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Tahir Ali,2‡ Peadar Ó Gaora,2 Christopher Parry,1,3 Julian Parkhill,4 Jeremy Farrar,1,3

Nicholas J. White,1,3 and Gordon Dougan2

Wellcome Trust Clinical Research Unit,1 Centre for Tropical Diseases,5 Ho Chi Minh City, Vietnam, and Centre for Molecular
Microbiology and Infection, Department of Biological Sciences and Division of Investigative Sciences, Imperial College,

London,2 Sanger Institute, Wellcome Genome Campus, Hinxton, Cambridge,4 and Centre for Tropical Medicine,
Nuffield Department of Clinical Medicine, John Radcliffe Hospital, Oxford University, Oxford,3 United Kingdom

Received 16 December 2002/Returned for modification 4 May 2003/Accepted 4 June 2003

The first outbreak of multidrug-resistant (MDR) typhoid fever in Vietnam was in 1993, and by 1995 nearly
90% of cases were MDR. Plasmid HCM1, sequenced in full, is an incHI1 plasmid from Salmonella enterica sero-
var Typhi strain CT18, isolated in Vietnam in 1993. Restriction analysis shows that pHCM1 shares a restric-
tion fragment length polymorphism (RFLP) pattern with plasmids isolated from the first outbreak and 10 of
17 MDR plasmids isolated from sporadic cases occurring at the same time in Vietnam. A core region of pHCM1
has significant DNA sequence similarity to plasmid R27, isolated in 1961 from S. enterica in the United King-
dom. There are five regions of DNA in pHCM1 which are not present in R27. Two of these are putative
acquisition regions; the largest is 34.955 kbp in length and includes sequences of several antibiotic resistance
genes and several insertion sequences. The borders of this region are defined by two identical IS10 left ele-
ments, associated with an inversion of DNA or with a truncated Tn10 element. The second, smaller region is
14.751 kbp and carries a trimethoprim resistance gene dfr14A cassette associated with a class 1 integrase. In
1993 to 1994, restriction analysis revealed some variations in the structures of Salmonella serovar Typhi MDR
plasmids which were mapped to the two putative acquisition regions and three smaller variable regions. In
1996 a single RFLP type, RFLP7, was found to carry the dfrA7 and sul-1 genes, which were not present on R27
or pHCM1. This plasmid type appears to have a selective advantage over other plasmids with the same
resistance phenotype.

Resistance to multiple antimicrobial agents in bacterial path-
ogens is an emerging global problem that is having a serious
impact on the treatment of infectious diseases (1, 4). There are
undoubtedly many factors associated with the emergence of
resistance. An understanding of these factors is crucial if we
are to limit the spread of resistance (21). A significant propor-
tion of drug resistance in bacteria is known to be associated
with the acquisition of plasmid DNA (7), but the selective pres-
sures that favor the maintenance of resistance are not fully de-
fined (6). Multidrug resistance (MDR) in the causal agent of
typhoid fever, Salmonella enterica subsp. enterica serovar Typhi
is one example of a pathogen acquiring resistance which now
poses a major threat to the effective treatment of disease (25).
MDR Salmonella serovar Typhi harbors a variety of plasmids, but
those of the incHI1 incompatibility type appear to be particu-
larly common in this serovar of S. enterica (8, 20). A possible
explanation for their common occurrence is a transmission
potential that is enhanced compared to that of drug-sensitive
strains (23).

The complete DNA sequence of the genome of an MDR

Salmonella serovar Typhi strain, CT18, isolated in 1993 from a
typhoid patient in Vietnam, was recently reported (13). This
strain harbors an incHI1 plasmid of 218 kbp, pHCM1, that
encodes transferable multiple-antibiotic resistance. Sherburne
et al. (17) recently reported the full sequence of another incH
plasmid, R27, isolated several decades ago from S. enterica.
R27 is 180 kbp in length, encodes tetracycline resistance, and
is a precursor of pHCM1 (13). It seems likely that pHCM1 has
acquired two distinct regions of DNA that R27 does not have,
and these regions include the genes encoding MDR. The avail-
ability of the DNA sequences of pHCM1 and R27 provides a
unique opportunity to investigate the structure of incHI1 plas-
mid populations from Salmonella serovar Typhi. Thus, we an-
alyzed the genetic variation in pHCM1-related incHI1 MDR
plasmids isolated from patients with MDR typhoid fever in Viet-
nam between 1993 and 1996. This analysis enabled us to doc-
ument variations in plasmid structure for pathogens from a site
where a disease is endemic and antibiotics are freely available.

