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Abstract

Very little is known about the distribution of mutational effects on organismal fithess, despite the fundamental
importance of this information for the study of evolution. This lack of information reflects the fact that it is
generally difficult to quantify the dynamic effects of mutation and natural selection using only static distributions
of allele frequencies. In this study, we took a direct approach to measuring the effects of mutations on fithess. We
used transposon-mutagenesis to create 226 mutant cloBssloérichia coli Each mutant clone carried a single
random insertion of a derivative of TA. All 226 mutants were independently derived from the same progenitor
clone, which was obtained from a population that had evolved in a constant laboratory environment for 10,000
generations. We then performed competition experiments to measure the effect of each mutation on fitness relative
to a common competitor. At least 80% of the mutations had a significant negative effect on fithess, whereas none
of the mutations had a significant positive effect. The mutations reduced fitness by about 3%, on average, but the
distribution of fitness effects was highly skewed and had a long, flat tail. A compound distribution, which includes
both gamma and uniform components, provided an excellent fit to the observed fithess values.

Introduction 1992; Kibota & Lynch, 1996). Many other studies
have estimated the contribution of mutation to stand-
Mutations influence the rate of almost every evolution- ing genetic variation but without directly estimating
ary process, from the incorporation of novel benefi- either mutation rates or mutational effects (e.g., Clark,
cial alleles by natural selection (Haldane, 1927) to the Wang & Hulleberg, 1995a; for a review, see Houle,
substitution of neutral alleles by random drift (Kimu- Morikawa & Lynch, 1996). A few ambitious studies
ra, 1983) and the spread of deleterious mutations by have even sought to measure the distribution of muta-
Muller's ratchet (Muller, 1964). The distribution of tional effects. However, these studies have focused
mutational effects on phenotypic traits, and ultimately either on phenotypic traits, such as bristle number and
on fitness, is therefore of fundamental importance for enzyme activity inDrosophila melanogastethat are
predicting evolutionary dynamics (Crow & Kimura, of unclear adaptive significance, or on viability, which
1970; Lande, 1975, 1983; Turelli, 1984; Hill & Ras- represents only one component of fithess (Mackay,
bash, 1986; Barton & Turelli, 1987). Yet, there exists Lyman & Jackson, 1992;&pez & Lopez-Fanjul, 1993;
surprisingly little quantitative information on the dis- Clark, Wang & Hulleberg, 1995b; Lyman et al., 1996).
tribution of mutational effects. Bacteria such aE. coli provide a powerful exper-
Some studies have estimated the total genomic imental system for addressing a wide range of evolu-
mutation rate for various organisms, in some cases tionary questions (see reviews by Dykhuizen & Hartl,
including all mutations (Drake, 1991), while in other 1983; Levin & Lenski, 1983; Dykhuizen & Dean,
cases including only those mutations that are delete-1990; Lenski, 1992; Sniegowski & Lenski, 1995).
rious (Mukai, 1964; Mukai et al., 1972; Houle et al., They are easy to handle and propagate, which allows
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intensive replication of experiments so that even subtle of red and white colonies, respectively, on tetrazolium
effects can be measured. Importantly, one can direct- arabinose (TA) indicator agar (Levin, Stewart & Chao,
ly estimate the overall relative fitness of genotypes by 1977; Lenski, 1988).

placing them in competition and measuring the ratio of

their population growth rates over many generations. Transposons and delivery vectors

More than 1500 competition experiments were per-

formed in this study alone, with most lasting for 40 Mutations were generated by random insertion of mini-
generations. Also, a variety of molecular techniques Tn10 derivatives, following the methods of Kleckner,
are available for the construction of genotypes of inter- Bender and Gottesman (1991). This approach has sev-
est. In the present study, we used mutagenesis witheral important advantages. Secondary transpositions
mini-Tnl0transposon derivatives to produce more than cannot occur because the transposase is not expressed
200 genotypes, all derived from the same progenitor by the mini-Tri0construct, but rather it is encoded by
but each one containing a different single random inser- the delivery vector. Also, the transposase gene has two
tion mutation. These mutations are stable, they are eas-ATS (altered target specificity) mutations, such that
ily detected by the presence of a marker encoded by the mini-TriLO elements are inserted more or less at
the transposon, and their insertion sites can be mappedandom into the bacterial chromosome. Finally, mini-

using Southern blots or sequence analysis. Tnl10 derivatives carry antibiotic-resistance markers
that allow easy detection of mutated cells on selective
media.

