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ABSTRACT 

Determining the factors responsible for the origin and maintenance of 

diversity remains a difficult problem in evolutionary biology. There is extensive 

theoretical work which suggests that environmental heterogeneity plays a major 

role. This the ory argues that diversification is ultimately due to divergent natural 

selection for alternative resources. In this thesis 1 investigate adaptation and the 

evolution of diversity in experimental populations of the asexual bacterium 

Pseudomonasfluorescens. In all experiments 1 introduce clonaI isolates of 

Pseudomonas to a novel environment and allow evolution to occur through the 

substitution of random mutations. Adaptation can then be quantified by 

comparing evolved genotypes to the ancestor. These experiments show that when 

Pseudomonas is selected in a complex environment containing several resources, 

sympatric genotypes adapt to use different resources, leading to the evolution of 

genetically diverse populations. In environments containing just a single resource, 

most genotypes adapt to use the same resource and no such diversity is observed. 

Adaptation in the experimental populations is caused by the fixation of beneficial 

mutations of intermediate fitness effect. My results highlight the value of 

microbial model systems for answering evolutionary questions and provide strong 

evidence for the role of ecological factors in the origin of diversity. 
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RÉSUMÉ 

L'étude des facteurs responsables de l'origine et du maintien de la 

biodiversité est une facette de la biologie évolutive qui demeure sans réponse. De 

nombreux travaux théoriques proposent l 'hétérogéinité environnementale comme 

facteur dominant. La théorie stipule que la diversification est due aux pressions 

sélectives divergentes causées par la présence de ressources alternatives. Dans 

cette thèse, l'évolution de la biodiversité est testée sur des populations 

bactériennes expérimentales de Pseudomonasjluorescens. Dans chacune des 

expériences, un isolat clonaI de Pseudomonas a été introduit à un nouvel 

environnement où une période d'adaptation par la substitution de mutations 

aléatoires a été observée. Cette adaptation a été quantifiée par la comparaison de 

la croissance des génotypes évolués à celle de l'isolat clonaI ancestral. Ces 

expériences démontrent que, lorsque soumis à des pressions sélectives dans un 

environnement complexe présentant plusieurs ressources, différents génotypes de 

Pseudomonas développe le métabolisme nécessaire à l'utilisation de différentes 

ressources, ce qui mène à l'évolution sympatrique de populations génétiquement 

diverses. A l'inverse, dans un environnement ne présentant qu'une seule 

ressource, la majorité des génotypes s'adaptent à l'utilisation de cette même 

ressource et une diversification n'est pas observée. L'adaptation de ces 

populations expérimentales est causée par la fixation de mutations bénéfiques 

d'effets intermédiaires sur leur valeur sélective. Ces résultats démontrent la 

grande valeur des systèmes microbiens comme système modèle dans l' étude-.de la 

biologie évolutive et confirment le rôle important des facteurs écologiques dans 

l'évolution de la diversité. 
3 



TABLE OF CONTENTS 

ABSTRACT ............................................................................................................ 2 
, , 

RESUME ................................................................................................................. 3 

TABLE OF CONTENTS ....................................................................................... 4 

RE MARKS ON STYLE AND CONTRIBUTION OF AUTHORS .................. 6 

ACKNOWLEDGEMENTS ................................................................................... 7 

GENERAL INTRODUCTION ............................................................................. 9 

LITERA TURE CITED ........................................................................................... 11 

CHAPTER 1. EXPERIMENTAL EVOLUTION OF NICHE WIDTH IN 

PSEUDOMONAS FLUORESCENS .................................................................... 12 

ABSTRACT ........................................................................................................ 13 

INTRODUCTION ................................................................................................. 14 

METHODS AND MATERIALS .............................................................................. 18 

RESULTS ........................................................................................................... 24 

DISCUSSION ...................................................................................................... 28 

ACKNOWLEDGEMENTS ...................................................................................... 34 

FIGURE 1 ........................................................................................................... 35 

FIGURE2 ........................................................................................................... 36 

FIGURE 3 ........................................................................................................... 37 

FIGURE 4 ........................................................................................................... 38 

FIGURE 5 ........................................................................................................... 39 

FIGURE 6 ........................................................................................................... 40 

FIGURE 7 ........................................................................................................... 41 

FIGURE 8 .......................................................................................................... 42 

TABLE 1 ............................................................................................................ 43 

TABLE 2 ............................................................................................................ 44 

TABLE 3 ............................................................................................................ 45 

LITERATURE CITED .......................................................................................... 46 

CHAPTER 2. THE DYNAMICS OF DIVERSIFICATION IN EVOLVING 

PSEUDOMONAS POPULATIONS .................................................................. 53 

ABSTRACT ........................................................................................................ 54 

4 



INTRODUCTION ................................................................................................. 55 

METHODS ......................................................................................................... 58 

RESULTS ................................................................................................... 63 

DISCUSSION ...................................................................................................... 66 

ACKNOWLEDGEMENTS ...................................................................................... 69 

FIGURE 1 ........................................................................................................... 70 

FIGURE2 ........................................................................................................... 71 

TABLE 1 ............................................................................................................ 72 

LITERATURE CITED .......................................................................................... 73 

CHAPTER 3. MUTATIONS OF INTERMEDIATE EFFECT ARE 

RESPONSIBLE FOR ADAPTATION IN EVOLVING 

PSEUDOMONAS POPULATIONS ................................................................... 78 

ABSTRACT ....................................................................................................... 79 

INTRODUCTION ......................................................................... 80 

MATERIALS AND METHODS ......................................................................... 82 

RESULTS .................................... : ............................................ 84 

DISCUSSION .................................................................................. 86 

ACKNOWLEDGEMENTS .................................................................................... 89 

FIGURE 1 .......................................................................................................... 90 

FIGURE 2 .......................................................................................................... 91 

TABLE 1 ............................................................................................................ 92 

LITERATURE CITED ......................................................................................... 93 

SUMMARY ................................................................................ 96 

5 



REMARKS ON STYLE AND CONTRIBUTION OF AUTHORS 

This thesis consists of a collection of manuscripts that have been written for 
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GENERAL INTRODUCTION 

Determining the factors responsible for the origin and maintenance of 

biological diversity remains one of the central goals of evolutionary biology. 

There has been strong support for the idea that diversification is the ultimate result 

of divergent natural selection for ecological specialization (Dobzhansky 1937, 

Simpson 1944, 1953, Mayr 1963, Schluter 2000). This view argues that 

diversification occurs when ecological opportunity exists in the form of 

underexploited or novel resources. If distinct habitats possess different resources, 

then divergent natural selection will result in diversification despite moderate 

levels of migration between habitats (Levene 1953, Strobeck 1979, Day 2000). 

More recently, advocates ofthis hypothesis have suggested that even when the 

distinct resources are found within the same habitat, competition for intensely 

exploited resources can generate divergent selection for specialization on 

underexploited resources (Dieckmann and Doebeli 1999, Doebeli and Dieckmann 

2000). In summary, environmental heterogeneity provides the ecological 

opportunity which allows for diversification. 

Despite extensive theoretical work on the subject, direct empirical tests of 

the role of ecological opportunity on diversification are rare. This is largely 

because experiments in evolutionary ecology are often conducted with large, 

long-lived eukaryotes. It is almost impossible to conduct an experiment on an 

evolutionary timescale using this sort of organism. A more promising approach is 

to use microbes, which have large population sizes and short generation times. In 

the case of strictly asexual microorganisms, most species can be c1assified only by 

genetic or functional divergence, so the appearance of a polymorphism in a 
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microbial population is an equivalent process to speciation in a sexual eukaryote 

(Friesen et al. 2004). In this thesis l conduct experimental evolution with 

microcosm populations of the asexual soil bacterium Pseudomonasfluorescens. 

By selecting populations on mixtures of resources, l test the hypothesis that the 

ecological opportunity afforded by environmental heterogeneity promotes 

diversification. Furthermore, l provide a detailed investigation of the genetic basis 

for adaptation in the experimental populations. 

This thesis consists of a collection of manuscripts written for publication 

in peer-reviewed journals. Chapters 1 and 2 investigate adaptive diversification in 

environments ofvarying complexity. Both chapters provide direct experimental 

tests of the hypothesis that adaptive diversification is the evolutionary 

consequence of ecological opportunity. In chapter 1 emphasis is placed on the 

evolution of ecological niche width and whether specialists or generalists are 

more likely to evolve in complex environments. Chapter 2 focuses on the 

evolution of diversity and provides a dynamic perspective by tracking 

diversification through time. Chapter 3 considers the fundamental unit of 

adaptation: a single fixed beneficial mutation. It thereby investigates the 

underlying mechanism which drives the adaptive diversification observed in 

chapters 1 and 2. 
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Chapter 1: Experimental evolution of niche widtb in simple and complex 

environmentsl 

In this chapter l present a selection experiment that had the goal of elucidating the 

role of environmental complexity in the evolution of niche width. Environmental 

complexity can be thought of as a specific type of environmental heterogeneity 

that occurs when an environment contains several resources that are everywhere 

present. This is distinct from environmental structure, which has received far 

more experimental attention. In a complex environment, a population may evolve 

into generalists able to consume most of the resources present, or altematively 

into specialists able to consume a small number of the resources present. My 

experiment was designed to determine which of these two outcomes was more 

likely. l introduced two isogenic clones to environments which varied in 

complexity. After almost 1000 generations of selection the populations growing 

on complex media were composed of several metabolically differentiated 

generalists that were each able to use most substrates available but not all of them. 

IBarrett, R.D.H., R.e. MacLean and G. Bell. 2005. Experimental evolution of 

Pseudomonas fluorescens in simple and complex environments. American 

Naturalist. 160(4): 470-480. 
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Abstract 

In complex environments that contain several substitutable resources, lineages 

may become specialized to consume only one or a few of them. Here we 

investigate the importance of environmental complexity in determining the 

evolution of niche width over ~900 generations in a chemically defined 

experimental system. We propagated 120 replicate lines of the bacterium 

Pseudomonas jluorescens in environments of different complexity by using 

between one and eight carbon substrates in each environment. Genotypes from 

populations selected in complex environments evolved greater mean and variance 

in fitness than those from populations selected in simple environments. Thus, 

lineages were able to adapt to several substrates simultaneously, without any 

appreciable loss of function with respect to other substrates present in the media. 

