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The responses of hypermutable Escherichia coli strains to selection with antibiotics having
different endogenous resistance potentials were determined. Selections with rifampicin or cipro-
floxacin at 4 ×××× MIC, i.e. conditions where they act as single target agents against RpoB and GyrA,
respectively, demonstrated that some hypermutators generated resistant mutants with frequen-
cies up to 1000-fold higher than normal strains. Furthermore, individual mutants recovered from
hypermutable hosts often exhibited higher levels of resistance to the drugs than mutants arising
in normal hosts. Exposure to ciprofloxacin at 16 ×××× MIC, i.e. conditions where it has low endo-
genous resistance potential, failed to select resistant mutants in hypermutable or normal hosts
(mutation frequency <10–11). Consistent with these findings, the highest estimated mutation
frequency for selection at 16 ×××× MIC in a hypermutable host would be 4.4 ×××× 10–15 (mutT ), calculated
by determining the individual mutation frequencies for first-step ciprofloxacin resistance and
second-step resistance arising in hosts already harbouring single first-step mutations in gyrA at
codons 83 or 87. The frequency with which second-step ciprofloxacin resistance mutations
arose was suppressed in hypermutators and demonstrated at most a 10-fold increase in muta-
tion rate compared with non-hypermutator hosts. Second-step mutants may contain mutations
in mar, since a survey of 170 second-step ciprofloxacin-resistant mutants derived from both
hypermutator and non-hypermutator parents demonstrated that they all possessed increased
resistance to chloramphenicol, a phenotype associated with mar mutations. Exposure to 4 ×××× MIC
of D-cycloserine, cefotaxime or polymyxin B (agents with multiple targets or membrane activity)
failed to select resistant mutants in normal or hypermutator hosts (mutation frequency <10–11);
however, continuous culture in the presence of sub-lethal concentrations of D-cycloserine (0.25
×××× MIC) selected resistant mutants in hypermutators after c. 33 generations, compared with c. 44
generations in normal hosts. Since hypermutable bacteria occur naturally, our data emphasize
that successful new drugs will need to possess low endogenous resistance potentials.

Introduction

The emergence of antimicrobial drug resistance in pathogenic
bacteria is a serious public health issue because it limits the
therapeutic options for treatment of infection.1 Antibiotic
resistance can arise from a number of mechanisms involving
mutation of chromosomal genes.2–5 Such mechanisms, usually
involving mutations in genes encoding drug targets or
systems that affect drug accumulation, are defined as endo-
genous resistance mechanisms, to distinguish them from the

exogenous resistance mechanisms that are typically mediated
by the acquisition of plasmids and transposons.2

Although endogenous resistance to most antibiotic classes
has been reported in clinical isolates,3 current concepts on the
ability of bacteria to adapt and survive in the presence of anti-
biotics are based primarily on the assumption that resistance
arises in bacteria that show normal mutation frequencies.
However, naturally occurring strains that exhibit elevated
mutation frequencies have recently been reported amongst
populations of pathogenic Escherichia coli, Salmonella
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enterica, Pseudomonas aeruginosa and Neisseria meningi-
tidis.6–8 In some cases hypermutators exhibit frequencies of
mutation to endogenous antibiotic resistance that are 1000-
fold higher than normal strains and such hypermutators can be
found at frequencies of up to 20% of clinical isolates.8 The
naturally occurring E. coli and S. enterica hypermutators
identified by LeClerc et al.6 contained defects in methyl-
directed mismatch repair (MMR), a post-replicative repair
system that corrects errors on newly synthesized DNA strands
to ensure the fidelity of chromosome replication. Amongst
the hypermutators described by LeClerc et al.6 variants
defective in the mutS allele were the most common, followed
by strains with deficiencies in mutH and mutU (uvrD).

Elevated mutation rates displayed by hypermutators are
likely to benefit the organisms by increasing the frequency
with which antibiotic resistance arises and enhancing the
opportunity for compensatory mutations to reduce fitness costs
sometimes associated with the acquisition of endogenous
antibiotic resistance.9 Nevertheless, despite the potential
importance of hypermutable strains with respect to the
emergence of endogenous resistance, their response to anti-
microbial selection pressure has not been examined in detail.
A recent report by Tanabe et al.10 describes the in vitro devel-
opment of resistance to ampicillin and ofloxacin by an E. coli
dnaQ hypermutator strain. However, the significance of these
observations for the emergence of resistance in the clinical
setting is uncertain since variants with dnaQ deficiencies
have not been reported amongst natural E. coli isolates.6 We
therefore examined the response of several E.coli hypermuta-
tors, including those with MMR defects found in naturally
occurring strains, to a variety of antibiotics with different

endogenous resistance potentials.2 This included selection
with polymyxin B, cefotaxime and D-cycloserine (low endo-
genous resistance potentials), rifampicin (high resistance
potential) and ciprofloxacin under conditions of both high and
low resistance potential.

Materials and methods

Organisms

Several E. coli strains displaying mutator phenotypes were
used (Table 1). The wild-type parent of the isogenic series
1412–1419 is strain 1411 and the parent of the isogenic series
CSH114–117 is strain CSH109.

Antibiotics and growth media

Antibiotics were from Sigma-Aldrich, Poole, UK, with the
exception of ciprofloxacin, which was a gift from Bayer AG,
Leverkusen, Germany. Mueller–Hinton broth (MHB) and
agar (MHA) were from Fisher, Loughborough, UK.

Determination of susceptibility to antibiotics

MICs were determined by either two-fold serial antibiotic
dilutions or narrower increments in MHA with an inoculum in
MHB of 104 cfu/spot.11 Plates were incubated aerobically for
18 h at 37°C and the MIC was defined as the lowest concentra-
tion that produced no visible growth. At least three, and up to
five, replicate MIC determinations were carried out for all
starting strains and mutants. The quoted MICs were repro-
ducible on all occasions.

Table 1. E. coli strains and their susceptibility to various antibiotics

RIF, rifampicin; CIP, ciprofloxacin; DCS, D-cycloserine; PMB, polymyxin B; CTX, cefotaxime.

