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 Part of this study was presented at the 19th European Congress of Clinical 

Microbiology and Infectious Diseases (ECCMID), 16–19 May 2009, Helsinki, Finland 

(abstract P1481). 
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ABSTRACT 

We investigated hypermutability in Klebsiella pneumoniae and its association with 

ciprofloxacin resistance and mutations in the quinolone resistance-determining 

region (QRDR). Sixty-four strains of K. pneumoniae isolated in London, UK, between 

1995 and 2002 with widely differing ciprofloxacin minimum inhibitory concentrations 

(MICs) and known gyrA and parC sequences were tested for mutation frequencies 

by selection with rifampicin. Only three hypermutable (frequency ≥10–6) strains were 

identified, with ciprofloxacin MICs of 0.25, 8 and 64 g/mL. There was no 

relationship between hypermutation and the ciprofloxacin MIC or QRDR mutations. 

Screening selected strains with streptomycin did not reveal any hypermutators, and 

screening with ciprofloxacin identified only two of the three hypermutators identified 

by rifampicin. Hypermutation in K. pneumoniae is uncommon and does not 

contribute to accumulation of QRDR mutations or directly to ciprofloxacin resistance. 



Page 4 of 20

Acc
ep

te
d 

M
an

us
cr

ip
t

Page | 4 

 

1. Introduction 

Bacteria generally exhibit a mutation frequency of 10–10 per replicated base pair [1]. 

Strains that exhibit an elevated mutation frequency are said to be hypermutable 

[2,3]. There is no consensus on the mutation frequency above which an isolate is 

considered to be hypermutable [3], but a frequency of >10–6 is widely accepted [4] 

and this value has been used in the present study. 

 

The methyl-directed mismatch repair (MMR) system, which involves the genes mutS, 

mutL, mutH and mutU, normally corrects illegitimate DNA replication [5] and 

hypermutator phenotypes are thought to arise as a result of mutations in these 

genes. It is postulated that hypermutators develop antibacterial resistance at a 

higher frequency than MMR-proficient cells when exposed to antimicrobials [4,6,7]. 

This may be due to an increased frequency of target site mutations or to changes in 

other genes, such as those associated with efflux pump activity. Hypermutability may 

also bring about mutation in a single global gene such as mar, which can lead to the 

development of simultaneous multiple antibacterial resistance [8]. It has therefore 

been proposed that hypermutators have a higher rate of antimicrobial resistance and 

multiple resistance than normal clones and that hypermutation plays a role in the 

emergence of resistance [2,4,6,7]. This has been supported by several studies of 

different bacterial species and antimicrobial agents [4,7], but not by others [9]. Thus, 

the general role of hypermutability in the emergence of clinically relevant 

antibacterial resistance remains uncertain. 
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The incidence of fluoroquinolone resistance in Enterobacteriaceae has steadily 

increased since these agents were introduced into clinical practice [10,11]. The 

commonest mechanism involved, and the one associated with the highest levels of 

resistance, is mutations in the quinolone resistance-determining region (QRDR) of 

the topoisomerase genes, especially gyrA and parC. Accumulation of multiple 

mutations in this region is associated with increasing fluoroquinolone resistance [11]. 

We hypothesised that if hypermutability is associated with the development of 

fluoroquinolone resistance, then hypermutators should have more QRDR mutations 

and higher fluoroquinolone minimum inhibitory concentrations (MICs) than non-

hypermutators. 

 

We previously determined the QRDR mutations associated with ciprofloxacin 

resistance in a collection of distinct clinical isolates of Klebsiella pneumoniae with a 

range of ciprofloxacin MICs [12]. In this study, the prevalence of hypermutation in 

this isolate collection was investigated. 

 

2. Materials and methods 

2.1. Organisms, antimicrobials, culture media and antimicrobial susceptibility testing 

Sixty-four clinical isolates of K. pneumoniae isolated in London, UK, between 1995 

and 2002, chosen to represent distinct isolates by biochemical and antibacterial 

susceptibility profiles and repetitive sequence-based polymerase chain reaction 

(repPCR) screening, were investigated [12]. Mutations in gyrA and parC were 

identified by sequencing [12]. Ciprofloxacin, rifampicin and streptomycin MICs were 
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determined by agar dilution. MICs of chloramphenicol (CHL), tetracycline (TET) and 

trimethoprim (TMP) were determined for 26 isolates by Etest. Escherichia coli NCTC 

10418 and K. pneumoniae NCTC 009633 were used as standards and as controls in 

the hypermutability studies. 

