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Abstract

This paper briefly describes mechanisms of resistance to fluoroquino-
lones in several worldwide distributed Salmonella clones. The isolates have
acquired multiple resistance traits over the years due to extensive antibiotic
treatment both in human and veterinary medicine. Except for the Salmo-
nella Typhimuirum DT104 where efflux pump appears to play a major role
in resistance to (fluoro)quinolones, in other serovars mutations on topoiso-
merase genes seem to firstly occur and have been primary mechanisms of
resistance. Plasmid borne resistance is rarely detected but because of hori-
zontal gene transfer needs to be recorded. Understanding the genetic events
at the molecular level is crucial in epidemiology work and provides insight
in spreading of resistance clones of Salmonella.
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Kratki sadrzaj

U ovom radu kratko su opisani mehanizmi antimikrobne rezistencije
na fluorohinolone kod nekoliko $iroko rasprostranjenih klonova Salmone-
la. Izolati su stekli multiplu rezistenciju tokom vremena usled prekomer-
ne upotrebe antibiotika u humanoj i veterinarskoj medicini. Sa izuzetkom
klona STDT104 kod kog efluks pumpa igra vaznu ulogu u rezistenciji na
FQ, drugi serotipovi rezistenciju primarno sti¢u mutacijama na topoizome-
raznim genima. Plazmid posredovana rezistencija je retka kod Salmonela
ali je izuzetno znacajna zbog mogucnosti horizontalnog prenosenja gena.
Razumevanje mehanizama rezistencije na molekularnom nivou je od vi-
talnog znacaja u epidemiologiji zato §to omogucava uvid u nacine $irenja
klonova kod Salmonela.

Kljucne reci: Salmonella Typhimuirum, Salmonella Kentucky, Salmo-
nella Infantis, efluks pumpa, rezistencija, topoizomeraze

INTRODUCTION

Quinolone resistance and decreased susceptibility to fluoroquinolones in
Salmonella arise as a consequence of treatment with antibiotics. Some of the
most prominent and most frequent mechanisms of resistance of Salmonella
are point mutations in quinolone resistance determining region (QRDR) of
the gyrA gene. In Salmonella highly resistant to fluoroquinolones, mutations
on gyrB, parC and parE genes have also been detected. The gyrA and gyrB ge-
nes encode GyraseA subunit, while parC and parE encode the topoisomerase
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IV. These enzymes are of vital importance for bacterial DNA transcriptional
process. Screening of mutations is performed by PCR along with sequencing
of the QRDR region to detect non-synonymous substitutions.

Another relevant mechanism of resistance to quinolones in Salmonella
spp. is plasmid mediated, that arises by production of a small protein termed
QNR. The QNR is characterized by pentapeptide repeats, composed of 218
amino acids and it preserves Gyrase from quinolone action, without the influ-
ence on the function of the enzyme. Plasmid borne QNR proteins are rarely
found in isolates highly resistant to quinolones (Hopkins et al., 2005, Velhner
etal., 2012) although Kehrenberg et al. (2006) have found gnrS gene in plasmid
PINF5 of the S. Infantis obtaining MIC to NAL 512 mg/L indicating its strain
specific occurrence.

Significant semi-specific mechanism of antimicrobial resistance in Salmo-
nella is tripartite efflux pump AcrAB-TolC, classified as a member of Resistan-
ce Nodulation Division Family (RND) of transporters, and is responsible for
extruding antimicrobial agents and other toxic substances out of the cell. It is
usually involved in mediating multidrug resistance in bacteria as a nonspecific
response since its primary evolutionary role has been to excrete bile salts from
bacterial cell (Piddock 2006).

The AcrAB efflux pump is constituted of three proteins that form the
channel in the cytoplasmic membrane. This system is energy dependent and
subsequently regulated by active transport. Efflux pump consists of: peri-
plasmic accessory protein (AcrA), transporter protein (AcrB) and the outer
membrane protein (TolC), encoded by genes termed acrA, acrB and tolC. The
expression of the AcrAB is fine tuned by several global and local activators
and repressors, encoded by acrR, ramAR, soxRS and marRAB regulatory genes
(Piddock L]V, 2006, Abouzeed et al. 2008, Giraud et al., 2013).

The overexpression of efflux genes occurs if local or global repressor genes
are mutated. Two experiments are conducted to reveal these processes at mo-
lecular level. Firstly, the overexperssion experiments were aimed at showing
increased level of the mRNA of activator eftflux genes, applying qRT-PCR or
dot blot technique with anti polyclonal antibodies. Further, the sequencing of
local and global repressor genes is performed to determine sequence alterati-
ons compared to wild type, which are responsible for deactivation of repressor
genes and subsequent overexpression of major efflux pump regulatory genes.

