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Mutation rate is an important determinant of evolvability. The
optimal mutation rate for different organisms during evolution has
been modeled in silico and tested in vivo, predominantly through
pairwise comparisons. To characterize the fitness landscape across a
broad range of mutation rates, we generated a panel of 66 DNA
polymerase I mutants in Escherichia coli with comparable growth
properties, yet with differing DNA replication fidelities, spanning
103-fold higher and lower than that of wild type. These strains were
competed for 350 generations in six replicate cultures in two differ-
ent environments. A narrow range of mutation rates, 10- to 47-fold
greater than that of wild type, predominated after serial passage.
Mutants exhibiting higher mutation rates were not detected, nor
were wild-type or antimutator strains. Winning clones exhibited
shorter doubling times, greater maximum culture densities, and a
growth advantages in pairwise competition relative to their precom-
petition ancestors, indicating the acquisition of adaptive pheno-
types. To investigate the basis for mutator selection, we undertook
a large series of pairwise competitions between mutator and wild-
type strains under conditions where, in most cases, one strain com-
pletely overtook the culture within 18 days. Mutators were the
most frequent winners but wild-type strains were also observed
winning, suggesting that the competitive advantage of mutators
is due to a greater probability of developing selectably advanta-
geous mutations rather than from an initial growth advantage con-
ferred by the polymerase variant itself. Our results indicate that
under conditions where organism fitness is not yet maximized for
a particular environment, competitive adaptation may be facilitated
by enhanced mutagenesis.
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Mutation rates in organisms reflect the need for accuracy to
maintain critical genetic information and the requirement

forflexibility to adapt to environmental changes. In eukaryotic and
prokaryotic cells, spontaneousmutations occur infrequently—less
than once per billion bases copied (1). A departure from this norm
can be detrimental to an individual and to a population as a whole.
Increased mutation rates in viruses (2, 3) and bacteria (4, 5) can
lead to decreased fitness and ultimately to extinction (6). Elevated
mutation frequencies are associated with human pathologies such
as cancer and premature aging (7, 8). Large increases in accuracy,
on the other hand, can be energetically costly (9) and also lead to
decreased fitness.
Although low mutation rates benefit populations in stable envi-

ronments, higher mutation rates favor adaptation. Evolution has
derived mechanisms for transient changes in mutation rates to cir-
cumvent thenarrow restriction imposedby thehighfidelity required
for long-term survival. Mutagenesis is induced by bacteria during
times of stress (10), and the mammalian immune system relies on
targeted hypermutation to respond to new pathogens (11). In
experiments where populations of bacteria are introduced into a
new environment in which they compete for resources, mutator
strains usually out-compete the wild-type strain if both are initially
present in comparable numbers (12–14). During long-term adap-
tation or passage through selective bottlenecks, mutators can arise
from a population and outgrow the wild-type strain (15–17). The
advantage conferred by mutator genes is indirect because they

increase fitness by introducing mutations at other loci that offer
selectable growth benefits (14, 15).
Experiments involving the competition of bacteria with dif-

fering mutation rates have generally used only one or a few
mutators, have not included antimutators, and have typically
entailed pairwise competition. Although mutators often out-
compete wild-type strains in serial transfer experiments, theo-
retical models predict that, as mutation rates increase, a
threshold is crossed where hypermutability becomes more dele-
terious than beneficial (18, 19). Parameters such as the perio-
dicity or randomness of change have also been modeled (20, 21),
but few in vivo data are available to validate model predictions.
A more complete assessment of the optimal mutation rates in
competing populations would be facilitated by a large panel of
mutators and antimutators of varying fidelities.
Escherichia coli DNA polymerase I (PolI) is a high-fidelity