MIC (mg/L)

Strain Source Genotype RIF  CIP DCS  CTX PMB

1411 R. Lloyd, University of 
Nottingham, UK

lacI3, lacZ118, proB, trp, nalA, rpsL 8 0.125 16 0.032 0.5

1412 lacI3, lacZ118, proB, trp, nalA, rpsL, uvrD210 8 0.125 16 0.063 0.5
1413 lacI3, lacZ118, proB, trp, nalA, rpsL, mutS3 8 0.25 16 0.063 0.5
1417 lacI3, lacZ118, proB, trp, nalA, rpsL, mutH34 8 0.25 16 0.063 0.5
1419 lacI3, lacZ118, proB, trp, nalA, rpsL, uvrD156 8 0.125 16 0.063 0.5
149948 argG, his, leu, metB, malA, gal, xyl, mtl, lac, 

mutL13
8 0.063 16 0.125 0.5

CSH109 Cold Spring Harbor49 pro, ara∆(gpt-lac)5, rpsL 8 0.016 16 0.063 1
CSH114 pro, ara∆(gpt-lac)5, rpsL, mutT 8 0.016 16 0.125 0.5
CSH114A pro, ara∆(gpt-lac)5, rpsL, nalA, mutT 8 0.032 16 0.125 0.5
CSH115 pro, ara∆(gpt-lac)5, rpsL,mutS:mini-Tn10 8 0.016 16 0.125 1
CSH116 pro, ara∆(gpt-lac)5, rpsL, mutD5 zae-502:Tn10 8 0.016 16 0.032 0.5
CSH117 pro, ara∆(gpt-lac)5, rpsL, mutY:mini-Tn10 8 0.016 8 0.032 0.5
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Determination of mutation frequencies for resistance to 
antibiotics

This was performed essentially as described by O’Neill et
al.12 using MH growth media. Both standard and concentrated
cell techniques were used, whereby mutation frequencies as
low as 1 in 1011 can be detected.12 In each case, cultures were
started from single colonies of the test strain that were shown
to be sensitive to the antibiotic under investigation. In most
cases, antibiotic-resistant mutants were identified on medium
containing the selective antibiotic at a concentration that was
four-fold higher than the respective MIC for an individual
strain. Frequencies of second-step mutations to ciprofloxacin
resistance were determined following selections with cipro-
floxacin at levels four-fold higher than the respective MICs
for the primary mutants. Mutation frequencies were expressed
as the number of resistant mutants recovered as a fraction of
total viable bacteria.13

Determination of bacterial growth rates

The growth rates (doubling times) of bacteria cultured in
MHB were determined from absorbance readings at 600 nm
according to the method of Koch.14 Absorbance readings were
taken automatically in a Molecular Devices Spectra Max Plus
384 microplate reader (Sunnyvale, CA, USA). Microplates
were shaken and incubated at 37°C within the instrument.

Selection of mutants by continuous subculture in the 
presence of sub-inhibitory concentrations of antibiotic

These experiments were only performed with cefotaxime,
D-cycloserine and polymyxin B. Bacteria were grown over-
night at 37°C in MHB in the absence of antibiotics and 5 µL
aliquots of these cultures were used to inoculate 9 mL of fresh
broth containing the appropriate antibiotic at one-quarter of
the respective MIC for the strain. These cultures were incu-
bated overnight (18 h). Control experiments, involving deter-
mination of viable cell numbers, established that such cultures
progressed through 13 generations. After overnight incuba-
tion a 5 µL aliquot of the culture was used to repeat the
passage through further cycles, continuously in the presence
of 0.25 × MIC of the antibiotic. Each day, samples of undiluted
culture were plated on to MHA containing the selective anti-
biotic at 4× the original MIC, and plates were incubated at
37°C to identify the point at which resistant mutants emerged
during the sequential passage.

Sequencing of the quinolone resistance-determining 
regions in gyrA and parC

Chromosomal DNA was prepared from bacteria according
to Sambrook & Russell.15 Primers described by Weigel et al.16

were used to amplify the QRDRs (quinolone resistance-

determining regions) of gyrA and parC. The PCR products
were purified using Microcon PCR Centrifugal Filter Devices
(Millipore, Bedford, MA, USA) according to the manufac-
turer’s instructions. DNA sequencing was performed using an
Applied Biosystems 377 DNA sequencer.

Results and discussion

Mutation frequencies for resistance to drugs with 
different endogenous resistance potentials

Endogenous resistance to antibiotics usually results from
mutations that affect drug uptake into the cell or alter target
structure, thereby decreasing drug binding at the molecular
site of action. The mutational response of hypermutators to
selection with antibiotics with a range of endogenous resist-
ance potentials has not been determined previously. We
carried out such studies with rifampicin, ciprofloxacin,
D-cycloserine, cefotaxime and polymyxin B.

Rifampicin has a single molecular target, the RpoB subunit
of RNA polymerase, and no specific mechanism of entry into
bacteria.17 Consequently, rifampicin has high endogenous
resistance potential, and single-step point mutations in only
one gene, rpoB, can confer high-level resistance in E. coli.18

In E. coli, fluoroquinolones, including ciprofloxacin, prim-
arily inhibit DNA gyrase (GyrA) with topoisomerase IV
(ParC) as a secondary target.19 Single-site mutations at codon
83 or 87 of the gyrA QRDR are sufficient to confer low-level
ciprofloxacin resistance, whereas higher levels of resistance
either require double (codons 83 and 87) mutations in gyrA, or
gyrA mutations in combination with parC or marA mutations,
the latter enhancing drug efflux via the AcrAB–TolC system
and reducing influx by suppressing expression of the outer
membrane protein OmpF.20,21 Thus, at low concentrations
ciprofloxacin has a high endogenous resistance potential, but
at higher selective concentrations there is a requirement to
generate simultaneous mutations in two or more loci4 and the
agent consequently displays low endogenous resistance
potential.

D-Cycloserine and cefotaxime are antibiotics that have
multiple lethal targets, i.e. D-alanyl-D-alanine ligases A and B
(DdlA, B) and alanine racemase (Alr) for D-cycloserine,22 and
PBPs 1a (MrcA), 1b (MrcB) and 3 (FtsI) for cefotaxime.23

These antibiotics are predicted to have low endogenous resist-
ance potentials, since at the level of target site interaction it is
expected that independent mutations in more than one gene
will be required to express a resistance phenotype.4 However,
cefotaxime uses the OmpF porin pathway for uptake across
the E. coli outer membrane24 and D-cycloserine is transported
into the cell by the D-alanine permease system (Cyc).25 In the
case of cefotaxime, point mutations conferring resistance
could also potentially occur in the ampC-encoded β-lactam-
ase,26 or marA, the latter both enhancing AcrAB-mediated
β-lactam efflux and decreasing drug uptake through OmpF
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porin channels.20,27 Therefore, single-site mutations confer-
ring resistance to these antibiotics could in principle arise in
genes other than those encoding the drug targets, thereby
making the antibiotics prone to endogenous resistance
development.

