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Introduction

Understanding the environmental and genetic factors

that cause organisms to be ecological specialists or

generalists is crucial to our understanding of biodiversity

(Rosenzweig, 1995; Bell, 1997). The evolution of gener-

alists is predicted to be constrained by both lack of

exposure to particular environmental conditions and

fitness tradeoffs between environments (Fututyama &

Moreno, 1988; Whitlock, 1996; Kassen, 2002). Such

tradeoffs can arise from two, not mutually exclusive,

processes. First, antagonistic pleiotropy: genes that confer

high fitness in one environment necessarily confer lower

fitness in other environments (Fututyama & Moreno,

1988). Second, mutation accumulation: adaptation to

one environment can allow the acquisition of mutations

neutral in the environment in which the population is

being selected, but that are deleterious in other environ-

ments (Kawecki, 1994; Whitlock, 1996).

Both theory and data suggest that generalists are most

likely to evolve under fluctuating environmental condi-

tions (temporal heterogeneity) (Fututyama & Moreno,

1988; Gavrilets & Scheiner, 1993; Leroi et al., 1994;

Reboud & Bell, 1997; Turner & Elena, 2000; Kassen,

2002). The rate of fluctuation is likely to play a crucial

role in the evolution of generalists (Kassen & Bell, 1998;

Kassen, 2002). Most notably, if fluctuations occur very

slowly, species are likely to sequentially evolve to be

specialists, because adaptations to the previous selective

environments will be eroded through time if there are

any fitness tradeoffs between environments (whether

caused by antagonistic pleiotropy or mutation accumu-

lation) (Kassen, 2002). A number of previous studies

have addressed the importance of the scale of temporal

variation on generalist evolution, but no significant

effects of the scale of temporal variation have been

reported (e.g. Mackay, 1980; Kassen & Bell, 1998;

Scheiner & Yampolsky, 1998). However, it is possible

that the scales were not sufficiently different for

differences in generalist evolution to be observed.

Here, we extend these studies by addressing how a

wide range of temporal variation (between approxi-

mately seven and 350 generations) affects the evolution

of experimental populations of the bacterium Pseudomo-

nas fluorescens (Rainey & Travisano, 1998) adapting to

Correspondence: Angus Buckling, Department of Plant Sciences, University

of Oxford, UK.

Tel.: 01865 271263; fax: 01865 310047; e-mail: angus.buckling@zoo.ac.uk

Present addresses: Angus Buckling, Department of Zoology, University of

Oxford, Oxford, UK.

Michael A. Brockhurst, School of Biological Sciences, University of

Liverpool, UK.

Michael Travisano, Department of Biology & Biochemistry, University of

Houston, Houston, Texas, USA.

Paul B. Rainey, School of Biological Sciences, University of Auckland,

Auckland, New Zealand.

ª 2 0 0 6 T H E A U T H O R S

J O U R N A L C O M P I L A T I O N ª 2 0 0 6 E U R O P E A N S O C I E T Y F O R E V O L U T I O N A R Y B I O L O G Y 1

Keywords:

antogonistic pleiotropy;

experimental evolution;

generalist;

mutation accumulation;

Pseudomonas fluorescens;

specialist.

Abstract

We investigated the role of the scale of temporal variation in the evolution of

generalism in populations of the bacterium Pseudomonas fluorescens. Replicate

populations were propagated as batch cultures for approximately 1400

generations (192 days), in either high quality media only, low quality media

only, or were alternated between the two at a range of temporal scales

(between 1 and 48 days). Populations evolved in alternating media showed

fitness increases in both media and the rate of alternation during selection had

no effect on average fitness in either media. Moreover, the fitness of these

populations in high quality media was the same as for populations evolved

only in high quality media and likewise for low quality media. Populations

evolved only in high or low quality media did not show fitness improvements

in their nonselective media. These results indicate that cost-free generalists can

evolve under a wide range of temporal variation.
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high and low nutrient growth media (Travisano &

Rainey, 2000) over approximately 1400 generations.

Previous short-term work (10s of generations) using this

experimental system suggests that there is likely to be

fitness tradeoffs between these environments. In static

tubes containing high nutrient media, P. fluorescens

rapidly diversifies into a variety of spatial niche specialists

with distinct colony morphologies. The numerically most

dominant niche specialist (‘Wrinkly Spreader’; WS)

forms a mat at the air-broth interface. Crucially, WS

are not detected in low nutrient media and show a

large fitness cost relative to broth-dwelling ‘Smooth’

morphotypes, which dominate in low nutrient media

(Travisano & Rainey, 2000).

