to be seen
how often these conditions arise in nature. Both spatial structure
and social insulation can cause problems finding a cooperating
partner. Moreover, we show that, even when cooperation does
emerge between strains and species, it can be exploitative and
wasteful relative to single-genotype cooperation. This prediction
Oliveira et al.

has implications for synthetic ecology and our ability to engineer
microbial communities for our own ends (8, 22, 69). If cooperative
interactions in natural microbial communities are both limited and
inefficient, there should be a broad scope for improving community productivity using strategies that promote positive interactions
between species. More generally, our work cautions strongly
against a view where microbial communities are dominated by
networks of species working together in harmony. Competition
is likely to be central to many microbial interactions, perhaps
even the cooperative ones.
Materials and Methods
Ordinary Differential Equation Models with Fixed Investment into Secretion.
We model the population dynamics of microbial genotypes growing in a wellmixed environment using systems of ordinary differential equations (SI
Materials and Methods). Briefly, each system is composed by 2s equations,
where s is number of secretions in a given model, and each equation represents the population dynamics of a given microbial genotype in each subpopulation. For a system of two cooperative secretions, the four genotypes
([1,1], [1,0], [0,1], and [0,0]) grow according to the following general form:
P 


dgij 
g
,
= r − ði + jÞ · c · gij · 1 −
K
dt
where gij represents the density of individuals of genotype [i,j] in each
subpopulation [ði,jÞ ∈ f1; 0gs ], r is the intrinsic growth rate (here assumed to
be r = 1 for simplicity), and c is the cost of producing each trait. Here, we
assume additive costs for secretion production, but we also considered
nonlinear costs—both accelerating and decelerating (Fig. S6). K, the carrying
capacity of the environment, is a function of the secretions available in
each subpopulation (Fig. S8).
We consider a standard lifecycle of microbes [the work by Cremer et al. (45)
and references therein further discuss the lifecycle]: (i) formation, where a
random number of cells is allocated to each subpopulation (based on a
Poisson process with mean n0; Fig. S9) in a set of M subpopulations and the
identity of each cell follows a uniform distribution based on the frequency
of each genotype; (ii) growth, where genotypes in each group proliferate
according to logistic dynamics (until saturation is reached); and (iii) merging,
where the M groups are merged together and the global genotypic frequencies are updated. After a full cycle of seeding, growth, and merging
(equivalent to one generation), new patches are seeded according to the
recalculated genotypic frequency. These cycles are repeated for G generations until genotypic frequencies reach equilibrium.
Ordinary Differential Equation Models with Variable Investment into Secretion.
We implemented two different frameworks that are here called discrete and
continuous models for the evolution of investment. In the discrete version, we
extended our model described above to allow strains to invest in three
different levels of secretion to give genotypes [0.5,0.5], [1,1], [2,2], [0.5,0],
[1,0], [2,0], [0,0.5], [0,1], [0,2], and [0,0]. In Fig. 4, full producers invest the
same in both secretions, but we find the same qualitative results when we
drop this assumption (Fig. S5). The continuous version uses the same lifecycle, but we add a mutation phase, where a mutation can either increase or
decrease the investment into cooperation. The lifecycle is then (i) formation;
(ii) mutation, where each cell of the subpopulation mutates its parameter x,
which governs how much a cell invests into its public goods; (iii) growth; and
(iv) merging. Each cell type proliferates as before, but we additionally consider its investment in secretions:
P 


dgx,ij 
g
,
= r − ði + jÞ · x · c · gx,ij · 1 −
K
dt
where gx,ij represents the density of the cell type with genotype [i,j] and
investment x. Thus, the genotypes are now effectively x·gij and not gij as
before. For example, if x = 2, a strain [1,1] will behave as a genotype [2,2].
Individual-Based Model. We use spatial simulations of 2D lattices with periodic boundaries. Cells can only divide into empty spaces of their closest
neighborhood, and the effect of a public good is limited to a neighborhood
of a certain size around the producer cell. At each sampled time step, a focal
individual is selected with uniform probability, and the cell divides with
probability directly proportional to growth rate, which depends on population density and public goods level, following logistic kinetics. As for the
deterministic version with fixed investment, cells undergo our standard
three-step lifecycle (SI Materials and Methods).
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assortment processes in nature is not known, but it is an interesting area for future studies.