polymerase that participates in lagging-strand replication of
chromosomal DNA and in DNA repair (22). We have created a
large collection of PolI mutants that exhibit either an elevated or a
reduced in vivo mutation rate, with a representation of fidelities
spanning six orders of magnitude (23–26). Here we report on the
use of thesemutants in competition experiments to investigate the
relationship between replication fidelity and evolutionary survival.
In our experimental strain, the endogenous PolI is temperature
sensitive such that at elevated temperatures DNA synthesis by
PolI becomes dependent on expression of the plasmid-encoded
mutants. After 350 generations of competition, a small subset of
moderate mutators predominated. Variability in the final dis-
tribution of mutants in replicate cultures and in subsequent pair-
wise competitions supports the “hitchhiking” model of how
mutator alleles confer selective advantage by facilitating adapta-
tion through an increase in selectable genetic diversity (18, 27).
The relationship between mutation rate and adaptability is of
primary importance in understanding complex processes that are
contingent upon mutation such as cancer progression, emergence
of drug resistance, and the evolution of species (18, 28–31).

Results
Construction of Altered Fidelity PolI Mutant Library. The PolI
mutants used in this competition experiment differ from natural
isolates in two fundamental ways. First, mutants were constructed
on a 3′–5′ exonuclease-deficient background. To focus on base
selection, we introduced a D424A substitution in the 3′–5′ exo-
nuclease domain to ablate DNA proofreading activity of the
enzyme (32). Because the mutation was present in all clones, for
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the sake of simplicity, the D424A mutant will be referred to from
here on as “wild-type.” This wild type actually has a fourfold
increase in mutation rate in vivo compared to the native large
fragment of E. coli PolI. Second, the PolI mutants used in our
competition harbor amino acid substitutions in the polymerase
domain that alter their accuracy in base selection. These alter-
ations confer mutator or antimutator properties. The mutants
were obtained from three libraries created by mutating specific
regions—motif A, motif B, or the entire polymerase domain—
and were preselected for activity on the basis of genetic com-
plementation (33). Mutants displaying altered replication fidel-
ities were initially identified in an in vivo screen on the basis of the
reversion of a plasmid-borne β-lactamase gene. The effect of PolI
mutants on elevating chromosomal mutagenesis was confirmed by
using reversion of a chromosomally encoded trpE65 (ochre) allele
(24) and/or a forward mutation assay for rifampicin resistance
(25). The per-base-pair rate of chromosomal mutagenesis by
individual PolI mutator polymerases is approximately 10-fold
lower than that obtained using reporter plasmid DNA (24, 25).
This is presumably due to the fact that only a portion of the E. coli
genome is replicated by PolI.
To facilitate geneticmanipulation, we cloned PolImutant genes

into a plasmid (pHSG) bearing a PolI-independent origin of rep-
lication and a chloramphenicol resistance gene and transformed
the reconstructed plasmid into the JS200 strain of E. coli, which
harbors a temperature-sensitive endogenous PolI. Replication of
the transfectant at 37 °C is dependent on the expression of the
plasmid-encoded PolI (33, 34). All experiments and measure-
ments were carried out at 37 °C to eliminate the contribution of
endogenous PolI. Cell growth in liquid culture was measured by
absorbance at 600 nm wavelength (OD600) and verified by plating
on LB agar. Independent cultures of each of themutants and wild-
type PolI grew at similar rates (Fig. 1) for at least 19 generations.

Library Competition. We initiated competitions with 11 mutators,
51 antimutators, and 4 wild-type (differing only by synonymous
mutations) PolI clones. Overall, the mutation rate of mutants
relative to wild type ranged from a 1000-fold increase to a 1000-
fold decrease in accuracy (Fig. 1). Cells (1.5 × 108) of each E. coli
transformant were combined to produce the starting input po-
pulation. This mixture was divided equally into six tubes and
cultured in 5 mL of rich (LB) media prewarmed to 37 °C with
30 μg/mL chloramphenicol. After 24 h of incubation, ≈3 × 106

cells from each tube were transferred to a new tube containing
5 mL of fresh media. The number of cells transferred and the
transfer frequency is similar to protocols established by others
(35). Transfer was repeated daily for 31 days to encompass a total
of 350 cell generations, after which aliquots from each of the six
parallel cultures were plated, and the PolI genes in the plasmids in