Materials and methods

Culturing conditions

Thirty millilitre glass tubes containing 6 mL of either

high or low nutrient media (see below) were inoculated

with 107 cells of an isogenic population of P. fluorescens

strain SBW25 (isolated from sugar beet leaf; Rainey &

Bailey 1996) or a pantothenic acid auxotroph (panB-) of

SBW25 (Rainey & Travisano, 1998). (The isogenic

population was produced by growing ancestral SBW25

for 18 h shaken at 200 r.p.m. and 28 �C). Cultures were

propagated in a 28 �C static incubator for 48 h with loose

lids. After this period, cultures were homogenized using a

vortex mixer, and 60 lL of culture transferred to a fresh

tube containing 6 mL of media. This process was repea-

ted for a total of 196 transfers, with cultures frozen at

)80 �C in 20 % glycerol very 24 transfers. Note that

P. fluorescens SBW25 (and the isogenic mutant) has been

adapted to laboratory media for no more than four

transfers (approximately 28 generations) prior to the

experiment.

Cultures were either constantly propagated in high or

low nutrient media, or alternated between the two. We

used eight scales of temporal variation: every 1, 2, 3, 4, 6,

12, 24 and 48 transfers. The transfer regimes were such

that all populations in the temporal variation treatments

spent the same amount of time in each media, which was

half the amount of time of the two constant treatments.

We established four replicates per treatment (two wild-

type and two pantothenate auxotroph) resulting in a

total of 40 evolving populations.

High nutrient media was M9 salts plus 10 g glycerol

and 20 g of Proteose Peptone no. 3 (an enzymatic digest

of meat) per litre; low nutrient media was identical but

without the Proteose Peptone (Travisano & Rainey,

2000). All microcosms were supplemented with

0.0024 % pantothenic acid, to negate any growth rate

disadvantage of the pantothenic acid auxotroph (Rainey

& Travisano, 1998). Note that ancestral population

densities after 24 h growth (the time between experi-

mental transfers) are approximately an order of magni-

tude lower in low compared with high nutrient media

(approximately 108 and 2 · 109 cells mL)1); these differ-

ences were because of differences in both maximum

carrying capacity and growth rate (Travisano & Rainey,

2000).

Competition experiments

The fitness of evolving populations relative to the

ancestor with the reciprocal genetic background was

determined every 24 transfers. Bacteria were grown

overnight in a shaker, as above, to ensure comparable

physiological states, then 107 cells (1 : 1 ratio of com-

petitors) were inoculated into either high or low nutrient

media supplemented with pantothenic acid, negating any

fitness cost of the PanB mutation. Competitions were

carried out for 48 h under static conditions, with starting

and final densities determined by plating cultures on

vitamin-free KB agar supplemented with 4.8 · 10)6 %

pantothenic acid, where the PanB-mutant is readily

distinguished by its greatly reduced colony size (Buckling

et al., 2000). Relative fitness (W) was used to estimate the

performance of the evolved populations relative to the

ancestors, where W is the ratio of estimated Malthusian

parameters (m) of the evolved populations and ancestor,

m ¼ ln (Nf/N0), where N0 is the starting density and Nf

the final density (Lenski et al., 1991). All competitions

were replicated twice.

Results

The fitness of all population showed large fluctuations

through time, such there was no change in average

fitness between the first and last time points that fitness

was measured (one-sample t-test of slopes against zero,

n ¼ 40, P > 0.2, for both high and low nutrient media.

This pattern held when the two constant environment

treatments were excluded (n ¼ 32, P > 0.2, for both high

and low nutrient media). The fitness of each population

was therefore averaged through time (between transfers

24 and 196) for further statistical analyses. Average

fitness in high nutrient media differed between treat-

ments (one-way ANOVAANOVA with treatment fitted as a factor:

F9,30 ¼ 9.39, P < 0.001), with the constant low nutrient

treatment having lower fitness than all others treatments

(Fig. 1b; P < 0.05 for all Tukey pairwise comparisons),

which did not differ from each other (P > 0.2, in all

cases). (Note that genetic background, wildtype or PanB-

had no significant effect in any analyses (P > 0.2, in all

cases), hence this factor was discarded from all statistical

models). Populations within the treatments that did not

differ in fitness (all but the constant low nutrient

treatment) showed a fitness improvement relative to

the ancestor (one-sample t-test: t ¼ 16.19, P < 0.0001,

n ¼ 36), and the constant low nutrient treatment

showed a significant decline in fitness relative to the

ancestor (t ¼ 6.94, P < 0.01, n ¼ 4).
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Average fitness in low nutrient media also differed

between treatments (F9,30 ¼ 6.74, P < 0.001): all treat-

ments result in significantly greater fitness than the

constant high nutrient media (Fig. 1a; P < 0.05 for all

Tukey pairwise comparisons), which did not differ from

each other (P > 0.05, in all cases). Populations within all

but the constant high nutrient treatment showed average

fitness improvements relative to the ancestor (t ¼ 17.66,

P < 0.0001, n ¼ 36); the constant high nutrient treat-

ment did not differ from the ancestor (t ¼ 0.9, P ¼ 0.22,

n ¼ 4).

