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LONG-TERM EXPERIMENTAL EVOLUTION IN ESCHERICHIA COLI. VII.

MECHANISMS MAINTAINING GENETIC VARIABILITY WITHIN POPULATIONS

SANTIAGO FE ELENA AND RICHARD E. LENSKI
Center for Microbial Ecology, Michigan State University, East Lansing, Michigan 48824

Abstract.—Six replicate populations of the bacterium Escherichia coli were propagated for more than 10,000 generations
in a defined environment. We sought to quantify the variation among clones within these populations with respect to
their relative fitness, and to evaluate the roles of three distinct population genetic processes in maintaining this variation.
On average, a pair of clones from the same population differed from one another in their relative fitness by approximately
4%. This within-population variation was small compared with the average fitness gain relative to the common ancestor,
but it was statistically significant. According to one hypothesis, the variation in fitness is transient and reflects the
ongoing substitution of beneficial alleles. We used Fisher’s fundamental theorem to compare the observed rate of each
population’s change in mean fitness with the extent of variation for fitness within that population, but we failed to
discern any correspondence between these quantities. A second hypothesis supposes that the variation in fitness is
maintained by recurrent deleterious mutations that give rise to a mutation-selection balance. To test this hypothesis,
we made use of the fact that two of the six replicate populations had evolved mutator phenotypes, which gave them
a genomic mutation rate approximately 100-fold higher than that of the other populations. There was a marginally
significant correlation between a population’s mutation rate and the extent of its within-population variance for fitness,
but this correlation was driven by only one population (whereas two of the populations had elevated mutation rates).
Under a third hypothesis, this variation is maintained by frequency-dependent selection, whereby genotypes have an
advantage when they are rare relative to when they are common. In all six populations, clones were more fit, on
average, when they were rare than when they were common, although the magnitude of the advantage when rare was
usually small (~1% in five populations and ~5% in the other). These three hypotheses are not mutually exclusive,
but frequency-dependent selection appears to be the primary force maintaining the fitness variation within these
experimental populations.

Key words.—Experimental evolution, Fisher’s fundamental theorem, frequency-dependent selection, mutation-selection
balance, relative fitness, within-population variation.
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Bacteria such as Escherichia coli provide a powerful ex-
perimental system for addressing a wide range of evolution-
ary questions (see reviews by Dykhuizen and Hartl 1983;
Levin and Lenski 1983; Dykhuizen and Dean 1990; Lenski
1992; Sniegowski and Lenski 1995). Their short generation
times make it feasible to observe population dynamics over
tens, hundreds, and even thousands of generations. Their
large population sizes ensure a substantial input of new mu-
tations every generation, so that one can study the origin as
well as the fate of genetic variation. Bacteria can be stored
in suspended animation at low temperatures, which makes it
possible to measure the relative fitness of derived and an-
cestral genotypes by placing them in direct competition, using
genetic markers to tell them apart. Finally, they are easy to
handle and propagate, which permits intensive replication of
experiments so that even subtle effects can be measured.
More than 1000 competition experiments were performed for
this paper alone.

Since its beginnings early in this century, the field of pop-
ulation genetics has focused on quantifying the extent of
variation within populations and identifying the forces re-
sponsible for maintaining that variation (Fisher 1930; Hal-
dane 1932; Dobzhansky 1937; Wright 1969; Lewontin 1974;
Kimura 1983; Gillespie 1991). For several years, our group
has carried out a long-term evolution experiment with E. coli
(Lenski et al. 1991; Lenski and Travisano 1994; Vasi et al.
1994; Travisano et al. 1995a,b; Elena et al. 1996; Mongold
and Lenski 1996; Travisano and Lenski 1996; Souza et al.,
in press; Sniegowski et al. 1997; Travisano 1997). In contrast
to the central goals of population genetics, we have focused

most of our attention on quantifying the extent of divergence
between replicate populations and elucidating the forces that
have promoted parallel changes in some traits and divergence
in others.

However, several considerations lead us now to believe
that it would be very worthwhile to quantify the extent of
variation within these experimental populations and deter-
mine the roles of several distinct population genetic processes
in maintaining this variation. First, the rate of adaptation by
the bacteria to their experimental environment has slowed
considerably from its initially rapid pace. Between 5000 and
10,000 generations, the mean fitness of these populations
(relative to their common ancestor) increased at a rate that
was less than one-thirtieth of their rate of improvement during
the first 1000 generations (Lenski et al. 1991; Lenski and
Travisano 1994). Thus, the bacterial populations seem to have
reached a state of quasi-equilibrium, which is presumably
more similar to the state of most natural populations (except
those that have recently encountered novel environmental
conditions).

Second, substantial genetic diversity has been revealed by
a study of the dynamics of molecular evolution in our evolv-
ing populations of E. coli. Michel Blot and collaborators
(pers. comm.) have used IS elements to obtain DNA “‘fin-
gerprints’’ for clones isolated from these populations. After
10,000 generations, they observed nine distinct genotypes
among 11 clones sampled from one population and 11 distinct
genotypes among 11 clones sampled from another popula-
tion. These populations clearly must harbor considerable ge-
netic diversity. Contamination can be ruled out as a source
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of this diversity because all of the derived genotypes’ fin-
gerprints are still very similar to one another and to the an-
cestral genotype’s fingerprint. Moreover, all of the derived
genotypes have certain genetic markers that are characteristic
of the ancestral strain (Lenski et al. 1991).

