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Adaptive Mutations in Bacteria:
High Rate and Small Effects
Lília Perfeito,1 Lisete Fernandes,1,2 Catarina Mota,1 Isabel Gordo1*
Evolution by natural selection is driven by the continuous generation of adaptive mutations.
We measured the genomic mutation rate that generates beneficial mutations and their effects on
fitness in Escherichia coli under conditions in which the effect of competition between lineages
carrying different beneficial mutations is minimized. We found a rate on the order of 10−5 per
genome per generation, which is 1000 times as high as previous estimates, and a mean selective
advantage of 1%. Such a high rate of adaptive evolution has implications for the evolution of
antibiotic resistance and pathogenicity.
he rate at which new mutations arise in
natural populations and their fitness effects are of key importance in evolutionary genetics. Classical mutation accumulation
experiments have indisputably shown that among
the spontaneous mutations that affect fitness,
those that cause deleterious effects are far more
common than those that cause increases in fitness. Whereas there are currently several direct
and indirect estimates of the deleterious mutation rate in different organisms, data are lacking
for beneficial mutations (1). The latter are of
particular interest because they constitute the
driving force of adaptation and survival of populations in new environments.
Several theoretical studies have made some
general predictions about the long-term process
of adaptation toward an optimum (2, 3). One
prediction suggests that the effects of beneficial
(advantageous) mutations (sa) are exponentially
distributed, in that many have very small effects
and those that cause strong increments in fitness
are rare (3). These are plausible predictions
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given that organisms are in general well adapted
to their environments, so only small and rare
changes lead to fitness increases (4–11).
The true distribution of newly arising beneficial mutations in an organism in a given environment is difficult to estimate because the
probability of fixation of a beneficial mutation
that increases fitness by sa is only 2sa, which
means that mutations of small effect are not
likely to increase in frequency. This implies
that the distribution of mutations that escape
stochastic loss (become fixed or reach high
enough frequencies to be observed) is truncated for small values (12, 13). In addition,
clonal interference occurs in large populations
with a high beneficial mutation rate (Ua) and
no recombination and will slow adaptation
(compared to sexual populations of the same
size) (14). Namely, if multiple beneficial mutations appear in different lineages, they compete with each other for fixation. This translates
into an adaptation rate less than that predicted
by the mutation rate and population size, and
into the fixation only of mutations of large
effect (15). Recently, there has been a considerable effort to predict the rate and distribution of beneficial mutations and the effect
of clonal interference on the adaptation rate
(16, 17).

www.sciencemag.org

SCIENCE

VOL 317

25. BirdLife International/European Bird Census Council,
European Bird Populations: Estimates and Trends
(BirdLife Conservation Series No. 10, BirdLife
International, Cambridge, 2000).
26. We thank R. B. Bradbury, D. J. Cartwright, D. Elston,
A. Gammell, D. W. Gibbons, R. E. Green, D. J. Pain,
W. J. Sutherland, and two anonymous referees for help and
comments and the many observers across Europe who
collected the data. The 1970–1990 data set was compiled by
G. Tucker and M. Heath, in association with the European Bird
Census Council. S.M.B. gratefully acknowledges funding from
the EU, contract no. GOCECT-2003-506675.

Supporting Online Material
www.sciencemag.org/cgi/content/full/317/5839/810/DC1
Materials and Methods
SOM Text
Fig. S1
References
Appendix S1
4 June 2007; accepted 18 June 2007
10.1126/science.1146002

