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Bacteria produce a range of molecules that are secreted from the
cell and can provide a benefit to the local population of cells. Labo-
ratory experiments have suggested that these “public goods” mole-
cules represent a form of cooperation, favored because they
benefit closely related cells (kin selection). However, there is a rela-
tive lack of data demonstrating kin selection for cooperation in nat-
ural populations of bacteria. We used molecular population
genetics to test for signatures of kin selection at the genomic level
in natural populations of the opportunistic pathogen Pseudomonas
aeruginosa. We found consistent evidence from multiple traits that
genes controlling putatively cooperative traits have higher poly-
morphism and greater divergence and are more likely to harbor del-
eterious mutations relative to genes controlling putatively private
traits, which are expressed at similar rates. These patterns suggest
that cooperative traits are controlled by kin selection, and we esti-
mate that the relatedness for social interactions in P. aeruginosa is
r = 0.84. More generally, our results demonstrate how molecular
population genetics can be used to study the evolution of coopera-
tion in natural populations.
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he growth and success of many bacteria appear to depend

upon a stunning array of cooperative behaviors (1-3). Cells
produce and secrete a range of factors that benefit the local
group of cells and so, act as cooperative “public goods.” Exam-
ples include molecules to scavenge iron (siderophores) (4),
enzymes that break down proteins (proteases) (5), and mole-
cules to aid cell movement (rhamnolipids) (6).

The potential problem with such cooperation is that it can be
exploited by noncooperators (“cheats”) that do not produce pub-
lic goods but can still benefit from those produced by others (7).
A likely solution to this problem in bacteria is that clonal growth
keeps close relatives together, and limited diffusion keeps public
goods close to producers (8). Consequently, the benefits of coop-
eration tend to be shared with related cells that share the gene for
cooperation, and so, cooperation is favored by kin selection (9).

However, most evidence for cooperation and kin selection in
bacteria has come from laboratory experiments (10-18). To
what extent are test-tube cultures, often utilizing extreme gene
knockouts, representative of natural populations (1, 12). A
problem here is that while bacteria and other microorganisms
offer many advantages for laboratory experiments, they can be
very difficult to study in their natural environment.

Population genetics offers a way to study natural populations
because kin selection can leave signatures (“footprints”) of
selection at the genomic level (10-12, 15, 19-28). In a clonal
population, where the relatedness (r) between interacting cells
is r = 1, the benefits of cooperating will always be passed onto
other individuals that carry the gene for cooperation. In con-
trast, as relatedness decreases (r < 1), the benefits of coopera-
tion will increasingly be passed onto individuals that do not
carry the gene for cooperation (Fig. 14). This reduces (dilutes)
the kin-selected benefit of cooperation, making beneficial muta-
tions less likely to fix and deleterious mutations more likely to
fix (Fig. 1B) (9, 25).
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Population genetic theory, therefore, predicts that, in nonclonal
populations (r < 1), cooperative traits favored by kin selection will
show increased polymorphism and divergence relative to traits
that provide private benefits (Fig. 1 C and D) (15, 23, 25). Nonclo-
nal populations appear to be very common in bacteria. At the
scale of the social interaction, groups often contain multiple spe-
cies, let alone multiple lineages of the same species (17, 29, 30).
In addition, molecular and genomic studies have demonstrated
selection for noncooperative cheats that exploit the cooperation
of others as well as a diversity of mechanisms for attacking nonre-
latives (14, 16, 31). Clonal interactions seem to be limited to
extreme cases, such as cyanobacteria filaments (30).

We tested for genomic signatures of kin selection for cooper-
ation in the opportunistic pathogen Pseudomonas aeruginosa.
Laboratory experiments have suggested that P aeruginosa pro-
duces a range of cooperative public goods that facilitate both
growth and virulence (4, 32, 33). A potential problem with
genomic analyses is that they can be confounded by conditional
gene expression. If a gene is only occasionally expressed, in cer-
tain conditions, this can also lead to relaxed selection, making
beneficial mutations less likely to fix and deleterious mutations
more likely to fix (10, 22). We controlled for this influence of
conditional gene expression by making targeted comparisons
between cooperative and private traits that are likely to be
expressed at similar rates.