There was greater genetic and genotype-by-environment interaction variance for 

fitness within populations selected in complex environments. It is likely that 

genetic variance in populations grown on complex media was maintained because 

the identity of the fittest genotype varied among carbon substrates. Our results 

suggest that evolution in complex environments will result neither in narrow 

specialists nor in complete generalists but instead in overlapping imperfect 

generalists, each of which has become adapted to a certain range of substrates but 

not to aIl. 
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Introduction 

AlI organisms require supplies of certain essential resources, the simplest of 

which are elements such as carbon and nitrogen, whose rate of supply limits the 

rate of growth. An ideal simple environment contains a single limiting substrate, 

providing one of these resources, that is freely available to aIl individuals. As this 

substrate is depleted, types able to grow on lower concentrations will be favored, 

until at last only the single most frugal type remains (Tilman 1977). Organisms 

may differ in the ratio ofresources that they require, however, and two or more 

different kinds may then coexist within a certain range of intermediate resource 

supply rates (Brzezinski and Nelson 1988; Dykhuizen and Davies 1980; Gottschal 

et al. 1979; Gottschal et al. 1981; Grover 1988; Laanbroek et al. 1979; Legan et 

al. 1987; Tilman 1977). Resources ofthis kind cannot be substituted for one 

another: carbon, say, cannot be made to take the place ofnitrogen. There is a wide 

range of substrates, however, that will supply either: for example, most microbes 

are able to use a variety of sugars, organic acids and other compounds to provide 

energy or carbon skeletons. Such substrates are said to be substitutable, because 

growth can be supported by any one of them, or any mixture of them, and is not 

prevented by the absence ofany one ofthem. Consequently, organisms may 

evolve as generalists that are able to consume a large proportion of the 

substitutable substrates in a given category, or as specialists that are able to grow 

on only one substrate, or a very few substrates. Communities might thus comprise 

a diversity of specialists, at one extreme, or a single univers al generalist, at the 

other. 

The outcome of competition between generalists and specialists will 
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depend in part on how the available substrates are distributed. If they occur 

patchily in time, with only a single substrate being available in each period of 

time, the single generalist type with the greatest geometric mean fitness should 

exc1ude aIl others (Bell and Reboud 1997; Bennett et al. 1992; Kassen and Bell 

1998; Weaver et al. 1999). If they are distributed patchily in space, then a variety 

of specialists may co-exist, depending on the relative extent of the different kinds 

of patch and the rate of migration between them (Bell 1996; Dykhuizen and 

Davies 1980; Garcia-Dorado et al. 1991; Joshi and Thompson 1997; Silver and 

Mateles 1969; Taplitz and Coffin 1997; Verdonck 1987; Wasserman and Futuyma 

1981). If the patches are completely separated, adaptive radiation leads quickly to 

the evolution of a wide range of specialists (MacLean and Bell 2002). Although 

temporal and spatial structure are important attributes of natural environments, 

most communities grow under conditions such that several or many substitutable 

resources are simultaneously available. We may then ask whether specialists or 

generalists will tend to evolve in mixtures of substitutable resources. 

A single type of microbe inoculated into growth medium containing a 

mixture of carbon substrates usually uses them in sequence; typically consuming 

glucose first and switching to other sugars only when glucose has been reduced to 

very low concentration (see Harder and Dijkhuizen 1982). When growing in 

mixtures of substrates, bacteria are capable of tuning their metabolism quite 

precisely through mechanisms such as catabolite suppression (Paigen and 

Williams 1970). If the growth medium is initially very dilute, however, aIl 

substrates may be utilized simultaneously; for example, Lindenmann et al. (1996) 

have shown that Escherichia coli is capable of utilizing at least six substrates 
15 



simultaneously, without establishing any upper bound on the number that might 

be used in more complex mixtures. The response of organisms to mixtures of 

substrates thus depends on the conditions of culture: sequential utilization of 

substrates is more likely to occur in batch culture, and simultaneous utilization in 

chemostats (Harder and Dijkhuizen 1976). The behavior ofmixed cultures of 

microbes on mixtures of substrates is considerably more complicated. In many 

cases, a generalist able to use both (or aU) of the substrates present eliminated a 

specialist able to use only one (for example, Gottschal et al. 1979), but more 

complex outcomes have also been observed, perhaps as the result of less direct 

interactions between the competing types. The field has been reviewed by Harder 

and Dijkhuizen (1976) and Gottschal (1986). 

Almost aU the experiments reported in the literature have been ecological, 

in the sense that the types used to inoculate the system are assumed to retain their 

properties unchanged. In this study, we ask whether an initiaUy isogenic 

population will adapt to a defined mixture of substrates, and if so whether the 

evolved population will be dominated by generalists or by specialists. We 

transferred replicate lines of Pseudomonas fluorescens in 15 environments 

containing between one and eight carbon substrates for ~900 generations in batch 

culture. AUlines were founded from clones, so that aU variance and covariance 

expressed by evolved genotypes arose through novel mutations during the 

selection experiment. At the end of the selection experiment we measured the 

fitness of genotypes from each line on every single substrate in the experiment. 

This aUowed us to test whether populations had adapted to the substrates in which 

they had been cultured, and also whether they had adapted to other substrates. In 
16 



particular, we tested whether specialists or generalists evolve in complex mixtures 

of substitutable resources. We expected that the outcome would depend on 

whether there were tradeoffs involved in utilizing different substrates. This 

experiment follows previous work in which we have documented adaptive 

radiation in undefined mixtures of substrates (MacLean et al. 2005) and in 

spatially structured environments (MacLean and Bell 2002). 
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Materials and Methods 

Ancestral Strain 

We used clonaI isolates of P.fluorescens strains SBW25 and SBW2511panB to 

found 15 selection lines, each replicated 8 times. SBW25 was isolated from the 

leaf of a sugar beet plant at the University Farm, Wytham, Oxford, in 1989 

(Rainey and Bailey 1996). SBW2511panB is an isogenic strain of SBW25 

containing a complete deletion of the panB gene. The panB gene is used to 

synthesize the vitamin pantothenate and when plated on indicator plates with a 

low concentration of pantothenate (2.4 x 10-6 %), SBW2511panB grows noticeably 

smaller colonies than SBW25. This marker is selectively neutral and has no effect 

when pantothenate is present in high concentrations (MacLean et al. 2004; Rainey 

1999). The two strains were mixed in equal proportions to form a common pool to 

start the experimental populations (fig. 1). The ancestral clones were kept frozen 

at -80°C during the experiment in a mixture of 50% glycerol: 50% water (v:v). 

Selection ex periment 

We chose eight carbon substrates involved in different pathways of Pseudomonas 

metabolism. These were used to set up eight culture media each with a single 

carbon substrate, four with two substrates, two with four substrates and one with 

all eight substrates (table 1). Lines selected in single carbon environments will 

hereafter be referred to as "simple" Hnes and Hnes selected in two, four or eight 

carbon environments will be referred to as "complex" Hnes. This is a somewhat 

artificial division, but is necessary to simplify the analysis. We grew populations 

in 96-well plates with each well containing an M9 salt solution (NH4Cl1glL, 
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Na2HP04 6 g/L, KH2P04 3 g/L, NaCl 0.5 glL) supplemented with a high 

concentration ofpantothenate (2.4 x 10-3 %) and a mixture of carbon substrates. 

We maintained a constant concentration for each substrate (0.3 g/L per substrate), 

rather than maintaining a constant total concentration for each environment. This 

decision was made so that the rewards of specializing on a specific substrate were 

equal at allieveis of complexity. Every 24 hours we transferred selection lines by 

using a 96-pin replicator to "print" the populations grown on a selection plate onto 

a fresh selection plate. The replicator transfers 0.06-0.07 !lI of culture (~1 05 cells) 

on each pin to give a dilution factor of approximately 3000 fold per transfer. After 

each transfer we diluted and plated one replicate line from each selection 

environment on indicator plates containing a low concentration ofpantothenate. 

For each ofthese lines we counted the ratio of colonies from each marker state 

using a ProtoCOL SRIHR counting system (Synoptics Ltd., Cambridge, UK). A 

sudden deviation in marker frequency would indicate that either a marked or 

unmarked genotype was linked to a beneficial mutation on its way to fixation. 

Monitoring marker frequencies allowed us to confirm that adaptation was 

occurring in the selection experiment. Due to the large population sizes and large 

number of colonies counted (~ 100), it is very unlikely that deviations would be 

caused by drift. We continued the selection experiment for 80 transfers, which is 

equal to ~900 generations. After the final transfer, we plated ~ 100 colonies from 

aU replicate lines to record the proportion of lines from each selection 

environment that had fixed for one of the marker states. Fixation was declared 

when one of the marker states reached a proportion greater than 98%. 
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Assay 

At the end of the selection experiment, we froze aIl of our evolved lines at -80°C 

in a mixture of 50% glycerol: 50% water (v:v). Before our assay, we 

reconditioned cultures in 96-well microplates containing dilute M9KB medium 

(NH4Cl O.1g/L, NazHP04 0.6 g/L, KHzP04 0.3 glL, NaCl 0.05 g/L, glycerol 1 

g/L, proteose peptone 2 g/L) at 28°C for 2 days. Two replicates of the ancestral 

clones of SBW25 and SBW2511panB were also reconditioned with the evolved 

lines. We serially diluted and plated out cultures on indicator plates containing a 

very low concentration ofpantothenate. We then randomly picked two (for one 

and two carbon-selected lines), four (for four carbon-selected lines) or seven (for 

the eight carbon-selected line) colonies from two lines of each selection 

environment. We only used lines that showed marker fixation to ensure that 

adaptation had occurred within the populations. A greater number of colonies 

were picked from environments with more carbon sources to facilitate finding 

genotypes that had specialized on different carbon substrates. We grew the 

selected colonies in dilute M9KB medium at 28°C for 2 days. We diluted and 

starved cultures in M9 salt solution for at least two hours before the assay began. 

