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Salmonella enterica serotype Typhi clinical isolates (n = 91) resistant to nalidixic acid (Nal") were collected
from sporadic cases and minor outbreaks throughout Vietnam between 1996 and 2004. These isolates were
typed and compared by four methods: Vi phage typing, Pstl ribotyping, Xbal and Spel pulsed-field gel
electrophoresis (PFGE), and single-nucleotide polymorphism (SNP) analysis. The results indicated that 65%
of the isolates were not typeable by Vi phage typing. In contrast, the ribotyping and, with more accuracy, the
SNP analysis methods indicated that all Nal" isolates belonged to a single clone (ribotype 3a, haplotype H58)
that was found previously and that largely consisted of plasmid-encoded multidrug-resistant serotype Typhi
isolates. PFGE demonstrated the occurrence of microevolution within this clone. We identified two major
combined PFGE profiles: X1-S1 and X3-S6. X3-S6 predominated between 1996 and 2002 but was replaced by
X1-S1 after 2002. Nevertheless, PFGE, with a Simpson’s index of 0.78, was not considered an optimal
discriminatory method for investigating typhoid fever outbreaks in Vietnam. The rate of quinolone resistance
increased and the rate of multidrug resistance decreased during the study period. From 2002 to 2004, 80.6%
of the isolates from South Vietnam were resistant only to Nal. The mechanism of Nal resistance in most of the
isolates (94%) was a mutation in the quinolone resistance-determining chromosomal region of gyr4 that led to

the amino acid substitution Ser83Phe. No plasmid-located gnrA4, qnrB, or qnrS was detected.

In the last 30 years, high rates of multiple-drug resistance
(MDR) to all first-line antimicrobial agents encoded by large
conjugative plasmids in Salmonella enterica serotype Typhi
have been reported around the world, but the Indian subcon-
tinent and Southeast Asian countries are particularly affected
(43).

In Vietnam MDR serotype Typhi isolates with self-transfer-
able plasmids of the H1 incompatibility group, which code for
chloramphenicol, streptomycin, sulfonamides, and tetracycline
resistance, were first isolated in 1971; the rate of such MDR
increased to 85% in 1975 (3, 25, 34). MDR serotype Typhi
isolates with additional resistance to ampicillin and sulfame-
thoxazole-trimethoprim were first reported in southern Viet-
nam at the beginning of the 1990s (29). The economic reforms
that took place in Vietnam in the early 1990s have resulted in
a boom in private pharmacies, and all first-line antibiotics for
typhoid fever could easily be bought as over-the-counter med-
icines without a prescription (40). Over 90% of the sporadic or
epidemic serotype Typhi isolates in the north, central, and
south regions of Vietnam were MDR from 1995 to 2002 (18).
Since then, fluoroquinolones have become a first-line treat-
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ment for typhoid fever. However, MDR serotype Typhi iso-
lates with additional chromosomally encoded resistance to
nalidixic acid (Nal") and with reduced susceptibilities to
fluoroquinolones have been reported more and more in the
Indian subcontinent since the early 1990s and have later been
reported in various Asian countries (13, 23, 24, 33, 38, 41).
MDR serotype Typhi Nal” isolates were first reported in south-
ern Vietnam in 1993 and made up 20% of the isolates in 1996
(30, 41). Data collected by the Laboratoire d’Epidémiologie de
la Résistance Bacterienne, Institut National d’Hygi¢ne et
d’Epidémiologie, Hanoi, Vietnam, show that the percentage of
Nal" isolates did not change between 2000 and 2004. However,
the percentages differed by region: about 80% of 243 isolates
in the south of the country were Nal", 50% of 70 isolates in the
central part of the country were Nal’, and rare isolates in the
north were Nal". These differences might be explained by two
factors. Typhoid fever is more prevalent in densely populated
agricultural tropical southern Vietnam, in particular, in the
Mekong River Delta. Of the 187,318 cases reported nationally
between 1991 and 2001 (approximately 17,000 per annum),
75.8% and 6.9% occurred in the Mekong River Delta and in
the southeastern part of the country, respectively (16). In
southern Vietnam over-the-counter antimicrobial drugs are
readily available in private pharmacies (including new of anti-
biotics).

