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Cooperative organisms evolve within socially diverse populations.
In populations harboring both cooperators and cheaters, cooper-
ators might adapt by evolving novel interactions with either social
type or both. Diverse animal traits suppress selfish behaviors when
cooperation is important for fitness, but the potential for prokar-
yotes to evolve such traits is unclear. We allowed a strain of the
bacterium Myxococcus xanthus that is proficient at cooperative
fruiting body development to evolve while repeatedly encounter-
ing a non-evolving developmental cheater. Evolving populations
greatly increased their fitness in the presence of the cheater, both
relative to their ancestor and in terms of absolute spore productiv-
ity. However, the same evolved lineages exhibited a net disadvan-
tage to the ancestor in the cheater’s absence. Evolving populations
reversed a large ancestral disadvantage to the cheater into com-
petitive superiority and also evolved to strongly suppress cheater
productivity. Moreover, in three-party mixes with the cheater,
evolved populations enhanced their ancestor’s productivity relative
to mixes of only the ancestor and cheater. Thus, our evolved pop-
ulations function as selfish police that inhibit cheaters, both to their
own advantage and to the benefit of others as well. Cheater sup-
pression was general across multiple unfamiliar cheaters but was
more pronounced against the evolutionarily familiar cheater. Also,
evolution generated three new mutually beneficial relationships,
including complementary defect rescue between evolved cells and
the selection-regime cheater. The rapid evolution of cheater sup-
pression documented here suggests that coevolving social strategies
within natural populations of prokaryotes are more diverse and
complex than previously appreciated.
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Cooperative behaviors benefit individuals other than those who
perform them and are prevalent in both animals and microbes

(1), but cheaters that selfishly exploit cooperators are often fa-
vored by selection within social groups (2–4). In microbes, such
cheaters are often defective at the trait they exploit and thereby
impose a cheating load (4) that lowers group productivity when
cheaters are frequent (2, 5). The persistence of high levels of
cooperation among microbes therefore requires mechanisms that
limit cheaters (1,6)—which can increase through mutation,
within-group selection, and intergroup migration—and thereby
allow cooperators, on average, to preferentially interact (1, 7).
Beyond physical barriers to dispersal between groups and in-
herent frequency-dependent fitness disadvantages (2, 5, 8–11),
the frequencies of microbial cheaters can be constrained by sev-
eral additional forces. These potential forces include negative
pleiotropic effects of social defection (6, 12), traits that promote
between-group selection (6) by limiting migration [e.g., cell–cell
adhesion and territorial kin discrimination (13, 14)], horizontal
transfer of cooperative genes (15), and behaviors that specifically
suppress resident cheaters (6, 16). The relative contributions of
these various forces to limiting cheater frequencies in natural
populations of social microbes remain unresolved.
Cooperative eukaryotes have evolved a wide range of behav-

iors that reduce the fitness of selfishly behaving individuals and
thereby mitigate their negative effect on cooperator fitness (16–
18). Little is known, however, about the adaptive pathways along

which cooperative prokaryotes evolve in the presence of cheaters
(19). In particular, the potential for bacteria to evolve the ability to
suppress socially defective cheaters is unclear.
Some instances of prokaryotic cooperation are relatively

simple and involve production of a single public good molecule,
such as an iron-chelating siderophore (20). Other microbial traits
are complex and require multiple cooperative acts governed
by distinct genetic loci (21). For example, cells of the bacterium
Myxococcus xanthus respond to starvation by using multiple
intercellular signals to construct multicellular fruiting bodies
within which a minority of cells differentiate into stress-resistant
spores (22). In such complex systems, diverse cheater genotypes
might evolve that compete with cooperators and with each
other and might even exploit one another. Cooperators may also
evolve to suppress cheating competitors. Interference competi-
tion, exploitation of both cooperators and distinct cheaters and
cheater suppression may significantly shape the dynamics of
cooperation and conflict in natural populations.
We allowed replicate populations of a cooperative, develop-

mentally proficient M. xanthus genotype (“ANC” for ancestor) to
evolve while repeatedly encountering the same developmental
cheater (“CH” for cheater) during starvation, when fitness
depends greatly on cooperation. Strain CH (aka LS523 and
DK5208, refs. 8, 23) is an obligate defector from cooperation (4)
that cheats due to a mutation that prevents production of an ex-
tracellular developmental signal (CsgA) and thereby causes a
partial defect at spore production in clonal groups. Similar de-
velopmental cheaters can be generated by mutations in a variety of
developmental genes and evolve readily in experimental pop-
ulations (8, 24). Evolving populations alternated between de-
velopment during starvation on agar plates and vegetative growth
in liquid culture (Fig. 1) and were mixed at a 1:1 ratio with a fresh
culture of CH at the onset of each developmental cycle. Growth
of CH was inhibited during each phase of vegetative growth with
a selective antibiotic (Fig. 1). After 20 cycles of development, we
tested whether the evolved populations (EV1 to EV4) had adap-
ted by increasing their intrinsic developmental fitness (i.e., in-
creasing their absolute spore productivity in a manner unaffected
by social environment) or by evolving novel social interactions with
the cheater CH, their own cooperative ancestor ANC, or both.

