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Cooperation, Quorum Sensing, and Evolution of Virulence in

Staphylococcus aureus
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The virulence and fitness in vivo of the major human pathogen Staphylococcus aureus are associated with a cell-to-cell signaling
mechanism known as quorum sensing (QS). QS coordinates the production of virulence factors via the production and sensing
of autoinducing peptide (AIP) signal molecules by the agr locus. Here we show, in a wax moth larva virulence model, that (i) QS
in S. aureus is a cooperative social trait that provides a benefit to the local population of cells, (ii) agr mutants, which do not pro-
duce or respond to QS signal, are able to exploit the benefits provided by the QS of others (“cheat”), allowing them to increase in
frequency when in mixed populations with cooperators, (iii) these social interactions between cells determine virulence, with the
host mortality rate being negatively correlated to the percentage of agr mutants (“cheats”) in a population, and (iv) a higher
within-host relatedness (lower strain diversity) selects for QS and hence higher virulence. Our results provide an explanation for
why agr mutants show reduced virulence in animal models but can be isolated from infections of humans. More generally, by
providing the first evidence that QS is a cooperative social behavior in a Gram-positive bacterium, our results suggest conver-
gent, and potentially widespread, evolution for signaling to coordinate cooperation in bacteria.

taphylococcus aureus is a major human pathogen, responsible

for 1% of all hospital admissions and leading to an estimated
cost of $9.5 billion per year in the United States alone (1-4). In-
fections caused by S. aureus range from relatively mild boils and
infected skin wounds to those with high mortality rates, such as
bacteremia, infective endocarditis, and toxic shock. S. aureus in-
fections can be difficult to treat because of antibiotic-resistant
strains, such as methicillin-resistant S. aureus (MRSA), which are
resistant to beta-lactam antibiotics. Globally, MRSA infection
rates are increasing (2, 5, 6).

The virulence and growth in vivo of S. aureus depend upon
quorum sensing (QS) via the accessory gene regulator (agr) locus
(1, 7, 8). Cells release a small autoinducing peptide (AIP), the
accumulation of which induces the production and secretion of
both more AIP and a range of virulence factors. These virulence
factors include hemolysins a, 3, 8, and v, toxic shock syndrome
toxin (TSST), enterotoxins, Panton-Valentine leukocidin (PVL),
and exfoliatins A and B (8-10). At high cell densities, or when cells
are enclosed in small spaces, the agr system leads to positive feed-
back in the production of AIP and a significant increase in the
production of virulence factors (11-15).

It is commonly assumed that QS is a cooperative social trait, in
which the benefits of virulence factors are shared between the local
population of cells and their production is coordinated across cells
via QS (16, 17). However, there has been no empirical demonstra-
tion that QS in S. aureus, or any other Gram-positive bacteria, is a
cooperative social trait (see Discussion). Evidence that QS is a
social behavior has come primarily from work on the Gram-neg-
ative bacterium Pseudomonas aeruginosa (14, 18-27). Relative to
P. aeruginosa, S. aureus represents a completely independent evo-
lution of QS, based on different genetics and molecular biology,
and so it is not clear that it is social in the same way. Furthermore,
agr mutants appear to be better, not worse, at performing some
potentially social traits, such as forming biofilms on abiotic sur-
faces, than the wild type (28, 29).

Whether or not QS via agr is a cooperative social trait has
implications for virulence, epidemiology, and how strains will re-
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spond to medical intervention (11, 13, 30, 31). For example, if QS
is a social trait, then this could explain the potentially contradic-
tory results that agr mutants are less virulent in clonal infections of
animal models (lower cooperation) but are still able to spread in
infections of humans (“cheats” [see below] can exploit coopera-
tors) (1—4). This is important because direct fitness, and not so-
cial, explanations have been invoked for the occurrence of agr
mutants, based on the metabolic cost of agr expression or the fact
that agr mutants are better adapted to certain environments (2,
5,6).