The emergence of MDR S. enterica serotype Typhi Nal"
isolates is of great concern because these strains are associated
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TABLE 1. Oligonucleotide primers used in the study

Reference or PCR product

PCR target Primer name Oligonucleotide sequence (5'—3") source size (bp)

grA GyrA-F CTGAAGCCGGTACACCGTCG 6 290
GyrA-R TCGGCCATCAGTTCGTGGGC 6

grB GyrBTyphi-F* TTATCGATGCTGCGCGTGC This study 1,280
GyrB-R TCGCCGCTTTCAGGGCGTTC 6

parC ParC-F CGCCTACTTAAACTACTCCA 6 540
ParC-R ATCAGCGTAATCGCCGCTTT 6

qnrA QnrA-F TCAGCAAGAGGATTTCTCA 44 625
QnrA-R GGCAGCACTATTACTCCCA 44

qnrB QnrB-F GATCGTGAAAGCCAGAAAGG 35 469
QnrB-R ACGATGCCTGGTAGTTGTCC 35

qnrS QnrS-F ACGACATTCGTCAACTGCAA 35 417
QnrS-R TAAATTGGCACCCTGTAGGC 35

viaB locus TviB-F CGAGTGAAACCGTTGGTACA 42 846
TviB-R CAATGATCGCATCGTAGTGG 42

SPI-7 DEO0032-F GCTCAGTCGGTAGAGCAGGGGATT 42 1,275°
DE0083-R TCATCTTCAGGACGGCAGGTAGAATG 42

¢ Primer GyrBTyphi-F is 1 bp shorter than the forward primer, described elsewhere (6), which is designed to anneal to gyrB of serotype Typhimurium.

P If the isolate is SPI-7 negative.

with slow clinical responses to fluoroquinolones and treatment
failures (5, 39, 41) and require the use of expensive expanded-
spectrum cephalosporins. This study investigates the genetic
diversity of MDR serotype Typhi Nal" isolates to determine
whether one or several clones were involved in the recent small
outbreaks and sporadic cases of typhoid fever in Vietnam.
These findings should facilitate determination of the mode
through which MDR serotype Typhi Nal" isolates spread and
should be useful for the implementation of rational strategies
and suitable measures in the field of public health to prevent
this disease. We used four subtyping methods to analyze a
representative collection of 91 Nal" serotype Typhi isolates
recovered in Vietnam between 1996 and 2004. We found that
only one MDR serotype Typhi Nal" clone was circulating dur-
ing this period but identified microevolution (generation-to-
generation small-scale genetic changes in a population) within
this clone.

MATERIALS AND METHODS

Bacterial isolates. Ninety-one Nal" serotype Typhi isolates (one per patient)
were selected from the Laboratoire d’Epidémiologie de la Résistance Bacteri-
enne collection. These were epidemiologically independent, i.e., 11 from the
north, 10 from the center, and 70 from the south. The isolates were collected
during an 8-year period (1996 to 2004) from blood cultures in hospitals located
in the three regions of Vietnam: in the north at Hanoi (Back Mai Hospital,
Saint-Paul Hospital, 103 Military Hospital, Institut National d’Hygi¢ne et
d’Epidémiologie, and Pediatric Hospital), in the center at Hué (Central Hospi-
tal), and in the south at Ho Chi Minh City (Institut Pasteur and Pediatric
Hospital No. 1). Unfortunately, no precise data on the prevalence of the Nal"
serotype Typhi isolates were available from these hospitals. The isolates were
identified with the API 20E system (BioMérieux, Marcy I’Etoile, France) and by
serotyping with antisera specific for the O:9, Vi, and H:d antigens (Bio-Rad,
Hanoi, Vietnam). Escherichia coli ATCC 25922 and a pansusceptible serotype
Typhi isolate were used as controls for susceptibility testing. S. enterica serotype
Braenderup H9812 was used as a molecular size marker for the PFGE experi-
ment. E. coli Lo, Klebsiella pneumoniae Kp25, and Enterobacter cloacae AME

(gifts from L. Poirel, Hopital de Bicétre, France) were used as gnrA-, gnrB-, and
gnrS-positive controls, respectively.

Antimicrobial susceptibility testing. The susceptibilities of the 91 Nal® sero-
type Typhi isolates to 32 antimicrobials were determined by disk diffusion (Bio-
Rad, Marnes la Coquette, France) on Mueller-Hinton agar (Bio-Rad), according
to the guidelines of the Comité de I’Antibiogramme de la Societé Frangaise de
Microbiologie, as described previously (46). The MICs of nalidixic acid (Sigma,
St Louis, MO) were determined by standard agar doubling dilution, and the
MICs of ciprofloxacin (Cip) were determined by Etest (AB Biodisk, Solna,
Sweden).