We then added 20 III of starved cells (106 viable ce Ils ) from each culture to 96-

well plates. Each weIl on each plate contained 180 III M9 solution plus 0.3 g/L of 

one of the carbon substrates used in the selection experiment. We scored three 

replicates of each genotype in every assay environment (3 replicates x 78 

genotypes x 8 assay environments). 
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We measured optical density at 600 nm using a Synergy HT narrow beam 

plate reader (Biotek Instruments, Winooski, Vt.) at 24 hours ± 15 minutes of 

incubation at 28°C, so that the assay conditions were identical to those 

experienced by each population during one transfer in the selection experiment. 

The optical density score of any given weU reflects the scattering of light by 

bacterial ceUs. Optical density increases asymptoticaUy with ceU density, 

becoming saturated at very high ceU density (R.C. MacLean, unpublished results). 

We have used optical density as a measure of growth because it can be measured 

much more rapidly and accurately than ceU density. We corrected optical 

densities by subtracting control weU scores from each absolute score. We 

calculated the direct response to selection of each replicate of a genotype as the 

difference in corrected optical density between the evolved genotype and the 

ancestral clone, on the substrates that the genotype was selected on. We measured 

the correlated response to selection as the difference between the evolved 

genotype and the ancestral clone, on substrates that the genotype was not selected 

on. The responses to selection for each line were calculated as the mean of the 

replicates from aU genotypes in a line. 

Statistical analysis 

The variance of the selection response within and between replicate lines was 

calculated using ANOV A with JMP 4.0 software (SAS Institute, Cary, Ne). In 

forming expected mean squares, lines and genotypes have been taken as random 

while assay and selection environments have been taken as fixed. The justification 
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is that the specific lines used in the assay were chosen randomly from the subset 

of lines that had fixed for one marker state. The likelihood that one replicate line 

will achieve marker fixation before another from the same selection environment 

is assumed to be random. Therefore each can be regarded as a representative 

Pseudomonas population. Similarly, the genotypes used from each line were 

picked randomly from the populations growing on agar plates and can be 

considered a representative sample from the population. In contrast, the selection 

and assay environments were predefined and cannot be taken to be representative 

of natural habitats. 

The variance within populations was further analyzed by de composition 

into genetic, environmental and genotype-by-environment (GxE) interaction 

components. Finally, GxE variance was partitioned into "inconsistency" and 

"responsiveness" components. Robertson (1959) showed that the GxE variance of 

a collection of genotypes tested in two environments can be expressed as: 

(1) 

where (YGl and (YG2 are the genetic standard deviations of a character expressed in 

environments 1 and 2, respectively, and PG1G2 is the genetic correlation ofthat 

character across environments 1 and 2. This equation cau be rearranged to 

interpret GxE for a slightly different scenario (Bell 1990; Cockerham 1963; 

Cooper and Delacy 1994; Wu and Stettler 1997). Ifwe instead test two genotypes 

over a range of environments, then Robertson's equation becomes: 
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(2) 

In this case ŒEI and ŒE2 are the environmental standard deviations of a character 

expressed by genotypes 1 and 2, respectively, and PEIE2 is the environmental 

correlation of that character across the two genotypes. Thus GxE can be 

partitioned into two components. The first is responsiveness, due to differences 

between environmental variances among genotypes, %(ŒEl - ŒE2l. The second is 

inconsistency, due to lack of complete correlation between genotypes over 

environments, ŒEl ŒE2(1 - PEl E2)' In order to estimate GxE for a population 

comprising several genotypes over a range of environments, we must take the 

means ofthese components over aIl pairwise combinations of genotypes: 

(3) 

where G is the number of genotypes chosen from the population. We calculated 

the proportion of responsiveness versus inconsistency in the GxE of each 

population, and then compared populations selected in simple versus complex 

environments. 
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Results 

Experimental evolution 

We found evidence for periodic selection: after 900 generations of selection 68% 

ofreplicate lines had fixed for one of the two marker states (fig. 2). Fixation was 

equally likely in simple and complex media (X2 = 0.04, df= 1, P = 0.84). 

However, fixation was more likely to occur in simple or complex media 

containing serine than in other media (X2 = 10.00, df= 1, P = 0.002), showing that 

sorne of the beneficial mutations that became fixed had effects specific to a 

particular substrate. 

Adaptation in simple media 

The ancestor showed relatively poor growth in all environments (table 2). The 

lines cultured in simple media became adapted to them: the mean direct response 

was 0.015, (SE = 0.002), representing an increase of 150% over the ancestor. The 

response varied substantially over lines (SD = 0.008; fig. 3), with an observed 

range of -0.005 to 0.047. The direct response to selection on a given substrate was 

negatively correlated with the performance of the ancestor on that substrate (P < 

0.001,'; = 0.22), so that there was more progress in more stressful environments. 

The correlated response to selection was positive (mean = 0.012, SE = 

0.001): lines cultured on simple media grew better than the ancestor on substrates 

neither had previously encountered. The direct response exceeded the correlated 

response (paired t = 2.26, df= 27, P = 0.032), so that adaptation was to sorne 

extent specific to the substrate on which a line was cultured. This is reflected in 
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the significant Selection x Assay environment interaction in the overall analysis of 

variance (table 3). The difference between the direct and correlated responses was 

quite small, however (mean difference across lines = 0.003, SD = 0.006), 

equivalent to 16% of the mean growth of the lines. There was no significant 

correlation between direct and correlated responses (P > 0.05, ? = 0.13). 

Adaptation in camp/ex media 

Lines cultured on complex media had greater average growth, when assayed on 

each substrate separately, than lines cultured on simple media (fig. 4). This 

superiority was shown by the growth of the lines themselves (t = 2.07, df= 27.5, 

P = 0.048) and by the mean growth of genotypes isolated from the lines and 

assayed separately (pooled t = 2.53, df= 76, P = 0.014). Moreover, lines cultured 

on a complex medium (with composition ABCD, say) had on average the same 

growth on any ofits constituents (say, A) as the lines cultured on simple media 

containing this substrate alone (paired t = -0.69, df= 7, P = 0.51; fig. 4). 

The fitness rank curve 

For any given genotype, substrates can be ranked in order of growth, from most to 

least. We call this the fitness rank curve. Combining these curves for several 

genotypes gives a useful visual summary of the differences between lines or 

treatments (fig. 5). Note that the identity of the substrate corresponding to a 

particular rank may, and usually will, differ from genotype to genotype. The curve 

for each genotype, and the band of curves from a group of genotypes, necessarily 

slopes downward, from the highest-ranking to the lowest-ranking substrate. The 
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slope of the curve, or band of curves, represents environmental variance: a steeper 

slope reflects a greater difference between the highest-ranked and the lowest-

ranked substrates, and thus greater environmental variance. The width of the band 

of curves reflects genetic variance among genotypes. 

Plasticity and genetic diversity 

One possible outcome of this experiment was that Hnes cultured on complex 

media would evolve greater plasticity (similar growth on aIl or most substrates) 

than Hnes cultured on simple media (good growth on the substrate of selection but 

po or growth on others). If this were the case, it would be reflected by the fitness 

rank curves, which would slope down more steeply for simple than complex 

environments. This is not supported by our results (fig. 5), which show that 

environmental variance was marginaIly greater among genotypes isolated from 

Hnes cultured in complex media than among those from simple media (t = 2.14, df 

= 65.9, P = 0.036). There is substantial genetic variance within the lines, however, 

even though they had been fixed for a single genotype through a selective sweep 

in the recent past (table 3). Estimates of the genetic variance component are 

greater for lines selected in complex media than for those selected in simple 

media (t = 2.37, df= 28, P = 0.025; fig. 6). This is reflected by the greater 

thickness of the band of fitness rank curves for the complex environments (fig. 5). 

There is a modest but significant GxE (table 3). This is much larger in lines 

cultured on complex media; it is almost absent from lines cultured on simple 

media (fig. 6). The estimate ofinconsistency was greater than zero in 14114lines 

from complex media, but in only 5/16lines from simple media. Consequently, the 
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fraction of GxE attributable to inconsistency was much greater in lines from 

complex media (65%) than in lines from simple media (24%) (Mann-Whitney U 

= 156, P = 0.02; fig. 7). 
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Discussion 

The theory of co-existence in mixtures of substitutable substrates has been 

exhaustively analyzed in the ecological literature, especially from the point of 

view of how many species can be maintained on a given number of substrates 

(MacArthur 1969; MacArthur and Levins 1964; Stewart and Levin 1973). The 

most general result is an extension of Gause' s exclusion principle, that the number 

of species stably coexisting cannot exceed the number of distinct substrates. This 

holds for competition in chemostats (Taylor and Williams 1975), for non­

substitutable resources (Tilman 1977) and for spatially structured environments 

(Strobeck 1975). Thus, when a single genotype is cultured in a complex medium, 

we might expect to observe either the evolution of a single broadly adapted 

generalist or an adaptive radiation involving a diversity of specialized types. What 

we actually found lay between these two extremes. 

The fixation of the neutral marker in most of the lines bore witness to the 

passage of at least one beneficial mutation. Despite the fact that the substrates we 

used support populations of different size we do not believe that fixation was in 

any instance caused by genetic drift, because mean population size was ~3 x 108
, 

the population size in the poorest substrate (serine) was ~3 x 107
, and the number 

of cells directly transferred was ~ 105
. Once the marker had become fixed, it was 

not possible to identify further change, and the number of substitutions occurring 

in any given line is not known. It is clear, nonetheless, that evolution in many of 

the lines proceeded through a series of selective sweeps (periodic selection) and 

that increased fitness is therefore attributable to adaptive genetic change. 

Although this is not unexpected, it has seldom been documented in complex 
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media. Dykhuizen and Davies (1980) used two genotypes of E. coli, one of which 

was deleted for lac, to study competition in mixtures of lactose and maltose. 

During the course of the experiment, a novel mutation to constitutive expression 

occurred in the lac + generalist, conferring the ability to grow at low levels of 

lactose. This was able to coexist with the ancestral strain, apparently because of 

functional interference between the mechanisms responsible for uptake of the two 

substrates. In very complex undefined mixtures, MacLean et al (2005) found that 

metabolic diversity evolved within experimenta1lines of Pseudomonas and was 

maintained by negative frequency-dependent selection, but observed no selective 

sweeps. Thus, adaptation to mixtures of substrates may or may not be 

accompanied by the periodic fixation of a single genotype. In many cases the 

passage of a beneficial mutation may be halted at intermediate frequencies, 

causing irregular fluctuations in marker frequency. 