This paper briefly describes the role of efflux mechanism as well as tar-
get gene mutations and plasmid borne resistance to (fluoro)quinolones in
Salmonella spp., which is one of the most important food borne pathogens
worldwide. Several different fluoroquinolone resistant strains of Salmonella
spp. have been detected by now and it is vital to determine their most im-
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portant antibiotic resistance mechanisms, since certain resistotypes are highly
competitive in the conditions of extensive drug use.

Development of FQ resistance in Salmonella enterica serovar Typhimurium

Antibiotic susceptible Salmonella Typhimurium definite phage type 104
(STDT104) has been isolated from humans in England in 1960’. Multi-drug
resistant STDT104 was firstly found in samples obtained from cattle in the
UK in 1980 and in humans nine years later. Since then, STDT104 has spread
worldwide and is considered an important pathogen in both human and vete-
rinary medicine and it has been extensively studied over the years. This strain
is multiple resistant to ampicillin (AMP), chloramphenicol (CHL), florfenicol
(FLO), streptomycin (STR), spectinomycin (SPT), sulphonamides (SSS) and
tetracyclines (TET). Resistance genes are clustered in salmonella genomic
island 1 (SGI1) close to its 3end. The SGI1 is located between thdF and int2 ge-
nes bounded by 18 kb inverted repeats and it has been determined that inser-
tion has been driven by site specific recombination. (Cloeckaert and Schwarz,
2001, Carattoli et al., 2002, Doublet et al., 2005).

Since 1993, STDT104 in farm animals has also acquired additional mecha-
nisms of resistance to quinolones due to the therapy with enrofloxacin. Resi-
stance to quinolones and decreased fluoroquinolone susceptibility is primarily
attributed to active efflux as well as to mutations on topoisomerase genes, ma-
inly the gyrA gene (Giraud et al., 2000, Threlfall, 2000). Experiments on mu-
tant cells produced by disruption of acrB gene or homologous recombination
to obtain transformants with deleted toIC gene have shown that efflux mecha-
nism plays an important role in resistance to quinolones but also to CHO, FLO
and TET. Baucheron et al. (2004) demonstrated that multiple drug resistance
to TET, CHO, FLO is driven not only by overexpression of floR and tet(G)
pump genes but is also highly dependent on AcrAB-TolC efflux system. Briefly,
specific transporters Flo(R) and Tet(G) deliver antibiotics from cytoplasmic
membrane to the periplasm while AcrB recognize the substrate (antibiotic)
and with TolC extrude the compounds out of the cell. Simultaneous action of
both types of transporters induce higher levels of resistance to FLO, CHL and
TET through cumulative effect of multicomponent AcrAB efflux pump and
major facilitator superfamily (MFS) transporters.

During the period 1991-1995, highly ciprofloxacinresistant STDT204 var
Copenhagen has been isolated from animals and humans in several countries
and it was discovered that multiple point mutations on topoisomerase genes
are associated with resistance to fluoroquinolones. The mutations were fo-
und on gyrA Ser83°Ala, Asp87°Asn, on gyrB Ser464°Phe and on parC gene,
Ser80°Ile (Heisig et al, 1995, Guerra et al., 2003).
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However, different isolates have shown different levels of MIC values of
quinolones even in cases where isolates have carried identical mutations on
topoisomerase genes. Decreased accumulation may in part account for de-
creased susceptibility and is mediated by overexpression of AcrABTolC eftlux
pump system. Additionally, in acrB inactivated mutants of the STDT204, the
role of another efflux pump termed AcrEF has been discovered. AcrAB and
AcrEF are characterized by high sequence homology and it appears that if acrB
gene is deleted the expression of other efflux pump genes (acrD and acrF) co-
uld potentially be increased. Also, the insertion sequences (ISI or IS10) were
detected upstream of acrEF. These insertion sequences contain putative pro-
moters and increase the expression of the acrEF genes while the expression of
the putative local repressor acrS is not affected.

Subsequently it is believed that high resistance to fluoroquinolones in
STDT 204 is developed by multiple target mutations on topoismerase genes as
well as on global regulatory genes of efflux pump systems (Olliver et al., 2005,
Giraud et al., 2006).

FQ resistance of Salmonella enterica serovar Kentucky is strain-specific.

