
Journal of Medical Microbiology (2003), 52, 697–703 DOI 10.1099/jmm.0.05178-0

05178 & 2003 SGM Printed in Great Britain 697

Correspondence

Elisabeth Chaslus-Dancla

chaslus@tours.inra.fr

Received 14 January 2003

Accepted 16 April 2003

Fitness cost of fluoroquinolone resistance in
Salmonella enterica serovar Typhimurium

Etienne Giraud,† Axel Cloeckaert, Sylvie Baucheron, Christian Mouline
and Elisabeth Chaslus-Dancla
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High-level fluoroquinolone (FQ) resistance is still infrequent in salmonellae, compared with other

pathogenic enterobacteria. Data provided in this work support the hypothesis that the mechanisms

that confer high-level FQ resistance on salmonellae have a prohibitive fitness cost andmay thus limit

the emergence of highly resistant clones. In vitromutants that were highly resistant to ciprofloxacin

(MIC ¼ 8 and 16 �gml�1) showed generation times 1·4- and 2-fold longer than their parent strains

and were unable to colonize the gut of chickens. Electron microscopy showed an altered

morphology for one of these mutants grown to stationary phase. Mutants selected in vivo and

exhibiting intermediate resistance to ciprofloxacin (MIC ¼ 2 �gml�1) also showed growth defects

on solid media but had normal generation times in liquid culture and colonized the gut of chickens.

After in vitro or in vivo passage in the absence of antibiotic selective pressure, partial reversals of the

fitness costwereobserved,whichwere associatedwith slight decreases in resistance toquinolones

and other unrelated antibiotics, but were not linked to the loss of gyrA mutations.

INTRODUCTION

The incidence of Salmonella enterica strains resistant to the
first-generation quinolone nalidixic acid is increasing. The
prevalence of resistance to nalidixic acid is especially high in
some serovars such as S. enterica serovar Hadar (S. Hadar; 92
and 72%, respectively, in human and animal isolates in 1997
in France) or in some clones such as the epidemic S.
Typhimurium DT104 in the UK (Breuil et al., 2000; Walker
et al., 2000). Nalidixic acid-resistant isolates generally have
reduced susceptibility to fluoroquinolones (FQ), which may
sometimes compromise treatment (Molbak et al., 1999).
However, isolation of strains that exhibit clinical resistance to
FQs, as defined by the Comité de l’Antibiogramme de la
Société Française de Microbiologie or by the National
Committee for Clinical Laboratory Standards, is infrequent.
Strains are considered resistant to ciprofloxacin when MICs
are . 2 �gml�1 (NCCLS, 1997; Members of the SFM
Antibiogram Committee, 2003). In the early 1990s, some S.
Typhimurium var. Copenhagen isolates, probably epide-
miologically related, were described that exhibited high-level
resistance to ciprofloxacin (MIC ¼ 32 �gml�1) (Heisig,
1993; Heisig et al., 1995). More recently, the emergence of
high-level FQ resistance has been reported in S. enterica
serotypes Choleraesuis, Schwarzengrund and Typhimurium

(Chiu et al., 2002; Olsen et al., 2001; Nakaya et al., 2003).
However, for the two major human non-typhoidal patho-
genic serotypes S. Typhimurium and S. Enteritidis, the
ciprofloxacin MICs remain generally below 1 �gml�1

(Threlfall et al., 2000; Wiuff et al., 2000). Much higher
frequencies and levels of resistance are commonly observed
for other pathogenic enterobacteria, including Escherichia
coli, Klebsiella pneumoniae or Enterobacter cloacae (Chen
et al., 2001; Deguchi et al., 1997; McDonald et al., 2001;
Paterson et al., 2000; Robert et al., 2001; Weigel et al., 1998).
The mechanisms that lead to high-level resistance to FQ in
S. Typhimurium include alterations in GyrA, the catalytic
subunit of DNA gyrase, and overexpression of the AcrAB
efflux system (Cloeckaert & Chaslus-Dancla, 2001; Giraud
et al., 1999, 2000; Heisig, 1993; Heisig et al., 1995). Altera-
tions have recently been reported in the ParC catalytic
subunit of topoisomerase IV, the secondary target of FQ in
high-level FQ-resistant S. Typhimurium (Baucheron et al.,
2002; Hansen et al., 2001). We have previously suggested, on
the basis of experimental selections, that the mechanisms
that confer high-level FQ resistance in S. Typhimurium
could have an important fitness cost and could therefore be
counter-selected under in vivo conditions (Giraud et al.,
1999).