Lines cultured on simple media became specifically adapted to a single 

carbon substrate. Responses tended to be greater in stressful environments, to 

which the ancestor was poorly adapted. This finding is consistent with Fisher's 

geometric analogy of adaptation (Fisher 1930; Orr 2005), in which the expected 

fitness effect of beneficial mutations is greater in populations further from the 

optimal phenotype. The correlated response was also positive, on average, so that 

growth tended to increase on substrates that had not previously been encountered. 

This constitutes synclinal selection (Bell 1997; Bell and Reboud 1997), which 

occurs when the response is positive in both selection and novel environments 

(fig. 8). It is important to recognise that it is still possible to have specific 

adaptation when selection is synclinal. In this case, although the responses in 
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selection and novel environments are both positive, the response was greater in 

the environment of selection. Synclinal selection must be fuelled by beneficial 

mutations that are capable of enhancing growth on several substrates at the same 

time or to more general conditions of growth. It is not difficult to imagine that 

genes affecting transport or regulation might be responsible, although we have not 

attempted to identify them. In any case, we can distinguish between two 

categories of beneficial mutation, one conferring specific adaptation to a single 

substrate, whereas the other conf ers broader adaptation to a range of substrates. 

Adaptation to simple media is in part attributable to mutations of specific effect, 

but the positive correlated response shows that it is also in part attributable to 

mutations of broad effect. The magnitude of the correlated response relative to the 

direct response suggests that mutations of broad effect have been responsible for 

most of the observed response to selection. These results are consistent with 

previous work in single carbon environments (MacLean and Bell 2002). 

In complex media the lines were able to adapt simultaneously to several 

substrates, to about the same extent that lines cultured in simple media adapt to 

each. This finding is consistent with recent work in viruses, which has shown that 

concurrent adaptation to several hosts does not limit ability to grow on each host 

separately (Novella et al. 1999; Turner and Elena 2000; Weaver et al. 1999). As 

with the positive correlated responses in simple media, the direct responses in 

complex media suggest selection of mutations of broad effect. The concentration 

of each substrate was the same in simple and complex media, creating the 

opportunity for the evolution of a community of specialists, each growing well 

only on one of the constituent substrates. Instead, the outcome of selection in 
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complex media was the evolution of generalists. Despite this, the presence of 

substrate-specific effects, such as the increased likelihood of fixation occurring in 

environments containing serine, suggests that specific adaptation to a single 

substitutable resource is possible for certain substrates. Thus, as in simple media, 

adaptation in complex media is due in part to mutations of specific effect. 

The mean fitness over aIl substrates was greater for genotypes isolated 

from the complex media. The average selection response for complex-selected 

lines is determined through a varying proportion of direct and correlated 

responses, depending on the level of complexity in the specific Hne. In contrast, 

the average selection response for simple-selected lines is largely due to 

correlated responses. Thus, the direct and correlated responses to selection on the 

complex media exceeded the correlated response to selection in the simple media. 

This might be attributable to the selection of mutations specific to each of a 

number of the substrates present in a complex medium. One objection to this 

interpretation is that such mutations, spreading through an asexual population, 

would interfere with one another, as weIl as with any mutations of broad effect 

(Gerrish and Lenski 1998; MiraIles et al. 1999; Wilke 2004). Alternatively, 

conditionaIly neutral mutations might accumulate more readily in simple media. 

These are mutations that obstruct the utilization of a particular substrate, or 

substrates; they are neutral in media that lack the substrate, but deleterious when 

the substrate is present (Cooper and Lenski 2000; Fry 1996; Kawecki 1994; 

Kawecki et al. 1997; Whitlock 1996). In complex media they are more likely to 

be deleterious because they reduce growth below the level achieved when aIl 
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available substrates are utilized. Hence, they will be more effectively eliminated 

by selection, and will occur at lower frequency. 

Despite the evolution of generalists in complex media, these populations 

display more genetic variance than those in simple media. A number of genotypes 

could be maintained, in principle, by negative frequency-dependent selection, if 

the enhanced ability to utilize one substrate were accompanied by a loss of ability 

to utilize others (Ayala and Campbell 1976; Dempster 1955; Haldane 1932) If the 

loss were complete, indeed, the situation would differ little from divergent 

selection in allopatry. We did not find such clear-cut trade-offs, however, nor did 

the lines cultured in complex media come to consist ofnarrow specialists. We did 

find that lines from complex environments expressed substantial GxE, and that 

much ofthis variance was attributable to inconsistency. Thus, they consisted 

neither of narrow specialists nor of complete generalists. They seem instead to be 

mixtures of overlapping imperfect generalists, each of which has become adapted 

to a certain range of substrates but not to all those available. 

Most experiments with microbes use growth media with a single limiting 

carbon source, and in batch culture experiments this substrate is initially present at 

high concentration. In our experiment several substrates were available, but again 

at high concentration. Such experiments are likely to favour the evolution of 

specialists, either because no alternative substrate is available or because 

substrates will be used sequentially. In most natural environments there will be a 

great variety of potential substrates for growth, but all will be present at low or 

very low concentration. Very few microbes are exclusive specialists on a single 

substrate, because very few substrates will be available at concentrations capable 
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of supporting growth. On the other hand, none can consume aIl the substrates they 

encounter. The metabolic profiles ofbacteria and yeasts show that almost all 

species can consume a more or less broad range of substrates, whereas the identity 

of these varies among species. This is, indeed, the basis of identifying microbial 

taxa based on their patterns of substrate utilization (Anderson et al. 2002; Dawson 

et al. 2002; Stanier et al. 1966; Victorio et al. 1996). Experiments using complex 

mixtures of many substrates, each present at low concentration, would be likely to 

select for broad generalization, although none have yet been reported. Our 

experimental design, involving unrealistically high substrate concentrations, was 

predisposed to select for the evolution of a diverse community of narrow 

specialists, each specifically adapted to a single substrate. The fact that we 

observed instead the evolution of overlapping imperfect generalists suggests that 

this may be the usual outcome of selection in complex environments. 
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Figure 1. Flow chart of experimental design. 1. One colony from each marker 

state of the ancestor is inoculated into a culture. 2. Equal proportions of each 

marker culture are mixed. This culture is used to inoculate aU selection lines. 3. 

Each line is grown in a different selection environment composed of hetween 1 

and 8 suhstrates. Each replicate line occupies a separate weU on a 96 weU 

microplate. Plates are inoculated for 24 hours, and in this time each population 

undergoes approximately Il generations. After 24 hours, a dilution of each line is 

plated out to record the ratios of the two different markers, and then aUlines are 

transferred into a new plate using a pin replicator. We repeated this 24 hour cycle 

for 80 days. 4. Several colonies were randomly picked from two replicate lines 

from each selection environment. 5. Colonies were grown on every suhstrate in 

the experiment. The same is done for the ancestor, which has been frozen for the 

duration of the selection experiment. 6. We measured the optical density of the 

populations after 24 hours growth using a plate reader. The entire assay was 

replicated three times. 
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Figure 2. The proportion of replicate lines within each selection environment that 

achieved fixation for one of the marker states at generation 900. 68% of 110 

replicate lines reached fixation. Reliable counts could not be recorded for 10 of 

the lines. The grey area reflects the percentage of lines from each selection 

environment that fixed. The substrates present in each selection environment are 

described in table 1, Y represents ABCD, Z represents EFGH, and YZ represents 

ABCDEFGH. 
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Figure 3. Frequency distribution of direct (A) and correlated (B) responses to 

selection for evolved lines. Almost all responses were greater than zero. The mean 

direct response was 0.015 (n = 64, SE = 0.002) and the mean correlated response 

was 0.012 (n = 177, SE = 0.001). 
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Figure 4. An example of substrate-specific performance of genotypes selected in 

simple and complex environrnents. Refer to table 1 for substrate labels. Bars 

represent the selection response of each genotype on a single substrate ±1 SE. The 

substates present in each genotype' s selection environrnent are underlined. The 

simple-selected genotype selection response mean = 0.014 and SD = 0.003. The 

complex-selected genotype selection response mean = 0.020 and SD = 0.004. 
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Figure 5. Ranked substrate by fitness. Each line represents the fitness of a 

genotype across different substrates. Substrates are ranked by decreasing fitness 

of each individual genotype, so that the substrate at each rank may be different for 

different genotypes. Increased separation between responses indicates greater 

genetic variance among genotypes. Increased slope indicates greater 

environmental variance in response. Simple-selected genotypes (A: n = 32) had 

lower mean (t = 2.56, df= 69.4, P = 0.01) and variance (t = 2.14 df= 65.9, P = 

0.04) than complex-selected genotypes (B: n = 48). 
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Figure 6. Within Hne variance cornponents. Environrnental variance contributes 

the largest proportion of overall variance within a selection Hne. Cornplex-

selected Hnes have greater genetic and GxE variance than sirnple-selected Hnes. 

Error bars show ±1 SE. * P<0.05, ** P<0.005. 
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Figure 7. Inconsistency versus responsiveness in genotype-by-environment 

variance. Each line represents the fitness of a genotype across different substrates. 

A difference in slope between genotypes indicates that genotypes have unequal 

variances on different substrates (responsiveness). Intersecting responses indicate 

a lack of correlation between genotypes on different substrates (inconsistency). 

(A) Two simple-selected genotypes from the same population. (B) Two complex-

selected genotypes from the same population. Substrates are ranked by decreasing 

fitness of the genotype with the highest mean out of the pair. The substrates 

present in the selection environments are underlined. In complex-selected 

populations 65% (SE = 9%) of G X E variance is generated by changes in the 

ranking of genotypes with respect to fitness among environments. In simple-

selected populations 24% (SE = 10%) of G X E is attributable to this component. 
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Figure 8. Example of synclinal selection. Each point represents the growth score 

of a genotype on glycerol and acetic acid. Solid circles represent acetic acid-

selected genotypes, open circles represent glycerol-selected genotypes, solid 

triangles represent glycerol/acetic acid mixture-selected genotypes and the open 

triangle represents the ancestor. Crosses represent mean growth score for 

genotypes from each selection treatment. Arrows reflect the mean response to 

selection for genotypes from each selection treatment. The dashed line is a plot of 

the equation y = x. 
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Table 1. Carbon substrates used in selection environments. 

