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The genomic sequences of Salmonella enterica subsp. enterica strains CT18, Ty2 (serovar Typhi), and LT2
(serovar Typhimurium) were analyzed for potential variable number tandem repeats (VNTRs). A multiple-
locus VNTR analysis (MLVA) of 99 strains of S. enterica supsp. enterica based on 10 VNTRs distinguished 52
genotypes and placed them into four groups. All strains tested were independent human isolates from France
and did not reflect isolates from outbreak episodes. Of these 10 VNTRs, 7 showed variability within serovar
Typhi, whereas 1 showed variability within serovar Typhimurium. Four VNTRs showed high Nei’s diversity
indices (DIs) of 0.81 to 0.87 within serovar Typhi (n = 27). Additionally, three of these more variable VNTRs
showed DIs of 0.18 to 0.58 within serovar Paratyphi A (z = 10). The VNTR polymorphic site within multidrug-
resistant (MDR) serovar Typhimurium isolates (n = 39; resistance to ampicillin, chloramphenicol, spectino-
mycin, sulfonamides, and tetracycline) showed a DI of 0.81. Cluster analysis not only identified three genet-
ically distinct groups consistent with the present serovar classification of salmonellae (serovars Typhi,
Paratyphi A, and Typhimurium) but also discriminated 25 subtypes (93%) within serovar Typhi isolates. The
analysis discriminated only eight subtypes within serovar Typhimurium isolates resistant to ampicillin,
chloramphenicol, spectinomycin, sulfonamides, and tetracycline, possibly reflecting the emergence in the
mid-1990s of the DT104 phage type, which often displays such an MDR spectrum. Coupled with the ongoing
improvements in automated procedures offered by capillary electrophoresis, use of these markers is proposed
in further investigations of the potential of MLVA in outbreaks of salmonellosis, especially outbreaks of

typhoid fever.

Repetitive DNA is abundant in eucaryotic cells and has been
increasingly described in procaryotes. Tandem repeats that
represent a single locus and that show interindividual length
polymorphisms are called “variable number tandem repeats”
(VNTRs). VNTRs and other short-sequence DNA tandem
repeats in procaryotic genomes appear to provide useful infor-
mation on both the functional and the evolutionary aspects of
bacterial genetic diversity (34). All bacterial genome sequences
released so far contain tandem repeats at various densities,
depending on the species (17). The increasing availability of
whole-genome sequences is an invaluable source of VNTRs,
which has opened the way to multiple-locus VNTR analysis
(MLVA) for the typing of bacteria. MLVAs have been pro-
posed so far for Bacillus anthracis (17), Yersinia pestis (27),
Francisella tularensis (10), Mycobacterium tuberculosis (16), Le-
gionella pneumophila (28), Pseudomonas aeruginosa (24), Esch-
erichia coli O157:H7 (19), and Salmonella enterica subsp. en-
terica serovars Typhimurium (18) and Typhi (20).

Serovars of S. enterica subsp. enterica include pathogens that
differ widely in their host range spectra (for a review, see
reference 3). Among these are serovar Typhimurium, a com-
mon cause of salmonellosis that affects humans and animals
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worldwide, and serovar Typhi, a food- or waterborne life-
threatening illness that affects 17 million people each year,
with approximately 600,000 deaths (5). The internationally
standardized Vi phage typing system described by Craigie and
Yen (6) defines more than 100 Vi phage types of serovar
Typhi, and similar systems have been developed for serovar
Typhimurium (2). The stability of phage type provides an op-
portunity to monitor the spread of a clone over decades. Ad-
versely, most isolates are distributed among only a few phage
types. For example, it has been demonstrated that the DT104
phage type of multidrug-resistant (MDR) serovar Typhi-
murium is a single clone that has spread pandemically in Eu-
rope (30). Similarly, 42 of 48 isolates of MDR serovar Typhi
isolates were assigned to Vi phage type E1 (14). The introduc-
tion of molecular typing methods, such as ribotyping (1), ran-
domly amplified polymorphic DNA analysis (9), amplified
fragment length polymorphism analysis (12), and pulsed-field
gel electrophoresis (PFGE) (33), has greatly improved the
ability to discriminate between epidemiologically related and
unrelated isolates in outbreaks of typhoid fever (29) and other
salmonelloses (26). PFGE remains a valuable investigational
tool because its high discriminatory power allows investigators
to make decisions of epidemiological importance.

However, all of these methods suffer from one or more
significant drawbacks, including insufficient discriminatory
power, poor reproducibility between laboratories, and difficul-
ties with the comparison and accumulation of results by dif-
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ferent laboratories. Multilocus sequence typing (MLST) (21)
and its recent introduction for the characterization of Salmo-
nella strains (15) has opened the way to standardization of data
handling and the development of web-based resources for que-
rying databases. When applicable, MLVA typing is very low
cost, is accessible to any laboratory equipped with minimum
molecular biology equipment, and is open to large-scale stan-
dardization. Moreover, MLVA remains fully compatible with
automated fragment size determination by capillary electro-
phoresis and unambiguous nucleotide sequence determination
to those who have these resources. Recently, the nonfastidious
VNTR-based DNA fingerprinting of Salmonella has demon-
strated the potential of MLVA for the typing of S. enterica
subsp. enterica serotypes Typhimurium (18) and Typhi (20). In
the context of bioterrorism countermeasure deployment or,
more importantly, for epidemiological follow-up in less devel-
oped countries, the present report contributes to the develop-
ment of MLVA through the evaluation of multiple VNTR
markers for the discrimination of about a hundred S. enterica
subsp. enterica isolates, with an emphasis on both serovars
Typhi and Typhimurium.