The aim of the present study was to characterize further the
physiological alterations of FQ-resistant experimental mu-
tants and to investigate whether clones derived from these
mutants, still highly resistant to FQ but with better fitness,
could emerge in the absence of antibiotic selective pressure.

†Present address: UMR INRA/ENVN Chimiothérapie Aquacole et
Environnement, Ecole Nationale Vétérinaire de Nantes, Atlanpole – La
Chantrerie, BP 40706, 44307 Nantes Cedex 03, France.

Abbreviation: FQ, fluoroquinolone.



METHODS

Bacterial strains and susceptibility determinations. The parent S.
Typhimurium strains BN18 and BN82 were respectively isolated from a
septicaemic pigeon and from a sick calf. The FQ-resistant mutants
BN18/71 and BN82/71 were obtained from these parents, after
respectively seven and eight selection steps on Mueller–Hinton agar
plates supplemented with increasing concentrations of enrofloxacin
(Giraud et al., 1999). BN18/71-R2 and BN82/71-R2 are clones respec-
tively derived from mutants BN18/71 and BN82/71, recovered after
about 500 generations in serial transfer cultures in LB medium without
antibiotic (Table 1).

Mutants BNJ-529 and BNJ-548 were respectively selected in vivo from
strains BN18 and BN82, as described previously (Giraud et al., 1999).
Axenic White Leghorn chickens were monocontaminated with either
BN18 or BN82 and then received increasing doses of enrofloxacin added
to the drinking water (from 6·25 to 50 �gml�1). Resistant isolates BNJ-
529 and BNJ-548 were recovered from samples of faeces. BNJ-529/G1
and BNJ-548/G4 were clones respectively derived from mutants BNJ-
529 and BNJ-548, recovered from the last samples of the colonization
experiments described below (Table 1).

MICs were determined by the standard agar doubling dilution method
on Mueller–Hinton medium with inocula of 104 c.f.u. per spot. The
antibiotics used were nalidixic acid, flumequin and penicillin G
(Sigma), enrofloxacin and ciprofloxacin (Bayer) and tetracycline and
chloramphenicol (Boehringer Mannheim).

Colonization of chickens. One-day-old White Leghorn axenic
chickens placed in germ-free isolators were first inoculated with a
characterized pathogen-free intestinal flora (Brée et al., 1989). Three
days later, they were given per os about 106 c.f.u. of one of the following
S. Typhimurium strains: BN18, BN18/71, BNJ-529, BN82, BN82/71 or
BNJ-548. For each strain, we used a group of 15 chickens, placed in a
single germ-free isolator. Rectal samples of faeces were taken from five
randomly chosen birds on days 1, 3 and 7 after inoculation and then
every 7 days for 1 month. Decimal dilutions of the samples were plated
on a Salmonella–Shigellamedium (SS agar; SanofiDiagnostics Pasteur),
with or without 20 �g nalidixic acid ml�1, depending on the phenotype
of the inoculated strain (susceptible parent strain or resistant mutant).
Salmonella colonies were counted after 18 h incubation at 37 8C. The
limit of detection of the plate counts was 102 c.f.u. (g faeces)�1. When
no Salmonella colonies were recovered from an animal, an enrichment
of the undiluted sample was performed in Müller–Kaufman medium
(Sanofi Diagnostics Pasteur). In case of positive culture after enrich-
ment, a value of 102 c.f.u. (g faeces)�1 was retained for calculation of the
mean. The number of viable Salmonella cells was expressed as log10 c.f.u.
(g faeces)�1 and means were calculated. Differences in levels of
colonization were evaluated by Student’s t-test.