ACKNOWLEDGMENTS. We thank Steve Frank, Joel Sachs, Jeff Morris, Richard
Lenski, Katharine Coyte, Melanie Ghoul, Ashleigh Griffin, Jonas Schluter, Harris
Wang, and three anonymous reviewers for helpful comments. We also thank

Linus Schumacher and Alex Fletcher for help and advice on the models. This
work was funded by European Research Council Grant 242670 and Fundação
para a Ciência e Tecnologia Fellowship SFRH-BD-73470-2010.

1. Hamilton WD (1975) Innate social aptitudes of man: An approach from evolutionary
genetics. Biosocial Anthropology, Ed Fox R (Malaby Press, London).
2. Costerton JW (2007) The Biofilm Primer (Springer, Berlin).
3. López D, Vlamakis H, Kolter R (2010) Biofilms. Cold Spring Harb Perspect Biol 2(7):
a000398.
4. West SA, Diggle SP, Buckling A, Gardner A, Griffins AS (2007) The social lives of
microbes. Annu Rev Ecol Evol Syst 38:53–77.
5. West SA, Griffin AS, Gardner A, Diggle SP (2006) Social evolution theory for microorganisms. Nat Rev Microbiol 4(8):597–607.
6. Nadell CD, Xavier JB, Foster KR (2009) The sociobiology of biofilms. FEMS Microbiol
Rev 33(1):206–224.
7. Morris JJ, Lenski RE, Zinser ER (2012) The Black Queen Hypothesis: Evolution of dependencies through adaptive gene loss. MBio 3(2):e00036-12.
8. Mee MT, Collins JJ, Church GM, Wang HH (2014) Syntrophic exchange in synthetic
microbial communities. Proc Natl Acad Sci USA 111(20):E2149–E2156.
9. Pande S, et al. (2014) Fitness and stability of obligate cross-feeding interactions that
emerge upon gene loss in bacteria. ISME J 8(5):953–962.
10. Hamilton WD (1964) The genetical evolution of social behaviour. I. J Theor Biol 7(1):
1–16.
11. Hamilton WD (1964) The genetical evolution of social behaviour. II. J Theor Biol 7(1):
17–52.
12. Brown SP, Johnstone RA (2001) Cooperation in the dark: Signalling and collective
action in quorum-sensing bacteria. Proc Biol Sci 268(1470):961–965.
13. Datta MS, Korolev KS, Cvijovic I, Dudley C, Gore J (2013) Range expansion promotes
cooperation in an experimental microbial metapopulation. Proc Natl Acad Sci USA
110(18):7354–7359.
14. Diggle SP, Griffin AS, Campbell GS, West SA (2007) Cooperation and conflict in
quorum-sensing bacterial populations. Nature 450(7168):411–414.
15. Griffin AS, West SA, Buckling A (2004) Cooperation and competition in pathogenic
bacteria. Nature 430(7003):1024–1027.
16. Nadell CD, Foster KR, Xavier JB (2010) Emergence of spatial structure in cell groups
and the evolution of cooperation. PLOS Comput Biol 6(3):e1000716.
17. Van Dyken JD, Müller MJ, Mack KM, Desai MM (2013) Spatial population expansion