MATERIALS AND METHODS

Strains and DNA preparation. Ninety-nine strains of S. enterica subsp. en-
terica, including serovars Typhi (27 isolates) and Typhimurium (39 isolates) as
well as other serovars (33 isolates), were analyzed (Fig. 1). Twenty-six serovar
Typhimurium isolates were originally isolated from human stool samples in the
context of the control of disease in symptomatic and nonsymptomatic food
handlers in restaurants. Twenty-six serovar Typhi isolates and nine serovar Para-
typhi A isolates were originally isolated from blood or stool samples from symp-
tomatic patients. All were single patient isolates. The travel histories of the
individuals were unknown because the original clinical records were not avail-
able. Isolation was done locally by French regional military health laboratories
(Aquitaine, Bretagne, Ile de France, Lorraine, Midi-Pyrénées, Basse Normandie,
Provence-Alpes-Cote d’Azur, Rhone-Alpes, and, to a lesser extent, laboratories
overseas), as were identification by standard techniques (with the API 20E
system and by serotyping) and antibiotic susceptibility testing with disks. All
serovar Typhimurium isolates were ampicillin, chloramphenicol, spectinomycin,
sulfonamide, and tetracycline resistant (commonly abbreviated ACSSuT). The
phage types of the ACSSuT Typhimurium isolates were not determined. Original
isolates cultured on nutrient agar slopes were sent to the clinical microbiology
laboratory of the Bégin Military Hospital (Saint Mandé, France) and stored
frozen at —80°C in 10% glycerol until they were needed.

Three strains of Salmonella serovar Enteritidis were from the collection of
bacterial strains maintained by the Centre d’Etudes du Bouchet (CEB), Vert le
Petit, France. They consisted of three distinct preservations of isolates that have
been recovered after the 2nd, 44th, and 99th inoculations of guinea pigs, respec-
tively, in the 1960s. Other serovars were purchased at different times from the
Collection de I'Institut Pasteur (Paris, France).

DNA was isolated with the MagNa Pure system and the MagNa Pure LC DNA
isolation kit IIT (Roche Diagnostics, Meylan, France), according to the instruc-
tions of the manufacturer. The DNA was extracted from the collection strains in
larger amounts by a method described elsewhere (36).

Identification of tandem repeats. The complete genome sequences of Salmo-
nella serovar Typhi CT18 (25) and Ty2 (7) and of Salmonella serovar Typhi-
murium LT2 (23) were analyzed by using the tandem repeats database described
elsewhere (8, 17) and accessible at http://minisatellites.u-psud.fr to identify tan-
dem repeats with different sizes in the two genomes. Tandem repeats were
named according to their chromosomal locations and by use of the Salmonella
serovar Typhimurium LT2 genome. When applicable, previously described
VNTRs were named according to their original nomenclature (18, 20).

VNTR amplification and genotyping. Primer sets specific for potential VNTR
loci present in the CT18, Ty2, or LT2 sequence were designed with Primer3
software (31). The theoretical sizes of the amplicons were determined with the
BLAST program by comparison with the CT18, Ty2, or LT2 sequence at http:
//minisatellites.u-psud.fr. Amplifications were performed in mixtures of 25 pl
containing 1 ng of DNA, 1 U of Tag DNA polymerase (Qbiogen, Illkirch,
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Typewo SiraimiD.  Spacies Sarovar Vear Lacation Source
1 90033 S evwica enleica Enleilids na na CEB
1 #-0M S emeca enieica Enlelids na na CEB
2 0% S evieica enteica Enteilids na na CEB
3 WG-H7 S eveica entwica Enleilide 1oy Toukn, PACA  Bdgin
3 -1 5 evdeica enlerica Enlentids u Paris, 10F g
3 038 5 emerca enfeica Enletids w Metz, LD Bdgin
3 M8 S entwica snleica nd u u g
4 11 S eneica enleca Enenids na na cPEm
5 03138 5 edeica enleica Paatyphi 1908 Beal, BR Bdgin
B 0 5 eeica snleica Paayphi B w u Bl
6 DR S entwica enleica PasyphiB u u g
7T WHMS 5 emeica eniwica nd u u g
L] WGHE 5 oepp nd nd u u Bgin
A L] 016 5 evieca enlerica Amstum na na (=158
W @12 S emeca aizonae na na na GPazY
1M B0 S eweica eniedca Had u Matz, LY Egn
M 0D S eewica antwics Had u u Bigin
12 0E110 S enewica sntwica Hadr 1999 Lyon, RA B
12 B2 S eeica snledca Hadr 1993 u g
12 95021 5 erteica enteica Montividéo na na PSS
12 010 S evdwica entwica Hede u u Bdgin
13 @15 S emeica enieica Newport na na QPTOS2
4 @ S eneica sizonse na na na (=l
16 BbE 5 emeica enleica Typhmuium  na na CIPLT2
% 03T S evderica enieica Typhimunum 1998 Pars, IDF g
17 0313 S emeica enfeica Typhimuium 1998 u Bdgn
17 0GME S enwica snledca Typhimeum 1998 u Edgn
1B R0 S eweca entedca Typmaum o u Edgn
18 070 S ecwica enlwica Typhimaium 1908 u Bdgin
19 G0 S emeca eneica Typhimuium 1995 u Bégn
1B W08 S eveica endwica Typhimaum 1807 u Bagin
1 0119 5 eveica enlwica Typtimoium 19688 u Bgin
1§ 0372 S eveca enteica Typhmunum u Bordesws:, 4O Bégin
19 073 S eveca enfeica Typhimuium 1999 u Bégin
18 0G0 S emeica entedca Typmarum 1998 Pans IOF g
X oz S edeica enlerica Typhimunum u u Eagn
M NS S eeeica sdeica Typhimwwm u Mez LD Bl
0 03100 S entwica snleica Typmaum 1998 Pas IDF Edghn
M NE S eneica enleica Typmoum 1998 Mez LD g
W W6 S eveica enteica Typhimaum u Matz. LD Bdgin
W 04T S edeice endeica Typhimium u Parn, |DF Bdgin
A TR S emeca enfeica Typhimuum 1908 Pars, IDF Bdgin
2 G087 S eveica enteica Typhimuoium 1997 u Bégin
2 o0E S enieica enieica Typhmuum 1995 Bagn
2 ORI S eneica eneica Typhium 1997 u )
2 DRI S enteica enleica Typhmaum 1997 u g
2 0a0M 5 enteica enleica Typhmaum 1997 u Eign
G0 S edeica edeica Typhimwum 1997 u Bgin
2 03N S ecewics enteica Typhinwrum 1998 Toukmn, PACA  Bdgin
2 08 S emeica enleica Typhimuum  na na QP4 IZE
B 2 MM S edeica enteica Typhirum 1905 u Bign
21 ES0T 5 eneica enimca Typhimuium  na na CIPSF 1398
2 09 S eveica enfeica Typhimuium 1998 u Bagn
G-I 5 ererica enteica Typhimunum u Bordems:, AQ Bagin
MG G emeica enlerca Typhmwaum u Edgn
0301 5 edeica enlwica Typhimuum 1998 Pars, IDF Eagh
31 5 edwica anleica Typhimuium 1998 Mirssile. PACA  Bégin
U1 G eeica enteica Typhimaum 1008 Paris, IIF Bign
03130 S evdeica entwica Typhimaum 1608 Lyan, RA g
03168 5 erdwica endeica Typhimuium 1998 Toukase NP Bigin
G174 5 eieca entmica Typhimuum 1999 Paris, IIF Bign
CRITE 5 ereica entmica Typhimurum u u Bign
S22 5 emeica enterca Paatyphi & na na CIPSS 38
03190 5 emeca enieica Paabgphis 1998 u
C 0313 5 wiwica wdeica Pastypli A u u
B8 G emeica enlerica ParatyphiA 1998 u
03981 G emeica enleca PaatyphiA 1998 u
W16 5 oenwica enleica Parstypli A u u
G117 S ewmica sodwica Pasyphi A 1998 u
WM 5 oemeica enleica PashyphiA 1908 u
3141 S edwica eniwica PaastyphiA 1908 u
BTG 5 emeica enlerica Paafyphis 1598 u
CE06 S eaica sntarca Typhi u
G S emaica snterica Typhi u