PCR amplification and DNA sequencing. Total DNA was extracted with an
InstaGene matrix kit (Bio-Rad), in accordance with the manufacturer’s recom-
mendations. Oligonucleotide primers (Table 1) were synthesized by MWG-
Biotech (Ebersberg, Germany) for amplification of the quinolone resistance-
determining chromosomal regions (QRDCRs) of gyr4, gyrB, and parC (6); for
amplification of the plasmid-mediated gnrA4, gnrB, and gnrS genes (35, 44); and
to test for the presence of the locus coding for the Vi antigen (42). All amplifi-
cations were done in 50-pl volumes containing DNA (2.5 pl), primers (50 pmol
each), deoxynucleoside triphosphates (200 pM), Tag DNA polymerase (1.25 U;
Ampli Tag Gold; Roche) and its buffer, MgCl, (2 mM), and dimethyl sulfoxide
(10%). The cycling conditions included 10 min for denaturation at 94°C (1 cycle),
followed by 35 cycles of 30 s for denaturation at 94°C; 30 s for annealing at 52°C
for gnrA, 53°C for gnrS and parC, 55°C for tviB and gnrB, 60°C for gyr4, 62°C for
SPI-7, and 63°C for gyrB; and 1 min for polymerization at 72°C, followed by 10
min for extension at 72°C.

Both strands of the purified amplicons were sequenced by the Public Health
Platform PF8 (Institut Pasteur), and nucleotide sequences were obtained by the
use of BigDye (version 3.1) chemistry (Applied Biosystems, Foster City, CA) on
an ABI 3700 apparatus (Applied Biosystems).

Lasergene software (DNAstar, Madison, WI) was used to analyze the nucleo-
tidic sequences. The BLASTN program of NCBI (http://www.ncbi.nlm.nih.gov)
was used for database searches.

Vi phage typing. The 91 Nal" serotype Typhi isolates in this study were ana-
lyzed by the method described by Craigie and Yen (8, 9). Phage suspensions were
kindly provided by the Health Protection Agency, Colindale, United Kingdom.

Ribotyping. A subset of 71 Nal" S. enterica serotype Typhi isolates, selected on
the basis of their diversity (geographic area of isolation, year of isolation, phe-
notype of resistance, and pulsed-field gel electrophoresis [PFGE] profile), were
analyzed by manual PstI ribotyping, as described previously (18). Nine isolates
exhibiting all representative ribotypes were analyzed by use of the RiboPrinter
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TABLE 2. Phenotypic and molecular characteristics of Nal" S. enterica serotype Typhi isolates in Vietnam from 1996 to 2004¢

MICs (mg/liter)

