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Resistance to quinolone antibiotics has been associated with single-nucleotide polymorphisms (SNPs) in the
quinolone resistance-determining region (QRDR) of gyrA. Mutations in the gyrA gene were compared by using
mutant populations derived from wild-type Salmonella enterica serovar Enteritidis and its isogenic mutS::Tn10
mutator counterpart. Spontaneous mutants arising during nonselective growth were isolated by selection with
either nalidixic acid, enrofloxacin, or ciprofloxacin. QRDR SNPs were identified in approximately 70% (512 of
695) of the isolates via colony hybridization with radiolabeled oligonucleotide probes. Notably, transition base
substitution SNPs in the QRDR were dramatically increased in mutants derived from the mutS strain. Some,
but not all, antibiotic-resistant mutants lacking QRDR SNPs were resistant to tetracycline and chloramphen-
icol, consistent with alterations in nonspecific efflux pumps or other membrane transport mechanisms.
Changing the selection conditions shifted the mutation spectrum. Selection with ciprofloxacin was least likely
to yield a mutant harboring either a QRDR SNP or chloramphenicol resistance. Selection with enrofloxacin
was more likely to yield mutants containing Ser833Phe mutations, whereas selection with ciprofloxacin or
nalidixic acid favored recovery of Asp873Gly mutants. Fluoroquinolone-resistant Salmonella strains isolated
from veterinary or clinical settings frequently display a mutational spectrum with a preponderance of tran-
sition SNPs in the QRDR, the pattern found in vitro among mutS mutator mutants reported here. Both the
preponderance of transition mutations and the varied mutation spectra reported for veterinary and clinical
isolates suggest that bacterial mutators defective in methyl-directed mismatch repair may play a role in the
emergence of quinolone and fluoroquinolone resistance in feral settings.

Quinolone and fluoroquinolone drugs are used against a
broad spectrum of bacterial pathogens in human and veteri-
nary medicine, and with increased use, resistance of Salmonella
spp. to these antibiotics has been reported to be on the in-
crease (34, 38). Resistance tends to appear at different times
and in different places, raising the question of whether the
spread of antibiotic resistance is truly clonal in origin.

Resistance to the quinolones and fluoroquinolones can arise
by distinct pathways. Major targets for these antibiotics are the
DNA topoisomerases required for bacterial replication. Sin-
gle-nucleotide polymorphisms (SNPs) arise in gyrA, encoding
the GyrA subunit of DNA gyrase, and allow relief from inhi-
bition by the antibiotic without eliminating the essential func-
tion of the gene product. SNPs are clustered in a relatively
short portion of gyrA called the quinolone resistance-determin-
ing region (QRDR) (44). Many surveys of quinolone-resistant
Salmonella strains from human and animal sources have asso-
ciated nalidixic acid resistance with the frequent occurrence of
QRDR SNPs (6, 13–15, 27, 35, 40, 43). While most of these
reports focus on developed countries, it is clear that once
resistance appears in developing countries, it can spread rap-
idly, as has nalidixic acid resistance in Thailand (16) and Viet-
nam (39).

High-level fluoroquinolone resistance does not develop by a
single-step gyrA mutation, in contrast to nalidixic acid resis-
tance (29, 34). parC, which encodes topoisomerase IV, is also
targeted by quinolone antibiotics, presumably because the
QRDR of parC is highly homologous to that of gyrA. Although
mutations in parC are frequently encountered in gram-positive
fluoroquinolone-resistant organisms (29), they are only rarely
observed in Escherichia coli (42) and are generally absent in
Salmonella mutants derived from either collections of field
isolates (34) or from stepwise generation of high-level resis-
tance in vitro (12). What appears to be the first example of a
parC mutation in Salmonella was reported only recently (31).