Materials and methods We used three different mini- i@ derivatives, each
of which encoded one of the following markers: chlo-

Bacterial genotypes ramphenicol resistance (C&pnkanamycin resistance

(Kan®), and tetracycline resistance (TetResistance

All of the mutants generated in this study were derived to tetracycline is inducible, whereas the other two resis-
from a single progenitor clone &. coli B, which is tance genes are expressed constitutively. In the absence
designated REL4548. This clone was sampled from an of an inducer, expression of the resistance protein is
experimental population, designated Ada that had very tightly repressed (Nguyen et al., 1989), therefore
been serially propagated for 10,000 generations in a minimizing the possibility that the resistance marker
minimal medium supplemented with glucose (Lenski itself would have a systematic effect on the mutant’s
etal., 1991, Lenski & Travisano, 1994). This particular fithess. For this reason, we performed the majority of
population maintained the low genomic mutation rate our experiments using the Temarker.
characteristic of mosE. coli strains, whereas some The delivery vector for the mini-Tx0 derivatives
other replicate populations had evolved mutator phe- is a defective Lambda phageNK, which has two
notypes (Sniegowski, Gerrish & Lenski, 1997). During important features (Kleckner, Bender & Gottesman,
this period, the mean fithess of the population increased1991). First, the phage has been crippled by non-
by about 50% relative to its ancestor. However, the sense mutations in all of the genes required for its
rate of fitness increase slowed dramatically, indicating autonomous replication and lytic growth; the phage,
that the population had approached a quasi-equilibrium therefore, requires for its replication a special hést,
with respect to selection. A slow rate of improvement coli C600RK-MK™. Second, the phage cannot lyso-
is presumably similar to the state of most natural pop- genize cells because it has been rendered defective in
ulations, except those that have recently encounteredits integration functions. Plasmids (pNK derivatives)
novel environmental conditions. that carried the three mini-transposons were used to

This progenitor clone is unable to metabolize the make probes for molecular confirmation of insertion
sugar arabinose. We obtained a spontaneous Ara mutations. Plasmids and phages, as well as the special
mutant of another clone from the same population by host, were obtained from the American Type Culture
plating millions of cells onto minimal agar that con- Collection.
tained arabinose as a sole carbon source. Thig Ara
mutant (SFE/I+1) was used as the common competitor Mutagenesis and selection of mutants
in the experiments to measure the relative fitness of
each mutant genotype, as described below.Aaad The protocol for generating insertion mutations was
Arat cells are readily distinguished by their production that of Kleckner, Bender and Gottesman (1991). Tar-
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getcells (REL4548) were grown overnightin tryptone- (Boehringer-Mannheim). The genomic DNA of each

thiamine-maltose medium to yietd 10'° cells, pellet- mutant clone was then purified using a genomic DNA
ed, and resuspended in 1 ml of LB. Then, 0.1 ml of the purification kit (Quiagen). A total of 2.bg of genomic
concentrated target cells were infected with #idK DNA was digested wittsad and Kpnl and subjected