Membrane-active agents, such as polymyxin B, have low
endogenous resistance potentials because they have no
specific routes of entry and it is difficult to alter fundamental
bacterial membrane composition by mutation.28,29 Poly-
myxin-resistant mutants of E. coli have been isolated.30 How-
ever, multiple outer membrane protein and lipopolysaccharide
alterations were detected, indicating that several mutations
are required to express a resistant phenotype.

The susceptibilities of hypermutators and their parent
strains to each of the antibiotics discussed above were deter-
mined (Table 1). The nalA (gyrA) genotypes of strains 1411,
1412, 1413, 1417, 1419 and CSH114A were consistent with
the low-level ciprofloxacin-resistant phenotypes exhibited by
these strains (Table 1). Sequence analysis of gyrA and parC
from strains 1411–1419 indicated that they contain a single
point mutation conferring a Ser-83→Leu substitution in the
QRDR of GyrA. This is a common single-step mutation that
confers low-level resistance to fluoroquinolones, including
ciprofloxacin, in E. coli.21

Attempts to select mutants resistant to rifampicin, cipro-
floxacin, D-cycloserine, cefotaxime and polymyxin B from
the hypermutator strains and their parent strains were carried
out by plating bacteria on to MHA containing antibiotics at
4 × the respective MICs listed in Table 1. No resistant mutants
were recovered, even for hypermutators, for selections at 4 ×
MIC with D-cycloserine, cefotaxime or polymyxin B (i.e.
frequencies were <10–11). These data are consistent with low
endogenous resistance potentials for these antibiotics.

For rifampicin, resistant mutants were recovered from all
strains (Table 2) and hypermutators demonstrated elevated
mutation frequencies compared with that of the parent strain.
Mutation frequencies varied from c. 10–8 for non-hypermutator
strains to as high as 10–5 for strain CSH114 (mutT). These
results demonstrate the ease with which resistance can arise in
hypermutators to agents that have a single molecular target
and no specific uptake mechanism, i.e. exhibiting high endo-
genous resistance potential.

This generalization was confirmed by using ciprofloxacin
under conditions where it behaves as an agent with high
endogenous resistance potential. Preliminary experiments
revealed that selection of first-step ciprofloxacin-resistant
mutants in strains CSH115, CSH116 and CSH117 led to loss
of hypermutator status (data not shown), apparently due to the
elimination of the mini-Tn10 elements integrated in the mut
genes. Therefore, in subsequent studies on the selection of
ciprofloxacin mutants from CSH115 to CSH117 the strains
were cultured in the presence of 4 mg/L tetracycline to main-
tain mini-Tn10 and hypermutator status. Control experiments

established that growth in the presence of tetracycline did not
influence the hypermutable properties of these strains, in that
elevated mutation frequencies for rifampicin resistance were
demonstrated when strains were cultured in the presence of
4 mg/L tetracycline (data not shown).

The QRDRs of gyrA and parC in strains CSH109, CSH114
and CSH115–CSH117 were sequenced following PCR
amplification of these regions. No mutations were detected.
Using a low ciprofloxacin selection concentration, first-step
ciprofloxacin-resistant mutants arose with a frequency of 10–9

with the parental strain (CSH109) and at elevated frequencies,
up to 1000-fold higher, with the hypermutators (Table 2).
Randomly selected, first-step ciprofloxacin-resistant mutants
(strains KM1, KM2 and KM6–KM11) (Table 3) derived from
strains CSH109, CSH114 and CSH115–CSH117 were chosen
and their QRDRs of gyrA and parC were sequenced. KM1
and KM2 each demonstrated a single Ser-83→Leu mutation
in GyrA, whereas the other mutants had Asp-87→Gly muta-
tions in GyrA. Since involvement of these mutations in the
expression of low-level fluoroquinolone resistance is well
established,21,31,32 it can be concluded that each of the first-
step ciprofloxacin-resistant mutants KM1, KM2 and KM6–
KM11 contains a single-step point mutation at codon 83 or 87
in gyrA. The sequence data confirm that the ciprofloxacin-
resistant mutants arose readily from the CSH hosts (Table 2)
under conditions in which ciprofloxacin displays high
endogenous resistance potential.

Mutants KM1, KM2 and KM6–KM11 were examined for
their potential to give rise to second-step ciprofloxacin-

Table 2. First-step mutation frequencies for resistance to 
rifampicin and ciprofloxacin

a± S.D. 
Mutants were recovered from selection at 4 × MIC of each drug (see Table 1).
NR, not relevant: already contains a first-step gyrA mutation (see text and
Table 3); RIF, rifampicin; CIP, ciprofloxacin.

Mutation frequencya

Strain RIF CIP

1411 4.00 ± 0.60 × 10–8 NR
1412 2.33 ± 0.35 × 10–6 NR
1413 2.18 ± 0.27 × 10–6 NR
1417 4.56 ± 0.55 × 10–6 NR
1419 5.02 ± 1.90 × 10–6 NR
1499 3.18 ± 0.27 × 10–6 NR
CSH109 1.70 ± 0.18 × 10–8 1.00 ± 0.62 × 10–9