Results and Discussion

We compared genetic variation in traits that are hypothesized
to be cooperative with traits that are hypothesized to be pri-
vate (Fig. 1). The predicted results from the population
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Fig. 1. Population genetic theory for cooperative traits (15, 25). (A) Representation of how traits are categorized as private or cooperative. Cooperative
traits are those involving the production and secretion of molecules where the fitness benefits can potentially be shared with other cells in the local
group. Private traits are those where the fitness benefits are only felt by the individual expressing the gene (e.g., internal metabolism). (B) Probability of
fixation for deleterious or beneficial mutations of varying effect (x axis) for mutations influencing private (black line) and cooperative (social; all lines)
traits. In clonal populations, where the relatedness (r) between interacting individuals r = 1, the prediction is the same for mutations influencing private
and cooperative traits (black line). As relatedness decreases, the prediction changes for mutations influencing cooperation, with beneficial mutations
becoming less likely to fix and deleterious mutations becoming more likely to fix. Consequently, in nonclonal populations, there is relaxed selection on
genes controlling cooperative traits relative to those controlling private traits. Adapted from ref. 15. (C) Prediction for relative polymorphism and diver-
gence for cooperative (blue) relative to private (yellow) genes assuming a fixed r < 1. Due to the increased fixation likelihood of deleterious mutations
and decreased fixation likelihood of beneficial mutation, genes for cooperative traits should have relatively greater levels of polymorphism and diver-
gence. (D) Predicted polymorphism of private (yellow) and cooperative (blue) genes as relatedness varies for a trait where cooperation is favored when
r>0.25. For private traits, polymorphism is independent of relatedness. For cooperative traits, expected polymorphism relative to a private trait is
inversely proportional to r when cooperation is favored. When r = 1, there is no difference in polymorphism between cooperative and private traits.
When r < 0.25, cooperation is not favored, so relatedness no longer predicts the level of polymorphism observed.

genetic analysis for kin selection and other competing hypoth-  of P aeruginosa environmental isolates, focusing our analyses
eses are shown in Table 1. As no single measure can separate  on six groups of traits where the cooperative and private traits
the different possible forms of selection, it is important to con-  were likely to be expressed at relatively similar rates (SI
sider all of these measures together. We examined 41 genomes  Appendix, Table 6).

Table 1. Predicted results from population genetics analysis for four different forms of selection

Selection type Divergence Polymorphism Deleterious mutations Tajima’'s D McDonald-Krietman
Positive/directional High Low — <<0 P < 0.05

Kin High High High ~0 n.s.
Balancing Low High — >>0 P < 0.05
Purifying Low Low — ~0 n.s.

Levels of divergence, polymorphism, and frequency of deleterious mutations are shown as values for cooperative genes relative to private genes.
Tajima’s D uses information about the frequency of polymorphism, and predictions are shown as the absolute value, with extreme values indicative of
positive or balancing selection. The McDonald-Krietman test compares levels of polymorphism and divergence, and a significant result is indicative of
either positive or balancing selection. From refs. 15 & 25. n.s., not significant.
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Quorum Sensing. We started by examining genes induced by the
quorum sensing (QS) signaling system (34, 35). This system
regulates gene expression in response to the density of a diffus-
ible signal molecule produced by cells. As cell density increases,
the concentration of the signal molecule also increases, leading
to the up-regulation of many genes. In P aeruginosa, the QS
network regulates several hundred genes, which comprise ~6%
of the genome (36).

There are four advantages to examining the QS system. First,
it regulates a number of traits that are hypothesized to be coop-
erative as well as a number of traits that have only private bene-
fits (Fig. 14) (37, 38): for example, the secretion of enzymes to
digest proteins outside the cell (cooperative) vs. the production
of enzymes to metabolize molecules within the cell (private).
Second, control by the shared QS network means that the
genes coding for these different traits are likely to be expressed
at relatively similar rates on average (34, 35). This allows us to
control for the potentially confounding influence that expres-
sion rates may have on patterns of genetic variation (22). Third,
coregulation of genes acts as a control for mutations in noncod-
ing regulatory and promoter regions that could affect the pro-
duction of public goods. Fourth, the large size of the network
means that there are sufficient genes for a meaningful compari-
son (Methods).

We used a combination of gene annotations and experimental
data to assign genes as controlling either cooperative or private
traits (Methods). For example, we categorized the extracellular
elastase LasB as cooperative because it has been shown to be an
exploitable public good in laboratory experiments (39). We also
included several other extracellular proteases controlled by QS
signaling, such as Protease IV (PIV) and PepB, which can provide
benefits to the local group of cells and are known virulence factors
(40, 41). Private traits include genes encoding proteins such as
Nubh, an intracellular enzyme that allows cells to metabolize aden-
osine within the cell (5). The set of cooperative genes and their
function are given in SI Appendix, Table 1. Our set of genes con-
tains some that respond specifically to only one of the two major
QS signals, so we checked the robustness of our results by restrict-
ing the analysis to only genes that respond to both QS signals in
SI Appendix, section SO.
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Fig. 2. Nucleotide diversity per site for private QS (yellow) and coopera-
tive QS (blue) genes. Each dot represents a gene, and the horizontal lines
represent the median for each group. The gray dotted line represents the
median for private genes across the genome. Genes for cooperative traits
showed significantly higher polymorphism than genes for private traits.