16 individual colonies from each culture were sequenced. An
identical set of six competitions from independently harvested
PolI isolates was also carried out in minimal media.
Of the 66 PolI species that were inoculated at the initiation of

competition (input), only 8 genotypes were detected at the con-
clusion (output) (Fig. 2). The recoveredmutants were all moderate
mutators, with mutation rates ranging from 3- to 47-fold greater
than that of the wild type. Of these, 88% had at least a 10-fold
elevated mutation rate. No antimutators were detected in the
output population despite constituting 77% of the input pop-
ulation.A total of 21 independently emerging clones (total number
of pie wedges in Fig. 2 A and B) were identified at the end of the
competition. The improbability that antimutators were not repre-
sentedamongwinning clones by chancealone [P=(1–0.77)21=1.3
× 10−18] indicates their strong competitive disadvantage. No wild
types were recovered even though they were initially present at a
frequency fourfold greater than any other mutant. The null
hypothesis that wild-type clones share an equal probability of sur-
viving through competition because mutators can also be rejected
(P= [1–4/(4 + 11)]21 = 1.5 × 10−3). The extreme mutators, I709N
and I709N,A759R,withmutation rates of 150-and1100-fold above
that of wild type, respectively, were similarly not recovered.
The profiles of mutants recovered after competition in rich

media (Fig. 2A) and minimal media (Fig. 2B) were similar. The
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Fig. 1. Mutation rate and doubling time of individual PolI mutants before
competition. Doubling times (mean ± SD) reflect log-phase growth in liquid
culture at 37 °C. Mutation rates relative to wild type (mean ± SD) were deter-
mined by β-lactamase reversion frequency. The absolute mutation rate of cells
expressingwild-type PolI was 2.0 ± 1.1× 10−7. Mutation rates greater than one
represent mutators, whereas those less than one represent antimutators.
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Fig. 2. Library competition outcome. (A) Mutants recovered after 31 days of
competition in rich media. Sixteen isolates from each culture were sequenced.
Each mutant identified is depicted as a different color. Pie charts reflect the
relative abundance of mutants in each culture. (B) Mutants recovered after
competition in minimal media. (C) Substitutions and relative mutation rate of
recovered strains. (D) Distribution of fidelities represented among the input
population. (E) Fidelityofmutants recoveredat theendof competitionandtheir
relative frequency among the 196 isolates sequenced. Among 12 independent
cultures, only moderate mutators survived to the end of competition.
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limited number and unique set of mutants recovered in each cul-
ture is consistent with a process of ongoing evolution whereby
mutations are stochastically acquired and undergo selection for
advantageous growth phenotypes. The predominant survivor in
each culture after competition was reassayed for mutation rate,
which was not significantly different from the rate before com-
petition, suggesting that the fidelity of the plasmid-encoded PolI
gene was not altered during serial transfer.

Survivors Exhibit Different Growth Properties from Ancestors. To
investigate the degree to which survival of winning mutants cor-
related with novel phenotypes acquired during competition, we
compared the growth properties of the most abundant winner in
each rich media competition (from day 31) with the ancestor from
which it originated (from day 0). Doubling time was calculated
from OD600 measurements taken during exponential growth, and
maximum culture density was assessed after 24 h of incubation
(Table 1). In five of the six winners, significant differences existed
between the winner and its ancestor. Four of these manifested as
higher maximum culture densities whereas one winner exhibited a
significantly shorter doubling time. No statistically significant dif-
ference in either parameter existed among ancestral strains.
To empirically assess differences in relative growth between

