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Note

Intermediate Mutation Frequencies Favor Evolution of Multidrug Resistance
in Escherichia coli
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ABSTRACT

In studying the interplay between mutation frequencies and antibiotic resistance among Escherichia coli
natural isolates, we observed that modest modifications of mutation frequency may significantly influence
the evolution of antibiotic resistance. The strains having intermediate mutation frequencies have signif-
icantly more antibiotic resistances than strains having low and high mutation frequencies.

THE comprehension of how cells having high muta-
tion frequencies arise and proliferate is important

for the understanding of the evolution of antibiotic re-
sistance. In vitro and in vivo studies show that high mu-
tation frequencies can significantly contribute to the
appearance of multiresistant bacteria (Mao et al. 1997;
Giraud et al. 2002). As strong mutators were found
in natural populations of many pathogenic species
(LeClerc et al. 1996; Matic et al. 1997; Oliver et al.
2000; Denamur et al. 2002; Richardson et al. 2002;
Morosini et al. 2003; Prunier et al. 2003; Watson et al.
2004), it was hypothesized that a positive correlation
between antibiotic resistance and high mutation fre-
quencies should be frequent in natural bacterial pop-
ulations (Blazquez 2003).

To study the relationship between mutation frequencies
and antibiotic resistance, we examined three different
collections of Escherichia coli natural isolates, composed
of 312 human commensal and extra-intestinal patho-
genic strains having very different frequencies of anti-
biotic resistances. We estimated mutation frequencies
by measuring the capacity of strains to generate resis-
tance to rifampicin (Denamur et al. 2002), whereas the
susceptibility to antibiotics was tested by the disk dif-
fusion technique according to the guidelines of the
Antibiogram Committee of the French Society of Micro-
biology (http://www.sfm.asso.fr). Because an identical
pattern of relationship between mutation frequencies
and antibiotic resistance was obtained for all three col-

lections of E. coli, we present the data obtained with only
one collection.

Surprisingly, we did not observe a positive correlation
between increase of mutation frequencies and increase
in antibiotic resistance. This was due to the fact that
strains having low and high mutation frequencies have
significantly less antibiotic resistance than strains having
intermediate mutation frequencies (Figure 1, A and B).
The range of mutation frequencies that correlates with
the maximal antibiotic resistance is between 2.9 3 10�9

and 9.3 3 10�9, i.e., starting just above the median value
of mutation frequencies for this collection (2.47 3 10�9).
These data suggest that even modest modifications of
mutation rate can significantly influence the evolution
of antibiotic resistance. Furthermore, this phenomenon
does not depend on one antibiotic or on one family of
antibiotics (Figure 1C), suggesting that mutations can
participate in various modes of evolution of antibiotic
resistance. Indeed, whenever mutations can confer or
increase resistance to the antibiotics or reduce the bio-
logical cost of resistance on bacterial fitness, it is more
likely that those mutations will appear in the popu-
lations of cells having higher mutation frequencies.
Furthermore, when resistance is associated with an ac-
quisition of several mutations, the advantage of being a
mutator increases significantly (Tenaillon et al. 1999).

Why are strains that have many antibiotic resistances
underrepresented among isolates with high mutation
frequencies? Mutator alleles are enriched in bacterial
populations via selection for the adaptive mutations that
they generate (Taddei et al. 1997). Once adaptation is
achieved, the counterselection of mutators will start as
the result of the accumulation of deleterious mutations
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(Funchain et al. 2000; Giraud et al. 2001). The rise and
decline of mutator alleles is modulated by the strength
of the mutator allele. Computer simulations predict that
intermediate mutators can be selected and that, once
selected, they have a much longer persistence time than
strong mutators (Taddei et al. 1997). Therefore, in the
long run, intermediate mutators might have more chance
to accumulate multiple antibiotic resistances than the
strong mutator, a prediction in agreement with the

higher prevalence of multiple resistances among inter-
mediate mutators.

Selection acting on mutator alleles is also modulated
by variation in environment and the opportunity for
competition between strains. Mutator clones can hyper-
specialize to their local conditions, whereas bacteria
that experience many different environments are very
sensitive to the overspecialization (through mutation
accumulation or antagonistic pleiotropy) (Cooper and