Third, Souza et al. (in press) performed an experiment
using these same bacterial populations, as well as some ad-
ditional genotypes, to examine the effects of plasmid-me-
diated recombination on evolutionary dynamics. During their
study, they observed polymorphisms involving recombinant
genotypes under the same environmental conditions used dur-
ing the long-term experimental evolution of the asexual pop-
ulations of E. coli. At least one polymorphism was stably
maintained by frequency-dependent selection via a cross-
feeding interaction (Turner et al. 1996). It was unclear from
these experiments whether recombinant genotypes were
somehow more prone to exhibit stable polymorphisms, or
whether the genetic markers that allowed recombination
events to be readily scored simply marked stable polymor-
phisms that could also arise with asexual genotypes. There-
fore, they proposed a systematic examination of the extent
of frequency-dependent selection in the asexual populations.

Fourth, Sniegowski (1997) have recently shown that some
of the asexual E. coli populations have evolved genomic mu-
tation rates that are approximately two orders of magnitude
higher than the ancestor and the other derived populations.
In a population of haploid organisms, the equilibrium fre-
quency of a deleterious allele that is maintained by mutation-
selection balance is proportional to the mutation rate (Na-
gylaki 1977). Hence, if recurrent deleterious mutations are a
major source of variation in fitness, then we would expect
to see much higher levels of variation in the populations with
elevated mutation rates. Thus, we have a ‘‘natural experi-
ment”’ that allows us to determine whether or not deleterious
mutations contribute substantially to variation in fitness.

Finally, the field of population genetics has historically
paid far more attention to organisms that are diploid and
sexual than it has to those that are haploid and asexual. None-
theless, it has become clear in recent years that bacterial
species harbor tremendous genetic diversity, even one such
as E. coli that is nearly asexual in nature (Milkman 1973;
Selander and Levin 1980; Caugant et al. 1981; Istock et al.
1992; Souza et al. 1992; Maynard Smith et al. 1993). How-
ever, the forces that affect genetic variation may be quite
different depending on the organism’s genetic system. The
most obvious difference is that dominance cannot play any
role in maintaining genetic variability in haploid populations.
A more subtle difference—but one that is probably more
important—arises from the effect of beneficial mutations
sweeping through a population by natural selection. In an
asexual organism, all loci are effectively linked and so a
selective sweep purges variation throughout the genome (At-
wood et al. 1951; Levin 1981); by contrast, the selective
sweep of a beneficial allele has much less of an effect on
genetic variation in a sexual organism (Kaplan et al. 1989;
Begun and Aquadro 1991). Therefore, it is especially inter-
esting to examine the population genetic mechanisms that
maintain variation in our experimental populations of E. coli
precisely because they are asexual.

Our focus in this paper is on heritable variation in fitness
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itself. We will first quantify the amount of variation for fitness
among clones within populations. We will then examine three
population genetic hypotheses that postulate different mech-
anisms to maintain this variation. Hypothesis 1: The variation
in fitness is transient and reflects the ongoing substitution of
beneficial alleles by natural selection. To test this hypothesis,
we use Fisher’s fundamental theorem to compare for each
population the rate of change in its mean fitness with the
amount of within-population variation for fitness (Fisher
1930; Nagylaki 1977; Lenski et al. 1991). Hypothesis 2: The
variation in fitness is maintained by recurrent deleterious mu-
tations that give rise to a mutation-selection balance (Haldane
1937; Muller 1950; Crow and Kimura 1970). To test this
hypothesis, we make use of the fact that some, but not all,
of the replicate populations have evolved greatly elevated
genomic mutation rates, which should lead to much higher
levels of variation for fitness. Hypothesis 3: The variation in
fitness is maintained by frequency-dependent selection,
whereby genotypes are more fit when they are rare relative
to when they are common (Haldane 1932; Wright and Dob-
zhansky 1946; Clarke and O’Donald 1964; Ayala and Camp-
bell 1974). To test this hypothesis, we perform competition
experiments to determine whether genotypes within the
evolving populations tend to have a selective advantage when
rare. (Note that we are not concerned with random genetic
drift per se; drift may be important in maintaining molecular
variation, but it cannot explain much variation in fitness in
the large populations that we are studying.)

MATERIALS AND METHODS
Bacteria and Culture Conditions

The bacteria in this study are part of a long-term evolution
experiment with an asexual strain of E. coli B (Lenski et al.
1991; Lenski and Travisano 1994). Twelve populations were
founded from two ancestral genotypes that were identical
except for their ability to grow on L-arabinose. Each popu-
lation was started from a single cell, so that initially there
was no variation either within or among the populations.
Therefore, all of the variation in the evolving populations
has appeared by spontaneous mutation. The populations were
serially propagated at 37°C for 1575 d in Davis minimal (DM)
medium supplemented with glucose at 25 wg/mL (Carlton
and Brown 1981; Lenski et al. 1991), which supports ~5 X
107 cells/mL. Each day, 0.1 mL of the prior day’s culture
was inoculated into 9.9 ml of fresh medium. This dilution
and subsequent regrowth allowed log, 100 = 6.64 genera-
tions of binary fission per day; thus, the 1575 d of serial
transfer correspond to approximately 10,500 generations.