CSH114 1.70 ± 0.90 × 10–5 1.50 ± 0.31 × 10–6

CSH114A 5.40 ± 0.57 × 10–6 NR
CSH115 6.65 ± 0.59 × 10–6 1.67 ± 0.52 × 10–7

CSH116 5.70 ± 1.15 × 10–6 8.47 ± 1.30 × 10–8

CSH117 3.82 ± 0.85 × 10–6 1.31 ± 0.10 × 10–7



Response of E. coli hypermutators to antimicrobial agents

929

resistant mutants. Selections were performed with cipro-
floxacin at 4 × the respective MIC for strains KM1 and KM2
and for KM6–KM11 in the presence of 4 mg/L tetracycline
(Table 3). As discussed above, the mutation frequencies
recorded under these conditions are likely to reflect selection
of second-site mutations either in gyrA (codon 83 or 87), parC
(codon 80 or 84) or mar. In contrast to the generation of first-
step ciprofloxacin-resistant mutants in the mutator CSH
hosts (Table 2), the frequency with which second-step cipro-
floxacin-resistant mutants arose in strains KM2 and KM6–
KM11 was at most only 10-fold greater than the non-hyper-
mutator strain KM1 (Table 3). Indeed, in some cases second-
step mutation frequencies, e.g. for KM2 and KM6–KM9, were
not significantly different from those obtained with KM1
(Table 3). This was not due to loss of mutator status in strains
KM2 and KM6–KM11, since elevated mutation frequencies
to rifampicin resistance, comparable to those exhibited by
CSH114–CSH117, were found for KM2 and KM6–KM11
(data not shown). Further experiments to address the question
of why second-step mutation frequencies to ciprofloxacin
resistance were suppressed, or partially suppressed, in hyper-
mutator hosts are considered in a subsequent section (see
Further observations on second-step ciprofloxacin-resistant
mutants).

By combining the individual mutation frequencies for
ciprofloxacin resistance (Tables 2 and 3), it is possible to
derive theoretical resistance mutation frequencies (Table 3)
under conditions where ciprofloxacin has low endogenous
resistance potential, i.e. 16 × MIC selective concentration.
These values are extremely low for CSH109 and its mutT
(CSH114), mutS (CSH115), mutD (CSH116) and mutY
(CSH117) derivatives. Indeed, consistent with these theor-

etical values, it was not possible to select resistant mutants of
strains CSH109–CSH117 directly when the ciprofloxacin
selective concentration was 16 × MIC, i.e. the experimental
mutation frequency was <10–11 (data not shown). This con-
firms the low endogenous resistance potential of cipro-
floxacin when there is a requirement to acquire simultaneous
mutations in two or more genes to express moderate- or high-
level resistance.

Selection of resistant mutants by continuous subculture in 
the presence of sub-inhibitory antibiotic concentrations

Experiments were also conducted with D-cycloserine, cefo-
taxime and polymyxin B to investigate the potential for the
emergence of resistance in hypermutators during prolonged
subculture. This involved attempts to select resistant mutants
by continuous subculture in the presence of sub-inhibitory
(0.25 × MIC) antibiotic concentrations. Separate experiments
established that the antibiotics under these conditions
imposed selection pressures. For example, the doubling time
of strain CSH109 was increased 1.8-, 3.5- and 1.5-fold in the
presence of 0.25 × MIC polymyxin B, cefotaxime and
D-cycloserine, respectively. Repeated passage in the presence
of D-cycloserine at 0.25 × MIC eventually led to the emer-
gence of D-cycloserine-resistant mutants in both hypermuta-
tors and their parent strains (Figure 1). However, resistant
mutants arose more frequently from hypermutators than their
parental strains and resistance also emerged earlier from
hypermutators (the majority between 26 and 39 generations)
compared with the parents (39–52 generations). Each of the
18 D-cycloserine-resistant mutants recovered (Figure 1)
exhibited a four-fold increase in resistance to the antibiotic

Table 3. Susceptibility of first-step mutants and strains with pre-existing gyrA mutations to ciprofloxacin, and mutation 
frequencies for selection of second-step ciprofloxacin-resistant mutants 

Ciprofloxacin selection concentrations for the second-step mutants were 4 × respective MIC values of the first-step mutants.

Strain (first-step 
mutants) Mutation in gyrA   Parent

MIC (mg/L) 
(ciprofloxacin)

Second-step resistance 
mutation frequency

Theoretical simultaneous two-step 
resistance mutation frequency

KM1 Ser-83→Leu CSH109 0.064 5.41 ± 1.80 × 10–9 5.41 × 10–18

KM2 Ser-83→Leu CSH114 0.064 2.95 ± 1.96 × 10–9 4.43 × 10–15

KM6 Asp-87→Gly CSH115 0.25 1.54 ± 0.31 × 10–9 2.57 × 10–16

KM7 Asp-87→Gly CSH115 0.125 1.30 ± 0.58 × 10–9 2.57 × 10–16

KM8 Asp-87→Gly CSH116 0.125 2.36 ± 0.12 × 10–9 2.00 × 10–16

KM9 Asp-87→Gly CSH116 0.125 2.88 ± 0.42 × 10–9 2.44 × 10–16

KM10 Asp-87→Gly CSH117 0.125 3.44 ± 0.99 × 10–8 4.51 × 10–15

KM11 Asp-87→Gly CSH117 0.125 5.87 ± 0.92 × 10–8 7.69 × 10–15

1411 Ser-83→Leu – 0.125 8.33 ± 3.81 × 10–9 data unavailable
1412 Ser-83→Leu – 0.125 4.42 ± 0.55 × 10–8 data unavailable
1413 Ser-83→Leu – 0.25 5.74 ± 0.85 × 10–9 data unavailable
1417 Ser-83→Leu – 0.25 1.76 ± 0.18 × 10–9 data unavailable
1419 Ser-83→Leu – 0.125 2.69 ± 1.00 × 10–9 data unavailable
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compared with the parent strain. The hypermutator status of
D-cycloserine-resistant mutants arising in hosts CSH114A–
CSH117 was confirmed by demonstrating that these strains
retained resistance to tetracycline (MIC > 128 mg/L), indi-
cating mini-Tn10 insertions in the respective mut genes.
Furthermore, the D-cycloserine-resistant mutants derived
from strains 1412–1499 and CSH114–CSH117 each retained
elevated mutation frequencies for rifampicin resistance, con-
sistent with retention of hypermutator status. We have not
explored the mechanism of D-cycloserine resistance in these
mutants. However, in mycobacteria, resistance to D-cycloser-
ine can arise by mutations that either increase the expression
of alanine racemase (alr),33 or alter the D-cycloserine uptake
system (cyc).34 Since D-cycloserine-resistant mutants could
not be selected by direct plating of E. coli (i.e. mutation
frequency <10–11) (see previous section) it is possible that
both types of mutation are required simultaneously to express
resistance in E. coli. The frequency with which double muta-
tions arise is predicted to be low and such mutants might only
be selected by sequential passage in the presence of
D-cycloserine.

Sequential passage for up to 65 generations failed to
recover mutants resistant to either cefotaxime or polymyxin
B. This indicates that these antibiotics have low endogenous
resistance potential.

