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A

dvantageous mutations lead to a higher fitness and hence
per definition to more offspring of their bearer (1–4).
Unfortunately, these beneficial mutations are rare (5–7) and
thus difficult to study. Rapidly dividing organisms, such as yeast
and bacteria, offer the advantage that beneficial mutations could
potentially be monitored in the laboratory. In a growing population many new mutations are introduced, with a large fraction
of deleterious mutations (8–10). Depending on the population
size, most of the deleterious mutations are purged from the
population. Advantageous mutations, however, will spread and
increase the overall fitness of the population. To identify the
carriers of favorable mutations, an informative genetic marker is
required that discriminates between clonal lineages. Until now,
no such marker system was available for Escherichia coli or yeast.
In this report, we used microsatellites, a highly informative
marker, to identify adaptive events in an evolving E. coli culture,
to calculate the Malthusian fitness parameter of the beneficial
mutations, and to visualize clonal interference among different
advantageous mutations.
Materials and Methods
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Genetic Marker, Bacterial Strain and Culture Conditions. The PCR

product of the microsatellite locus pnga 255, which contains a
(GA)n microsatellite and 80-bp flanking sequence from Arabidopsis thaliana, was cloned into the NruI site of the plasmid
pBR322. The common laboratory strain E. coli XL1 blue distributed by Stratagene [recA1 end A1 gyr A96 thi-1 hsdR17 sup
E44 relA1 lac (F⬘ pro AB lacIq Z⌬M15 Tn10)] was used for
transformation of the cloned dinucleotide microsatellite. An
overnight culture was inoculated with a single clone carrying a
(GA)30 microsatellite and subsequently used as starter culture
for the ten replicate cultures. Hence, all experimental populations were founded by one single ancestral cell and were thus
genetically uniform at the beginning of the experiment. Populations were maintained by serial transfer in 5 ml rich media
(Lennox L Broth Base, GIBCO兾BRL) at 37°C and 250 rpm.
Every 12 h, each population was diluted by a factor 1:500,
allowing approximately nine generations per transfer. Bacterial

density at transfer was ⬇5 ⫻ 108 cells per ml. Cell numbers were
obtained by titration. Samples from each population were periodically (every ⬇27th generation) stored at ⫺80°C. About every
54th generation, ampicillin (100 g兾ml) was added to assure
maintenance of the pBR322 plasmid in the cultures. No influence on microsatellite allele frequencies by this treatment was
noted. The number of generations per growth cycle (g) were
estimated as log2 (N12h兾N0), where N0 is the number of cells
during transfer and N12h is the number of cells after 12 h of
growth. Population genetic theory predicts that only a small
number of beneficial mutations is not lost by drift. The substitution rate for beneficial mutations per generation (k) can be
approximated as k ⬵ N0 g2S, where N0 is the cell number after
the transfer and S the average selection coefficient of beneficial
mutations (11). Hence the beneficial mutation rate can be
calculated as

⬵

k
.
N 0 g2S

Restriction-Analysis and Detection of Adaptive Events. Plasmid
DNA was purified according to standard protocols. Every 90th
generation plasmid DNA of each population was digested with
HaeIII and separated on a denaturing 7% sequencing gel.
DNA fragments and a size standard were transferred to a
membrane by capillary blotting. Fragments carrying the microsatellite were detected by hybridization with a 32P-labeled
oligonucleotide specific for A. thaliana. Signal intensities were
determined by three independent measurements on a phosphorimager (Bio-Rad, GS-525). To determine the experimental error rate, we independently processed 10 samples from the
same bacteria culture. The standard deviation was determined
for these independent preparations. We observed that the
standard deviation depended on the signal intensity. Alleles
present at lower frequencies were associated with a higher
experimental error. To account for this, we fitted a function
that describes the relation between signal intensity and standard deviation: y is the empirically determined standard
deviation among independent measurements, which can be
expressed as a function of the signal intensity (x) of a given
band: y ⫽ 0.3065x0.3878.
Changes in allele frequencies during the experiment (␦F)
were determined every 90 generations by comparing the signal
intensities of equally sized fragments by using the following
equation:

␦F ⫽

F i 共 t ⫹ 90 兲 ⫺ F it
.
y it ⫹ y i 共 t ⫹ 90 兲
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The central role of beneficial mutations for adaptive processes in
natural populations is well established. Thus, there has been a
long-standing interest to study the nature of beneficial mutations.
Their low frequency, however, has made this class of mutations
almost inaccessible for systematic studies. In the absence of experimental data, the distribution of the fitness effects of beneficial
mutations was assumed to resemble that of deleterious mutations.
For an experimental proof of this assumption, we used a novel
marker system to trace adaptive events in an evolving Escherichia
coli culture and to determine the selective advantage of those
beneficial mutations. Ten parallel cultures were propagated for
about 1,000 generations by serial transfer, and 66 adaptive events
were identified. From this data set, we estimate the rate of
beneficial mutations to be 4 ⴛ 10ⴚ9 per cell and generation.
Consistent with an exponential distribution of the fitness effects,
we observed a large fraction of advantageous mutations with a
small effect and only few with large effect. The mean selection
coefficient of advantageous mutations in our experiment was 0.02.

Here, Fit is the frequency of allele i at time t (measured in
generations), and y is the experimental error as described above.
Only ␦F values larger than 4 were considered significant; thus,
values with large experimental errors (y) are not included for
further analysis. Persistence time of a selective sweep was
determined from the first significant increase in frequency until
the allele reaches its maximum frequency.
To verify that the observed changes in allele frequency are
caused by frequency changes of the different bacterial genotypes
rather than changes in plasmid copy number, we plated individual E. coli cells and typed the microsatellite for each colony
separately. The obtained allele frequency distribution corresponded to that obtained from our blotting experiments.
Determination of Fitness Parameter m. The Malthusian fitness
parameter m can be determined from the frequency increase of
the carrier of the advantageous mutation (12):

m ij ⫽ ln

冉

Pi共t ⫹ 90兲
P i共t兲

兾

冊

Pj共t ⫹ 90兲
⫻ 90⫺1,
P j共t兲

where mij is given per generation. Pi is the frequency of the
selected lineage at the time point when a statistically significant
increase in allele frequency was detected. Pj ⫽ 1 ⫺ Pi. Time
measured in generations is specified by t.
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Results and Discussion
Identification of Adaptive Events. The genetic marker in our
experiment consists of a dinucleotide microsatellite cloned into
a plasmid vector (pBR322). The high instability of microsatellites rapidly generates different alleles in dividing cells. These
alleles at a single microsatellite locus are sufficient to trace clonal
lineages, because the Rep protein-mediated copy number control prevents the take up of a second plasmid with the same
replication control system (13).
Ten parallel cultures were started from a single cell carrying
a cloned microsatellite. The cultures were propagated for about
1,000 generations by serial transfer. Every 90 generations, the
allelic spectrum of the microsatellite was monitored in the
population. Because of the high mutation rates of cloned microsatellites, all populations had already accumulated substantial
variability after 90 generations. Analysis of the bacterial culture
in subsequent generations allowed us to follow the shifts in allele
frequency at the cloned microsatellite locus. Hence, for each of
the ten replicate populations, we surveyed the allelic distribution
every 90 generations. Changes in allele frequency could, in
principle, have three different causes: (i) new mutations in the
microsatellite, (ii) genetic drift, and (iii) selection. The first two
evolutionary forces are not directed and affect all alleles to the
same extent. In a multiallelic system such as microsatellites,
however, directional selection increases only the frequency of
the allele associated with the advantageous mutation. Hence, it
is possible to trace adaptive events in a growing bacteria
population by the significant increase of one microsatellite allele.
Fig. 1 shows the typical temporal fluctuations in allele frequencies of one bacterial culture. Visual inspection already
indicates that the allele distribution is not constant over time. By
contrast, some systematic changes can be recognized. A striking
shift in allele distribution becomes apparent after generation
270, where a single allele with 33 repeats has markedly increased
its frequency during 90 generations (Fig. 1). This pattern is
consistent with an advantageous mutation in the cells carrying
the allele with 33 repeats. For an objective criterion to identify
selective sweeps in growing E. coli cultures, we determined the
change in frequency of each allele relative to the previous
measurement 90 generations ago. After accounting for measurement errors, we identified 66 significant increases of a single
1114 兩 www.pnas.org