phage at a multiplicity of infection of 0.1 phage per to electrophoresis overnightat 1 V/cmin 0.5% agarose
cell. After allowing 15 min for phage adsorptiontothe and 1 x TBE. These particular restriction enzymes
target cells, any remaining free phage were removed were chosen because they do not cut anywhere inside
by washing twice with 5 ml of LB supplemented with  the mini-TrL0O constructs and thus were expected to
50 mm sodium citrate. The infected cells were then yield single hybridization signals. DNA was then trans-
diluted in 5 ml of LB plus citrate and incubated at ferred to Biotrans (+) nylon membranes (ICN) using a
37 °C for 1 h. At this time, 0.1 ml of the infected vacuum blotting system (Pharmacia-Biotec) and UV-
cell mixture was spread on TA agar plates supplement- crosslinked to the membrane. Hybridization to the
ed with an antibiotic that selected for cells carrying digoxigenin-labelled probe and subsequent detection
the mini-TrlO derivative. TA agar is a rich nutritive  of the colored signal were done according to the recom-
medium that permits the growth even of auxotrophic mendations of the supplier (Boehringer-Mannheim).
mutants; hence, it should allow the detection even of

those mutants that would be severely handicapped in aFitness estimation

more restrictive minimal medium.

A pilot experiment indicated that no additional We performed competition experiments to estimate the
mutant colonies appeared on the antibiotic-containing fitness of each mutant clone relative to the Agom-
selective plates after 72 h of incubation at 3. In mon competitor. As noted above, the Aranarker
order to avoid possible biases against mutant geno- allows genotypesto be readily distinguished by colony
types that grow more slowly, we obtained a stratified color on TA agar plates. Competition experiments were
sample of mutants, based on the time course of their performed using the same culture conditions as used
colony appearance. However, as we will show in the for the long-term evolution experiment from which the
Results section, there was no significant association unmutated progenitor was sampled after 10,000 gener-
between the time of colony appearance and relative fit- ations (Lenski etal., 1991; Lenski & Travisano, 1994).

ness. We obtained 176 mutants that carried Brifiti- Populations were grown in a shaking incubator at 120
Tnl0insertion and an additional 25 each that carried rpm and 37C in Davis minimal medium supplement-
Canffand KarR insertions. ed with 25p9/ml glucose (DM25). Every day, 0.1 ml
of culture was transferred into 9.9 ml of fresh DM25,
Molecular confirmation of random insertions which allowed~ 6.6 (= 1og100) generations of binary

fission per day. Prior to each competition experiment,
As noted above, the transposase expressed from theboth the mutant carrying the mini-IAinsert and the
delivery vector was genetically modified so that the Ara™ common competitor were grown separately for
mini-Tn10 derivatives should be inserted at random one day in DM25 to ensure that they were compara-
locations in the bacterial chromosome (Kleckner, Ben- bly acclimated to the competition environment. The
der & Gottesman, 1991). We checked this expectation, two competitors were then mixed at a 1:1 volumetric
without actually mapping each insertion, by perform- ratio and diluted 100-fold into fresh DM25. This mixed
ing Southern-blot analyses on 60 of the mutants. First, culture was serially propagated by daily transfers into
we made probes from the pNK plasmids by extracting fresh DM, usually for 6 days~40 generations). Ini-
afragment of the relevant resistance genes by means otial and final samples of the mixed culture were spread
double digestions. In the case of pNK(Cam), digestion onto TA agar plates to determine initial and final den-
with Bcll and EcoRI generated a fragment ef 700 sities of both competitors. The fithess of a few mutants
bp. For pNK(Kan), digestion witAva andPvu yield- was sufficiently low relative to the common competitor
ed a~ 400 bp fragment. Digestion of pNK(Tet) with  that after 6 days the mutants comprised only a small
Bgll and Xbd gave a fragment of- 900 bp. These fraction of the total population{5%). In those cases,
three probes were purified from 0.8% agarose gels the competition experiments were rerun for either 4, 2,
using 0.45m filters (Millipore Ultrafreé®-MC) and ~ or 1 transfer cycles (depending upon the severity of the