Belcher et al.
Kin selection for cooperation in natural bacterial populations

QS: Polymorphism. We found that genes regulating cooperative
traits had significantly higher levels of polymorphism than
genes regulating private traits (Fig. 2) (ANOVA Fy2351 = 12.0,
P < 0.01; Tukey’s honest significance test [HSD] P = 0.009).
This difference was also significant when examining synony-
mous and nonsynonymous sites separately (synonymous:
ANOVA F| 5350 = 30.0, P < 10~ "; Tukey’s HSD P = 0.004; non-
synonymous: Kruskal-Wallis X2(2) =22.7, P < 10~*; Dunn test
P = 0.04) (SI Appendix, Fig. 1). In all cases, the average pair-
wise nucleotide diversity per site (x) was significantly higher in
cooperative genes compared with private genes. We discuss
possible reasons for increased polymorphism being manifest at
synonymous sites as well as nonsynonymous sites in the follow-
ing section.

We also found the same pattern of elevated polymorphism in
cooperative genes when comparing with a background set of
2,459 private genes not involved in the QS system (S Appendix,
section S5). This background set was made up of genes whose
proteins localize to the cytoplasm since these are the class of
gene least likely to have a cooperative function. However, some
cytoplasmic genes will be critical to the process of producing
and secreting public goods, particularly in complex public goods
such as pyoverdine that require several biosynthesis steps (42).
Examining QS-controlled genes, the ratio of nonsynonymous to
synonymous polymorphism did not differ significantly between
genes controlling cooperative vs. private traits (ANOVA
Fi338 = 32.4, P < 107'; Tukey’s HSD P = 0.963). However,
QS-regulated private genes had a significantly higher ratio
than the background set of private genes (Tukey’s HSD P < 0.03)
(SI Appendix, Fig. 2). This result reflects the finding that polymor-
phism is increased at both nonsynonymous and synonymous sites
in cooperative compared with private genes and that
QS-regulated genes may be under overall stronger selection than
the background set of private genes. This could be because
QS-regulated genes include many virulence factors and genes
with large fitness effects, such as those involved in biofilms, social
motility, and obtaining nutrients (38).

QS: Divergence. We found that genes regulating cooperative traits
had significantly higher divergence than genes regulating private
traits (Fig. 3). We measured divergence as the rate of protein evo-
lution, quantified as the number of substitutions per site when
comparing the reference genome PAO1 with the known taxo-
nomic outlier PA7 (43). The difference was significant when
examining both nonsynonymous (Fig. 34) (Kruskal-Wallis
X%(2) =25.5, P<107°; Dunn test P = 0.045) and synonymous
sites (Fig. 3B) (ANOVA Fi118 = 0.08, P = 0.771; Tukey’s HSD
P =10.03).

Divergence was significantly elevated at both nonsynony-
mous and synonymous sites in cooperative genes, and the ratio
of nonsynonymous to synonymous divergence does not differ
between the two classes of gene (Kruskal-Wallis
X?%(2) =378, P<10°%; Dunn test P = 0.40). However, both
cooperative and private QS genes have a significantly higher
ratio than the background private genes (Tukey’s HSD cooper-
ative P < 1072 private P < 10’6), and cooperative genes have a
slightly higher median ratio than private genes (SI Appendix,
Fig. 3). We found that the baseline levels of polymorphism and
divergence that we observed were consistent with previous
studies (SI Appendix, section S8).

Our finding that cooperative genes have significantly ele-
vated polymorphism at both synonymous and nonsynonymous
sites suggests that mutations at synonymous sites are under
selection and not evolving neutrally. In microbes, there is sub-
stantial evidence that synonymous mutations have fitness
effects (44), such as increasing antibiotic resistance (45) and
generating public goods cheats in viruses (46). Synonymous
mutations in pyoverdine biosynthesis genes repeatedly occur in
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Fig. 3. Divergence at nonsynonymous (A) and synonymous (B) sites measured as rates of protein evolution (e.g., nonsynonymous substitutions per nonsy-
nonymous site) for private QS (yellow) and cooperative QS (blue) genes. Each point represents a gene, and the horizontal lines represent the median for
each group. The gray dotted lines represent the median for private genes across the genome. Genes for cooperative traits showed significantly higher

divergence than genes for private traits.

experimental evolution of P aeruginosa biofilms (47), and syn-
onymous mutations in QS genes of Vibrio campbellii are associ-
ated with intermediate QS phenotypes (48). Similar patterns of
elevated polymorphism at both nonsynonymous and synony-
mous sites were also found in the social microbe Dictyostelium
discoideum (10). We did not find evidence for systematic differ-
ences in codon usage that could explain the synonymous varia-
tion that we see (S Appendix, section S1).

