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Summary

When the supply of beneficial mutations limits adap-
tation, bacterial mutator alleles can reach high fre-
quencies by hitchhiking with advantageous muta-
tions [1–9]. However, when populations are well
adapted to their environments, the increased rate of
deleterious mutations makes hypermutability selec-
tively disadvantageous [6, 7, 10, 11]. Here, we con-
sider a further cost of hypermutability: its potential
to break down cooperation (group-beneficial behavior
that is costly to the individual [12–14]). This probably
occurs for three reasons. First, an increased rate at
which ‘cheating’ genotypes are generated; second, an
increased probability of producing efficient cheats; and
third, a decrease in relatedness [15–18] (not addressed
in the present study). We used Pseudomonas aerugino-
sa’s production of extracellular iron-scavenging mole-
cules, siderophores, to determine if cheating evolved
more readily in mutator populations. Siderophore pro-
duction is costly to individual bacteria but benefits all
nearby cells. Siderophore-deficient cheats therefore
have a selective advantage within populations [18].
We observed the de novo evolution and subsequent
increase in frequency of siderophore cheats within
both wild-type and mutator populations for 200 gener-
ations. Cheats appeared and increased in frequency
more rapidly in mutator populations. The presence of
cheats was costly to the group, as shown by a nega-
tive correlation between cheat frequency and popula-
tion density.

Results

In order to test the hypothesis that social cheats ap-
pear more rapidly in mutator populations, we followed
the evolution of siderophore cheats in populations of
wild-type and mutator (PAO�mutS) strains of the op-
portunistic pathogen P. aeruginosa in iron-limited me-
dium for approximately 200 bacterial generations. The
primary siderophore of P. aeruginosa is the yellow-
green pigment pyoverdin [19, 20], allowing pyoverdin-
negative cheat colonies to be readily distinguished
from wild-types by their lack of yellow-green pigmenta-
tion [18].

In all populations, pyoverdin-deficient mutants (cheats)
arose from initially isogenic populations of siderophore
producers (cooperators), and the proportion of cheats
showed a net increase over time, (Figure 1). However,
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the frequency of cheats was significantly greater in mu-
tator compared with wild-type populations at the first
measured time point, transfer 5, demonstrating that
mutators spontaneously generate cheats more rapidly
(T(5) = 15.28, p < 0.0005). The data also suggest that
cheats generated from mutator populations have a
greater within-population selective advantage than
those generated from wild-type populations. First, the
rate of increase in cheat frequency (once cheats were
present in all populations, from transfer 10) was greater
in mutator populations (T(5) = 6.72, p < 0.001). This dif-
ference in rates of change of cheat frequencies results
from a decline in cheat frequencies from transfers 15
or 20 in four out of six wild-type populations, unlike
mutator populations where cheats almost reached fixa-
tion by transfer 30 in all but one population. This de-
cline in cheat frequencies in the wild-type populations
may be due to wild-type producers having a greater
probability of generating mutations that increase fit-
ness relative to their respective cheats, as a simple re-
sult of the much larger relative size of the producer sub-
population in the wild-type microcosms. The maximum
cheat frequency achieved over the period of evolution
was also found to be higher in the mutator populations
(mean 98.15% compared with a mean of 65.5% across
the wild-type populations; T(9)= 3.11, p < 0.05). Second,
the mutator populations showed much less between-
population variation in cheat frequency than did the
wild-type lineages, suggesting that cheats arising in
mutator populations were all approaching relatively
high-fitness cheating strategies (Figure 2; F-test on
mean variance over all time points: F(5,5) = 10.44,
p < 0.05).

Consistent with the above data, total siderophore
production per cell decreased over time in all popula-
tions, and this decrease was more rapid in the mutator
populations (T(9) = 3.81, p < 0.005). Interestingly, sid-
erophore production per cell of the producer subpopu-
lations also decreased over time (Figure 3), and again
this decrease was more rapid in the mutator popula-
tions (T(9) = 3.59, p < 0.005). This could be interpreted
as evidence for either the presence of partial cheats
that have acquired mutations for downregulation of py-
overdin or the fact that pyoverdin positively regulates
its own production [21]. Thus, as cheats increase in fre-
quency and each cell receives less iron-carrying pyo-
verdin, pyoverdin synthesis may be downregulated in
the producer cells.

Interestingly, there was an initial increase in sidero-
phore production in both strains between time points 0
and 5 (wild-type: T(5) = 2.94, p < 0.02; mutator: T(5) =
7.02, p < 0.0005). This increase was more pronounced
in the mutator populations (T(9) = −2.81, p < 0.02). This
is probably due to an initial, facultative upregulation of
siderophore production in response to iron limitation in
the new growth medium, only for this acclimation effect
to be damped down after time point 5 as cheats swamp
the population.