The present study used only those six populations that were
founded from the Ara- ancestral genotype. Specifically, we
used genetically heterogeneous samples of each Ara~ pop-
ulation that were stored at generations 10,000 and 10,500.
These samples were obtained by freezing several mL of each
population after 0.1 mL had been transferred into fresh me-
dium; hence, they include essentially all of the genotypes in
the same proportions as they were present in the respective
populations. We also used 25 clones that were sampled at
random from each population at generation 10,000. From
each of these 150 clones (6 populations X 25 clones per



1060

population), we obtained a spontaneous Ara* mutant by plat-
ing millions of cells onto minimal agar that contained arab-
inose as a sole carbon source. Ara~ and Ara* cells can be
readily distinguished from one another by their production
of red and white colonies, respectively, on tetrazolium arab-
inose (TA) indicator agar (Levin et al. 1977; Lenski 1988).
These Ara* mutants therefore enabled us to measure the rel-
ative fitness of genotypes by placing them in direct compe-
tition with one another. Numerous experiments in our labo-
ratory have shown that the Ara marker is selectively neutral
in minimal glucose medium (Lenski 1988; Lenski et al. 1991,
Bennett et al. 1992).

All of the experiments reported in this study were carried
out using the same DM medium and other culture conditions
employed during the long-term evolution experiment itself.

Estimation of Fitness

Competition experiments were performed to estimate ei-
ther the mean fitness of a derived population relative to its
ancestor or the fitness of a particular genotype relative to the
population from which it was sampled. In either case, the
two competitors (genotypes or populations) must have op-
posite Ara-marker states, so that their colonies can be dis-
tinguished on TA agar. Prior to every competition experi-
ment, both competitors were separately acclimated for an
entire growth cycle (~6.64 generations) in the same DM
medium in which they would subsequently be mixed. The
two competitors were usually mixed at a 1:1 volumetric ratio
and diluted 100-fold into fresh DM medium to start the com-
petition experiment. In some experiments that were per-
formed to assess the extent of frequency-dependent selection,
we also employed a 1:10 initial ratio while keeping the same
overall dilution factor. Samples were taken from the com-
petition flasks at time zero and again after 24 h (one growth
cycle) and spread onto TA agar to produce colonies.

For each competitor, we computed its Malthusian param-
eter as m = In[N(1)/N(0)]/(1 d), where N(0) and N(1) are
population densities at time zero and after one day. The fitness
of one competitor relative to the other, W, was then calculated
as the ratio of their realized Malthusian parameters (Lenski
et al. 1991).

Estimation of Mutation Rates

The mutation rates used in this study were estimated pre-
viously by Sniegowski (1997). Briefly, rates of mutation were
estimated at three different loci that could be readily scored:
reversion from Ara~ to Ara™, resistance to nalidixic acid, and
resistance to phage T5. Estimates were obtained using fluc-
tuation tests (Luria and Delbriick 1943), in which many rep-
licate cultures were grown from a few founder cells and the
numbers of cells expressing the mutant phenotype in each
culture were counted. Mutation rates were then calculated
from the distribution of mutants across the replicate cultures
using a maximum-likelihood method (Ma et al. 1992; Stewart
1994). Mutation rates were estimated for single clones that
had been chosen at random from each population after 10,000
generations. Two lines of evidence indicate that the mutation
rates measured for these clones reflect the average mutation
rates for the populations from which they were sampled. First,
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a number of additional clones were sampled from the two
populations that exhibited elevated mutation rates at various
time points in their evolutionary history. In each case, these
clones had mutation rates that were consistently elevated be-
ginning at some time point well before 10000 generations
(Sniegowski et al. 1997). Second, in the course of obtaining
spontaneous Ara* mutants for 25 clones from each of the six
populations in this study, we observed that characteristically
few or many mutants were obtained for most, if not all, of
the clones sampled from a particular population. Thus, these
very large differences in mutation rate evidently distin-
guished populations (rather than merely clones within pop-
ulations).

Experimental Designs

Within-Population Variance for Fitness.—Each of the 25
Ara* clones was placed in competition with the heteroge-
neous population from which the clone’s Ara~ progenitor was
sampled. Three replicate competitions were performed for
each Ara* clone and its Ara~ source population, with both
types at an initial volumetric ratio of 1:1. Every replicate
competition yielded an estimate of relative fitness, W, as de-
fined above. Thus, we had a total of 450 fitness estimates (6
populations X 25 clones X 3 replicates) on which to base
our estimates of the within-population variance for fitness,
Var W.

Change in Mean Fitness.—The heterogeneous samples
from each Ara~ population were placed in competition with
the Ara* variant of the common ancestor. Ten replicate com-
petitions were performed using the 10,000-generation sam-
ples and another 10 were performed using the 10,500-gen-
eration samples. Thus, we had a total of 120 estimates of
fitness (6 populations X 2 time points X 10 replicates) on
which to base our estimates of the change in mean fitness,
AW.

Advantage When Rare.—Three more competitions were
performed using each of the 25 Ara* clones and its Ara-
source population. These competitions were started with a
ratio of 1:10 for the clone and its source population, respec-
tively, whereas the competitions used to estimate the within-
population variance for fitness began with a 1:1 ratio. The
competitions at these two initial ratios were performed to-
gether, in a pairwise fashion, so that we could compute for
each clone three independent estimates of the difference in
relative fitness when the clone was rare versus when it was
common. Thus, we had a total of 450 estimates of the fitness
difference (6 populations X 25 clones X 3 replicate pairs)
on which to base our estimates of the advantage when rare,
AWR.