QS: Deleterious Mutations. Population genetic theory also pre-
dicts that deleterious mutations are more likely be observed in
genes controlling cooperative traits that are maintained by kin
selection (10, 25). This prediction is a result of relaxed selection
making deleterious mutations less likely to be removed by
selection. We tested this prediction by looking at the overrepre-
sentation of a subset of loss-of-function mutations that are eas-
ily identifiable. Specifically, we looked for 1) mutations that
generate stop codons and 2) frameshift mutations. Our previ-
ous designation of cooperative genes was based on searching
the literature for QS-regulated genes that have been demon-
strated to be cooperative in the laboratory. Because of this, we
do not know how many other “cooperative” genes there are
that were not included in our previous dataset. Therefore, to
test whether genes with deleterious mutations were more likely
to be cooperative, we needed to use a proxy of cooperative
genes that examined all genes in the genome. We used the pro-
duction of extracellular proteins as a proxy for cooperation, as
has been done previously (49, 50), since this can be systemati-
cally calculated for the whole genome using the protein subcel-
lular localization prediction tool PSORTb (51).

We found that deleterious mutations were more common in
genes controlling the production of extracellular proteins,
which were, therefore, more likely to be cooperative. Of the
359 genes that have known protein localization and at least one
deleterious mutation, 12 code for extracellular proteins (3.3%).
Genes coding for extracellular proteins make up 1.6% of all
genes with known protein localization but 3.3% of genes with
deleterious mutations, which represents a significant overrepre-
sentation of genes coding for extracellular proteins in genes
containing deleterious mutations (binomial test, P < 0.05).
Additionally, this increased to 4.4% (19 of 431 mutations)
when we counted the total number of deleterious mutations in
genes coding for extracellular proteins (rather than the number
of genes with at least one mutation), suggesting that extracellu-
lar proteins are also likely to contain multiple mutations per
gene. Interestingly, we observed a particularly high rate of
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deleterious mutations in LasR, the master regulator of the QS
system. While LasR is not an extracellular protein, LasR
mutants are common in generating “cheaters” in clinical iso-
lates (5, 52), and we show here that they also appear to be com-
mon in environmental isolates.

QS: Robustness and Competing Hypotheses. Our conclusion that
kin selection favors cooperation was further supported by five
further analyses that eliminated alternative explanations for the
patterns that we observed. First, genes for cooperative traits
could alternatively have significantly greater polymorphism
than genes for private traits if they were more likely to be under
balancing selection: for example, due to frequency-dependent
selection between cooperators and cheats (11, 12, 25, 53, 54).
However, we found no evidence that genes for cooperative
traits are overrepresented in genes evolving under balancing
selection and no evidence that balancing selection explained
the elevated polymorphism we observed (SI Appendix,
section S3).

Second, genes for cooperative traits could have significantly
greater divergence than genes for private traits because they are
more likely to be under positive selection and therefore, have
fixed adaptive differences (24, 25). However, we found no evi-
dence that genes for cooperative traits are overrepresented in
genes evolving under positive selection and no evidence that posi-
tive selection explains the elevated divergence we observe (S/
Appendix, section S4). The population genetic parameters that we
analyzed are designed to test deviation from neutral expectations
and therefore, have various underlying assumptions. Neutral the-
ory (55) is based on the idea that polymorphisms are added by
mutation, and their fate is largely determined by drift (56). This
means that populations are at mutation—drift equilibrium, and we
can make predictions about the level of polymorphism we expect
in a population. We can then use tests like Tajima’s D or the
McDonald-Krietman test to test for deviations from the predic-
tions of the standard neutral model. While we cannot completely
rule out problems in interpreting these tests due to issues such as
selection acting at different sites in subpopulations (S Appendix,
section S14), no alternative hypotheses can explain the patterns
we see across multiple sets of isolates and across multiple traits.

Third, our findings could reflect some other shared aspect of
cooperative genes rather than being cooperative per se. We
performed a functional annotation of all the QS-controlled
genes using the eggNOG database (57), which splits genes into
functional categories, such as “metabolism,” “cellular processes
and signaling,” and “information storage and processing.” We
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found that while genes for cooperative traits are overrepre-
sented in genes annotated as metabolism and underrepresented
in genes annotated as information storage and processing, there
was no difference in polymorphism between these two func-
tional categories (SI Appendix, Fig. 4). While we did find a dif-
ference for divergence (SI Appendix, Fig. 5), it is information
storage and processing genes that have higher divergence.
Overall, it appears that there is no other shared function of
genes for cooperation that explains greater divergence and
polymorphism.

Fourth, cooperative genes could appear more polymorphic
and divergent than private genes because of differences in gene
length. In human genomes at least, shorter genes tend to have
higher expression (58) and greater divergence (59) than longer
genes. If cooperative genes tend to be much shorter than pri-
vate genes, this could bias our results, even though we control
for gene length by using polymorphism measures calculated per
site and control for variation in expression by analyzing
QS-controlled genes, which should have similar average expres-
sion. However, cooperative genes did not differ in length com-
pared with private genes (¢ test t = 0.448, P =0.657). Further,
when considering all genes, there is no significant correlation
between gene length and polymorphism (Pearson’s correlation
t =—0.650, P =0.516). We checked the robustness of this anal-
ysis by removing the bottom quartile of genes (<188 amino
acids) from our analysis and found that this makes no differ-
ence to the qualitative results (SI Appendix, section S7).