Results
Evolving Lineages Adapted to the Experimental Regime. During the
evolution experiment, spontaneous mutants competed directly
with the ancestor (at least early in the experiment) and one
another in the presence of the non-evolving cheater CH. Thus,
evolved lines should outcompete their ancestor in three-
party mixes with CH if adaptation occurred. Strain ANC* is
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the immediate parent of ANC but has a distinct antibiotic re-
sistance phenotype. This distinct marker state allowed us to
distinguish ANC* from both ANC and the ANC-derived pop-
ulations EV1–EV4 in direct competition experiments. In three-
party competition experiments with CH (EV:ANC*:CH) the
evolved populations strongly outcompeted ANC* (Fig. 2A, Table
1, 12-fold average relative advantage, P = 0.009, one-sample t
test), thus demonstrating that substantial adaptation took place.
Adapting lineages might have increased their relative fitness

by (i) suppressing the productivity of ANC-derived competitors
without increasing their own productivity or (ii) increasing their
own productivity (i.e., reducing or eliminating the negative effect
of CH on their ancestor ANC) to be greater than that of ANC-
derived competitors regardless of their absolute effect on those
competitors. The latter scenario occurred, as increases in relative
fitness corresponded with extremely large evolved increases in
productivity. (Productivity was measured as the number of spores
produced per 5 × 108 cells entering development; Figs. 2 and 3.)
ANC productivity in two-party mixes with CH was only ∼0.66%
of ANC productivity in pure culture (Table 2), whereas the av-
erage productivity of the four EV lines in pairwise mixes with CH
was increased 24-fold to 17% of ANC productivity in pure cul-
ture (Figs. 2B and 3A; P = 0.002 for difference between EV and
ANC in pairwise mixes with CH, paired t test). In three-party
EV:ANC*:CH mixes, evolved productivity was higher than that
of ANC in pure culture (P = 0.002, one-sample t test), whereas
ANC productivity in ANC:ANC*:CH mixes is much lower by
comparison (Figs. 2A and 3A).

Evolved Populations Outcompete and Suppress the Environmental
Cheater CH. Adaptation by evolved populations was associated
with altered fitness and social relationships between the evolving
lineages and CH. CH exhibited 251-fold and 380-fold advantages
over ANC in three- and two-party competitions, respectively

(Fig. 2 and Table 2; P = 0.001 and P < 0.001, respectively, one-
sample t tests). In stark contrast, the evolved populations
exhibited 5-fold and 2-fold average advantages over CH in three-
and two-party competitions, respectively (Fig. 2 and Tables 1 and 2;
P = 0.004 and 0.057, respectively, one-sample t tests). Although
the average EV advantage over CH in two-party mixes was not
quite significant, the individual advantages of two specific pop-
ulations (EV3 and EV4) were significant (P = 0.03 and 0.021,
respectively, one-sample t tests). Thus, evolved lineages reversed
the ancestral condition of severe inferiority to CH into com-
petitive superiority over this cheater in both three-party (Fig. 2A)
and two-party (Fig. 2B) competitions (Tables 1 and 2). In other
words, populations evolved immunity to cheating by CH.
Evolved populations accomplished this reversal of fitness

ranks with the cheater not only by increasing their own produc-
tivity but also by suppressing CH productivity. In three-party EV:
ANC*:CH competitions, CH productivity was only ∼27% of CH
productivity in ANC:ANC*:CH competitions (Fig. 2A, P < 0.001,
paired t test). Also, CH productivity in two-party mixes with
evolved populations was only ∼5% of CH productivity in two-
party mixes with ANC (Fig. 2B, P = 0.003, paired t test).

Fig. 1. Experimental evolution. Four founding populations of the co-
operator ANC were mixed with the cheater CH at 1:1 ratios and subjected to
5 d of starvation-induced development. After heat selection, viable spores
germinated in liquid medium that selectively allowed growth of cells
descended from ANC, which were again mixed with a fresh culture of CH at
the initiation of each round of development. Twenty cycles of development
and intermittent growth were carried out.

Table 1. Relative fitness values and interactant effects in EV:ANC*:CH three-party competitions

Relative
productivity P value Absolute effect of: Compared with: Sign Effect factor P value

EV/ANC* 12 ** EV on ANC* ANC* in ANC:ANC*:CH mix + 47 **
ANC* on EV EV in EV:CH mixes + 16 ***

EV/CH 5.5 ** EV on CH CH in ANC:ANC*:CH mix − 3.7 ***
CH on EV EV in EV:ANC* mixes + 19 ***

ANC*/CH 0.6 NS ANC* on CH CH in EV:CH mixes + 8.7 *
CH on ANC* ANC* in EV:ANC* mixes + 14 **

Comparisons involving evolved populations reflect averages across the four populations. Asterisks indicate significant deviation
from 1. NS > 0.05, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.