QUINOLONE-RESISTANT S. ENTERICA CLONE IN VIETNAM

Region Yr mem M >=:E§MWM Eﬂom_mﬁmsoo on G Phage type wmowxquﬁwﬁmm type Ribotype @A mutation(s)
South 1996-1998 22 ASCTeSulSxtNal (22) 64 (1), 128 (4), 256 0.125 (1), 0.25 UT (13), UVS X3a-S6a (8), X1a-Sla (4),  3a (17), 341 (1), Phe83 (16), Tyr83 (1),
(15), 1,024 (2) (13), 0.5 (8) (6), Evar (2), X3a-S9 (1), X3b-S6b S007 (1), ND (3) ND (5)
El (1) (2), X5¢-S4 (1), X20-
S27 (1), X21-S19a (1),
X23-S22 (1), X11a-S5a
(1), X11b-S5b (1),
X14-S19b (1)
1999-2001 17 ASCTeSulSxtNal (16), Nal (1) 128 (3), 256 (3), 0.25 (7), 0.5 (10) UVS (6), E1 (5), X3a-S6a (4), X1a-Sla (3),  3a (11), S007 (1), Phe83 (11), ND (6)
512 (1), 1,024 Evar (4), X3b-S6b (3), X5a-S4 142 (1), ND (4)
(1), >1,024 (9) UT (2) (1), X5a-S1b (1), Xla-
S2 (1), X1b-S1b (1),
X17-S17 (1), X18-S18
(1), X19-S1b (1)
2002-2004 31 Nal (18), ASCTeSulSxtNal 256 (11), 512 (5), 0.125 (1), 0.25 UT (20), E1 (7), X1b-S1b (16), X1a-Sla 3a (14), 73/34/8 (4),  Phe83 (22), ND (9)
(11), ASTeSulSxtNal (1), >1,024 (15) (5), 0.5 (25) Evar (2), (3), X8-S12 (4), X5b- 177 (2), 23a (1),
CTeTmpNal (1), UVS (2), S11 (2), X1b-S5b (1), ND (10)
X3a-S6a (1), X3b-S6b
(1), X5¢-S15 (1), X6-
Sla (1), X9-S13 (1)
Center 1996-1998 0
1999-2001 5 ASCTeSulSxtNal (4), ANal (1) 256 (1), >1,024 (4) 0.5 (5) UT (3), UVS (2)  X3a-Sé6a (3), X3b-S6b (2) 3a (4), ND (1) Phe83 (4), ND (1)
2002-2004 5 ASCTeSulSxtNal (3), Nal (2) 256 (1), >1,024 (4) 0.25 (1), 0.5 (4) UVS (3), UT (2)  X3b-S6b (2), X3b-S7 (1), 3a (4), ND (1) Phe83 (4), ND (1)
Xla-Sla (1),
X26-S14 (1)
North 1996-1998 8 ASCTeSulSxtNal (8) 1,024 (8) 0.06 (1), 0.25 E1l (4), Evar (4) Xla-Sla (3), X1b-S1b (1),  3a (4), S007 (1), Phe83 (4), Tyr83 (2),
4), 0.5 (3) X24-S24 (1), X5¢-S4 350 (1), 351 (1), ND (2)
(1), X11b-S16 (1), ND (1)
X16-S20 (1),
1999-2001 1 ASCTeSulSxtNal 1,024 (1) 0.25 (1) El (1) Xla-Sla (1) 3a (1) Phe83 (1)
2002-2004 2 ASCTeSulSxtNal (1), Nal (1) 128 (1), >1,024 (1) 0.125 (1), 0.5 (1)  E1 (2) Xla-Sla (1), X13-S1b (1) 3a (2) Phe83 (1), Gly87 (1)

VoL. 45, 2007

¢ Numbers in parentheses refer to the number of isolates. Abbreviations: UVS, untypeable Vi isolate; UT, not typeable (Vi negative); var, variant; A, amoxicillin; S, streptomycin; C, chloramphenicol; Te, tetracycline;
Sul, sulfonamides; Tmp, trimethoprim; Sxt, sulfamethoxazole-trimethoprim; Nal, nalidixic acid; ND, not determined.
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microbial characterization system (Qualicon, Wilmington, DE), a fully auto-
mated and standardized ribotyping method that creates a database. Ribotype
numbering was generated by this system. The ribotype profiles were compared to
those in the RiboPrinter database of the Unité de Biodiversité des Bactéries
Pathogénes Emergentes, Institut Pasteur, Paris, France (1997 to 2004, which
contains 339 PstI ribotypes of serotype Typhi isolates).

PFGE. PFGE of Xbal (Roche)- and Spel (Roche)-digested genomic DNA was
carried out with all 91 Nal" serotype Typhi isolates in this study, as described
previously (45). The running conditions and the molecular size marker (Xbal-
digested DNA from S. enterica serotype Braenderup H9812) were the same as
those described in the standardized PulseNet protocol (15). BioNumerics soft-
ware (version 4.0) was used for image normalization and the construction of
similarity matrices. Bands were assigned manually. Clustering was carried out by
the unweighted pair-group method with arithmetic averages (UPGMA), based
on the Dice similarity index. A 0.5% optimization parameter and a 1% band
position tolerance were used. Each profile that differed by one or more bands of
>100 kb was assigned a type (e.g., type X1). Profiles that differed by a band(s)
of less than 100 kb were assigned to subtypes (e.g., subtypes X1a and X1b).

SNP analysis. A subset of 40 Nal" S. enterica serotype Typhi isolates, selected
on the basis of their diversity (geographic area of isolation, year of isolation,
PFGE profile, and ribotype), were examined by single-nucleotide polymorphism
(SNP) analysis of 55 polymorphic coding gene fragments by denaturing high-
performance liquid chromatography at the Max Planck Institute for Infectious
Biology, Berlin, Germany, as described previously (36). The haplotypes (combi-
nation of the 55 alleles) of these 40 Nal" serotype Typhi isolates were compared
to those of 527 isolates in the Max Planck Institute for Infectious Biology
database.