Statistical Analyses

When testing the magnitude of some hypothesized effect
within a particular bacterial population, the number of de-
grees of freedom used to determine statistical significance
was equal to one less than the number of independent ob-
servations for that population (usually the number of clones
that were sampled). When testing the applicability of a hy-
pothesis to the populations in general, the number of degrees
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TABLE 1. Nested analysis of variance to estimate the genetic vari-
ance for relative fitness among clones within populations.

Source SS df MS F P
Among populations 0.3090 5 0.0617 6.008 < 0.0001
Among clones
(within populations) 1.4802 144 0.0103 1.787 < 0.0001
Error 1.7261 300 0.0058
Total 3.5154 449

of freedom used to determine statistical significance was set
by the number of replicate populations.

Variance components and their confidence intervals were
calculated from nested analyses of variance as described by
Sokal and Rohlf (1995). In some of the analyses that we
performed, the assumption of homogeneity of variances was
violated. In the case of estimates of mutation rates, which
spanned orders of magnitude, this violation was severe and
so we log-transformed these data to make the variances ho-
mogeneous. We also repeated all other analyses of variance
using log-transformed data; when we did so, the variances
were no longer significantly heterogeneous. Using the trans-
formed data, however, we obtained statistical conclusions that
were in all essential respects identical to those obtained using
the untransformed data. Therefore, except for mutation rates,
we have chosen to report the analyses that were performed
using the untransformed data because they are easier to in-
terpret in terms of the three population genetic models that
we sought to test.

We report one-tailed significance levels for all of the sta-
tistical tests in this paper. The three population genetic hy-
potheses that we have tested make directional predictions
about effects and the correlation of those effects with levels
of within-population variability. For example, if frequency-
dependent selection is going to promote variation within a
population, then genotypes must have a systematic advantage
when rare (i.e., AWR > 0). Similarly, this hypothesis predicts
a positive correlation across the replicate populations be-
tween the average advantage when rare to genotypes in a
population and the amount of variability in that population.

RESULTS
Within-Population Variance for Fitness

The analysis of variance shown in Table 1 indicates that
the variability in fitness among clones within populations was
highly significant. (The analysis also shows significant vari-
ation among populations, but this effect does not concern us
in the present study, which is focused on the variation within
populations.) The resulting estimate of the within-population
variance component, Var W, is 0.0015. Taking the square-
root of this variance component yields a corresponding stan-
dard deviation for fitness of 0.0387. In other words, two
clones chosen randomly from the same population differed
from one another in their relative fitness by ~3.9%, on av-
erage. By contrast, the mean fitness of the derived populations
increased by more than 50% relative to the common ancestor
(Lenski and Travisano 1994). Thus, multiple clones sampled
from the same population differed in their fitnesses, but these
differences were much smaller than the cumulative fitness
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TaBLE 2. Estimates for six experimental populations of the within-
population variance for relative fitness, Var W. Three replicate com-
petitions were performed for each of 25 clones from every popu-
lation. Negative values for Var W reflect statistical noise and are
not biologically meaningful.

MS MS

Popu- clones  error Var W Lower and upper 95%

lation (X 103 (X 103) P (X 10%) confidence limits (X 10%)
Ara- 1 7.20 445 0.0754 9.18 —3.33 29.22
Ara- 2 2236 6.84 0.0002 51.74 20.25 112.58
Ara- 3 1520 6.97 0.0101 27.43 4.00 69.18
Ara- 4 7.99 6.42 0.2524 5.23 —11.06 27.95
Ara~ 5 475 5.15 0.5756 —1.36 —13.93 12.70
Ara~ 6 4.18 4.69 0.6109 -1.70 —13.15 10.76

gains that occurred during 10,000 generations of experimen-
tal evolution.

Table 2 summarizes the among-clone variation for fitness
estimated separately for each of the six populations. The six
populations were variable in the extent of their within-pop-
ulation variance for fitness, as indicated by the 95% confi-
dence intervals for their respective variance components.
Thus, we have a strong signal that may be used to disentangle
the role of different population genetic mechanisms in pro-
moting that variance. In particular, population Ara~2 had the
highest within-population variance for fitness, and as we will
show later it was unusual in other respects as well. Therefore,
it is of interest to ask whether there is significant variance
in fitness among clones (within populations) if population
Ara~2 is removed from the analysis. The resulting analysis
of variance indicated that there remained significant clonal
variation in fitness (Fyz0250 = 1.421, P = 0.0109) even after
population Ara-2 was excluded. However, the resulting with-
in-population variance component was reduced to 0.0008, so
that a pair of clones sampled randomly from the same pop-
ulation would have differed in fitness by only ~2.8%, on
average.

Test of Fisher’s Fundamental Theorem

According to Fisher’s fundamental theorem, the instanta-
neous rate of change in the mean fitness of a population
(living in a constant environment) is equal to the genetic
variance for fitness within that population (Fisher 1930; Na-
gylaki 1977; Lenski et al. 1991). This theorem is specifically
concerned with the selective sweep of beneficial alleles
through a population, which simultaneously generates tran-
sient heterogeneity and a shift in the population’s mean fit-
ness. We sought to determine whether the observed variation
in fitness within populations was simply a manifestation of
the ongoing substitution of beneficial alleles carried by dif-
ferent clones.