Figure 1.—Relationship be-
tween antibiotic resistance and
mutation frequencies. These
data were obtained using a col-
lection of E. coli natural isolates
composed of 76 strains isolated
from the urine of patients with
spinal cord injuries either as
asymptomatic carriage (n ¼ 32)
or as urinary tract infections
(n ¼ 44). The following antibi-
otics were used: amikacin, AN;
amoxicillin, AMX; amoxicillin
1 clavulanic acid, AMC; aztreo-
nam, ATM; cefalotin, CF; cefa-
mandol, MA; cefepime, FEP;
cefotaxime, CTX; cefoxitin,
FOX; ceftazidime, CAZ; chlor-
amphenicol, C; ciprofloxacin,
CIP; fosfomycin, FOS; gentami-
cin, GM; imipenem, IPM; kana-
mycin, K; moxalactam, MOX;
nalidixic acid, NA; netilmicin,
NET; nitrofurantoin, FT; oflox-
acin, OFX; pefloxacin, PEF; pi-
peracillin, PIP; piperacillin 1
tazobactam, TZP; sulfamethox-
azole, SSS; sulfamethoxazole
1 trimethoprim, SXT; tetracy-
cline, TE; ticarcillin, TIC; ticar-
cillin 1 clavulanic acid, TCC;
tobramycin, TM; trimethoprim,
TMP. Sensitive, intermediate,
and resistant phenotypes were
scored as 0, 1, and 2, res-
pectively. (A) The curve was
obtained by plotting the cumu-
lative sum of the score of anti-
biotic resistance per strain as
the function of the increase
of mutation frequencies. The
plotted values correspond to

f ½M ðxiÞ� ¼
P

½M ðxj Þ#M ðxiÞ�½RðxjÞ � R �. M(xj), R(xj), and R being the mutation frequency, the score of antibiotic resistance of the strain,
and the average score of antibiotic resistance in the collection, respectively. A decrease/increase in the plot reveals a succession of
strains with a lower- or higher-than-average level of resistance. LMF, low mutation frequency; IMF, intermediate mutation frequency;
HMF, high mutation frequency. (B) Three groups of strains having low, intermediate, and high mutation frequencies, with significantly
(Mann-Whitney test) different levels of the score of antibiotic resistance per strain were identified using breaking points of the cu-
mulative sum analysis curve in A (dotted lines). (C) Factorial analysis of correspondence. LMF, IMF, and HMF phenotypes were con-
sidered as illustrative variables. The levels of sensitivity (sensitive, S; intermediate, I; resistant, R) to each antibiotic were considered as
active variables. This plane clearly distinguishes the LMF and HMF strains, grouped with the S phenotype on the positive values of the
F1 axis, from the IMF strains with I and R phenotypes on the negative values. This collection has 52.6% of strains resistant to amox-
icillin, a well-known indicator of the frequency of antibiotic resistance in bacterial populations. Identical patterns of the relationship
between antibiotic resistance and mutation frequencies were obtained with two other collections encompassing both commensal and
extra-intestinal pathogenic strains: a collection of 117 highly resistant strains producing extended spectrum b-lactamases (100% of
strains resistant to amoxicillin) (Branger et al. 2005) and a collection of 119 strains isolated in the 1980s with a low level of antibiotic
resistance (11.8% of strains resistant to amoxicillin) (data not shown).
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Lenski 2000; Giraud et al. 2001). Hence, we predict that
the large fraction of intermediate mutator strains will be
associated with the appearance and maintenance of
multiresistance among most free-living bacteria experi-
encing periods of life in diverse environments. Indeed,
the correlation between high frequency of resistance to
antibiotics with high mutation frequency was reported
only for bacteria isolated from the lungs of cystic fibrosis
(CF) patients (Oliver et al. 2000; Prunier et al. 2003;
Roman et al. 2004). This is probably the consequence, in
association with multiple antibiotic cures, of the strong
compartmentalization and low migration rates within
and between the lungs of CF patients that limit com-
petition between strains and therefore increase the per-
sistence of strong mutator alleles.

Knowledge of selective forces governing the evolution
of mutation rates is extremely important for designing
therapeutic strategies aiming to control appearance and
dissemination of multidrug-resistant bacteria, but also
of other pathologies. For example, the intermediate mu-
tation rates, albeit at a much higher level than bacterial
ones, also maximize human immunodeficiency virus
(HIV) fitness. It was reported that lowering the HIV
mutagenesis rate delays the appearance of drug resis-
tance and is associated with the lower viral burden
in vivo (Wainberg et al. 1996), while increasing the rate
of HIV mutagenesis reduces viral infectivity due to accu-
mulation of deleterious mutations (Smith et al. 2005).
Similarly, while, on one hand, mutator phenotypes can
accelerate tumor progression by, for example, facilitat-
ing the evasion of host immune defenses (Branch et al.
1995), on the other hand, the mutator phenotype re-
duces tumor fitness in the longer run and consequently
renders it more responsive to chemotherapy than non-
mutator tumors (Bignami et al. 2003).

We thank Guy Perriere for help with statistical analysis and Christine
Amorin for technical assistance. This work was partially supported by a
grant from the Fondation pour la Recherche Médicale.
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