Here, we examined whether QS in S. aureus is a cooperative
social trait and determined the consequences for the evolution of
virulence. We carried out all our work in vivo, using a greater wax
moth (Galleria mellonella) larva virulence model (1, 7, 8). We first
tested whether QS is a social trait that (i) provides a benefit at the
group level and (ii) can be exploited by “cheats,” which avoid the
cost of signaling and producing virulence factors while benefiting
from those produced by others (8—10). We then tested the conse-
quences of this social interaction for virulence, examining how
virulence varies with the percentage of cheats in the population.
Finally, we tested how the time spent within each host (transmis-
sion speed) and diversity within populations affect the evolution
of virulence. These two effects are theorized to be influential on
the evolution of virulence due to their effect on the pattern of
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transmission. However, they are often conflated, making them
hard to disentangle (11-15), and so we designed an experiment to
manipulate them independently.

MATERIALS AND METHODS

Bacterial strains, media, and growth conditions. We used a fully QS-
proficient wild-type strain (RN6390B) and a QS-deficient mutant
RN6390B Aagr::ermB Erm” strain (ROJ37, with agr and RNAIII deleted)
(16, 17). To determine the timing of QS induction in vivo, we used an
RN6390B agr reporter strain, RN6390B(pSB2035), in which lux and green
fluorescent protein (GFP) expression is under the control of the P3 pro-
moter on a plasmid (14, 18-27). We grew overnight cultures of strains in
5 ml of lysogeny broth (LB) at 37°C with shaking. We centrifuged the
required amounts of overnight culture and resuspended them in phos-
phate-buffered saline (PBS) to an optical density of approximately 0.2 at
600 nm. We then mixed the solutions as required.

Galleria virulence assay. We purchased Galleria mellonella wax moth
larvae from Wiggly Wigglers and modified an existing infection protocol
(28,29). We injected 20 pl of S. aureus culture (containing approximately
2.2 X 10° cells) into healthy 5th-instar larvae between the rear two sets of
prolegs by using a microfine insulin syringe (U-100 [29 G]; Becton Dick-
inson) attached to a Tridak Stepper dose dispenser. We then incubated the
wax moths at 37°C for different lengths depending upon the experiment.
We determined the proportion of bacteria in the larvae by homogenizing
the wax moths by using a Pro Scientific Pro200 handheld homogenizer.
We serially diluted the homogenate and plated it out on Baird-Parker
agar (Sigma-Aldrich). After 24 h, we picked a sample of the colonies
and placed it onto Baird-Parker agar containing 5 pg/ml erythromy-
cin, which selected for agr mutants. We determined the actual propor-
tions of wild-type strains to Aagr mutant strains used when inoculat-
ing larvae in the same way.

Determining the virulences of wild-type, agr mutant, and mixed
population infections. We examined the virulences of groups with the
following characteristics (20 wax moths per group): wild type alone, agr
mutant alone, 1% Aagr mutant-99% wild type, 10% Aagr mutant—90%
wild type, 50% Aagr mutant-50% wild type, 90% Aagr mutant—10% wild
type, and PBS control. Periodically over 72 h, we assessed the proportion
of Galleria spp. that had died. We determined death when wax moths no
longer responded to stimulation with a pipette tip. In addition, in most
cases, we noted that the larvae completely melanized.

Determining growth of S. aureus strains in Galleria. To determine
how RN6390B (wild type) and ROJ37 (agr mutant) grew in Galleria
over time, we used 60 wax moths and sacrificed 10 larvae per group
(preselected at the start of the experiment) at preselected time points
and homogenized them separately. We serially diluted the homoge-
nate of each larva and spread them onto separate Baird-Parker agar
plates to count CFU.

Determining invasion and relative fitness of agr mutants in mixed
populations in Galleria. To determine how agr mutants grow in a mixed
population with wild-type bacteria, we tested the 1% Aagr mutant-99%
wild-type and 50% Aagr mutant—50% wild-type groups. We included 60
wax moths in each group. We sacrificed 10 larvae per group (preselected at
the start of the experiment) at selected time points and homogenized
them. We plated each larval homogenate onto separate Baird-Parker agar
plates, and we picked 50 colonies from each plate and set them on eryth-
romycin selection plates to determine the proportion of agr mutants.