Fifth, if cooperative and private genes differed in their likeli-
hood of being transferred horizontally over their evolutionary
history, that could affect comparisons due to the inherent prob-
lems that horizontal gene transfer raises in population genetics
(60). We conducted an analysis using pangenome data (S
Appendix, section S11) showing that the cooperative genes we
used either are part of the core genome or present in most
strains with rare duplications. More generally, recent work has
shown that, across bacteria, cooperative genes are not more
likely to be on plasmids (and therefore, transferred) than chro-
mosomes, including in P, aeruginosa (61).

Other Forms of Cooperation. Our analyses on QS provided sup-
port for cooperation being favored by kin selection. We then
tested the robustness of this conclusion by examining five other
cases where we could compare genes for cooperative and pri-
vate traits that were likely to be expressed at similar rates: 1)
iron-scavenging siderophore pyoverdine, 2) iron-scavenging
siderophore pyochelin, 3) antimicrobial resistance, 4) toxins,
and 5) adhesion and movement (Fig. 4 and Table 2). As each
comparison considers traits with the same or similar fitness
components, the strength of selection is expected to be similar
between the “private” and cooperative genes, aiding compari-
sons with theory (25). We have focused on cooperation because
we are examining genes for cooperative traits, but if » < 1, then
we could also expect selection for conflict and exploitation, as
has been examined in the slime mold D. discoideum (11, 62).
Examining across these different cases, we consistently found
that genes coding for relatively cooperative traits were more
polymorphic and showed greater divergence than genes coding
for relatively private traits. Comparing across all six cases,
including QS, the average level of polymorphism was consis-
tently greater (six of six cases) in genes coding for cooperative
traits (Fig. 5) (Wilcoxon signed rank exact test, V = 21, P =
0.03). We found analogous patterns when analyzing synony-
mous and nonsynonymous sites separately (synonymous: six of
six cases, Wilcoxon signed rank exact test, V = 21, P = 0.03 [S/
Appendix, Fig. 6]; nonsynonymous: five of six cases, Wilcoxon
signed rank exact test, V = 20, P = 0.06 [SI Appendix, Fig. 7]).
Comparing across all six cases, the average level of nonsy-
nonymous divergence was consistently greater (six of six
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cases) in genes coding for cooperative traits (Fig. 6)
(Wilcoxon signed rank exact test, V = 21, P = 0.03), with diver-
gence also higher when analyzing synonymous divergence sepa-
rately (SI Appendix, Fig. 8) (six of six cases, Wilcoxon signed rank
exact test, V = 21, P = 0.03).

In the above analysis, we examined whether there was a con-
sistent pattern across different types of trait, taking each trait
type as a single data point (n = 6). One reason that we have
taken this relatively conservative approach is that the six traits
differ in their power to test between cooperative and private
traits. For example, with toxins as well as adhesion and move-
ment, we are comparing relatively private traits that are likely
to still have some cooperative benefit compared with relatively
more cooperative traits (Table 2). With antibiotic resistance,
private and cooperative traits can also involve resistance to dif-
ference antibiotics (Table 2). Nonetheless, while some of these
other five comparisons could have had less power than our
analysis of QS, we found the same consistent pattern across all
cases (Figs. 5 and 6).

As an alternative analysis, we also combined all genes from
all traits into a single dataset (n = 92 cooperative genes, n =
405 private genes). In this case, we also found the same pattern:
that genes for cooperative traits showed significantly greater
polymorphism and divergence (nucleotide diversity: ty;75 =
3.920, P < 0.001; nonsynonymous divergence: ty4; = 4.353, P <
0.0001) (ST Appendix, section S6). We did not analyze the pat-
terns within each type of trait separately because the sample
size in some groups was too low. For example, we were only
able to analyze three private pyochelin genes and four coopera-
tive conflict genes (R and F pyocin bacteriocins).

Clinical Isolates. The robustness of our results was also supported
when we analyzed whole genomes from 41 clinical isolates.
While most clinical strains are often acquired from the environ-
ment (63), it is generally thought that they are not transmitted
back to the environment (64). We, therefore, focused on envi-
ronmental isolates because they are more likely to represent
natural populations. Furthermore, certain environmental condi-
tions, such as treatment with antibiotics, may affect diversity at
some genes (e.g., those involved in immune escape) but not
others, so we decided not to analyze clinical and environmental
isolates together. Nonetheless, when analyzing clinical isolates,
we found the same qualitative patterns, with genes for coopera-
tive traits showing increased polymorphism consistent with
relaxed selection (SI Appendix, section S2). Further, our results
for polymorphism and divergence are in line with previous stud-
ies in this species (SI Appendix, section S8).

