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Abstract

The coincidental virulence evolution hypothesis suggests that outside-host selection, such as predation, parasitism and
resource competition can indirectly affect the virulence of environmentally-growing bacterial pathogens. While there are
some examples of coincidental environmental selection for virulence, it is also possible that the resource acquisition and
enemy defence is selecting against it. To test these ideas we conducted an evolutionary experiment by exposing the
opportunistic pathogen bacterium Serratia marcescens to the particle-feeding ciliate Tetrahymena thermophila, the surface-
feeding amoeba Acanthamoeba castellanii, and the lytic bacteriophage Semad11, in all possible combinations in a simulated
pond water environment. After 8 weeks the virulence of the 384 evolved clones were quantified with fruit fly Drosophila
melanogaster oral infection model, and several other life-history traits were measured. We found that in comparison to
ancestor bacteria, evolutionary treatments reduced the virulence in most of the treatments, but this reduction was not
clearly related to any changes in other life-history traits. This suggests that virulence traits do not evolve in close relation
with these life-history traits, or that different traits might link to virulence in different selective environments, for example
via resource allocation trade-offs.
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Introduction

Compared to the vast knowledge on the prevention and

treatment of bacterial infectious disease, relatively little is known

about how the virulence of bacteria has evolved. Virulence

evolution is often exemplified as a tug of war between the

multicellular host and the pathogen, where the virulence (the

degree of host damage or mortality caused by the pathogen) [1]

evolves solely through host-pathogen interaction [2–4]. Contrary

to this idea, the ‘‘coincidental evolution of virulence hypothesis’’

suggests that virulence evolves indirectly due to selection forces

that are not related to the host-pathogen interaction per se, but

because of selection that occurs outside host environments

[2,3,5,6]. This is a plausible expectation when considering

opportunistic, environmentally growing bacterial pathogens be-

cause they typically live in a complex web of interactions with

biotic and abiotic selection pressures that might not be directly

connected to their potential hosts [7].

In the natural environment, top-down regulation by bacterio-

phages and protozoans are two major biotic causes of bacterial

mortality [8,9]. In order to survive, bacteria have evolved wide

arrays of defence mechanisms against their natural enemies

[10,11]. These adaptations have also been suggested to alter the

virulence of the bacteria [11–13]. For example, a biofilm-forming

ability can effectively lower predation pressure by ciliate predators

that prey in the open water. However, the biofilm-forming ability

of many bacteria can also be directly linked to the virulence of

bacteria as it can prevent macrophage phagocytosis inside the

multicellular host [11,14–16].

In addition to the means that prevent predator ingestion in the

first place, bacteria have evolved ways to survive the ingestion

process and even benefit from it [11]. Survival and reproduction

inside protozoan predators, especially in amoebae, may have even

contributed to the evolution of several bacterial pathogens [11].

Therefore, virulence could have evolved via adaptations to survive

inside protozoan food vacuoles, which could then promote survival

within phagocytes in the immune system [17,18]. Perhaps the

most typical example of this type of evolution is Legionella
pneumophila causing Legionnaires’ disease. This species is

sometimes found as a parasite of free-living amoeba [19–21].

However, infection of the human body is an evolutionary dead

end for L. pneumophila because human-to-human transmission is

unlikely [22,23]. This suggests that the virulence traits of L.
pneumophila are not evolved from human-bacteria interaction,

but rather ‘‘coincidentally’’ via amoeba-bacteria interaction
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[2,24]. In fact this linkage is assumed strong enough that the

virulence of bacterial clones are frequently assayed indirectly via

amoebae resistance tests [25–31].

Bacteriophages can also have a profound impact on the

evolution of bacterial virulence. Bacteriophages are known to

carry important virulence genes [32–34]. For example, they have

been found to contain genes encoding exotoxins and other

virulence factors that can be horizontally transferred into the

bacterial genome [35,36]. Moreover, bacteria can alter their cell

surface antigens to evade phage adsorption [10], whilst host

immune systems rely on bacterial surface antigens to identify

bacterial invaders [37,38]. Thus bacteriophage selected bacterial

surface antigens could indirectly affect host entry, either positively

or negatively.

Although protozoan predators and bacteriophages could

potentially contribute to elevated bacterial virulence, outside-host

defensive adaptations can also be costly and traded off with

virulence related traits [39,40]. For example, when bacteria

experience protozoan predation, the motility of bacteria that is

sometimes positively linked to virulence [41,42] can trade off with

anti-predator traits resulting in lowered virulence [39]. It has also

been shown that elevated outside-host temperature can select for

higher virulence in Serratia marcescens, while coevolution with

phage can counteract this effect [43]. Moreover high virulence in

Salmonella typhimurium can be costly in terms of reduced growth

in the outside host environment because of the expression of

virulence factor (type III secretion system) in a non-host

environment [44]. The nutritional conditions of the bacterial

growth environment can also significantly affect bacterial metab-

olism and the expression of virulence factors [45–47]. For

example, it has been found that the virulence of the pathogenic

fungi was negatively correlated to the carbon-to-nitrogen (C:N)

ratio of the culturing medium [48–50]. Therefore, if a similar

correlation occurs for bacteria, then the costly virulence traits

might be selected against during a prolonged period in a non-host

environment. In conclusion, the environmental lifestyle can

attenuate or strengthen the virulence depending on the selection

forces in the system [7].

Although predators are supposed to play an important role in

the evolution of virulence, experiments testing this theory are rare

and the studies that do exist only consider a single predator system

[40,51,52]. However, in a natural environment it is more

conceivable that several predators are present simultaneously,

potentially complicating the picture considerably. To test how

virulence and other life-history traits evolve in complex enemy

communities, we cultured the facultative pathogen S. marcescens
either alone or with three types of common bacterial predators

(amoeba, ciliate and bacteriophage in all seven possible combina-

tions) in a simulated pond water environment for 8 weeks. S.
marcescens is a gram-negative opportunistic pathogen infecting a

broad spectrum of hosts, including plants, corals, nematodes,

insects, fish and mammals [57,58]. They can also be found free-

living in soil, freshwater, and marine ecosystems [59,60] making it

likely that S. marcescens frequently encounters parasitic and

predatory organisms. Notably, S. marcescens is also capable of re-

entering the environment after decomposing the host. This creates

the possibility that the pathogen virulence is selected in nature by

both environmental and host-pathogen interactions. During the

experiment we followed the population dynamics of the prey

bacterium. Due to the presumed importance of predators on the

evolution of the bacterial virulence [28,53,54], the amoeba

densities were also followed throughout the experiment. After

the evolution experiment, a library containing 384 differentially

evolved clones was built to detect changes in virulence, growth

ability, biofilm-forming ability and amoeba resistance. The

virulence of the ancestor and the evolved bacteria, S. marcescens
Db11 was quantified in the fruit fly (Drosophila melanogaster) hosts

via an oral infection model [55]. Since phagocytes play a vital role

in the clearance of the Db11 from the hemolymph in this animal

model [55], we believed that choosing the bacterial strain and

infection model was relevant to our study. We hypothesized that if

S. marcescens Db11 gained amoeba-resistance in the presence of

amoeba predation, this resistance could be used to fight against

phagocytes in the hemolymph, and thus gain higher virulence.

