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Review article

Mechanisms of quinolone resistance iBalmonella

Axel CLoeEckAERT*, Elisabeth GasLUs-DANCLA
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37380 Nouzilly, France

(Received 20 February 2001; accepted 16 March 2001)

Abstract — As in other Gram-negative bacteria, mechanisms of resistance to quinolBaksanella

include target gene mutations, active efflux, and decreased outer membrane permeability. However,
the exact contribution of these individual mechanisms to resistance, which may nevertheless interplay
to reach high-level resistance, has not yet clearly been defined as in other bacteri&scicbrechia

coli. This paper reviews the current state of knowledge of quinolone resistance mechanisms in
Salmonelleby comparison with that @&. coliand future directions of research with particular atten-

tion to the recent development of efflux pump inhibitors as possible means of avoiding the emergence
and spread of fluoroquinolone resistance.

Salmonella/ quinolone / resistance / mechanism

Résumé — Mécanismes de résistance aux quinolones cBatmonella Comme chez les autres
bactéries Gram-négatives les mécanismes de résistance aux quinoloSzdmbaellacomprennent

les mutations dans les genes cibles, I'efflux actif, et une diminution de la perméabilité de la membrane
externe. Cependant la contribution exacte de ces mécanismes individuels, qui peuvent néanmoins inter-
agir pour atteindre des niveaux de résistance élevés, n'a pas encore été clairement définie comme chez
d'autres bactéries telle quescherichia coli Cette revue présente I'état actuel des connaissances

des mécanismes de résistance ¢damonellapar comparaison avee. coli et des perspectives

futures de recherche avec une attention particuliere au développement récent d’inhibiteurs de pom-
pes d’efflux comme moyen possible pour éviter I'émergence et la diffusion de la résistance aux
fluoroquinolones.
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1. INTRODUCTION ual quinolone resistance mechanisms in

other bacteria such &s coli.

The evolution of resistance to fluoro-
guinolones is a problem in both veterinary
and human medicine. Over the last year®. TARGET GENE MUTATIONS
we have faced the emergence of strains of
Escherichia colhighly resistant to fluoro- : .
In Salmonellaquinolone resistance was

quinolones in humans as well as in differen}. tlv attributed t int mutati in th
types of food animal production. The situa-FStY attributed to point mutations in the

tion in Salmonellaseems to be different. In 9Y"A gene coding for the A subunit of

humans and animals, a similar emergenc@yase, whose complex with DNA is the
of strains showing high-level resistance td’'iMary target of quinolones. Resistance
fluoroquinolones is not frequently encoun-mutations ogyrAhave been clustered in a

tered. To date, only one example has beéﬁgion of the gene product between amino

recorded with the emergence and probablaC¢ids 67 and 106, termed the quinolone

clonal diffusion of theS. enterica 'esiStance-determining region (QRDR).
Typhimurium variant Copenhagen in “m_Amlno acid changes at Ser-83 (to Phe, Tyr,

ited areas of Europe. These strains, whicfl Al2) or at Asp-87 (to Gly, Asn, or Tyr)

are highly resistant to fluoroquinolones, &€ the most frequently observed in nalidixic

were mainly isolated between 1991 an cid-resistant strains [6, 17, 20, 21, 26, 54,

1995 from animals and humans [23, 25, 277; 7’.63_65' 70, 72]. Double mutations at bOt.h

Since then, at least in France, only certaif€Sidués 83 and 87 have been identified in
' i clinical isolates ofS. entericaserovar

strains with a decreased susceptibility to qu-T himuri howind hiah-level resi
oroquinolones have been isolated [17].  1YPhimurium showing high-level resistance
to fluoroquinolones (e.g., MIC of