Downloaded from www.sciencemag.org on August 10, 2007

6. F. Watzold, K. Schwerdtner, Biol. Conserv. 123, 327
(2005).
7. D. J. Rohlf, Conserv. Biol. 5, 273 (1991).
8. E. Stokstad, Science 309, 2150 (2005).
9. T. D. Male, M. J. Bean, Ecol. Lett. 8, 986 (2005).
10. D. J. Pain et al., Anim. Conserv. 9, 322 (2006).
11. A. J. Cahill, J. S. Walker, S. J. Marsden, Oryx 40, 161 (2006).
12. Further information on the Birds Directive, the suite of
conservation measures it introduced, and a list of species
classified in the analyses as Annex I species are given in
the Supporting Online Material (SOM) text.
13. G. M. Tucker, M. F. Heath, Birds in Europe: Their
Conservation Status (BirdLife Conservation Series No. 3,
BirdLife International, Cambridge, 1994). The raw data
underlying this assessment, and used in the present
paper, were published in (25).
14. BirdLife International, Birds in Europe: Population
Estimates, Trends and Conservation Status (BirdLife
Conservation Series No. 12, BirdLife International,
Cambridge, 2004). These data are freely available at
www.birdlife.org/action/science/species/birds_in_europe/
species_search.html.

Current estimates for Ua fall around 10−9
to 10−8 for RNA viruses and Escherichia coli
(4, 5, 16). A similar beneficial mutation rate
was estimated for Pseudomonas fluorescens
under adaptation to stressful conditions (9). A
caveat for all of these estimates is that they
were obtained from populations with very large
effective population size (Ne) and followed
adaptation to a new environment under conditions in which clonal interference had a strong
effect. This led to downward biased estimates of
Ua. Here, we provide estimates for the genomic
mutation rate for beneficial mutations in E. coli
that are less biased by clonal interference.
In this work, we used populations with an
intermediate effective population size—big
enough that genetic drift is unlikely to drive
slightly deleterious mutations to a high frequency but small enough to minimize the effects of
clonal interference between beneficial mutations. To estimate the beneficial mutation rate
and the distribution of fitness effects of single
mutations, we used a microsatellite marker system pioneered by Imhof and Schlotterer (4).
Mutations at a microsatellite locus coded by a
nonconjugative plasmid can generate neutral allelic diversity in a very short time (4, 18), and
selective sweeps, occurring in the bacterial genome, can be identified by following the rapid
increase in the frequency of the linked microsatellite allele (4).
We allowed populations of E. coli to adapt
to a given laboratory environment for 1000 generations and followed the allelic distribution
of the microsatellite at periodic intervals. From
this distribution, the number of mutations that
escaped stochastic loss during this period was
inferred for populations with a small effective
size (Ne = 2 × 104) and for populations with a
very large effective size (Ne = 107). The latter
allowed us to compare our estimates with those
previously published (4, 16, 19).
The beneficial mutations that escape stochastic
loss are expected to follow a gamma distribution with shape parameter 2 and with a mean
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equal to twice that of the distribution of the spontaneously arising mutations (16). Figure 1 shows
the observed distributions of effects of favorable mutations segregating in the populations.
In the populations with the smaller effective size
(Ne = 2 × 104), the mean value of the selection
coefficient [E(sa)] measured was 0.013, which is
slightly smaller, although close to previous
estimates (4, 16). In these populations (Fig.
1A) we find that a gamma distribution with such
parameterization provides a good fit to the data
(Kolmogorov-Smirnov: not significant, P = 0.6).
In Fig. 1B, we show the distribution of selective
effects measured in the populations with larger
effective size (Ne = 107). As expected, in these
populations, the effect of clonal interference was
clearly observed in the distributions of microsatellite allelic variation [for an example, see fig.
S2 (19)]. As predicted theoretically (15), the
effect of interference between clones carrying
different beneficial mutations is reflected in an
increased value of the mean selective effect of
mutations segregating in the population [E(sa) =
0.023, as shown in Fig. 1B]. This is because
many newly arising beneficial mutations of small
effect are lost in competition with mutations of
larger effect.
To measure the rate of spontaneous beneficial mutations, we quantified the total number of mutations that escaped stochastic loss
in all the populations with the same effective
size during the course of the experiment. We
observed 75 such events in the populations
