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Bacterial populations in clinical and laboratory settings contain a significant pro-

portion of mutants with elevated mutation rates (mutators). Mutators have a

particular advantage when multiple beneficial mutations are needed for fitness,

as in antibiotic resistance. Nevertheless, high mutation rates potentially lead to

increasing numbers of deleterious mutations and subsequently to the decreased

fitness of mutators. To test how fitness changed with mutation accumulation,

genome sequencing and fitness assays of nine Escherichia coli mutY mutators

were undertaken in an evolving chemostat population at three time points. Unex-

pectedly, the fitness in members of the mutator subpopulation became constant

despite a growing number of mutations over time. To test if the accumulated

mutations affected fitness, we replaced each of the known beneficial mutations

with wild-type alleles in a mutator isolate. We found that the other 25 accumu-

lated mutations were not deleterious. Our results suggest that isolates with

deleterious mutations are eliminated by competition in a continuous culture,

leaving mutators with mostly neutral mutations. Interestingly, the mutator–

non-mutator balance in the population reversed after the fitness plateau of

mutators was reached, suggesting that the mutator–non-mutator ratio in popu-

lations has more to do with competition between members of the population

than the accumulation of deleterious mutations.
1. Introduction
In commensal and pathogenic bacteria, mutants (mutators) with elevated

mutation rates are quite common [1–3], and associated with multiple antibiotic

resistance and amelioration of the costs of resistance [3,4]. Mutators are also

found in selection experiments, where they hitchhike with genetically linked

beneficial mutations [5–7]. Mutators are believed to play an important role in

microbial evolvability and are mostly due to mutations in DNA repair systems

[8]. Depending on the type and nature of mutations, a mutator allele can

increase mutation rates by a factor of 10–10 000.

The selection processes for mutators is relatively well understood. Mutator

alleles co-enrich in populations because they are likely to produce rare ben-

eficial mutations more often than their non-mutator competitors [9,10]. The

effect of mutator strength, population changes involving mutators and details

of hitchhiking with beneficial mutations have been described [6,7,10,11]. As

most mutations are neutral or deleterious, it is believed that the beneficial

effect of mutator mutations will eventually disappear [9]. Indeed, in experimen-

tal populations, the disappearance of mutators has been observed although

sometimes they are maintained for extended periods [7]. A key untested

question is whether the restoration of low mutation rates is indeed due to the
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Table 1. List of E. coli strains used in this study.

strain isolate/genotype time spent in chemostat (days) reference

1U1 chemostat isolate 21 this study

1U9 chemostat isolate 21 this study

BW3767 chemostat isolate 26 [12]

BW4004 chemostat isolate 26 [12]

BW4034 chemostat isolate 26 this study

BW4040 chemostat isolate 26 [12]

1k13 chemostat isolate 37 this study

1k15 chemostat isolate 37 this study

1k18 chemostat isolate 37 this study

BW2952 MC4100 malG::lplacMu55f(malG::lacZ) ancestor [13]

BW3454 BW2952 metC::Tn10 n.a. [14,15]

BW5316 BW3767 rpoS galS malT 2952 n.a. this study

BW5326 BW2952 rpoS galS malT 3767 n.a. this study

DY330 W3110 DlacU169 gal490 lcl857 D(cro-bioA) n.a. [16]
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accumulated deleterious mutations in mutators. We can thus

ask: is mutation accumulation associated with fitness loss and

the reduced fitness of mutators?

In this communication, we report an analysis of mutY
mutators in a glucose-limited chemostat culture of Escherichia
coli. The genomic sequences of multiple mutY mutator iso-

lates from three different time points allowed us to test

whether the increasing accumulation of additional mutations

resulted in a fitness decrease. We also analysed fitness contri-

bution of mutator-induced mutations by replacing each of the

known beneficial mutations with the wild-type alleles. We

find, contrary to expectations, that mutators reach a fitness

plateau, but do not decrease in fitness with increasing

numbers of mutations in experimental populations.
2. Material and methods
(a) Bacterial strains, strain construction and growth

conditions
Strains used in this study are listed in table 1. BW3767 contains a

29-kb DNA deletion including mutY [12]. The mutations in rpoS,

mglD and malT of BW3767 were individually replaced by wild-

type alleles by P1 transduction (figure 1a). rpoS and mglD were

replaced using the method described by Notley-McRobb &

Ferenci [14] and Wang et al. [15]. For the replacement of malT,

we first constructed an aroB:Amp strain using the protocol

given by Yu et al. [16]. The proximity of the aroB::Amp locus to

malT allowed greater than 90 per cent co-transduction. We also

transferred the evolved alleles of rpoS, mglD and malT of

BW3767 into the ancestral strain (figure 1a).