We determined the relative fitness of the agr mutant in vivo when in
competition with the wild type by inoculating wax moths with 3 different
treatments (10 wax moths per treatment): 1% Aagr mutant-99% wild
type, 10% Aagr mutant—90% wild type, and 50% Aagr mutant-50% wild
type. We sacrificed the larvae after 48 h and homogenized them separately.
We calculated the proportion of agr mutants subsequently by picking 100
colonies per larva and setting them on erythromycin selection plates. We
calculated relative fitness (w) of agr mutants using the equation w = x,
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(I = x)/x, (1 — x,), where x, is the starting mutant proportion of the
population and x, is the end mutant proportion (11, 13, 30, 31).

Varying transmission rate and relatedness. We performed an exper-
iment to determine the effect of transmission speed and relatedness on
quorum sensing (the experimental design is shown in Fig. 4). Our exper-
iment tested the effects of two variables, high/low relatedness and fast/
slow transmission, on QS over time, and is an extension of previous ex-
perimental designs which looked at the effect of relatedness (18, 23, 32).

We manipulated relatedness by varying how the mix of colonies was
used to initiate the next round of selection. In the relatively high-related-
ness treatment, each wax moth larva was infected with a single clone,
which could be either the wild type or the agr mutant, and so cells only had
the potential to interact with genetically identical cells, corresponding to a
relatedness (r) of 1. In contrast, in the relatively low-relatedness treat-
ment, each larva was infected with multiple clones (>100), allowing the
potential for both the wild type and the agr mutant to be in the same larva.
In this case, cells had the potential to interact with both different and
identical cells, corresponding to an r of <1. We manipulated transmission
speed by varying the length of time that the bacteria spent in the host. For
fast transmission, larvae were infected for 15 h, and for slow transmission,
larvae were infected for 48 h. We therefore created 4 different treatment
conditions (high relatedness/fast transmission, high relatedness/slow
transmission, low relatedness/fast transmission, and low relatedness/slow
transmission), and we replicated each treatment 4 times (16 selection lines
in total).

We started our experiment by infecting 5 larvae with wild-type strains
(all derived from a single clone) and 5 larvae with agr mutant strains (all
derived from a single clone) (high relatedness) and infecting 10 larvae
with a 50:50 mix of wild-type and agr mutant strains (low relatedness).
Each larva received approximately 2.2 X 10 cells. We placed the larvae in
a 37°C incubator for a given time before we sacrificed each larva. We
manipulated transmission speed by allowing bacteria to grow in the host
for either 15 h (fast transmission) or 48 h (slow transmission). We pooled
the samples from each larva by homogenizing all larvae together (exclud-
ing dead ones), and we plated them out onto Baird-Parker agar plates to
isolate single colonies. We excluded dead larvae in our experiment be-
cause during a natural infection cycle, bacteria in dead hosts would not
necessarily be transmissible to new hosts and so they would be removed
from the infection pool. Each colony on the plates represented either a
wild type or an agr mutant. For high-relatedness treatment lines, we
picked 10 individual colonies and grew them separately overnight in LB.
For low relatedness, we took a sweep of >100 colonies to initiate the
overnight culture in LB. We then injected 10 fresh larvae per group with
2.2 X 10° cells from the overnight cultures, which we had adjusted to an
optical density of 0.2 in PBS. In the high-relatedness treatments, we in-
jected each larva with culture grown from a separate, single clone, whereas
in a low-relatedness line, we injected all the larvae with the same culture
derived from >100 separate colonies. Again, we used 10 worms per group
per round and kept the transmission speed constant for each group. We
ran the experiment for 3 rounds of selection.

Analyses. We analyzed the data using R version 3.0.1 and SPSS version
19 (33). We analyzed the survival data (see Fig. 3 and also Fig. S3 in the
supplemental material) in two ways. First, we used a Cox proportional
hazards model, fitting the percentage of agr mutants as a time-indepen-
dent covariate, to test if host survival rate depended on the percentage of
agr mutants. Such a model assumes that any effect of changing the per-
centage of agr mutants is not time dependent, i.e., affects on survival rates
are not limited to the first 24 h. Regressing the Schoenfield residuals upon
time can test this assumption. If there is no significant relationship, then
the assumption holds. As an alternative, we analyzed the survival data by
comparing the proportions of larvae still alive at the end of our experi-
ment (72 h). We did this using a generalized linear model, GzLM, that
allows a binary response (dead or alive) to vary as a proportion of the
sample (e.g., 7 of 20 larvae still alive), depending on the percentage of agr
mutants. However, this method provides only a snapshot of the effect (at
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the 72-h point) rather than comparing rates of survival over time as in the
Cox proportional hazards model (34). In all other analyses, we used gen-
eral linear models (GLM). Before data analysis of the population invasion
data, we square root transformed the proportion of agr mutants to meet
the assumptions of the GLM (data shown in Fig. 1B).