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Fig. 1. Distribution of fitness effects of beneficial
mutations that escaped stochastic loss, measured
in populations of Ne = 2 × 104 (A) and Ne = 107
(B). The gray bars show the distribution of effects
of beneficial mutations inferred in the experimental populations and the white bars correspond to a gamma distribution with shape 2 and
scale parameters 158 (A) and 85 (B). Both distributions are supported by the data [KolmogorovSmirnov: P = 0.6 in (A) and P = 0.5 in (B); not
significant].
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fective size, but the set of parameters that more
closely matched the combined data of both
population sizes was Ua between 10−5 and 10−4
and E(sa) between 1 to 2% (Fig. 2). These parameters agree with the estimates obtained from
the microsatellite allelic distribution (small effective size populations in Fig. 1, in which the
measured mutation rate was 2 × 10−5). It is also
clear that a mutation rate of about 10−9 or 10−8
[as inferred in other experiments (4, 16)] cannot
explain the fitness increases observed.
Our results show that the mutation rate to
new beneficial alleles is 1000 times as high as
previously inferred in the same bacterial species
(4, 16). The difference in results can be explained by the differences in the effective population size analyzed. If only very large effective
sizes are analyzed, and the effect of clonal interference is not accounted for, then our estimates
for Ua and E(sa) for the populations with Ne =
107 are similar to those previously obtained
(Fig. 1B). However, if these estimates were close
to the true values, then we would not expect to
see the sweeps of beneficial mutations in the
populations with lower Ne that we observed (Fig.
1A). Hence, neglecting the effect of clonal interference underestimates the value of Ua. In
addition, we showed that clonal interference
changes the distribution of segregating mutations: When comparing the distribution of beneficial mutations for the populations with
high Ne (strong effect of clonal interference)
with that for populations with low Ne (Fig. 1,
A and B), a significant difference was observed (Kolmogorov-Smirnov: P = 0.001). As
predicted theoretically (15, 24), we observed a
distribution with a higher mean selection
coefficient when the effect of clonal interference was stronger. In the limiting case where
the supply of new beneficial mutations per
generation (NeUa) is very high, the speed of
adaptation will no longer depend on NeUa but
on the mutations of largest effect available, be-
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with Ne = 2 × 104 and 87 in the populations
with Ne = 107. Assuming that the effect of
clonal interference is negligible, in the populations with larger Ne we would infer a mutation rate of 2 × 10−8 beneficial mutations per
genome, per generation (20, 21). This value is
close to those previously measured for this
species with the use of populations with similar effective sizes (4, 16). However, with such
a large Ne, the effect of clonal interference is
very important and leads to an extreme underestimation of the true value of Ua. Indeed, in
the populations of smaller effective size, our
estimate of the mutation rate was 1000 times
as high: Ua = 2 × 10−5 beneficial mutations
per genome, per generation (20, 21). Given
that clonal interference is much weaker in
these populations, we take this value to be a
much more accurate measure of the real Ua.
To complement these results, we measured
the mean fitness of each evolved population
relative to the ancestral one. Mean fitness of an
evolved population was assessed by its competitive ability against a reference strain (19). As
expected in view of the results obtained above,
there was an overall increase in fitness in all
populations after 1000 generations of adaptation. In the populations with the smaller Ne, this
increase was about 17%, which, as expected,
was smaller than the one observed for the populations with a larger Ne (overall mean increase
in fitness of 40%). We then asked if our estimates of Ua could explain such increments in
fitness (22). To do this, we compared the
results of Monte-Carlo simulations of adaptive
evolution, assuming several different values of
Ua and E(sa) with those obtained in the experiments (19). In all the simulations, we assumed
that the distribution of incoming beneficial mutations is exponential and that mutations interact
in a multiplicative way (2, 23). Different combinations of Ua and E(sa) were consistent with the
fitness increase in populations of a given ef-
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Fig. 2. Mutation rates (Ua) and mean effect of beneficial mutations [E(sa)], used as parameters in
Monte Carlo simulations (19), which produced mean fitness increases consistent with those