Relatedness. Given that the predicted degree to which selection
is relaxed on cooperative traits is inversely proportional to
relatedness between producers and recipients of cooperative
traits, we can use our data to estimate relatedness. We do this
by comparing the relative level of polymorphism between coop-
erative and private QS-regulated genes, as we can make direct
predictions of relative polymorphism from a simple population
genetic model with some assumptions (SI Appendix, section
S12) (15, 25). In particular, because the theory is about com-
paring one cooperative gene with one private gene under equal
strength of selection, we have to assume that the magnitude
and distribution of selection coefficients on cooperative and
private traits are on average the same.

We estimate that relatedness is r = 0.84 for the natural iso-
lates and r = 0.85 for the clinical isolates (SI Appendix, section
S12). This method allows us to estimate relatedness in natural
populations, when it would otherwise be problematic to esti-
mate directly. In order to estimate relatedness directly, it would
be necessary to both genotype cells and identify the spatial
scale over which social interactions take place. This is possible
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Fig. 4. Secondary comparisons of cooperative vs. private traits. (A) Pyoverdine and pyochelin siderophores. (B) Antimicrobial resistance. (C) Toxins. (D)
Cell adhesion and movement. More details are in Methods and Table 2. Gene lists for each comparison are in S/ Appendix, Tables 2-4.

in cases where interactions take place in a defined social group,
such as a fruiting body (18). In contrast, things get much more
difficult with public goods, especially as cells live and grow in a
range of different environments and produce a variety of public

Table 2. Additional comparisons of cooperative vs. private genes

goods (65). Indeed, laboratory data could even lead to very mis-
leading estimates. In contrast, by using an indirect population
genetics approach, we are effectively letting natural selection
work out the spatial scale of interaction for us (66). Natural

Comparison Relatively private genes Relatively cooperative genes
Pyoverdine Genes involved in the uptake and use of Genes involved in the biosynthesis and
iron-bound pyoverdine in the cell export of pyoverdine into the extracellular
space
Pyochelin Genes involved in the uptake and use of Genes involved in biosynthesis and export of

Antimicrobial resistance

Toxins

Adhesion and movement

iron-bound pyochelin in the cell

Genes that control efflux pumps, which
expel unaltered antibiotics back into the
environment, and outer porins, which
alter resistance through traits such as
membrane stability

Genes that control mechanisms to eliminate
competitors via direct contact and the
injection of toxins, such as the T6SS; this
may still provide an indirect benefit to
other cells but relatively less than
diffusible toxins

Genes that allow cells to stick to and move
across surfaces, such as flagella and pili

pyochelin into the extracellular milieu

Genes where the antibiotic is modified and
all cells in the local population benefit;
this includes the production of beta-
lactamases and enzymes that deactivate
aminoglycoside antibiotic

Genes involved in the production of
bacteriocins to eliminate competitors, such
as R and F pyocins, which diffuse through
the environment

Genes producing EPSs and rhamnolipids that
allow cells to stick and move together

We examined five scenarios. In the first two of these, we compared genes for the same trait with either private (uptake) or cooperative (production and
export) fitness consequence: pyoverdine and pyochelin. For the other three, we compared genes for traits with similar functions but where traits varied in
the extent to which they were relatively private or relatively cooperative: antimicrobial resistance, toxins, and adhesion/movement.
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Fig. 5. Private vs. cooperative comparisons for six trait types for polymorphism (nucleotide diversity). A is the private vs. cooperative comparison for QS
genes from the main analysis (Fig. 2) shown for comparison. B-F show the private vs. cooperative comparison for five other traits (see Methods). Across
different traits, genes for cooperative traits showed a consistent trend toward higher polymorphism than genes for private traits.

selection will respond to the average relatedness, which will
depend upon all the factors that would be hard or impossible for
us to directly estimate.

Other Species. Our results build upon previous studies to show
how cooperative social behaviors can be favored by kin selection
in an analogous way across the natural world. Van Dyken and
Wade’s (15) groundbreaking analysis on QS genes across seven
bacterial species found similarly increased polymorphism and
divergence but did not have sufficient information at the time to
distinguish between private and cooperative QS-controlled traits
or control for expression rates (22). Population genetic analyses
on the slime mold D. discoideum have examined both social con-
flict and relaxed selection (10-12, 67). In social insects, genes for
cooperative traits diverge and evolve faster (28, 68), yet they
experience lower rates of adaptive evolution (19). Furthermore,
selection on cooperative worker traits appears to be relaxed with
increased mating frequency, when relatedness is lower (20, 21,
26). Social insects have the advantage that genes can be readily
separated by gene expression data into worker traits, which are
presumably cooperative (because workers are largely sterile),
and queen traits, which are likely to evolve under direct fitness
effects (25, 69-71).