Discussion

In this study we addressed how the scale of temporal

variation affected adaptation to high and low nutrient

media. Surprisingly, we found that the scale of temporal

variation had no impact on the fitness of populations in

the two environments: all showed equally good fitness

improvements in both environments. Moreover, fitness

of the ‘generalist’ populations in each environment was

just as high as populations evolved only in single

environments; despite the latter populations having
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Fig. 1 Mean (±SEM) fitness through time of

evolving populations relative to the ancestor,

in high (closed circles) and low (open circles)

nutrient media. Populations were evolved in

high quality media only (a), low quality

media only (b), or alternated between high

and low quality media, every 1 (c), 2 (d), 3

(e), 4 (f), 6 (g), 12 (h), 24 (i), or 48 days (j).
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evolved in their single environments for twice as long.

Such lack of costs of generalism are consistent with many

previous studies (reviewed in Kassen, 2002). However,

the scale of temporal variation was perhaps not suffi-

ciently broad to detect differences in generalist evolution

between the temporal variation treatments. In the one

treatment where fitness declined below that of the

ancestor (the constant low quality treatment assayed in

good quality media), this decline occurred only by 96

transfers (one-sample t-test against ancestral fitness;

P < 0.05) – longer than the longest scale of variation.

Despite this, the results demonstrate that generalists can

be maintained when the rate of temporal variation is

very slow (approximately 350 generations).

Measuring the fitness of whole populations provides a

useful measure of the costs of generalists. Even if, at the

extreme, ‘generalist’ populations consisted of two sub-

populations specialized on the two different media, the

population level assays would detect a reduction in

fitness of these populations relative to pure specialists.

However, if population level fitness costs of generalism

had been detected, such population-level assays would

have provided no insight as to whether the population

consisted of specialists or generalists. Fitness assays of

individual genotypes would have been subsequently

carried out if costs of generalism in the alternating

treatments had been detected.

Despite the ease with which apparently cost-free

generalist populations can evolve, we did find evidence

of a tradeoff between fitness in the two environments in

the populations evolved solely in the low nutrient media.

These populations showed a significant decrease in

fitness from the ancestor in high quality media. That

we did not observe any cost of being generalist in the

temporal variation treatments demonstrates that antag-

onistic pleiotropy cannot be responsible for the reduction

in fitness in high quality media. As such, the mechanism

responsible for this tradeoff in fitness between the two

environments must be mutation accumulation: the build

up of mutations neutral in their selective (poor quality)

environment but deleterious in the other (good quality)

environment (Kawecki, 1994). Some studies of evolving

populations of microbes have reported mutation accu-

mulation as the mechanism responsible for loss of fitness

in nonselective environments (Reboud & Bell, 1997;

Funchain et al., 2000; Giraud et al., 2001), whereas

others have reported antagonistic pleiotropy to be an

important determinant (Travisano & Lenski, 1996;

Cooper, 2000), at least in the short-term (MacLean et al.,

2004). Mechanisms responsible for tradeoffs are clearly

very system specific and an understanding requires

detailed knowledge of interactions between metabolic

pathways (e.g. Pal et al., 2005). It is interesting that the

observed tradeoff was asymmetric: populations evolved

in high nutrient media did not show a decline in fitness

in the low nutrient media. Such asymmetries are not

uncommon in selection experiments (Kassen, 2002).

A surprising feature of this study is the extent of

fluctuations in fitness through time, and hence no net

change in mean fitness throughout most of the experi-

ment, relative to other experimental evolution studies

(e.g. Lenski et al., 1991). There are two likely explana-

tions for this. First, large amounts of diversity are

observed in populations of P. fluorescens evolving in

spatially structured environments (Rainey & Travisano,

1998). Much of this diversity is maintained by negative-

frequency dependent selection of niche specialist geno-

types, but this results in fluctuating, rather than stable,

genotype frequencies through time (Rainey & Travisano,

1998; Rainey & Rainey, 2003). Fitness assays were

carried out at scale of whole populations, hence fitness

relative to the ancestor is likely to fluctuate through time

because of the temporal variation in the frequencies of

different genotypes. Second, it is possible that selection is

not directional in this system. Selection will favour

genotypes that are fitter than contemporary coexisting

genotypes, but this does not necessarily equate with

consistent increases in fitness relative to the ancestor.

Paquin & Adams (1983) reported such an effect in

experimental populations the yeast, Saccharomyces cerevi-

siae. Competition experiments within evolving popula-

tions were not carried out in the present study, because

of the difficulty in competing genotypes which do not

have different genetic markers. Note that both these

factors could have obscured the detection of anatgonistic

pleiotropy.

This study supports the growing body of theory and

data that antagonistic pleiotropy does not necessarily

constrain the evolution of generalists (Kawecki, 1994;

Whitlock, 1996; Kassen, 2002). It further shows that

generalists can evolve, even when fluctuations occur

very slowly.
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