Selection Complexity Acetic Fructose Glycerol Malic Glucose Ribose Serine Succinic 

Environment acid acid acid 

A 1 * 
B 1 * 
C 1 * 
D 1 * 
E 1 * 
F 1 * 
G 1 * 
H 1 * 

-~ 
AC 2 * * 

BD 2 * * 
EG 2 * * 
FH 2 * * 
ABCD 4 * * * * 
EFGH 4 * * * * 
ABCDEFGH 8 * * * * * * * * 

* Selection environment included this substrate 
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Table 2. Growth scores of the ancestor on aU substrates. Three replicate 

measurements were made for two replicates of each of the ancestor genotypes: 

SBW25 and SBW25/lpanB. 

Substrate Substrate label Mean optical density ± SE (600 nm) 

Acetic acid A 0.008 ± 0.002 

Fructose B 0.009 ± 0.001 

Glycerol C 0.004 ± 0.002 

Malic acid D 0.001 ± 0.001 

Glucose E omo ± 0.004 

Ribose F 0.001 ± 0.001 

Serine G 0.000 ± 0.002 

Succinic acid H 0.014 ± 0.002 

Grand mean 0.006 ± 0.001 
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Table 3. ANOV A for the response to selection testing effects of assay substrate 

(A), selection environment (S), Hne (L), and genotype (G). AlI simple and 

complex selection Hnes are included in the analysis. 

Source df df denominator MS (xlO-4) F P 

S 14 15 0.404 3.78 <0.01 

A 7 105 116.500 108.97 <0.001 

SxA 98 105 0.752 7.03 <0.001 

*L(S) 15 48 0.000 <1 ns 

*L(S) x A 105 336 0.005 <1 ns 

*G(L(S)) 48 336 l.061 9.92 <0.001 

*G(L(S)) x A 336 1243 0.l48 1.39 <0.001 

Rep1icate, r 1243 0.110 

* Random effects tested with Restricted Maximum Likelihood. 
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Chapter 2: The dynamics of diversification in evolving Pseudomonas 

populations 2 

The experiment presented in chapter 1 provided an analysis of niche width in 

populations at a single point in time after several hundred generations of selection. 

ln this chapter, 1 present an experiment which provides the temporal dynamics of 

adaptation in simple and complex environments. Several genotypes from each 

population were assayed at ~ 100 generation intervals throughout the selection 

experiment. Considerably more genotypes were examined from each selection 

line than in the previous experiment. This permits observation of the trajectory of 

diversification. 1 show that diversity increases linearly through time in complex 

environments, but remains relatively stagnant in simple environments. Genotypes 

that were selected in complex environments show greater metabolic 

differentiation to sympatric than allopatric genotypes. Thus, diversity can be 

attributed to ecological character displacement, whereby genotypes specialize on 

alternative resources in order to escape competition. 

2 Accepted for publication in 2006 at Evolution by R.D.H. Barrett and G. Bell as 

"The dynamics of diversification in evolving Pseudomonas populations". 
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ABSTRACT 

Determining the mechanisms that promote the evolution of diversity is a central 

problem in evolutionary biology. Previous studies have demonstrated that 

diversification occurs in complex environments and that genotypes specialized on 

alternative resources can be maintained over short time scales. Here, we describe 

a selection experiment that has tracked the dynamics of adaptive diversification 

within selection lines of the asexual bacteria Pseudomonas fluorescens over ~900 

generations. We cultured experimental populations from the same two isogenic 

ancestral strains in simple, single-substrate environments or in complex, four­

substrate environments. Following selection we assayed the growth of genotypes 

from each population on each substrate individually. We estimated mutational 

heritability, V m/VE, as 1 x 10-3 per generation in simple environments and 3 x 10-3 

per generation in complex environments. These values are roughly consistent with 

estimates reported in other systems. Populations selected in complex 

environments evolved into genetically diverse communities. Genotypes exhibited 

greater metabolic differentiation from other genotypes in their own population 

than to genotypes evolving in other populations, presumably as a result of 

resource competition. In populations selected in simple environments, little 

genetic diversity evolved and genotypes shared very similar phenotypes. Our 

findings suggest that ecological opportunity provided by environmental 

complexity plays a major role in the evolution and maintenance of diversity. 
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INTRODUCTION 

If a lineage is introduced to a heterogeneous environment, it will be provided with 

ecological opportunity in the form of underexploited or novel resources. 

Divergent natural selection can then arise from differences in the resources among 

habitats and competition for shared resources within the same habitat (MacLean et 

al. 2005; Schluter 2000). Environmental heterogeneity has been implicated as a 

primary mechanism goveming the origin of diversity since at least the "Modem 

Synthesis" (Dobzhansky 1951; Fisher 1930; Muller 1942). Until recently, 

however, there has been relatively little empirical work on the subject (Rundle 

and Nosil2005; Rundle and Schluter 2004; Schluter 1996; Schluter 2000; 

Schluter 2001). Recent advances in the study of adaptive diversification have 

been made through better estimates of changes in phenotypes and resource use 

through time (Schluter 2000). The number of cases is small, however, and most of 

the evidence has been obtained by comparative methods rather than by 

experiments (but see Buckling et al. 2003; Kassen et al. 2004). Experimental 

studies are illuminating because they can document the historical selection 

pressures that have led to divergence (Schluter 2000). In particular, microbial 

microcosms are now recognized as having several advantages over performing 

field experiments (Jessup et al. 2004; Kassen and Rainey 2004). Short generation 

times and large population sizes, along with the relative ease with which both 

organisms and environments can be manipulated, make these systems very 

amenable to testing ecological questions over evolutionary timescales. 

The simplest type of selection experiment involves introducing a single 

genotype of an asexual microbe to an environment containing just a single niche 
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to which it is initiaIly not weIl adapted. As the population grows, random 

mutations willlead to genetic diversification. A very small fraction of these 

mutations will be beneficial, in the sense that they confer a higher fitness than the 

ancestor. The fittest genotype among these mutants should eventuaIly replace all 

others, leading to a genetically uniform population. This is the process of periodic 

selection, whereby evolution is characterised by a series of clonaI replacements 

and diversity is purged each time a beneficial mutant arises and sweeps through 

the population (Atwood et al. 1951; Novick and Szilard 1950). 

If the environment is not uniform but instead offers several distinct niches 

that differ in their conditions for growth, then this ecological opportunity can 

allow the evolution of a diverse community of genotypes (Day 2000; Geritz et al. 

1998; Meeus and Goudet 2000). Rainey and Travisano (1998) provided a critical 

test ofthis prediction by selecting a single clone of the bacterium Pseudomonas 

fluorescens in microcosms incubated either with or without spatial heterogeneity. 

In spatially heterogeneous microcosms the ancestral genotype diversifies into 

several genetically differentiated morph variants. In contrast, no diversity evolves 

in the spatially homogeneous microcosms, presumably because of the lack of 

ecological opportunity provided by distinct niches. This model system has been 

extensively used to test questions about the ecology and genetics of diversification 

(Brockhurst et al. 2004; Buckling and Rainey 2002; Buckling 2003; MacLean et 

al. 2004; MacLe an et al. 2005; Spi ers et al. 2003; Travisano and Rainey 2000). 

None ofthese studies, however, have yielded insights into the dynamics of 

diversification on time scales longer than 100 generations. 
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Pseudomonas is one of the most diverse and ecologically significant 

groups of bacteria (Spiers et al. 2000). Members of the genus are abundant in aIl 

of the maj or natural environments (terrestrial, freshwater and marine) and also 

form intimate associations with plants and animaIs (Spiers et al. 2000). This 

distribution suggests a remarkable degree of adaptability. Here we use P. 

fluorescens to examine the de nova evolution of diversity in media of differing 

ecological opportunity. Ecological opportunity is determined by environmental 

complexity, which can be thought of as a specific type of environmental 

heterogeneity that occurs when a spatially homogeneous environment contains 

several resources. In a previous experiment we examined the role of 

environmental complexity in the evolution of niche breadth by selecting replicate 

lines of P. fluorescens in environments that varied in the number of available 

substrates (Barrett et al. 2005). This experiment showed that evolution in complex 

environments results in a genetically diverse population of overlapping 

generalists, each of which is adapted to a certain range of substrates but not aIl. 

Because populations were only sampled once, at the end of ~900 generations of 

selection, the experiment did not provide any information about the dynamics of 

diversification within each population. It was not possible, for example, to 

determine if the evolved diversity accumulated linearly or non-linearly through 

time. 

In this paper we de scribe an experiment which provides a temporal 

perspective on evolution in complex environments. A great advantage of 

experimental evolution with microbes is that it permits "time-travel" through the 

evolutionary history of a population. Bacterial cultures can be frozen at regular 

57 



intervals throughout a selection experiment and revived for future analysis 

(Lenski et al. 1998). We selected replicate lines of P. fluorescens in five 

environments containing either one or four carbon substrates for ~900 

generations. Every ~ 100 generations we froze a sample of each line and at the end 

of the selection experiment we revived these samples and measured the growth of 

genotypes from each line on every individual substrate. Lines were founded from 

clones, so that aIl variance expressed by evolved genotypes originated through 

novel mutations during the selection experiment. The overall goal of our work 

was to test the main prediction of the ecological theory of adaptive diversification: 

Diversity should evolve at a greater rate in environments with more ecological 

opportunity, and this diversification will occur as a result of selection for 

specialization on different resources in order to escape competition. 
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METHODS 

Ancestral Strain 

We used clonaI isolates of Pseudomonas strains SBW25 and SBW25dpanB to 

found 8 replicates of 5 selection lines. SBW25dpanB is an isogenic strain of 

SBW25 containing a complete deletion of the panB gene. The panB gene is used 

to synthesize the vitamin pantothenate and when plated on indicator plates with a 

low concentration of pantothenate (2.4 x 10-6 %), SBW25dpanB grows noticeably 

smaller colonies than SBW25. This marker is selectively neutral and has no effect 

when pantothenate is present in high concentrations (MacLean et al. 2005; Rainey 

1999). The two strains were mixed in roughly equal proportions to form a 

common pool to start the experimental populations. The ancestral clones were 

kept frozen at -80°C during the experiment in a mixture of 50% glycerol: 50% 

water (v:v). 