Monitoring of bacterial growth. The generation times of strains were
determined by measuring OD600 in brain heart infusion (BHI). Read-
ings were taken every 30 min for 8 h. The parent strains systematically
included as controls gave similar results throughout the assays. Viable
cells were counted by plating every 2 h during the OD measurements
and after 24 h growth.

Growth of strains was also monitored using an impedance method
(Noble et al., 1999). Bacterial suspensions at 2 3 104 c.f.u.ml�1 in LB
mediumwere distributed in themodule wells of a Bactometermicrobial
monitoring system M-128 (bioMérieux). Changes in capacitance
caused by bacterial growth and metabolism were monitored for 18 h.
The parameter chosen for assessing the growth of strains was the
detection time (DT), defined as the time required by the bacterial
population to reach a concentration that caused a rapid deviation from T
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baseline capacitance values. This concentration is approximately of
106 c.f.u.ml�1. For a given initial bacterial concentration, DT is a
function of the generation time and the length of the lag phase.

Genetic and biochemical characterization of mutants.Quinolone
resistance mutations in the gyrA and parC genes of mutants selected in
vitro or in vivo from parent strains BN18 and BN82 had earlier been
identified by sequencing (Giraud et al., 1999). The persistence of
mutations at codons 81, 83 and 87 of gyrA was investigated, in mutants
evolved either in vivo in the gut of chickens or in liquid culture, using the
previously described AS-PCR-RFLP assay (Giraud et al., 1999). The
presence of parC mutations at codon 80 of these evolved mutants was
investigated by PCR-RFLP as described previously (Giraud et al., 1999).

Analysis of outer-membrane proteins by SDS-PAGE and immunoblot
analysis of AcrA using an anti-AcrA polyclonal antibody were per-
formed as described previously (Giraud et al., 2000).

Electron microscopy. Cells were grown to stationary phase in LB
medium, harvested by centrifugation and resuspended in PBS at a
concentration of about 1010 cellsml�1. An aliquot (5 �l) of the suspen-
sion was applied for 2 min to Formvar, carbon-stabilized copper grids.
Negative staining was performed with phosphotungstic acid for 1 min.
The grids were observed with a Philips CM10 microscope under
standard operating conditions.

RESULTS

Colonization experiments

The ability to colonize the gut of chickens was tested for FQ-
resistant mutants selected in vitro and in vivo from two
susceptible strains. The mean levels of colonization achieved
by parent strains BN18 and BN82 appeared stable for 4 weeks
after the inoculation, at 106–107 c.f.u. (g faeces�1). In
contrast, the two highly ciprofloxacin-resistant in vitro
mutants BN18/71 and BN82/71 (MIC respectively 8 and
16 �gml�1) were detected only in samples of faeces taken at
day 7 post-inoculation, and only after enrichment, indicating
a level below 102 c.f.u. (g faeces�1). After 7 days, they were no
longer detected. Thus, they did not colonize the gut of
chickens permanently (Fig. 1). The in vivo-selected mutants,
which exhibited intermediate resistance to ciprofloxacin
(MIC 2 �gml�1), colonized the gut of chickens at mean
levels similar to (mutant BNJ-529) or significantly lower than
(mutant BNJ-548) those reached by their respective parent
strains (Fig. 1).

Fitness and morphology of in vitro-selected

mutants

We had previously noted that highly ciprofloxacin-resistant
mutants formed small colonies (Giraud et al., 1999). These
growth defects were confirmed by generation-time determi-
nations in liquid media: mutants BN18/71 and BN82/71 had
altered growth profiles (Fig. 2), characterized by generation
times 1·4- and 2-fold longer than their parent strains (Table
1). Detection times obtained using the Bactometer were also
1·3- and 2·2-fold longer for mutants BN18/71 and BN82/71
than for their parent strains. All the mutants achieved the

same cell density as the parent strains at stationary phase.
Viable cell counts did not reveal increased mortality (not
shown).