With data from a multi-predator experiment we can test if the

bacterial virulence is selected for, a result that is expected in the

presence of bacterial enemies (phage, ciliate and amoebae),

especially amoebae. However, it is also plausible that selection

pressures by bacterial enemies could select against virulence

[39,40].

Methods

Study species
Serratia marcescens Db11 [56,57] was initially isolated from a

dead fruit fly and was kindly provided by Prof. Hinrich

Schulenburg. The predatory particle feeding ciliate, Tetrahymena
thermophila (strain ATCC 30008) has a short generation time of

ca. 2 h [61] and was obtained from American Type Culture

Collection. It is routinely maintained in PPY (Proteose Peptone

Yeast Medium) at 25uC [51,62]. The free-living amoeba,

Acanthamoeba castellanii (strain CCAP 1501/10) has a generation

time ca. 7 h [62] and was obtained from Culture Collection of

Algae and Protozoa (Freshwater Biological Association, The Ferry

House, Ambleside, United Kingdom) and routinely maintained in

PPG (Proteose Peptone Glucose Medium) [63] at 25uC. Obliga-

tory lytic bacteriophage Semad11, capable of infecting S.
marcescens Db11, was isolated from a sewage treatment plant in

Jyväskylä, Finland in 2009. No specific permission was required

for collection or location of the bacteriophage. Semad11 is a T7-

like bacteriophage belonging to Podoviridae (A.-M. Örmälä-

Odegrip, unpublished data).

The evolution experiment was performed in New Cereal Leaf -

Page’s Amoeba Saline Solution (NAS) medium which was

prepared as follows: 1 g of cereal grass powder (Aldon Corp.,

Avon, NY) was boiled in 1 liter of dH2O for 5 minutes, and then

filtered through a glass fiber filter (GF/C, Whatman). After

cooling, 5 ml of both PAS stock solutions I and II were added

before being made up to a final volume of 1 litre with deionized

water [64,65].

Before the experiment started, the organisms were cultured

separately and prepared as follows: bacterial culture, a single

colony of S. marcescens was seeded to 80 ml of NAS medium in a

polycarbonate Erlenmeyer flask capped with a membrane filter

(Corning). The flask was incubated at 25uC on a rotating shaker

(120 rpm) for 48 hours. The amoeba and ciliate cells were

harvested and washed twice in 40 ml of PAS (Page’s Amoeba

Saline) with centrifugation at 12006 g for 15 min to pellet the

cells. After the centrifugation, cells were suspended in PAS and

adjusted to a final concentration of ca. 10 cells ml21. To prepare

the bacteriophage stock, LB-Soft agar (0.7%) from semi-confluent

plates was collected and mixed with LB (4 ml per plate), and

incubated for 3.5 h at 37uC. Debris was removed by centrifuga-

tion for 20 min at 96826g at 5uC. Stock was filtered with 0.2 mm

Acrodisc Syringe Filters (Pall). The bacteriophage stock was

diluted 1:100,000 in NAS medium, giving approximately 106

plaque-forming unit (PFU) ml21.
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Evolution experiment
The bacterium S. marcescens was either cultured alone or in a

co-culture with the ciliates, amoebae and bacteriophages enemies

8 combinations (B, BA, BC, BP, BAC, BAP, BCP and BACP; B:

bacteria; A: amoebae; C: ciliate; P: phage; Figure 1) for 8 weeks.

Each treatment was replicated in 8 flasks. The experiment was

initiated in 25 cm2 polystyrene flasks with 0.2 mm hydrophobic

filter membrane caps (Sarstedt). Each flask was inoculated with

1 ml of the appropriate microorganism suspension and then the

total volume was adjusted to 15 ml with NAS medium. The static

liquid cultures were incubated at 25uC and 50% of the medium

were replaced weekly with fresh NAS medium, making the system

a pulsed resource type [66,67]. Static liquid culture would create a

spatial structuration that was similar to the pond water environ-

ment. All samples were taken just before the weekly medium

renewal (Figure 1).

Measurements during the evolution experiment
Bacterial biomass dynamics. Bacterial biomass in the free

water phase was measured from 5 separate 200 ml samples from

each flask on 100-well Honeycomb plates (Oy Growth Curves Ab

Ltd). The amount of biomass was measured as optical density

(OD) at 460–580 nm wavelength using Bioscreen C spectropho-

tometer (Oy Growth Curves Ab Ltd). The measurements were

repeated 10 times at 5 min intervals. The mean of the

measurements was used in the data analysis. To measure the

amount of S. marcescens biofilm attached to the flask walls after 8

weeks had expired, 15 ml of 1% crystal violet solution (Sigma-

Aldrich) was injected to the flasks. After 10 minutes, the flasks

were rinsed 3 times with distilled water, and then 15 ml of 96%

ethanol was added to flasks to dissolve crystal violet from the walls

for 24 hours [68]. The amount of biofilm was quantified with the

OD of the crystal violet-ethanol solution at 460–580 nm with

Bioscreen C spectrophotometer [66].

Amoeba population dynamics. To follow the population

dynamics of the amoeba, we measured the density of amoeba cells

attached on the flask well. This measurement largely reflects the

amoeba population dynamics in the flasks since the proportion of

floating cells and cysts would be minimal after 7 days culture in the

static cultures. In brief the flasks were carefully flipped and images

(total area 5.23 mm2) of the flask wall were digitized with an

Olympus SZX microscope (326magnification). The amoeba cells

attached to the flask wall were counted with a script developed in

our lab for the Image Pro Plus software (v. 7.0) (Material S1). To

determine the ciliate density by the end of the experiment, 250 ml

of open water sample was mixed with 10 ml Lugol solution and

injected into a glass cuvette rack (depth 2.34 mm). For each

sample, 8 randomly placed images (total area 41.84 mm2) were

digitized with an Olympus SZX microscope (326magnification).

The cell numbers in each image were counted with an Image Pro

Plus script [69].