winning mutator clones and their corresponding ancestral strains, a
series of pairwise experiments were carried out in which members
of three winner/ancestor sets were separately competed against the
same wild-type strain under continuous exponential growth. Each
ancestor and each winner [strains 2E2 (culture 4), 4G4 (culture 5),
and 9D2 (culture 1)] weremixedwith an equivalent number ofwild-
type cells and sequentially passaged in rich media. The relative
frequency of the bacterial strains at sequential time points was
ascertained from nucleotide peak-height ratios obtained from
capillary DNA sequencing chromatograms (Fig. 3A). All three an-
cestralmutants exhibited a clear andpersistent growthdisadvantage
relative to wild type, whereas the mutants that were selected after
350 generations in the original competition exhibited a relative
growth advantage (Fig. 3B).
We then repeated the pairwise competitions under the same

conditions used in the original library competition (daily passage,
with stationary growth; Fig. 3C). Growth for the first 3 days was
similar to that under continuous growth conditions with winners
outgrowing wild type and wild type outgrowing ancestors at similar
rates in replicate cultures. Beginning around the fourth day, how-
ever, the composition of individual cultures began to stochastically
change with some dominant winner populations collapsing and
other minority ancestor populations rebounding. Under these
conditions, the later variability likely reflects ongoing evolution in
response to the periodically saturated growth environment. It is
interesting to note that, under both growth conditions, ancestral
mutators appear to be at a growth disadvantage relative to wild type
yet, in the original competition, were able to survive long enough to
adapt and out-compete the wild-type strains by 31 days. The re-
bound of one ancestral 9D2 clone on day 7 (Fig. 3C) illustrates the
occurrence of such an event. The absence of a preexisting growth

advantage in ancestral mutators, along with the empirical fitness
advantage and quantifiable new growth properties present in win-
ning mutators, argue that second-site mutations arising during
competition, rather than growth benefits conferred by the PolI
alleles themselves, form the basis for mutator selection.

Moderate Mutators Evolve More Efficiently than Wild Type in
Pairwise Competition. To confirm that the repeated selection for
moderate mutators was the result of a reproducible adaptive ad-
vantage provided by the mutator PolI genes rather than by a few
chance jackpot mutations that arose during the growth period
prior to library competition, we carried out a large series of pair-
wise competitions using retransformed clones. Original stocks of
plasmids containing the seven PolI moderate mutator variants
recovered from the rich media competitions and four wild-type
strains (differing only by synonymous SNPs) were retransformed
into a fresh JS200 background. Five individual colonies (denoted
A–E) from each transformation were picked and grown to midlog
phase, quantified by OD600, and mixed 50:50 with one of five
independent clonal isolates of a competitor strain. Approximately
107 cells of each mixture was used to seed 12 identical 1-mL rich
media cultures.Daily passageof≈4×106 cells into freshmediawas
carried out for 18 days (∼166 generations) after which time the
PolI composition of each culture was determined by DNA
sequencing. In 98% of competitions, one strain was found to have
completely overtaken the other to “win” by 18 days. A detectable
mixture of both competing strains remained in only 11 cultures.
These appeared to be randomly distributed among different types
of competitions and were excluded from analysis.
We first competed our experimental wild-type strain against

each of three other wild-type strains marked by synonymous base
substitutions to see how the distribution of winners varied under a
neutral competition scenario (Fig. 4A). Each triplet cluster of bars
in Fig. 4 represents competitions between wild type and one of the
marked variants. Each bar within a cluster represents a group of
approximately 12 identical competitions between a particular pair
of clonal isolates of the wild type and the wild-type variant strains.
The gray portion of each bar represents the fraction of the iden-
tical competitions in which the wild-type strain won, and the black
portion represents the fraction won by the marked variant. The
overall frequency ofwins by thewild type and themarkedwild-type
strains was not significantly different (P=0.47, two-tailed Fisher’s
exact test), consistent with a neutral scenario whereby the proba-
bility of an advantageous mutation arising and leading to a clonal
sweep is equal among competing strains.
We next carried out a similar series of competitions between

wild type or a neutrally marked wild-type variant and each of the
seven types of moderate mutators that survived through the origi-
nal rich-media library competitions. As a group, the frequency of
wins by moderate mutators was significantly greater than 50% (a
neutral scenario) in both the wild-type competitions (Fig. 4B;
P = 3.8 × 10−3) and the marked wild-type competitions (Fig. 4C,
P = 6.0 × 10−6) by a one-tailed Fisher’s exact test. Merging data
from Fig. 4 B and C to consider all of the ∼60 competitions with