Table 3 shows the mean fitness values estimated at 10,000
and 10,500 generations for each of the six populations. None
of the populations showed any significant increase in mean
fitness over this time span. This negative result cannot be
attributed to a lack of sufficient replication, as the same data
reveal a very strong positive correlation between mean fit-
nesses estimated at the two time points (r = 0.9564, 4 df,
one-tailed P = 0.0014). That is, certain populations were
substantially more fit (relative to the common ancestor) at
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TABLE 3. Estimates for six experimental populations of the change
in mean fitness, AW, between generations 10,000 and 10,500. Ten
estimates of mean fitness were obtained at each time point for every
population. P-values are based on one-tailed t-tests (with 19 df) of
the hypothesis that AW > 0.

W at 10,000 W at 10,500

Popu- generations generations _

lation (x SD) (= SD) AW P
Ara- 1 1.618(x0.129) 1.609 (+ 0.090) —0.009 0.5737
Ara- 2 1.849(x 0.210) 1.746 (x0.103) —0.103 0.9091
Ara- 3 1.602 (* 0.151) 1.555(*0.172) —0.047 0.6926
Ara~ 4 1.666 (+ 0.120) 1.667 (* 0.134) 0.001 0.4954
Ara~ 5 1.536(+0.093) 1.536 (* 0.103) 0.000 0.4985
Ara- 6 1.610(=0.118) 1.596 (+ 0.131) —0.014 0.5969

10,000 generations than were other populations, and these
differences in fitness between populations were preserved
over the subsequent 500 generations. Nonetheless, the ab-
sence of change in mean fitness over this interval implies
that we do not have an adequate signal for testing the pre-
diction of Fisher’s fundamental theorem. Indeed, we failed
to observe the positive correlation between Var W and AW
that was predicted under this hypothesis (r = —0.9663, 4 df,
one-tailed P = 0.9992 for r > 0). In fact, there appears to
be a negative correlation, although this is almost certainly
spurious because none of the populations exhibited any sig-
nificant change in mean fitness.

In addition to examining the statistical correlation between
Var W and AW, we asked whether the significant within-
population variation for fitness was quantitatively consistent
with the failure to observe any significant increase in fitness.
The following equation allows us to calculate the change in
fitness that would be expected over 500 generations (= 75
d), given the observed variation in fitness, according to Fish-
er’s fundamental theorem (Lenski et al. 1991, eq. 7b):

AW = Var W X m X 75 d, )]
where m is the average Malthusian parameter (In 100 = 4.605
per day) and measures the rate of population turnover. The
estimated clonal variation within populations (averaged over
the six replicate populations) was 1.5 X 103, from which
we would expect to have seen an increase in mean fitness of
~0.52. This value is far greater than was actually measured
for any of the six populations (Table 3). However, this cal-
culation presumes that the within-population variance for fit-
ness, Var W, persisted over time, whereas selection will tend
to exhaust the variation in fitness. Very conservatively, we
would expect under Fisher’s fundamental theorem to have
seen an increase in mean fitness of at least (Var W)!/2, This
calculation assumes that the populations were sampled at the
moment of maximum variance (i.e., two genotypes at fre-
quencies of 0.5), as one genotype replaced another. But even
this conservative analysis gives an expected increase in fit-
ness, AW, of 0.039, which is much greater than was observed
for any of the six replicate populations. Evidently, the within-
population variance for fitness was too great to be explained
as transient variation that existed only as more fit genotypes
replaced those that were less fit.

S. F. ELENA AND R. E. LENSKI

TABLE 4. Estimates for six experimental populations of mutation
rates relative to the common ancestor, ., for three loci (Snie-
gowski et al. 1997). The ancestral mutation rates (per cell gener-
ation) to Ara*, NalR, and T5R were estimated as 9.25 X 10-19, 7.10
X 10-!1, and 8.78 X 10-8, respectively. Mutation rates for popu-
lations Ara~ 2 and Ara ~4 were significantly different from those
of the ancestor at all three loci; the other populations did not differ
significantly from the ancestor in their mutation rates at any of the
loci.

Geometric
Population ., to Ara* Pre to NalR M to TSR mean i
Ara- 1 0.217 2.155 0.708 0.692
Ara- 2 22.243 429.577 320.046 147.293
Ara~ 3 2.508 1.845 1.055 1.696
Ara- 4 29.189 174.648 25.285 50.514
Ara- 5§ 2.086 0.665 0.723 1.001
Ara- 6 1.773 3.296 0.315 1.226

Test of Mutation-Selection Balance

Sniegowski et al. (1997) discovered that two of the six
Ara~ populations had evolved mutation rates approximately
two orders of magnitude higher than those of the ancestor
and the other four populations. Table 4 shows that these dif-
ferences in mutation rate were present for all three loci that
were screened. An analysis of variance of the log-transformed
mutation rates (with loci as blocks) confirms that the six
populations were highly divergent in their relative mutation
rates (Fs5;9 = 15.513, P = 0.0002). The heterogeneity in
mutation rates remains highly significant even when popu-
lation Ara=2 is excluded from the analysis (F,3 = 12.908,
P = 0.0014). Genetic complementation tests indicated that
populations Ara~2 and Ara—4 had acquired mutations that
rendered their methyl-directed mismatch repair systems de-
fective (Sniegowski et al. 1997). These two populations must
therefore have experienced much higher mutation rates
throughout their genomes than did the other four populations.
Thus, these two populations should have harbored much
greater genetic variance for fitness under the hypothesis that
the variation was maintained by a balance between recurrent
deleterious mutations and selection against them.