Detecting phage presence. To detect if the bacteriophages

were present in the microcosms throughout the experiment and to

detect possible contamination, we took 3 independent 500 ml

samples from all flasks at the end of evolution experiment. The

samples were treated with chloroform and centrifuged to remove

bacteria, amoebas and ciliates. 10 ml supernatant drops were then

added to 1.5% agar plates. The upper layer of the each plate was

covered with 0.7% LB-agar that was mixed with 200 ml of

overnight grown S. marcescens Db11 ancestor cells. The plates

were incubated overnight in 25uC and the presence of phage

plaques were checked.

Measurements after the evolution experiment
Amoeba plaque test. After the evolution experiment was

finished, half of the flasks from each treatment were randomly

sampled to test for any resistance of the bacteria to amoeba

predation. The test was adapted from a Wildschutte et al. [70]

briefly, the flasks from the evolution experiments were shaken

vigorously before 1 ml of the culture was transferred to a new tube

containing 7 ml of dH2O. The tubes were mixed thoroughly and

then centrifuged at 250 g for 10 min to bring down the suspended

protozoan cells. 1 ml of the supernatant was spread evenly on to

LN agar plates (PAS with 0.2% peptone, 0.2% glucose and 1%

agar). A total of 105 predatory amoeba cells (washed twice in PAS)

suspended in 15 ml PAS solution were added to a sterile paper

disk, and then placed in the middle of the plate. All the plates were

incubated at 25uC for 8 days and then photographed. The images

of the plates were used to measure plaque sizes with Image Pro

Plus software (v. 7.0). A large plaque size indicates a small amoeba

predation resistance.

Growth and biofilm forming ability of the individual

clones. After the evolution experiment was complete, liquid

samples from each replicate population of all treatments were

Figure 1. Schematic overview of our experimental evolution study, number of replicate populations, legends for treatments (Anc.:
ancestral bacterial strain DB 11; B: bacteria; A: amoebae; C: ciliate; P: phage), and descriptions of different measurements.
doi:10.1371/journal.pone.0111871.g001
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streaked on three Luria–Bertani (LB) agar plates. They were

incubated for 48 hours at 25uC, two bacterial colonies were

randomly picked from each plate and inoculated to 5 ml LB liquid

medium. The clones were grown at 25uC overnight on a shaker

(120 rpm). To make stock cultures of the clone library, 200 ml of

the liquid culture of each strain was mixed with 200 ml of 80%

glycerol on 100-well Honeycomb plates in a randomized order

and stored at 280uC. Prior to clonal growth measurements stock

cultures from the clone library were inoculated to 100-well

Honeycomb plates, directly from the freezer, with a plate

replicator (EnzyScreen). Each well of the 100-well Honeycomb

plates contained 400 ml fresh LB liquid medium. The OD of each

well was measured continuously without shaking for 30 hours in

5 min intervals to estimate the maximum growth rate and

maximum population size of the clones. After 30 hours, 100 ml

of 1% crystal violet solution (Sigma-Aldrich) was added to each

well to quantify amount of biofilm that was produced. After

10 minutes incubation in 25uC, the plates were rinsed with

distilled water 3 times and then 400 ml of 96% ethanol was added

to each well and left for 24 hours to dissolve the crystal violet from

the walls [68]. The amount of biofilm was quantified by measuring

the OD of the crystal violet-ethanol solution at 460–580 nm with

Bioscreen C spectrophotometer [66].

Identical measurements were also recorded with NAS medium

either with or without the protozoan predators (amoeba or ciliate).

The abovementioned clones were first grown in 400 ml LB liquid

medium in 100-well Honeycomb plates. After incubation at 25uC
for 24 h in static cultures, 10 ml of the bacterial culture was

transferred to 100-well Honeycomb plates. Each well contained

390 ml NAS mixed with or without NAS washed amoeba (5–10

cells/ml) or ciliate cells (0.5–1 cells/ml). Subsequent measurements

for growth and biofilm assay were performed as described above.

Estimation of growth rate and yield was based on the Matlab

script written by TK that fits linear regression to 25 time-points

along a sliding data window with background correction, using ln-

transformed OD data. The maximal growth rate is determined by

finding the largest slope of linear regression within all fitted

regressions for the particular clone. The yield was determined as

the highest average OD over the 25 data point window.

Virulence of the evolved clones. Stock cultures of the clone

library were inoculated to 100-well Honeycomb plates, filled with

400 ml fresh LB liquid medium with plate replicator (EnzyScreen).

For a positive control the ancestor S. marcescens Db11 was added

to two separate wells in each plate and used in the subsequent

infection experiment. After 24 h incubation at 25uC without

shaking, 800 ml of the bacterial culture was mixed with the 800 ml

of 100 mM sucrose solution. The mixture was absorbed to cotton

dental roll (Top Dent, Lifco Dental, Enköping, Sweden) folded on

the bottom of a standard 75623 mm fly vial (Sarstedt,

Nümbrecht, Germany). 1600 ml of 100 mM sucrose solution was

used as a negative control. Ten D. melanogaster adults (2–3 days

old) from a large laboratory colony (Oregon R, kindly provided by

Christina Nokkala from the University of Turku) were transferred

to each vial and plugged with cotton. This was done for all the

bacterial clones. Deaths of flies were monitored over next 4 days at

3–6 h intervals.

Statistical analysis
Changes in bacterial density and amoeba density were

compared using repeated measurements ANOVA. The effects of

the evolutionary treatments on bacterial virulence were quantified

with Cox regression by fitting evolutionary treatment and identity

of population as categorical covariates. The amoeba plaque test

and the amount of biofilm at the end of the evolution experiment

were compared using ANOVA. All the analyses were done with

SPSS v. 19 (IBM).

Life history and defensive traits of evolved clones were tested

with ANOVA including treatment (all possible combinations of

predators) as a fixed factor and population identity as a random

factor. From the data we tested effects of treatments on growth

rate, yield and biofilm, as well as growth rate and yield under the

influence of ciliate or amoebae presence. Coevolution of traits was

studied with MANOVA and subsequent eigenanalysis to reveal if

changes in certain traits would lead to corresponding changes in

other traits across the treatments. Thus, this analysis allows

pinpointing strongly interconnected traits [71]. MANOVA and

eigenanalysis was performed with MATLAB function manova1

(R2012a, Mathworks; Statistics toolbox) for population averaged

trait values. Values used for MANOVA for virulence were hazard

function coefficients averaged over the populations within each

treatment.

Two replicated populations (one in the treatment BC and one in

BAC) were found contaminated by Semad11 phages. Moreover,

in two replicates of the treatment BACP phages were not detected

by plaque assay. All the other samples from phage containing

treatments formed phage plaques on the ancestor Db11 bacterial

lawn. This confirms that phages did not go extinct during the

experiment. The aforementioned 4 flasks were excluded from the

data analysis.