Calculation of discrimination indices. Simpson’s index of diversity was used to
calculate the discriminatory abilities of the methods used in this study, as de-
scribed previously (14).

Statistical analysis. We analyzed our results to assess whether the increase in
the rates of resistance to fluoroquinolones from 1996 to 2004 was significant.
Statistical testing of the differences in proportions was conducted by the chi-
square test with Epi Info (version 6.04) software (CDC, Atlanta, GA); P values
<0.05 were considered significant.

RESULTS

Resistance phenotypes: MICs and mechanisms of resistance
to quinolones. Of the 91 Nal" isolates, 69 (76%) were MDR; 66
had the same patterns of resistance to ampicillin, streptomycin,
chloramphenicol, tetracycline, and co-trimoxazole; and 3 had
other patterns due to the loss of one or several markers (Table
2). Nal" isolates lost more and more of their plasmid-encoded
MDR during the period of this study: whereas 97.4% (38/39) of
the Nal® isolates in the south were MDR before 2002, only 42%
(13/31) were MDR between 2002 and 2004 (Table 2).

Analysis of the MICs of Nal and Cip (Table 2) shows that
susceptibility to Cip decreased in all but one of the Nal" iso-
lates. The MICs of Cip were between 0.06 and 0.5 mg/liter
(Table 2). There was a significant increase in the rates of
resistance to Cip over the period of the study (P = 0.0047):
from 1996 to 1998, 36.4% (8/22) of the isolates in the south had
a Cip MIC of 0.5 mg/liter; from 1999 to 2001, 58.8% (10/17)
had this level of resistance; and from 2002 to 2004, 80.6%
(25/31) had this level of resistance.

DNA sequencing of the QRDCR of gyr4 revealed one fre-
quent mutation that led to the replacement of serine with
phenylalanine at position 83 of GyrA in 63/67 isolates analyzed
(94%). Other point mutations led to the replacement of serine
with tyrosine at position 83 in three isolates and the replace-
ment of asparagine with glycine at position 87 in one isolate.
We screened a subset of 12 isolates that had various Cip MICs
for QRDCRs of gyrB and parC. All of these isolates had the
same sequence as the quinolone-susceptible isolates se-
quenced to date (isolates CT18 and Ty2), indicating that no
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FIG. 1. Representative Pstl ribotypes obtained from a subset of 71
S. enterica serotype Typhi isolates under study. Ribotype numbering is
indicated. The dendrograms generated by the BioNumerics software
show the results of cluster analysis on the basis of Pstl ribotyping.
Similarity analysis was performed by using the Dice coefficient, and
clustering was done by UPGMA. n, the number of isolates for each
ribotype is indicated.

additional mutation within the sequences of gyrB and parC was
amplified by the primers used in this study. We did not detect
plasmid-located gnrA, gnrB, or gnrS.

Molecular and phage typing. The 51 Vi-positive isolates
were predominantly (63%) of Vi phage types E1 (n = 20) and
E variant (Evar; n = 12). Evar isolates had lysis profiles (lysis
with typing phages E3 and E9) between those of E3 (lysis with
typing phages E3, E4, and E9) and E9 (lysis with typing phage
E9). The 19 other Vi-positive isolates were insensitive to the
phages used in this study. Forty isolates were not typeable (Vi
negative). All but four isolates had an internal fragment of the
tviB gene (42), encoded within the viaB operon, as detected by
PCR. This fragment is essential for the production of the Vi
antigen. We found that Salmonella pathogenicity island 7
(SPI-7) (31), which includes the viaB operon, was absent from
its normal location (between the pheU and the phoN genes) in
these four isolates.

We found nine PstI ribotypes among the 71 isolates tested
(Fig. 1). We most frequently observed ribotype 3a (57/71,
80.3%) (Table 2). Simpson’s discrimination index for ribotyp-
ing was 0.35.