labeled using the random-priming digoxigenin method mutant’s competitive disadvantage) in order to obtain
more precise estimates of relative fithess.
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We computed each competitor’s net rate of popula- Results
tion growth, or realized Malthusian parameterMis
In (N; x 100/ Ng), whereNg andN; are the stationary-  Physical characterization of mutant clones
phase population densities at time zero and aftays,
respectively. The fithess of one competitor relative to Sixty of the mutant clones were examined by Southern-
the other was then calculated simply as the ratio of blot analyses. All of them yielded a single hybridiza-
their realized Malthusian parameters during head-to- tion signal, demonstrating that each clone carried a
head competition (Lenski et al., 1991). To standard- mini-Tnl10insertion and, moreover, that no secondary
ize fitness values relative to the unmutated progenitor, transpositions had occurred. None of the resulting
we performed a total of 195 replicate competitions DNA fragments that carried these insertions were the
between the progenitor and the Araommon com- same physical size, with the possible exception of a few
petitor. The fitness of each mutant was then standard-large fragments for which it was difficult to resolve
ized relative to the mean value of the 195 fitness esti- their sizes with any accuracy (data not shown). The
mates for the unmutated progenitor. One mutant was insertion mutations were, therefore, dispersed through-
simply unable to grow in DM25, and so its relative fit- out the chromosome instead of being concentrated in
ness was zero, by definition. For the other 225 mutants, a few insertion hot-spots.
we first performed three or five replicate competitions
against the Ard common competitor. To examine the Effect of different markers on fitness
possibility of type | and type Il statistical errors, we
then performed an additional 10 or 30 competitions for Figure 1 shows the distributions of fithess values mea-
a subset of the mutants, as described in the Resultssured for the three sets of insertion mutations, which

section. were generated using mini-I@constructs with three
different antibiotic-resistance markers. The mean fit-
Statistical analyses ness for the 176 TBtclones was 0.9708, with a stan-

dard deviation of 0.0934 (Figure 1a). For the 25 Gam
To determine whether any given mutation had a signif- clones, the mean fithess was 0.9684, with a correspond-
icant effect on fithess, we performed a bootstrap signif- ing standard deviation of 0.0620 (Figure 1b). And the
icance test to compare thfitness values obtained for  mean fitness of the 25 K&rclones was 0.9882, with
the mutant clone with the 195 fitness values obtained a standard deviation of 0.0068 (Figure 1c). Notice that
for the unmutated progenitor. We employed the boot- the much higher standard deviations for theRTand
strap because it does not assume equal variancesCanR sets than for the Kahset are due to a handful
the sampling variance for fithess tends to increase of clones in the former two sets that had extreme-
at low fitness values because the final sample typi- ly low fitness. We performed two statistical tests to
cally contains fewer individuals of the inferior com- ascertain whether the three sets of mutants had sig-
petitor. Specifically, for each mutant, we generated nificantly different fitness distributions. We used non-
10,000 bootstrap samples (with replacement) from the parametric tests, because the fithess values were not
observed data, with each bootstrap sample including normally distributed (see below). We first performed
N and 195 fitness values for the mutant and progenitor a Kruskal-Wallis test, which uses rank-ordered val-
clones, respectively. For each bootstrap sample, weues to assess differences in central location among the
then calculated the ratio of the mutant’s fitness to that three sets of mutants (Sokal & Rohlf, 1981). No com-
of the progenitor. We excluded the most extreme 2.5% pelling effect of the resistance markers was fouldd (
ofthe bootstrap samples in each tail, and we judged the = 5.3067, 2 df P = 0.0704). We then performed three
mutation to have had a significant effect on fitness if Kolmogorov-Smirnovtwo-sample tests to compare the
the value 1.0 was outside the resulting 95% confidence overall distribution of fithess values for each pair of
interval. sets (Sokal & Rohlf, 1981). None of the three pair-

For the purpose of describing the population dis- wise tests approached statistical significanceRzall

tribution of mutational effects on fithess, each mutant 0.1). Thus, differences among clones in the particular
was treated as an independent observation. The signif-antibiotic-resistance marker that they carried had little
icance values of the skewnegg)(and kurtosis gy) or no effect on their relative fithess values. Therefore,
statistics were tested as described by Sokal & Rohlf we combined the three sets of mutants for all of our
(1981). subsequent analyses.
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Figure 1 Distributions of relative fitness values measured for three
sets of insertion mutations generated using mirl{rderivatives.