Results

The population dynamics of bacterial prey and amoeba
predators during the experiment

The presence of predators generally reduced the bacterial

biomass in free water phase (OD of the medium: F7, 52 = 674.620,

p,0.001; Figure 2A). The ciliates reduced the biomass most

dramatically: on average by 27% during the weeks 1–8 when

compared to the control (B). Biomass reduction by ciliate and

phage (BCP), and amoeba and ciliate (BAC) communities was

25%. Amoeba (BA) and amoeba and phage (BAP) communities

reduced bacteria biomasses by 20%. The bacteriophage (BP)

reduced the biomass only by 2%. The pairwise-comparisons of the

rest of the treatments were significant after Bonferroni correction,

except BCP vs. BC, and BACP vs. BAC.

The amount of biofilm produced in each treatment was

different at week 8 when measured directly from the microcosm

walls (ANOVA, F7, 52 = 39.101, p,0.001). The highest amount of

biofilm was found in the presence of ciliates (BC) and the lowest

amount of biofilm was found in the treatments BAC and BACP.

Detailed pairwise comparison can be found in Table S1.

The amoeba population sizes declined in all treatments after the

initial increase during the first week (F3, 28 = 280.257, p,0.001;

Figure 2B). The amoeba population sizes were higher in amoeba

(BA) and amoeba and phage (BAP) treatments (on average 30 cells

ml21) throughout the 8-week evolution experiment. Adding phage

to the amoeba treatment did not change the population dynamics

of the amoeba (Fisher’s LSD: BA vs. BAP, p = 0.485). However,

ciliates reduced the amoeba population sizes: on average only 5

cells ml21 were found throughout the experiment in treatment

BAC, and on average 8 cells/ml in treatment BACP.

Virulence
In order to explore if past selection with predators had

influenced virulence we utilized the Drosophila oral infection

assay. The treatment group that had evolved with ciliates and

phages (BCP) had clearly lower virulence than the rest of the

evolved treatment groups (p,0.01 in all pairwise comparisons;
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Figure 2. Bacterial biomass dynamics (A) and amoebae population dynamics (B) during the eight-week evolution experiment. The
bacteria were reared alone or in several combinations of bacterial enemies (Anc.: ancestral bacterial strain DB 11; B: bacteria; A: amoebae; C: ciliate; P:
phage). See Table S1 for pairwise comparisons.
doi:10.1371/journal.pone.0111871.g002

Figure 3. Cumulative survival curves of the fruit flies that were infected with evolved and ancestral bacterial clones. Anc.: ancestral
bacterial strain DB 11; B: bacteria; A: amoebae; C: ciliate; P: phage. The survival curves represented the pooled survival data of the 480 fly individuals
for each treatment (10 flies per vial, 6 clones per population and 8 replicates per treatment). The treatment codes are in the order of the increasing
virulence. See Table S2 for pairwise comparisons.
doi:10.1371/journal.pone.0111871.g003
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Figure 3; Table S2). In this group the between population

variation was also very high and statistically significant. In the

majority of the other groups, the between population variation was

clearly non-significant (p,0.135, but in BCP, p,0.001; BAC

p = 0.003). Moreover, all treatments had lower virulence than the

ancestor (p,0.01 in all pairwise comparisons; Figure 3; Table S2).

There was no statistical support for the difference in virulence

between any other treatment groups.

Sensitivity to amoebae predation
The amoeba plaque test revealed that the sensitivity to amoeba

predation (measured with the area of visible plaque formed on

bacterial lawn) was highest in bacteria co-cultured with amoeba

and ciliates (BAC: p,0.05 in all pairwise comparisons; Figure 4;

Table S1). The lowest amoeba sensitivity was found in the

treatment where the amoeba were reared with phages (BAP;

Figure 4) or with ciliates and phages (BACP; BAP vs. BACP:

p = 0.66, Figure 4). The detailed result of pairwise comparisons

can be found in the Table S1. Although the treatment group that

had evolved with ciliates and phages (BCP) had the lower

virulence than the other evolved treatment groups, its sensitivity to

amoeba predation did not differ from the others in pairwise

comparisons (Table S1), which suggests no clear link between

amoebae predation and virulence.

Life-history traits
Treatments did not influence the maximal growth rate strongly

(Table 1), however low growth rates were found in clones that had

evolved with ciliates (BC; Figure 5A; Table S2). The ancestor

clones had the largest yield. Evolutionary treatments did not differ

greatly from each other but the clones that had evolved with

phages had the lowest yield (BP; Figure 5B; Table S2). Evolution-

ary changes occurred most dramatically in the biofilm forming

ability. The highest biofilm forming abilities were found from the

clones that had evolved alone (B) or with amoeba and ciliate

(BAC). Intermediate biofilm production was found in ancestral

clones (Anc.) or if clones had evolved with amoebae (BA) or with

all enemies (BACP). The lowest biofilm production was found if

clones that had evolved with ciliate (BC), phage (BP), amoebae and

phage (BAP) or with ciliate and phage (BCP) (Figure 5C; Table

S1).

From the defensive traits the strongest changes were observed in

growth rate and yield when the bacteria were co-cultured with

amoebae. In both of the traits ancestor bacteria deviated from the

clones that had undergone evolutionary treatments; ancestors had

higher growth rate co-cultured with amoebae but lower yield than

evolved clones (Figure 6; Table S2). Similarly, from the evolved

groups the highest growth rate was found from the group that had

evolved with phage and amoebae (BAP), whereas its yield with

amoebae was lowest (Figure 6; Table S2). Growth rate measure-

ments did not indicate that treatments affected the resistance of

clones against ciliate predators. However, yield with ciliates was

lowest if bacteria had evolved alone (B) or with amoebae and

Figure 4. Sensitivity of evolved bacteria on amoebae predation
measured using amoeba plaque test. Anc.: ancestral bacterial
strain DB 11; B: bacteria; A: amoebae; C: ciliate; P: phage. Sensitivity is
measured as a plaque size (mm2) in bacterial lawn caused by the
introduced amoeba in semi-solid agar plate. Letters indicate if
treatment means are statistically similar (p.0.05), after Bonferroni
correction for multiple comparisons. Tests are based on the post hoc
comparisons of estimated marginal means for treatments ANOVA. All
bars correspond to 4 randomly picked samples from 8 replicate
populations.
doi:10.1371/journal.pone.0111871.g004

Table 1. Estimated (ANOVA) evolutionary effects of different combinations of enemies (treatment), and population identity on
bacterial virulence against Drosophila melanogaster, and on bacterial life-history traits, measured alone or with amoebae or ciliate.