Fig. 2. Spore production in three-party and two-party competitions. (A)
ANC:ANC*:CH (white:speckled:gray) and EV:ANC*:CH (hatched:speckled:
gray) three-party mixes at 1:1:2 ratios. (B) Two-party mixes ANC:CH (white:
gray), EV:CH (hatched:gray) and EV:ANC* (hatched:speckled) at 1:1 ratios.
Bars show the sporulation efficiency of each strain as the number of spores
produced per 5 × 108 cells present at the onset of development to allow
direct comparison with pure culture values. Error bars indicate 95% confi-
dence intervals.
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We also found that evolved populations exploit CH for an ab-
solute gain in productivity. EV productivity is enhanced by the
presence of CH relative to pure culture (Figs. 2B and 3A and
Table 2; P = 0.014, one-sample t test). Thus, not only did the
fitness ranks of the evolved lineages and the cheater reverse after
adaptive evolution, but so did the direction of social exploitation.

Evolved Populations Benefit Their Cooperative Ancestor When the
Cheater Is Present. Intriguingly, evolved populations benefit their
cooperative ancestor in three-party mixes relative to the ances-
tor’s productivity in mixes of ANC and ANC* with CH. The
average productivity of the parent ancestor ANC* in EV:ANC*:
CH three-party mixes was 47-fold higher than in ANC:ANC*:

CH mixes (Fig. 2A and Table 1, P = 0.002, paired t test). The
presence of evolved strains also increased the whole-population
frequency of ANC* spores ∼40-fold from 0.002 in the ANC:
ANC*:CH competition to 0.09 in the EV:ANC*:CH com-
petitions (P = 0.003 for difference in ANC* frequencies, paired t
test). Thus, in these social groups, the evolved populations
benefit a third party of cooperators when the cheater is present.
Total group productivity did not differ between evolved vs. an-
cestral three-party mixes (P = 0.838, paired t test).

Evolved Advantages Specific to Cheater Presence. For each evolved
population (EV), we compared its spore productivity to that of
the ancestor ANC across two distinct metapopulations that dif-
fered in whether the cheater CH was absent or present within
each treatment of developing cells (Fig. 3B). There were four
treatments within each metapopulation. The metapopulation
without CH consisted of two clonal treatments (EV and ANC)
and two pairwise mix treatments (EV:ANC* and ANC:ANC* at
1:1 ratios). The metapopulation with CH consisted of two pair-
wise mix treatments (EV:CH and ANC:CH at 1:1 ratios) and two
three-party treatments (EV:ANC*:CH and ANC:ANC*:CH
at 1:1:2 ratios). Total initial cell number (5 × 108) was constant
across all treatments. On average, the evolved populations showed
a large net advantage over ANC in the presence of the cheater
CH but a disadvantage in its absence (Figs. 2 and 3). Summed
across all treatments in the metapopulation without CH, evolved
cells produced fewer spores on average than did ANC cells (Fig.
3B, P = 0.007, one-sample t test). In contrast, the evolved lines
strongly outperformed ANC in the presence of CH (Fig. 3B, P <
0.001, one-sample t test).
We used a similar approach to examine the productivity of

evolved line EV1 relative to that of ANC across a broader range
and finer gradation of EV1:ANC* and ANC:ANC* ratios (1:99,
1:9, 1:3, 1:1, 3:1, 9:1, 99:1, and 1:0) both in the absence and
presence of CH (Fig. 3 B and C). In the absence of CH, ANC
was more productive than EV1 at most ANC* frequencies, with
an ∼10-fold overall advantage across all ANC* frequencies (Fig.
3B and 3C). In contrast, EV1 productivity in the presence of CH
was at least equal to, and in most cases greater than, that of ANC
at each ANC* frequency, with EV1 showing an ∼22-fold overall
advantage over ANC across all ANC* frequencies (Fig. 3 B and
C). The difference between relative EV1/ANC productivity
across the metapopulations with vs. without CH was significant
(Fig. 3B, P = 0.046, one-tailed paired t test, n = 2).

Evolved Populations Cheat On Their Ancestor. Interestingly, pop-
ulations EV1 and EV4 both evolved the capacity to not only
suppress exploitation by the cheater CH but also to cheat on
their own ancestor. EV1 and EV4 both lose to ANC and ANC*
in pure culture comparisons (Fig. 3A). However, EV1 out-
competes both ANC (indirectly across groups, Fig. 3C) and
ANC* (directly within groups) at low EV1 frequencies in mixes
with ANC* (e.g., EV1 makes 74% of spores when initially mixed
at 25%, P = 0.035 one sample t test for difference between final
and initial percentage). Also, EV4 was the only individual
evolved population to perform significantly better than ANC* in
1:1 pairwise mixes (sevenfold difference, P = 0.037, one-sample
t test). EV4 performed better in 1:1 mixes with ANC* than alone
in pure culture (P = 0.03, one-sample t test).