RESULTS

QS is a cooperative social trait in S. aureus infections. We first
tested whether agr QS is a cooperative social trait during infections
of wax moth larvae. We predicted that, if it is, (i) populations of
wild-type cells that exhibit QS should grow better than popula-
tions of agr mutants that do not produce or respond to signal and
(ii) when grown in mixed populations, agr mutants should be able
to exploit the signal and virulence factors produced by wild-type
cells and hence increase in frequency (i.e., they act as social cheats)
(9, 27). We tested these predictions using a fully QS proficient
wild-type strain (RN6390B) and an agr-deficient QS mutant
(ROJ37) (16).

We found that when inoculated into wax moths in single-
strain infections, the wild-type strain grew to a higher density than
the agr mutant after 48 h (analysis of variance [ANOVA]J; F, ;4 =
6.77, P = 0.018) (Fig. 1A; see also Fig. S1 in the supplemental
material). In contrast, when we inoculated with a mixed infection
containing 98.5% wild-type strains and 1.5% agr mutant strains,
we found that the agr mutant increased in frequency over time
(F, 66 = 11.29, P = 0.001) (Fig. 1B). Overall, these results suggest
that QS via the agr locus is a cooperative social trait that provides
abenefit at the group level (Fig. 1A) but which can be exploited by
cheats (agr mutants) who do not perform the action (Fig. 1B).

Social evolution theory also predicts that the fitness of cheats
should be frequency dependent, with their relative fitness decreas-
ing as they become more common (30, 35-37). As cooperators
become more common, there is greater population growth and
more opportunity for cheats to exploit cooperators (30). As pre-
dicted, we found that the relative fitness of the agr mutant de-
creased as it became more common (R> = 0.760; F,,; = 85.62,
P < 0.001) (Fig. 2). We found no increase in agr frequency when
we initiated mixed infections containing high levels of agr mutants
(P = 0.07) (see Fig. S2 in the supplemental material).

QS and virulence. We then examined the virulence conse-
quences of QS, examining how virulence varies with the percent-
age of agr mutants in the population. We started infections with
100% wild-type strains, 100% agr mutant strains, or a mixture of
the two. We found that as the percentage of agr mutants used to
initiate infections increased, the proportion of hosts still alive after
72 h increased [GzLM; Wald X*(;, = 5.895, P = 0.015] (Fig. 3).
The results of the Cox proportional hazards model showed that
this was due to a significantly lower mortality rate over time [Cox
proportional hazards model; Wald x*;, = 8.98, P = 0.003] (see
Fig. S3 in the supplemental material). A regression of the Schoe-
nfield residuals upon time showed no significant relationship,
suggesting that this effect of agr mutants upon mortality rate did
not vary over time (GLM; F, 5, = 0.025, P = 0.875). These results
show that agr mutants are not only less virulent than the wild type
but that the presence of agr mutants reduces the virulence of wild-
type infections.

Transmission, relatedness, and the social evolution of viru-
lence. Our results described above showed that QS via the agr
locus in S. aureus is a cooperative social trait and that the presence
of agr mutants, which act as cheats, reduces virulence. Given this,
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FIG 1 Social cost and benefit of QS. We grew the QS wild type (RN6390B) and
an agr mutant that does not respond to QS (ROJ37) in single and mixed
infections. (A) When only one strain was used to infect each host, the QS wild
type grew to higher densities after 48 h than the agr mutant, suggesting a
benefit of QS at the group level. The boxes represent the means = the standard
errors. The whiskers (error bars) show the minimum and maximum values.
(B) When grown in mixed infections, the agr mutant increased in frequency,
suggesting that the benefits of QS can exploited by individuals that do not
respond to QS. The regression line is shown in solid black, and 95% confidence
intervals are shown by dotted lines. Each circle represents one single larva.
Opverall, these results suggest that QS represents a cooperative social trait that
can be exploited by cheats.