Table 1. Growth properties of competition survivors and their ancestors

Mutation rate
(relative to wild type)

Doubling time (min) Maximum culture density (OD600)

Tube Survivor Precompetition Postcompetition P value Precompetition Postcompetition P value

1 9D2 47 31.2 ± 0.7 32.1 ± 0.4 — 3.10 ± 0.10 4.45 ± 0.14 0.002
2 4G4 22 31.9 ± 0.5 31.3 ± 0.8 — 2.98 ± 0.07 3.71 ± 0.10 0.005
3 4G4 22 31.9 ± 0.5 31.6 ± 0.4 — 2.98 ± 0.07 3.23 ± 0.07 —

4 2E2 10 31.6 ± 0.5 29.2 ± 0.3 0.03 3.07 ± 0.08 3.10 ± 0.06 —

5 4G4 22 31.9 ± 0.5 31.4 ± 0.5 — 2.98 ± 0.07 3.56 ± 0.10 0.01
6 2E2 10 31.6 ± 0.5 31.8 ± 0.6 — 3.07 ± 0.08 3.62 ± 0.11 0.02

Cultures and measurements were made in triplicate with reported values given as the mean ± SE. P values were calculated by the Student’s t test.
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each type of moderate mutator, 4 of 7 mutators (2E2, 4A11, 4G4,
and 9D2) won statistically more than half the time (P= 3.1 × 10−4,
= 3.9 × 10−4, = 1.3 × 10−4, and = 4.1 × 10−2, respectively, by one-
tailed Fisher’s exact test). Included among these were the three
most prominent winners of the original rich-media library com-
petition, entailing 94% of the population recovered there (Fig. 2 A
and B). Significance was also met for strain 4A3 when excluding
outlying data from isolate E. Both wild-type and moderate mutator
strains won a subset of every type of competition, consistent with a
model of winners emerging through natural selection of stochas-
tically occurring mutations rather than from an initial growth
advantage of one strain. For mutators with a significant pairwise
adaptive advantage over wild type, the advantage was generally
consistent across the five independent clonal isolates, indicating
that it was dependent on the specific PolI variant rather than on
stochastic differences in the background strain.