promotes the evolution of cooperation in an experimental Prisoner’s Dilemma. Curr
Biol 23(10):919–923.
18. West SA, Buckling A (2003) Cooperation, virulence and siderophore production in
bacterial parasites. Proc Biol Sci 270(1510):37–44.
19. Gans J, Wolinsky M, Dunbar J (2005) Computational improvements reveal great
bacterial diversity and high metal toxicity in soil. Science 309(5739):1387–1390.
20. Roesch LF, et al. (2007) Pyrosequencing enumerates and contrasts soil microbial diversity. ISME J 1(4):283–290.
21. Santelli CM, et al. (2008) Abundance and diversity of microbial life in ocean crust.
Nature 453(7195):653–656.
22. Mitri S, Foster KR (2013) The genotypic view of social interactions in microbial communities. Annu Rev Genet 47:247–273.
23. Shou W, Ram S, Vilar JMG (2007) Synthetic cooperation in engineered yeast populations. Proc Natl Acad Sci USA 104(6):1877–1882.
24. Wintermute EH, Silver PA (2010) Emergent cooperation in microbial metabolism. Mol
Syst Biol 6:407.
25. Harcombe W (2010) Novel cooperation experimentally evolved between species.
Evolution 64(7):2166–2172.
26. Hillesland KL, Stahl DA (2010) Rapid evolution of stability and productivity at the
origin of a microbial mutualism. Proc Natl Acad Sci USA 107(5):2124–2129.
27. Elias S, Banin E (2012) Multi-species biofilms: Living with friendly neighbors. FEMS
Microbiol Rev 36(5):990–1004.
28. Little AEF, Robinson CJ, Peterson SB, Raffa KF, Handelsman J (2008) Rules of engagement: Interspecies interactions that regulate microbial communities. Annu Rev
Microbiol 62:375–401.
29. Sachs JL, Hollowell AC (2012) The origins of cooperative bacterial communities. MBio
3(3):e00099-12.
30. Schink B (2002) Synergistic interactions in the microbial world. Antonie van Leeuwenhoek 81(1-4):257–261.
31. Foster KR, Bell T (2012) Competition, not cooperation, dominates interactions among
culturable microbial species. Curr Biol 22(19):1845–1850.
32. D’Onofrio A, et al. (2010) Siderophores from neighboring organisms promote the
growth of uncultured bacteria. Chem Biol 17(3):254–264.
33. Ernebjerg M, Kishony R (2012) Distinct growth strategies of soil bacteria as revealed
by large-scale colony tracking. Appl Environ Microbiol 78(5):1345–1352.
34. Kaeberlein T, Lewis K, Epstein SS (2002) Isolating “uncultivable” microorganisms in
pure culture in a simulated natural environment. Science 296(5570):1127–1129.
35. Bull JJ, Harcombe WR (2009) Population dynamics constrain the cooperative evolution of cross-feeding. PLoS ONE 4(1):e4115.