03154 S5 emeica anterica Typhi
3115 5 etwica enleica Typhi
03421 5 witwica enlwica Ty
B 5 emeica enieica Ty
T S oemeia evdwica Typhi
0312 5 emeica enieica Typhi

u
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016} S edeca enterica Typhi Crevbourg, BH
3185 S emeica enieica Typhi Chavbourg, BN
03427 G emerca enterca Typhi 1 (Dinourd,
03437 5 emeica enferica Typnl (Dol
0343 S emeica soteics Typhi 1998 u

D G2 5 eewa stk Typhi 1992 u
010 5 emeica eolwica Ty na i CIPES M
S-M7 5 ererca enterica Typhi u u g
03161 5 eieica enteica Typhi 1ea7 u g
G131 5 ertmica enteica Typti 1986 Toukn, PACA g
03132 5 evteica enlerca Typhi 1998 Paris, 10F g
B0 5 emeica endeiica Typhi na na CIPTy 12
B0 S ertaica aniwics Calinanum na na CPHAZ
L3414 G eeica snterca Typhi u u Edgn
0313 5 enieica enlerca Typhl 198 u g
BHZE 5 emeica edeica Ty 1908 u Bagn
031 5 emeica soleica Tyl 1988 u Bagin
GHIET G erdica enimica Typhi 1988 u Bign
W3-168 S emwica enteica Typhi 1608 u Bdgn

FIG. 1. Dendrogram deduced from cluster analysis of the 99 iso-
lates obtained from Bégin Military Hospital, Saint Mandé, France
(Bégin); CEB; and the Collection de I'Institut Pasteur (CIP). n.d., not
determined; n.a., not applicable; u, unknown (see also Materials and
Methods); AQ, Aquitaine; BR, Bretagne; IDF, Ile de France; LO,
Lorraine; MP, Midi-Pyrénées; BN, Basse Normandie; PACA, Prov-
ence-Alpes-Cote d’Azur; RA, Rhone-Alpes.



5724

RAMISSE ET AL.

J. CLIN. MICROBIOL.

TABLE 1. VNTR markers attributes and primers selected for amplification of VNTRs?

Locus (alias) and

Sequence (5' to 3)

Locus name in

(bp) in CTI8

Product size
(bp) in LT2

Product size
(bp) in Ty2

Product size

Alias in Ty2 Alias in LT2

primer CT18 (copy no.) (copy no.) (copy no.)
Sal02 L GGAAAGACTGGCGAACAAAT  CT18_0666_6 bp 149 (10) Ty2_2315_6 bp 179 (15) LT2_0681_6 bp 107 (3)
Sal02 R TCGCCAATACCATGAGTACG
Sal04 L TCGCACAGATGACCAATTTT CT18_0740_20 bp 194 (2) Ty2_2240_20 bp 194 (2) LT2_0764_20 bp 174 (1)
Sal04 R GATCGACGCTCACTGCTTC
Sal06 L TTGGTCGCGGAACTATAACTG  CT18_0764_6 bp 174 (5) Ty2_2216_6 bp 180 (6) LT2 0789_6 bp 162 (3)
Sal06 R CTTCGTCTGATTGCCACTCC
Sall0 L AAGCGACGTTCTTCTGCAAC CT18_2016_12 bp 196 (2) Ty2_1009_12 bp 196 (2) LT2 2053 _12 bp 208 (3)
Sall0 R TGGAATATGATGGCATGACG
TRI1¢ (Salll) L GCCAACGATCGCTACTTTTT CT18_2017_7 bp 239 (12) Ty2_1009_7 bp 232 (11) LT2 2053_7 bp 169 (2)
TRI1¢ (Salll) R GCGCATACTACACCGATCAC
Sall5 L GTGACCGGTTGAGTTTGCAT CT18_2917_12 bp 189 (2) Ty2 2903_12 bp 189 (2) LT2 3067_12 bp 201 (3)
Sall5 R GGCAGGTTGTACCAGTTCGT
STTR5 (Sall6) L  CCATGGCTGCAGTTAATTTCT  CT18_3041_6 bp 224 (14) Ty2_3027_6 bp 236 (16) LT2 3184 6 bp 230 (15%)
STTR5? (Sall6) R TGATACGCTTTTGACGTTGC
Sal20 L CAGCCGACACAACTTAACGA CT18_3643_3 bp 193 (16) Ty2_3629_3 bp 196 (17) LT2 4301_3 bp 175 (10)
Sal20 R ACTGTACCGTGCGCGTTT
TR5¢ (Sal22) L GCCAGAGGGTTCATTTTCAA CT18_4624_7 bp 184 (6) Ty2_4607_7 bp 170 (4) LT2 4645_7 bp 163 (3)
TR5¢ (Sal22) R ATGCGACGCCGTTTTACTAC
Sal23 L CCCGCACACTAAGGAGAGAC CT18_4738_12 bp 262 (3.3) Ty2 4721_12 bp 262 (3.3) LT2 4774 12 bp 250 (3%)