MATERIALS AND METHODS

DNA sequence data analysis. The sequence of pHCM1 was obtained as part of
the whole genome sequencing of Salmonella serovar Typhi CT18 (13). The DNA
sequence and annotation of R27 were obtained from GenBank (accession no.
AF250878) (17). Sequence analysis was carried out with Artemis and the com-
parison tool available from the website of the Sanger Institute, Hinxton, Cam-
bridge, United Kingdom.

Bacterial strains and susceptibility testing. All isolates of Salmonella serovar
Typhi were from blood and bone marrow cultures from patients admitted to the
Centre for Tropical Diseases (CTD), Ho Chi Minh City, Vietnam. The CTD is
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an admission and referral hospital for patients from Ho Chi Minh City and the
southern provinces of Vietnam with acute infectious diseases. Isolates were
cultured on sheep blood or nutrient agar (Oxoid, Basingstoke, United Kingdom)
and stored on Protect beads (Prolabs, Oxford, United Kingdom) at �18°C.
Bacterial identification was carried out at the time of isolation by agglutination
with specific antisera (Murex, Dartford, United Kingdom). Identification was
confirmed by biochemical testing on the following media: Kligler iron agar slants,
urea slopes, Simmons citrate agar, SIM medium for motility, H2S production
medium, and indole (all from Oxoid). Information on the background levels
of resistance for Salmonella serovar Typhi was taken from the hospital’s
laboratory records of blood culture isolates. Determination of the MIC was
done by the agar dilution method (12). The following powders were used:
ampicillin, trimethoprim, sulfamethoxazole, chloramphenicol, tetracycline (all
from Sigma, Poole, Dorset, United Kingdom), and mercuric chloride (Difco,
Detroit, Mich.).

Plasmid analysis. The first outbreak of MDR typhoid fever in Vietnam was in
1993 (22). For plasmid analysis, 30 isolates collected around this time, between
December 1992 and June 1994, were selected; 24 were MDR isolates (resistant
to ampicillin, chloramphenicol, trimethoprim, and sulfonamide), and 6 were fully
susceptible isolates (susceptible to ampicillin, chloramphenicol, trimethoprim,
and sulfamethoxazole). To look for changes related to the stability of a single
MDR plasmid in the bacterial population, these isolates were matched by resis-
tance pattern and as far as possible by home location of the patient with 30
isolates from 1996 and 3 isolates from each of four outbreaks (5). For size
determination, plasmid DNA was extracted from 4.5 ml of overnight Salmonella
serovar Typhi culture according to the method of Kado and Liu (9). The weight
of each plasmid was calculated by comparison with that of Escherichia coli 39R
standard plasmid DNA (gift from Tony Hart, Liverpool University, United
Kingdom) after agarose gel electrophoresis. For restriction enzyme analysis, the
DNA was precipitated with 3 M potassium acetate and absolute alcohol and
washed with 1 ml of 70% ethanol. Restriction enzyme analysis was performed
immediately with HindIII (Boehringer Mannheim).

Bacterial conjugation. Bacterial conjugation was carried out by inoculating 10
ml of brain heart infusion broth (Oxoid) with approximately 106 donor Salmo-
nella serovar Typhi organisms and an equal number of recipient nalidixic acid-
resistant or streptomycin-resistant E. coli K-12 lac� organisms. After overnight
incubation at 37°C, transconjugates were selected by plating cells onto Mueller-
Hinton agar containing nalidixic acid (32 �g/ml) or streptomycin (32 �g/liter),
with antibiotic disks containing ampicillin, tetracycline, sulfamethoxazole,
trimethoprim, and chloramphenicol being placed on the surface of the agar.
The identities of putative transconjugates growing around each disk were
confirmed by lactose fermentation and failure to agglutinate O9- or Vi-specific
antisera. Antimicrobial susceptibility was tested by disk diffusion and agar dilu-
tion.