As in other bacteria, mechanisms of resiseiprofloxacin: 32 pgnL=1) [23]. This con-
tance to quinolones i8almonellainclude cerned a particular clone named Copenhagen
target gene mutations, active efflux, andsariant encountered in Germany during the
decreased outer membrane permeabilityearly 1990s. The double mutation was iden-
However, the exact contribution of thesetical in several isolates (Ser-83 to Ala and
individual mechanisms to resistance, whichAsp-87 to Asn) thereby suggesting the clon-
may nevertheless interplay to reach higfality of the strains [25]. These isolates addi-
level resistance, has not yet clearly beetionally had an alteregyrB gene coding for
defined as in other bacteria suctEagoli.  the B subunit of gyrase [23]. Complemen-
The following paragraphs will deal with the tation of these strains with plasmids carrying
current state of knowledge of resistanceither thegyrAor thegyrBwild-type genes
mechanisms oBalmonella points of dis- of E. coliK-12 resulted in enhanced sus-
cussion and future directions of research bgeptibilities and provided evidence of a role
comparison with the better studied individ-for both alteredyyrA andgyrB genes in

295



Salmonelleguinolone resistance 293

high-level fluoroquinolone resistance [23].loci, in particular those resulting in a multi-
Probably the same clone described aple antibiotic resistance (Mar) phenotype
phage-type DT204 showing high-leveldue to the overproduction of broad-spec-
enrofloxacin resistance occurred in Belgiuntrum efflux pumps and decreased outer
from 1991 to 1995 [27]. Mutations in the membrane permeability which may inter-
target genes were, however, not investigateplay with target gene mutation-mediated
in these cases. This clone has apparenttyuinolone resistance (see below) [1, 2, 60].
disappeared and only clinical strains with a
single mutation in thgyrAgene have since
then been described to confer nahdpqc_:_am%_ ACTIVE EFFLUX
resistance but decreased susceptibility to
fluoroquinolones according to the clinical
breakpoint admitted (MIC > 2 pgL™1). A Quinolone resistance due to active efflux
gyrB gene mutation has also been identifiedias been well studied . coli. A major
in a quinolone-resistant post-therapy isolatefflux system involved in multidrug-com-
of S. entericaserovar Typhimurium and prising quinolone-resistance describeétin
consisted in a point mutation in codon 463:0li is the AcrAB-TolC system which is a
of gyrB giving rise to an amino acid substi- three-component structure that crosses both
tution of Ser to Tyr [16]. In this case, com-the inner and the outer membrane. AcrB is
plementing with a wild-typgyrB gene also the inner membrane component which acts
resulted in increased susceptibility of theas a proton-motive-force-dependent trans-
isolate to nalidixic acid and fluoro- porter and belongs to the class of resistance-
quinolones. nodulation-division (RND) efflux pumps
49, 50, 55, 60, 61, 76]. Its proposed struc-

Less frequently, amino acid substitutions,,re consists of 12 transmembrane segments
at other GyrA positions than Ser-83 an TMS) or a-helices with two large

Asp-87 have been described in quinolonegy qyophilic extracytoplasmic domains
resistanSalmonellastrains such as those altpetween TMS 1 and 2 and TMS 7 and 8.
Ala-67 (to Pro), Gly-81 (to Ser), and Ala- Thege |arge periplasmic domains may play
119 (to Glu) [17, 21, 63]. a critical role in the drug efflux. The AcrB
Unlike inE. coli[12, 14, 19, 24, 28, 32, transporter uses a wide variety of substrates

44, 51] no mutations have been describe@xtruding not only various classes of clini-
in the secondary target for quinolonescally important antibiotics such as
namely thegparC gene coding for the ParC quinolones -lactams, tetracycline, chlo-

subunit of topoisomerase IV. ramphenicol, erythromycin, and rifampin
but also disinfectants, dyes, detergents, bile