Fluoroquinolone resistance can also be due to the mar (mul-
tiantibiotic resistance) locus (1, 29, 34, 36). This phenotype is
associated with increased efflux across the cell membrane, al-
tering sensitivity to several classes of antibiotics, including the
fluoroquinolones, and to tetracycline and chloramphenicol.
The phenotype is more often associated with alterations in
structure or expression of regulatory proteins (marRAB, marC,
or soxRS products) than with the structural proteins of the
pump itself (AcrAB and TolC). Removal of OmpF, a porin,
produces a similar phenotype in other species but has rarely
been reported in Salmonella spp.

The role that particular mutators, namely those which are
defective in methyl-directed mismatch repair (MMR), might
play in the emergence of antibiotic resistance in enteric bac-
teria has recently attracted much attention (7, 18, 21, 33, 37).
It was demonstrated previously that MMR mutators are dis-
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proportionately represented in natural populations of bacteria
(21). It was also shown that selection pressures, when placed
on bacterial populations, culled and selectively increased the
numbers of MMR mutators. For example, the selection of
histidine prototrophs from a population of Salmonella histi-
dine auxotrophs (22) or of Lac� events from an E. coli Lac�

population (28) increased the numbers of MMR mutators 100-
to 1,000-fold. By imposing further rounds of selection pres-
sures, using antibiotic selection, for example, Miller et al. (28)
showed that the MMR mutators could be selectively increased
to 100% of the population. The significance of MMR mutators
in the clinical setting was recently reinforced when it was
shown that a high proportion of antibiotic-resistant Pseudomo-
nas aeruginosa isolates derived from cystic fibrosis patients
were MMR mutators (33). As P. aeruginosa is the leading
cause of morbidity and mortality in individuals with cystic fi-
brosis, patients are treated with a long-term regimen of anti-
biotics. It was reasoned that such usage of antibiotics most
likely selected for the mutator phenotype (20, 33).

Inactivation of MMR leads to a dramatic increase in both
transition base pair substitutions and frameshift mutations (8),
thus yielding mutational spectra distinct from those obtained
from the corresponding nonmutators. These patterns were
borne out in previous studies of E. coli and Salmonella muta-
tors isolated from natural populations (22, 23). Alterations in
mutation spectra due to DNA repair defects have been used in
a variety of systems to document the physiology of the cells in
which mutations have occurred. For example, mutational pat-
terns associated with the hereditary excision repair defect
found in patients with xeroderma pigmentosum are reflected in
the p53 mutations identified in the skin carcinomas to which
these patients are prone (26). Here, we compare the spectra of
mutations obtained from mutant populations of MMR-profi-
cient or -deficient Salmonella strains derived under selection
using nalidixic acid, enrofloxacin, and ciprofloxacin.

(Portions of this work were presented previously [D. D.
Levy, B. Sharma, and T. A. Cebula, Abstr. 102nd Gen. Meet.
Am. Soc. Microbiol., abstr. A-5, 2002].)

MATERIALS AND METHODS

Strains. Strain SL223 (a nonmutator) was single-colony isolated from strain
C384, a Salmonella enterica serovar Enteritidis strain from a salmonellosis out-
break. Strain SL223 was transduced by phage P22 grown on strain TT20021 (S.
enterica serovar Typhimurium LT2 [hisD3052 mutS121::Tn10]) kindly supplied
by M. Carter from the collection of J. Roth (University of Utah). Strain SL226
(a mutator) was isolated as a tetracycline-resistant transductant with an elevated
mutation frequency on rifampin and nalidixic acid.

