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Abstract — Multidrug-resistanSalmonella entericaerovar Typhimurium phage type DT104 has
emerged during the last decade as a global health problem because of its involvement in diseases in
animals and humans. Multidrug-resistant DT104 strains are mostly resistant to ampicillin, chloram-
phenicol, streptomycin, sulfonamides and tetracyclines (ACSSuT resistance type). The genes coding
for such resistances are clustered on the chromosome. This paper reviews new developments in the
characterization 0. entericalyphimurium DT104, its chromosomal antibiotic resistance genes

and their spread among ott®renterical yphimurium phage types and otf®rentericaerovars, the
development of specific detection methods, virulence characteristics, and the evolution of multidrug-
resistance with regard to the emergence of quinolone resistance.

SalmonellaTyphimurium DT104 / multidrug resistance / Salmonellagenomic island |

Résumé — Caractérisation moléculaire, diffusion et évolution de la résistance multiple aux
antibiotiques chezSalmonella enteric& yphimurium DT104. Le lysotype DT104 d8almonella
entericaTyphimurium présentant une résistance multiple aux antibiotiques a émergé durant la derniere
décennie comme un probléeme mondial de santé publique qui touche a la fois humains et animaux. Les
souches du lysotype DT104 sont en général résistantes a I'ampicilline, au chloramphénicol, a la strep-
tomycine, aux sulphamides et aux tétracyclines (profil de résistance ACSSuT). Les génes codant pour
ces résistances sont groupés sur le chromosome. Cet article présente une revue des derniers dévelop-
pements dans la caractérisatiorsdenterical’yphimurium DT104, ses génes chromosomiques de résis-
tance et leur diffusion chez d’autres lysotypeS$dentericalyphimurium et d’autres serotypes de

S. entericale développement de méthodes spécifiques de détection, les caractéristiques de virulence,
et I'évolution de la résistance multiple au regard de I'émergence de la résistance aux quinolones.
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1. INTRODUCTION This paper reviews new developments in
the characterization of chromosomal DT104

Multidrug-resistanBalmonella enterica antibiotic resistance genes, their spread

: : among othes. entericalyphimurium phage
s omerged dunng the 45 decads as P2 210 SIS, eriecmeroves e
global health problem because of its involve- P b '

ment in diseases in animals and humans [2 ?t?] trge ;‘éﬂlgtt'ﬁg érr]ng]ruggé:gofresljisntg%%ee
39, 47, 48]. Multidrug-resistant strains of 9 9 q

this phage type were first detected in th&®SIStaNCe:

United Kingdom in cattle and humans in
the late 1980s, but have become commo
since then in other animal species such
poultry, pigs and sheep. Human infections
with multidrug-resistant DT104 isolates ) .
have been associated with the consumption Genetic studies have demonstrated that
of chicken, beef, pork, sausages and meihe ACSS[_JT resistance profile ®f enterica
paste [52]. The DT104 epidemic is nowTyphimurium DT104 is chromosomally
worldwide with a considerable number oféncoded [49]. Two different integrons were
outbreaks since 1996 in the USA anddentified in 1998 using PCR and sequenc-
Canada [7, 19, 22, 39]. The DT104 epidemi¢nd [42, 43]. Each integron carried a single

has been extensive|y reviewed by othergeSiStance gene cassette in addition tO_the
[23, 39, 47, 48]. sull andgacEAL genes that are characteris-