The role inSalmonellaquinolone resis- sats, and organic solvents [29, 40, 43,
tance of mutations in the target genes, ing 50, 53, 55, 60, 61, 68, 69, 71].
particular ingyrA andgyrB, has been con-
firmed by complementation studies using AcrA is a periplasmic lipoprotein which
wild-type genes on plasmids [16, 20, 23has an elongated shape thought to span the
54, 56, 57]. It nevertheless remains to b@eriplasmic space thus coordinating the con-
determined what the exact impact of theseerted operation of inner and outer mem-
mutations is on quinolone resistance, as hdgane components of the three-component
been done foE. coli constructed isogenic structure [73, 74]. AcrA, in addition, forms
mutants where mutationsgyrAandparC  oligomers, most probably trimers interacting
were experimentally introduced in thespecifically with the AcrB transporter inde-
absence of quinolone selection [4]. Indeedpendently of substrate and TolC [75]. AcrA
nalidixic acid and fluoroquinolones may might bring TolC and AcrB together by
select for mutations at other chromosomaflolding back on itself allowing the drug
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efflux across the two membranes directlyresults in decreased outer membrane per-
into the medium [73-76]. meability to quinolones and other antibi-

The functional outer membrane proteinOﬁCS [8, 9]. Besides overproduction of the
TolC is required for the operation of the”ACTAB-ToIC efflux pump, it has recently
AcrAB efflux system and for the expres- PN shown using macroarrays tBacoli
sion of the Mar phenotype [15]. The crystaStrains constitutively expressimgarA
structure of TolC has recently been eluciShowed altered expression of more than
dated revealing a distinctive and previoushfO chromosomal genes [5].
unknown fold [30]. Three TolC protomers

ssemble to form a continuou Iven :
assemble to fo co uous, solve iheachgene coding for a repressor of

accessible conduit — a “channel-tunnel” ove
140 A long that spans both the outer mem§crAB Apart from themarRABandsoxRS

. ; .- regulons, AcrR would function as a specific
ggﬂﬁsamda%e.ﬂgﬁzrpt';%fr%?cﬁhlmfrﬁ? econdary modulator to finely tune the level
o f acrAB transcription and to prevent the

tunn_el through the periplasm, anchored by %nwanted overex%ression@erB [41]
contiguous outer membraifebarrel. The '

periplasmic end of the tunnel is sealed by |, saimonellaevidence for the partici-
sets of coiled helices and it is thought th (g)

Closely linked to thecrAB operon, is

i 8hation of active efflux in quinolone resis-
these cquld be ur_1tW|sted by an aIIoster_l ance has recently been provided [18, 58].
mechanism, mediated by protein-proteinajthough no direct evidence has been pro-
interactions, to open the tunnel. vided for the role of the AcrAB-TolC efflux