Sal23 R

ACCGCGTTAGTGGCTAACAT

“ Description and nomenclature refer to genome sequence data for serovars Typhi (CT18 and Ty2) and Typhimurium (LT2) and tandem repeat finder analysis.
® The LT2 strain used in the study as a reference control (CIP 86-62, ATCC 43971) harbors 13 and 4 repetitions at loci STTRS and Sal23, respectively.

¢ Previously characterized (18).
@ Previously characterized (20).

France), 0.5 pM each flanking primer, 200 pM each deoxynucleoside triphos-
phate, and 1X incubation mixture with 2 mM MgCl, (Qbiogen). PCRs were run
on a GeneAmp 9600 PCR system (Roche Diagnostics). An initial denaturation
at 96°C for 5 min was followed by 30 cycles of a three-step cycling protocol (96°C
for 30 s, 62°C for 1 min, and 72°C for 1 min) and a final elongation step at 72°C
for 10 min. PCR products (2 to 5 pl) were run on 2% standard agarose gel (ICN
Biomedicals, Orsay, France) in 0.5X TBE buffer (10X TBE is 890 mM Tris base,
890 mM boric acid, and 20 mM EDTA [pH 8.3]) at 10 V/cm. Samples were
manipulated and dispensed with multichannel pipettes (Biohit, Bonnelles,
France), which were also used for gel loading, in order to reduce the risk of
errors. Gel lengths of 20 cm were used. Gels were stained with ethidium bromide,
visualized under UV light, and photographed. Allele sizes were estimated by
using a 20-bp ladder (Bio-Rad, Marnes la Coquette, France) as a size marker.
Each 50 wells of gel contained eight regularly spaced size marker lanes. In
addition, strain LT2 was included as a control for size assignments (one LT2
control for each set of five DNA samples), as described previously (16).

Data analysis. Tagged image file format files of the gels and the resulting data
were managed with the BioNumerics software package (version 3.5; Applied-
Maths, Sint-Martens-Latem, Belgium) to estimate the sizes of the alleles. Allele
sizes were converted into motif copy numbers in the tandem array, imported into
BioNumerics software, and then subjected to cluster analysis by using the cate-
gorical coefficient and Ward clustering parameters. This implies that an equiv-
alent weight is given to any multistate character at any locus, whatever the repeat
number is. The polymorphism information index or Nei’s diversity index (DI)
was calculated for each marker as 1 — 3(allele frequency)?.

The categorical coefficient was used to calculate the minimum-spanning tree
(MST) with BioNumerics software. The creation of hypothetical genotypes was
allowed. When solutions with identical calculated distances were obtained,
BioNumerics software applies a priority rule based on criteria other than dis-
tance. Four priority rules are available and were tested: (i) the highest number
of single-locus variants (SLVs; when two types have an equal distance to a
linkage position in the tree, the type that has the highest number of SLVs is
linked first), (ii) the highest number of SLVs and double-locus variants (DLVs;
when two types have an equal distance to a linkage position in the tree, the types
that differ in two states are considered equally), (iii) the highest number of
entries (the program counts how many entries that each unique type contains;
when equivalent linkage possibilities exist, the type that has the highest number
of entries is linked first), and (iv) the most frequent state (the program calculates
a frequency table for each state of characters, and types are ranked on the basis
of the frequencies of their characters; when equivalent possibilities exist, the
types that have the highest rank are linked first).

The absence of allele at a given locus (i.e., no amplification, despite repeated
attempts) is neutral for cluster analysis (i.e., types 1, 3, and 12) (Table 3 and Fig.

1). When the MST is constructed, the absence of an allele was considered as a
result (zero) by the BioNumerics software; thus, a distance of 1 is calculated
between two strains that differ only by the absence of one allele in one strain (i.e.,
types 1, 3, and 12; see Fig. 3).

RESULTS

The resource described previously (8) and accessible from
http://minisatellites.u-psud.fr was used to explore the complete
genome sequences of serovars Typhi (CT18 and Ty2) and
Typhimurium (LT2). The tandem repeats detected predomi-
nantly had a repeat unit length with multiples of 3 over a range
of 15 to 24 bp. For example, 7, 23, 104, and 7 tandem repeats
with unit lengths of 6, 12, 21, and 30 bp, respectively, were
detected in the CT18 genome. The Ty2 genome harbors 4, 30,
106, and 5 tandem repeats of the corresponding lengths; and
the LT2 genome harbors 5, 25, 117, and 9 tandem repeats of
the corresponding lengths.