Population analysis of antibiotic-resistant mutants

Population analyses were performed to determine whether
there was a bias towards the generation of mutants with
higher, or lower, levels of antibiotic resistance from hyper-
mutator strains compared with non-hypermutators. For rif-
ampicin, 20 resistant mutants derived from each of the 12
strains listed in Table 1 were picked at random from colonies
appearing on selection plates containing rifampicin at 4 ×
MIC levels. The individual MICs of rifampicin were deter-
mined for these 240 strains. Rifampicin MICs for mutants
were in the range 32–256× that of the starting strain. For the
majority (18 isolates, 90%) of rifampicin-resistant mutants
from strain CSH109 (the parent of series CSH114–CSH117)
the MIC was 1024 mg/L, i.e. 128 × MIC of rifampicin for
strain CSH109 itself (Figure 2). The two further mutants
derived from strain CSH109 displayed rifampicin MICs of
512 mg/L, i.e. 64 × MIC (one strain, 5%) and 2048 mg/L, i.e.
256 × MIC (one strain, 5%) (Figure 2). Similar determina-

Figure 1. Timeline for emergence of mutants resistant to D-cycloserine
during continuous subculture in the presence of antibiotic (0.25 × MIC).
The diagram records the appearance of mutants recovered from one
continuous growth experiment with each of the listed strains.

Figure 2. Population analysis of single-step rifampicin-resistant
mutants derived from host strains CSH109–CSH117 and 1411–1499.
Resistant mutants were selected from each of the starting strains by
plating on agar containing rifampicin at 4 × MIC. Twenty mutants
arising from each strain (i.e. 240 mutants in total) were picked at random
from the primary selection plates and their susceptibilities (MIC) to
rifampicin were determined. The numbers (%) of resistant mutants
derived from each strain falling into the following resistance bands were
recorded: hatching, 32 × MIC for starting strain; solid, 64 × MIC; dark
shading, 128 × MIC; light shading, 256 × MIC; no shading, >256 × MIC.
All starting strains have rifampicin MICs of 8 mg/L. #, Significant
difference at 95% confidence limits; *, significant difference at 99%
confidence limits; all others show no significant difference compared
with the non-hypermutator strains, CSH109 and 1411.
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tions were carried out for the other strains (Figure 2). Statisti-
cal analysis of the data by an R × C test of independence35

indicated significant differences in the MIC distribution of
rifampicin-resistant mutants arising from the majority of the
hypermutators when compared with those of the respective
parent strains (Figure 2). A greater proportion of high-level
rifampicin-resistant mutants was recovered from the mutD-,
mutH-, mutL- and mutY-deficient strains compared with the
non-hypermutator strains. Furthermore, the highest level of
resistance displayed by mutants arising from hypermutators
(>256 × MIC for the starting strain) was greater than that of
any mutant recovered from non-hypermutator strains, which
never exceeded 256 × MIC (Figure 2). The range of rif-
ampicin resistance levels exhibited by the 240 mutants
studied here presumably reflects variations in the nature and
position of point mutations occurring within rpoB.18

Similar experiments were carried out for first-step cipro-
floxacin-resistant mutants derived from strains CSH109 and
CSH114–CSH117. In the case of strains CSH115–CSH117,
ciprofloxacin-resistant mutants were selected in the presence
of 4 mg/L tetracycline to maintain mini-Tn10 insertions in the
mut alleles. Each of the 20 ciprofloxacin-resistant mutants of
CSH109 (first-step) displayed four-fold increases in resist-
ance to the drug (Figure 3). Compared with CSH109, sig-
nificant differences in ciprofloxacin MIC distribution,
confirmed by χ2 independence testing,35 were obtained for
ciprofloxacin-resistant mutants of CSH114 (mutT), CSH115
(mutS), CSH116 (mutD) and CSH117 (mutY ) (Figure 3). In
each case, mutants were recovered from the mutator strains
that exhibited higher ciprofloxacin resistance levels than
mutants derived from the non-hypermutator strain CSH109.
Thus, whereas ciprofloxacin-resistant mutants arising from
the non-hypermutator strain CSH109 only demonstrated a
four-fold increase in resistance to the drug, ciprofloxacin-
resistant mutants with at least an eight-fold increase in resist-
ance were recovered from all mutator hosts, and two mutants
derived from CSH115 (mutS) demonstrated resistance levels
up to 16-fold greater than the parent strain (Figure 3).

The first-step ciprofloxacin-resistant mutants described
here (Figure 3) are all presumptive gyrA mutants since single-
site mutations in this gene are sufficient to confer low levels of
ciprofloxacin resistance.21,31,36 We therefore sought evidence
that first-step mutants contained gyrA mutations. One, and in
some cases two, of the most resistant first-step ciprofloxacin-
resistant mutants arising from each of the starting strains
CSH109–CSH117 were randomly selected for sequence
analysis of gyrA and parC. Alterations in these first-step
mutants (KM1, KM2, KM6–KM11) were only located in
gyrA, either at codon 83 or 87 (Table 3). In KM1 and KM2 the
Ser-83→Leu mutation was associated with a four-fold in-
crease in resistance to ciprofloxacin compared with the parent
strains CSH109 and CSH114. Mutants KM7–KM11 pos-
sessed Asp-87→Gly mutations in the QRDR of gyrA and

exhibited an eight-fold increase in resistance to ciprofloxacin.
However, one mutant, KM6, although demonstrating an
Asp-87→Gly mutation in the QRDR of gyrA consistently
demonstrated a 16-fold increase in resistance to ciprofloxacin
compared with its parent CSH115 (Tables 1 and 3). It is possi-
ble that two mutations have arisen simultaneously in KM6,
one in gyrA and the second at another locus. These mutations
would act synergically in KM6 to raise the level of resistance
16-fold compared with the parent strain CSH115. A candidate
for the second locus might be marA, since such mutations
have been identified as secondary to gyrA mutations in the
course of in vitro selections for ciprofloxacin resistance.21

However, KM6 did not exhibit increased resistance to chlor-
amphenicol (data not shown), a phenotype associated with
mutations in mar.20,21 Therefore, the putative nature of the
second-site mutation in KM6 is currently unknown, but it may
reside in crp, cya, icd, purB or ctr, since mutations in any of
these genes can confer low-level resistance to ciprofloxacin.37