 

2.2. Hypermutability tests 

2.2.1. Detection of hypermutability using rifampicin or streptomycin 

Hypermutability was investigated by a modified method of Oliver et al. [4]. Overnight, 

aerobic, 37 C shake cultures in Luria–Bertani (LB) broth were used to make cell 

suspensions of ca. 1010 colony-forming units (CFU)/mL. The inoculum for the broth 

culture was taken from an overnight colony on horse blood agar that was streaked to 

single colonies to check for colony homogeneity. For each isolate, 100 L of cell 

suspension in phosphate-buffered saline (PBS) were spread on two LB agar plates 

containing either 100 g/mL rifampicin (ca. 3–6 the rifampicin MICs for the majority 

of the isolates) or 200 µg/mL streptomycin (two- to several-fold the streptomycin 

MICs). Plates were incubated at 37 C for 24–48 h and the average number of 

colonies appearing on the two plates was recorded. Total viable counts were 

determined on antibacterial-free plates. Each isolate was tested twice and the 

average mutation frequency was calculated. Putative hypermutable isolates were 

tested twice more to confirm that this was not a random event. Mutational stability 

was tested by plating 24 colonies of each isolate on agar containing 100 g/mL 

rifampicin. 
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2.2.2. Detection of hypermutability using ciprofloxacin 

A further study was performed to determine hypermutability using ciprofloxacin 

selection. This study was performed with 12 selected clinical isolates comprising 

highly resistant, resistant and susceptible phenotypes, with multiple, single and no 

QRDR mutations, respectively, including the three isolates that were identified as 

hypermutable by the rifampicin study. Cell suspensions of overnight LB broth 

cultures of ca. 1010 CFU/mL were made in PBS and 100 L was spread on two Iso-

Sensitest agar (ISA) plates containing ciprofloxacin at 4 the ciprofloxacin MIC and 

on plates without antimicrobial. Plates were incubated at 37 C and colonies were 

counted after 24, 48 and 72 h. The frequency of ciprofloxacin-resistant mutant 

formation was averaged from three experiments. For each isolate, 12 randomly 

selected colonies from the ciprofloxacin selection plates were tested for stability by 

subculturing on ISA containing ciprofloxacin at 4 the ciprofloxacin MIC. Additionally, 

12 randomly selected colonies of isolates 56 and 38 (hypermutable by the rifampicin 

study) were subcultured on plates containing 32 g/mL ciprofloxacin to identify high-

level ciprofloxacin-resistant progeny. 

 

3. Results 

3.1. Antimicrobial susceptibilities and hypermutability assays 

Ciprofloxacin MICs ranged from 0.016 g/mL to >512 g/mL. Rifampicin MICs 

ranged from 4 g/mL to >256 g/mL, with the majority (75%) being either 16 g/mL 

or 32 g/mL (ca. 6 or 3 less than the 100 g/mL hypermutability screening 

concentration). Streptomycin MICs ranged from 0.25 g/mL to >256 g/mL and 
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varied widely. However, 16 of the isolates had similar streptomycin susceptibility and 

these were used in the streptomycin hypermutability analysis. 

 

3.2. Screening for hypermutable isolates using rifampicin and streptomycin, and 

relationship of hypermutability with ciprofloxacin minimum inhibitory concentration 

and quinolone resistance-determining region mutations 

As shown in Fig. 1, isolates 2, 38 and 56 were hypermutable with respect to 

rifampicin. None of the 16 selected isolates tested (including 2 that were 

hypermutable with rifampicin) was hypermutable with respect to streptomycin. Fig. 2 

shows that there was no association between ciprofloxacin MICs and rifampicin 

hypermutability; there was also no association between the number of mutations in 

the QRDR and rifampicin hypermutability (data not shown). Amongst the three 

isolates hypermutable with rifampicin, isolate 2 had a ciprofloxacin MIC of 64 g/mL 

and three QRDR alterations (Ser83Tyr and Asp87Ala in GyrA and Ser80Ile in ParC); 

isolate 56 had a ciprofloxacin MIC of 8 g/mL with a single Asp87Gly alteration in 

GyrA; and isolate 38 had a ciprofloxacin MIC of 0.25 g/mL with no QRDR mutations 

either in gyrA or parC [12]. 

 

Although some isolates (34, 101, 19, 72, 46 and 102) exhibited elevated mutation 

frequencies (1.4  10–7–4.7 10–7) in the streptomycin assay, none was found to be 

hypermutable or had an elevated mutation frequency in the rifampicin assay, which 

is considered to be the ‘gold standard’. With the ciprofloxacin assay, isolate 54 

showed a near-hypermutant phenotype (7.2  10–7), but all the hypermutant 
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progenies were unstable and it was found to be a non-hypermutator by the other two 

assays. 