(a) Distribution for 176 clones that carry the Fanarker. (b) Dis-
tribution for 25 clones that carry the C&mmarker. (c) Distribution

for 25 clones that carry the KBrmarker. The three distributions are
not significantly different from one another (see text).

Correlation between appearance time and fithess

353
Effects of individual insertion mutations on fitness

Of the 226 clones that carried an insertion mutation,
169 yielded fitness values that were below 1.0 at the
P< 0.05 significance level, based on the initial 3 to 5
replicate competition experiments that were performed
for each clone. In striking contrast, only one clone
showed a significant improvement in fitness relative to
the unmutated progenitor.

We then sought to investigate further the possibil-
ity of type | and Il statistical errors (Sokal & Rohlf,
1981). A type | error occurs when, by chance, a sig-
nificant effect is claimed even though the null hypoth-
esis is actually true (or when the actual effect goes in
the opposite direction to the observed effect, which
is judged significant, but in the wrong direction). A
type Il error occurs when the null hypothesis is actu-
ally false, but the statistical test lacks sufficient power
to detect that effect. Concerning the 169 cases where
mutations were judged to have significant deleterious
effects on fitness, it is certainly possible tlaatew of
these mutations were actually neutral but fell into the
deleterious category by virtue of type | errors. Giv-
en that we performed 226 tests, and assuming for the
sake of illustration that all of the mutations were tru-
ly neutral, we would expect about 62(0.05 x 226
/ 2) mutations to have shown ‘significant’ deleterious
effects by chance alone. Nonetheless, it is also evident
that not more than a tiny fraction of the 169 cases of
significant deleterious effects can be attributed to type
| errors. In fact, for 113 mutant clones, the reduction
in fithess was significant even at tRec 0.001 level,
and it is unlikely that even one of these cases can be
attributed to a type | error.

The one case in which a random insertion muta-
tion was judged to have a significant positive effect
is more interesting with respect to the possibility of a
type | error. Let us assume, for the purpose of illustra-
tion, that 169 mutations were actually deleterious, with
the other 57 mutations truly neutral. Given 57 neutral
mutations, we would expect one or tws 0.05x 57

Some of the colonies that gave rise to the mutant clones/ 2) of them to exhibit a ‘significant’ beneficial effect
appeared after one day in the initial antibiotic-selection due to chance alone. To test this possibility of a false-
screen, whereas others took two or three days to form positive more thoroughly, we performed an additional
a visible colony. However, there was no significant 30 competitions with the mutant clone that initially
correlation between a mutant’s competitive fithness in gave a statistically significant improvement in its fit-
DM25 and the day of its appearancein the initial screen ness. When we did so, the beneficial effect was not

(r =-0.0561, 224 dfP = 0.4013). Evidently, whether

supported and, in fact, this mutant exhibited a small

a mutant colony was detected early or late during the (0.8%) but significant reduction in its fithess relative to

initial screen had little or no bearing on its competitive
fitness in the experimental environment.

the unmutated progenitoP€ 0.002).
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Figure 2 Cumulative frequency distribution for selection coefficients associated with insertion mutations. The filled circles indicate the observed
distribution for 226 different mutations. The dashed curve shows the best fit of a negative exponential distribution to these data. The dotted
curve shows the best of a gamma distribution to these data. The solid curve shows the best fit of a compound gamma plus uniform distribution
to the data. See text for details and statistical comparisons.