We found 17 distinct profiles by Xbal PFGE (Table 3; Fig.
2). Simpson’s discrimination index for Xbal PFGE was 0.739.
The most prevalent profiles were X1 (36/91; 39.6%) and X3
(28/91; 30.8%), which differed by a single additional band of
approximately 500 kb. We subdivided five profiles (profiles X1,
X3, X5, X11, and X19) into two to three subtypes (profile
numbers followed by a, b, and c) on the basis of the absence or
the presence of bands of less than 100 kb in size. These bands
possibly corresponded to a plasmid(s) and, in particular, to the
large MDR plasmid: the fully sequenced MDR plasmid
pHCM1 (218 kb) of the serotype Typhi strain CT18 (GenBank
accession number AL513383) has nine Xbal restriction sites,
yielding fragments of from 4 kb to 78.3 kb; also, subtype a
correlated with MDR S. enterica serotype Typhi Nal® isolates,
and subtype b correlated with Nal" isolates. Both subtype X1a
and subtype X3a were displayed by 33 MDR serotype Typhi
Nal" isolates and only 1 Nal" isolate. There were discrepancies
for both subtype X1b and subtype X3b displayed by 13 MDR
serotype Typhi Nal" isolates and 17 Nal" isolates. When they
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TABLE 3. Correlation between haplotypes and ribotypes and
PFGE profiles

Combined type (Xbal PFGE type-Spel PFGE
type-ribotype)®

HSS........X1-S1-3a (8), X1-S2-3a (1), X1-S5-3a (1), X3-S6-3a (6),
X3-S7-3a (1), X3-S9-3a (1), X5-S4-S007 (2), X5-S1-
3a (1), X5-S11-177 (1), X6-S1-3a (1), X11-85-3a (1),
X11-816-350 (1), X13-S1-3a (1), X16-520-351 (1),
X18-S18-3a (1), X19-S1-3a (1), X20-527-341 (1),
X21-519-3a (1), X25-524-3a (1), X26-S14-3a (1)

H60.........X5-515-3a (1)

e X23-822-32 (1)

H63 ......... X14-19-3a (1), X17-S17-142 (1), X1-S1-3a (1), X3-S6-
3a (2)

Haplotype

“ Numbers in parentheses refer to the number of isolates.

were retested by antibiotic susceptibility tests, the 13 initially
MDR serotype Typhi Nal® isolates displaying either subtype
X1b or subtype X3b were only Nal". This has been attributed to
the loss of the MDR plasmid during subcultivation. With these
new results there was a strict correlation between subtype a
and MDR serotype Typhi Nal" isolates and between subtype b
and Nal” isolates.

There was a shift in the prevalence of profiles X1 and X3
during the study period. X3 represented 50% (11/22) of the
isolates in the south from 1996 to 1998, and X1 represented
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18.2% (4/22). However, 6.5% (2/31) of the isolates recovered
from 2002 to 2004 had the X3 profile and 64.5% (20/31) had
the X1 profile. There was also an approximately 150-kb frag-
ment missing in the four Vi-negative isolates (profiles X14a,
X14b, X20, and X23) (Fig. 2).

We found 19 distinct profiles by Spel PFGE (Table 3; Fig.
2). The most prevalent profiles were S1 (38/91; 41.2%) and S6
(27/91; 29.7%), which differed by two bands of 300 and 230 kb.
There was also a shift in the prevalence of these two profiles
during the study period. We found profile S6 in 45.5% (10/22)
of the isolates collected from the south in 1996 to 1998 and
profile S1in 18.2% (4/22). However, 9.7% (3/31) of the isolates
recovered from 2002 to 2004 had the S6 profile and 64.5%
(20/31) had the S1 profile. Simpson’s discrimination index for
Spel PFGE was 0.746. We subdivided four profiles (profiles S1,
S5, S6, and S19) into two to three subtypes on the basis of the
absence or the presence of bands of less than 100 kb in size that
was attributed to a plasmid(s) (plasmid pHCMI1 has six Spel
restriction sites, yielding fragments from 0.1 kb to 99.7 kb).

The two PFGE fingerprints were consistent, enabling the
discrimination of 25 combined types (Table 2) with a Simp-
son’s discrimination index of 0.780. We observed two major
combined types, types X1-S1 and X3-S6, which accounted
for 37.4% (34/91) and 28.6% (26/91) of the isolates, respec-
tively. Two isolates with the X1 profile had profiles other

PFGE Spel
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FIG. 2. Representative Xbal and Spel PFGE profiles obtained for the 91 S. enterica serotype Typhi isolates under study. The PFGE profile
numbering is indicated. The dendrograms generated by the BioNumerics software show the results of cluster analysis on the basis of PFGE
fingerprinting. Similarity analysis was performed by using the Dice coefficient, and clustering was done by UPGMA. n, the number of isolates for

each PFGE profile is indicated.
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than S1. Also, two isolates with the X3 profile had profiles
other than S6.