Selection experiment 

We chose four carbon substrates involved in different pathways important for 

Pseudomonas metabolism: glucose, fructose, serine and succinic acid. Two 

replicate lines were selected on each of the four carbon substrates, and eight 

replicate lines were selected on a mixture of all four substrates. Single-substrate 

environments will hereafter be referred to as "simple" environments and the four­

substrate environment will be referred to as a "complex" environment. We grew 

populations on 96-well plates with each well containing an M9 salt solution 

(NH4Cllg/L, Na2HP04 6 glL, KH2P04 3 g/L, NaCI 0.5 glL) supplemented with a 
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high concentration of pantothenate (2.4 x 10-3 %) and a source of carbon. We 

maintained a constant concentration for each substrate (0.3 g/L per substrate), 

rather than maintaining a constant total concentration for each environment. This 

decision was made so that the rewards of specializing on a specific substrate were 

equal in simple and complex environments (Barrett et al. 2005). Every 24 hours 

we transferred selection lines by using a 96-pin replicator to "print" the 

populations grown on a selection plate onto a fresh selection plate. The replicator 

transfers 0.06-0.07 /-lI of culture (~1 x 105 cells) on each pin to give a dilution 

factor of approximately 3000 fold per transfer. We continued the selection 

experiment for SO transfers, which is equal to ~900 generations. Every ten 

transfers (~1 00 generations), we froze aH of our lines at -SO°C in a mixture of 

50% glycerol: 50% water (v:v). 

Assay 

Before our assay, we reconditioned cultures in 96-well microplates containing 

dilute M9KB medium (NH4CI O.lglL, Na2HP04 0.6 g/L, KH2P04 0.3 g/L, NaCI 

0.05 g/L, glycerollg/L, protease peptone 2 g/L) at 2SoC for 24 hours. We serially 

diluted and plated out cultures from each replicate line on solid agar plates. We 

then randomly picked eight colonies from each line and grew these isolates in 

dilute M9KB medium at 2SoC for 2 days. We diluted and starved cultures in M9 

salt solution for at least two hours before the assay began. We then added 20 /-lI of 

starved cells (1 x 106 viable cells) from each culture to 96-well plates. Each well 

on each plate contained ISO /-lI M9 solution plus one of the carbon substrates used 
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in the selection experiment. We scored two replicates of each isolate in every 

assay substrate (2 replicates x 8 isolates x 16 lines x 4 assay substrates x 9 time 

points). 

We measured optical density at 660 nm using a Synergy HT narrow beam 

plate reader (Biotek Instruments, Winooski, Vt.) at 24 hours ± 30 minutes of 

incubation at 28°C, so that the assay conditions were identical to those 

experienced by each population during one transfer in the selection experiment. 

The optical density score of any given well reflects the scattering of light by 

bacterial cells, and can therefore be used to measure the growth achieved by the 

populations. We corrected optical densities by subtracting control well scores 

from each absolute score. The growth of each line was calculated as the mean of 

all measurements of isolates from that Hne. The response to selection was 

calculated as the growth of a Hne minus the growth of the ancestor on the same 

substrate. 

Statistical analysis 

We analyzed the variance in growth within populations by partitioning into 

genetic, environmental and genotype-by-environmental (GxE) interaction 

components. We used the genetic variance component to estimate the diversity 

within each population. To follow the changes in diversity through time we 

conducted ANCOVA with JMP 4.0 software (SAS Institute, Cary, NC). We 

determined the rate at which new genetic variance evolved per generation, V ru, as 

the slope of the regression of genetic variance versus generation (Goho and Bell 
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2000). In order to standardize this "mutational heritability" so that it was directly 

related to the response to selection, we divided by the standing environmental 

variance, VE, which we estimated from the y-intercept of the fitted linear 

regression (Lynch 1988). Note that this is based on the assumption that with a 

geneticaHy uniform ancestral population, the phenotypic variation is equal to the 

environmental variation at the start of the experiment. Thus, this value is not 

equivalent to the environmental variance component determined through 

partitioning of the variance in growth among substrates. The standardized 

mutational heritability, V mNE, can be used to compare the rate of accumulation of 

genetic variance for different traits or different organisms. 

We estimated the phenotypic similarity between a pair of evolved 

genotypes at generation ~900 as the Euclidean distance in a multidimensional 

space in which each substrate represents one dimension. The Euclidean method 

estimates the distance between two genotypes, A and B, as d(A,B) = (~::i(Xi­

Yii)1I2, where Xi and Yi are the mean scores of genotypes A and B, respectively, on 

substrate i, and the summation is over aH substrates. We calculated the score of a 

single genotype in a given environment as the mean of the two replicate 

measurements. We used the distance matrix of aH genotypes to calculate the 

average distance between genotypes from either the same or different lines. 
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r--.. RESULTS 

Adaptive diversification through time 

The effect of environmental complexity on adaptation and divergence has been 

difficult to address because of limitations in the ability to make causal 

associations between genetic variation and selectively important environmental 

factors. By measuring genetic variation in growth on substrates present in 

selection environments, it is possible to determine the ecological consequences of 

evolved diversity. The growth oflines increased non-linearly with the number of 

generations under selection (Fig. 1). By the end of the experiment the mean 

growth was 0.023 (SE = 0.00063), representing an increase of90% over the 

ancestor. The response to selection varied among lines (SD = 0.003), with an 

observed range of 0.007 to 0.015. In contrast to the mean growth, the genetic 

variance within lines showed a linear increase with the number of generations 

under selection (Figure 2). The rate ofthis increase is different in simple and 

complex environments, as is indicated by the significant Time x Complexity 

interaction in the analysis of genetic covariance (Table 1). After 900 generations 

of selection, estimates of the genetic variance component are significantly greater 

for lines selected in complex media than for those selected in simple media (t = 

3.54, df= 14, P = 0.003). The slopes of the regression for genetic variance versus 

generation (V m) were 3.27 X 10-9 (SE 1.14 x 10-9
) for lines selected in simple 

environments and 1.12 x 10-8 (SE 1.94 x 10-9
) for lines selected in complex 

environments. The y-intercepts ofthis regression (VE) were 3.60 x 10-6 (SE 7.72 x 

10-7
) and 3.71 x 10-6 (SE 1.06 x 10-6

) for simple- and complex-selected lines 

respectively. These estimates of V m and V E give mutational heritabilities of 
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VrnNE = 1.0 X 10-3 per generation for simple-selected lines and 3.0 x 10-3 per 

generation for complex-selected lines. 

Character displacement 

If genetic variance within populations reflects adaptive diversification driven by 

competition for resources, sympatric genotypes should exhibit differentiation in 

phenotypic characters related to resource consumption (Schluter 2000). We used 

Euclidean distances to determine the differences in metabolic phenotype between 

genotypes. Relative to simple environments, genotypes selected in complex 

environments had more within-line phenotypic distance than between-line 

phenotypic distance (X20.05,1 = 29.80, P < 0.0001). Thus, complex-selected 

genotypes from different lines often share a common phenotype but sympatric 

complex-selected genotypes show divergent phenotypes. To determine whether 

the genetic diversity in each complex-selected population would fit into distinct 

phenotypic classes we performed (-tests for multiple comparisons on each line 

(Travisano et al. 1995). The eight genotypes assayed in each line were treated as 

fixed, and we applied a sequential Bonferroni correction since eight (-tests were 

performed (Rice 1989). A further Bonferroni correction was incorporated because 

we performed four such tests (one for each substrate), so that the experiment-wise 

type l error rate for each substrate was 0.05/4 = 0.0125. One or more genotypes 

were placed in a separate phenotypic class if they differed from aU other 

genotypes in their performance on at least one substrate (Travisano and Lenski 

1996). Using this method the average number ofphenotypic classes within each 

population was very low (mean = 1.38), suggesting that most genotypes from the 
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same population share a common phenotype. This is because in most populations 

the performance of genotypes on each substrate is characterized by a fairly 

continuous distribution. There are few examples of specialists which are 

significantly better than aIl other genotypes on a specifie substrate. There is, 

however, substantially greater genotype-by-environment interaction variance in 

complex-selected populations than in simple-selected populations (two-tailed t = 

7.80, df = 14, P < 0.001). Moreover, the majority of genotype-by-environment 

interaction variance is due to inconsistency as opposed to responsiveness (average 

fraction of GxE attributable to inconsistency in complex lines = 86%). Thus, 

differences between sympatric genotypes from complex environments are not due 

to large differences in performance on each substrate but rather because the 

rankings of the genotypes vary on different substrates (Barrett et al. 2005). 
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DISCUSSION 

Theory predicts that competition for shared resources in a genetically uniform 

population generates divergent selection for adaptation to altemate resources 

(Dieckmann and Doebeli 1999; Doebeli and Dieckmann 2000; Geritz et al. 1998; 

Maynard Smith 1966). A clear prediction ofthis theory is that diversity will 

increase with the number of resources available in the environment. There is 

evidence from natural systems to support this prediction (Armbrecht et al. 2004; 

McKane et al. 2002; Murdoch et al. 1972). However, these studies have been 

conducted on ecological timescales, in the sense that the organisms involved 

retain their properties unchanged during the experiment and no diversity evolves 

de novo. Microbial model systems have provided a way to follow replicated 

adaptive diversification over evolutionary timescales. MacLean et al. (2005) 

showed that selecting Pseudomonasfluorescens in complex mixtures ofundefined 

substrates results in the evolution of communities of genotypes specialized to 

consume different resources. However, the performance ofthese genotypes was 

assayed on different substrates than were present in the selection environments, 

making it difficult to assess the ecological consequences of evolved diversity. 