Treatment Population

Wald df p Wald df p

Virulence 48.6 8 ,0.001 169.58 52 ,0.001

F df1,2 p F df p

Growth rate 2.465 8,32.007 0.033 0.799 52,306 0.836

Yield 2.582 8,39.627 0.023 1.349 52,306 0.066

Biofilm 12.987 8,37.001 ,0.001 1.097 52,306 0.311

F df1,2 p F df p

Growth with amoebae 9.565 8,40.485 ,0.001 1.456 52,306 0.029

Yield with amoebae 3.595 8,46.032 0.003 2.885 52,306 ,0.001

Growth with ciliate 1.296 8,39.223 0.274 1.304 52,306 0.091

Yield with ciliate 4.757 8,40.432 ,0.001 1.449 52,306 0.031

Wald denotes Wald’s test statistics, and F corresponds to F-test statistics, df denote degrees of freedom and p indicate statistical significance.
doi:10.1371/journal.pone.0111871.t001
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ciliate (BAC), and highest if clones had evolved with ciliate (BC)

and ciliate and phage (BCP) (Figure 6C; Table 1; Table S2).

Coevolved traits
Based on the individual traits in different treatment combina-

tions, it is difficult to get an idea of how co-ordinate traits evolved.

Therefore we analysed all traits in multivariate ANOVA, followed

by eigen-analysis. In this analysis we found that two dimensions

dictated multivariate evolution amongst evolutionary treatments

(support for two dimensions p = 0.028, for 1 dimension p,0.001).

The first dimension was characterized by variation in biofilm and

ciliate defence. Those treatments that exerted strong positive

selection on biofilm production had a lower yield with ciliate in

free water. The second dimension of trait evolution was formed by

those treatments that had increased growth rate without predators

and also had a lower growth rate with ciliate. Neither of the two

‘‘major’’ eigen-functions linked virulence to other traits (Table 2).

When similar analysis was performed with information from the

amoeba plaque test, a similar result was found, again supporting

what was found for two multivariate dimensions (support for two

dimensions p = 0.023, for 1 dimension p,0.001). The amoeba

plaque test contributed moderately to a second eigenvector. This

eigenvector had a slightly different composition than the analysis

without the amoeba plaque test as the ltter contained all

microcosm replicates. If anything, a higher resistance against

amoebae was associated with higher biofilm forming ability and

higher growth rate with ciliate. However, the amoeba plaque test

clearly did not predict virulence. Since the amoeba plaque test was

performed for a subset of the populations, their inclusion in more

detailed measurements resulted in a smaller dataset. We base our

discussion on the analysis of the larger and thus more reliable

eigen-analysis without the amoeba plaque test (Table 2).

Discussion

Predators such as ciliates and amebae, and parasitic phages are

expected to be the main determinants of bacterial mortality in the

natural environment [8,9]. In addition to selection exerted by

these predators and parasites on defensive traits, selections by

bacterial natural enemies have often been suggested to lead to

increased bacterial virulence [2,5,72] to such a degree that

amoebae-resistance has been used as a direct proxy of strains’

virulence [25,27–31,73]. However, we did not find evidence to

suggest such a relationship as most of the experimental treatments

had attenuated virulence. Moreover, there was no indication of

coevolution of other life-history traits with virulence in evolved

strains.

Contradictory to the theory that protozoan predators and phage

parasites, amoebae in particular, play a strong role in the evolution

of high virulence [11–13,53,72,74], we found that virulence

attenuated in all of the evolved populations regardless of the

presence of the enemies. This is in accordance with the previous

study with S. marcescens that suggest that ciliates can select for

attenuated virulence [39,40]. However, here we show that this is

also the case with amoeba and phages [43], and under selection by

multiple enemies at the same time. By far the strongest decrease in

virulence was found in clones that had evolved with phages and

ciliates. However, the between population variation in this group

was very high and statistically significant. This was shown in

separate analyses designed to test the amount of between

population variance within treatments. In most of the other

groups the between population variation was clearly non-

significant (p,0.135, but in BCP, p,0.001; BAC p = 0.003).

The between population variation is often seen as a signature of

drift, mutation accumulation and lack of directional selection on

traits [40,75–78]. Thus, we propose that the strong decline of

virulence in ciliate-phage treatment was primarily caused by the

decay of unused traits through random mutation accumulation

[40,76].

To find out if evolutionary changes in virulence could be linked

to changes in traits that are important for fitness outside the host,

we measured growth parameters and resistance against amoeba

and ciliates. However, none of the traits seemed to be determining

the level of virulence amongst evolved strains. Thus, it is clear that

resistance to protozoan predators or changes in other measured

Figure 5. Growth rate (panel A), yield (panel B) and biofilm
forming ability (panel C) differences between ancestral clones
and clones that have evolved alone (B) or in different
combinations of bacterial enemies. Anc.: ancestral bacterial strain
DB 11; B: bacteria; A: amoebae; C: ciliate; P: phage. Letters indicate if
treatment means are considered statistically similar (p.0.05) after
Bonferroni correction for multiple comparisons. Tests are based on the
post hoc comparisons of estimated marginal means for treatments of
ANOVA testing the effects of treatment and population identity on
these traits. Bars correspond to measurements of 6 clones from 8
replicate populations, in ancestor n = 16).
doi:10.1371/journal.pone.0111871.g005
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life-history traits are poor indicators for virulence in S. marcescens.
However, in other bacterial species, virulence correlated positively

with bacterial defences against predators [5,12,17,26,72] (but see

[39,40,77]). In addition, several lines of research have emphasized

the role of growth rate with virulence [79,80] (but see [44,77]).

However, it could be that virulence might be traded off with

whatever trait that is under selection in the given environment.

This could have led to the clear lack of a connection between

virulence and life history traits in an experiment where selection

pressures are different between each treatment. This is a plausible

outcome if virulence is traded off with life-history traits via finite

Figure 6. Growth rate with amoebae (panel A), yield with
amoebae (panel B) and yield with ciliate (panel C) differences
between ancestral clones and clones that have evolved alone
or in different combinations of bacterial enemies. Anc.: ancestral
bacterial strain DB 11; B: bacteria; A: amoebae; C: ciliate; P: phage.
Letters indicate if treatment means are considered statistically similar
after Bonferroni correction for multiple comparisons. Tests are based on
the post hoc comparisons of estimated marginal means for treatments
of ANOVA testing the effects of treatment and population identity on
these traits. Bars correspond to measurements of 6 clones from 8
replicate populations, in ancestor n = 16).
doi:10.1371/journal.pone.0111871.g006
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resources. Then, any energetically costly trait under strong

selection in outside-host environments could lead to virulence

attenuation. Although we did not find a strong connection with

virulence traits and life-history traits, we found that regardless of

the evolutionary treatments, high biofilm-forming ability was

closely linked with a low yield in a condition of co-culturing with

ciliates in free water, and high growth rate was linked with low

growth rate with ciliates. The first eigenvector (biofilm vs. yield

with ciliates) could indicate that growth in biofilms does not lead to

good protection against predation in free water, or that exposure

to predation leads to biofilm formation only when predators are

present and thus reduces cells in a free water environment.