gyrA mutation spectra. Both mutator (SL226) and nonmutator (SL223) strains
were inoculated from frozen glycerol stocks into brain heart infusion (BHI)
broth, and 24 to 72 3-ml portions were shaken overnight (18 to 22 h) at 37°C.
Mutants were identified by plating 100 to 300 �l onto Luria-Bertani (LB) agar
containing 50 �g of nalidixic acid (Sigma Chemical Co.) per ml, 0.25 �g of
enrofloxacin (Baytril, 99.9%; Bayer Corp., Kansas City, Mo.) per ml, or 0.05 �g
of ciprofloxacin hydrochloride (Bayer, Kankakee, Ill.) per ml. Antibiotics were
used at or just above MICs as determined by growth on agar plates. Identical
mutations found in separate tubes were independent events, reducing the like-
lihood that characterization of sibling progeny of an organism with the initial
mutagenic event would distort the mutation spectrum. Serial dilutions of the
contents of some of the tubes (5 to 12 tubes) were plated in triplicate on
nonselective LB agar plates, and colonies were counted to evaluate mutation
frequencies. Colonies found on selective plates were isolated as single colonies
once on the same medium and a second time on a nonselective medium to avoid
the selection of secondary mutations arising during subsequent handling.

The use of oligonucleotides to probe bacterial colonies is a technique long
cited in the bacterial mutagenesis literature as a means of identifying SNPs (5, 9).
Oligonucleotide probes, described in Fig. 1, were used to detect mutations in
gyrA. Colony hybridization was performed as described previously (19). Briefly,
colonies were grown on BHI agar plates overnight and transferred to paper
filters. The bacterial mass was lysed and dried onto the filter and then probed
with �-32P-labeled oligonucleotide probes at 57 to 60°C, depending on the oli-
gonucleotide. The use of short (18- to 19-mer) probes and stringent hybridization
and washing conditions allowed for discrimination of single-base-pair differ-
ences. Mutants which showed hybridization to only wild-type probes (or with
anomalous probe results) were checked by DNA sequencing.

Primers 5�-GTGTTATAATTTGCGACCTTT and 5�-CCAGGCAGCCGTT
AATCACT were based on S. enterica serovar Typhimurium strain LT2 (30)
taken from prepublication descriptions available on the University of Washing-
ton website. These primers were used to amplify a 639-bp product of the 5� end
of gyrA. To prepare template DNA, 100 �l of an overnight culture in LB agar was
washed with 100 �l of phosphate-buffered saline and resuspended in 100 �l of
distilled and deionized water (QB Biological, Gaithersburg, Md.), placed in a
boiling water bath for 5 to 10 min, and then centrifuged for 5 min at 14,000 � g.
The 50-�l reaction mixture contained 2 �l of the supernatant fluid, 20 pmol of
each primer, a 200 �M concentration of each deoxynucleoside triphosphate (Life
Technologies, Gaithersburg, Md.), 5 mM MgCl2, AmpliTaq buffer, and 0.25 U of
AmpliTaq polymerase (Roche Molecular Systems, Branchburg, N.J.). After an

FIG. 1. (A) Amino acid and nucleotide sequences of the QRDR of S. enterica; (B) sequences of probes used to identify the QRDR sequence.
The underlined altered base causes the mutation listed to the left or right of the probe sequence.
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initial denaturation at 94°C for 2 min, amplification proceeded for 35 cycles of
92°C (30 s), 60°C (1 min), and 72°C (1 min), with a final 15-min extension at 72°C
in an MJ Research PTC200 thermocycler. Following cleanup with either QIA-
quick PCR purification columns (QIAGEN, Valencia, Calif.) or ExoSap nucle-
ase (Amersham Biosciences, Piscataway, N.J.), the PCR product was sequenced
(Amplicon Express, Pullman, Wash.) by using dye-labeled terminators and
primer 5�-GCCGGTACACCGTCGCGTACTTT, which anneals to a sequence
located about halfway between the start codon and the QRDR.

To sequence the Salmonella parC gene, primers 5�-AATGAGCGATATGGC
AGAGC and 5�-AACATTTTCGGTTCCTGCATG were used. They were de-
rived from genomic sequencing of S. enterica serovar Typhimurium (30) and
amplify a 450-bp product. Sequencing was performed as described for gyrA,
except that the first amplification primer listed above was also used as a sequenc-
ing primer, and denaturation took place at 55°C during thermal cycling.