It is also interesting to note that although KM6 exhibits a

Figure 3. Population analysis of single-step, low-level ciprofloxacin
resistant mutants derived from starting strains CSH109–CSH117.
Resistant mutants were selected from each of the starting strains by
plating on agar containing ciprofloxacin at 4 × MIC. Twenty mutants
from each starting strain (i.e. 100 mutants in total) were picked at
random from the primary selection plates and their susceptibilities
(MICs) to ciprofloxacin determined. The numbers (%) of resistant
mutants derived from each starting strain falling into the following
resistance bands were recorded: solid, 4 × MIC; dark shading, 8 × MIC,
light shading, 16 × MIC. All starting strains have ciprofloxacin MICs of
0.016 mg/L. #, Significant difference at 95% confidence limits; *, signif-
icant difference at 99% confidence limits; all others show no significant
difference in the profile compared with the non-hypermutator parent
strain CSH109.
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16-fold increase in resistance to ciprofloxacin compared with
its parent CSH115, it was not possible to select ciprofloxacin-
resistant mutants of CSH115 by direct selection on agar
containing ciprofloxacin at 16 × MIC. This suggests that a
second, unidentified mutation arose in KM6, probably spon-
taneously during subculture of the mutant before the final
ciprofloxacin susceptibility testing that established the cipro-
floxacin MIC of 0.25 mg/L for this strain. A similar explana-
tion may account for the occurrence of a second mutant
derived from CSH115, for which ciprofloxacin also exhibited
an MIC of 0.25 mg/L (Figure 3).

To our knowledge this situation has not previously been
reported. Furthermore, our data indicate that the occurrence
of these spontaneous mutations in the absence of cipro-
floxacin selection pressure may be enhanced in hypermutable
hosts.

χ2 Population analysis35 was carried out on the second-step
ciprofloxacin-resistant mutants (160 mutants) derived from
strains KM1, KM2 and KM6–KM11 that had themselves
been selected from the host strains CSH109 and CSH114–
CSH117. Compared with KM1, derived from non-hypermu-
tator strain CSH109, no significant differences in second-step
ciprofloxacin MIC distribution were obtained for mutD-,
mutS- and mutY-deficient strains (Figure 4). However,
second-step mutants derived from KM2 (mutT) demonstrated
a trend towards generation of mutants with higher levels
of ciprofloxacin resistance than those derived from KM1
(Figure 4).

Further observations on second-step ciprofloxacin-
resistant mutants

As noted in previous sections, elevated mutation frequencies
for selection of second-step ciprofloxacin-resistant mutants
in strains KM2 (GyrA, Ser-83→Leu) and KM6–KM11
(GyrA; Asp-87→Gly) were not observed (Table 3), even
though these strains retained hypermutator status for the
generation of rifampicin-resistant mutants. Second-step
ciprofloxacin-resistant mutants were also selected from strains
1411–1419 (GyrA; Ser-83→Leu). Mutation frequencies for
second-step ciprofloxacin resistance were again suppressed
in the mutator hosts (Table 3), even though these strains
exhibited elevated frequencies for selection of rifampicin-
resistant mutants. In addition, it was noted that the MIC distri-
bution of second-step ciprofloxacin-resistant mutants arising
from strains KM6–KM11 (Figure 4) and 1412–1419 (data not
shown) did not differ significantly from that of second-step
mutants arising from parent strains KM1 and 1411. These
observations suggest that the nature of the second-step
ciprofloxacin-resistant mutations arising from these strains
is identical and that the locus responsible is not subject to
elevated mutation frequencies despite the presence of defec-
tive MMR pathways in strains KM6–KM11 and 1412–1419.

The possibility that second-step mutations to ciprofloxacin
resistance in hypermutator and parent strains arise in the mar
regulatory locus was suggested by the observation that out of
170 second-step mutants analysed, each displayed four-fold
increases in resistance to chloramphenicol (MIC 16 mg/L)
compared with their immediate parents (chloramphenicol
MIC 4 mg/L) and the parents of the first-step ciprofloxacin-
resistant mutants (chloramphenicol MIC 4 mg/L). As already
noted, the chloramphenicol-resistant phenotype is character-
istic of mar mutations.20,21

Conclusions

In recent years progress has been made in the discovery and
development of new agents to address problems caused by
bacterial resistance to existing antibiotics.38–41 Clearly, one of
the critical elements in the selection of lead compounds for
development rests upon choosing new compounds with low
endogenous resistance potentials.2,3,42 Since bacterial loads as
high as 109 cells/mL can occur within infected tissues,43 new
agents should ideally possess endogenous mutation rates of
<10–9 at concentrations where they exhibit effective anti-
bacterial action.

Figure 4. Population analysis of second-step, high-level ciprofloxacin-
resistant mutants derived from starting strains KM1, KM2 and KM6–
KM11. Resistant mutants were selected from each of the starting strains
by plating on agar containing ciprofloxacin at 4 × MIC. Twenty mutants
from each starting strain (i.e. 160 mutants in total) were picked at
random from the primary selection plates and their susceptibilities
(MICs) to ciprofloxacin determined. The numbers (%) of resistant
mutants derived from each starting strain falling into the following
resistance bands were recorded: solid, 4 × MIC; shading, 8 × MIC.
Starting strains KM1 and KM2 have ciprofloxacin MICs of 0.64 mg/L;
all other starting strains have MICs of 0.125 or 0.25 mg/L. #, Significant
difference at 95% confidence limits; all others show no significant
difference compared with non-hypermutator strain KM1.
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Recently, we42 and others4,44 advocated the use of bacterial
hypermutators, i.e. strains with elevated mutation rates, as
valuable tools for assessing the potential for the development
of resistance to new antibiotics. Since hypermutators exist in
the clinical setting,6,7,44 their use in the laboratory can indicate
worst case scenarios for resistance development.42

Despite the potential value of hypermutators for antibiotic
discovery research, their response to selection pressure with
antibiotics has only partially been characterized.6,10 This
paper demonstrates that the presence of hypermutators in the
clinical setting presents an enhanced risk for the emergence of
endogenous resistance to agents where mutations in single
gene targets confer resistance phenotypes. Hypermutators
could also present problems in the case of agents with multi-
ple targets but single uptake routes, since resistance develop-
ment may only need mutation in the uptake system. Although
we did not characterize D-cycloserine-resistant mutants, we
noted that they arose more readily from hypermutable hosts
than from non-hypermutators, perhaps reflecting the enhanced
ability of hypermutators to generate double mutations in both
the transport system cyc and the alanine racemase (alr) pro-
moter. In some cases hypermutators gave rise to mutants
whose antibiotic resistance levels were greater than those
recovered from non-hypermutator hosts. These results
demonstrate that hypermutators possess superior genetic
backgrounds for the selection of some antibiotic-resistant mu-
tations and further emphasize the need to develop new drugs
with minimal resistance potential.