However, these findings from the eigen analysis effectively mean

that there are evolutionary constraints between different life-

history traits that remain unchangeable regardless of the

evolutionary treatments. Moreover, since the predators (amoeba

and ciliates) were effectively reducing the population densities in

the long run (Figure 2A) the lack of selection on life history traits is

not a plausible explanation for the obtained results.

When we compared ancestor’s life history traits to evolved

strains, it seemed that ancestors grew better with amoebae and

were also the most virulent clone (Figure 3). However, another

amoebae-resistance measurement, yield with amoebae, was

actually lower for the ancestor strain than evolved strains.

Moreover, in the amoebae-plaque test the ancestor strain did

not excel in comparison to evolved strains. These contrasting

results from measurements that should indicate the ability to resist

amoebae suggest that there is a weak indication that amoebae-

resistance evolved simultaneously with virulence. Therefore we

suggest that the culture conditions could attenuate virulence,

without any clear changes in life history traits. Interestingly,

several experimental evolution studies have previously found that

bacterial virulence decreases due to the exposure to the outside-

host environment [39,40,81].

Alternatively, it has been suggested that if traits are not needed

under particular conditions then their alleles become harmful and

accumulate which leads to unused trait decay [76]. S. marcescens
strain Db11 was isolated from a dead Drosophila fly over thirty

years ago and has been routinely grown in highly protein-rich LB

medium. Yet, the virulence of the strain has been maintained from

lab to lab [55,57,82]. It is possible that the protein-enriched

culture condition like LB medium (LB containing 10 g/l tryptone

and 5 g/l yeast extract) was somehow needed for S. marcescens
Db11 to maintain its virulence. However, a more likely scenario

could be that our experimental conditions (low concentration of

high C:N ratio plant detritus) selected against virulence in the 8

week evolution experiment. In addition, there might be other

unknown factors that could of affected the virulence. Although

predators in general effectively lowered population sizes of the

bacteria (Figure 2A), spatial heterogeneity and potentially other

niches created by the static cultures might lower the strength of

selection on defensive traits. For example, the biofilm could act as

a protection against protozoan predation, and some bacteria might

have not been under selection at all.

To summarize, we found no support for the idea that enemies

outside the host could select for higher virulence, as all

experimental treatments led towards lower bacterial virulence.

Among evolved strains virulence was not linked to other life-

history characters, suggesting that selective pressures from

protozoan predators (ciliates and amoebae) and parasitic phages

did not dictate virulence evolution. In conclusion, our dataset

offered a case against coincidental evolution of the virulence

hypothesis that expects outside-host selections, especially amoebae

predation, would lead to higher bacterial virulence [2,3,5,72].
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Contributed reagents/materials/analysis tools: JZ TK AMÖ JM JL. Wrote
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References

1. Casadevall A, Pirofski LA (2003) The damage-response framework of microbial

pathogenesis. Nat Rev Microbiol 1: 17–24.

2. Levin BR (1996) The evolution and maintenance of virulence in microparasites.

Emerg Infect Dis 2: 93–102.

3. Levin BR, Svanborg Eden C (1990) Selection and evolution of virulence in
bacteria: an ecumenical excursion and modest suggestion. Parasitology 100

Suppl: S103–115.

4. May RM, Anderson RM (1983) Epidemiology and Genetics in the Coevolution
of Parasites and Hosts. P Roy Soc Lond B Bio 219: 281–313.

5. Adiba S, Nizak C, van Baalen M, Denamur E, Depaulis F (2010) From grazing

resistance to pathogenesis: the coincidental evolution of virulence factors. PloS
one 5: e11882.

6. Coombes BK, Gilmour MW, Goodman CD (2011) The evolution of virulence in

non-o157 shiga toxin-producing Escherichia coli. Front Microbiol 2: 90.

7. Brown SP, Cornforth DM, Mideo N (2012) Evolution of virulence in

opportunistic pathogens: generalism, plasticity, and control. Trends Microbiol

20: 336–342.

8. Jürgens K, Matz C (2002) Predation as a shaping force for the phenotypic and

genotypic composition of planktonic bacteria. Antonie Van Leeuwenhoek 81:

413–434.

9. Suttle CA (2005) Viruses in the sea. Nature 437: 356–361.

10. Labrie SJ, Samson JE, Moineau S (2010) Bacteriophage resistance mechanisms.

Nat Rev Microbiol 8: 317–327.

11. Matz C, Kjelleberg S (2005) Off the hook - how bacteria survive protozoan

grazing. Trends Microbiol 13: 302–307.

12. Brüssow H (2007) Bacteria between protists and phages: from antipredation

strategies to the evolution of pathogenicity. Mol Microbiol 65: 583–589.

Bacterial Virulence in Multi-Enemy Microbial Communities

PLOS ONE | www.plosone.org 9 November 2014 | Volume 9 | Issue 11 | e111871



13. Greub G, Raoult D (2004) Microorganisms resistant to free-living amoebae. Clin
Microbiol Rev 17: 413–433.

14. Hall-Stoodley L, Costerton JW, Stoodley P (2004) Bacterial biofilms: from the
natural environment to infectious diseases. Nat Rev Microbiol 2: 95–108.

15. Jousset A (2012) Ecological and evolutive implications of bacterial defences
against predators. Environ Microbiol 14: 1830–1843.

16. Thurlow LR, Hanke ML, Fritz T, Angle A, Aldrich A, et al. (2011)

Staphylococcus aureus biofilms prevent macrophage phagocytosis and attenuate

inflammation in vivo. J Immunol 186: 6585–6596.

17. Al-Quadan T, Price CT, Abu Kwaik Y (2012) Exploitation of evolutionarily

conserved amoeba and mammalian processes by Legionella. Trends Microbiol
20: 299–306.

18. Gao LY, Harb OS, AbuKwaik Y (1997) Utilization of similar mechanisms by
Legionella pneumophila to parasitize two evolutionarily distant host cells,

mammalian macrophages and protozoa. Infect Immun 65: 4738–4746.