SNP analysis indicated that haplotype H58 was highly fre-
quent in Vietnam (33 of 40 isolates; 82.5%) (Table 3). Deriv-
ative haplotypes from H58 were also identified (H60, 2.5%;
H61, 2.5%; and H63, 12.5%). These three variants differed
from HS8 by only one SNP. Simpson’s discrimination index
was 0.31.

DISCUSSION

We assessed the genetic diversity of MDR . enterica sero-
type Typhi Nal" isolates collected throughout the three regions
of Vietnam by four subtyping methods and by exploring deter-
minants with various evolution rates.

The SNP method showed that all the strains belonged to
haplotype H58 and its closest variants, indicating that the same
MDR serotype Typhi Nal" clone had spread throughout Viet-
nam. Additionally, 94% of these isolates carried the same
grA mutation, leading to the nonsynonymous substitution
Ser83Phe, which was identical to that described in Vietnam in
1997 (41). These results are also consistent with those pub-
lished by Roumagnac et al. (36), which showed that Nal* H58
has recently spread throughout southern Asia. Although SNP
analysis revealed that the Vietnamese isolates belong to this
recent Asian strain, it is not suitable for subtyping the detailed
populations within this strain.

Vi phage typing, the oldest method for the subtyping of S.
enterica serotype Typhi (described in 1938), can discriminate
among more than 100 phage types. However, it has limitations:
(i) the method is nondiscriminatory if there is a predominant
common phage type or a few predominant phage types in an
area; (ii) the acquisition or loss of lysogenic phages might
change the phage type; (iii) some Vi isolates are not typeable,
due to insensitivity to phage suspensions or to loss of Vi anti-
gen; and (iv) this method is often restricted to reference lab-
oratories. E1 and E3 (retrospectively reassigned to Evar) were
shown previously (18) to be the most frequent phage types
observed among epidemiologically independent MDR sero-
type Typhi isolates collected throughout Vietnam between
1995 and 2002. As E1 and Evar belong to the same E group, it
is very probable that Evar (lysis with typing phages E3 and E9)
was derived from E1 (lysis with typing phages E1 to E10) by
acquisition of a new lysogenic phage, abolishing various reac-
tions with typing phage suspensions. Our results are consistent
with this and are in accord with clonal expansion. However, the
percentage of untypeable (Vi-negative) isolates was much
higher in the present study than in the previous one: 40/91
(44%) and 18/81 (11%), respectively. Consequently, the phage
typing method does not seem to be suitable for the subtyping
of serotype Typhi isolates in Vietnam. We have no simple
hypothesis to explain the increase and the present high rate of
Vi-negative isolates. The absence of Vi agglutination was not
due to the loss of the Vi locus in 36/40 isolates. This finding is
reassuring, as Vi vaccination started in 1997 and is now carried
out in half of the Vietnam provinces (data from the
Vietnamese Ministry of Health). The Vi-negative isolates did
not have a particular PFGE type (data not shown), and Vi
negativity was not considered a phenotypic marker for a par-
ticular group of strains. Vi production in serotype Typhi is
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downregulated by various environmental conditions, including
osmolarity. Thus, the most probable hypothesis is that Vi pro-
duction in our strains was low and not detected by slide agglu-
tination but could have been detected by a more sensitive
phenotypic method, e.g., immunofluorescence, as demon-
strated by Wain et al. (42). We do not know if the deletion in
the four isolates missing SPI-7 occurred in vivo in the periph-
eral blood of patients or during storage of the bacterial cul-
tures (2, 4).

Pstl ribotyping is a stable, reproducible, and sensitive
method that has been used since 1989 (1, 12, 18, 20, 27, 28); but
it has several limitations: (i) manual ribotyping is technically
demanding and automated ribotyping is expensive; (ii) due to
the high degree of plasticity of the S. enterica serotype Typhi
genome, genetic rearrangements produced by homologous re-
combinations between rrn operons can occur during the emer-
gence of an outbreak, leading to various ribotypes among out-
break isolates; and (iii) a single genetic rearrangement can
substantially modify the banding pattern, precluding an accu-
rate cluster analysis of epidemiologically related isolates (10,
21). Pstl ribotyping indicated that most of the Vietnamese
isolates belonged to the same clonal expansion, confirming the
results obtained with the SNP method. However, ribotyping
indicated that 19.7% of the isolates tested had ribotypes other
than ribotype 3a. Other methods confirmed that these isolates
belonged to the clone. Nevertheless, difficulty estimating the
genetic relationship between isolates by ribotyping, even after
a single genetic rearrangement within r7n operons, precluded
their assignment to the clone. This is a clear limitation of the
ribotyping method. The predominant ribotype found in this
study (ribotype 3a) is the same as that found in a previous
study of molecular typing of MDR Nal® serotype Typhi isolates
in Vietnam (18). This suggests that the Nal® serotype Typhi
isolates are derived from the previous MDR serotype Typhi
isolates.