anything that influences the relative fitness of cooperation and/or
cheating will also influence the evolution of virulence. Theory
predicts that the strain diversity within hosts can have two major
influences, which act in opposite directions, through its influence
on the genetic relatedness of the parasites infecting each host.
First, low strain diversity within populations (high within-host
genetic relatedness) can lead to increased virulence due to in-
creased cooperation between highly related cells to exploit the
host (11, 13). Secondly and in contrast, high strain diversity (low
within-host genetic relatedness) can also lead to increased viru-
lence due to incentives to outgrow nonrelated cells (38, 39).
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FIG 2 The fitness of cheats is frequency dependent. The relative fitness of the
agr mutant, when coinfecting a host with the wild type, was negatively corre-
lated with the percentage of agr mutants used to inoculate the infection. Each
data point represents 48 h of growth in a wax moth larva. The regression line is
shown in solid black, and 95% confidence intervals are shown by dotted lines.
The gray horizontal line at 1.0 represents where the wild type and agr mutants
have equal fitness levels.

In natural populations, the importance of these two influences
of relatedness depends upon the transmission rate (see Fig. S4 in
the supplemental material). If time spent in the host is long (slow
transmission), reduced virulence may be favored to prevent host
death before transmission to a new host occurs. In this case, a
higher relatedness may lead to decreased competition for re-
sources and hence select for decreased virulence, which could oc-
cur through the selection of agr cheats. In contrast, when time in
the host is short (fast transmission), any influence of growth rate
on host death will be relatively unimportant, because the host is
unlikely to die before transmission. Here, a higher relatedness may
favor cooperative traits such as QS and hence select for increased
virulence. However, relatedness and transmission will usually be
correlated, because faster transmission leads to higher strain di-
versity per host and hence lower relatedness, making it hard to
disentangle these different effects.

We tested the influences of both relatedness and transmission
by manipulating them independently with an experimental evo-
lution study (Fig. 4). We found that there was a significant influ-
ence of relatedness but not the transmission rate. As predicted, we
found that QS was favored by a relatively high relatedness (F, ;, =
5.576, P = 0.036) (Fig. 5A). At low relatedness, the agr mutant
went to fixation, whereas at high relatedness, both the wild type
and the agr mutant went to fixation or close to it, with approxi-
mately equal likelihoods (Fig. 5A). In contrast, the transmission
rate had no influence on the relative success of the QS wild type
versus the agr mutant (F, ;, = 0, P = 0.990) (Fig. 5A). There was
no interaction between relatedness and transmission rate (F, ;, =
0.005, P = 0.948): the effect of relatedness did not depend on
transmission rate or vice versa. Because the QS wild type led to
greater growth (Fig. 1A) and virulence (Fig. 3), we then wanted to
determine the consequences of relatedness on virulence. We did
this by combining the results from the selection experiment with
the data we collected on the mortality rate in infections. Conse-
quently, we estimated that high relatedness would lead to a higher
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FIG 3 QS and virulence. The percentage of larvae alive after 72 h was posi-
tively correlated with the percentage of agr mutants in the original infection.
The fitted line is a logistic regression curve, assuming binomial errors. Twenty
larvae per treatment group were used. The fitted line is a logistic regression
curve, assuming a binomial distribution of errors, resulting from a generalized
linear model. The logistic regression was necessary because we were regressing
a binary outcome (survival versus nonsurvival) (see Materials and Methods).

virulence (56.6% survival) than low relatedness (71.3% survival)
after 3 rounds of selection (Fig. 5B).

DISCUSSION

We have shown that QS in S. aureus is a cooperative social trait
that can be exploited by “cheats” which do not respond to QS and
that social interactions between cells determine virulence. More
specifically, we found that (i) QS provides a benefit at the group
level (Fig. 1A; Fig. S1) but agr mutants who do not perform QS can
increase in frequency when in coinfections with a QS wild type
(Fig. 1B), (ii) the social interaction between bacterial cells deter-
mines virulence (Fig. 3), which is negatively correlated with the
proportion of cheats in the population (Fig. 2), and (iii) in an
experimental evolution study, a relatively high strain diversity
(low relatedness) allows cheats to spread (Fig. 5A), leading to an
estimated decrease in virulence (Fig. 5B), but transmission rate
had no significant influence on the relative success of cheats
(Fig. 5A).