Antimicrobial resistance was measured with a disk diffusion assay (32). Strains
were inoculated into BHI broth directly from frozen stocks. During the early
stationary phase (1 � optical density at 600 nm � 2), an aliquot was diluted to
an optical density at 600 nm of 0.1 and plated on Mueller-Hinton agar, and
Sensi-Discs (Becton Dickinson, Paramus, N.J.) containing antibiotic were ap-
plied. Zone diameters were measured after growth overnight at 37°C. When no
growth inhibition was apparent, a zone diameter of 6 mm, the diameter of the
disk, was used to calculate the average values for replicate experiments.

Statistics. Fisher’s exact test was used to compare ratios (e.g., frequencies of
transversions, mutations in the QRDR versus elsewhere, and mutations at var-
ious sites within the QRDR). Antibiotic sensitivity (measured by a disk diffusion
assay) was evaluated by Student’s t test to compare the averages of multiple
strains, and the variances were compared by the F distribution test.

RESULTS AND DISCUSSION

S. enterica serovar Enteritidis wild-type strain SL223 and
mutS strain SL226, which are sensitive to all quinolone antibi-
otics, were grown overnight in rich media without selection.
Antibiotic-resistant mutants arising spontaneously during this
growth period were isolated by selection on plates containing
nalidixic acid, enrofloxacin, or ciprofloxacin. As expected, iso-
lates resistant to these antibiotics were found 2 to 3 orders of
magnitude more frequently in the mutator strain than in the
repair-proficient strain, presumably due to the higher level of
spontaneous base substitution mutation during replication
(Table 1).

Mutant colonies were screened for common mutations in
the QRDR by annealing a set of probes capable of discrimi-
nating SNPs, a standard technique for studies of bacterial
mutagenesis (5, 9). The panel of probes was able to identify a

mutation in 40 to 97% of the isolates (Table 1). This technol-
ogy is faster, more reliable, and less expensive than more
recently developed techniques such as real-time PCR (27, 40),
restriction fragment length polymorphism (12), and denaturing
by high-pressure liquid chromatography (10).

Most mutants contained a single mutation in the QRDR
that was identified by the probe hybridization technique. The
distribution of these mutations is presented in Fig. 2. In almost
all cases, probe analysis identified the wild-type sequence or an
expected SNP. To confirm the specificity of the probes, DNA
was PCR amplified from randomly selected colonies (30 of 512
[6%] of colonies with SNPs and 24 of 183 [13%] of isolates to
which wild-type sequence probes hybridized). DNA sequenc-
ing of each PCR product confirmed the genotype identified by
probe hybridization.

The probe hybridization data were inconclusive for 11 of 695
isolates, all from colonies derived by ciprofloxacin selection. In
each of these 11 inconclusive cases, DNA sequencing revealed
the presence of a QRDR SNP not specifically targeted by the
panel of probes: Asp823Asn (found in three independent
mutants in the SL226 spectrum), Gly813Asp (found four
times with SL223 and three times with SL226), or Ser833Ala
(found once with SL223).