PFGE has successfully been used since 1994 and is currently
the method for the subtyping of sporadic or epidemic serotype
Typhi isolates (7, 11, 17, 28, 37). Until recently, differences in
PFGE running conditions precluded accurate comparisons
with the profiles of serotype Typhi isolates typed by other
laboratories. Now, the interlaboratory exchange of PFGE pro-
files at the national and international levels is facilitated by the
use of a standardized PFGE protocol, the PulseNet protocol
(15). The fingerprints that we obtained for the Nal® Typhi
isolates by Xbal and Spel PFGE pointed out the limited rear-
rangements that occurred within the clone during the study
period. This is possibly due to the influence of more types of
DNA rearrangements (insertions, deletions, mutations that
modify a restriction site, inversions) on PFGE profiles than on
those obtained by the SNP method (mainly punctual mutations
within targeted genes). Given that two major combined PFGE
types, X1-S1 and X3-S6, accounted for 66% of the Nal® sero-
type Typhi isolates, PFGE was not a very discriminatory
method for the investigation of typhoid fever outbreaks in
Vietnam. Simpson’s index of 0.78 was far below the 0.90 value
considered the lower limit for a discriminatory typing method
(14). Therefore, new reproducible methods with a better dis-
criminatory index (DI) must be implemented to reveal the
Asian dynamics of the H58 strain and to detect relationships
among Vietnamese H58 isolates collected locally over short
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time intervals. Nair et al. (26) have reported that amplified
fragment length polymorphism analysis of serotype Typhi iso-
lates from Papua New Guinea had a DI of 0.88, which is more
discriminatory than PFGE (DI, 0.74). That study did not show
the antimicrobial resistance status of the strains. Another
method, multiple-locus variable-number tandem-repeat analy-
sis, which was successfully used to subtype S. enterica serotype
Typhimurium DT104 clone (19), has been developed for sero-
type Typhi. Two schemes have been published (22, 32). They
use three to six polymorphic loci. However, only 20 French and
61 Asian serotype Typhi isolates, without antibiotic resistance
data, have been tested. We will soon examine our Nal" isolates
by amplified fragment length polymorphism analysis and mul-
tiple-locus variable-number tandem-repeat analysis.

This study also showed that since 2002, more and more Nal"
isolates belonging to the 3a/H58 clone, with an untypeable Vi
phage and with the X1-S1 PFGE profile, were no longer MDR,
probably due to the loss of the MDR plasmid. This trend
apparently occurred after the replacement of classic antimicro-
bial treatments by fluoroquinolones. This might lead to the
cautious reuse of classical first-line antibiotics such as pheni-
cols, co-trimoxazole, and aminopenicillins.

These results suggest that this serotype Typhi clone has
followed a particular course of evolution. First, the strain re-
ceived an MDR plasmid and profited by clonal expansion un-
der pressure of the classical first-line antibiotics. Then it main-
tained a chromosomal point mutation under fluoroquinolone
pressure and extended clonal expansion. It may be of interest
to explore the characteristics of this strain that govern these
changes.

The main conclusions of this study are that (i) SNP analysis
and, to a lesser extent, ribotyping are more suitable methods
for detecting the current Vietnamese Nal® serotype Typhi
strain, (ii) PFGE is useful for detecting very recent microevo-
lution within this clone, and (iii) suitable measures in the field
of antibiotic administration are needed to prevent increasing
levels of resistance to fluoroquinolones, in particular regarding
the reuse of classical antibiotics.

Continued monitoring of clonal expansion and antimicrobial
resistance among serotype Typhi isolates and communication
between physicians and reliable medical biology laboratories
will facilitate determination of prevention (vaccination and
individual hygiene practices) and treatment policies.
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