Transmission electron microscopy was used to analyse the
shape of cells of the highly ciprofloxacin-resistant mutant
BN18/71.When grown to stationary phase, cells of the parent
strain BN18 were long (1·5–3 �m) and thin (0·4 �m in

Fig. 1. Levels of colonization of the gut of chickens, evaluated from
the number of viable bacteria recovered per gram faeces. Numbers
next to each point indicate the number of animals positive out of five
sampled. Asterisks indicate a level of colonization significantly lower
(P , 0·002) than that reached by the parent strain. The horizontal line
indicates the lower limit of detection. (a) Parent strain BN18 (r) and
derived mutants BN18/71 (h) and BNJ-529 (n). (b) Parent strain
BN82 (r) and derived mutants BN82/71 (h) and BNJ-548 (n).

Fig. 2. Growth profiles of parent strains BN18 (h) and BN82 (j) and
of their respective ciprofloxacin-resistant mutants BN18/71 (s) and
BN82/71 (d).
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diameter) rods, whereas the mutant cells appeared as much
shorter and thicker rods (1·5 �m long, 0·7 �m in diameter)
(Fig. 3).

Evolution of fitness

The mutants selected in vivo, BNJ-529 and BNJ-548, also
formed smaller colonies than their respective parent strains
on solidmedium (Giraud et al., 1999). On and after the third
week of the colonization experiment, we observed two
different types of colonies in plated samples of faeces from
chickens contaminated with mutants BNJ-529 and BNJ-548:
small colonies that looked like those formed by the inocu-
lated mutant and fast-growing colonies that rapidly dis-
played a black centre on SSmedium due to the production of
H2S (Fig. 4). The relative frequency of the fast-growing
colonies increased until the end of the experiment. We
determined the generation times of the two inoculated
mutants (BNJ-529, BNJ-548) and of two clones that formed
fast-growing colonies after passage in chickens. Surprisingly,
the differences in growth rates seen on solid medium were
not corroborated by generation time values (Table 1).
However, the Bactometer experiments revealed significantly
longer DTs (respectively 1·2- and 1·7-fold) for mutants BNJ-
529 and BNJ-548 than for their parent strains. This observa-
tion suggests that these mutants could have longer lag times,
which could also explain the smaller colonies on solid
medium.

We also tested the ability of the highly ciprofloxacin-resistant
in vitro mutants BN18/71 and BN82/71, which also formed
micro-colonies, to recover higher growth rates sponta-
neously when serially passaged in a liquid medium without
antibiotic. We maintained the two mutants in serial transfer
culture for about 500 generations. The clones recovered after
500 generations still formed micro-colonies. The generation
time ofmutant BN18/71-R2was reduced comparedwith that

of mutant BN18/71, but was still longer than that of the
susceptible parent strain BN18. The generation times of
mutants BN82/71 and BN82/71-R2 were similar.

Evolution of antibiotic susceptibilities

The susceptibilities of mutants evolved either in vivo in the
gut of chickens or in liquid culture to quinolones and
unrelated antibiotics were close to those of the original
mutants (Table 1). However, a slight decrease in resistance
was noted for some evolved mutants, generally more
pronounced for the older quinolone flumequin than for
the newer FQs enrofloxacin and ciprofloxacin. The increase
in susceptibility was greater for mutants derived from parent
strain BN82 than for mutants derived from BN18. For BNJ-
548/G4, the MICs of flumequin and ciprofloxacin were
respectively 4- and 2-fold lower than for the originally
inoculated mutant BNJ-548. For BN82/71-R2, the MICs of
flumequin and enrofloxacin were 4-fold lower than for
BN82/71, and the MIC of ciprofloxacin was 2-fold lower.
The MICs of tetracycline and chloramphenicol were 2-fold
lower in mutant BN18/71-R2, which could suggest that non-
specific resistance mechanisms such as active efflux may
participate in the phenotype of resistance (Giraud et al.,
2000).