PCR identification of resistance genes and class 1 integrons. Whole-cell ge-
nomic DNA was extracted from 3-ml overnight cultures of Salmonella serovar
Typhi by the cetyltrimethylammonium bromide method (3). The DNA was
resuspended in sterile, distilled water and stored at �20°C until use. Primers
designed against the antimicrobial resistance genes cat type 1, sul-2, dfrA14, and
tetA and the gene for TEM �-lactamase were used to amplify Salmonella serovar
Typhi DNA by PCR (Table 1). Primers were used at a final concentration of 1
�M in a 50-ml reaction mixture containing 1.5 mM MgCl2; 200 �M (each) dATP,
dCTP, dGTP, and dTTP; 1� reaction buffer (Sigma); 2 U of DNA polymerase
(Sigma); and 1 �l of DNA as the template. PCR amplification was conducted in
a PTC-200 peptide thermal cycler (MJ Research) by using the following pro-
gram: an initial denaturation at 95.0°C for 5 min; 28 cycles of 95.0°C for 30 s,
57.5° for 1 min, and 72.0°C for 1 min with a final cycle of 95.0°C for 30 s and
57.5°C for 1 min; and a final extension of 72.0°C for 2 min. To describe the
incompatibility group and to look for sulfonamide and trimethoprim resistance
genes not found by using the first multiplex PCR, further primers were designed
and used with the same conditions (Table 1). A selection of PCR products was
sequenced to ensure that the product was specific.

PCR primers specific for the integrase intI1 (M73819; Pseudomonas aeruginosa
plasmid pVS1) were used to screen for the presence of class 1 integrons in each
plasmid RFLP type. A primer specific for the aroC gene of Salmonella serovar
Typhi was used as a control in each PCR. Primers were used at a 1 �M final
concentration in a reaction volume of 25 �l containing 200 �M (each) dATP,
dGTP, dCTP, and dTTP; 1� reaction buffer; 1.25 U of AmpliTaq (Applied
Biosystems); and 1 �l of DNA as the template. PCR amplification was carried
out by using the following program: an initial cycle at 95.0°C for 5 min; 28 cycles
of 95.0°C for 30 s, 57.0°C for 1 min, and 72°C for 1 min; and a final cycle of 72.0°C
for 2 min.

RESULTS

Features of pHCM1 that distinguish this plasmid from the
precursor, R27. Plasmid pHCM1 is 218,160 bp in length and
shares 168 kbp of DNA and �99% sequence identity with
plasmid R27 (13). Additional DNA found in pHCM1 but not
in R27 was analyzed in detail by using a bioinformatic ap-
proach. In pHCM1 there are five regions not present in R27
(Fig. 1). At least 18 of the coding sequences (CDSs) involved
are predicted to be involved with resistance to antimicrobial
agents or heavy metals, and 16 CDSs (35%) are of unknown
function.

TABLE 1. Oligonucleotides for identification of resistance genes

Primera Sequence (5� to 3�)b Tm
c Length of

product (bp) Reference sequence

CAT-F TCCCAATGGCATCGTAAAGAAC 58.4 293 Transposon Tn9 from E. coli (GenBank entry J01841)
CAT-R TCGTGGTATTCACTCCAGAGCG 62.1
DHFR-F2 TTTGATGTCCAACCTGAGCGGG 60.6 189 E. coli dhfr1b (dfrA14) gene (GenBank entry Z50804)
DHFR-R2 TGCGAAAGCGAAAAACGGCG 62.7
DHFR7-F GTGTCGAGGAAAGGAATTTCAAGCTC 59.6 191 E. coli dhfrVII gene Tn5086 (GenBank entry 43090)
DHFR7-R TCACCTTCAACCTCAACGTGAACAG 59.1
DPS-F TCAAGGCAGATGGCATTCCC 59.4 156 suII gene from Pasteurella multicoda plasmid pIGI (GenBank entry

U57647.1)
DPS-R CGACGAGTTTGGCAGATGATTTC 60.6
DPS1-F GGATGGGATTTTTCTTGAGCCCCGC 66.8 308 Transposon Tn21 from E. coli (GenBank entry AF071413)
DPS1-R ATCTAACCCTCGGTCTCTGGCGTCG 64.3
incH-F CGAAATCGGTCCAACCCATTG 58.6 110 repHI1A from R27 (EMBL entry M95772)
incH-R CGACAACTCATCAGAAGCGTCAAC 57.6
TEM-Fc TTTTCGTGTCGCCCTTATTCC 57.9 798 General �-lactamase (TEM-1) Neisseria meningitidis plasmid pAB6