As shown in Figure 1, we observed a marginally significant
positive correlation between the clonal variance for fitness
and the relative mutation rates of the six populations (r =
0.7919, 4 df, one-tailed P = 0.0303). However, this corre-
lation could be attributed entirely to the fact that population
Ara~2 had both the highest variance for fitness and the highest
mutation rate. By contrast, population Ara-4 was also ex-
ceptional in its mutation rate, but it was unexceptional in its
variance in fitness. Excluding population Ara-2 eliminates
the positive correlation between the within-population vari-
ance for fitness and relative mutation rate (r = —0.1083, 3
df, one-tailed P = 0.5688 for r > 0). Thus, the hypothesis
that genetic variation in fitness was maintained in these ex-
perimental populations primarily by a balance between re-
current deleterious mutations and selection against those mu-
tations lacks compelling support.

Test of Frequency-Dependent Selection

To evaluate the role of frequency-dependent selection in
maintaining variation within populations, we compared the
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1000

100 |-

10 |-

Mutation rate relative to ancestor

0.1 1 1 1
0.000 0.005 0.010
Within-population variance for fitness
Fic. 1. Correlation between the within-population variance for

fitness, Var W, and the mutation rate relative to the common an-
cestor, ., for six populations. The correlation is marginally sig-
nificant (r = 0.7919, 4 df, one-tailed P = 0.0303). Error bars around
estimates of Var W are 95% confidence intervals; error bars around
estimates of w. show the range of values for three loci.

fitness of clones (relative to their source population) when
they were rare versus common. If frequency-dependent se-
lection contributed to the maintenance of genetic variation
within the populations, then we would expect clones to have
had a systematic advantage when rare, or AWR. Table 5 shows
the average value of AWR that was measured for each of the
six populations. An analysis of variance indicates significant
differences among the six populations in the strength of fre-
quency-dependent selection (Fs ;44 = 3.615, P = 0.0041).
Treating each population as one observation, the grand mean
AWR is equal to 0.0212, which is significantly greater than
zero (ts = 2.1361, 5 df, one-tailed P = 0.0429). Once again,
population Ara-2 contributed disproportionately to the over-
all effect. If population Ara~2 is excluded, then an analysis
of variance finds no significant variation among the remaining
populations in terms of the effects of frequency-dependent
selection (Fy4 150 = 0.2912, P = 0.8832). However, even when
population Ara-2 is excluded, the grand mean of AWR equals
0.0115 and remains significantly greater than zero (¢, =
4.0734, 4 df, one-tailed P = 0.0076). Hence, we conclude
that there was strong frequency-dependent selection in pop-
ulation Ara-2 with much weaker, but still significant, selec-
tion favoring minority genotypes in the other populations.
Figure 2 shows a significant correlation between the clonal
variance for fitness and the average advantage when rare
across the six populations (r = 0.8650, 4 df, one-tailed P =
0.0131). As in the previous section, this correlation is highly
dependent on population Ara=2, which had both the highest
variance for fitness and exhibited the strongest frequency-
dependent selection. If population Ara-2 is excluded, then
the positive correlation becomes nonsignificant (r = 0.2420,
3 df, one-tailed P = 0.3475). However, there are no con-
spicuous discrepancies between the clonal variance for fitness
and the average advantage when rare for any of the remaining
five populations, whereas there was such a discrepancy in
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TABLE 5. Estimates for six experimental populations of the av-
erage clone’s fitness advantage when rare, AWR. Three paired com-
petitions were performed for each of 25 clones from every popu-
lation. P-values are based on one-tailed ¢-tests (with 24 df) of the
hypothesis that AWR > 0.

Population Average AWR SD t P
Ara- 1 0.0094 0.0656 0.7188 0.2396
Ara- 2 0.0694 0.0852 4.0716 0.0002
Ara- 3 0.0165 0.0565 1.4624 0.0783
Ara~ 4 0.0042 0.0747 0.2784 0.3915
Ara~ 5 0.0196 0.0466 2.1080 0.0228
Ara~ 6 0.0080 0.0445 0.8959 0.1896

the relationship between variance for fitness and mutation
rate.

Moreover, the quantitative agreement between the clonal
variance for fitness and the average advantage when rare
appears to be reasonably good. The average difference in
fitness among clones from the same population was 0.039
(0.028 excluding Ara=2), and the average advantage when
rare was 0.021 (0.012 excluding Ara-2). In other words, both
analyses indicate significant fitness effects on the order of a
few percent. However, we may have systematically under-
estimated the average advantage when rare, as shown by the
following hypothetical case. If a source population contained
two ecologically distinct genotypes in equal frequency, then
the 1:10 initial ratio of a marked clone relative to its source
population would have produced a 6:5 (i.e., 1:5:5) ratio of
the two ecotypes, while a 1:1 initial ratio would have yielded
a 3:1 (i.e., 1:0.5:0.5) ratio of the ecotypes. Hence, instead of
spanning an order of magnitude in relative initial frequencies,
the actual range may have been somewhat smaller. Even so,
we conclude that frequency-dependent selection favoring ge-
notypes when they were rare contributed significantly to the
maintenance of variation within these experimental popula-
tions.
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FiG. 2. Correlation between the within-population variance for
fitness, Var W, and the average clone’s fitness advantage when rare,
AWR, for six populations. The correlation is significant (r = 0.8650,
4 df, one-tailed P = 0.0131). Error bars around estimates of both
Var W and AWR are 95% confidence intervals.
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DiSCUSSION

Our study has addressed a classical question in population
genetics: What forces maintain genetic variability within pop-
ulations? Although the question is an old one, the approach
that we have taken differs in several important respects from
the many other studies that have previously considered this
issue. First, we have studied a haploid asexual microorgan-
ism, whereas most earlier work focused on diploid sexual
animals and plants. As pointed out in the introduction, certain
population genetic mechanisms may be either more or less
important depending on these distinctions.