New Mutually Beneficial Relationships Evolved. Our competition
experiments reveal the evolution of new mutually beneficial
interactions between conspecifics. First, evolved populations and
their ancestor increase one another’s productivity in three-party
mixes with the cheater CH (Fig. 2A and Table 1) relative to their
respective productivity in two-party mixes with CH (Fig. 2B,
P < 0.001 and 0.002 for EV and ANC*, respectively, one-sample
t tests). The interaction between evolved populations and their

Fig. 3. Evolved performance with vs. without the cheater CH. (A) Pure
culture spore productivity. avg EV is the average of the four evolved pop-
ulations. (B) Spore productivity (log10 transformed) of evolved populations
relative to that of their ancestor ANC across 1:0 and 1:1 EV:ANC* and ANC:
ANC* mixing ratios combined both in the presence (gray) and absence
(white) of CH. Positive and negative values indicate superiority and in-
feriority, respectively, of the evolved populations relative to their ancestor.
EV1/ANC relative spore production summed across a greater number of EV1:
ANC* and ANC:ANC* ratios is also shown (EV1*). (C) Spore productivity
(log10 transformed) of EV1 relative to ANC at several EV1:ANC* and ANC:
ANC* mixing ratios both in the presence (closed squares) and absence (open
squares) of CH. EV1/ANC relative spore production at 1:0 EV:ANC* and ANC:
ANC* ratios is shown by data points at the right end of the x axis. These data
points are slightly elevated relative to the respective data points for 99:1 EV:
ANC* and ANC:ANC* mixes. Error bars indicate 95% confidence intervals.

Manhes and Velicer PNAS | May 17, 2011 | vol. 108 | no. 20 | 8359

EV
O
LU

TI
O
N



ancestor is mutually beneficial only in the presence of the cheater,
as it is not observed in pairwise mixes of these parties relative to
pure culture productivity (Figs. 2B and 3A and Table 2).
Second, the presence of evolved populations in three-party

mixes generates a new mutually beneficial relationship between
ANC* and CH relative to their respective productivity in pair-
wise mixes with evolved populations (Fig. 2 and Table 1). ANC*
and CH spore production are 14- and 9-fold higher in three-party
mixes than in two-party mixes with the evolved strains, re-
spectively (P = 0.003 and 0.016, respectively).
Finally, our data also reveal the evolution of mutual defect

rescue between the evolved populations and CH in two-party
mixes (Figs. 2B and 3A and Table 2). The evolved populations
performed significantly better in the presence of CH than alone
(16-fold average effect, P = 0.014, one-sample t test). Recip-
rocally, all four estimates of the effect of evolved populations on
CH were positive (ranging from 2- to 467-fold). Although the
average effect (∼260-fold) was not significant (P = 0.124, one-
sample t test), CH significantly benefited from being mixed with
the individual populations EV3 and EV4 (P = 0.04 for EV3 and
0.02 for EV4 from multiple comparisons on CH productivity
after ANOVA). Correspondingly, populations EV3 and EV4
each benefited from pairwise mixing with CH (P = 0.024 and
P = 0.022, respectively, one-sample t tests).

Evolved Populations Are Resistant to Several Cheater Genotypes.
Evolved cheater suppression was found to be a qualitatively gen-
eral trait that is effective against unfamiliar cheaters as well as
against CH. The evolved populations suppressed two other
cheaters that strongly exploit the ancestor. These two cheaters,
GJV9 and GVB206.3, produced 84 and 90% of all spores in 1:1
pairwise mixtures with the ancestor ANC, respectively, with both
values being significantly greater than the null expectation of 50%

(P = 0.005 and 0.0001, respectively, one-sample t tests, n = 5). In
contrast, these cheaters respectively accounted for only 39 and
49% of spores produced in 1:1 mixes with the evolved populations,
with the fitness values for both strains being significantly reduced
relative to their performance in mixes with the ancestor (P= 0.001
for both strains, paired t tests, n = 5). This result suggests that
natural populations of bacteria may evolve modes of resistance
that are effective against multiple distinct cheater genotypes. De-
spite the qualitative generality of cheater suppression, the average
fitness increase of the evolved lines relative to evolutionarily fa-
miliar cheater CH (∼700-fold, Fig. 4) was significantly greater than
their improvement relative to the unfamiliar cheaters (Fig. 4, 20-
fold and 26-fold relative toGJV9 and 206.3, respectively, P< 0.001
in post hoc multiple comparison test for differences in the degree
of evolved increase against CH vs. against GJV9 and GVB206.3
after ANOVA (F = 24.93, df = 2, P < 0.001) to test for any dif-
ference in the degree of improvement against the three cheaters).