Topoisomerase mutations, AcrAB and porin

expression

We had shown previously that mutants selected in vitro or in
vivo from parent strains BN18 and BN82 carried single or
double mutations in the QRDR motif of gyrA, but did not
show mutations in the parCQRDR (Giraud et al., 1999). All
the derived mutants had conserved the gyrA mutations that
confer quinolone resistance (Table 1). They did not have any
mutation at codon 80 of parC.

Fig. 3. Electron micrographs of cells of parent strain BN18 (a) and of
ciprofloxacin-resistant mutant BN18/71 (b) grown to stationary
phase. Bars, 1 �m.

Fig. 4. Colonies formed by salmonellae present in the faeces of
chickens 35 days after inoculation of mutant BNJ-548.
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Since we have shown previously that the phenotype of
resistance to quinolone was strongly correlated with the level
of expression of the AcrAB efflux pump (Giraud et al., 2000),
we tested whether the slight decrease in resistance observed
for some of themutants passaged in vitro or in chickens could
be linked to a decreased expression of AcrAB. This possibility
was also suggested by the slight decrease in resistance to
structurally unrelated compounds like tetracycline or chlor-
amphenicol (Table 1). Immunoblotting experiments showed
that AcrAB was overexpressed in mutants selected both in
vivo and in vitro, but no clear variation in AcrAB expression
levels was detected after in vivo or in vitro passages (not
shown). SDS-PAGE analysis of the outer-membrane pro-
teins of all the mutants derived from parent strain BN18 did
not reveal anymodification of porin expression (not shown).

DISCUSSION

Whereas it is clear that genotypes resistant to an antibiotic are
selectively favoured in the presence of this antibiotic, they
often have lower growth rates than susceptible genotypes in
an antibiotic-free environment. Such resistant genotypes
should be rapidly counter-selected when placed in competi-
tion with susceptible counterparts or other species that
occupy the same ecological niche and grow faster. However,
it has been shown that resistant bacteria can restore their
fitness partially or totally by accumulating compensatory
mutations without losing their resistance (Andersson &
Levin, 1999; Gillespie & McHugh, 1997; Lenski, 1997;
Spratt, 1996). These compensatory mutations could prevent
reversion to susceptibility not only by reducing the cost of
resistance but also by creating a genetic background that is
specifically adapted to resistance. For example, in Escherichia
coli mutants resistant to streptomycin through the presence
of mutations in rpsL, the accumulation of ‘second-site’
compensatory mutations generates a genetic background in
which wild, susceptible alleles of rpsL have an important
selective disadvantage (Schrag et al., 1997).

Resistance to quinolones is also due to mutations in
chromosomal genes such as those encoding the type II
topoisomerase or those regulating the expression of multi-
drug efflux pumps. It can be speculated that the presence of
mutations in these structural or regulatory genes, which are
implicated in numerous cellular processes, not only increases
resistance to quinolones but also affects the physiology of the
bacterial cell. The fitness cost associated with quinolone
resistance has not yet been studied extensively. A recent study
showed that some, but not all, highly ciprofloxacin-resistant
Escherichia coli isolates have altered growth rates (Bagel et al.,
1999). However, it is not possible to know from this study
whether acquisition of FQ resistance does not affect the
fitness of Escherichia coli strains systematically or whether
resistant isolates with normal growth rates have already
restored their fitness by accumulating compensatory muta-
tions. Bjorkman et al. (1998) found that chromosomal
mutations that confer resistance to nalidixic acid, strepto-
mycin or rifampicin decrease the competitive performance

of S. Typhimurium in mice, but that compensatory muta-
tions, rather than a true reversion to the sensitive wild-type,
rapidly accumulate and restore virulence. They also demon-
strated, in the case of resistance to streptomycin or to fusidic
acid, that different fitness-compensating mutations are
selected depending on whether the bacteria evolve through
serial passage in mice or in a laboratory culture medium
(Bjorkman et al., 2000).