Conclusions

Molecular population genetics offers a powerful tool to study
how selection acts in natural populations (56). In combination
with theory, this type of analysis can determine the extent to
which microbial traits are cooperative and how important this
cooperation is in microbes (10-12, 15, 22-25). These results

Belcher et al.
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add to the growing evidence that cooperation plays an impor-
tant role in natural populations of bacteria and other microor-
ganisms. Experiments carried out in hosts have shown that
natural populations engage in cooperation (72-75) and can be
exploited by noncooperative cheats (13, 14, 16, 76, 77). Looking
across species, comparative studies have found higher levels of
cooperation in species where the relatedness between interact-
ing individuals is higher (17, 30). We have shown here that
molecular population genetics can also provide evidence for the
role of cooperation in natural populations.

Methods

Controlling for Levels of Expression. The central predictions of elevated diver-
gence and polymorphism are characteristic of relaxed selection, but there are
factors alongside kin selection (indirect fitness) that can lead to relaxed selec-
tion. Notably, conditional expression can also produce the same effect via the
same mechanism of weakening the association between possessing a geno-
type and producing a phenotype that can be seen by selection. Specifically, if
a gene is expressed by only a fraction of individuals or by all individuals but in
only a fraction of generations, selection is relaxed (22).

In order to control for the effect of conditional expression, we restricted
our primary analysis to the subset of genes coinduced by the QS signaling sys-
tem. QS is a mechanism for coordinating gene expression whereby diffusible
signals accumulate as cell density increases, eventually reaching a threshold
where the receptor is activated and expression of a set of genes is triggered.
In P. aeruginosa, there are several hundred genes whose expression is con-
trolled by QS signaling, of which there is an overrepresentation of proposed
cooperative traits as well as many private traits (37, 38). We, therefore, com-
pare cooperative genes with private genes within this set of QS-controlled
genes, allowing us to control for the effect of conditional expression. In a sep-
arate analysis, we assess whether conditional expression itself predicts levels
of polymorphism and divergence (S/ Appendix, section S10).
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Fig. 6. Private vs. cooperative comparisons for six trait types for divergence (nonsynonymous). A is the private vs. cooperative comparison for QS genes
from the main analysis (Fig. 3) shown for comparison. B—F show the private vs. cooperative comparison for five other traits (see Methods). Across different
traits, genes for cooperative traits showed a consistent trend toward higher divergence than genes for private traits.

Categorization of Genes. For the main analysis, we focus on genes induced by
QS signaling in the P. aeruginosa reference strain PAO1, for which we use the
set of genes described in ref. 36. Within these 315 genes, we selected a set of
genes that are putatively cooperative by manually assessing gene function
from annotation in the Pseudomonas Genome Database (78) as well as a litera-
ture search for any experiments demonstrating a cooperative fitness effect.
This was determined by looking for studies that show the basic prediction for a
public good (producers outperform nonproducers clonally, but nonproducers
outperform producers in groups). The set of cooperative genes and their func-
tions are shown in S/ Appendix, Table 1. This is not intended to be a fully com-
prehensive list of genes with any cooperative effect; indeed, there are several
QS-induced genes of unknown/predicted function that are plausibly coopera-
tive and several categories of genes that may have at least some cooperative
component. We compared cooperative QS with private QS genes for the main
comparison and made further comparisons with a background set of private
genes in the rest of the genome. For this set of background genes, we used
proteins localized to the cytoplasm, as these are the class of gene least likely to
have a cooperative function. Such cytoplasmic genes are known to be overrep-
resented with essential genes (79), which suggests an overrepresentation of
genes with functions such as central metabolism and replication.

For some analyses where we needed a set of cooperative genes across the
whole genome, we followed the approach of previous studies, which have
used extracellular localization as a proxy for sociality (49, 80). Extracellular
localization can be reliably and systematically calculated using PSORTb (51).
While it is evident that not all cooperative genes are extracellular and not all
extracellular proteins are cooperative, any strong effect of sociality is very
likely to be captured by this proxy. For further investigation into properties
that may differ between cooperative and private genes, we used eggNOG
functional annotations (57).

Secondary Comparisons. In our secondary analysis, we examined five compari-
sons of cooperative vs. private genes (Table 2). First, we used pyoverdine, an
iron-scavenging siderophore that is extremely well studied for sociality (4, 32,
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81). We separated the genes involved in the pyoverdine pathway into cooper-
ative and private components, which is possible thanks to good knowledge of
the function and localization of the genes involved (42). We classified genes
involved in the biosynthesis and export of pyoverdine into the extracellular
milieu as cooperative and genes involved in the uptake and disassociation of
iron-bound pyoverdine in the cell as private (S/ Appendix, Table 2). Pyochelin,
the secondary siderophore of P. aeruginosa, was separated into cooperative
and private components using the same principles, forming our next second-
ary comparison.