All VNTR loci considered herein were located on the chro-
mosome. Fourteen, 33, and 35 tandem repeats with repeat
units longer than 6 bp were predicted to be polymorphic be-
tween CT18 and Ty2, CT18 and LT2, and Ty2 and LT2, re-
spectively. Six tandem repeats were predicted to be of different
lengths in all three strains. Altogether, 41 tandem repeats with
two to three distinct alleles among the three genomes were
identified (the list of repeats is available on request and from
http://bacterial-genotyping.igmors.u-psud.fr/) (16). All these
tandem repeats represented potential VNTR loci for the typ-
ing of serovars Typhi and Typhimurium and were evaluated
here. Thirteen primer pairs either produced multiple amplifi-
cation products, even under stringent PCR conditions (eight
pairs), or failed to amplify their target loci (five pairs). These
13 loci were not investigated further. Among the 28 primer
pairs that efficiently amplified a unique DNA fragment, 26
pairs yielded a product of the expected size. Two primer pairs
(STTRS and Sal23) yielded a product of an unexpected size,
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TABLE 2. Features of selected VNTR loci-observed in 99 strains of S. enterica subsp. enterica
DI
. i Alias in LT2 No. of Cotl))y no.dof cach allele —— F——
ocus (alias ias in observed (size range : :
( ) alleles [bi)]) g A(}111 itrglgr;s Ser((r)lve: ;l“%/)phl Typhimurium Paratyphi
(n = 39) A (n = 10)
Sal02 LT2_0681_6 bp 12 3,8,9, 10, 11, 12, 13, NA° 0.87 0 0.48
14, 15, 16, 17, 18
(107-197)
Sal04 LT2_0764_20 bp 2 1, 2 (174-194) 0.40 0 0 0
Sal06 LT2_0789_6 bp 5 3,4,5, 6, 8 (162-252) NA 0.43 0 0
TR1 (Salll) LT2_2053_7 bp 12 2,7,8,9,10, 11, 12, 0.46 0.87 0 0
13, 15, 16, 17, 18
(169-281)
Sall0 LT2_2053_12 bp 4 1, 2, 3, 4 (184-220) 0.60 0.14 0 0
Sall5 LT2_3067_12 bp 2 2, 3 (189-201) 0.42 0.07 0 0
STTRS5” (Sall6) LT2_3184_6 bp 15 7,8, 9,10, 11, 12, 13, 0.90 0.82 0.81 0.58
14, 15, 16, 17, 19,
22,23, 24 (182-
284)
Sal20 LT2_4301_3 bp 13 9,10, 11, 12, 13, 14, 0.67 0.81 0 0.18
15, 16, 17, 18, 19,
20, 21 (172-208)
TR5 (Sal22) LT2_4645_7 bp 2 3, 4 (163-170) 0.47 0 0 0
Sal23 LT2_4774_12 bp 2 4,5 (250-262) 0.49 0 0 0

“ Previously characterized (18).
b Previously characterized (20).
¢ NA, not applicable.

corresponding to the presence of 13 (instead of 15) and 4
(instead of 3) copies of the repeat unit, respectively. Lindstedt
et al. (18) also identified this discrepancy when they used
primer STTRS.

A collection of 99 clinical isolates collected from various
geographical regions in France between 1993 and 1999, with an
emphasis on serotypes Typhi and Typhimurium, was investi-
gated. All 28 VNTR loci were amplified from all isolates of
serovars Typhi, Typhimurium, and Paratyphi. The two meth-
ods used for DNA extraction had no effect on the amplification
patterns (data not shown). The results presented herein are
based on the ultimate selection of the most polymorphic mark-
ers observed: Sal02, Sal04, Sal06, Sal10, TR1, Sall5, STTRS,
Sal20, TR5, and Sal23 (Table 1). Within this selection, how-
ever, one isolate of S. enterica subsp. arizonae was not amplified
with either Sal02 or Sal06 and four isolates of S. enterica subsp.
enterica serotype Hadar were not amplified with Sal06. As a
quality control, the LT2 reference DNA tested at a frequency
of one control per group of five strains processed generated
identical VNTR genotypes, thus demonstrating the reproduc-
ibility of the typing system setup (data not shown).

A comprehensive view of the allelic variability at selected
loci and among the isolates in the collection is given in Table
2. Two to 15 alleles were observed. Tandem repeats that dis-
played the highest allelic size variations had the shortest repeat
units (i.e., less than 7 bp) (Table 2). Genotype data for 10 loci
and for all 99 isolates are presented in Table 3.

DIs, which were calculated from the allele frequencies ob-
served in the collection, reflects to some extent the usefulness
of a VNTR locus for typing purposes. DIs ranged from 0.40 to
0.90 (Table 2). When serovar Typhi (27 isolates) alone is con-
sidered, the DIs ranged from 0.14 to 0.87 (Table 2). The four
most variable loci (Sal02, TR1, STTRS, and Sal20) exhibited
DIs of 0.87, 0.87, 0.82, and 0.81, respectively. They displayed

allelic distributions that ranged from 3 to 18, 2 to 18, 7 to 24,
and 9 to 21 repetitions, respectively (Table 2). Moreover, a
continuous range of repetitions was observed at loci Sal02 (8 to
18 repetitions), STTRS (7 to 17 repetitions), and Sal20 (9 to 21
repetitions) (Table 2). This distribution may reflect a well-
balanced diversity of the population investigated, in contrast to
missing alleles that would have been observed within an un-
balanced population due to sampling bias or, more likely, rel-
atively high mutation rates for these loci.

The unique locus (STTRS) that was polymorphic in both
serovar Typhi and serovar Typhimurium had similar DIs: 0.82
and 0.81, respectively (Table 2). All other markers displayed a
unique allele within the serovar Typhimurium ACSSuT iso-
lates investigated here. Additionally, three markers were found
to be variable within serovar Paratyphi A, with DIs ranging
from 0.18 to 0.58 (Table 2).

In order to determine the extent of genetic diversity among
the strains tested, clustering analysis was performed as de-
scribed in Materials and Methods. Fifty-two combinations of
motifs with unique allele copy numbers were observed among
the 99 isolates (Fig. 1 and Table 3). There were four main
groups, denoted groups A to D, each of which comprised
smaller groups or individual isolates (Fig. 1). Fixed allelic dif-
ferences existed between major groups, as demonstrated by the
presence of an allele with two repeat units at locus Sal04 which
was characteristic of group D (Table 3). Similarly, a repeat of
three units at Sall0 was characteristic of group B. Fixed but
composite allelic differences also defined major groups (Table
3). For example, the pattern of one, four, and five repeats at
loci Sal04, Sal22, and Sal23, respectively, identified group C
(Table 3).