tic of class 1 integrons and specify resis-
Multidrug-resistantS. entericalyphi- tance to sulfonamides and disinfectants,
murium DT104 strains are mostly resistantespectively. The first integron carried the
to ampicillin, chloramphenicol, strepto- aadA2gene conferring resistance to strep-
mycin, sulfonamides and tetracyclinestomycin and spectinomycin. The second
(ACSSuUT resistance type). Genes associntegron contained th@-lactamase gene
ated with these resistance properties havdla, g , In 1999, several research groups
been found to be chromosomally encodedtentified the remaining resistance genes
[49]. Additional resistance to trimethoprim, conferring resistance to chloramphenicol
occasionally seen among DT104 strainsand tetracyclines [4, 9, 11, 34]. These genes
may be encoded by a non-conjugative butvere located between the two previously
mobilizable plasmid of approximately 4.6 known integrons thus rendering all antibiotic
MDa which also encodes resistance to sukesistance genes clustered on a chromosomal
fonamides [50]. Transferable apramycinlocus of about 12.5 kb. The gene conferring
resistance has also been described in somesistance to chloramphenicol also confers
multidrug-resistant DT104 strains [31].  resistance to its fluorinated analogue
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florfenicol and has been namenhlAlike, The use of antimicrobial agents in agricul-
floRor floSt[4, 9, 11, 34]. According to the ture might have contributed to the emer-
deduced amino acid sequence homologiegence of multidrug-resistant DT104 strains
and the topology of the assumed protein[3]. Since the genes included in the mul-
this gene encodes an efflux pump belongingdrug-resistance gene cluster of DT104
to the 12-transmembrane segment (TMSgtrains confer resistances to drugs of four
family export proteins of the major facili- of the five classes of antimicrobials (tetra-
tator superfamily (MFS) reviewed by cyclines,B-lactams, aminoglycosides and
Paulsen et al. [35]. Downstream of fl@R  sulfonamides) most frequently used in vet-
gene are the tetracycline resistance genesinary medicine, co-selection of the entire
tetRandtet(G). The organization of the cluster may result from the use of any of
antibiotic resistance gene cluster is shown ithese drugs. While some genes in the clus-
Figure 1. ter, such agadA2 bla,ge , orsull, are
More recently this chromosomal antibi-widely distributed amongnterobacteri-
otic resistance gene cluster has been shovageae the remaining two genefioR and
to be part of a 43-kb genomic island termedet(G), are most probably not of enterobac-
Salmonellagenomic island 1 (Sgil) [10]. By terial origin. Florfenicol is a veterinary
comparison with the genome sequence agintimicrobial agent that has been used in
S. entericayphimurium LT2, Sgil has been aquaculture in Asia since the early 1980s.
found in the genome between thdfgene, A floR homolog was first identified on a
coding for a thiophene and furan oxidationplasmid inPasteurella piscicidaecently
protein, and a prophage CP-4-like integraseenamedPhotobacterium damselae fish
gene {nt2), and is flanked by an imperfect pathogen [28]. In addition, the class G tetra-
18-bp direct repeat [10]. Downstream ofcycline resistance gene associated with the
Sgil, a 1.9 kb retron sequence was locatefioR gene in the DT104 antibiotic resistance
between gendat2 andyidY — coding for a gene cluster was first identified Wibrio
putative drug translocase — of tBeenterica anguillarum also a fish pathogen [56]. The
Typhimurium genome. This retron sequenceet(G) gene has also been detected on plas-
may be unique t&. entericaserovar mids ofPhotobacterium damseld@7]. The
Typhimurium since it has not been detectedloR and tet(G) genes inS. enterica
in otherS. entericaserovars [10]. The Sgil Typhimurium DT104 have a similar G + C
comprises a number of genes — with n@ontent (58%) and could thus have the same
known functions and no homologies withorigin. Based on these data, Angulo and
other proteins in databases — which mighGriffin [3] suggested that the resistance
contribute to virulence as seen with thejeterminants of multidrug-resistant DT104
Salmonellgathogenicity islands (M. Mul- strains may have emerged among bacteria
vey, personal communication). If this is con-in aquaculture and subsequently been
firmed, the particular situation of the DT104horizontally transferred t&. enterica
antibiotic resistance gene cluster associateplyphimurium DT104. Once multidrug-resis-
with a pathogenicity island might explaintants. entericaTyphimurium DT104 is
the current worldwide epidemic of thisintroduced into food animals in a region,
pathogen. A fact that may support thisthe use of antimicrobial agents in animals
hypothesis is that DT104 was an uncomy| favour the dissemination of the mul-
mon phage type before acquiring the multjgryg-resistant strains [3]. However, another
tidrug-resistance phenotype [47]. hypothesis by Davis et al. [20] is the pos-
Several authors have speculated on th&ble Pseudomonasp. origin. Indeedet(G)
origin of the DT104 antibiotic resistancealso occurs in bacteria of this genus [45],
gene cluster and consecutive spread of muind similarly floRis closely related to the
tidrug-resistant DT104 strains [3, 19, 20].P. aeruginosachloramphenicol-resistance
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genecmlA[4, 8, 9, 11]. Moreover, the demic would be more accurately described
bla,se_,encode-lactamase is a common as being due to a cluster of related strains
feature of hospitalP. aeruginosdsolates [47]. Itis also interesting to note that strains
[36]. Thus the hypothesis that multidrugshowing the same macrorestriction pattern
resistantS. enterical'yphimurium DT104 nevertheless exhibit genetic diversity when
acquired resistance genes horizontally fronusing other methods such as infrequent
nosocomial pseudomonads might also beestriction site PCR (IRS-PCR) and ampli-
worth considering [20]. The association offied fragment length polymorphism (AFLP)
floRwith thetetRandtet(G) genes has nev- [46]. The latter methods may be more dis-
ertheless not yet been described in bacter@iminatory than PFGE and the usefulness
other thart. enterical'yphimurium DT104 and limits of each method are described by
andS. entericaserovar Agona (see below). Aarts et al. [1] in this special issue. The
occurrence of the DT104 antibiotic resis-
tance gene cluster in several clones would
mal- or human-related or not related to>U99est horizontal transfer of the cluster and
antibiotic use, we must now consider thé?0SSibly of the entire Sgil amoigy enterica
importance of the inclusion of the DT104 'YPhimurium strains.
antibiotic resistance gene cluster within Sgil. The best evidence for horizontal trans-
The antibiotic resistance cluster might onlyfer of the antibiotic resistance gene cluster is
represent the visible part of an iceberg anthe recent discovery of this cluster in another
the spread of multidrug-resista®t enter- S. entericaserovar, namely serovar Agona
ica Typhimurium DT104 might occur even [18]. These multidrug-resistant serovar
without the selective pressure imposed byAgona strains were isolated from poultry in
the use of antibiotics. Belgium during the 1992-1997 period [24],
but have not yet been reported in other coun-
tries. Besides this observation, the DT104