During the period of five years (2000 - 2005) in France, Salmonella Ken-
tucky ST198, CIP' (SKST198) was isolated from travelers who have returned
from northeast and east Africa (Weill et al., 2006). In the year 2003, it caused
nosocomial outbreaks in two hospitals in Slovakia and in 2005 it was isola-
ted from a patient who returned to Belgium after visiting Libya. Since then,
SKST198 has been sampled in Europe mostly from the travelers. In animals,
S. Kentucky commonly infects poultry and turkey and these isolates usually
harbor the resistance to (fluoro)quinolones (Le Hello et al., 2011, LeHello et
al., 2013). Some strains feature salmonella genomic island 1 (SGI1), carrying
class 1 integrons containing several antibiotic resistant gene cassettes. SGI1 is
considered a non-replicative element, which integrates into a chromosome by
recombination and it has been experimentally demonstrated that SGI1 could be
conjugally transferred to recipient strain from chromosome to chromosome by
a helper plasmid (Doublet et al., 2005). Several SGI1variants have been detected
in S. Kentucky and subsequently labeled SGI1-A to - O. SGI1-K, P and Q vari-
ants are characterized by the presence of IS26 elements, which are often associa-
ted with antibiotic resistance genes and transposon structures which facilitate
horizontal gene transfer among bacteria (Doublet et al. 2008). These particular
mechanisms of genetic transfer and different integration patterns could possi-
bly induce spread of one of the most important epidemic clones - SKST198.

The efflux mechanism in S. Kentucky has been studied by Baucheron et al.,
(2013). Out of 27 isolates collected from all over the world, the mutations on
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repressor ramR gene were found in only three of them. Function of RamR has
been affected by the presence of frame shift GATC duplication, frame shift G
insertion and 91 bp deletions in the ramR gene. These genetic events induce 2
to 4 fold increase of resistance to fluoroquinolones due to increased expression
of the AcrAB-TolC efflux system.

Monoclonal spread of Salmonella enterica serovar Infantis

Salmonella Infantis (SI) is most frequently found in broiler chickens and
may present serious food contaminant. The presence of SI is usually recorded
in farm animals (mainly poultry) and humans and it has become a very impor-
tant pathogen worldwide. Moreover, similar or identical pulsotype and MLST
(multi locus sequence type) has been described in studies from Japan (Shaha-
da et, al., 2006), Israel (Gal More et al., 2010), Hungary (Nogrady et al., 2007),
Germany (Hauser et al., 2012) and Serbia (Velhner et al., 2014). On the other
hand, multidrug resistant SI subclone was identified in Germany and Hungary.
It is believed that a clonal spread of a single clonal lineage has arisen as a result
of a mechanisms, which protect the serovar from genetic rearrangements or
horizontal gene transfer (Hauser et al., 2012).

Another mechanism of drug resistance of SI is plasmid mediated, obtained
by the presence of gnrS gene (Kehrenberg et al., 2009). However, resistance to
(fluoro)quinolones is mainly attributed to mutations on topoisomerase genes.
Antimicrobial effect of fluoroquinolones arises as a result of interference with
topoismerase enzymes thus preventing replication of bacterial genome. Muta-
tion on topoismerase genes as well as the small protein QNR prevents binding
of fluoroquinolone molecules to topoisomerase enzymes.

The role of active efflux was also documented in some strains of SI des-
cribed by Velhner et al. (2014). Namely, eight SI isolates out of 64 harboring
resistance to quinolones has shown 5-6 fold decrease in MIC concentration
to NAL in the presence of Phe-Arg-3-Naphthylamide (PAPN), efflux pump
inhibitor (EPI). There is also evidence which implicate that overexpression of
AcrABToIC efflux pump system may increase resistance to fluoroquinolones
in SI.

The role of global regulators in expression of efflux pump in Salmonella
was studied by Kehrenberg et al., (2009) in detail. The authors have developed
in vitro mutants after exposing S. Infantis and several other serotypes to cipro-
floxacin 1-128x of the MIC. MIC of the bacteria that have already shown resi-
stance did not increase and no additional mutations compared to parent strain
were found on topoisomerase genes. However, previously susceptible strains
have developed mutations on gyrA and elevated MICs to NAL and CIP. In
mutants obtained in vitro, mutational changes in regulatory genes of the efflux
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pump were detected on ramRA and soxRS. Increased expression of ramA (the
activator gene) in S. Infantis (mutant 2) has arisen due to 10 bp deletion that
created early stop codon in ramR gene. Several other mutational types have
been also detected in ramR gene and its flanking regions, causing the up-re-
gulation of ramA gene and consequently overexpression of the efflux pump, in
mutants of Salmonella serovars other than Typhimuirum.

Involvement of soxRS system in efflux genes expression in salmonella
may not be very frequent but is very contributive fluoroquinolone resistance
mechanism. It has been described in different Salmonella serovars, but the 49
bp insertion in soxR in S. Virchow 2 mutant (strain 1) generated an early stop
codon at soxR gene, resulting in significantly higher upregulation of soxS than
previously detected soxR mutations. Conclusively, upregulation of the AcrAB
efflux system is highly dependent on slight alterations of expression of soxRS
genes and may play important role in FQ resistance in Salmonella spp.
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