Most of the mutations identified in the mismatch repair-
deficient strain were transition mutations (Table 1), as ex-
pected for this phenotype (8). The mutation spectra derived
for the mutator strain were considerably less complex due to
the absence of transversion SNPs. Virtually all mutator mu-
tants contained either Ser833Phe or Asp873Gly QRDR mu-
tations. The relative frequency of each of these mutations,
however, depended on the antibiotic used for selection. For
example, the Ser833Phe mutation was significantly more fre-
quent in mutants derived with enrofloxacin and significantly
less frequent when nalidixic acid or ciprofloxacin was used in
selection of mutants (P � 10�8, Fisher’s exact test). Similar
trends are evident in mutants selected from the nonmutator
strain (Fig. 2, top). The increased frequency of Ser833Phe
mutations compared to Asp873Gly mutations is significant
with enrofloxacin selection (P � 10�5). For selection with
ciprofloxacin and nalidixic acid, the relative frequencies of
these two mutations are reversed, but the difference is of bor-
derline significance when the frequencies are compared di-
rectly (P of 0.055 and 0.068, respectively). Comparing the same
frequencies between spectra, the increased frequency of
Ser833Phe mutations in nonmutators under enrofloxacin ver-
sus ciprofloxacin or nalidixic acid selection is highly significant
(P � 10�7). The decreased frequency at which Asp873Asn
mutations were found was also significant (P of 0.0090 and
0.043 for ciprofloxacin and nalidixic acid, respectively).
Changes in frequencies for other mutations were not signifi-
cant, except for the increase in transversion mutations dis-
cussed earlier.

The patterns of mutation leading to quinolone resistance in
Salmonella described here are remarkably different from those
found in E. coli (11, 42). The spectrum of QRDR SNPs is
simpler, with fewer of the possible SNPs reported, although the
occurrence of two SNPs in the same isolate is quite common.
This may be due, at least in part, to the influence of the
surrounding nucleic acid sequence on the frequency of gene
mutation. The QRDR appears to be a hot spot for genetic

TABLE 1. Isolation of antibiotic-resistant mutants

Strain and
antibiotica in

growth medium

Mutation
frequency

(106)

No. of
isolates

No. (%) of
mutations
on gyrA

No. (%)
of trans-
versions

SL223
NAL 0.0033 60 52 (87) 15 (29)
ENR 0.014 189 149 (79) 55 (37)
CIP 0.010 123 79b (64) 28 (35)

SL226
NAL 3.4 69 67 (97) 0c (0)
ENR 0.24 111 108 (97) 1c (1)
CIP 2.4 143 57d (40) 6c,e (11)

a NAL, nalidixic acid; ENR, enrofloxacin; CIP, ciprofloxacin.
b Significantly lower than value for strain SL223 grown in nalidixic acid or

enrofloxacin (P � 0.02).
c Significantly lower than values for strain SL223 (P � 0.001).
d Significantly lower than value for strain SL226 grown in nalidixic acid or

enrofloxacin or strain SL223 grown in ciprofloxacin (P � 10�6).
e Significantly higher than value for strain SL226 grown in nalidixic acid or

enrofloxacin (P � 0.02).
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variation in a region of gyrA that is otherwise highly conserved
across a broad range of species (41). A single-base-pair change
can have far-reaching consequences on the mutation rate at
both nearby and distal portions of the surrounding sequence
(24, 25). Thus, gene polymorphisms confined to silent changes
in the third positions of codons may have contributed to the
differences in mutation spectra observed between E. coli and
Salmonella.

We next compared the mutation spectra generated in vitro
with reports of gyrA SNPs in the literature. While most of these
are case reports or describe small collections of strains, several
larger surveys of Salmonella (	30 QRDR mutants) have been
reported. Three features are immediately obvious from com-
parisons of the data from these surveys with one another and
with the data reported here (Fig. 3). First, selection of quin-
olone-resistant strains from veterinary or clinical populations
almost invariably resulted in Salmonella strains with QRDR
SNPs. Second, transversion mutations were rare in most, but
not all, of these studies. Finally, the relative frequency of each
mutation within the QRDR differed widely from study to
study. Each of these features is remarkably similar to the pat-
terns of mutation in the QRDR region of MMR mutators
reported here, consistent with the hypothesis that the QRDR

SNPs in these veterinary and clinical isolates arose in organ-
isms defective in MMR.