36. Estrela S, Trisos CH, Brown SP (2012) From metabolism to ecology: Cross-feeding interactions shape the balance between polymicrobial conflict and mutualism. Am Nat
180(5):566–576.
37. Fennell DE, Gossett JM (1998) Modeling the production of and competition for
hydrogen in a dechlorinating culture. Environ Sci Technol 32(16):2450–2460.
38. Kreikenbohm R, Bohl E (1986) A Mathematical-Model of Syntrophic Cocultures in the
Chemostat. FEMS Microbiol Ecol 38(3):131–140.
39. Foster KR, Wenseleers T (2006) A general model for the evolution of mutualisms.
J Evol Biol 19(4):1283–1293.
40. Sachs JL, Mueller UG, Wilcox TP, Bull JJ (2004) The evolution of cooperation. Q Rev
Biol 79(2):135–160.
41. Frank SA (1994) Genetics of mutualism: The evolution of altruism between species.
J Theor Biol 170(4):393–400.
42. Nogueira T, et al. (2009) Horizontal gene transfer of the secretome drives the evolution of bacterial cooperation and virulence. Curr Biol 19(20):1683–1691.
43. Papke RT, Gogarten JP (2012) Ecology. How bacterial lineages emerge. Science
336(6077):45–46.
44. Rankin DJ, Rocha EPC, Brown SP (2011) What traits are carried on mobile genetic
elements, and why? Heredity (Edinb) 106(1):1–10.
45. Cremer J, Melbinger A, Frey E (2012) Growth dynamics and the evolution of cooperation in microbial populations. Sci Rep 2:281.
46. Frank SA (2010) Microbial secretor-cheater dynamics. Philos Trans R Soc Lond B Biol Sci
365(1552):2515–2522.
47. Chuang JS, Rivoire O, Leibler S (2009) Simpson’s paradox in a synthetic microbial
system. Science 323(5911):272–275.
48. Crespi BJ (2001) The evolution of social behavior in microorganisms. Trends Ecol Evol
16(4):178–183.
49. Cordero OX, Ventouras LA, DeLong EF, Polz MF (2012) Public good dynamics drive
evolution of iron acquisition strategies in natural bacterioplankton populations. Proc
Natl Acad Sci USA 109(49):20059–20064.
50. Cordero OX, et al. (2012) Ecological populations of bacteria act as socially cohesive
units of antibiotic production and resistance. Science 337(6099):1228–1231.
51. Raymond B, West SA, Griffin AS, Bonsall MB (2012) The dynamics of cooperative
bacterial virulence in the field. Science 337(6090):85–88.
52. Rumbaugh KP, et al. (2009) Quorum sensing and the social evolution of bacterial
virulence. Curr Biol 19(4):341–345.
53. Vetsigian K, Jajoo R, Kishony R (2011) Structure and evolution of Streptomyces interaction networks in soil and in silico. PLoS Biol 9(10):e1001184.
54. De Mazancourt C, Loreau M, Dieckmann U (2005) Understanding mutualism when
there is adaptation to the partner. J Ecol 93(2):305–314.
55. Foster KR (2004) Diminishing returns in social evolution: The not-so-tragic commons.
J Evol Biol 17(5):1058–1072.
56. Jiricny N, et al. (2010) Fitness correlates with the extent of cheating in a bacterium.
J Evol Biol 23(4):738–747.
57. Drescher K, Nadell CD, Stone HA, Wingreen NS, Bassler BL (2014) Solutions to the
public goods dilemma in bacterial biofilms. Curr Biol 24(1):50–55.
58. Morris JJ, Johnson ZI, Szul MJ, Keller M, Zinser ER (2011) Dependence of the cyanobacterium Prochlorococcus on hydrogen peroxide scavenging microbes for growth at
the ocean’s surface. PLoS ONE 6(2):e16805.
59. Xavier JB, Kim W, Foster KR (2011) A molecular mechanism that stabilizes cooperative
secretions in Pseudomonas aeruginosa. Mol Microbiol 79(1):166–179.
60. Gore J, Youk H, van Oudenaarden A (2009) Snowdrift game dynamics and facultative
cheating in yeast. Nature 459(7244):253–256.
61. Hallatschek O, Hersen P, Ramanathan S, Nelson DR (2007) Genetic drift at expanding
frontiers promotes gene segregation. Proc Natl Acad Sci USA 104(50):19926–19930.
62. Saxer G, Doebeli M, Travisano M (2009) Spatial structure leads to ecological breakdown and loss of diversity. Proc R Soc Lond B Biol Sci 276(1664):2065–2070.
63. MacLean RC, Gudelj I (2006) Resource competition and social conflict in experimental
populations of yeast. Nature 441(7092):498–501.
64. Nowak MA, May RM (1992) Coexistence and competition in HIV infections. J Theor
Biol 159(3):329–342.
65. Mitri S, Xavier JB, Foster KR (2011) Social evolution in multispecies biofilms. Proc Natl
Acad Sci USA 108(Suppl 2):10839–10846.
66. Momeni B, Waite AJ, Shou W (2013) Spatial self-organization favors heterotypic cooperation over cheating. eLife 2:e00960.
67. Wanner G, Vogl K, Overmann J (2008) Ultrastructural characterization of the prokaryotic
symbiosis in “Chlorochromatium aggregatum.” J Bacteriol 190(10):3721–3730.
68. Kim W, Racimo F, Schluter J, Levy SB, Foster KR (2014) Importance of positioning for
microbial evolution. Proc Natl Acad Sci USA 111(16):E1639–E1647.
69. Klitgord N, Segrè D (2011) Ecosystems biology of microbial metabolism. Curr
Opin Biotechnol 22(4):541–546.