allele in the 10 replicate cultures (see supplementary Figs. 4–12,
which are published as supplemental data on the PNAS web site,
www.pnas.org). Hence, at least 66 advantageous mutations have
occurred over approximately 10,000 generations. The beneficial
mutation rate was estimated by the equation  ⬵ k兾N0 g2S (see
Materials and Methods). Given an approximate substitution rate
for beneficial mutations (k) of 6.7 ⫻ 10⫺3 per generation, a
population size after transfer (N0) of 5 ⫻ 106, nine generations
per growth cycle (g), and a mean selection coefficient (S) of 0.02
(see below), we obtained 4 ⫻ 10⫺9 per cell generation as an
estimate for the beneficial mutation rate.
Selective Sweeps Are Reproducible. For an experimental test of our
criterion to identify beneficial mutations, we repeated the spread
of beneficial mutations. Replicas were inoculated with cells that
had been frozen at least 90 generations before a statistically
significant adaptive event could be identified. Four different
populations were replicated in five parallel cultures each and
propagated for 180 generations. The four different populations
were selected to include different types of alleles with a significant increase in frequency: alleles that reached a high frequency
(⬎0.4) as well as alleles that did not reach a high frequency
(⬍0.1).
The outcome of five replicates for one population is given in
Fig. 2 a and b. Fig. 2a displays the allele distribution in the
replicate cultures, before the spread of the beneficial mutation
could be detected (but the advantageous mutation was already
present at low frequencies). Fig. 2b indicates that the outcome
of the beneficial mutation was deterministic in all five parallel
cultures. It should be noted that all replicas are very similar
despite that they had already been independently cultivated for
⬇90 generations. Fig. 2 c and d shows the replication of the
spread of a beneficial allele, which did not reach high frequency.
Fig. 2d clearly indicates that this class of changes is also
reproducible and therefore driven by selection. In 1 of 20
replicate cultures, 1 single replica showed a different pattern. A
novel advantageous mutation arose during the propagation of
this replicate, and the frequency of a former inconspicuous allele
increased significantly. In summary, these experiments demonstrated that our method reliably identifies beneficial mutations
with low and high fitness effects in growing E. coli cultures.
Distribution of Adaptive Events. Previously, it has been shown that
the frequency of beneficial mutations decreases with time (14).
To test whether a similar pattern can be detected in our
experiment, we determined the temporal distribution of adaptive
events. In particular, the occurrence and persistence time of
selective sweeps was analyzed in all ten replicate cultures.
However, no temporal pattern could be identified, indicating
that 1,000 generations of serial propagation were not enough to
identify a temporal pattern in the distribution of adaptive events.
Each of the ten experimental populations had its own specific
pattern, and no decrease in the frequency of adaptive events
could be observed in the latter half of the experiment. This
observation is consistent with previous results that most beneficial mutations are occurring during the first 2,000 generations
(14). Similarly, we did not detect a correlation between the
time a selective sweep occurred and the associated selection
coefficient.
Clonal Interference. In the absence of recombination, two advan-

tageous mutations that have arisen in two cells cannot be
combined into a single, superior genotype. Hence, their carriers
will compete with each other, a phenomenon called clonal
interference (15–17). Whereas theory predicts clonal interference, in particular for large populations and high mutation rates
(17), so far only indirect proofs exist (18–21). Our marker
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Fig. 1. Allele frequencies for one of the ten replicate populations. During the entire experiment, every 90th generation, a ‘‘snapshot’’ of the allele distribution
in the evolving population was taken. The number in the upper right corner of each diagram indicates the number of generations; error bars show standard
deviations of three independent measurements. Each column indicates the frequency of the corresponding allele in the bacterial culture at a given time. The
shown frequencies are based on approximately 5 ⫻ 108 cells. Arrows indicate the alleles, which significantly increase in frequency. All significant increases are
consecutively numbered.

Fig. 2. Experimental reproduction of selective sweeps, which were identified by a statistically significant change in allele frequency. (a and b) The replication
of a significant increase in allele frequency, which reaches a high frequency. (c and d) The replication of a significant increase in allele frequency, which does
not reach a high frequency. For each replication experiment, five replicate cultures were inoculated from a frozen stock (representing generation 378 in the
original culture for the high frequency event, 108 for the low frequency event respectively). Allele frequency distributions are shown after 18 generations (a and
c) and 90 generations (b and d) of independent propagation of the replicate cultures. Replicas were analyzed and tested for significant allele frequency shifts.
In all replicate cultures, significant change in allele frequency was observed for the allele carrying 29 repeats (a and b) and for the 11-repeat allele (c and d). Arrows
indicate the alleles, that significantly increase in frequency.
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system, however, permits the direct observation of clonal interference in a growing E. coli population.
One example for clonal interference can be seen in Fig. 1. The
allele with 11 repeats rises significantly in frequency from
generation 90 to 270 (it should be noted that this spread was
reproduced in five replica cultures), but, when an advantageous
mutation occurs in one cell associated with a 33-repeat microsatellite allele, the spread of the allele with 11 repeats is
prevented and it is eventually lost from the population. Overall,
clonal interference is common in our experiment: often more
than a single beneficial mutation can be detected in a given time
interval. As a consequence of clonal interference, concurrent
selective sweeps have different persistence times. The outcome
of clonal interference, however, depends on the selection coefficient of the advantageous mutations.
Distribution of Selection Coefficients. To infer the selective advantage of clones sweeping through a bacterial culture, we determined the Malthusian fitness parameter (12) of all 66 identified
selective sweeps. In contrast to previous studies (11, 14), we did
not measure the selective advantage by competition experiments
1116 兩 www.pnas.org