The relative rarity of transversion mutations in most of the
field isolates described in Fig. 3 suggests that many strains had
defective MMR at the time the mutation occurred. It is also
consistent with the hypothesis that MMR-defective strains are
common enough to be an important factor in the emergence of
new traits within a population (21) but unstable enough to
require restoration of replication fidelity via recombination (2,
3). It was recently shown that mutS recombination is even
more frequent among salmonellae in the genetically homoge-
neous strains of the Salmonella reference collection B than in
the genetically diverse Salmonella reference collection C
strains (4). This finding suggests that the recombination fre-
quency rises within the species among organisms that are ge-
netically similar and that also share similar niches, further
increasing opportunities for genetic exchange.

parC mutations are occasionally found in fluoroquinolone-
resistant E. coli but are rare in Salmonella. To determine the
role of parC inactivation in our collection, 24 mutants which
lacked QRDR SNPs and were sensitive to chloramphenicol
were selected. This sample contained equal numbers of muta-
tor and nonmutator mutants, and representative sports were

FIG. 2. Spectrum of QRDR SNPs recovered after selection by the indicated antibiotic. White and solid-color pie slices represent transition base
substitution mutations; hatched and striped areas indicate transversions. ENR, enrofloxacin; CIP, ciprofloxacin; NAL, nalidixic acid; n, total
number of strains with QRDR SNPs.
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picked under selection conditions with each of the three anti-
biotics. The sequence of the 5� end of the gene (corresponding
to codons 9 to 145) in all 24 mutants and in the two parental
strains was identical to the GenBank entry for parC obtained
during whole-genome sequencing of S. enterica serovar Typhi-
murium (30). Thus, spontaneous mutations in parC were not a
frequent cause of quinolone resistance in Salmonella in this in
vitro selection system.

We next tested the mutants’ degree of resistance to each of
the three antibiotics by a disk diffusion assay. All mutants with
a specific mutation were screened unless there were sufficient
numbers to justify random selection (Table 2). Most isolates
with the same QRDR SNP had similar zones of inhibition, with
the standard deviation being generally less than 10% of the
mean.

A plot of the frequency with which mutants were recovered
in the mutation spectrum versus the diameter of the zone of
inhibition (Fig. 4) failed to reveal a correlation between these
two parameters. Thus, the frequency of recovery of any par-
ticular mutation was not influenced by the antibiotic sensitivity
of strains carrying that mutation. Selection following in vitro
growth in nonselective medium maximized the probability that
mutants in this collection had a single change. The diameter of
the zone of inhibition was not affected by the antibiotic used
for selection for any of the sequence changes (data not shown).
Resistance to quinolone antibiotics was more variable in the
previously cited reports of strains isolated from clinical and
veterinary settings. Eightfold differences in MIC and 10-mm
differences in disk zone diameter were commonly reported.
Thus, it appears that fluoroquinolone-resistant strains col-
lected from clinical or veterinary sources contain a variety of
uncharacterized alterations in addition to the QRDR SNP
which affected fluoroquinolone sensitivity.

Many mutants, particularly those found after selection with
ciprofloxacin, had no mutation in the QRDR. Reports in the
literature suggest that many fluoroquinolone-resistant salmo-
nellae have mutations in membrane transporter systems that
render the strain resistant to a variety of antibiotics. To assess
the frequency of these multiantibiotic-resistant mutants in our

collection, we tested 115 of them for resistance to chloram-
phenicol. Nonmutators were tested for resistance to tetracy-
cline as well. (All SL226 isolates are Tetr due to the Tn10
insertion in mutS.) Replicate samples of the original SL223
and SL226 strains were sensitive to these antibiotics, with zone
diameters within the range prescribed for the NCCLS E. coli
control strain. In addition, 75 mutants with QRDR SNPs were
tested, all of which were sensitive to chloramphenicol.