Chemostat experiments and the measures of fitness through

competitions with ancestral BW2952 were as described

previously [17].

(b) Phenotypic assays and genome sequencing
Phenotypic characterization of the evolved isolates for elevated

mutation rate was as described previously [18]. Nine mutator

strains from three different time points were randomly chosen for

genome sequencing, exactly as described by Maharjan et al. [12].
3. Results and discussion
(a) Dynamics of mutators in chemostat cultures
We sampled 38–44 isolates at days 7, 15, 17, 21, 26 and 37 from

an E. coli population growing in a glucose-limited chemostat

culture at dilution rate D ¼ 0.1 h21 (doubling time 6.93 h).

The population was initiated with BW2952 and was main-

tained at approximately 1.6 � 1010 cells by limiting glucose

in the medium. Previous studies have shown that this popu-

lation contained isolates with a deletion of approximately

29 kb DNA including both mutY and the glcABCDEFG locus,

which is required for the utilization of glycolate [18]. Based

on the results in figure 2a, the mutY deletion sweep occurred

after 15 days and the population contained approximately

50 per cent mutators by 26 days (figure 2a). All the mutators

were also glycolate-negative. Interestingly, the mutY mutant

did not fully take over the population and its frequency

remained relatively constant over the next 11 days.
(b) Genome-wide mutational accumulation and fitness
dynamics

The whole-genome sequences of nine randomly selected muta-

tor isolates (2 at 21, 4 at 26 and 3 at 37 days, respectively), were

obtained as described by Maharjan et al. [12]. We detected a

total of 187 single nucleotide polymorphisms and one deletion

when compared with the ancestral sequence [13]; each strain

harboured 25–48 mutations including the same mutY deletion

causing a 15-fold increase in rifampicin resistance frequency

(mutations listed in the electronic supplementary material,

table S1). This compares to a mean of 1.75 mutations/isolate

in non-mutators over a similar time-scale [12]. A total of 98.92

per cent of single nucleotide polymorphisms (SNPs) were

G:C! T:A mutations, the signature of mutY mutations [8].

The same alleles of rpoS, mglD and sapB were shared by all

nine isolates (see the electronic supplementary material,

table S1). Mutations in rpoS and mglD confer an early selec-

tive advantage in the chemostat environment [14], but the

fitness contribution of sapB, encoding a putative
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Figure 2. (a) Population dynamics of a mutator in a glucose-limited
chemostat culture of E. coli growing at a dilution rate of 0.1 h21. Samples
from different time points were analysed for the mutator phenotype as
described by Gaffe et al. [18]. The proportion of mutators in the population
(filled circles) is based on testing 38 – 44 isolates at each time point. (b) Total
mutations in nine mutator genomes. (c,e) The average number of mutations
and fitness of mutators sampled at 21, 26 and 37 days (means + s.e.m.).
(d ) Fitness of mutators was measured as in figure 1b.
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described by Maharjan et al. [12].
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antimicrobial transporter subunit, is unknown. The results

suggest that the mutY deletion had hitchhiked along with

rpoS and mglD, which then lead to accumulation of multiple

malT mutations coinciding with the population sweep by

mutators. The number of mutations in mutators also

increased significantly with time (figure 2c).

To test how mutations affected fitness, we compared all

nine mutators by competition with the ancestor in the same

chemostat environment. All strains had a significantly

higher fitness compared with the ancestor (figure 2d ), but

surprisingly all except one mutator (BW4040) showed a simi-

lar level of fitness (two-tailed p . 0.05). The mean fitness did

not decrease with increasing numbers of mutations and

neither did it increase (figure 2d ). This suggests that once a

few beneficial mutations have been accumulated, the advan-

tage of having an elevated rate of mutation disappears. On

the other hand, there is no evidence that the accumulated

mutations were strongly deleterious.

(c) Ka/Ks as a measure of selection
The Ka/Ks, the ratio of the non-synonymous mutations per

non-synonymous site (Ka) to the synonymous mutations

per synonymous site (Ks) is used to measure selection

acting upon protein-coding genes [19]. A Ka/Ks ratio close

to 1 implies neutrality in selection, whereas a ratio consider-

ably higher or lower than 1 indicates either positive or

negative selection. We used this test to investigate whether
the 114 non-synonymous SNPs and 44 synonymous SNPs