We noted different relative mutation frequencies with
some of the hypermutators for the selection of single-step
rifampicin- and ciprofloxacin-resistant mutants. For instance,
CSH116 (mutD) was relatively more proficient in generating
rifampicin-resistant mutants than ciprofloxacin-resistant
mutants under conditions where both agents were acting as
single target drugs (Table 2). These observations probably
reflect the outcome of several variables, including the prefer-
ence for the introduction of transitions or transversions by the
various hypermutators.45

Finally, we noted that the MICs for single-step rifampicin-
resistant mutants, and in particular those arising in hyper-
mutators, varied considerably. In contrast the MICs for
single-step ciprofloxacin mutants fell into a more restricted
MIC range that was not greatly influenced by hypermutator
status. These differences probably reflect the fact that
rifampicin resistance can be acquired by mutation at many
sites in rpoB,3,46 whereas mutations conferring ciprofloxacin
resistance are confined to a more limited number of sites in
gyrA or parC.16,21,31,36,47

Acknowledgements

We thank Professor Robert Lloyd for supplying bacteria, Mr
Anthony Hoyle for technical assistance and Dr Peter Bennett

for helpful discussions. This work was supported by a grant to
I.C. from the British Society for Antimicrobial Chemo-
therapy.

References

1. Cohen, M. L. (2000). Changing patterns of infectious disease.
Nature 406, 762–7.

2. Silver, L. L. & Bostian, K. A. (1993). Discovery and development
of new antibiotics: the problem of antibiotic resistance. Antimicrobial
Agents and Chemotherapy 37, 377–83.

3. Spratt, B. G. (1994). Resistance to antibiotics mediated by
target alterations. Science 264, 388–93.

4. Martinez, J. L. & Baquero, F. (2000). Mutation frequencies and
antibiotic resistance. Antimicrobial Agents and Chemotherapy 44,
1771–7.

5. Russell, A. D. & Chopra, I. (1996). Understanding Antibacterial
Action and Resistance, 2nd edn. Ellis Horwood, Hertfordshire, UK.

6. LeClerc, J. E., Li, B. G., Payne, W. L. & Cebula, T. A. (1996).
High mutation frequencies among Escherichia coli and Salmonella
pathogens. Science 274, 1208–11.

7. Bucci, C., Lavitola, A., Salvatore, P., Del Giudice, L., Massardo,
D. R., Bruni, C. B. et al. (1999). Hypermutation in pathogenic
bacteria: Frequent phase variation in meningococci is a phenotypic
trait of a specialized mutator biotype. Molecular Cell 3, 435–45.

8. Oliver, A., Canton, R., Campo, P., Baquero, F. & Blazquez, J.
(2000). High frequency of hypermutable Pseudomonas aeruginosa
in cystic fibrosis lung infection. Science 288, 1251–4.

9. Giraud, A., Radman, M., Matic, I. & Taddei, F. (2001). The rise
and fall of mutator bacteria. Current Opinion in Microbiology 4,
582–5.

10. Tanabe, K., Kondo, T., Onodera, Y. & Furusawa, M. ( 1999). A
conspicuous adaptability to antibiotics in the Escherichia coli
mutator strain, dnaQ49. FEMS Microbiology Letters 176, 191–6.

11. BSAC. (1991). A guide to sensitivity testing. Report of the work-
ing party on antibiotic sensitivity testing of the British Society for
Antimicrobial Chemotherapy. Journal of Antimicrobial Chemo-
therapy 27, Suppl. D, 1–50.

12. O’Neill, A. J., Cove, J. H. & Chopra, I. (2001). Mutation frequen-
cies for resistance to fusidic acid and rifampicin in Staphylococcus
aureus. Journal of Antimicrobial Chemotherapy 47, 647–50.

13. Eisenstadt, E., Carlton, B. C. & Brown, B. J. (1994). Gene muta-
tion. In Methods for General and Molecular Bacteriology (Gerhardt,
P., Murray, R. G. E., Wood, W. A. & Krieg, N. R., Eds), pp. 297–316.
American Society for Microbiology, Washington, DC.

14. Koch, A. L. (1994). Growth measurement. In Methods for Gen-
eral and Molecular Bacteriology (Gerhardt, P., Murray, R. G. E.,
Wood, W. A. & Krieg, N. R., Eds), pp. 248–92. American Society for
Microbiology, Washington, DC.

15. Sambrook, J. & Russell, D. W. (2001). Molecular Cloning: A
Laboratory Manual, 3rd edn. Cold Spring Harbor Laboratory Press,
Cold Spring Harbor, NY.

16. Weigel, L. M., Steward, C. D. & Tenover, F. C. (1998). gyrA
mutations associated with fluoroquinolone resistance in eight



K. Miller et al.  

934

species of Enterobacteriaceae. Antimicrobial Agents and Chemo-
therapy 42, 2661–7.

17. Williams, K. J. & Piddock, L. J. V. (1998). Accumulation of
rifampicin by Escherichia coli and Staphylococcus aureus. Journal
of Antimicrobial Chemotherapy 42, 597–603.

18. Jin, D. J. & Zhou, Y. N. (1996). Mutational analysis of structure–
function relationship of RNA polymerase in Escherichia coli.
Methods in Enzymology 273, 300–19.

19. Khodursky, A. B., Zechiedrich, E. L. & Cozzarelli, N. R. (1995).
Topoisomerase IV is a target of quinolones in Escherichia coli. Pro-
ceedings of the National Academy of Sciences, USA 92, 11801–5.

20. Alekshun, M. N. & Levy, S. B. (1997). Regulation of chromo-
somally-mediated multiple antibiotic resistance: the mar regulon.
Antimicrobial Agents and Chemotherapy 41, 2067–75.