The diameter of the zone of inhibition was slightly smaller
for strains with a missense QRDR SNP than for those without
a QRDR mutation (23.4 versus 26.2 mm). Closer inspection of
the data revealed that the small difference in mean MICs
between mutants with and without a QRDR SNP, while highly
significant (P � 10�8, Student’s t test), disguised considerable
diversity among the individual mutants (F distribution, P �
0.003). As illustrated in Fig. 5, the range of zone diameters for
isolates with no QRDR SNP extended both higher and lower
than the range for mutants with a QRDR SNP. Replicate
assays of the parental strains resulted in a diameter of 26 to 28
mm around a chloramphenicol disk. The zone diameters for
mutants with a QRDR SNP were mostly in the same range,
although for 16% (10 of 63), the diameters were slightly
smaller (range, 21 to 25 mm). In contrast, 59% (68 of 115) of
the quinolone-resistant isolates lacking QRDR SNPs were less
sensitive to chloramphenicol than were the quinolone-sensitive

FIG. 4. Antibiotic sensitivity (measured by the zone of inhibition in
the disk diffusion assay) as a function of the number of times the
mutation was recovered following selection with nalidixic acid (Nal)
(Œ), ciprofloxacin (Cipro) (F), or enrofloxacin (Enro) (■ ). Zone di-
ameters for unmutated parental strains are indicated by the upper
horizontal line. The lower horizontal line indicates the NCCLS break-
point for intermediate ciprofloxacin sensitivity and for nalidixic acid
resistance.

TABLE 2. Zone diameters around disks containing nalidixic acid,
ciprofloxacin, or enrofloxacin in a Kirby-Bauer assay

Mutation
No. of

samples
tested

Zone diam (mm [mean 
 SD]) for
disks containing:

Nalidixic acid Ciprofloxacin Enrofloxacin

Control 13 23.2 
 1.8 30.7 
 1.3 29.6 
 1.5
Wild-type gyrA 116 14.7 
 6.0 28.4 
 3.5 25.8 
 3.1
Asp873Asn 6 6.0a 
 0.0 25.2 
 2.3 24.0 
 1.7
Asp873Gly 33 6.6a 
 0.7 27.2 
 2.3 24.6 
 2.3
Asp873Tyr 3 6.0a 
 0.0 24.7 
 1.0 22.0 
 1.0
Ser833Phe 17 6.0a 
 0.0 24.6 
 1.2 22.2 
 1.5
Ser833Tyr 5 6.0a 
 0.0 25.3 
 0.7 22.6 
 1.1
Gly813Cys 10 9.8 
 3.4 26.2 
 1.4 24.3 
 2.1
Asp873Ala 4 8.0a 
 3.4 25.8 
 2.2 23.0 
 1.4
Asp823Asn 2 7.0a 24.4 23.0
Asp823Ile 1 16.0 26.0 24.0
Gly813Asp 3 17.3 
 6.0 28.3 
 2.5 25.7 
 2.1
Ser833Ala 1 16.0 29.0 28.0
NCCLS breakpoint 13.0 21.0 NAb

a No zone of inhibition was observed, so the 6-mm diameter of the disk was
arbitrarily used to calculate this value.

b NA, not available.
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isolates. Many of these (29 of 115 [25%]) had a zone of inhi-
bition around the chloramphenicol disk that was smaller (�21
mm) than that of any isolate with a mutated QRDR. A small
number (6 of 115 [5%]) were hypersensitive to chloramphen-
icol, with inhibition zones of up to 32 mm.

Selection with fluoroquinolone yielded mutants with the
greatest variety of phenotypes. In addition to those with mu-
tations in the QRDR, many had reduced sensitivity to chlor-
amphenicol or tetracycline or were hypersensitive to those
antibiotics, presumably because of alterations in efflux pumps
or other transporters. Nalidixic acid selection generally yielded
mutants that contained QRDR SNPs (119 of 129 isolates).
Conspicuously, the few mutants from this population not har-
boring a QRDR SNP did not display increased resistance to
chloramphenicol or tetracycline. That is, testing all 10 of these
strains resulted in a population that, while small, was nonethe-
less large enough to have significantly fewer strains with re-
duced sensitivity to chloramphenicol than those selected by
using either of the two fluoroquinolones (P � 0.0001, Fisher’s
exact test). This suggests that multidrug-resistant phenotypes
associated with efflux pumps and other membrane transport
mechanisms occur as secondary mutations during selection
with nalidixic acid or are associated with selection with fluo-
roquinolone.