To examine the possibility of type Il errors, we significantly from normalityD=0.39247=5.8990pP
chose 13 mutant clones whose fithess values were not< 0.0001). The distribution is highly skewed towards
significantly different from the unmutated progenitor, low fitness valuesgj= -8.7872,t05 = 54.2755,P <
based on the initial set of competition experiments. 0.0001), and consequently the median fitness (0.9860)
We then ran an additional 10 competitions with each is well above the mean fitness. The distribution is also
of these clones. In all 13 cases, the more extensive datastrongly leptokurtic §,= 87.4483 1,25 = 271.2416 P
indicated that the insertion mutation did indeed cause < 0.0001), such that many values lie near the center
a significant fitness loss (in all cases between 1.2% and in the tail whereas relatively few have intermediate
and 2.2%) relative to the unmutated progenitoriatl values.

0.001). Evidently, most of the mutations that appeared
to be neutral based on the initial set of competitions Fit of observed distribution to alternative models
are, in fact, slightly deleterious.

In summary, at least 80% of the insertion mutations The fitness effects caused by insertion of the mink-0'n
(169 + 1 + 13 out of 226 total) caused a significant elements are evidently not normally distributed, and so
reduction in competitive fithness. None of the mutations we sought to examine the fit of these data to alternative
conferred a significant advantage. The remaining 20% models that have been used in the literature to describe
may be selectively neutral, or their fitness effects may the distribution of mutational effects on fitness. We
have been too small to detect given the statistical power performed least-squares nonlinear regression using the

of our experiments. Levenberg-Marquardt method (Press et al., 1990) to
obtain the best fit of each model to the empirical data.
Distribution of fitness effects We used several different initial parameter estimates to

ensure convergence on the final estimates.
The mean fitness over all 226 mutantcloneswas 0.9725  The simplest model that captures the basic feature
with a standard deviation of 0.0850. A Kolmogorov- that many more mutations have small effects than have
Smirnov test for goodness of fit (Sokal & Rohlf, 1981) large effects is the negative exponential distribution
showed that the distribution of fitness effects deviates (Gregory, 1965; Mukai et al., 1972; Ohta, 1977). This



model has only a single parameters,Which equals

the inverse of the average mutational effect on fitness.
The dashed curve in Figure 2 shows the best fit of this

model to the data, and it yields an estimatesof
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parameter model leaves unexplained only 0.5% of the
observed variation in mutational effects.

0.0197. This simple model provides a reasonably good Discussion

fit to the datalR? = 0.909, 225 dfP< 0.0001). Howev-
er, almost 10% of the observed variation in mutational
effects is still unexplained.

An alternative model, which employs two parame-
ters, is the gamma distribution (Kimura, 1979; Lynch
& Gabriel, 1990; Keightley, 1994). Roughly speaking,
ais a scaling factor, whilg determines the shape of the
fitness distribution, although in fact both parameters
affect the mean, variance, and kurtosis of the distribu-
tion (Kimura, 1979). The average selection coefficient,
s, is equal to the rati@ / «. The dotted curve in Fig-
ure 2 shows the best fit of the gamma distribution to
our data = 2.81,a = 173.79, and = 0.0162). The

The distribution of mutational effects on fithess is a
critical component of many mathematical models of
evolutionary dynamics (Crow & Kimura, 1970; Lande,
1975, 1983; Turelli, 1984; Hill & Rasbash, 1986; Bar-
ton & Turelli, 1987), but there is very little quantita-
tive information on this distribution (Barton & Turelli,
1989; Mackay, Lyman & Jackson, 1992ppez &
Lopez-Fanjul, 1993; Lyman et al., 1996). To address
this deficit, we used transposon-mutagenesis to cre-
ate 226 clones oE. coli, each carrying a different
single mutation caused by the random insertion of
a mini-Tnl0 derivative (Kleckner, Bender & Gottes-

gamma model requires an additional parameter, but aman, 1991). These mutants were derived from the same

likelihood-ratio test (Sokal & Rohlf, 1981) indicates
that the gamma distribution gives a much better fit to
the data than did the negative exponential distribution
(G =79.6554, 1 dfP < 0.0001).