For the two iron-scavenging comparisons, we separated a single trait into
cooperative and private functions, whereas for the other comparisons here,
we used separate traits for the private vs. cooperative comparison while mak-
ing an effort to ensure that the traits are directly comparable.

Antimicrobial resistance is a broad feature that has been well studied in P.
aeruginosa for its social fitness effects. There are many ways in which cells can
express resistance. One such mechanism is through the production of beta-
lactamases, which detoxify the environment and therefore, can provide coop-
erative benefits to the local population (82). Aminoglycoside resistance can
also be a cooperative trait; the antibiotic is modified, and therefore, the envi-
ronment is detoxified (83). This is in contrast to efflux pumps, which expel
unaltered antibiotics back into the environment (84) and therefore, have pri-
vate fitness effects. Outer porins are another private mechanism (85) that
alters resistance through traits such as membrane stability (86). The genes
used in this analysis are shown in S/ Appendlix, Table 3.

Toxin production is another aspect of bacterial life that can be separated
into relatively cooperative and private components. In P. aeruginosa, there
are various mechanisms by which strains compete with and kill each other,
which can again be separated into cooperative and private components. Type
VI secretion systems (T6SSs) involve direct contact with competitors and the
use of a needle to inject toxins (87), therefore having a private fitness effect.
By contrast, bacteriocins, such as R and F pyocins, do not require direct contact
and diffuse through the environment (33), which allows cooperative fitness
effects on other cells. Elimination of competitors via direct contact can still

Belcher et al.
Kin selection for cooperation in natural bacterial populations


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119070119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119070119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119070119/-/DCSupplemental

have a cooperative social benefit, and so, our comparison here is between
relatively cooperative and relatively private. The gene list for R and F pyo-
cins comes from Ghoul et al. (33). Note that we only use the R and F pyocins
and not the S pyocins. R and F pyocins are made up of many genes, which
form a structure that resembles a bacteriophage tail (88). S pyocins, how-
ever, consist only of killing and immunity genes (33) and so, are less com-
parable with T6SS. The T6SS gene list comes from the set of genes in the
known three distinct T6SS loci in P. aeruginosa (87) alongside the vgr genes
(89) (S/ Appendix, Table 4).

The final cooperative vs. private comparison we used was a broad distinc-
tion between extracellular polysaccharides (EPSs) and rhamnolipids, which
allow cells to stick and move together and are presumed cooperative, and fla-
gella and pili, which allow cells to stick to and move across surfaces. For EPSs,
we used the genes for two of the major P. aeruginosa polysaccharides Psl and
Pel (90) but not the third polysaccharide EPS alginate, which is only a major
component of EPS production in clinical settings (91). For rhamnolipids, a
known cooperative trait (6), we used the three biosynthesis genes. For fla-
gella, we used the gene list in Dasgupta et al. (92). For pili, we used the gene
list in the review by Burrows (93). This category lumps together some different
functions and represents our most tentative grouping (S/ Appendix, Table 5).

We used paired samples Wilcoxon tests to test if cooperative genes differ
significantly from private genes for each population genetic parameter, with
the cooperative and private comparison for each trait type forming a pair. We
chose the nonparametric form of a paired t test because the sample size is
quite low for the cooperative genes in some comparisons; so, differences were
rarely normally distributed, and means were strongly affected by extreme val-
ues. We calculated two-sided P values using the wilcox.test function in R.

Sequences. P. aeruginosa is an opportunistic pathogen, with most clinical
strains also widely spread environmentally (63). To avoid complications from
the selection faced in clinical settings, we focused our primary analysis on envi-
ronmental isolates. It is generally thought that while clinical infections are
acquired from the environment, clinical isolates generally are not transmitted
back to the environment (64). We chose strains from a list of P. aeruginosa
strains on the Pseudomonas Genome Database accessed at https:/
pseudomonas.com/ (78). We gathered all available metadata on isolation
sources and locations and first filtered for strains for which the raw sequence
read data were publicly available (in the form of a sequence read archive
[SRA]); then, we further filtered for strains that were unambiguously environ-
mental (by first removing any strains for which the metadata mentioned
“human,” “clinical,” or the name of a disease and then, further removing any
records for which it was not possible to ascertain their source). This gave a list
of 96 possible strains at the time of analysis. This strain list had heavy
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representation of multiple strain collections from the same locality or environ-
ment type, so we took a smaller sample of 41 strains by sampling randomly
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screened the isolates to make sure no strain had a known mutator element,
such as mutsS, that could increase diversity and affect comparisons. While one
strain had an in-frame deletion mutation in the mismatch repair gene mutL,
removing this strain makes no difference to our conclusions (S/ Appendix,
section $13). The 41 strains used are shown in S/ Appendix, Table 6.
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Where possible, we used an ANOVA to analyze whether there were any
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