Most studies of clinical or veterinary isolates relied exclu-
sively on nalidixic acid screening. This technique resulted in
identification of a collection of mutants with QRDR SNPs
similar to those of the mutation spectrum obtained with a

mutant population derived under in vitro selection, also using
nalidixic acid (Table 1). Two studies that employed ciprofloxa-
cin to select isolates had high frequencies of resistant strains
lacking QRDR SNPs (6, 15), similar to those of isolates se-
lected with fluoroquinolone antibiotics following in vitro
growth (Table 1). Thus, QRDR SNPs may be more closely
associated with nalidixic acid resistance than with fluoroquin-
olone resistance and may not be necessary as the first step
towards high-level fluoroquinolone resistance outside the lab-
oratory.

In prior reports, comparisons of QRDR SNPs with other
phenotypes such as phage type (40), with sensitivity to quino-
lone antibiotics (13), or with sensitivity to other classes of
antibiotics (27) failed to produce convincing correlations. Fur-
thermore, there is remarkably little consistency in the pattern
of SNPs isolated from various populations (Fig. 3). Overall,
these data strongly suggest that, if the spread of fluoroquino-
lone resistance is clonal, the important genetic loci remain to
be identified and that QRDR SNPs arise often, independently,
and not as the initial step.

It has been suggested that MMR mutator strains be used
routinely to discover new mechanisms of antibiotic resistance
that are likely to emerge in natural populations (A. J. O’Neill
and I. Chopra, Letter, Antimicrob. Agents Chemother. 45:
1599–1600, 2001). Differences between patterns of mutation in
MMR mutators and DNA repair-proficient organisms may
explain some of the discrepancies found between natural iso-
lates and those generated in vitro by stepwise selection proto-

FIG. 5. Antibiotic sensitivity (measured by the zone of inhibition) of strains with QRDR SNPs (left panel) or with no QRDR SNP (right panel)
under selection conditions with nalidixic acid (‚), ciprofloxacin (E), or enrofloxacin (�). Filled symbols indicate data for antibiotic-sensitive
control strains.
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cols (for examples, see references 12 and 17). While mutations
generated in vitro cannot always be tolerated by strains which
must survive in more challenging environments (12), by start-
ing with an MMR-deficient strain in vitro, we have generated
a collection of mutants, each likely containing a single-step
mutation, which may be useful in identifying new loci impor-
tant for fluoroquinolone resistance. Fluoroquinolone-resistant
strains isolated from clinical and veterinary settings could then
be examined for these changes.

In summary, the spectra of mutations recovered in collec-
tions of quinolone-sensitive Salmonella strains were sensitive
to both metabolic characteristics of the strain (e.g., the mutator
phenotype) and the conditions of selection (e.g., the antibiotics
used). Nonmutators selected with fluoroquinolone antibiotics
frequently contained mutations outside of the gyrA QRDR,
unlike Salmonella spp. isolated from clinical or veterinary
sources. The lack of consistency among mutation spectra re-
ported for clinical and veterinary samples suggests a wide vari-
ability in the conditions under which the mutations in those
strains arose. However, the patterns of mutation are consistent
with an overrepresentation of strains exhibiting mutation pat-
terns of the MMR mutator phenotype among Salmonella spp.
developing resistance to fluoroquinolone antibiotics world-
wide. The promiscuity of MMR strains might also lead to a
variety of recombinational events among strains in clinical and
veterinary settings, explaining the heterogeneity of phenotypes
reported in quinolone- and fluoroquinolone-resistant strains
isolated from those settings.
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