Variable alleles at Sal02 (Fig. 2) were encountered in sero-
vars Typhi and Paratyphi A, in contrast to the predominant
allele made up of three repeats, which was present in all re-
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TABLE 3. Numbers of repetitions at 10 loci for 99 S. enterica subsp. enterica strains

J. CLIN. MICROBIOL.

No. of repetitions at the following locus:

Group Serovar Type Strain
Sal02 Sal04 Sal06 Sall0 TRI1¢ Salls STTRS? Sal20 Sal22 Sal23
A Enteritidis 1 99-033 3 1 — 2 2 3 11 10 3 4
A Enteritidis 1 99-034 3 1 3 2 2 3 11 10 3 4
A Enteritidis 2 99-035 3 1 5 2 2 3 11 10 3 5
A Enteritidis 3 03-107 3 1 — 2 2 3 12 10 3 4
A Enteritidis 3 03-108 3 1 3 2 2 3 12 10 3 4
A Enteritidis 3 03-109 3 1 3 2 2 3 12 10 3 4
A ND¢ 3 90-046 3 1 3 2 2 3 12 10 3 4
A Enteritidis 4 87-011 3 1 3 2 2 3 8 10 3 5
A Paratyphi B 5 03-138 3 1 3 2 2 3 12 10 3 5
A Paratyphi B 6 03-104 3 1 3 2 2 3 13 10 3 5
A Paratyphi B 6 03-183 3 1 3 2 2 3 13 10 3 5
A ND 7 90-045 3 1 3 2 2 3 10 9 3 5
A ND 8 03-105 3 1 3 2 2 2 24 10 3 4
A Anatum 9 87-016 3 1 3 2 2 2 19 10 3 4
A NA* 10 87-012 — 1 3 2 2 2 7 10 3 4
A Hadar 11 03-111 3 1 — 2 2 3 23 11 3 4
A Hadar 11 01-008 3 1 — 2 2 3 23 11 3 4
A Hadar 12 03-110 3 1 3 2 2 3 22 11 3 4
A Hadar 12 03-112 3 1 — 2 2 3 22 11 3 4
A Montevideo 12 95-021 3 1 3 2 2 3 22 11 3 4
A Hadar 12 01-010 3 1 — 2 2 3 22 11 3 4
A Newport 13 87-015 3 1 3 2 2 3 9 15 3 4
A NA 14 87-009 — 1 — 2 2 3 9 12 3 4
B Typhimurium 15 86-062 3 1 3 3 2 3 13 10 3 4
B Typhimurium 16 03-171 3 1 3 3 2 3 9 10 3 4
B Typhimurium 17 03-133 3 1 3 3 2 3 11 10 3 4
B Typhimurium 17 03-148 3 1 3 3 2 3 11 10 3 4
B Typhimurium 18 03-097 3 1 3 3 2 3 12 10 3 4
B Typhimurium 18 03-170 3 1 3 3 2 3 12 10 3 4
B Typhimurium 19 03-088 3 1 3 3 2 3 17 10 3 4
B Typhimurium 19 03-091 3 1 3 3 2 3 17 10 3 4
B Typhimurium 19 03-119 3 1 3 3 2 3 17 10 3 4
B Typhimurium 19 03-172 3 1 3 3 2 3 17 10 3 4
B Typhimurium 19 03-173 3 1 3 3 2 3 17 10 3 4
B Typhimurium 19 03-180 3 1 3 3 2 3 17 10 3 4
B Typhimurium 20 03-092 3 1 3 3 2 3 14 10 3 4
B Typhimurium 20 03-099 3 1 3 3 2 3 14 10 3 4
B Typhimurium 20 03-100 3 1 3 3 2 3 14 10 3 4
B Typhimurium 20 03-125 3 1 3 3 2 3 14 10 3 4
B Typhimurium 20 03-146 3 1 3 3 2 3 14 10 3 4
B Typhimurium 20 03-147 3 1 3 3 2 3 14 10 3 4
B Typhimurium 20 03-178 3 1 3 3 2 3 14 10 3 4
B Typhimurium 21 03-087 3 1 3 3 2 3 15 10 3 4
B Typhimurium 21 03-089 3 1 3 3 2 3 15 10 3 4
B Typhimurium 21 03-090 3 1 3 3 2 3 15 10 3 4
B Typhimurium 21 03-093 3 1 3 3 2 3 15 10 3 4
B Typhimurium 21 03-094 3 1 3 3 2 3 15 10 3 4
B Typhimurium 21 03-095 3 1 3 3 2 3 15 10 3 4
B Typhimurium 21 03-102 3 1 3 3 2 3 15 10 3 4
B Typhimurium 21 86-063 3 1 3 3 2 3 15 10 3 4
B Typhimurium 21 03-149 3 1 3 3 2 3 15 10 3 4
B Typhimurium 21 85-033 3 1 3 3 2 3 15 10 3 4
B Typhimurium 22 03-096 3 1 3 3 2 3 16 10 3 4
B Typhimurium 22 03-098 3 1 3 3 2 3 16 10 3 4
B Typhimurium 22 03-103 3 1 3 3 2 3 16 10 3 4
B Typhimurium 22 03-101 3 1 3 3 2 3 16 10 3 4
B Typhimurium 22 03-124 3 1 3 3 2 3 16 10 3 4
B Typhimurium 22 03-126 3 1 3 3 2 3 16 10 3 4
B Typhimurium 22 03-130 3 1 3 3 2 3 16 10 3 4
B Typhimurium 22 03-169 3 1 3 3 2 3 16 10 3 4
B Typhimurium 22 03-174 3 1 3 3 2 3 16 10 3 4
B Typhimurium 22 03-175 3 1 3 3 2 3 16 10 3 4
C Paratyphi A 23 95-022 15 1 3 1 2 3 8 9 4 5
C Paratyphi A 24 03-190 12 1 3 1 2 3 9 9 4 5
C Paratyphi A 25 03-139 8 1 3 1 2 3 10 10 4 5