Salmonellae apparently do not reach high levels of resistance
by acquiring mutations successively and alternately in gyrA
and parC (Giraud et al., 1999). They may have no other
means to face up to a high concentration of FQ than to use
non-specific resistance mechanisms, such as active efflux by
multidrug efflux pumps, at levels that would not be compa-
tible with optimal growth. We have shown previously that
the resistance phenotype of mutants derived from strain
BN18 was strongly correlated with the level of expression of
the AcrAB efflux pump, which was increased 10-fold in
mutant BN18/71 (Giraud et al., 2000). Growth defects may
be caused by the inopportune efflux of key metabolites by
highly overexpressed multidrug pumps (Nikaido, 1998).
However, possibly due to a lack of sensitivity of the
immunoblot method, we did not detect any correlation
between the slight decrease in resistance to quinolones and
other unrelated antibiotics after in vitro or in vivo passage and
decreased expression of AcrAB. Possible variations in the
levels of expression of other multidrug efflux systems might
also explain the small variations observed in resistance.

In the present study, we show that important physiological
alterations accompany the acquisition of a high level of
resistance to FQ by S. Typhimurium strains. These altera-
tions, which find expression in decreased growth rates, the
inability to colonize the gut of chickens and modified
morphology, may explain why highly resistant mutants can
be obtained by experimental selection in laboratory culture,
but not under in vivo conditions, even in the absence of a
competitive flora (Giraud et al., 1999). For our highly
resistant mutants, no significant restoration of fitness and
only a slight decrease in the level of resistance could be
observed after a 500-generation evolution in an antibiotic-
free medium. For mutant BN82/71, the inability to colonize
chickens and to regain fitness in the absence of FQ could be a
consequence of the definitive loss of one or more porins that
may also participate in the FQ-resistance phenotype of the
mutant. For mutant BN18/71, this hypothesis can be
excluded, since SDS-PAGE analysis has shown a porin profile
identical to that of the parent strain BN18 (Giraud et al.,
2000). This latter mutant, however, showed some alterations
in outer-membrane proteins other than porins and of the
LPS profile that could possibly account for the resistance,
growth and colonization phenotypes. Mutants with inter-
mediate resistance to ciprofloxacin (MIC 2 �gml�1) suc-
cessfully colonized the gut of chickens. We observed the
emergence and propagation, in the gut of chickens, of
subclones of these mutants that showed partially restored
fitness and a slight decrease in resistance. One of these
subclones had a resistance phenotype to quinolones that was
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close to those generally observed in nalidixic acid-resistant
clinical isolates of Salmonella. On the basis of these results, we
postulate that the infrequency of strains that are clinically
resistant to ciprofloxacin could be due to the inability ofmost
highly FQ-resistant S. Typhimuriummutants to compensate
rapidly for their selective disadvantage before being excluded
by faster-growing competitors that occupy the same ecolo-
gical niche. As demonstrated by Bjorkman et al. (1998),
nalidixic acid-resistant strains can restore their fitness by
acquiring compensatory mutations. Our mutants, with an
intermediate level of resistance to ciprofloxacin, apparently
favoured a partial reversion to a level of susceptibility
compatible with a normal growth rate, rather than the
acquisition of compensatory mutations that would have
maintained the level of resistance.

Although most clinical strains of S. enterica do not exhibit
high-level resistance to FQ to date, recent reports demon-
strate that some strains from different S. enterica serovars
with high-level FQ resistance, combining stable and efficient
multiple-target mutations in both gyrA and parC and
probably also impermeability and efflux, can emerge and
may be life-threatening (Chiu et al., 2002; Olsen et al., 2001;
Nakaya et al., 2003). This strongly stresses the necessity of
further surveillance of FQ resistance and the prudent use of
FQ.
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