Second, we have focused on those processes that maintain
variation in an organism’s performance in its historical en-
vironment (i.e., its fitness). By contrast, most previous studies
of the mechanisms that maintain heritable variation in pop-
ulations have examined traits (including allozymes and DNA
sequences) whose relationship to organismal performance is
uncertain and difficult to establish. Consequently, tremen-
dous energy was devoted to determining the relative impor-
tance of random genetic drift versus natural selection (Le-
wontin 1974; Kimura 1983; Gillespie 1991), while much less
empirical work was done to disentangle the several distinct
ways in which selection can affect heritable variation within
populations—selection against deleterious mutations, selec-
tion for beneficial alleles, and frequency-dependent selection.
And while many studies have examined the action of one or
another of these modes of selection, our study is unique (to
the best of our knowledge) in that we have measured the
effects of all relevant modes of selection in the same pop-
ulations. (We have emphasized modes of selection because
of our interest in the processes maintaining variation in fit-
ness; it remains to be seen whether genetic drift played a
large or small role with respect to molecular variation in these
same populations.)

Third, we have examined these population genetic pro-
cesses in the context of a well-defined and replicated exper-
imental system. Thus, we can have confidence about the his-
torical environment of the organisms under study, their ef-
fective population size, and so on. Moreover, although we
have been concerned with the processes that affect genetic
variation within a population, we have used replicate pop-
ulations as our unit of observation for the purpose of statis-
tical inference. This approach limits the apparent statistical
power of our tests because we could claim many more degrees
of freedom based on intensive replication of measurements
within any particular population. However, by analyzing the
various effects across replicated populations, we could rig-
orously address their generality (within the context of the
specific biological system under study).

Our major findings can be summarized as follows. Fre-
quency-dependent selection was apparently the most impor-
tant factor in maintaining heritable variation with respect to
fitness properties of the bacteria within these experimental
populations. Several analyses showed the importance of fre-
quency-dependent selection in promoting genetic polymor-
phisms. On average, clones were at a competitive advantage
when they were rare relative to when they were common
(AWR > 0); this effect was significant whether or not pop-
ulation Ara-2, which exhibited the most extreme effect, was
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included in the analysis. Moreover, there was a significant
positive correlation between the average AWR for a popu-
lation and the variation in fitness within that population, Var
W (although this latter result depended on the inclusion of
population Ara~2).

We did not seek to identify the ecological interactions that
promote frequency-dependent selection in these populations.
However, several distinct mechanisms that can maintain ge-
netic polymorphisms in bacteria have been mathematically
modeled, experimentally demonstrated, or both (Levin 1972;
Stewart and Levin 1973; Chao et al. 1977; Lenski and Hat-
tingh 1986; Helling et al. 1987; Levin 1988; Rosenzweig et
al. 1994; Turner et al. 1996). Some of these mechanisms
involve viral predators or antibiotics, which were absent from
our experimental system. The two ecological mechanisms
that are most likely to have contributed to frequency-depen-
dent selection in our experiments are cross-feeding interac-
tions and fluctuations in resource concentration. In a cross-
feeding interaction, one strain is superior in competition for
a primary resource while another strain is better able to grow
on a metabolic by-product released into the medium (Helling
et al. 1987; Rosenzweig et al. 1994; Turner et al. 1996). In
a serial transfer regime, temporal fluctuations in resource
concentration may allow two strains to coexist stably if their
relative growth rates are reversed at high and low concen-
trations (Levin 1972; Stewart and Levin 1973; Turner et al.
1996).

By contrast, neither the selective fixation of novel bene-
ficial alleles nor the selective elimination of recurring dele-
terious mutations appears to have contributed very much to
the genetic variance for fitness within these populations. If
the observed variance for fitness within populations had been
due to the selective sweep of beneficial alleles, thereby giving
rise to transient polymorphisms, then we should have been
able to see an increase in mean fitness (in accordance with
Fisher’s fundamental theorem). However, there was abso-
lutely no evidence for an increase in mean fitness, AW, of
any population during the period immediately following the
measurement of the within-population variance for fitness,
Var W. And if the observed variance for fitness within pop-
ulations was caused by recurrent deleterious mutations, then
we should have seen much more variation in the two pop-
ulations that had genomic mutation rates that were orders of
magnitude higher than those of the other four populations.
Although one of the hypermutable populations exhibited an
unusually high level of variation for fitness, the other hy-
permutable population did not. Moreover, the hypermutable
population that harbored the greatest variance for fitness also
exhibited the strongest frequency-dependent selection, which
in itself provides a sufficient explanation for the high vari-
ance.

We have shown that frequency-dependent selection was
more important than either the selective fixation of novel
beneficial alleles or the selective elimination of recurring
deleterious mutations, but we must also emphasize that these
three mechanisms are not mutually exclusive. Indeed, one
would expect from first principles that both of the other mech-
anisms must contribute something to variation in fitness with-
in populations. Thus, one may ask why the effects of novel
beneficial alleles and recurring deleterious mutations on fit-
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ness variation were so small in these experimental popula-
tions.