17946 | www.pnas.org/cgi/doi/10.1073/pnas.1412673111

Oliveira et al.

Supporting Information
Oliveira et al. 10.1073/pnas.1412673111
SI Materials and Methods
Here, we present an extended version of the methods used in
the paper.
Ordinary Differential Equation Models with Fixed Investment into
Secretion. There is a large literature on the evolution of single

microbial secretions—often known as studies of cheaters and
cooperators—that includes both theory (1–4) and empirical tests
(5–8). Our goal here is to build directly on this work. We,
therefore, base our models on two recent and detailed studies of
single secretions (3, 7). These studies assume that cells land in
patches stochastically, such that the number of cells across patches
follows a Poisson distribution (Poisson-based seeding) (Fig. S9).
Such seeding is based on the realistic assumption that the number
of cells per patch is not deterministic and the same across patches
but random. Earlier models used simpler demographics, but this
difference does not affect our conclusions (Fig. S9), such that our
model also recapitulates the predictions of other studies of single
secretions (2, 4).
We model the population dynamics of microbial genotypes
growing in a well-mixed environment using systems of ordinary
differential equations (ODEs). Each system is composed by 2s
equations, where s is the number of traits (secretions) in a given
model, and each equation represents the population dynamics
of a given microbial genotype in each subpopulation. The total
number of genotypes in each model is, thus, captured by binary
combinatorics; each genotype is labeled by a binary string, where
one and zero mean production or nonproduction of a certain
trait, respectively. Here, we explain the two-trait model, but the
framework is equivalent for the one- and three-trait cases presented in the text. For a system of two cooperative traits, the four
genotypes ([1,1], [1,0], [0,1], and [0,0]) grow according to the
following general form:
P 


dgij 
g
;
= r − ði + jÞ · c · gij · 1 −
K
dt
where gij represents the density of individuals of genotype [i,j] in
each subpopulation [ði; jÞ ∈ f1; 0gs ], and s is the number of traits.
Specifically for the two-trait model, one has the following system
of four ODEs:
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>
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>
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K
where r is the intrinsic growth rate (here assumed to be r = 1 for
simplicity), and c is the cost of producing each trait. Note that we
assume here additive costs for secretion production (given by the
summation of the genotype index). We also considered nonlinear costs (both accelerating and decelerating), and these functional forms do not qualitatively affect our conclusions (Fig. S6).
Importantly, K (the carrying capacity of the environment) is
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a function of the traits available (here given by the frequency
of producers of each trait) and has the following general form:


g11 + g10
g11 + g01
K = Kbasal + KmaxB
;
·
g11 + g10 + g01 + g00 g11 + g10 + g01 + g00
where Kbasal and KmaxB are constants representing the minimal
carrying capacity of the system and the maximum benefit from
secretions, respectively (here, Kbasal = 1 and KmaxB = 100,000).
Note that we use multiplicative benefits, because we assume that
all cooperative traits are essential, which together with Kbasal = 1,
represents the requirement of cells having access to all secretions
to be able to grow. However, we also vary the strength of selection by considering increasing values of Kbasal. Fig. S1 shows that
increasing Kbasal reduces the potential for between-genotype cooperation, but when it evolves, it does so under the same demographic conditions and intermediate values of genetic mixing.
Moreover, given that it is not fully known how K scales with
secretions, we additionally implemented an additive version,
where now we consider additive benefits instead of multiplicative
benefits (Fig. S8). Again, the evolution of between-genotype cooperation is restricted to intermediate values of genetic mixing. To
model the effect of niche overlap on the evolution of betweengenotype cooperation, we analyzed an extension of the two-trait
model presented above, where we considered eight genotypes
belonging to two different species. In this case, only genotypes
from to the same species compete for resources (Fig. S4).
We consider a standard lifecycle of microbes [the work by
Cremer et al. (3) and references therein further discuss the
lifecycle]: (i) formation, where a random number of cells is allocated to each subpopulation (based on a Poisson process with
mean n0) in a set of M subpopulations (here, M = 1,000) and the
identity of each cell follows a uniform distribution based on the
frequency of each genotype [which we assumed is the same for
all genotypes at the beginning (G0)]; (ii) growth, where genotypes in each group proliferate according to logistic dynamics
(until saturation is reached); and (iii) merging, where the M
groups are merged together and the global genotypic frequencies
are updated. After a full cycle of seeding, growth, and merging
(equivalent to one generation), new patches are seeded according to the recalculated genotypic frequency. These cycles are
repeated for G generations (typically 1,000), which is sufficient
for genotypic frequencies reaching equilibrium.
ODE Models with Variable Investment into Secretion. To model the
evolution of investment into secretion production, we implemented two different frameworks (here called discrete and
continuous models for the evolution of investment). In the discrete version, we simply extended our model described above to
allow strains to invest in three different levels of secretion (0.5, 1,
and 2). We, thus, considered the genotypes [0.5,0.5], [1,1], [2,2],
[0.5,0], [1,0], [2,0], [0,0.5], [0,1], [0,2], and [0,0] and show that [2,2]
evolves under low mixing but that [0.5,0] and [0,0.5] will evolve
under the conditions favoring cross-feeding. Here, we assume for
simplicity that full producers invest the same to both secretions,
but we find the same qualitative results when we drop this assumption (Fig. S5).
In the continuous version, we use the same lifecycle but add
a mutation phase, where we allow for mutations that can either
increase or decrease the investment into cooperation. The lifecycle is then (i) formation; (ii) mutation, where each cell of the
subpopulation mutates its parameter x, which governs how much
1 of 5