Mutator Phenotype Is Intrinsic to PolI Mutator Enzyme. The stron-
gest mutator that was recovered from the initial competitions was
mutant 9D2, which produced a 47-fold elevated in vivo mutation
rate. This PolI mutant harbors two mutations, F742Y and P796H,
which are located in the fingers domain at the C terminus of the
ends of the N-helix and P-helix, respectively, flanking the O-helix
(motif B). Among family A polymerases, F742 has 63% identity
and 67% similarity, whereas P796 has 70% identity and 70%
similarity. To confirm that the in vivo mutator activity of this
mutant was intrinsic to the PolI enzyme, we characterized its
DNA replication fidelity in vitro. We first subcloned 9D2 into a
high-expression pLEX vector that encoded an additional six
N-terminal histidines. The mutator and a wild-type control were
expressed and purified in tandem to apparent homogeneity using
a histidine-binding nickel column as previously described (36). No
3′–5′ exonuclease activity was detected in either the wild-type or
mutant protein. The in vitro replication fidelity of the mutator was
measured using the M13 gap-filling assay (37). The 9D2 mutator
exhibited a 20-fold increase in overall mutation frequency, with
an elevation of all types of mutations except for C → A, C → G,
and T → G substitutions (Fig. 5). There was an ≈1000-fold
increase in C deletions and 100-fold increases in both T deletions
and C insertions. The error rates that we determined for the wild-
type control are consistent with previously published data (38).
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Discussion
If the results that we obtained with E. coli PolI can be generalized,
they indicate that selective growth advantages can be conferred by
enhanced mutagenesis in certain environments and that this ad-
vantage is conferred only within a narrow range of mutation rates.
In our library competition experiments, the survivors were invar-
iably mutators, themost prevalent having frequencies 10- to 47-fold
greater than that of wild-type. Although we cannot completely rule
out the possibility that certain PolI mutants may have a direct
beneficial effect on bacterial fitness, several lines of evidence sug-
gest that selection for mutators is the result of an increased prob-
ability of developing selectably advantageous mutations rather
than of a preexisting growth advantage. First, the ancestors of
winning mutator clones demonstrated a decreased, rather than an
increased, fitness relative to wild type under pairwise competition
(Fig. 3). Second, the distribution of survivors differed in both sets
of independently passaged cultures originating from the same
foundingmixtures (Fig. 2A andB). If one or a few PolI variants had
a preexisting advantage, one would expect the composition of
winners to be similar in all 12 cultures. Third, the threemost prolific
winners of the library competitions (entailingmore than 80%of the
populations recovered) won pairwise competitions statistically
more frequently than wild type, but did not win in every culture
(Fig. 4B andC). In the absence of an adaptive advantage, amutator
would be expected to win no more frequently than wild type (Fig.
4A) whereas a preexisting growth advantage would manifest as a
win in every culture. The consistency of adaptive advantage across
independent isolates of each mutator strain argues against random
differences in genomic background being responsible for the ad-
vantage. Fourth, measurements of growth rate and maximum cul-
ture density after the competition revealed that dominant survivors
(in five of six rich-media cultures) differed significantly from their
ancestors and from each other (Table 1). This observation suggests
that the growth advantage of the survivors was gained during serial
passages in culture. The diversity in phenotype further supports a
“hitchhiking” model of how mutator alleles confer selective
advantage (18, 27). Fifth, pairwise competition of winningmutators
and their ancestors against wild type demonstrated a growth ad-
vantage of strains recovered after 350 generations that was not
present initially (Fig. 3). This finding similarly indicates an increase
in fitness acquired during competition.
No wild-type PolI was detected following competition. Although

this is not a new result (13, 16), it is noteworthy that it has been
observed in a system where a large diversity of fidelity mutants was
competed. No antimutators were detected, even though 51 were
included in our starting population. The absence of antimutators in
the final population argues that they harbor decreased fitness rel-

ative to the rest of the population, despite their apparently normal
growth rates when measured individually.
Extreme mutators did not fare any better in our competition.

Two mutators with rates of ≈150- and 1100-fold greater than that
of wild type failed to survive to the end of competition. This result
was unanticipated. We had expected their high mutation rate to
provide a selective advantage, as had previously been demon-
strated in antibiotic-facilitated bottlenecks with this degree of
mutator (25). These results demonstrate a limit to the selective
advantage that can be conferred by enhanced mutagenesis.
Previous studies in the literature have established the impor-

tance of mutability for adaptation. Pairwise competition of bac-
teria demonstrated that mutators often out-compete their wild-
type counterparts if both were originally present in comparable
numbers (12–14). Long-term cultures of bacteria that were orig-
inally isogenic produced mutators that eventually out-competed
the wild-type species (16, 17). Populations that were subjected to
genetic bottlenecks also became dominated by mutators (39).
Additionally, bacteria lacking endogenous error-prone DNA
polymerases exhibited loss of fitness when grown in competition
with a wild-type strain (40). We have now shown that a specific
range of mutational rates is selected during competition of a large
panel of polymerase mutants with fidelities spanning six orders
of magnitude. Mutants within this range of elevated mutation
rates are able to efficiently acquire beneficial mutations that allow
them to outgrow the rest of the population without exceeding the
threshold of error catastrophe (6, 18).
The range of favorable mutation rates is likely to depend on the