Population density is expected to decrease with
decreasing siderophore production as a result of iron
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limitation. Consistent with this view, population density
showed a net decrease over time in all populations (Fig-
ure 4; all slopes of density against time for time points
0–30 were negative; sign test: p < 0.0003), and 10 out
of 12 populations showed a negative relationship be-
tween cheat frequency and density (sign test: p < 0.02).
The average density was lower in the mutator popula-
tions (T(9) = 3.86, p < 0.005), although there was no
significant difference between the rate of the observed
decline in wild-type and mutator populations (T(9) =
1.20, p = 0.26).

Discussion and Conclusions

In this study, we demonstrate that mutants with reduced
pyoverdin production (siderophore cheats) emerge from
initially isogenic population of P. aeruginosa and subse-
quently increase in frequency over a 200-generation ex-
periment. More importantly, we have shown that sidero-
phore cheats were generated and spread through
populations more rapidly in populations of bacteria
Figure 1. Cheat Frequency over Time in Evolving Wild-Type and
Mutator Populations

Solid lines indicate wild-type populations; dashed lines indicate
mutator populations.
Figure 2. Variance in Cheat Frequency over Time in Wild-Type and
Mutator Populations

Solid lines indicate wild-type populations; dashed lines indicate
mutator populations.
Figure 3. Mean Per Capita Siderophore Production by Producer
Subpopulations in Wild-Type and Mutator Populations

Solid lines indicate wild-typ populations; dashed lines indicate mu-
tator populations. Error bars show ± 1 standard deviation.
on as well as the level of production. It is therefore pos-

Figure 4. Population Density in Wild-Type and Mutator Populations

Solid lines indicate wild-type populations; dashed lines indicate
mutator populations. Error bars show ± 1 standard deviation.
with elevated mutation rates. Given that siderophore
cheats reduced the density of bacterial populations in
this and a previous study [18], mutator genotypes are
likely to be selected against in environments where co-
operation is strongly favored, most notably when com-
petitions occurs between populations [18].

Pyoverdin is not the only siderophore of P. aerugi-
nosa [20]. It is therefore possible that lack of green
pigmentation alone is not a sufficient indicator of a sid-
erophore cheat. To address this possibility, we also as-
sayed both total siderophore production (by using a
quantitative, chemical assay) and bacterial population
density. We found that the proportion of pyoverdin
cheats positively correlated with total iron-chelating ac-
tivity of media in which bacterial populations had been
grown and negatively correlated with bacterial density,
demonstrating that white colonies are indeed sidero-
phore cheats and also revealing a decrease in the levels
of siderophore produced by cooperator cells.

Pyoverdin production is normally a facultative trait,
with iron availability determining whether it is switched
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sible that our cheats are the result of non-genetic accli-
mation to iron limitation, rather than mutational changes.
This possibility, however, seems unlikely. First, all previ-
ous work suggests siderophore production increases,
rather than decreases, in response to iron limitation
[20]. Second, previous work has shown that transfer-
ring one P. aeruginosa colony, rather than whole pop-
ulations of bacteria, of competing siderophore pro-
ducers or non-producers can result in the fixation of
siderophore producers [18]. Such fixation would not oc-
cur if siderophore production were being facultatively
decreased.

The more rapid appearance of cheats in mutator
populations can simply be explained by an elevated
mutation rate. However, the greater rate of sustained
increase and lower between-population variance in mu-
tator populations’ cheat frequencies also suggest that
mutator cheats are relatively more successful than
wild-type cheats. This is consistent with an increased
ability of mutator lineages to respond to selection in a
novel environment [3, 4, 6–9, 22]. The greater selective
advantage (relative to pyoverdin producers) of mutator
cheats compared with wild-type cheats is presumably
the result of the wider range of possible mutations, in-
cluding cheating mutations with lower pleiotropic fit-
ness costs and compensatory mutations that could
ameliorate any costs that do exist.

A further mechanism that may result in higher levels
of cheats in mutator populations is the within-popula-
tion relatedness reduction that results from elevated
mutation rates. We did not investigate this mechanism
here because under our experimental conditions, com-
petition was entirely within populations. Such “local
competition” or “‘soft selection” always favors the evo-
lution of cheats regardless of relatedness [18, 23]. We
are currently carrying out experiments to investigate
how competition, relatedness, and environmental nov-
elty interact in their effects on the success of mutator
genotypes in mixed mutator/wild-type populations.
Specifically, we predict that mutators will be favored
under conditions of low relatedness, local competition,
and environmenal novelty as a result, in the first two
cases, of their increased capacity to generate cheats
and in the third case their greater probability of gener-
ating mutations beneficial in novel environments (inde-
pendent of social interactions).

The study of bacterial cooperation may have practi-
cal implications given that many cooperative behaviors
in pathogenic microorganisms are linked with virulence.
The efficient exploitation of an infected host by a patho-
gen often relies on the cooperative production of meta-
bolic public goods [19, 23, 24]. The formation of multicel-
lular biofilms [25, 26] is a further example of cooperative
behavior. As such, cheating mutants of pathogenic
bacteria that rely on cooperative traits for efficient host
exploitation show reduced virulence [19, 23, 24]. The
long-term evolution of pathogen virulence can also de-
pend on the extent to which cooperative interactions
between coinfecting strains or genotypes are favored
[23, 27–29].

