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The fixation of a beneficial mutation represents
the first step in adaptation, and the average
effect of such mutations is therefore a funda-
mental property of evolving populations. It is
nevertheless poorly characterized because the
rarity of beneficial mutations makes it difficult
to obtain reliable estimates of fitness. We
obtained 68 genotypes each containing a single
fixed beneficial mutation from experimental
populations of Pseudomonas fluorescens, evol-
ving in medium with serine as the sole carbon
source and estimated the selective advantage of
each by competition with the ancestor. The
distribution of selection coefficients is modal
and closely resembles the Weibull distribution.
The average selection coefﬁc1ent (2.1) and ben-
eficial mutation rate (3.8X10~ %) are high rela-
tive 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.

Keywords: experimental evolution; fixation;
beneficial mutation; fitness effects; adaptation;
selection

1. INTRODUCTION

Evolution was originally conceived as an extremely
gradual process, with natural selection acting on slight
successive variations (Darwin 1859). Fisher (1930)
developed a mathematical framework known as the
geometric model of adaptation to describe the statistical
basis of this gradualist interpretation. This model
showed that although small mutations have a 50%
chance of being beneficial, larger mutational effects
possess a rapidly diminishing chance of being advan-
tageous. Fisher’s influence has led to a rich body of
mathematical theory on phenotypic evolution, built on
idea that small mutations are the genetic basis
of adaptation. However, recent findings from the
experimental study of adaptation suggest that morpho-
logical evolution often involves a modest number of

Received 7T November 2005
Accepted 3 January 2006

genetic changes (Orr 2001). The development of
quantitative trait locus 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; Wang et al. 1999; Shapiro et al.
2004). Unfortunately, it is very difficult to determine
whether these findings represent the exception or the
norm. The problem is that the low frequency of
beneficial mutations has prevented empirical work with
statistical power. Recently, experimental evolution
using microbes has provided a way to increase greatly
the number of beneficial mutations likely to arise during
an experiment (Bull ez al. 1997; Imhof & Schlotterer
2001; Rozen ez al. 2002). Microbial populations facili-
tate the study of mutations because microbes have short
generation times and large population sizes, thereby
enabling the collection of large numbers of mutants.

In this study, we conducted short-term experimen-
tal 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 selection coefficients
associated with each mutation. The objective of this
study was to determine both the shape and scale of
the distribution of these selection coefficients. In
doing so, we seek a more comprehensive understand-
ing of the genetic basis of adaptive evolution and the
cause of phenotypic change through time.

2. MATERIAL AND METHODS

(a) Ancestral strain

We used clonal isolates of Pseudomonas strains, SBW25 and
SBW25ApanB, to found 96 replicate lines. SBW25ApanB 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 (2.4X107°%) grows noticeably
smaller colonies than SBW25. The two strains were mixed in
roughly equal proportions to form a common pool to start the
experimental populations.

(b) Selection experiment

We grew populations on 96-well plates with each well containing an
M9 salt solution (NH,Cl 1gl™!, Na,HPO, 6gl~!, KH,PO,
3g17 !, NaCl 0.5 g1~ 1) supplemented with a high concentration of
pantothenate (2.4X107°%) and 0.3gl™' serine. Pseudomonas
fluorescens has very poor growth on the carbon substrate serine, but
will rapidly adapt to use the substrate within approximately 100
generations of selection (Barrett et al. 2005). Every 24h we
transferred selection lines by using a 96-pin replicator that transfers
0.06-0.07 pl of culture (approx. 7 X 10> cells) on each pin, about a
3000-fold dilution. After each transfer we scored the marker state
of half of the lines using a ProtoCOL SR/HR counting system
(Synoptics Ltd, Cambridge, UK). When the frequency of a marker
state exceeded 95% we froze a sample from the line.

(c) Competitive fitness assays

For each line, we mixed evolved and ancestral genotypes to form a
common pool that was inoculated into two replicate competition
microcosms containing 200 pl 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 h, the culture was again diluted and
spread on indicator plates. The intrinsic growth rate of a genotype
was estimated as r=In(IN¢yN,), where N is the final population size
and N is the initial population size. We then estimated selection
coefficients as the proportional increase in growth rate of the
evolved genotype compared to the ancestor, S= (r.—1,)/r,, Where r,
is the intrinsic growth rate of the evolved genotype and r, is the
intrinsic growth rate of the ancestral genotype.
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(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 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.