environmental context of competition. Our experiments were car-
ried out under periodically fluctuating conditions of rapid growth
followed by nutrient depletion and confluence. Such a dynamic
environment would be expected to produce many new selective
pressures and favor strains with the ability to adapt. Competition in
rich (LB) and minimal (M9) media selected transformants exhib-
iting a similar range of mutation rates. A different panel of muta-
tors had been expected due to the assumption that a more stringent
nutrient environment (minimal media) would necessitate a lower
mutation rate. It is possible that selection for stability by minimal
mediamay have beenmasked by a stronger selection for adaptation
due to saturating conditions.
Our analysis of the mutant 9D2 confirmed that the mutator

phenotype that it conferred in vivo is, indeed, determined by the
PolI enzyme itself (Fig. 5). Thismutator exhibited a 20-fold increase
in mutation rate when replicating the M13 gapped plasmid. This
elevation of mutation rate is in accord with the 47-fold increase
observed in vivo, consideringdifferences in sequencecontext and the
likely effects of interacting proteins (24). The 20-fold overall in-
crease in mutation rate of 9D2 is the largest of any of the library
mutants with amino acid substitutions outside of the active site.
Interestingly, this variant exhibited a 26-fold increase in the rate of
insertions anddeletions (Fig. 5),which are likely to cause frameshifts
throughout the genome. Frameshifts may be well-tolerated in the
short term as a species adapts to a new environment, given that loss
of some nonessential genesmay be energetically advantageous (41).
In these studies, we have empirically determined the optimal

window of mutation rates for an evolving bacterial population. Our
results indicate that under conditions where a clone’s fitness is not
yet maximized for its environment, competitive adaptation may be
facilitated by moderately enhanced mutagenesis. Although an in-
crease in accuracy can be observed in vitro, this confers a handicap
to competing cells. Within a population of mutants of varying fi-
delity, moderate mutators possess an advantage over antimutators,
which are slow to acquire beneficial mutations, and over extreme
mutators, which suffer a relative loss of fitness due to the accu-
mulation of deleterious mutations (42). The enrichment of muta-
tors in bacterial populations competing under stress may mimic
selection in analogous situations, such as in human pathogens being
confronted with an immune response or drug treatment or in tu-
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mors under growth-limiting conditions. Identifying ways to alter
growth conditions in this E. coli model to select against mutators
may offer insight into approaches that can be used to slow or arrest
progression of microbial and neoplastic disease.

Materials and Methods
E. coli strain JS200 [recA718 polA12(ts) uvrA155 trpE65 lon-11 sulA1] was
first described as SC18-12 (43). PolI mutants were constructed on pHSG-
based plasmid pECpolI-3′exo− (24, 25), which contains a chloramphenicol-
resistance selectable marker and a PolI-independent pSC100 origin of rep-
lication. All cultures were grown aerobically at 37 °C in prewarmed LB media

supplemented with 30 μg/mL chloramphenicol unless otherwise noted.
Details of competition culture conditions and mutation rate measurements
are provided in SI Materials and Methods.
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Oligonucleotides and chemicals were respectively purchased
from IDT and Sigma unless otherwise noted.

Determination of Mutation Rates. JS200 cells harboring each
mutant Pol I variant (on pECpolI-3’exo–) were transformed with
reporter plasmid pLA230 (1) containing an active kanamycin
resistance marker and a β-lactamase gene inactivated my a pre-
mature ochre stop codon. Cells were grown in LB at 30°C to an
OD600 of approximately 0.3 at which time approximately 106 cells
were plated on LB agar with 50 μg/mL carbenicillin, 50 μg/mL
kanamycin and 30 μg/mL chloramphenicol to ensure that no
preexisting carbenicillin-resistant cells were present in culture.
Approximately 700 cells from the same culture were transferred
to 5mL of 2XYT with 30 μg/mL chloramphenicol and 50 μg/mL
kanamycin and grown for 16 hours at 37°C. To determine the
reversion frequency, cells were plated on LB agar (30 μg/mL
chloramphenicol and 50 μg/mL kanamycin) with and without
50μg/mL carbenicillin at dilutions that yielded 100 to 500 colonies
per plate. At least fourteen separate cultures of each mutant were
grown and plated for each calculation. Mutation rate was calcu-
lated according to the method of the median.