Cooperation and clinical epidemiology. Our results provide
the first demonstration that QS is a cooperative social trait in a
Gram-positive bacterial species (Fig. 1 to 3). In order to demon-
strate this, we showed that QS provides a fitness benefit at the
group level (Fig. 1) but that this can be exploited in mixed cultures
by mutants who not respond to signal (Fig. 1 and 2) (27). Al-
though some previous studies are consistent with QS being a co-
operative social trait, they have not shown the fitness benefit of
responding to signal at the group level (5, 40). Consequently, they
are also consistent with a fitness benefit due to a nonsocial trait.
Nonetheless, QS via potential agr systems occurs across the firmi-
cutes, including Staphylococcus spp. and Clostridium spp., suggest-
ing possible similar social behaviors (41). Furthermore, despite its
different underlying genetic architecture and molecular biology,
our results are strikingly similar to those obtained in the Gram-
negative opportunistic pathogen P. aeruginosa (18, 19, 21, 22).
This suggests a convergent evolution for signaling to coordinate
cooperation, using different signaling mechanisms and signaling
molecules (42).

Infection and Immunity


http://iai.asm.org

Cooperation and Conflict in S. aureus

Low relatedness
Slow transmission
mixed populations

Start 50: 50 mix

High relatedness

Fast transmission

10 separate clones mixed populations
Start 5 WT, 5 agr mutant Start 50:50 mix

1. .x5x5 .xlO .X5x5 x10

2. 15hrs 15 hrs 48 hrs 48 hrs

Live worms homogenised Live worms homogenised Live worms homogenised ~Live worms homogenised
and homogenates and homogenates and homogenates and homogenates
pooled before plating pooled before plating pooled before plating pooled before plating
Dead worms discarded Dead worms discarded Dead worms discarded Dead worms discarded

..O
"cw " é; "cw .’ é;
x10 x10 x10 x10

FIG 4 Transmission selection experiment. (1) We varied relatedness between interacting individuals by initiating each subpopulation with either a single
bacterial clone (relatively high r) or a large number of bacterial clones (>100; relatively low r). (2) We varied the transmission rate by altering the incubation
period to either 15 h (relatively fast transmission) or 48 h (relatively slow transmission). (3) We pooled the samples from each larva by homogenizing all larvae
together (excluding dead ones), and we plated them out onto Baird-Parker agar plates to isolate single colonies. (4) We injected 10 fresh larvae per group with
2.2 X 10° cells from overnight cultures. In the high-relatedness treatments, we injected each larva with culture grown from a separate, single clone, whereas for
alow-relatedness line, we injected all the larvae with the same culture derived from >100 separate colonies. We used 10 worms per group per round and kept the
transmission speed constant for each group. We ran the experiment for 3 rounds of selection. In the figure, black larvae symbolize individuals inoculated with QS
wild-type (WT) cooperators, white larvae symbolize individuals inoculated with agr mutants (cheats), and gray larvae symbolize a mixture of cooperators and
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cheats (see Materials and Methods for full details of the selection method).

Our results also provide an explanation for the potentially con-
tradictory results seen with agr mutants in clinical and in vivo
studies. It has been observed that agr mutants arise in frequencies
between 5 and 50% in a wide range of staphylococcal infections of
humans (3, 4, 43, 44). On the basis of these results, it has been
argued that either an agr mutation confers a selective advantage or
agr mutants are effectively neutral during infections. In contrast,
experimental studies in animal models have shown that agr mu-
tants are significantly less virulent and that agr expression confers
a survival advantage to S. aureus during infection (1, 8). Our ob-
servation that QS via agr is a cooperative social trait can explain
both of these results, because while QS is beneficial, agr mutants
can exploit the QS of others (cheat) and therefore increase in
frequency. Furthermore, agr mutants found in clinical infections
have tended to be agrC and agrA (signal-blind) mutants, which do
not respond to signal (22, 23). The relative lack of agrB (signal-
negative) mutants that respond to signal but do not produce sig-
nal is consistent with a role of social evolution: in mixed popula-
tions with the wild type, agrB mutants would still pay the cost of
responding to the signal produced by the wild type, while agrC and
agrA mutants would not.