In E. colithe level of production of the system in resistance, the production level
AcrAB-TolC efflux system is controlled by of the AcrA protein inn vitro quinolone-
several regulatory genes at different chroselected mutants correlated well with the
mosomal loci. The most important systemsesistance levels to nalidixic acid and fluo-
studied are the globaharRABandsoxRS roquinolones [18]. As ift. coli, quinolone-
regulatory systemsnarAandsoxScode for  selection also resulted in a Mar phenotype
homologous proteins that are positive regwith resistance to unrelated antibiotics such
ulators of the AcrAB-TolC efflux system asp-lactams, chloramphenicol, and tetra-
[1, 2, 5, 40, 41, 46, 48, 53, 71]. ThmarR cycline. Interestingly, th8almonella acrB
andsoxRgenes code for repressor proteingene has been shown to play an important
that locally downregulate the expression ofole in resistance to bile salts, detergents
themarAandsoxSgenes, respectively. Thus and in mice intestinal colonisation [34].A
alteration of these repressor genes may leahtericaserovar TyphimuriunacrB mutant
to constitutive expression ofarAandsoxS indeed exhibited a reduced capacity to
resulting in the overproduction of thecolonise the intestinal tract. Similarly, the
AcrAB-TolC efflux pump and resulting Mar TolC protein ofS. entericaserovar Enteri-
phenotype. Upon selection with quinolonestidis has been shown to be required for vir-
several mutations have been identified irulence in mice [66]. Th&lC mutant was
the repressor genes and also intie@O  avirulent for mice when administered by the
operator upstream of thearRABoperon. oral route. This mutant was also more sen-
These mutations consisted of point mutasitive than the wild-type strain to various
tions and deletions [1, 3, 10, 28, 37, 42, 51]detergents, antibiotics, and dyes suggesting
Such non-target gene mutations may thuthat as irk. colithe TolC outer membrane
lead to increased efflux-mediated quinolonehannel ofSalmonellds required for effec-
resistance. Interestingly, MarA and SoxSive functioning of the AcrAB-TolC efflux
also downregulate the synthesis of the majaystem. These data suggest an important
porin OmpF, through the increased producrole of the AcrAB-TolC efflux system in
tion of an antisense RNAwicF, which the virulence oSalmonella
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The marRABandsoxRSoperons also tance. The role of lipopolysaccharide com-
occur inSalmonelld11, 31, 33, 58, 59, 67]. position on the accumulation of quinolones
As inE. coli, increased expressionmfirA  has been studied in several bacteria, but it
andsoxSresults in the Mar phenotype [11, remains unclear, as contradictory results
31, 59]. Recently, Koutsolioutsou et al. [31]have been obtained [7, 13, 22, 45, 47, 62]. It
reported aoxRSconstitutive mutation in a has been hypothesised in quinolone-selected
clinical strain ofS. entericaserovar Pseudomonas aeruginosdrains that
Typhimurium that arose with the develop-increased amounts of lipopolysaccharide
ment of resistance to quinolones dutiegt- form a permeability barrier which acts pref-
ment. The elevated quinolone resistance iarentially against hydrophilic quinolones
this strain derived from a point mutation[45]. The lengthening of the O chains seen
in thesoxRgene and could be suppressed i in vitro quinolone-selected resistant
trans by multicopy wild-typsoxRShus Salmonellamutants could also result in a
showing that constitutive expression oflower level of accessibility to the outer mem-
soxR&an contribute to antibiotic resistancebrane [18].

in clinically relevantS. entericd31]. In Itis thou i ;

; ght that hydrophilic quinolones
an_(:jther re(r:]ent EtUdy of P'ddogk fet al. [|58]I' e ciprofloxacin preferentially use the porin
evidence has been reported of a role olayay to penetrate the cells [7]. Lack of
active efflux in the resistance phenotype o xpression of the OmpF porin has been
Six isolates of S. entericaserovar \gnqeq in some quinolone-resistant
Typhimurium recovered from a patient g gneljastrains [20, 56, 57]. However,
treated with ciprofloxacin. However, no it was not clear whether the lack of OmpF

muéanons were found in tgearoz marR  contributed to decreased levels of quinolone
andacrk sequences and no INCréaseq, .. mylation. As described f&. coli

expression ofnarA tolC, or soxSwas  opaye it has been shown f8almonella
observed by Northern blotting although thregy, ,; 5oy ypregulatesicF transcription

sion ofacrB[58]. To our knowledge these TSQ] which may be responsible for the lack

: - of expression of OmpF for these quinolone-
are the only two reports where mutations 'r}esis'?anSalmonelIais?olates. d

the regulator genes of the AcrAB-TolC
efflux system have been investigated. Thus
much work remains to be done to study th

role of efflux and its regulation in 5. SSIVI:I/OCLA(;\]NI-EHEESLIE\'F,E:;ICE
Salmonellaguinolone resistance to reach BE REACHED?

the current state of knowledge of effluxén '

col Interplay between several resistance
mechanisms may lead to high-level resis-

tance to quinolones and to other antibiotics

4. DECREASED OUTER when multidrug efflux pumps and decreased
MEMBRANE PERMEABILITY outer membrane permeability are involved