19. Abu Kwaik Y, Gag LY, Stone BJ, Venkataraman C, Harb OS (1998) Invasion of

protozoa by Legionella pneumophila and its role in bacterial ecology and
pathogenesis. Appl Environ Microb 64: 3127–3133.

20. Ohno A, Kato N, Sakamoto R, Kimura S, Yamaguchi K (2008) Temperature-
dependent parasitic relationship between Legionella pneumophila and a free-

living amoeba (Acanthamoeba castellanii). Appl Environ Microb 74: 4585–4588.

21. Rowbotham TJ (1980) Preliminary report on the pathogenicity of Legionella
pneumophila for freshwater and soil amoebae. J Clin Pathol 33: 1179–1183.

22. Fields BS, Benson RF, Besser RE (2002) Legionella and Legionnaires’ disease:

25 years of investigation. Clin Microbiol Rev 15: 506–526.

23. Muder RR, Yu VL, Woo AH (1986) Mode of transmission of Legionella
pneumophila. A critical review. Arch Intern Med 146: 1607–1612.

24. Ensminger AW, Yassin Y, Miron A, Isberg RR (2012) Experimental Evolution

of Legionella pneumophila in Mouse Macrophages Leads to Strains with Altered
Determinants of Environmental Survival. Plos Pathog 8.

25. Bonifait L, Charette SJ, Filion G, Gottschalk M, Grenier D (2011) Amoeba Host
Model for Evaluation of Streptococcus suis Virulence. Appl Environ Microb 77:

6271–6273.

26. Cosson P, Soldati T (2008) Eat, kill or die: when amoeba meets bacteria. Curr

Opin Microbiol 11: 271–276.

27. Froquet R, Lelong E, Marchetti A, Cosson P (2009) Dictyostelium discoideum: a

model host to measure bacterial virulence. Nat Protoc 4: 25–30.

28. Greub G, La Scola B, Raoult D (2004) Amoebae-resisting bacteria isolated from

human nasal swabs by amoebal coculture. Emerg Infect Dis 10: 470–477.

29. Hasselbring BM, Patel MK, Schell MA (2011) Dictyostelium discoideum as a

Model System for Identification of Burkholderia pseudomallei Virulence Factors.
Infect Immun 79: 2079–2088.

30. Lelong E, Marchetti A, Simon M, Burns JL, van Delden C, et al. (2011)

Evolution of Pseudomonas aeruginosa virulence in infected patients revealed in a

Dictyostelium discoideum host model. Clin Microbiol Infec 17: 1415–1420.

31. Smith MG, Gianoulis TA, Pukatzki S, Mekalanos JJ, Ornston LN, et al. (2007)

New insights into Acinetobacter baumannii pathogenesis revealed by high-
density pyrosequencing and transposon mutagenesis. Genes & development 21:

601–614.

32. Brüssow H, Canchaya C, Hardt WD (2004) Phages and the evolution of

bacterial pathogens: from genomic rearrangements to lysogenic conversion.
Microbiol Mol Biol Rev: 68: 560–602, table of contents.

33. Hacker J, Hentschel U, Dobrindt U (2003) Prokaryotic chromosomes and
disease. Science 301: 790–793.

34. Hacker J, Kaper JB (2000) Pathogenicity islands and the evolution of microbes.
Annu Rev Microbiol 54: 641–679.

35. Boyd EF (2012) Bacteriophage-encoded bacterial virulence factors and phage-
pathogenicity island interactions. Adv Virus Res 82: 91–118.

36. Casas V, Maloy S (2011) Role of bacteriophage-encoded exotoxins in the
evolution of bacterial pathogens. Future Microbiol 6: 1461–1473.

37. Bell JK, Mullen GE, Leifer CA, Mazzoni A, Davies DR, et al. (2003) Leucine-

rich repeats and pathogen recognition in Toll-like receptors. Trends Immunol

24: 528–533.

38. Sahly H, Keisari Y, Crouch E, Sharon N, Ofek I (2008) Recognition of bacterial

surface polysaccharides by lectins of the innate immune system and its
contribution to defense against infection: the case of pulmonary pathogens.

Infect Immun 76: 1322–1332.

39. Friman VP, Lindstedt C, Hiltunen T, Laakso J, Mappes J (2009) Predation on

multiple trophic levels shapes the evolution of pathogen virulence. PloS one 4:
e6761.

40. Mikonranta L, Friman V-P, Laakso J (2012) Life History Trade-Offs and
Relaxed Selection Can Decrease Bacterial Virulence in Environmental

Reservoirs. PloS one 7: e43801.

41. Josenhans C, Suerbaum S (2002) The role of motility as a virulence factor in

bacteria. Int J Med Microbiol 291: 605–614.

42. Lertsethtakarn P, Ottemann KM, Hendrixson DR (2011) Motility and

Chemotaxis in Campylobacter and Helicobacter. Nat Rev Microbiol, Vol 65
65: 389–410.

43. Friman VP, Hiltunen T, Jalasvuori M, Lindstedt C, Laanto E, et al. (2011) High
temperature and bacteriophages can indirectly select for bacterial pathogenicity

in environmental reservoirs. PloS one 6: e17651.

44. Sturm A, Heinemann M, Arnoldini M, Benecke A, Ackermann M, et al. (2011)

The cost of virulence: retarded growth of Salmonella typhimurium cells
expressing type III secretion system 1. Plos Pathog 7: e1002143.

45. Friedman ME, Kautter DA (1962) Effect of nutrition on the respiratory
virulence of Listeria monocytogenes. J Bacteriol 83: 456–462.

46. Heckly RJ, Blank H (1980) Virulence and viability of Yersinia pestis 25 years
after lyophilization. Appl Environ Microbiol 39: 541–543.

47. Midelet-Bourdin G, Leleu G, Copin S, Roche SM, Velge P, et al. (2006)
Modification of a virulence-associated phenotype after growth of Listeria
monocytogenes on food. J Appl Microbiol 101: 300–308.

48. Ali S, Huang Z, Ren SX (2009) Media composition influences on growth,

enzyme activity, and virulence of the entomopathogen hyphomycete Isaria
fumosoroseus. Entomol Exp Appl 131: 30–38.

49. Safavi SA, Shah FA, Pakdel AK, Reza Rasoulian G, Bandani AR, et al. (2007)

Effect of nutrition on growth and virulence of the entomopathogenic fungus
Beauveria bassiana. FEMS Microbiol Lett 270: 116–123.

50. Wu JH, Ali S, Huang Z, Ren SX, Cai SJ (2010) Media Composition Influences
Growth, Enzyme Activity and Virulence of the Entomopathogen Metarhizium
anisopliae (Hypocreales: Clavicipitaceae). Pak J Zool 42: 451–459.