Our results have at least two possible implications for medical
intervention strategies. First, the ability of agr mutants to act as
cheats and invade populations can be exploited. Specifically, such

March 2014 Volume 82 Number 3

cheats could be used to reduce virulence or introduce medically
useful genes, such as those for antibiotic susceptibility, into pop-
ulations (31). Second, the social nature of QS can influence the
relative usefulness of antivirulence strategies. For example, a clin-
ical study on P. aeruginosa showed that the use of a QS-inhibiting
drug stopped the spread of naturally arising QS mutants in infec-
tions and therefore diminished natural selection toward reduced
virulence, thereby increasing the potential spread of more-viru-
lent genotypes in a hospital environment (45).

Transmission, relatedness, and virulence. Theoretical mod-
els have predicted that increased strain diversity within hosts can
lead to either higher or lower virulence, through its influence on
genetic relatedness. Greater strain diversity leads to lower genetic
relatedness, which can lead to greater competition for host re-
sources, which would select for higher virulence (38, 46). In con-
trast, lower relatedness between interacting bacteria can also select
against the cooperation required for coordination of virulence
factor production and increased fitness and hence lead to lower
virulence (11, 13). We attempted to disentangle these two influ-
ences by varying both the level of competition and relatedness in
an experimental evolution study (Fig. 4). We manipulated relat-
edness by varying the number of clones with which we inoculated
each host, using either 1 (relatedness [r] = 1) or >100 (r ~ 0.5, at
which the wild type and mutant are equally abundant) (47). As
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FIG 5 Transmission, relatedness, and virulence. (A) The mean proportion of
QS wild-type strains is plotted against rounds of selection in the wax moth
larvae. Each point represents the mean of 4 independent replicate selection
lines, with solid lines representing high relatedness (R), dashed lines represent-
ing low relatedness, circles representing fast transmission (15 h), and triangles
representing slow transmission (48 h). (B) Predicted virulence (given as larva
survival at 72 h) for the mean of the high relatedness (@, solid line) and low
relatedness (O, dashed line) treatments over the rounds of the experiment.
Opverall, a higher relatedness led to a higher proportion of the QS wild type and
a higher predicted virulence. In contrast, transmission rate had no significant
effect on the proportion of QS wild-type strains or virulence.

predicted, we found a significant influence of relatedness, with
higher relatedness favoring QS and higher virulence (Fig. 5), as has
been found previously in P. aeruginosa (23). We found a large
variance in the high-relatedness treatment, with the wild type and
the agr mutant going to fixation with approximately equal prob-
abilities. This variance may reflect the influence of drift, which we
expect to be important in experimental evolution studies with
population structuring, because this leads to population bottle-
necks and relatively small effective population sizes (48).
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We manipulated the risk of host death by varying how long we
allowed growth to occur in the host (transmission speed), such
that a relatively small (15 h; fast transmission) or large (48 h; slow
transmission) proportion of hosts would have died before the
chance for transmission. Theory predicts that fast transmission
should select for higher virulence because there is a lower risk of
death and there are more opportunities to exploit a host (38).
Therefore, as QS regulates virulence, we predicted that lengthen-
ing the time of transmission would select against QS and favor the
selection of agr mutants. We found, in contrast to these theoretical
predictions, no significant effect of transmission time. One possi-
ble explanation for this is that our transmission times were not
sufficiently different. However, we chose 15 and 48 h in order to
maximize the potential influence of transmission: at 15 h, the
onset and expression of agr had occurred (see Fig. S5 in the sup-
plemental material), but there were still very few deaths, and at 48
h, there was substantial death but not enough to kill all the hosts in
each group and therefore bring the experiment to an end.

An alternative explanation for why transmission speed had no
influence is that the influence of host mortality is swamped by
selection for/against cooperation. Consistent with this, a previous
theoretical model that combined the potential for cooperation
and host mortality found that that while mortality could influence
virulence, the effect was relatively negligible (11). This suggests
that the extent to which a pathogen is able to grow in a host can be
far more important than any consequences of higher growth for
host mortality. Given that many virulence factors in bacteria ap-
pear to be cooperative public goods (49), this could be a relatively
general pattern in bacteria. Consequently, while theoretical work
on virulence has focused on the trade-off between parasite growth
and host mortality (38, 50), these models may be of little relevance
to microorganisms such as bacteria.
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