Whatever the origin of multidrug-resis-
tantS. enterical yphimurium DT104, ani-

3. CLONAL SPREAD antibiotic resistance gene cluster has also
AND HORIZONTAL TRANSFER been shown to occur in phage type DT120
OF THE ANTIBIOTIC of serovar Typhimurium [18]. A possible
RESISTANCE GENE CLUSTER mechanism by which this antibiotic resis-

tance gene cluster may be horizontally trans-

Using pulsed-field gel electrophoresisferred is phage-mediated transfer. Recently,
(PFGE), several studies have concluded th#thas been shown that the DT104 antibiotic
multidrug-resistan®. entericaTyphimurium ~ 'esistance genes can be efficiently trans-
DT104 has probably been spread clonallfiuced by P22-like phage ES18 and by phage
in European countries and the United State3DT17, which are released by all DT104
[6, 16, 30, 37, 40, 48]. However, a recentsolates analyzed so far [44].
study by Markogiannakis et al. [32] also
using PFGE showed that six distinct clones
were present among Greek multidrug-resisé. MOLECULAR IDENTIFICATION
tantS. entericalyphimurium DT104 iso-  AND DETECTION METHODS
lates. In a recent review, Tauxe [47] also
stated that an important epidemiological fea- Florfenicol resistance and detection of
ture of theS. enterica yphimurium DT104 thefloR gene by PCR-based methods have
phenomenon is that it is not a monoclonabeen proposed as means of rapidly identi-
strain and that multidrug-resistant DT104fying multidrug-resistantS. enterica
represents a cluster of strains with relatedyphimurium DT104 strains [9] as phage
lysotyping patterns, including DT104, typing remains a laborious task only avail-
DT104a, DT104b, and U302. Thus the epiable in specialized laboratories. Multiplex
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PCR based on the surrounding genes of thantS. entericalyphimurium DT104 is
antibiotic resistance gene cluster has alscausing particular concern [15, 33, 48, 51].
been proposed for the identification ofThe emergence and spread of such DT104
S. enterical'yphimurium DT104 strains [5, strains followed the licensing for veterinary
12, 26]. In the light of evidence of horizon-use of enrofloxacin in 1993 [48]. This fluo-
tal transfer of the DT104 antibiotic resis-roquinolone antibiotic has subsequently been
tance gene cluster to other Typhimuriunused in cattle and poultry for treatment
phage types or oth&. entericaserovars resulting in the selection of quinolone-resis-
[18], these methods appear to be no longdéant strains [48]. During &. enterica
suitable for the specific detection of mul-Typhimurium DT104 Danish outbreak in
tidrug-resistanS. entericalyphimurium 1998, some hospitalized patients did not
DT104. Let us also mention the recentlyrespond to treatment with ciprofloxacin, a
described occurrence of florfenicol resis-fluoroquinolone used exclusively for human
tance encoded by tH®R gene on con- therapy, and two died [33]. However, these
jugative plasmids or on the chromosome ofvere obviously immunocompromised
Escherichia colisolated from cattle and patients and the strains isolated from these
poultry [17, 25, 53]. patients, although quinolone-resistant, did