with non-evolved bacteria, but determined fitness relative to the
remaining culture. The obtained Malthusian fitness parameters
range from 0.006 to 0.059. As suggested by population genetic
theory (16), most advantageous mutations had a small effect
(Fig. 3). Only a small fraction had large selection coefficients.
The simplest model that captures this feature is the exponential
distribution. Whether the beneficial mutations in our experiment
really follow an exponential distribution or are better described
by a gamma distribution requires a larger number of adaptive
events. Nevertheless, it has to be noted that our calculations
probably underestimate the true selection coefficients for two
reasons. First, new mutations at the microsatellite locus in those
cells bearing the advantageous mutation will affect estimates of
the selection coefficients. Whereas new microsatellite mutations
will not impair the identification of adaptive events, the determined selection coefficient could be underestimated. Second,
clonal interference will cause a less rapid spread of beneficial
mutations, leading to an underestimate of the actual selection
coefficient as measured in the absence of the competing beneficial mutation. Despite these limitations, our results are most
likely one of the best estimates for the distribution of fitness
effects of beneficial mutations.
Imhof and Schlötterer

improvement. Interestingly, the estimated rate of advantageous
mutations is similar to a previously reported one that accounted for
clonal interference (17). Hence, counter to intuition, culture conditions seem not to influence the beneficial mutation rate. For
stringent comparisons, it would be required to use the same method
of mutation rate measurements for both culture conditions. It
should be noted, however, that our estimated beneficial mutation
rates are conservative for two reasons. First, the conservative
threshold used to identify adaptive events inevitably excludes those
events with a very small selection coefficient. Second, because the
deleterious mutation rate in E. coli is estimated to be in the order
of 10⫺4 (22), we can assume that favorable mutations do not appear
in deleterious mutation-free genomes. Thus, those cells carrying a
new beneficial mutation but suffering a negative net selection
coefficient cannot be identified (23).
Perspectives. One of the primary goals of evolutionary biology is to

Previous experiments used minimal medium, which represents a
novel and restricted environment to cultivate E. coli cells (11). In
such an environment, the entire metabolism has to be modified to
be autotrophic. Many operons are expected to change their regulation to constitutively produce many compounds absent in the
environment. In contrast, our experiments were carried out in rich
LB media, as recommended by the supplier of the E. coli strain.
Even thought this medium should not impose any restrictions on the
availability of resources, we observed a high rate of adaptive events,
suggesting that the cells still have a considerable potential for
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Fig. 3. Distribution of selection coefficients combined over 1,000 generations and 10 experimental cultures. Selection coefficients smaller than 0.01
were not included, because most of them could not be discriminated from
experimental errors. It should be noted that all selection coefficients were
determined without accounting for clonal interference.

understand which genetic changes are driving adaptive evolution. In
contrast to insightful experiments with bacteriophages (24, 25), for
E. coli, the current state of sequencing technology precludes
sequencing the whole genome of several E. coli lineages to identify
those mutations. Some preliminary data suggest that base substitutions are infrequent, but jumping of transposable elements may
be an important evolutionary force (20). An alternative approach
would be to monitor the changes in expression level of the whole
organism. Comparison of non-evolved and evolved cells could, in
principle, be used to identify those changes. Using DNA chip
technology, a recent study in yeast, however, found several hundred
genes with a significantly altered expression in the evolved cells (26).
The high number of affected genes could have two reasons: first,
gene cascades are affected and, second, the analyzed population
carried more than a single cell type. Recently, it has been shown that
more than a single cell lineage could be maintained during the
course of experimental evolution (27). Using our marker technology, it would be possible to discriminate between cell lineages and
thus to obtain a purer signal than in the previous study. The
expression pattern could be compared directly between the carrier
of the advantageous mutation and other cells in the population.
Furthermore, the availability of a genetic marker system will
provide further insight into the shape of the adaptive landscape.