One can use Fisher’s fundamental theorem to predict the
within-population variance for fitness due to the substitution
of beneficial alleles, given some rate of change in mean fit-
ness. In particular, the cumulative variance in fitness over
some interval is proportional to the total change in mean
fitness over that interval (Crow 1968; Felsenstein 1971), and
so one can estimate the expected variance in fitness as fol-
lows:

E(Var W) = (1/m)dW/dt, 2)

where i is the average Malthusian parameter (here, In 100
= 4.605 per day) and dW/dt is the rate of change in mean
fitness (Lenski et al. 1991). In the results section, we used
this relationship in reverse to show that the observed Var W
at 10,000 generations implied a subsequent change in mean
fitness that was much greater than was measured between
10,000 and 10,500 generations. Now, we point out that dW/
dt was independently estimated as 5.3 X 10-5 per day (=
0.008 per 1000 generations X 1000 generations per 150 d)
between 5000 and 10,000 generations (Lenski and Travisano
1994), which yields an expected variance in fitness of only
1.2 X 10-5. In fact, the observed variance in fitness, 1.5 X
10-3, was more than 100 times greater than this expected
value. Hence, we conclude that the ongoing substitution of
beneficial alleles must have contributed only very slightly
(perhaps 1%) to the within-population variance for fitness
and, moreover, that this small effect was expected from the
slow rate of increase in the mean fitness of these populations
after they had evolved for many thousands of generations in
the experimental environment. By contrast, during the first
2000 generations of this same experiment, the expected vari-
ance in fitness was 2.7 X 104, a value that is statistically
indistinguishable from the empirical estimate of 2.5 X 104
(Lenski et al. 1991). In other words, as the evolving popu-
lations went from a state of selective disequilibrum in a novel
environment to a state of quasi-equilibrium in a familiar en-
vironment, the proportion of the within-population variance
that can be attributed to selective sweeps has dropped from
nearly 100% to perhaps 1%.

We can suggest two interrelated reasons why the large
differences in genomic mutation rate between replicate pop-
ulations had little effect on the within-population variance
for fitness. First, the average base-pair mutation rate for non-
mutator strains of E. coli has been estimated to be ~5 X
10710 per generation (Drake 1991); with a genome size of
~5 X 106 base-pairs, this figure yields a genomic mutation
rate of only 2.5 X 10-3 per generation. Even for the two
evolving populations that have become defective in mismatch
repair, and which have a mutation rate that was increased
~100-fold, the genomic mutation rate would have been well
below one. Second, a substantial fraction of all mutations
may be selectively neutral and hence would not contribute
to the within-population variance in fitness. In fact, using an
E. coli clone from the same long-term evolution experiment,
and under similar culture conditions, Kibota and Lynch
(1996) estimated from mutation-accumulation experiments
that the genomic rate of deleterious mutations, pp, was only
1.7 X 10~* per generation, less than one-tenth the overall
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genomic mutation rate. Kibota and Lynch also estimated that
the average effect of the deleterious mutations on fitness, Sp,
was 0.012. For simplicity, assume that all deleterious mu-
tations have this average effect. Then the mean number of
deleterious mutations per genome, U, is governed by dU/dt
= pp — Sp U. At equilibrium, the mean number of deleterious
mutations per genome would be (1.7 X 10-4)/0.012 = 0.014.
Assuming that these mutations are distributed randomly and
independently (no epistasis), then the Poisson distribution
can be used to calculate the proportion of cells that carry O,
1, 2, ... mutations and that have fitness 1, 1 — Sp, 1 — 2
Sp, . . ., respectively. The resulting distribution yields an ex-
pected variance in fitness of 2.04 X 10-°. If the deleterious
mutation rate is increased 100-fold, then the expected vari-
ance for fitness becomes 4.87 X 10-4. Averaging the expected
variance in fitness due to deleterious mutations over the six
replicate populations (four with low and two with high mu-
tation rates) yields 1.64 X 10-4, which is approximately one-
tenth of the observed within-population variance for fitness
of 1.5 X 10-3. Of course, various assumptions and uncer-
tainties enter into these calculations. Nonetheless, recurring
deleterious mutations also seem not to have contributed very
much (perhaps 10%) to the within-population variance for
fitness.

Evidently, frequency-dependent selection was the major
force that maintained variation in fitness among the clones
within these evolving populations of bacteria. One may ask
whether this finding invalidates the use of mean fitness rel-
ative to the common ancestor as a measure of adaptive evo-
lution in our system (Lenski et al. 1991; Lenski and Travisano
1994). In a strict sense, we believe that it does, because it
shows that the reproductive success of a genotype may de-
pend not only on the constant abiotic environment but also
on the changing biotic milieu. However, these frequency-
dependent effects are quite small in comparison with the
overall gains in mean fitness measured relative to the common
ancestor. While the average gain in mean fitness relative to
the common ancestor was more than 50% during 10,000 gen-
erations (Lenski and Travisano 1994), the average advantage
when rare to clones within populations was only ~2%. Thus,
measurements of the evolving populations’ competitive fit-
ness relative to the common ancestor seem to provide a good
(but not perfect) metric of adaptive evolution. However, the
fact that the rate of increase in mean fitness relative to the
ancestor has decelerated so dramatically suggests to us that
these subtle frequency-dependent effects may, over time, be-
come an increasingly important facet of the bacteria’s adap-
tive evolution.
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