Discussion
In this study, multiple lineages of cooperative bacteria rapidly
evolved to outcompete their ancestor in groups harboring a non-
evolving social cheater. This fitness advantage of evolved pop-
ulations corresponded with strong suppression of the environmental
cheater and was specific to the presence of that cheater.
Cheater suppression might be accomplished by a single mech-

anism or multiple mechanisms. Regardless of which evolved trait,
or suite of traits, suppresses cheater spore production, it is
uniquely detrimental to the cheater CH. This follows from the
observation that sporulation by the ancestor ANC* in three-party
EV:ANC*:CH mixes is elevated relative to ANC* in ANC:ANC*:
CH mixes (Fig. 2 A and Table 1). Thus, it is clear that cheaters are
not suppressed by an indiscriminate anticompetitor trait.
First, evolved strains may actively produce a compound that

hinders cheater sporulation. The compound might be evolution-
arily altered in its composition in a manner uniquely harmful to
a step in the cheater sporulation pathway. Alternatively, the
compound might be ancestral in its composition but produced in
greater amounts that are toxic to cheater sporulation but not to
the ancestor. If not a developmental signal, the cheater-harming
compound might be a secondary metabolite or peptide that serves
as a predatory or anticompetitor compound in the ancestor.
Second, cheater suppression might be accomplished by with-

holding (partially or completely) a secreted compound required
for normal development in the ancestor if the cheater is uniquely
sensitive to the reduced signal level. For example, if an evolved
mutation causes a slight reduction (or delay) in the production of
a signal, CH could be highly sensitive to that reduction, whereas
ANC* is unaffected. Such a withholding scenario (for a signal
other than CsgA) could potentially explain several of our results,
including the partial social defects of evolved lines, cheater
suppression, the ability of some evolved lines to exploit their
ancestor at some frequencies, and mutual defect rescue between
CH and evolved cells. However, preliminary data suggest that

Fig. 4. Fitness improvements against the familiar cheater vs. unfamiliar
cheaters. Evolved populations showed greater fitness improvement against
the evolutionarily familiar cheater CH than against two unfamiliar cheaters
(GJV9 and GVB206.3). Error bars indicate 95% confidence intervals.

Table 2. Relative fitness values and interactant effects in two-party competitions

Relative productivity P value Absolute effect of: Effect sign Effect factor P value

EV/ANC* 4.7 ** EV on ANC* − 44 **
ANC* on EV + 24 **

EV/CH 2.3 NQS EV on CH + 260 NS
CH on EV + 16 *

ANC/CH 0.003 *** ANC on CH + 1500 *
CH on ANC − 152 ***

Comparisons involving evolved populations reflect averages across the four populations. Absolute effect
values are from comparison with pure culture productivity. Asterisks indicate significant deviation from 1. NS:
P = 0.126, NQS (not quite significant): P = 0.057, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.
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cheater suppression may have evolved before the origin of de-
velopmental defects in at least some evolved lines, suggesting
a more active mode of cheater suppression.
Finally, the cheater might be suppressed by evolved changes in

the temporal dynamics of developmental signal production and/
or cell motility patterns to which CH, but not ANC*, responds
dysfunctionally. Further experiments are required to test among
these possible modes of cheater suppression. In all scenarios,
elevated sporulation by the ancestor in three-party EV:ANC*:
CH mixes compared with ANC:ANC*:CH mixes is presumably
an indirect byproduct of cheater suppression.
The evolved lines are more productive in the presence of CH

than in its absence (Figs. 2 and 3). This result implies that the
partial defects of evolved populations in pure culture are
mechanistically distinct from CH’s defect at producing CsgA.
Thus, social defects unique to interacting parties are partially
rescued by the other party in mixed groups and a cooperator/
cheater relationship evolved into a mutually beneficial relation-
ship (at least in two individual populations). In this experimental
system, one party’s defect (the csgA mutation) was introduced
experimentally whereas the evolved defects arose spontaneously.
Such mutually beneficial relationships of complementary defect
rescue might also evolve in natural populations through degra-
dation of distinct social functions across interacting lineages that
are cotransmitted within social groups across generations.
A consensus definition of policing has yet to emerge in the

evolutionary literature (25–30). The term was initially extended
beyond human behavior to describe suppression of worker-insect
reproduction by fellow workers (25) but has since been applied to
diverse empirical and theoretical scenarios (17, 18, 26–30), in-
cluding instances in which the policing trait itself appears to be
selfish rather than altruistic (29, 30). A common feature of traits
labeled as policing is that they reduce the expression of—or
benefit derived from—a cheating trait and thereby benefit po-
licing alleles specifically when cheating individuals are present.
The benefit derived from policing might be direct (i.e., selfish)
and increase the individual fitness of policing organisms them-
selves (29, 30). Alternatively, policing may be altruistic and come
at an individual fitness cost but nonetheless be maintained by
a net positive effect on inclusive fitness (26). By harming cheaters,
policing individuals can increase the fitness of nonpolicing
cooperators and/or increase group productivity (27, 28).
Here we adopt a mechanism-independent definition of policing