Here we followed the evolution of diversity under chemically defined selection 

conditions and assayed performance on the same substrates that were present in 

the selection environments. In addition, we provided a control for the effect of 

complexity by also selecting in simple environments consisting of only a single 

resource. 

Even in simple environments it appears that sorne diversity can evolve and 

be maintained. While this was not predicted, it has been shown in previous 
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experiments. For example, Rozenweig et al. (1995) demonstrated that a single E. 

coli genotype selected in a glucose-limited environment partitions the primary 

resource through its own metabolic activities. Excreted metabolites provide 

ecological opportunity for mutants with an enhanced ability to grow on these 

metabolites. When niche specialist mutants arise, they are maintained through the 

operation of density-dependent processes (Rainey et al. 2000). Other studies have 

also shown the emergence of diversity from genetically uniform populations 

during the course of evolution in simple environments (Rozen and Lenski 2000; 

Turner et al. 1996). It is possible that similar resource partitioning occurred in the 

simple environments in our experiment. Theory predicts, however, that cross­

feeding is unlikely to evolve when using a transfer protocollike ours (Doebeli 

2002). Although sorne genetic variance evolved in simple environments, the 

amount was mode st relative to the complex environments. Thus, evolution in 

simple environments can be characterized as a graduaI turnover of progressively 

better-adapted genotypes. In contrast, in complex environments the ancestor 

diversifies into a community of metabolically differentiated genotypes. Genotypes 

that evolved in the same populations exhibit more phenotypic differentiation from 

each other than to genotypes that evolved in different populations. This pattern is 

consistent with ecological character displacement, in which evolutionary shifts of 

phenotypic traits occur in response to competition for resources between similar 

genotypes. 

The values that we obtained for V mN E, 1 x 10-3 and 3 x 10-3 per 

generation, are comparable with other studies investigating the accumulation of 

genetic variance through time (reviewed in Houle et al. 1996). In the study with 
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the population sizes, generation times and culture conditions closest to ours, the 

estimate is ~4.5 x 10-3 (Goho and Bell 2000). This is considerably greater than the 

average value obtained in our experiment, suggesting that our system has 

accumulated either less genetic variance or expressed greater environmental 

variance. Their study may give biased estimates of V m, however, because the 

assay conditions were different from the selection environment. It has been 

argued that the genetic correlation is a declining function of environmental 

variance, and since our selection experiment and assay were conducted in the 

same conditions, our estimate of V m can be expected to be reliable (Bell 1992). 

Although there is sorne variation in V m/V E among studies, the overall impression 

is that values are remarkably consistent. Despite the various methods used to 

score diverse characters on organisms including Drosophila, Tribolium, Daphnia, 

Caenorhabditis, Chlamydomonas, mice, and several crop plants, almost all V mNE 

values are between 10-4 and 5 x 10-2
, and the majority are roughly equal to 10-3 

(Houle et al. 1996; Lynch 1988). This suggests the intriguing possibility that there 

may be general mIes goveming the accumulation of genetic variance in evolving 

populations. Our experiment is the first to follow the evolution of diversity over a 

long period of time in environments that vary in the amount of ecological 

opportunity available. Complex environments provided three additional substrates 

over the single substrate present in the simple environments. Interestingly, the 

V m/V E in complex environments was exactly three times that found in simple 

environments, implying that the rate of genetic accumulation may be roughly 

proportional to the amount of ecological opportunity present. Further tests at other 
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levels of ecological complexity will be required to test this relationship 

rigorously. 
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Figure 1 Adaptation in Pseudomonas fluorescens through time. The growth of 

lines cultured in simple (filled circles) and complex (open circles) environments is 

plotted against generation. Growth is calculated as the mean corrected growth of 

all simple- or complex-selected lines across all carbon substrates. Growth 

increased with number of generations under selection (F = 180.98, df = 1, P < 

0.0001). Lines selected in complex environments had greater average growth than 

Hnes selected in simple environments (F = 14.58, df= 1, P < 0.005). The solid 

lines show the best fit of a hyperbolic model to the data. Error bars show ±l SE. 
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Figure 2 The evolution of genetic variance within Pseudomonas jluorescens 

populations through time. The genetic variance of lines cultured in simple (filled 

circles) and complex (open circles) environments is plotted against generation. 

Genetic variance is calculated as the mean genetic variance component within all 

simple- or complex-selected lines. Genetic variance increased with number of 

generations under selection (F = 26.78, df = 1, P < 0.0001). Lines selected in 

complex environments had greater genetic variance than lines selected in simple 

environments (F = 20.59, df= 1, P < 0.0001). Error bars show ±1 SE. 

72 



~-

Table 1 ANCOVA for genetic variance testing effects oftime and complexity. 

We calculated genetic variance by partitioning the growth variance in each line 

into genetic, environmental and genotype-by-environment interaction 

components. We obtained estimates of genetic variance for each level of 

complexity every 100 generations. The genetic variance estimate for each level of 

complexity is determined as the average genetic variance of aH simple or complex 

selection lines. 

Source df MS (xl0- lU) F P 

Time 1 6.69 26.78 <0.0001 

Complexity 1 5.14 20.59 <0.0001 

Time x Complexity 1 2.02 8.08 0.005 

Replicate, r 140 0.25 
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Chapter 3: Mutations of intermediate effect are responsible for adaptation 

in evolving Pseudomonas fluorescens populations3 

In order for the diversity described in chapters 1 and 2 to evolve, it was necessary 

for different genotypes to specialize on different resources. This specialization 

occurs through adaptation, i.e. the evolution of trait values which improve fitness 

relative to alternative trait values. The driving force behind adaptation is the 

substitution of random beneficial mutations. It is clear that determining the 

distribution offitness effects ofbeneficial mutations which achieve fixation is 

vitally important for understanding adaptation. Extensive theoretical work has 

suggested that the distribution will be bell-shaped for the first step in an adaptive 

walk. It is difficult to empirically test this prediction, however, because fixed 

beneficial mutations are extremely rare. In my previous experiments 1 discovered 

that Pseudomonas adapt rapidly to consume the substrate serine. This provides an 

opportunity to collect a large number ofbeneficial mutants in a short period of 

time. In my final experiment, 1 make use ofthis rapid adaptation to characterize 

the distribution of beneficial mutant fitness effects and show that both the average 

fitness effect and beneficial mutation rate are higher than previously supposed. 

Thus, this chapter provides a detailed examination of the mechanism which 

allowed the diversification reported in the previous chapters of the thesis. 

3Submitted to Biology Letters by R.D.H. Barrett, R.C. MacLean and G. Bell in 

2005 as "Mutations of intermediate effect are responsible for adaptation in 

evolving Pseudomonas fluorescens populations". 
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ABSTRACT 

The fixation of a beneficial mutation represents the first step in adaptation, and 

the average effect of such mutations is therefore a fundamental property of 

evolving populations. It is nevertheless po orly characterized because the rarity of 

beneficial mutations makes it difficult to obtain reliable estimates offitness. We 

obtained 68 genotypes each containing a single fixed beneficial mutation from 

experimental populations of Pseudomonas fluorescens evolving in medium with 

serine as the sole carbon source and estimated the fitness of each by competition 

with the ancestor. The distribution of fitness is modal and closely resembles the 

Weibull distribution. The average fitness effect (3.1) and beneficial mutation rate 

(1.0 x 10-7) are very high relative to previous studies, possibly because the 

ancestral population grows poorly in serine-limited medium. Our experiment 

suggests that the initial stages of adaptation to stressful environments will involve 

the substitution of mutations with large effect on fitness. 
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1. INTRODUCTION 

Evolution was originally conceived as an extremely graduaI process, with natural 

selection acting on slight successive variations (Darwin 1859). R.A. Fisher 

developed a mathematical framework known as the infinitesimal model to 

de scribe the statistical basis of this gradualist interpretation of adaptation (Fisher 

1930). This model supposes that the response to selection is fuelled by a very 

large number of loci each of very small effect. Fisher' s influence has led to a rich 

body of mathematical theory on phenotypic evolution, built largely on this 

infinitesimal foundation. However, recent findings from the experimental study of 

adaptation suggest that morphological evolution often involves a modest number 

of genetic changes (Orr 2001). The development of quantitative trait locus (QTL) 

analysis has made it possible to directly map the factors underlying a response to 

selection. This approach has provided considerable evidence that evolution often 

operates through a few large changes rather than many small changes (Bradshaw 

et al. 1998; Shapiro & al. 2004; Wang et al. 1999). Unfortunately, it is very 

difficult to determine whether these findings represent the exception or the norm. 

The problem is that the low frequency ofbeneficial mutations has prevented 

empirical work with statistical power. Recently, experimental evolution using 

microbes has provided a way to increase greatly the number ofbeneficial 

mutations likely to arise during an experiment (Bull et al. 1997; Imhof & 

Schlotterer 2001; Rozen et al. 2002). Microbial populations facilitate the study of 

mutations because microbes have short generation times and large population 

sizes, thereby enabling the collection of large numbers of mutants. 
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In this study we conducted short-term experimental evolution with 

populations of the heterotrophic bacterium Pseudomonas fluorescens selected 

under stressful conditions. This enabled us to collect a library of genotypes, each 

containing a single fixed beneficial mutation. By competing these genotypes 

against the ancestor we obtained relative fitness values associated with each 

mutation. The objective ofthis study was to determine both the shape and scale of 

the distribution of these fitness effects. In doing so, we seek a more 

comprehensive understanding of the genetic basis of adaptive evolution and the 

cause of phenotypic change through time. 
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2. MATERIALS AND METHODS 

(a) Ancestral Strain 

We used clonaI isolates ofPseudomonas strains SBW25 and SBW25!1panB to 

found 96 replicate lines. SBW25!1panB is an isogenic strain of SBW25 containing 

a complete deletion of the panB gene and when plated on indicator plates with a 

low concentration of pantothenate (2.4 x 10-6 %) grows noticeably sm aller 

colonies than SBW25. The two strains were mixed in roughly equal proportions to 

form a common pool to start the experimental populations. 