Continued on facing page
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TABLE 3—Continued
No. of repetitions at the following locus:
Group Serovar Type Strain
Sal02 Sal04 Sal06 Sall0 TRI¢ Sall5 STTRS? Sal20 Sal22 Sal23
C Paratyphi A 26 03-118 9 1 3 1 2 3 11 9 4 5
C Paratyphi A 26 03-181 9 1 3 1 2 3 11 9 4 5
C Paratyphi A 27 03-116 9 1 3 1 2 3 10 9 4 5
C Paratyphi A 27 03-117 9 1 3 1 2 3 10 9 4 5
C Paratyphi A 27 03-134 9 1 3 1 2 3 10 9 4 5
C Paratyphi A 27 03-141 9 1 3 1 2 3 10 9 4 5
C Paratyphi A 27 03-176 9 1 3 1 2 3 10 9 4 5
D Typhi 28 03-106 9 2 5 2 9 2 15 15 4 5
D Typhi 29 03-128 9 2 5 2 9 2 13 15 4 5
D Typhi 30 03-164 10 2 6 2 9 2 12 15 4 5
D Typhi 31 03-115 9 2 3 4 13 2 10 15 4 5
D Typhi 32 03-121 11 2 5 2 13 2 16 15 4 5
D Typhi 32 03-184 11 2 5 2 13 2 16 15 4 5
D Typhi 33 03-187 11 2 5 1 17 2 16 15 4 5
D Typhi 34 03-120 14 2 5 2 10 2 10 20 4 5
D Typhi 35 03-163 13 2 5 2 10 2 10 18 4 5
D Typhi 36 03-186 14 2 5 2 10 2 11 21 4 5
D Typhi 37 03-127 14 2 5 2 8 2 12 18 4 5
D Typhi 38 03-137 14 2 5 2 8 2 12 17 4 5
D Typhi 39 03-136 16 2 5 2 17 2 14 17 4 5
D Typhi 40 03-142 16 2 5 2 12 2 13 17 4 5
D Typhi 41 87-010 12 2 5 2 7 2 13 19 4 5
D Typhi 42 90-047 11 2 5 2 11 2 14 14 4 5
D Typhi 43 03-161 14 2 5 2 15 2 14 13 4 5
D Typhi 44 03-131 12 2 6 2 17 2 16 21 4 5
D Typhi 45 03-132 18 2 6 2 18 2 17 14 4 5
D Typhi 46 86-064 15 2 8 2 12 2 16 16 4 5
D Gallinarum 46 87-014 15 2 8 2 12 2 16 16 4 5
D Typhi 47 03-114 18 2 4 2 15 2 14 16 4 5
D Typhi 48 03-135 17 2 4.5 2 17 2 15 16 4 5
D Typhi 49 03-122 17 2 5 2 17 2 14 16 4 5
D Typhi 50 03-123 17 2 5 2 16 2 14 16 4 5
D Typhi 51 03-167 17 2 5 2 17 2 14 15 4 5
D Typhi 52 03-168 17 2 5 2 17 3 14 16 4 5

¢ —, no amplification.

b Previously characterized (18).
¢ Previously characterized (20).
4 ND, not determined.

¢ NA, not applicable.

maining isolates except S. enterica subsp. arizonae. For the
latter isolate, the absence of amplification is presumably due to
some divergence at flanking regions of the tandem repeat and
suggests that primers should be redesigned to consider this
subspecies. Variables alleles at TR1 (Fig. 2) were encountered
only in serovar Typhi, in contrast to the predominant allele
made of two repeats which was present in all remaining iso-
lates. Variable alleles at Sal20 (Fig. 2) were encountered in
serovar Typhi and to a lower extent in serovar Paratyphi A, in
contrast to the predominant allele made up of 10 repeats,
which was present in all remaining isolates (Fig. 2). Conversely,
STTRS exhibited allele variability independently of the serovar
status, thus implying that a given allele (i.e., 11 repeats) can be
observed in all groups, groups A, B, C, and D (Table 3).

On the basis of the composite allelic distribution (Table 3),
population modeling was deduced by construction of MSTs
(Fig. 3) by using different priority rules, as detailed in Materials
and Methods. Such MSTs offer a more detailed view of the
diversity of the test strain panel and highlight closer subtypes
that differ by very few allelic changes. For example, all serovar
Typhimurium isolates differed by no more than one allelic

change (Table 3). When both SLVs and DLVs or the most
frequent state settings were used, genotype 17 (strains 03-133
and 03-148) was excluded from the serovar Typhimurium
group due to the 11 repeats at STTRS harbored by these two
strains. This illustrates the splitting effects of such more vari-
able markers. All four MSTs displayed very similar topologies,
as suggested by the very similar grouping of strains (groups A,
B, C, and D), identical linkages between groups (the groups
were always branched together through the identical succes-
sion of genotypes 18, 3, 5, 7, 27, and 31), and identical calcu-
lated distances within this succession. In contrast to serovar
Typhimurium, serovar Typhi isolates were much more heter-
ogeneous and the subtree topology was more speculative. The
serovar Typhi isolate of genotype 31 (strain 03-115) always
linked the serovar Typhi subgroup to the other part of the
MST. There was a discrete evolution of the genotype pattern of
the serovar Enteritidis isolates between the 2nd, 44th, and 99th
challenges in guinea pigs (Fig. 3). Isolate CEB99-35 (99th pas-
sage) differed from isolates CEB99-33 (2nd passage) and
CEB99-34 (44th passage) at two loci, Sal06 and Sal23 (Table 3).
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FIG. 2. Restraint allele distribution among the 99 isolates at vari-
able loci Sal02, TR1, and Sal20.

DISCUSSION

The capability to trace S. enterica serovar Typhi epidemio-
logically remains of great importance because of the incidence
of typhoid fever (5) and the emergence of MDR strains (12,
14). Moreover, S. enterica serovar Typhimurium may be re-
sponsible for food-borne acute enterocolitis and the spread of
MDR DT104 isolates worldwide. These two serotypes were
among the very few human pathogens and/or potential bioter-
rorism threat agents not typed so far by MLVA, until the
recent reports of Lindstedt et al. (18) (serovar Typhimurium)
and Liu et al. (20) (serovar Typhi). In the present study, ad-
ditional candidate VNTR loci were characterized from serovar
Typhimurium strain LT2, and a selection of suitable markers
for typing purpose was used to discriminate among S. enterica
isolates, with an emphasis on serovars Typhi and Typhi-
murium. Some very polymorphic loci were not selected in the
present work due to the presence of multiple bands for some
strains, which made allele assignment uncertain. However, dif-

J. CLIN. MICROBIOL.

ferent PCR conditions or primer choices may solve this issue if
additional markers are needed.