as a trait that eliminates a cheating advantage and confers a fitness
advantage (directly or indirectly) to individuals with that trait that
is specific to the presence of cheaters. Our evolved populations
conform to this definition, as they (i) outcompete the cheater
in pairwise competitions and (ii) have an overall advantage over
their ancestor specifically in the presence of the cheater. More-
over, the presence of evolved strains actually elevates cooperator
productivity in three-party groups compared with two-party groups
of only the cooperator and cheater. Thus, our results conform to
a scenario of selfish policing in which cheater suppression benefits
both evolved populations and a third party of cooperators.
Cooperators encountering a new social defector might already

be preresistant to exploitation by that defector, might be driven to
extinction by it (2), or might evolve a new social strategy immune
to exploitation (31, 32). Such cheater immunity will be inherently
stable if it comes at no cost to social productivity. Previous studies
identified a spontaneous mutant of M. xanthus and transposon
mutants of Dictyostelium discoideum that resist being out-
competed by a socially defective cheater and a socially proficient
competitor, respectively, at no cost to social productivity in clonal
groups (16, 32).
In contrast, in this study we found that cheater suppression

evolved spontaneously in association with partial social defects
(Fig. 3A), although a causal link between these derived traits has
not been established. The derived social defects are largely re-

sponsible for the net disadvantage of evolved populations to
their ancestor in the absence of the cheater (Fig. 3B). Such
an overall disadvantage suggests that cheater extinction events
would lead to loss of evolved cheater suppressors as well.
However, analysis of population EV1 revealed that it has an
advantage over the ancestor when EV1 is rare. In other words,
population EV1 is simultaneously a suppressor of CH and itself
a frequency-dependent cheater that exploits its own ancestor.
Such an advantage when rare over cooperators will prevent so-
cially defective cheater suppressors from being driven to local
extinction by within-group selection and thus prolong their op-
portunity to further adapt to their social environment.
Suppression of an obligately defecting cheater evolved rapidly

in our experimental populations. In nature, evolution within
cheater-infected lineage groups may proceed faster than the rate
at which cheaters are passively lost from a population due to kin
selection operating at the group level (33). Thus, local cheater
frequencies might often be shaped by complex coevolutionary
arms races in which diverse cooperators, cheaters, and policers
cycle through phases of exploitation and resistance among so-
cially cotransmitted lineages (19, 34). Our results suggest that
such cotransmitted lineages might even evolve distinct signaling
defects that are mutually complemented when the defective
strains interact. Such diverse social strategies may be common in
microorganisms (e.g., ref. 19) and should be increasingly in-
corporated into formal models of microbial social evolution (21).
It has been proposed that resistance to cheaters that defect

from “fair” production of a public good may be difficult to
achieve without converting the cheaters back into producers (16,
35). However, our experiments show that resistance to—and
quantitative suppression of—microbial cheaters that defect from
cooperative production of a social compound can readily evolve.
In human pathogens, evolution of resistance to such cheaters
would pose difficulties for the proposed clinical use of cheater
genotypes to subvert virulent infections (35).

Materials and Methods
Strains. Strain ANC* (also known as “GJV2,” or strain “R” in ref. 24), is
a developmentally proficient, rifampin-resistant derivative of M. xanthus
strain GJV1 (strain “S” in ref. 24, a derivative of strain DK1622). Strain ANC is
GJV27, a kanamycin- and rifampin-resistant derivative of ANC* (GJV2)
generated by integration of the plasmid pDW79 (36) and is also de-
velopmentally proficient (i.e., shows no sporulation defect relative to ANC*).
Strain CH is DK5208, a yellow clonal isolate of LS523, which bears a Tn5
disruption of the csgA gene and is resistant to oxytetracycline (37). DK5208
exhibits low spore production in pure developmental cultures but shows
a cheating phenotype in mixed cultures with the wild-type GJV1 (8) and was
used as the non-evolving cheater in the evolutionary regime. DK5208 was
the csgA mutant used in Velicer et al. (8) but it was referred to as LS523 as
the strains were considered equivalent.

To test whether evolved cheater suppression was specific to CH, evolved
strains were mixed with cheaters that they had never encountered: GVB206.3
(24) (rifampicin resistant) and GJV9 (this study), a spontaneous rifampicin-
resistant mutant of GVB207.3 (24). The cheating phenotypes GVB206.3 and
GVB207.3 have been previously demonstrated in Velicer et al. (8) for GVB206.3
and Fiegna and Velicer (2) for an alternative marked variant of GVB207.3.