The impact of mutators on cooperative interactions
may help to explain the observed distributions of P. aer-
uginosa mutator genotypes. The frequency of mutators
tends to be higher in clinical isolates of bacteria than

i
f
f
h
t
a
a
e
C
c
a
n
f
w
n
p
s
A
a
c
P
s
l

E

S
T
u
t
T
o
w

G
S
5
p
P
w
m
t
c
w
o
m
e

t
m
a

m
a
t
p
m
p
t
t
t
b
g
b

A
(
B
a

n conspecific environmental populations [30], reaching
requencies of up to 20% in chronic P. aeruginosa in-
ections in the lungs of cystic fibrosis patients [31]. It
as been suggested that this is because in vivo popula-
ions face greater fluctuations in selection pressures,
s a result of the host immune system and chemother-
py [5, 7, 8, 31–33]. We suggest that, in addition, coop-
ration is less likely to be favored in clinical infections.
linical P. aeruginosa infections, although initially
lonal [34], are often long lived, resulting in consider-
ble genetic diversification—and hence lower related-
ess—over time. Furthermore, because transmission
rom P. aeruginosa infections is very low, competition
ill be largely local. Although we know little about the
atural ecology of P. aeruginosa in soil and water, local
atches are likely to go extinct and be recolonised by
ingle clones from neighboring patches relatively quickly.
s such, within-population relatedness will be higher
nd competition between groups will be greater than in
linical infections. Future characterization of clinical
. aeruginosa isolates with regard to cooperative traits
hould help to shed some light on the possibilities out-
ined above.

xperimental Procedures

trains
he methionine auxotroph P. aeruginosa PAO6049 [19, 35] was
sed as the wild-type, and strain PAO�mutS [32], which has a dele-
ion of the mismatch repair gene mutS, was used as the mutator.
his strain has a spontaneous mutation rate more than two orders
f magnitude higher [32] than that of strain ATC 15692 (PAO1), from
hich both PAO�mutS and PAO6049 are derived.

rowth Conditions
ix glass universals containing 6 ml Casamino acids medium (CAA:
g Casamino acids, 1.18 g K2HPO4,3H2O, 0.25 g MgSO4.7H2O,

er liter) were inoculated with c. 106 overnight culture cells of
AO6049, and six with the same density of PAO�mutS. Populations
ere subjected to iron-limited conditions by the addition of 70 �g/
l human apotransferrin (Sigma), a natural iron chelator, to each

ube. Sodium bicarbonate was added to each tube to a final con-
entration of 20 mM, necessary for iron chelator activity [19]. Tubes
ere incubated for 24 hr (approximately seven generations) at 37°C
n an orbital shaker. Cultures were then homogenized with a vortex
ixer, and 6 �l of culture was transferred to a new microcosm. This

volution continued for 30 days.
Every fifth day, the density, fitness, frequency of pyoverdin-nega-

ive cheats, and total siderophore production of each culture was
easured as outlined below. The founding populations were also

ssayed for density and total siderophore production.
Given the speed with which cheat frequency initially rose in our
utator populations, it is plausible that these populations were in-

dvertently pre-seeded with cheats that arose in the overnight cul-
ure used to inoculate them. Such a situation would mean that our
opulations were not true replicates. If this were the case, then we
ight expect all six populations to evolve toward the same fitness
eak and so display significantly less variance in population fitness

han the wild-type populations. We calculated the variance in be-
ween-population fitness for each strain at each of the measured
ime points. There was no significant difference in the variances
etween wild-type and mutator populations (T-test, p = 0.343), sug-
esting that the mutator populations are not evolving in parallel,
ut rather toward different peaks, and so represent true replicates.

ssays
1) Aliquots of diluted culture were spread onto two King’s medium

(KB) agar plates, and the number of co-operator (green-yellow)
nd cheat (completely white) colonies was scored after 19 hr of
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growth. Dilutions were such that 100–200 colonies were present on
each plate scored because siderophore production is affected by
cell density.

(2) An aliquot of culture was centrifuged to pellet the cells, and
the supernatant (containing siderophores) was stored at −20°C.
The siderophore content of these supernatants was later deter-
mined via the chrome azurol S (CAS) method described by Schwyn
and Neilands [36], with the modification that one volume of double-
distilled water was added to the assay solution. A measure of mean
siderophore production per cell in the ith microcosm is given by
[1 − (Ai/Aref)]/[ln(Densityi)], where A = absorbance at 630 nm of the
assay mixture. (All chemicals are from Sigma.)

(3) Whole-population fitness was measured by competing a sam-
ple of cells from each population against an equal number of cells
of an ancestral strain oppositely marked for ability to grow on me-
thionine-deficient media (M9 minimal). Relative fitnesses were cal-
culated as described in [37].
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