[14, 28, 35, 36, 46]. For instance for in vitro

A few studies have reported on alterationselected quinolone-resistahit colimutants
of outer membrane protein expression or ot has been shown that first-step quinolone-
lipopolysaccharide in quinolone-resistantresistant mutants acquireggrA mutation
Salmonellg18, 20, 56, 57]. However, it [28]. Second-step mutants reproducibly
does not appear clearly from these studiescquire a Mar phenotype and show
whether such alterations contributed signifenhanced fluoroquinolone efflux. In some
icantly to decreased outer membrane pethird-step mutants, fluoroquinolone efflux
meability and consecutive quinolone resisis further enhanced and additional
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topoisomerase mutations are acquired. Iquinolone resistance as was the case in the
clinical E. coliisolates from humans and early 1990s.
animals the situation appears to be the same
where high-level fluoroquinolone resistance
is reached when mutations at several chr%
: : . ESCAPING QUINOLONE
mosomal loci are acquired [14, 51]. RESISTANCE

For S. entericaryphimurium in vitro

selected quinolone-resistant mutants, indi- |t is particularly interesting to note that in
vidual mechanisms of resistance also appe@. coli, inactivation of the AcrAB efflux
step by step and their accumulation alsgump makes resistant strains, including
results in high-level fluoroquinolone resis-those with target gene mutations, hypersus-
tance [18]. However, in contrastBo coli  ceptible to fluoroquinolones and certain
active efflux correlating with increased pro-other unrelated drugs [52]. Thus in the
duction of the AcrAB efflux pump appears absence of the AcrAB efflux pump, gyrase
prior to a mutation irgyrA[18]. In addi- mutations fail to produce clinically relevant
tion, no mutation in thparCtopoisomerase |evels of fluoroquinolone resistance [52].
IV gene occurs in late-step mutants bufrhe same observation has been made for
rather a gradual increase in the production gbseudomonas aeruginoséere deletion
the AcrAB efflux pump. This suggests aof the MexAB-OprM efflux pump, which
probable step-by-step accumulation of muteis the homolog of the AcrAB-TolC efflux
tions in regulator genes of the AcrAB-TolC pump in this species, resulted in a significant
efflux system ofSalmonella decrease in resistance to fluoroquinolones

_ . . . even for strains carrying target gene muta-
High-level fluoroquinolone resistance in tjons [38].

clinical isolates oSalmonellghas only been
reported for the Copenhagen variant clone of Therefore, multidrug efflux pumps such
S. entericaserovar Typhimurium which as AcrAB-TolC and MexAB-OprM appear
appeared during the early 1990s in Germanys suitable targets for new therapeutics
[23, 25] and probably also in Belgium [27]. which, combined with fluoroquinolones,
As described above only mutations in thevould decrease the level of intrinsic resis-
gyrAandgyrBtarget genes have been investance, reverse acquired resistance, and result
tigated [23, 25]. It would therefore be worthin a decreased frequency of emergence of
further studying these isolates to determingluoroquinolone-resistant strains [38].
whether accumulation of individual resis-
tance mechanisms, in particular active efflux One effective inhibitor of multidrug resis-
and target gene mutation, resulted in thigéance efflux pumps has recently been dis-
high-level resistance phenotype. covered [39]. This molecule, termed MC-
207,110, is active against all known Mex
Over the past few years no high-level flu-efflux pumps fromPseudomonas aerugi-
oroquinolone-resistant clinical strains ofnosaand the AcrAB-TolC efflux pump
Salmonellahave been isolated which sug-homolog ofE. coli[39, 44]. The study of
gested a counterselection of highly fluoroL.omovskaya et al. [39] showed that inhibi-
quinolone-resistant strains in the field [17].tion of efflux pumps by this molecule indeed
However, this situation might be temporary(i) significantly decreased the level of intrin-
as the number of nalidixic acid-resistantsic resistance, (ii) reversed acquired resis-
isolates increases, in particular those ofance, and (iii) resulted in a decreased fre-
S. entericaserovar Typhimurium phage- quency of emergence ¢fseudomonas
type DT104 [70] and particular clones mayaeruginosastrains that are highly resistant to
always emerge showing high-level fluoro-fluoroquinolones.



roguinolones, possibly includirfalmonella
which should be further investigated.
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Thus the development and application of
efflux pump inhibitors as new therapeutics
combined with fluoroquinolones appear tol11]
be an attractive solution to avoid the emer-
gence of pathogens highly resistant to fluo-
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