a cell invests into its public goods; (iii) growth; and (iv) merging.
In the growth phase, the evolution of each single subpopulation
is governed by a set of z ODEs, where z is the number of individuals that inhabit each subpopulation after mutation. Each
initial cell z then proliferates according to the general ODE
P 


dgx;ij 
g
;
= r − ði + jÞ · x · c · gx;ij · 1 −
K
dt
where gx,ij represents the density of the cell type with genotype
[i,j] and investment x, and K is still a function of the secretions
available (given by the frequency of secretors), which now incorporates explicitly the evolvable investment x of cells:


x · g11 + x · g10
x · g11 + x · g01
:
K = Kbasal + KmaxB
·
g11 + g10 + g01 + g00 g11 + g10 + g01 + g00
Thus, the genotypes are now effectively x·gij and not gij as before.
For example, if x = 2, [1,1] will behave as a genotype [2,2],
because we assume for simplicity that full producers will evolve
the same level of investment for both traits.
Individual-Based Model. We used an individual-based model to
examine the effects of spatial structure on our predictions. In
particular, we ask if between-genotype cooperation can evolve if
secreted traits have limited diffusion, which may be common on
surfaces (9). To capture the effect of diffusion, we use spatial
simulations that consider 2D lattices with periodic boundaries.
Cells can only divide into empty spaces of their closest neighborhood (eight spaces around the focal individual), and the effect
of a public good is limited to a neighborhood of a certain size
around the producer cell. This spatial version is based on the
same assumptions as the previous model for homogenous environments, and it uses an adaptation of the Gillespie algorithm for
simulating population dynamics in continuous time (10). Although exactly equivalent to the Direct Method by Gillespie (11),
this alternative is computationally more efficient and can easily
handle large populations of individuals with individual properties
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Fig. S1. Effect of basal fitness on the evolution of between-genotype cooperation in microbes. Our main models assume that secreted traits are essential for
growth, which means that groups without secretions will not grow. Here, we vary Kbasal (carrying capacity without secretions) from 1 to 10,000 [up to 10% of
the maximum benefit from secretions (KmaxB)] (SI Materials and Methods). The only effect is to reduce the scope for between-genotype cooperation, which
further suggests that cooperation among microbial genotypes is limited. Results from the two-trait model (ODE version) with the cost (c) at 5% of growth rate
are shown.
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Fig. S2. Effect of increasing the number of traits on the evolution of cross-feeding. (Lower Left) Systems that rely on four secretions select more for cooperative cross-feeding than those relying on three secretions only. This results from the increasing cost of adding another secretion to a genotype that
produces all traits. (Lower Right) If total costs are fixed (here, at 10% of maximum growth rate), then adding another secretion reduces the prevalence of
cross-feeding.
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Fig. S3. Social insulation in systems with increasing numbers of traits. The introduction of passive genotypes has the same effect on the evolution of cooperative cross-feeding in systems relying on two, three, and four traits: a high percentage of passive genotypes prevents between-genotype cooperation.
(Lower Right) Holding the total cost of all secretions constant shows that social insulation is particularly problematic for systems with many secretions. Here, we
fixed total costs at 10% of maximum growth rate and genetic mixing at n0 = 10, which promote cross-feeding in the absence of passive genotypes.
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Fig. S4. Evolution of cooperation between genotypes without overlapping niches. For the nonoverlapping case, we consider two species of bacteria (species A
and B) that do not compete for the same resources. Each species is composed by the same four genotypes considered in the standard model. Importantly,
secretions can be used by any genotype, regardless of the species. However, to allow natural selection to differentiate between the species, we also assume
asymmetric costs: species A is more efficient on secretion 1 than species B but less efficient on secretion 2. As for the standard model, cooperative cross-feeding