3. RESULTS

We identified 70 genotypes with fixed mutations in 96
replicate lines. Two genotypes were discarded because
they had negative selection coefficients and therefore
they did not represent beneficial mutations. Hence, at
least 68 beneficial mutations occurred over approxi-
mately 1.6X10'° cell divisions. The substitution rate
for beneficial mutations per cell division is approxi-
mately k= up, where u is the beneficial mutation rate
and p is the average fixation probability calculated
using a numerical branching process based on Rokyta
et al’s (2005) model but assuming population growth
follows a Lotka—Volterra model of equal competitors
and a common pool of resources (MATHEMATICA file
available on request). Given an approximate substi-
tution rate for beneficial mutations (k) of 4.2X10°
per cell division, and an average probability of fixation
(p) of 0.11, we obtained an estimate of the beneficial
mutation rate (u) as 3.8 X 10~ per cell division. 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
§=2.09, t=16.25, d.f.=67, p<0.0001). The advan-
tage varied substantially across genotypes (F=2.71,
d.f.=67, p<0.0001, s.d.=1.06), with an observed
range of 0.20-5.19.

The estimated 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, AAIC to next
lowest model=4.78, see table 1). The Weibull distri-
bution is a versatile distribution; it exhibits various
shapes, depending on the coefficient of variation
(CV). If the CV is greater than one, the distribution
is L-shaped, whereas if the CV is less than one, it is
bell-shaped. For the parameters of the Weibull distri-
bution 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 bound-
aries for the CV (0.43-0.61) of the model. For all
values of the CV within these bounds, the Weibull
distribution remains bell-shaped (figure 1).

4. DISCUSSION

The distribution of beneficial effects in experimental
systems is poorly understood (Wilke 2004). Regard-
less of the specific probability distribution, however,
extreme value theory predicts that the frequencies of

fitness effects of beneficial mutations will be exponen-
tially distributed (Gillespie 1984; Orr 2002). These
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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 Weibull distribution at the 95%
confidence boundaries for maximum likelihood of the
coefficient of variation (short dashed line: mean=2.03,
coefficient of variation=0.43; long dashed line: mean=
2.17, coefficient of variation=0.61).

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 of parameters, is the one with the lowest AIC.)

model parameters AIC AAIC
Weibull 2 199.38 0

normal 2 204.16 4.78
logistic 2 206.16 6.79
log-normal 2 215.05 15.67
half-normal 1 216.54 17.16
gamma 2 235.76 36.38
exponential 1 238.46  39.08

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
clonal interference or population bottlenecks
(Haldane 1927; Kimura 1983; Gerrish & Lenski
1998; Wahl ez al. 2002; Campos & de Oliviera 2004;
Wilke 2004). Thus, although mutations of larger
effect may be less frequent, they will be selected more
rapidly, and in consequence mutations of intermedi-
ate effect may be the most frequent among those that
are actually fixed.

There have been very few empirical studies char-
acterizing 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 contending rather than fixed mutations.
Rozen er al. (2002) reported that adaptation by
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Escherichia 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 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 proper-
ties of 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 distri-
bution of beneficial mutations (Lenski er al. 1991;
Gerrish & Lenski 1998; Imhof & Schlotterer 2001;
Rozen er al. 2002), estimates of selection coefficients
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 poor growth in carbon-
limited serine environments (Barrett ez al. 2005). Bull
et al. (2000) found beneficial mutations of large effect
(8§=0.8-13.9) when they selected a bacteriophage at
very high temperatures, but they did not collect
enough mutants to determine the distribution of
selection coefficients. Our experiment characterizes
this distribution in a stressful environment, and shows
that its shape remains peaked, although the average
selection coefficient 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 all cases, the pest populations must
adapt to novel and stressful conditions. This adap-
tation is ultimately the result of the substitution of
spontaneous beneficial mutations, which is the funda-
mental unit of evolutionary change. Our experiment
is one of a small handful of empirical studies that
have investigated the distribution of selection coeffi-
cients 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 selective
advantage, whereas the shape of the distribution
resembled that found in a previous study conducted
with a different organism in more favourable con-
ditions. 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.

SBW25 was a kind gift from P. Rainey. S. Otto and B.
Charlesworth provided invaluable statistical advice. This
work was supported by grants from the Natural Sciences and
Engineering Research Council of Canada to G.B. and
R.C.M.

Barrett, R. D. H., Maclean, R. C. & Bell, G. 2005
Experimental evolution of Pseudomonas fluorescens in
simple and complex environments. Am. Nar. 166,
470-480. (doi:10.1086/444440)

Biol. Letz. (2006)

Bradshaw, H. D., Otto, K. G., Frewen, B. E., McKay, J. K.
& Schemske, D. W. 1998 Quantitative trait loci affecting
differences in floral morphology between two species of
Monkeyflower (Mimulus). Genetics 149, 367-382.

Bull, J. J., Badgett, M. R., Wichman, H. A., Huelsenbeck,
J. P, Hillis, D. M., Gulati, A., Ho, C. & Molineux, L. J.
1997 Exceptional convergent evolution in a virus. Gen-
etics 147, 1497-1507.

Bull, J. J., Badgett, M. R. & Wichman, H. A. 2000 Big-
benefit mutations in a bacteriophage inhibited with heat.
Mol. Biol. Evol. 17, 942-950.

Campos, P. R. A. & de Oliviera, V. M. 2004 Mutational
effects on the clonal interference phenomenon. Evolution
58, 932-937.