 

3.3. Screening for hypermutable isolates using ciprofloxacin, and relationship of 

hypermutability with ciprofloxacin minimum inhibitory concentration and quinolone 

resistance-determining region mutations 

The ciprofloxacin MICs of the 12 isolates tested for hypermutability by ciprofloxacin 

screening ranged from 0.032 g/mL to 128 g/mL. They comprised three 

ciprofloxacin susceptibility groups: six isolates with multiple QRDR mutations that 

were highly resistant to ciprofloxacin; three isolates with single mutations and low-

level resistance to ciprofloxacin; and three ciprofloxacin-susceptible isolates with no 

mutations. The frequency of ciprofloxacin-resistant mutants at 4 the ciprofloxacin 

MIC varied more than 1000-fold amongst these isolates. Isolates 2 and 38 yielded 

resistant mutants at frequencies of 4.4  10–6 and 6.3  10–6, respectively, and were 

thus considered hypermutable. Isolate 56, which had been identified as 

hypermutable in the rifampicin study, was not identified as hypermutable with 

ciprofloxacin. The six highly ciprofloxacin-resistant isolates (MICs > 16 g/mL) had 

multiple mutations in the QRDR, but only isolate 2 was hypermutable by 

ciprofloxacin screening. Two of the six highly resistant isolates (54 and 45), although 

not hypermutable, exhibited an elevated mutation frequency of ca. 10–7. The three 

ciprofloxacin-susceptible isolates with MICs of <0.5 g/mL had no mutations in the 

QRDR, but one (isolate 38) was hypermutable by ciprofloxacin screening and was 

also hypermutable by the rifampicin assay. Another ciprofloxacin-susceptible isolate 

(isolate 57) had an elevated mutation frequency of 3.8  10–7; the ciprofloxacin-
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susceptible K. pneumoniae reference strain, with no QRDR mutations, exhibited a 

similar elevated mutation frequency. In the third group of three isolates with 

ciprofloxacin MICs of 1–8 g/mL, each had one mutation in the QRDR; none was 

hypermutable or showed an elevated mutation frequency by ciprofloxacin screening. 

None of the 12 colonies of the ciprofloxacin-susceptible but hypermutable isolate 38, 

randomly selected from the 1 g/mL ciprofloxacin screening plate, grew on 32 g/mL 

ciprofloxacin. This suggested that these mutant progenies did not inherit multiple 

QRDR mutations (see discussion), but this was not confirmed by sequencing. 

 

3.4. Detection of hypermutability using a modified Etest method 

When the Etest was used to determine the MICs of CHL, TET and TMP, a large 

number of normal-sized squatter colonies was observed within the inhibition zones 

around the CHL, TET and TMP strips with isolate 38, which was susceptible to these 

agents and had been identified as hypermutable by rifampicin and ciprofloxacin 

assays. We concluded that the ‘squatter colonies’ represented resistant mutant 

progeny and hypothesised that Etest strips might be used as a simple way to screen 

for hypermutability with a range of antimicrobials. We therefore tested the 

presumptive hypermutable isolates 38 and 56 (but not isolate 2, which was highly 

resistant to all the antibacterials used in the Etest) twice by Etest using ca. 107 

CFU/89-mm diameter plate (i.e. 107 CFU/62 cm2). 

 

As shown in Fig. 3, isolate 38 produced >30 squatter colonies within each inhibition 

zone, equivalent to ca. 30 colonies/1.25  106 CFU seeded, giving a mutation 

frequency of ca. 2.4  10–5 with all three antibacterials. This phenomenon was not 
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seen with isolate 56, another presumptive hypermutable isolate selected with 

rifampicin, or with other non-hypermutable isolates. 

 

4. Discussion 

A collection of 64 distinct K. pneumoniae isolates expressing a range of ciprofloxacin 

MICs and containing multiple, single or no mutations in the QRDR was investigated. 

Hypermutability (mutation frequency of ≥10–6) was uncommon and there was no 

association between hypermutability and ciprofloxacin resistance or QRDR 

mutations. Only 3 (<5%) of the 64 isolates were identified as hypermutable by 

rifampicin screening. Amongst the 24 isolates with multiple QRDR mutations and 

high-level ciprofloxacin resistance, only one was hypermutable by the rifampicin 

assay. Furthermore, hypermutability was found more frequently (1 in 3) in isolates 

with no mutations in the QRDR than in those with multiple mutations (1 in 6). We 

conclude that there was no causal association between hypermutability and multiple 

QRDR mutations or high-level ciprofloxacin resistance. 