Although the gamma distribution provides a very
good fit to the data, it does not adequately reflect
the fithess distribution for those few mutations with
large selection coefficients(> 3%). Keightley (1994,

progenitor clone, which came from a population that
had evolved in a constant laboratory environment for
10,000 generations and was evidently near a selective
equilibrium (Lenski & Travisano, 1994). Competition
experiments indicated that at least 80% of the muta-
tions had a significant negative effect on fitness, while
none of the 226 mutations examined had a signifi-
cant beneficial effect. The mutations reduced fitness

1996) proposed that mutational effects may be better by about 3%, on average, but the distribution of fit-

described by a compound model, in which two (or
more) component distributions are mixed to yield the
overall distribution. Given that the gamma distribution
failed to capture the long, flat tail of the observed dis-
tribution of mutational effects in this study (Figure 2),
we considered a compound model in which a fraction,
p, of the mutants are drawn from a gamma distribution
while the remaining fraction, 1p, are drawn from a
completely uniform distribution (& s < 1). The solid
curve in Figure 2 shows the best fit of this compound
model to the empirical distributiorp(= 0.9683,5 =
3.03, andy = 194.24). Unlike the pure exponential and

ness effects was highly skewed and had a long, flat tail
(Figure 1).

Several lines of evidence indicate that the observed
fitness effects were primarily due to the insertion muta-
tionsper sg as opposed to the genetic markers used to
screen for these mutations. First, the distributions of
fitness effects were statistically indistinguishable for
the three different antibiotic-resistance markers that we
used, despite the fact that their physiological mecha-
nisms of resistance are completely different. For exam-
ple, resistance to chloramphenicol occurs by the enzy-
matic acetylation of the antibiotic, which renders it

gamma models, this compound distribution reproduces nontoxic to the cell, whereas resistance to tetracycline

the long, flat tail of the empirical distribution. The aver-
age selection coefficient of the compound modgis
equalto 0.0310[p x (B/ a) + (1 -p) x 0.5], which

involves the active efflux of that compound from the
cell. Second, tetracycline resistance is extremely tight-
ly repressed in the absence of antibiotic (Nguyen et al.,

agrees much better with the observed value of 0.02751989). Hence, resistance would have been expressed
than did either the exponential or gamma model. The phenotypically during the initial screening for muta-
compound model uses a third parameter, but even sotions, but not during the competition experiments to
a likelihood-ratio test indicates that its improved fit estimate relative fitness. Third, there is tremendous
in comparison with the pure gamma model is highly variation among the individual mutations in their fit-
significant G = 75.8290, 1 dfP < 0.0001). This 3- ness values (Figure 1), which would not be expected
if the deleterious effects were due to the markers. The
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variation in fitness among mutant clones is highly sig-
nificant even for those mutations with relatively mild
effects. Recall the supplementary experiment in which
we measured, with ten-fold replication, the fitness of
13 clones, all marked with T8t that had small selec-
tion coefficients (ranging from 1.2% to 2.2%). Despite

ance at equilibrium very much depends on the distribu-
tion of mutational effects (Lande, 1975; Turelli, 1984,
Keightley & Hill, 1988).

Chao et al. (1983) have shown thatIlrcan cause
beneficial mutations in experimental populationgof
coli and thereby accelerate their rate of adaptive evo-

this very narrow range of fithess values, an analysis of lution. However, the lack of any beneficial mutations
variance indicates that the heterogeneity of mutational among the 226 cases examined in this study is not

effects is highly significantf = 13.936, 12 and 117
df, P< 0.0001).