(h) Selection experiment 

We grew populations on 96-well plates with each weIl containing an M9 salt 

solution (NH4Cllg/L, Na2HP04 6 glL, KH2P04 3 g/L, NaCl 0.5 g/L) 

supplemented with a high concentration ofpantothenate (2.4 x 10-3 %) and 0.3 g/L 

serine. Pseudomonas fluorescens has very poor growth on the carbon substrate 

serine, but will rapidly adapt to utiHze the substrate within ~ 100 generations of 

selection (Barrett et al. 2005). Every 24 hours we transferred selection Hnes by 

using a 96-pin replicator that transfers 0.06-0.07 /-lI of culture (~7 x 103 cells) on 

each pin, about a 3000-fold dilution. After each transfer we scored the marker 

state ofhalf of the Hnes using a ProtoCOL SRIHR counting system (Synoptics 

Ltd., Cambridge, UK). When the frequency of a marker state exceeded 95% we 

froze a sample from the Hne, and collected samples of70 populations in this way. 

(c) Competitive fitness assays 
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For each line, we mixed evolved and ancestral genotypes to form a common pool 

that was inoculated into two replicate competition microcosms containing 200 )..lI 

of the original selection environment. Common pools were then diluted and 

spread on indicator plates to ascertain the initial ratio of the two competing 

genotypes. After incubation at 28°C for 24 hours the culture was again diluted and 

spread on indicator plates. Relative fitness was calculated as the ratio of the 

estimated growth rate of evolved genotype to the ancestor, so that equal fitness is 

indicated by w = 1 (Lenski et al. 1991). 

(d) Statistical Analysis 

Statistical analyses were performed using Mathematica 5.0. For the purpose of 

describing the distribution of fitness effects from beneficial mutations, each 

genotype was treated as an independent observation. We used maximum 

likelihood to quantify the fit of alternative probability density functions (pdf) to 

the observed distribution of selection coefficients and then used Akaike's 

Information Criterion (AIC) to compare the log likelihood of non-nested models. 

The model that is most consistent with the observations, while requiring the lower 

number of parameters, is the one with the lowest AIC. 
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~ .... 3.RESULTS 

We identified 70 genotypes with fixed mutations in 96 replicate lines. Two 

genotypes were discarded because their fitness was <1 and therefore they did not 

represent beneficial mutations. Rence, at least 68 beneficial mutations occurred 

over approximately 8000 generations. The substitution rate for beneficial 

mutations per generation is approximately k ~ ~og P , where No is the cell 

number after transfer, g is the number of generations per transfer, and p the 

average fixation probability calculated using Kimura's haploid diffusion model 

(Crow & Kimura 1970); we then estimated the rate beneficial mutation rate as /..l ~ 

k / Nog P . Given an approximate substitution rate for beneficial mutations (k) of 

7.6 x 10-3 per generation, a population size after transfer (No) of7.0 x 103
, 11.55 

generations per transfer (g), and an average probability of fixation (p) of 0.93 , 

we obtained an estimate of the beneficial mutation rate as 1.01 x 10-7 per 

generation. The beneficial mutations had a large effect on fitness, as shown by the 

size of the competitive advantage that evolved genotypes held over the ancestor 

(mean w = 3.09, t = 16.25, df= 67, P < 0.0001). The advantage varied 

substantially across genotypes (F = 2.71, df = 67, P < 0.0001, s.d. = 1.06), with an 

observed range of 1.20 to 6.19. 

The measured selection coefficients of evolved genotypes are plotted as a 

histogram in figure 1. Among the alternative models compared with the empirical 

distribution, the Weibull model had the lowest AIC score (AIC = 199.379, ~AIC 

to next lowest model = 4.78, Table 1). The Weibull distribution is a versatile 

distribution; it exhibits various shapes, depending on the coefficient of variation. 
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If the coefficient of variation is greater than one, the distribution is L-shaped, 

whereas if the coefficient of variation is less than one, it is bell-shaped. For the 

parameters of the Weibull distribution that maximized the likelihood of observing 

our data, the distribution is bell-shaped with a peak at intermediate values (mean 

= 2.09, CV = 0.51). In order to assess our confidence in the shape of the 

distribution, we calculated 95% confidence boundaries for the coefficient of 

variation (0.43 to 0.61) ofthe model. For aIl values ofthe coefficient of variation 

within these bounds, the Weibull distribution remains bell-shaped (Fig. 1). 
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4. DISCUSSION 

The distribution of beneficial effects in experimental systems is po orly 

understood (Wilke 2004). Regardless of the specific probability distribution, 

however, extreme value theory predicts that the frequencies of fitness effects of 

beneficial mutations will be exponentially distributed (Gillespie 1984; Orr 2002). 

These beneficial mutations cannot be observed directly until they spread to an 

appreciable frequency in the population and become "contending" mutations that 

will be fixed unless a superior competitor arises first. Since mutations of small 

effect will have very low probabilities of fixation, the distribution of mutations 

that actually become fixed, and thus contribute to adaptation, is predicted to shift 

from exponential to bell-shaped among fixed mutations (Orr 1998). High selective 

advantages will also make it more likely for beneficial mutations to escape 

extinction through clonaI interference or population bottlenecks (Campos & de 

Oliviera 2004; Gerrish & Lenski 1998; Haldane 1927; Kimura 1983; Wahl et al. 

2002; Wilke 2004). Thus, although mutations oflarger effect may be less 

frequent, they will be selected more rapidly, and in consequence mutations of 

intermediate effect may be the most frequent among those that are actually fixed. 

There have been very few empirical studies characterizing the statistical 

properties of beneficial mutations. Two studies have found support for 

exponentially distributed beneficial fitness effects (Imhof & Schlotterer 2001; 

Sanjuan et al. 2004), but they involved mostly contending rather than fixed 

mutations. Rozen et al. (2002) reported that adaptation by E. coli to glucose-

limited medium, in which the ancestor has high fitness, involved beneficial 

mutations whose frequencies were not distributed exponentially, but rather had a 
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peaked distribution. Our results support this finding in a more extensive sample of 

mutations, and suggest that a bell-shaped distribution is appropriate for describing 

the properties ofthese mutations that eventually become fixed. This pattern 

appears to be a robust feature of adaptation that transcends the specific features of 

the organism and the environment in question. 

In previous studies investigating the fitness distribution of beneficial 

mutations (Gerrish & Lenski 1998; Imhof & Schlotterer 2001; Lenski et al. 1991; 

Rozen et al. 2002), estimates of both fitness effects and mutation rate were an 

order of magnitude lower than those reported here. The most likely cause of this 

discrepancy is that in these experiments E. coli was cultured in rich LB medium 

or glucose, environments in which the ancestor would have a nearly optimal 

phenotype. In contrast, the ancestral strain of Pseudomonas used in our 

experiment has very po or growth in carbon-limited serine environments (Barrett 

et al. 2005). Bull et al. (2000) found beneficial mutations of large effect (S = 0.8 

to 13.9) when they selected a bacteriophage at very high temperatures, but they 

did not collect enough mutants to determine the distribution of fitness effects. Our 

experiment characterizes this distribution in a stressful environment, and shows 

that its shape remains peaked although the average fitness effect is much larger. 

The rapid evolution of resistance to antibiotics, insecticides and herbicides 

by bacteria and other organisms has had serious consequences for human well­

being. In aIl cases the pest populations must adapt to novel and stressful 

conditions. This adaptation is ultimately the result of the substitution of 

spontaneous beneficial mutations, which is the fundamental unit of evolutionary 

change. Our experiment is one of a small handful of empirical studies that have 
88 



investigated the distribution of fitness effects of beneficial mutations, and the first 

study to determine this distribution in an environment where the ancestor has low 

fitness. We found that the first mutation fixed tended to have very high relative 

fitness, whereas the shape of the distribution resembled that found in a previous 

study conducted with a different organism in more favourable conditions. 

Experimental work seems to be leading towards the conclusion that the mutations 

responsible for the initial stages of adaptive evolution may have much larger 

effects than is usually supposed. 
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Figure 1. Distribution of fitness effects for fixed beneficial mutations. The solid 

line shows the Weibull distribution with parameters that maximize the likelihood 

of observing our data (mean = 2.09, coefficient of variation = 0.51). The dashed 

lines show the Wei bull distribution at the 95% confidence boundaries for 

maximum likelihood ofthe coefficient of variation (short dash: mean = 2.03, 

coefficient of variation = 0.43, long dash: mean = 2.17, coefficient of variation = 

0.61). 
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Table 1. Akaike's Information Criterion (AIC) for several probability density 

functions. The model that is most consistent with the observations, while 

requiring the lower number ofparameters, is the one with the lowest Ale. 

Model Parameters AIC ~AIC 

Weibull 2 199.38 0 

Normal 2 204.16 4.78 

Logistic 2 206.16 6.79 

Log-normal 2 215.05 15.67 

Ralf-normal 1 216.54 17.16 

Gamma 2 235.76 36.38 

Exponential 1 238.46 39.08 
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SUMMARY 

In the introduction to this thesis l described a general the ory for the origin 

of diversity that gives a major role to divergent adaptation to different resources 

available in a heterogeneous environment. In the body of this thesis l describe a 

series of experiments designed to better understand adaptation and the evolution 

of diversity in populations of Pseudomonas fluorescens. l summarize the primary 

conclusions of these experiments below. 

A main factor driving the evolution of diversity is ecological opportunity 

provided by environmental complexity in the form of diverse resources. If a 

genetically uniform population is introduced into a complex environment, 

divergent selection for underutilized resources will result in a genetically diverse 

population (chapters 1 and 2). This diversity increases linearly through time 

(chapter 2) and after almost 1000 generations, genotypes in complex-selected 

populations will be neither narrow specialists or complete generalists but instead 

imperfect overlapping generalists (chapter 1). Although they rarely fit into distinct 

phenotypic classes (chapter 2), genotypes are metabolically differentiated so that 

the ranks of coexisting genotypes are different on different resources (chapters 1 

and 2). Differentiation is greatest between genotypes from the same population, 

suggesting that diversification is driven by competition for resources that are 

uniformly distributed throughout the microcosms (chapter 2). Finally, adaptation 

to each substrate is underlain by the substitution of beneficial mutations that most 

often have intermediate fitness effects (chapter 3). 
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