Experimental Evolution. Four clones of ANC were used to establish four in-
dependently evolving lineages. After growth to mid-log phase, development
was initiated as described previously (2). Briefly, ANC and CH grown in CTT
liquid culture were each resuspended in a starvation medium to a density of
5 × 109 cells/mL. They were then mixed at a 1:1 ratio and mixed cultures
were dispensed onto buffered TPM agar plates in 10 × 100 μL aliquots to
induce development. Plates were incubated at 32 °C, 90% rH for 5 d, after
which cultures were harvested in ddH2O and heated at 50 °C for 2 h to select
for viable spores. Spores were then grown in liquid medium with kanamycin
(40 μg/mL), which allowed spores descended from the ancestor ANC to
germinate and grow but which inhibited growth of CH spores. After
evolving cultures reached adequate density, they were again mixed at a 1:1
ratio with a fresh culture of CH and spotted onto buffered agar plates to
undergo the second cycle of development (Fig. 1). This procedure was re-
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peated weekly for a total of 20 developmental cycles at the Max-Planck Institute
for Developmental Biology in Tübingen, Germany in 2002. This design is similar
to that adopted by Khare et al. (16) to select for transposon mutants of
D. discoidium resistant to being outcompeted by a socially proficient competitor.

Sporulation Assays. Spore production by the four evolved populations was
compared with that of the ancestor ANC in clonal development, in 1:1
pairwise mixes with ANC*, CH, GVB206.3, and GJV9 and in three-party mixes
with both ANC* and CH (1:1:2 ratio). Population EV1 and ANC were also
mixed with ANC* at 1:99, 1:9, 1:3, 1:1, 3:1, 9:1, and 99:1 ratios in both the
absence and presence of CH. In the absence of CH, either EV1 and ANC*
together or ANC and ANC* together constituted the entire competition
population in these mixes. In the three-party mixes with CH, either EV1 and
ANC* together or ANC and ANC* together constituted 50% of competition
population and CH the other 50%.

Development was initiated and cultures were harvested as described
above except that strains were mixed at appropriate ratios or remained
unmixed for pure culture assays, and 100-μL aliquots of each culture (5 × 109

cells/mL) were spotted onto the buffered agar plates. Thus, for each de-
velopment assay the total number of cells present at the onset of starvation
was 5 × 108 and only genotype ratios were altered across treatments. After
heat treatment, cultures were sonicated and diluted into CTT soft agar

(0.5% agar) with the appropriate antibiotic treatments (40 μg/mL kanamy-
cin, 5 μg/mL rifampicin, or no antibiotic). Spore production was estimated
either directly from colony counts in agar medium with an appropriate
antibiotic or from the difference between counts in nonselective vs. selective
medium for strains sensitive to an antibiotic used to select a competitor.
Experimental replicates represent temporally independent assays.

For all statistical tests involving an average of the four evolved pop-
ulations, evolved values were averaged and compared with the respective
ancestral value within each replicate block, with those comparisons serving as
independent values that were then averaged across four temporally in-
dependent replicate blocks. n = 4 unless specified otherwise. Normality and
homogeneity of variances, when applicable, were verified before using
parametric tests. Statistical analyses were performed on log10-transformed
data with Minitab 15.

ACKNOWLEDGMENTS. We thank I. Dinkelacker and F. Fiegna for help in
carrying out the selection experiment; A. Morgan for technical assis-
tance; M. Wade and j. smith and other group members for helpful
discussion; R. Lenski for stimulating discussion on related topics over the
years; and C. Lively, M. Le Gac, and reviewers for helpful comments on
the manuscript. This work was supported by National Institutes of Health
Grant GM079690 (to G.J.V.).

1. West SA, Griffin AS, Gardner A (2007) Evolutionary explanations for cooperation. Curr
Biol 17:R661–R672.

2. Fiegna F, Velicer GJ (2003) Competitive fates of bacterial social parasites: Persistence
and self-induced extinction of Myxococcus xanthus cheaters. Proc Biol Sci 270:
1527–1534.

3. Kohler T, Buckling A, van Delden C (2009) Cooperation and virulence of clinical
Pseudomonas aeruginosa populations. Proc Natl Acad Sci USA 106:6339–6344.

4. Velicer GJ (2003) Social strife in the microbial world. Trends Microbiol 11:330–337.
5. Ross-Gillespie A, Gardner A, West SA, Griffin AS (2007) Frequency dependence and

cooperation: Theory and a test with bacteria. Am Nat 170:331–342.
6. Travisano M, Velicer GJ (2004) Strategies of microbial cheater control. Trends

Microbiol 12:72–78.
7. Hamilton WD (1964) Genetical evolution of social behaviour I. J Theor Biol 7:1–16.
8. Velicer GJ, Kroos L, Lenski RE (2000) Developmental cheating in the social bacterium

Myxococcus xanthus. Nature 404:598–601.
9. Velicer GJ, Vos M (2009) Sociobiology of the Myxobacteria. Annu Rev Microbiol 63:

599–623.
10. Gilbert OM, Foster KR, Mehdiabadi NJ, Strassman JE, Queller DC (2007) High

relatedness maintains multicellular cooperation in a social amoeba by controlling
cheater mutants. Proc Natl Acad Sci USA 104:8913–8917.