Two discrepancies between theoretical and observed alleles
of STTRS and Sal23 for strain LT2 were likely due to sequenc-
ing errors or strain divergence among strain collections. The
repeat of 15 units at the STTRS locus has already been ob-
served (18). Additionally, all serovar Typhimurium isolates
analyzed here harbored four, but not three, repeats at mono-
morphic locus Sal23.

Seven of the 28 VNTRs tested in this study (Sal02, Sal06,
TR1, Sall0, Sall5, STTRS, and Sal20) proved to be polymor-
phic within serovar Typhi, thus discriminating 25 of the 27
isolates tested (93%). Similarly, three of the five VNTRs tested
by Liu et al. (20) discriminated 59 isolates into 49 genotypes. It
is reasonable to assume that inclusion of the highly variable
marker TR2 (DI = 0.95 [20]) would have further increased the
level of discrimination among the isolates in our collection.
Indeed, one of the two pairs of isolates that remained identical
(types 32 and 46 in Fig. 1) exhibited distinct amplification
profiles (data not shown). STTRS is similarly very highly vari-
able; and markers such as these, although they are probably
not appropriate for phylogenetic investigations, may be of
great use when studying local outbreaks. STTRS similarly sep-
arates the 39 serovar Typhimurium ACSSuT isolates into eight
genotypes. The phage types of these isolates were not deter-
mined, and the proportion of DT104 isolates is unknown, al-
though it is probably high. The DI of 0.81 obtained for this
collection (n = 39) is consistent with the DI of 0.85 observed
for a collection of 78 isolates of serovar Typhimurium, with an
emphasis on phage type DT104, and with the DI of 0.73 ob-
served when only the 37 DT104 isolates were considered (18;
B. A. Lindstedt, personal communication). Genotypic variabil-
ity within DT104 isolates has already been documented by
amplified fragment length polymorphism analysis (12) and
PFGE (22). The population of serovar Typhi investigated here
appeared to be more diverse than the populations of the other
serovars; and this is in accordance with the high degree of
heterogeneity observed by others among isolates originating
from Asia (13, 14), India (32), and Chile (11).

Multilocus enzyme electrophoresis studies based on 25 chro-
mosomal loci demonstrated that identity according to serovar
does not necessarily reflect a close genetic relationship (4).
MLST based on three genes confirms this observation (15).
The results by Kotetishvili et al. (15) suggested that the dis-
criminatory ability of MLST for the typing of Salmonella is
better than that of serotyping or PFGE typing. It will be of
interest to compare MLVA with MLST for determination of
the genetic relatedness of various Salmonella strains and sero-
types. The tendency observed here by MLVA for genetically
distinct groups to be consistent with the serovar classification
will need to be assessed with strains from reference collections.

The alleles among the serovars tested in this study showed a
restrained distribution, as suggested by the predominance of
some repeat arrays made up of short motifs (Fig. 2). This was
especially striking for Sal02, TR1, and Sal20. Short repeat
motifs are possibly believed to allow bacterial adaptation to
different environments (35), and the restrained distribution
observed may support this idea. Although it is assumed that
variation occurs randomly, unknown mechanisms result in the
generation of longer repeats arrays in serovar Typhi (the Sal02,
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FIG. 3. Salmonella population modeling. The number in each circle indicates the genotype identified in Table 3. The number of isolates for a
given genotype is arbitrarily visualized by different cell shadings or fonts: gray or black, one isolate; sequential increase in shading from gray to black
circles with white numbers, two, three, four, and five or more isolates. The empty circle indicates a hypothetical genotype not present in the
population analyzed. The distance between neighboring genotypes is expressed as the number of allelic changes and is outlined by different shapes
of lines: short bold line, one change; long thin line, two changes; black dotted lines, three to five changes, as indicated.

TR1, and Sal20 loci) and serovar Paratyphi A (the Sal02 locus).
It is thus tempting to speculate from the present data that host
adaptation has generated host-adapted variants with specific
VNTR arrays.

The collection of serovar Typhimurium investigated previ-
ously (18) was geographically biased toward northern Europe,
whereas the present study considers isolates originating from
France. Some differences in the allele distributions at STTRS
may be due to these different geographical origins. For exam-
ple, the alleles at this locus with 12 and 13 repeat units were
rare in our collection (Table 3). Similarly, in the case of serovar
Typhi, the allelic distribution at locus TR1 differed in the two
populations investigated so far. The collection investigated
here showed a deficit for the alleles with 12 repeat units (Table
3), whereas the collection from Asia (20) showed a strong
deficit for the allele with 17 repeat units. Analysis of larger
collections from various origins will address this question more
accurately, once a reference set of tandem repeat loci has been
more formally established. MSTs outlined didactically the pop-
ulation analyzed in terms of distance between isolates and
numbers of isolates. Moreover, and perhaps most importantly,
it allowed the creation of hypothetical types which correspond
to missing links between subgroups within the MSTs, thus
highlighting isolates that are not present in a collection.

In conclusion, we carried out MLVA in order to discern
genetic similarities and differences among a random sample of
serovar Typhi and Typhimurium isolates. A high level of sub-
type discrimination among the Typhi isolates was achieved.
MLVA may be applied to the rapid typing of pathogens and to

achieving a high level of discrimination of numerous pathogens
and contributes to an improved responsiveness to outbreak
investigations. The present work is intended to follow up this
trend by developing easy-to-use DNA fingerprinting capabili-
ties for Salmonella. Typing by MLVA can be achieved with
basic equipment. The data obtained can easily be compared to
published genotypes, either at a local level or by querying data
via the website http://bacterial-genotyping.igmors.u-psud.fr/.
The potential Internet-based querying tools will help make
MLVA, like MLST, a good candidate for a robust and geo-
graphically widespread control program.
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