Darwin, C. 1859 On the origin of species by means of natural
selection. London, UK: Murray.

Fisher, R. A. 1930 The genetical theory of natural selection.
Oxford, UK: Oxford University Press.

Gerrish, P. J. & Lenski, R. E. 1998 The fate of competing
beneficial mutations in an asexual population. Generica
102/103, 127-144. (doi:10.1023/A:1017067816551)

Gillespie, J. H. 1984 Molecular evolution over the muta-
tional landscape. Evolution 38, 1116-1129.

Haldane, J. B. S. 1927 The mathematical theory of natural
and artificial selection, part V: selection and mutation.
Proc. Camb. Philos. Soc. 23, 838—-844.

Imhof, M. & Schlotterer, C. 2001 Fitness effects of
advantageous mutations in evolving Escherichia coli popu-
lations. Proc. Nail Acad. Sci. USA 98, 1113-1117.
(doi:10.1073/pnas.98.3.1113)

Kimura, M. 1983 The neutral theory of molecular evolution.
Cambridge, UK: Cambridge University Press.

Lenski, R. E., Rose, M. R., Simpson, S. C. & Tadler, S. C.
1991 Long-term experimental evolution in Escherichia
coli. 1. Adaptation and divergence during 2000 gener-
ations. Am. Nat. 138, 1315-1341. (doi:10.1086/285289)

Orr, H. A. 1998 The population genetics of adaptation: the
distribution of factors fixed during adaptive evolution.
Evolution 52, 935-949.

Orr, H. A. 2001 The genetics of species differences. Trends
Ecol.  Evol. 16, 343-350. (doi:10.1016/S0169-
5347(01)02167-X)

Orr, H. A. 2002 The population genetics of adaptation: the
adaptation of DNA sequences. Evolution 56, 1317-1330.

Rokyta, D. R., Joyce, P., Caudle, S. B. & Wichman, H. A.
2005 An empirical test of the mutational landscape
model of adaptation using a single-stranded DNA virus.
Nat. Genet. 37, 441-444. (doi:10.1038/ngl1535)

Rozen, D. E., de Visser, J. A. G. M. & Gerrish, P. J. 2002
Fitness effects of fixed beneficial mutations in microbial
populations. Curr. Biol. 12, 1040-1045. (do0i:10.1016/
S0960-9822(02)00896-5)

Sanjuan, R., Moya, A. & Santiago, E. 2004 The distri-
bution of fitness effects caused by single-nucleotide
substitutions in an RNA virus. Proc. Natl Acad. Sci. USA
101, 8396-8401. (doi:10.1073/pnas.0400146101)

Shapiro, M. D., Marks, M. E., Peichel, C. L., Blackman,
B. K., Nereng, K. S., Jonsson, B., Schluter, D. &
Kingsley, D. M. 2004 Genetic and developmental basis
of evolutionary pelvic reduction in threespine stickle-
back. Narure 428, 717-723. (doi:10.1038/nature02415)

Wahl, M. L., Gerrish, P. J. & Saika-Voivoda, I. 2002
Evaluating the impact of population bottlenecks in
experimental evolution. Generics 162, 961-971.

Wang, R. L., Stec, A., Hey, J., Lukens, L. & Doebley, ]J.
1999 The limits of selection during maize domestication.
Nature 398, 236-239. (doi:10.1038/18435)

Wilke, C. O. 2004 The speed of adaptation in large asexual
populations. Genetics 167, 2045-2053. (doi:10.1534/
genetics.104.027136)


http://dx.doi.org/doi:10.1086/444440
http://dx.doi.org/doi:10.1023/A:1017067816551
http://dx.doi.org/doi:10.1073/pnas.98.3.1113
http://dx.doi.org/doi:10.1086/285289
http://dx.doi.org/doi:10.1016/S0169-5347(01)02167-X
http://dx.doi.org/doi:10.1016/S0169-5347(01)02167-X
http://dx.doi.org/doi:10.1038/ng1535
http://dx.doi.org/doi:10.1016/S0960-9822(02)00896-5
http://dx.doi.org/doi:10.1016/S0960-9822(02)00896-5
http://dx.doi.org/doi:10.1073/pnas.0400146101
http://dx.doi.org/doi:10.1038/nature02415
http://dx.doi.org/doi:10.1038/18435
http://dx.doi.org/doi:10.1534/genetics.104.027136
http://dx.doi.org/doi:10.1534/genetics.104.027136
http://rsbl.royalsocietypublishing.org/

	Mutations of intermediate effect are responsible for adaptation in evolving Pseudomonas fluorescens populations
	Introduction
	Material and methods
	Ancestral strain
	Selection experiment
	Competitive fitness assays
	Statistical analysis

	Results
	Discussion
	SBW25 was a kind gift from P. Rainey. S. Otto and B. Charlesworth provided invaluable statistical advice. This work was supported by grants from the Natural Sciences and Engineering Research Council of Canada to G.B. and R.C.M.
	head11