Growth Rate and Culture Density Measurements.A starter culture of
bacteria was grown to OD600 of approximately 0.3, at which time
10μL of a 1/1000th dilution of the culture was used to inoculate
5mL of LB. The culture was grown until it reached OD600 of 0.3.
OD600 and measurements at different times in culture were used
to calculate the doubling time for the culture based on an ex-
ponential growth curve. Maximum culture density was measured
after 24 hours of growth. Cultures and measurements were made
in triplicate.

Library Competition of Pol I Mutants. Independent cultures of each
mutant were initially grown to OD600 of 0.3, at which time, 1mL
of each were combined. 1mL of this mixture was then used to
inoculate 4mL of LB to establish input for the competition.
Subsequent passages, performed daily, involved transferring 2 μL
of culture to 5mL of fresh LB. At the end of 31 passages, the
culture was diluted and plated on LB agar with 30 μg/mL
chloramphenicol. Colonies were picked and cultured in-
dependently. Identification of the mutant plasmids in each col-
ony was performed by DNA sequencing. Competition of Pol I
mutants in M9 minimal media was established using a nearly
identical procedure on a different set of transformed isolates of
each Pol I strain. Differences included using M9 media supple-
mented with glycerol 0.2% and tryptophan 0.01% instead of LB,

daily transfer of 4 μL instead of 2 μL to fresh media and com-
petition for 33 rather than 31 days.

Competition of Winners and Ancestors with Wild-type. Independent
cultures of each mutant and wild-type were initially grown to
OD600 of 0.3, at which time they were mixed in a 50:50 ratio,
which was also verified by plating. Each mixture was diluted
5000-fold and used as the started culture. For competitions un-
der continuous growth conditions, cultures were grown in 5mL of
LB and repeatedly passaged at an approximate OD600 of 0.3 for
96 generations. Competitions grown under the periodically sat-
urating conditions of the whole library competition were carried
out for 15 days. For both types of cultures, samples from various
time points were frozen at -80°C and later sequenced simulta-
neously. Additional samples consisting of known mixtures of
mutants and wild-type were sequenced to construct a standard
curve of relative frequency for each allele. The ratio of mutant to
wild-type bacteria was determined by relative chromatogram
peak heights at mutant bases.

Pair-wise Competitions. Independent cultures of five mutant and
wild-type isolates were initially grown to an OD600 of 0.3, at which
time they were mixed in a 50:50 ratio, which was also verified by
plating. Approximately 107 cells of each mixture was used to seed
12 identical 1 mL LB cultures. Competitions were carried out in
deep 96 well plates with 3mm glass beads to assist with mixing.
Daily passage of approximately 4 × 106 cells to fresh media was
accomplished using a sterilized 96 prong innoculator. Identi-
fication of winning strains on day 18 was performed by DNA
sequencing of bulk culture plasmid.

Protein Purification and Gapped Plasmid Assay. Mutant and wild-
type Pol I Klenow fragments, encompassing the inactivated 3’-5’
exonuclease domain and the active polymerase domain, were
subcloned into the pLEX vector (Invitrogen, Carlsbad, CA) ex-
pressed, and purified as previously described (2, 3) Polymerase
and 3’-5’ exonuclease activity were assessed using previously
reported templates and methods (2). The M13 gapped plasmid
assay was performed as previously described (4). The complete
fill-in of the M13 gapped substrate was confirmed by gel and by
the constancy of mutation frequency after incubation with in-
creased amounts of the DNA polymerase. A five-fold increase
the amount of enzyme used for fill-in did not alter the mutation
frequency significantly. Additionally, statistical analysis of error
distribution showed a constant ratio of mutations throughout the
gapped substrate.
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