 

Ciprofloxacin was not used for the initial hypermutability screening because of the 

possibility of mutants arising as a result of ciprofloxacin SOS induction [13,14]. A 

relatively high proportion of tested isolates (3/12; 25%) exhibited an elevated 

frequency of mutation (ca. 10–7) with ciprofloxacin, but this was much lower with 

rifampicin (2/64; 3.1%). This high prevalence of elevated mutation frequency with 

ciprofloxacin may be due to the SOS-inducing effect of the drug [13,14]. 
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Isolate 56 appeared hypermutable with rifampicin but not with ciprofloxacin or 

streptomycin, indicating that apparent hypermutability varies with the agent used for 

screening. Rifampicin, which generated the least number of isolates with an elevated 

mutation frequency, appeared to be the best agent for identifying hypermutation in 

these isolates. 

 

The mutant colonies selected by rifampicin were always stable when subcultured on 

agar containing 100 g/mL rifampicin. However, many of the apparently resistant 

colonies that formed on the 4 ciprofloxacin MIC screening plates were unstable 

when subcultured at the same ciprofloxacin concentration. This striking difference in 

stability suggests that some or all of the colonies on the 4 ciprofloxacin MIC plates 

were only transiently resistant or were only ‘phenotypic mutators’, possibly due to 

induction of SOS by ciprofloxacin. This indicates that ciprofloxacin is not a reliable 

agent for identifying hypermutators. 

 

We had previously found that all the isolates in this collection with ciprofloxacin MICs 

of ≥16 g/mL had multiple QRDR mutations [12]. We postulated that progeny of 

hypermutable isolates selected by ciprofloxacin and resistant to 32 g/mL 

ciprofloxacin were likely to have multiple QRDR mutations. Colonies of the 

hypermutable isolate 38 (MIC = 0.25 g/mL) that grew on the 1 g/mL ciprofloxacin 

hypermutability screening plates were therefore tested for high-level resistance. 

None of the 12 randomly selected colonies grew on 32 g/mL ciprofloxacin, 

suggesting that hypermutability did not give rise to progenies with multiple mutations 

in the QRDRs in this isolate. 
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We also tested for hypermutation selected by other antimicrobials using Etest strips 

for 26 of the 64 isolates. This strategy was adopted following the observation that the 

persistently hypermutant isolate 38 consistently yielded a large number of normal-

sized squatter colonies within the Etest zones of inhibition for CHL, TET and TMP 

(Fig. 3). Amongst the three hypermutable isolates identified by rifampicin screening, 

the Etest method showed that only isolate 38 consistently expressed the 

hypermutable phenotype with CHL, TET and TMP. Thus, only isolate 38 was 

consistently hypermutable with a range of antimicrobials. We propose that 

hypermutability should be tested by selection with a range of antimicrobial classes 

and that this can be done conveniently by Etest. Thus, our study lends further 

support for the proposal that the Etest, which is simpler than the commonly used 

hypermutation assay, could be used to identify hypermutators in clinical laboratories 

[15]. Looking for hypermutation in routine Etest-based MIC plates could help alert 

clinicians about the possibility of enhanced resistance development in isolates that 

produce normal-sized resistant colonies in the zone of inhibition. 

 

In conclusion, this study found that: (i) hypermutability was uncommon in clinical 

isolates of K. pneumoniae in London; (ii) hypermutability occurred randomly amongst 

ciprofloxacin-susceptible and -resistant strains and there was no evidence to support 

the hypothesis that hypermutability was associated with or contributed to the 

development of multiple mutations in the QRDR or resistance to ciprofloxacin; (iii) 

the progeny of hypermutable isolates did not show high-level ciprofloxacin 

resistance, suggesting that hypermutability did not produce multiple mutations in the 

QRDR; (iv) the apparent hypermutability of an isolate depends on the agent used in 
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screening; (v) the use of ciprofloxacin in hypermutability screening studies may result 

in an apparent elevated mutation frequency, possibly due to SOS response of non-

heritable nature; and (vi) putative hypermutant progeny should always be tested for 

stability before concluding that the parent strain is a true hypermutator. 
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Fig.1. Frequency of mutation with rifampicin in 64 Klebsiella pneumoniae isolates. 

Isolates are plotted on the x-axis and mutation frequencies are on the y-axis. Mutator 

strains are defined as having a mutation frequency of ≥10–6. Note that the isolate 

number on the x-axis does not correspond to the true isolate numbers, referred to in 

the text. 

 

Fig. 2. Ciprofloxacin (CIP) minimum inhibitory concentrations (MICs) and frequency 

of generation of rifampicin-resistant mutants. , isolates with rifampicin MICs of 16 

g/mL;  isolates with a rifampicin MIC of 32 g/mL; ▲, isolates with rifampicin MICs 

of ≤64 g/mL. 

 

Fig. 3. Hypermutable isolate 38 showing hypermutability using Etest strips. Strips 

from left to right: chloramphenicol; tetracycline; and trimethoprim. 
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