in protein-coding genes (see the electronic supplementary

material, table S1) were the result of neutral evolution. We

estimated Ka/Ks for all mutations in the protein-coding

regions of the genomes between 26- and 37-day isolates

using Comeron’s method [20]. This method takes into

account the transition and transversion substitution ratios in

the compared genomes, needed because our mutations

were mainly G:C! T:A transversions. The population distri-

bution of mutators remained relatively constant between the

compared time points (figure 2a). The Ka/Ks values in four

lineages between 26- and 37-day isolates ranged from 0.62

to 0.98, with a mean value of 0.85 (table 2). This result

suggested that the additional SNPs were likely to have mar-

ginal fitness effects. Our estimate is similar to that of

Kishimoto et al [21], who found Ka/Ks value of 0.82 after

the fixation of a mutator in E. coli that evolved during thermal

adaptation experiments. In chemostats, clones with strongly

deleterious mutations are likely to be filtered by natural

selection and eventually wash out unless they acquire com-

pensatory mutations. Within the limits of detection of our



Table 2. The rate of synonymous (Ks) and non-synonymous (Ka) substitutions between 26- and 37-day isolates. Substitution rate, Ka/Ks, the ratio of non-
synonymous mutations (Ka) to synonymous mutations (Ks), was estimated using the K-ESTIMATOR v. 6.1V software [20]. A Ka/Ks ratio of 3.12 was calculated,
based on all the mutations in all the coding regions of each mutated gene in the electronic supplementary material, table S1. The above tabulated values were
obtained by applying this ratio to the entire coding region. sSNP, synonymous single nucleotide polymorphism; nsSNP, non-synonymous SNP.

26-day
isolates

37-day
isolates

no. of
sSNP

no. of
nsSNP

no. of
sSNP sites

no. of
nsSNP sites Ka Ks Ka/Ks

BW3767 1K13 15 42 1001887 3145925 1.34 � 1025 1.50 � 1025 0.89

BW3767 1K15 12 35 1001887 3145925 1.11 � 1025 1.20 � 1025 0.93

BW3767 1K18 11 34 1001887 3145925 1.08 � 1025 1.10 � 1025 0.98

BW4004 1K13 12 34 1001887 3145925 1.08 � 1025 1.20 � 1025 0.90

BW4004 1K15 9 27 1001887 3145925 8.58 � 1026 8.98 � 1026 0.96

BW4004 1K18 9 25 1001887 3145925 7.95 � 1026 8.98 � 1026 0.88

BW4034 1K13 15 42 1001887 3145925 1.34 � 1025 1.50 � 1025 0.89

BW4034 1K15 12 35 1001887 3145925 1.11 � 1025 1.20 � 1025 0.93

BW4034 1K18 12 33 1001887 3145925 1.05 � 1025 1.20 � 1025 0.88

BW4040 1K13 18 38 1001887 3145925 1.21 � 1025 1.80 � 1025 0.67

BW4040 1K15 15 31 1001887 3145925 9.85 � 1026 1.50 � 1025 0.66

BW4040 1K18 15 29 1001887 3145925 9.22 � 1026 1.50 � 1025 0.62
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fitness assays, we do not see a high number of isolates with

strong fitness effects in surviving mutators. Altogether, our

results suggest the filtering effect of natural selection results

in mainly neutral mutations in the mutator strains.

(d) Fitness effects of rpoS, mglD and malT
The results of the fitness experiments and Ka/Ks analysis

suggested that the majority of mutations accumulating in

mutators were near-neutral. To test this experimentally, we

replaced the three genes with known beneficial mutations

(in rpoS, mglD and malT [14,22]) with the respective wild-

type alleles in strain BW3767. This isolate harboured

28 mutations and was significantly fitter than the ancestor

under the selection condition (figure 2d ).

As shown in figure 1b, the fitness of the resulting rpoSþ

mglDþmalTþ clone was not significantly different from that

of the ancestor (two-tailed p . 0.05), which also indicates

that the remaining 25 mutations, including sapB, have small

fitness effects. Consistent with this notion, an ancestral

clone (BW2952) that received all three evolved alleles from

BW3767 exhibited similar fitness to BW3767. In total, the fit-

ness of BW3767 was due to mutations in rpoS, mglD and

malT, while the combined effect (including possible epistatic

effects) of the other 25 mutations in the mutator were not

strongly deleterious within the sensitivity of the fitness assay.
4. Conclusions
Our results suggest that mutators reach a fitness plateau in an

evolving population, and despite accumulating further

mutations, the fitness of mutators was maintained. Mutators

with deleterious mutations are presumably washed out of

chemostats, maintaining a healthy mutator subpopulation.

The mutational cost is borne by the very low proportion of

cells with highly deleterious mutations that we never see

and are purged. The limit to the sweep by mutators is

hence not due to accumulating deleterious effects, but to

competition or clonal interference with non-mutator mem-

bers of the population [7]. Although our results cover short-

term events and a particular mutator, we question the

common assumption that the balance of mutators in popu-

lations is determined by the accumulation of deleterious

mutations in the selection environment. This may change in

the longer term, when beneficial mutations no longer balance

the small fitness loss owing to mutators. Additionally,

the global success of mutators may be limited by their

deleterious effects in alternative environments [1].
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