Thus the development of new moleculaf!0t Show clinical resistance to fluoro-
methods not based on the occurrence of tfiinolones [15].
antibiotic resistance gene cluster is required The mechanisms of decreased suscepti-
for the specific detection d8. enterica bility to fluoroquinolones in DT104 isolates
Typhimurium DT104. By PCR amplifica- involve point mutations in the quinolone
tion of the 16S-t0-23S spacer region of bacresistance determining region (QRDR) of
terial rRNA genes, bovine isolates ofthe target gengyrA[42, 48, 51]. Another
S. entericalyphimurium DT104 demon- important mechanism may be active efflux
strated a unique band as compared to othdue to overproduction of the AcrAB efflux
phage types [41]. The nucleotide sequenceump [21]. Overproduction of this efflux
of this band was determined and a searghump probably involves mutations in the
of the nucleotide sequence databases dig¢gulatory genes such as those of the
not produce any matches to known ribosomarRABoperon [38] but not yet explored
mal sequences [41]. A PCR test based oim SalmonellaAn important feature of this
this sequence was thus further developedverproduction is the contribution to mul-
and was shown to be specific for phage typadrug-resistance of DT104 strains to other
DT104 and related phage type U302 amongnrelated antibiotics. For example such
serovar Typhimurium isolates. However,DT104 strains showed an eight-fold increase
this sequence was also detected in othén resistance levels to chloramphenicol and
S. entericaserovars such as Brandenburgflorfenicol when compared to quinolone-
Lille, Muenchen, Dublin, and Enteritidis susceptible DT104 strains (unpublished
[41]. Another rapid identification approach result).
worth mentioning is the development and
use of specific monoclonal antibodies to the
lipopolysaccharide of S. enterica 6. CHANGE IN VIRULENCE?
Typhimurium DT104 [55].

The hypothesis of hypervirulence of mul-
tidrug-resistant. enterical'yphimurium
5. QUINOLONE RESISTANCE DT104 has been investigated by testing
invasiveness in cell lines and virulence in
The emergence of decreased susceptihe mouse model of systemic salmonellosis
bility to fluoroquinolones in multidrug-resis- [2, 13, 14]. However, the strains tested did
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not appear more invasive than non-resistarshould be carefully investigated in primary
cohorts and some DT104 isolates appeareghimal host models of infection. These
even less invasive than non-resistant relaapproaches may yield a possible explana-
tives [13]. With regard to invasion capac-tion of theS. enterical'yphimurium DT104
ity, however, it is interesting to note thatworld-wide epidemic. The development of
S. entericalyphimurium DT104 infection fluoroquinolone resistance . enterica
resulted in a higher egg contamination ratdyphimurium DT104 strains with a con-
thanS. entericé&nteritidis PT4 [54]. In the comitent increase in multidrug resistance
mouse model of infection, multidrug-resis-should be carefully monitored.

tant DT104 strains did not reveal evidence of

enhanced nor reduced virulence when com-

pared with ATCCS. entericalyphimurium  ACKNOWLEDGEMENTS
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