51. Friman VP, Hiltunen T, Laakso J, Kaitala V (2008) Availability of prey

resources drives evolution of predator-prey interaction. Proc Biol Sci 275: 1625–
1633.

52. Hosseinidoust Z, van de Ven TG, Tufenkji N (2013) Evolution of Pseudomonas
aeruginosa virulence as a result of phage predation. Appl Environ Microbiol 79:

6110–6116.

53. Molmeret M, Horn M, Wagner M, Santic M, Abu Kwaik Y (2005) Amoebae as
training grounds for intracellular bacterial pathogens. Appl Environ Microbiol

71: 20–28.

54. Steinert M, Heuner K (2005) Dictyostelium as host model for pathogenesis. Cell

Microbiol 7: 307–314.

55. Nehme NT, Liegeois S, Kele B, Giammarinaro P, Pradel E, et al. (2007) A

model of bacterial intestinal infections in Drosophila melanogaster. Plos Pathog
3: e173.

56. Kurz CL, Chauvet S, Andres E, Aurouze M, Vallet I, et al. (2003) Virulence
factors of the human opportunistic pathogen Serratia marcescens identified by in

vivo screening. EMBO J 22: 1451–1460.

57. Flyg C, Kenne K, Boman HG (1980) Insect pathogenic properties of Serratia
marcescens: phage-resistant mutants with a decreased resistance to Cecropia
immunity and a decreased virulence to Drosophila. J Gen Microbiol 120: 173–
181.

58. Grimont PA, Grimont F (1978) The genus Serratia. Annu Rev Microbiol 32:
221–248.

59. Mahlen SD (2011) Serratia infections: from military experiments to current
practice. Clin Microbiol Rev 24: 755–791.

60. Sutherland KP, Porter JW, Turner JW, Thomas BJ, Looney EE, et al. (2010)
Human sewage identified as likely source of white pox disease of the threatened

Caribbean elkhorn coral, Acropora palmata. Environ Microbiol 12: 1122–1131.

61. Kiy T, Tiedtke A (1992) Mass Cultivation of Tetrahymena thermophila Yielding

High Cell Densities and Short Generation Times. Appl Microbiol Biot 37: 576–

579.

62. Kennedy GM, Morisaki JH, Champion PA (2012) Conserved mechanisms of

Mycobacterium marinum pathogenesis within the environmental amoeba
Acanthamoeba castellanii. Appl Environ Microbiol 78: 2049–2052.

63. Page FC (1976) An Illustrated Key to Freshwater and Soil Amoebae: With Notes
on Cultivation and Ecology. Freshwater Biological Association.

64. La Scola B, Mezi L, Weiller PJ, Raoult D (2001) Isolation of Legionella anisa
using an amoebic coculture procedure. J Clin Microbiol 39: 365–366.

65. Page FC (1988) A New Key to Freshwater and Soil Gymnamoebae with
instructions for culture. Freshwater Biological Association.

66. Friman VP, Laakso J (2011) Pulsed-resource dynamics constrain the evolution of
predator-prey interactions. Am Nat 177: 334–345.

67. Friman VP, Laakso J, Koivu-Orava M, Hiltunen T (2011) Pulsed-resource
dynamics increase the asymmetry of antagonistic coevolution between a

predatory protist and a prey bacterium. J Evol Biol 24: 2563–2573.

68. O’Toole GA, Kolter R (1998) Initiation of biofilm formation in Pseudomonas
fluorescens WCS365 proceeds via multiple, convergent signalling pathways: a

genetic analysis. Mol Microbiol 28: 449–461.

69. Laakso J, Loytynoja K, Kaitala V (2003) Environmental noise and population

dynamics of the ciliated protozoa Tetrahymena thermophila in aquatic
microcosms. Oikos 102: 663–671.

70. Wildschutte H, Wolfe DM, Tamewitz A, Lawrence JG (2004) Protozoan
predation, diversifying selection, and the evolution of antigenic diversity in

Salmonella. Proc Natl Acad Sci U S A 101: 10644–10649.

71. Potvin C (2001) ANOVA Experimental Layout and Analysis. In: Scheiner SM

and Gurevitch J, editors. Design and Analysis of Ecological Experiments. New
York: Oxford University Press. pp. 69–75.

72. Steinberg KM, Levin BR (2007) Grazing protozoa and the evolution of the
Escherichia coli O157: H7 Shiga toxin-encoding prophage. Proc Biol Sci 274:

1921–1929.

73. Cosson P, Zulianello L, Join-Lambert O, Faurisson F, Gebbie L, et al. (2002)
Pseudomonas aeruginosa virulence analyzed in a Dictyostelium discoideum host

system. J Bacteriol 184: 3027–3033.

74. Casadevall A (2008) Evolution of intracellular pathogens. Nat Rev Microbiol 62:

19–33.

75. Cooper TF, Lenski RE (2010) Experimental evolution with E. coli in diverse

resource environments. I. Fluctuating environments promote divergence of
replicate populations. BMC Evol Biol 10: 11.

Bacterial Virulence in Multi-Enemy Microbial Communities

PLOS ONE | www.plosone.org 10 November 2014 | Volume 9 | Issue 11 | e111871



76. Hall AR, Colegrave N (2008) Decay of unused characters by selection and drift.

J Evol Bio 21: 610–617.
77. Ketola T, Mikonranta L, Zhang J, Saarinen K, Ormala AM, et al. (2013)

Fluctuating temperature leads to evolution of thermal generalism and

preadaptation to novel environments. Evolution 67: 2936–2944.
78. Travisano M, Mongold JA, Bennett AF, Lenski RE (1995) Experimental tests of

the roles of adaptation, chance, and history in evolution. Science 267: 87–90.
79. Chesbro WR, Wamola I, Bartley CH (1969) Correlation of virulence with

growth rate in Staphylococcus aureus. Can J Microbiol 15: 723–729.

80. West SA, Buckling A (2003) Cooperation, virulence and siderophore production

in bacterial parasites. Proc Biol Sci 270: 37–44.

81. Gomez P, Buckling A (2011) Bacteria-phage antagonistic coevolution in soil.

Science 332: 106–109.

82. Zhang J, Friman VP, Laakso J, Mappes J (2012) Interactive effects between diet

and genotypes of host and pathogen define the severity of infection. Ecology and

Evolution 2: 2347–2356.

Bacterial Virulence in Multi-Enemy Microbial Communities

PLOS ONE | www.plosone.org 11 November 2014 | Volume 9 | Issue 11 | e111871