We cannot absolutely exclude the possibility that
some of the strains carrying insertion mutations might
have additional mutations that occurred during their
construction. However, the genomic mutation rate for

surprising, for at least two reasons. First, the particu-
lar mutations detected by Chao et al. were not typical
members of the set of all possible Thinduced muta-
tions, but rather these mutations were from the subset
that was enriched by natural selection acting in a very
large population$ 10 cells). In fact, when the num-

ber of cells that carried TkD was too low 1P or
s0), these transposon-generated beneficial mutations
were not detected even over several tens of generations,

most strains oE. coli, including the progenitor clone
used in this study, is very low (Drake, 1991; Kib-
ota & Lynch, 1996; Sniegowski, Gerrish & Lenski,
1997), so that it is unlikely that background mutations implying a corresponding mutation rate less than®.0

are an important factor in the observed distribution of Second, based on theoretical considerations, Gerrish
fitness effects. The act of transposon insertion itself and Lenski (1998) have estimated that only about one
might sometimes cause secondary mutations; to the mutation in 16 is beneficial for the particuldg. coli
extent that such associated mutations occurred in thisstrain and environment used in this study. In fact, this
study, their effects on fitness are inseparable from, and estimate was for the ancestral strain that had not yet

included with, the effects of the insertiopsr se

A compound distribution, with both gamma and
uniform components, gave an excellent fit to the
observed selection coefficients (Figure 2). The fit
of this compound distribution was significantly bet-
ter than those provided by pure uniform, exponen-
tial, and gamma distributions, which have been used
by most theoreticians and experimentalists (Gregory,
1965; Mukai et al., 1972; Ohta, 1977; Kimura, 1979;
Lynch & Gabriel, 1990; Charlesworth, Morgan &
Charlesworth, 1993; Kondrashov, 1994; Lande, 1994,
Butcher, 1995; Lynch, Conery & iBger, 1995; but
for a previous use of a different compound distribu-
tion, see Keightley, 1996). Although the uniform com-
ponent represented only a small fraction of the com-
pound distribution, it accounted for approximately half

adapted to the experimental environment, whereas we
used a strain that had already evolved in this environ-
ment for 10,000 generations and had, therefore, pre-
sumably ‘used up’ some of these beneficial mutations.
We can also compare our direct estimate of the
average selection coefficient with an indirect estimate
recently obtained by Kibota and Lynch (1996) from
mutation-accumulation experiments wih coli. Kib-
ota and Lynch used as their progenitor a clone sam-
pled from an earlier time-point in the same 10,000-
generation experiment (Lenski et al., 1991; Lenski &
Travisano, 1994), and they used a similar environment.
Kibota and Lynch obtained mutated lines by repeat-
edly passing populations through single-cell bottle-
necks. From the resulting trajectories for the mean and
variance in fitness, they obtained an upper-bounded

of the average selection coefficient; that is, the average estimate of the average deleterious mutational effect,

selection coefficient was only about 1.5% excluding
the long, flat tail of the distribution. Of course, in a

Smaz, that was equal to 0.012. This value is some-
what lower than our estimate &f which is 0.031. In

population that is at mutation-selection balance, those fact, there are two compelling reasons to exgegti-

relatively few but highly deleterious mutations will be

found at correspondingly very low frequencies com-
pared to less harmful mutations. At equilibrium, the
contribution of a particular deleterious mutation to a
population’s genetic load depends on the underlying
mutation rate but not on the magnitude of its delete-
rious effect (Haldane, 1937; Muller, 1950; Crow &

Kimura, 1970). In contrast, the expected genetic vari-

ori that our approach would yield a higher estimate
than the approach used by Kibota and Lynch. First,
we examined only insertion mutations, whereas their
data would reflect all spontaneous mutations, includ-
ing point mutations, frameshifts, deletions, and inser-
tions. Insertions (along with deletions and frameshifts)
are more likely than point mutations to disrupt gene
functions totally, and hence insertions may have more
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severe deleterious effects, on average, than a randonis, if the original insertion mutations were removed,
set of all mutations. Second, the approach used by Kib- then would the compensatory mutations themselves be
ota and Lynch required that cells be able to form a vis- deleterious? The answers to these questions may shed
ible colony within one day under the stringent growth some light on the structure of adaptive landscapes and
conditions of their mutation-accumulation experiment; the mechanisms of speciation (Wright, 1932, 1982,
consequently, mutations with severe deleterious effects 1988).

must have been excluded from their study. By con-

trast, we sought to include all mutations in our study
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