observed in the evolved populations (difference was not significant; Student’s t test P > 0.05). The
circles show the parameter values consistent with the mean fitness observed in the populations of
Ne = 2 × 104 and the triangles in the populations of Ne = 107.
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potential for adaptation and may help explain
how antibiotic resistance and virulence evolve
so quickly.
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Factor Binding Sites Across
Related Yeast Species
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Characterization of interspecies differences in gene regulation is crucial for understanding the
molecular basis of both phenotypic diversity and evolution. By means of chromatin
immunoprecipitation and DNA microarray analysis, the divergence in the binding sites of the
pseudohyphal regulators Ste12 and Tec1 was determined in the yeasts Saccharomyces cerevisiae, S.
mikatae, and S. bayanus under pseudohyphal conditions. We have shown that most of these sites have
diverged across these species, far exceeding the interspecies variation in orthologous genes. A group of
Ste12 targets was shown to be bound only in S. mikatae and S. bayanus under pseudohyphal
conditions. Many of these genes are targets of Ste12 during mating in S. cerevisiae, indicating that
specialization between the two pathways has occurred in this species. Transcription factor binding sites
have therefore diverged substantially faster than ortholog content. Thus, gene regulation resulting from
transcription factor binding is likely to be a major cause of divergence between related species.
ifferences in related individuals are
generally attributed to changes in gene
composition and/or alterations in their
regulation. Previous efforts to examine divergence of regulatory information have relied on
the analysis of conserved sequences in putative promoter regions (1, 2). However, these
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approaches are limited because transcription
factor (TF) binding sites are often short and
degenerate, making their computational detection difficult (3). In addition, requiring the conservation of motifs across species precludes the
detection of sequences that are evolutionarily
divergent.
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cause these are the only mutations that will fix.
This might help explain why similar beneficial
mutation rates are estimated in very diverse organisms under very diverse environments. These
estimates are obtained in populations with very
large effective sizes (4, 5, 9, 16), which are likely to produce strong underestimations of Ua.
It is plausible that, in natural habitats, population sizes will be large. If the effective size
of a bacterial species is much higher than 104
(25), then our results imply that clonal interference plays a major role in limiting the adaptation of these asexual organisms. As such, if
there is a chance for recombination, clonal interference will be much lower and organisms
will adapt faster. This has been predicted theoretically (14), although the empirical evidence
is still very preliminary (26, 27). Given our results, we anticipate that clonal interference is
important in maintaining sexual reproduction
in eukaryotes. Notably, mutation accumulation
experiments in Saccharomyces cerevisiae and
Arabidopsis thaliana have detected a significantly large number of mutants with increased
fitness (28, 29).
Given the estimates for the overall mutation
rate in E. coli (30) and its genomic deleterious
mutation rate (1), our estimate of Ua implies that
1 in 150 newly arising mutations is beneficial
and that 1 in 10 fitness-affecting mutations increases the fitness of the individual carrying it.
Hence, an enterobacterium has an enormous
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The detection of binding sites with chromatin
immunoprecipitation and microarray (ChIP-chip)
analysis (4, 5) offers the ability to globally map
TF binding locations experimentally rather than
computationally. For species such as yeasts, where
genome sequences of numerous related species
are available (6), this approach can allow for the
evolutionary comparison of binding sites of conserved TFs across species.
We have used this approach to investigate
evolutionary divergence in the targets of two
developmental regulators in the Saccharomyces
sensu stricto yeasts S. cerevisae, S. mikatae, and
S. bayanus. In S. cerevisiae diploids, Ste12 and
Tec1 act cooperatively to regulate genes during
pseudohyphal development (7–9), whereas in
haploid cells, Ste12 regulates mating genes
(10). The binding sites of Ste12 and Tec1 were
mapped in all three species under low-nitrogen
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