11. smith j, Van Dyken JD, Zee PC (2010) A generalization of Hamilton’s rule for the
evolution of microbial cooperation. Science 328:1700–1703.

12. Foster KR, Shaulsky G, Strassmann JE, Queller DC, Thompson CRL (2004) Pleiotropy as
a mechanism to stabilize cooperation. Nature 431:693–696.

13. Vos M, Velicer GJ (2009) Social conflict in centimeter and global-scale populations of
the bacterium Myxococcus xanthus. Curr Biol 19:1763–1767.

14. Mehdiabadi NJ, et al. (2006) Kin preference in a social microbe. Nature 442:881–882.
15. Nogueira T, et al. (2009) Horizontal gene transfer of the secretome drives the

evolution of bacterial cooperation and virulence. Curr Biol 19:1683–1691.
16. Khare A, et al. (2009) Cheater-resistance is not futile. Nature 461:980–982.
17. Flack JC, de Waal FBM, Krakauer DC (2005) Social structure, robustness, and policing

cost in a cognitively sophisticated species. Am Nat 165:E126–E139.
18. Foster KR, Ratnieks FLW (2000) Facultative worker policing in a wasp. Nature 407:

692–693.
19. Zhang QG, Buckling A, Ellis RJ, Godfray HCJ (2009) Coevolution between cooperators

and cheats in a microbial system. Evolution 63:2248–2256.
20. Griffin AS, West SA, Buckling A (2004) Cooperation and competition in pathogenic

bacteria. Nature 430:1024–1027.

21. Brown SP, Taylor PD (2010) Joint evolution of multiple social traits: A kin selection
analysis. Proc Biol Sci 277:415–422.

22. Shimkets L, Dworkin M, Reichenbach H (2006) The Myxobacteria. The Prokaryotes,
eds Dworkin M, Falkow S, Rosenberg E, Schleifer K-H, Stackebrandt E (Springer, New
York), pp 31–115.

23. Kruse T, Lobedanz S, Berthelsen NMS, Sogaard-Andersen L (2001) C-signal: A cell
surface-associated morphogen that induces and co-ordinates multicellular fruiting
body morphogenesis and sporulation in Myxococcus xanthus. Mol Microbiol 40:
156–168.

24. Velicer GJ, Kroos L, Lenski RE (1998) Loss of social behaviors by Myxococcus xanthus
during evolution in an unstructured habitat. Proc Natl Acad Sci USA 95:12376–12380.

25. Ratnieks FLW (1988) Reproductive harmony via mutual policing by workers in eusocial
Hymenoptera. Am Nat 132:217–236.

26. Frank SA (1995) Mutual policing and repression of competition in the evolution of
cooperative groups. Nature 377:520–522.

27. El Mouden C, West SA, Gardner A (2010) The enforcement of cooperation by policing.
Evolution 64:2139–2152.

28. Brandvain Y, Wade MJ (2007) The evolution of competition and policing: Opposing
selection within and among groups. BMC Evol Biol 7:203.

29. Saigos T, Tsuchida K (2004) Queen and worker policing in monogynous and
monandrous colonies of a primitively eusocial wasp. Proc Biol Sci 271:S509–S512.

30. Stroeymeyt N, Brunner E, Heinze J (2007) “Selfish worker policing” controls
reproduction in a Temnothorax ant. Behav Ecol Sociobiol 61:1449–1457.

31. Foster KR (2006) The Phoenix effect. Nature 441:291–292.
32. Fiegna F, Yu YTN, Kadam SV, Velicer GJ (2006) Evolution of an obligate social cheater

to a superior cooperator. Nature 441:310–314.
33. Van Dyken JD, Linksvayer TA, Wade MJ (2011) Kin selection-mutation balance: A

model for the origin, maintenance, and consequences of social cheating. Am Nat 177:
288–300.

34. Wade MJ (2007) The co-evolutionary genetics of ecological communities. Nat Rev
Genet 8:185–195.

35. Brown SP, West SA, Diggle SP, Griffin AS (2009) Social evolution in micro-organisms
and a Trojan horse approach to medical intervention strategies. Philos Trans R Soc
London Ser B 364:3157–3168.

36. Wall D, Kolenbrander PE, Kaiser D (1999) The Myxococcus xanthus pilQ (sglA) gene
encodes a secretin homolog required for type IV pilus biogenesis, social motility, and
development. J Bacteriol 181:24–33.

37. Shimkets LJ, Asher SJ (1988) Use of recombination techniques to examine the
structure of the csg locus of Myxococcus xanthus. Mol Gen Genet 211:63–71.

8362 | www.pnas.org/cgi/doi/10.1073/pnas.1014695108 Manhes and Velicer

www.pnas.org/cgi/doi/10.1073/pnas.1014695108