between species A and B is possible at intermediate levels of genotypic mixing only. However, the scope for cooperation is now improved, because crossfeeders do not compete for the same resources. For both cases, we considered well-mixed conditions and high secretion cost (here, c = 10% of maximum
growth rate per secretion).
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Fig. S5. Independent evolution of investment into secretion production. In the text (Fig. 4), we show the results of a discrete model, where the producers of
both traits invest the same amount in each secretion. That is, we considered only genotypes [0.5,0.5], [1,1], and [2,2] in the full secretors. Here, we show that
identical results are obtained when full producers can invest differentially in each trait: high investment is selected at low mixing, whereas increasing mixing
selects for reducing investment.
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Fig. S6. Effect of nonlinear costs on the evolution of between-genotype cooperation. Our models assume that genotypes that invest in more than one trait
experience a linear increase in costs. For example, if one sets c equal to 0.1, then [1,1] will reduce its growth rate by 20%, whereas genotypes that produce only
1, [1,0], and [0,1] reduce by 10%. Here, we considered the effect of nonlinear (Lower Left) decelerating and (Lower Right) accelerating costs. Specifically, [1,1]
now invests (Lower Left) 15% and (Lower Right) 30%, whereas the investment is the same for cross-feeders.
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Fig. S7. Evolution of the genotypic cooperation in our model (Black Queen-like) compared with a classical mutualism model. We modeled classical mutualism
by considering two species of bacteria (species A and B) that do not compete for the same resources and possess unique traits (one secretion each) that can only
be used by the partner species for growth. That is, there is no [1,1] genotype but just a single-trait producer and respective cheater genotype within each
species. For both cases, we considered well-mixed conditions and high secretion cost (c = 10% of maximum growth rate per secretion). The potential for
genotypic cooperation is higher under canonical mutualistic interactions (here given by a wider region of genotypic mixing, under which cooperative partners
dominate the population). The within-species frequencies of [1,0] and [0,1] in both plots overlap, as expected, and therefore, only one of two colors is seen in
the plot.
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Fig. S8. Effect of the functional form of benefits on the evolution of between-genotype cooperation in microbial communities. Qualitative conclusions are
robust to both multiplicative and additive benefits to secretions. Our main models assume that the benefits of multiple secretions combine multiplicatively to
set population carrying capacity (K). For example, for two traits, K is proportional to the product of the amount of secretions 1 and 2 in each subpopulation.
Here, this scenario is compared with a case where K scales as the sum of the amounts of two secretions. Results are shown from the two-trait model (ODE
version) with cost (c) at 5% of the maximum growth rate, where the two fitness functions are, for multiplicative benefits,


g11 + g10
g11 + g01
K = Kbasal + KmaxB
,
·
g11 + g10 + g01 + g00 g11 + g10 + g01 + g00
and for additive benefits,

K = Kbasal + KmaxB

g11 + g10
g11 + g01
+
g11 + g10 + g01 + g00 g11 + g10 + g01 + g00


2:

Genotypic frequency

As before, Kbasal and KmaxB are the minimal carrying capacity of the system and the maximum benefit from secretions, respectively, and gij is the density of
individuals of genotype [i,j] in each subpopulation.
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Fig. S9. Effect of the type of seeding on the evolution of cooperative cross-feeding. We find the same qualitative behavior for (Left) Poisson-based seeding,
where a random number of cells is initially introduced in each group, and (Right) fixed seeding, where we introduce the same number of cells in all groups.
However, there are some quantitative differences, because fixing the number of cells introduced per group reduces the variance between groups. This reduction in variance between groups affects the potential for Simpson’s Paradox and thus, the evolution of cooperation both within and between genotypes.
Costs per trait were set at 5% of the maximum growth rate.
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