21. Bagel, S., Hullen, V., Wiedemann, B. & Heisig, P. (1999).
Impact of gyrA and parC mutations on quinolone resistance,
doubling time, and supercoiling degree of Escherichia coli. Anti-
microbial Agents and Chemotherapy 43, 868–75.

22. Bugg, T. D. H. & Walsh, C. T. (1992). Intracellular steps of bac-
terial cell wall peptidoglycan biosynthesis—enzymology, antibiotics,
and antibiotic-resistance. Natural Product Reports 9, 199–215.

23. Livermore, D. M. & Williams, J. D. (1996). Beta-lactams: mode
of action and mechanisms of bacterial resistance. In Antibiotics in
Laboratory Medicine, 4th edn (Lorian, V., Ed.), pp. 502–78. Williams
& Wilkins, Baltimore, MD.

24. Nikaido, H. (1985). Role of permeability barriers in resistance to
β-lactam antibiotics. Pharmacology and Therapeutics 27, 197–231.

25. Chopra, I. & Ball, P. (1982). Transport of antibiotics into bac-
teria. Advances in Microbial Physiology 23, 183–240.

26. Caroff, N., Espaze, E., Berard, I., Richet, H. & Reynaud, A.
(1999). Mutations in the ampC promoter of Escherichia coli isolates
resistant to oxyiminocephalosporins without extended spectrum
β-lactamase production. FEMS Microbiology Letters 173, 459–65.

27. Nikaido, H. (1998). Multiple antibiotic resistance and efflux.
Current Opinion in Microbiology 1, 516–23.

28. Ge, Y. G., MacDonald, D. L., Holroyd, K. J., Thornsberry, C.,
Wexler, H. & Zasloff, M. (1999). In vitro antibacterial properties of
pexiganan, an analog of magainin. Antimicrobial Agents and
Chemotherapy 43, 782–8.

29. Hancock, R. E. W. & Falla, T. J. (1997). Cationic peptides. In
Biotechnology of Antibiotics (Strohl, W. R., Ed.), pp. 471–96. Marcel
Dekker, New York, NY.

30. Rahaman, S. O., Mukherjee, J., Chakrabarti, A. & Pal, S.
(1998). Decreased membrane permeability in a polymyxin B-
resistant Escherichia coli mutant exhibiting multiple resistance to
β-lactams as well as aminoglycosides. FEMS Microbiology Letters
161, 249–54.

31. Bachoual, R., Tankovic, J. & Soussy, C. J. (1998). Analysis of
the mutations involved in fluoroquinolone resistance of in vivo and
in vitro mutants of Escherichia coli. Microbial Drug Resistance 4,
271–6.

32. Barnard, F. M. & Maxwell, A. (2001). Interaction between DNA
gyrase and quinolones: effects of alanine mutations at GyrA subunit

residues Ser(83) and Asp(87). Antimicrobial Agents and Chemo-
therapy 45, 1994–2000.

33. Caceres, N. E., Harris, N. B., Wellehan, J. F., Feng, Z. Y.,
Kapur, V. & Barletta, R. G. (1997). Overexpression of the D-alanine
racemase gene confers resistance to D-cycloserine in Mycobac-
terium smegmatis. Journal of Bacteriology 179, 5046–55.

34. David, H. L. (1971). Resistance to D-cycloserine in the tubercle
bacilli: mutation rate and transport of alanine in parental cells and
drug-resistant mutants. Applied Microbiology 21, 888–92.

35. Sokal, R. R. & Rohlf, F. J. (1980). Biometry, 2nd edn. W. H.
Freeman and Company, New York, NY.

36. Everett, M. J., Jin, Y. F., Ricci, V. & Piddock, L. J. V. (1996).
Contributions of individual mechanisms to fluoroquinolone resist-
ance in 36 Escherichia coli strains isolated from humans and
animals. Antimicrobial Agents and Chemotherapy 40, 2380–6.

37. Hooper, D. C. & Wolfson, J. S. (1993). Mechanisms of bacterial
resistance to quinolones. In Quinolone Antimicrobial Agents, 2nd
edn (Hooper, D. C. & Wolfson, J. S., Eds), pp. 97–118. American
Society for Microbiology, Washington, DC.

38. Chopra, I. (1998). Research and development of antibacterial
agents. Current Opinion in Microbiology 1, 495–501.

39. Moir, D. T., Shaw, K. J., Hare, R. S. & Vovis, G. F. (1999).
Genomics and antimicrobial drug discovery. Antimicrobial Agents
and Chemotherapy 43, 439–46.

40. Wendler, P. A. & Silverman, J. A. (2000). Antibacterial drug
discovery: progress with current targets. Current Opinion in Anti-
infective Investigational Drugs 2, 125–32.

41. Rosamond, L. & Allsop, A. (2000). Harnessing the power of the
genome in the search for new antibiotics. Science 287, 1973–6.

42. O’Neill, A. J. & Chopra, I. (2001). Use of mutator strains for
characterization of novel antimicrobial agents. Antimicrobial Agents
and Chemotherapy 45, 1599–600.

43. Mobashery, S. & Azucena, E. F. (1999). Bacterial antibiotic
resistance. In Encyclopedia of Life Sciences. Nature Publishing
Group, London, UK. http://www.els.net

44. Martinez, J. L. & Baquero, F. (2001). Use of mutator strains for
characterization of novel antimicrobial agents—reply. Antimicrobial
Agents and Chemotherapy 45, 1599–600.

45. Horst, J. P., Wu, T. H. & Marinus, M. G. (1999). Escherichia coli
mutator genes. Trends in Microbiology 7, 29–36.

46. Jin, D. J. & Gross, C. A. (1988). Mapping and sequencing of
mutations in the Escherichia coli rpoB gene that lead to rifampicin
resistance. Journal of Molecular Biology 202, 45–58.

47. Heisig, P. (1996). Genetic evidence for a role of parC mutations
in development of high-level fluoroquinolone resistance in Escher-
ichia coli. Antimicrobial Agents and Chemotherapy 40, 879–85.

48. Liberfarb, R. M. & Bryson, V. (1970). Isolation, characterization,
and genetic analysis of mutator genes in Escerichia coli B and K-12.
Journal of Bacteriology 104, 363–75.

49. Miller, J. H. (1992). A Short Course in Bacterial Genetics. Cold
Spring Harbor Laboratory Press, Cold Spring Harbor, NY.