(GenBank entry AF126482)
TEM-R CGTTCATCCATAGTTGCCTGACTC 62.7
TET-F GCACTTGTCTCCTGTTTACTCCCC 64.4 687 Shigella flexneri transposon Tn10 (GenBank entry AF162223.1)
TET-R CCTTGTGGTTATGTTTTGGTTCCG 61.0

a F, forward primer; R, reverse primer.
b The reference sequences were assigned by using Entrez Nucleotide at NCBI (http://www.ncbi.nlm.nih.gov/Entrez/). The “T” in bold is a C in the E. coli TEM-1D

�-lactamase.
c Tm, melting temperature.
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Resistance genes. On pHCM1, CDS HCM1.206 is identical
to several reported chloramphenicol acetyltransferase genes
(cat) (such as GenBank accession no. P00483) and represents
a Tn9 element. HCM1.243 is identical to tetR (accession no.
P04483), and HCM1.243 is identical to tetA (accession no.
P02980). Both CDSs are associated with tetracycline resistance
and represent a Tn10 element. HCM1.240 shows similarity
with tetC (accession no. P28815) along 102 of 197 amino acids
but is truncated at the 5� end, where it lacks a recognizable
start codon, suggesting that this CDS is not able to form a
functional protein and represents a pseudogene. Although tetD
is present in R27, it is entirely missing from pHCM1. There is,
therefore, similarity with Tn10 from the IS10 left element to
midway through tetC. CDS HCM1.222 exhibits 99% homology
over the full length of its 816 bp to the sulfonamide resistance
gene dihydropteroate synthase (sul-2) from the STX element
of Vibrio cholerae (accession no. AY055428) and also shows
extensive alignment with the Su-Sm region from RSF1010 (ac-
cession no. M28829). CDS HCM1.165 has identity with the
product of the Salmonella serovar Typhimurium DT104 plas-
mid-carried trimethoprim resistance gene dfrA14 (accession
no. Z50804) over 155 out of 156 amino acids. HCM1.216 is a
putative TEM-type �-lactamase and has 100.0% identity over
286 amino acids with an E. coli �-lactamase precursor encoded
by several plasmids (accession no. J01749). Two apparently
intact copies of a mercury resistance operon were identified.
The first mercury operon (CDSs 1.151c, 1.152, 1.153, 1.157,
1.158, and 1.159) shows similarity to the Pseudomonas aerugi-
nosa mercury resistance operon from plasmid pVS1 (80 to
90%) and with Tn1696. The products of the second mercury
resistance operon (CDSs 1.230c, 1.231c, 1.232c, 1.233c, 1.234c,
and 1.235c) show very high (80 to 100%) identity in their
amino acid sequences to those encoded by a mercury resis-
tance operon from the Shigella plasmid R100 (10), and these
sequences include the adjacent tniA delta (HCM1.226c) and
the tnpA delta.

Molecular context of the resistance genes. Unlike R27,
pHCM1 has two main regions of apparent DNA insertions
which contain all of the resistance genes. The larger region
contains 34.955 kbp (pHCM1 bp 149592 to 184546) and is
located between CDSs R0139 and R0140 in the R27 se-
quence. This region includes a partial Tn10 element and CDSs
HCM1.195 to HCM1.197, which have homologues in R27,
although the sequence is inverted in pHCM1. The smaller
region contains 14.751 kbp (pHCM1 bp 113600 to 128350) and
is located between CDSs R0168 and R0169 in R27. The larger
region appears to have evolved by multiple insertion events
(13) at one end, and bordering the region of homology with
R27 is a partial Tn10 element. In R27 there is a complete Tn10
element present, but this element is inserted at a different site.
In pHCM1 the partial Tn10 element retains tetR, tetA, and a
truncated tetC but has lost tetD and the IS10 right element. At
the other end of this large insertion region is a copy of the IS10

left element. The IS10 left element is known to be inactive, so
the two IS10 sequences do not represent two ends of a Tn10
transposon but rather two separate Tn10 insertion events fol-
lowed by spontaneous deletion. Such deletion events are usu-
ally accompanied by the inversion or deletion of adjacent
DNA, and this was indeed found to be the case. CDSs RO140
to RO143 from R27, although shared with pHCM1
(HCM1.195 to HCM1.197) and adjacent to the large insertion,
have been inverted. Furthermore, CDSs RO144 to RO148
from R27, which include the citrate utilization genes, have
been deleted. It therefore seems possible that there have been
insertions of two Tn10 elements into this region of a pHCM1-
like plasmid followed by deletion or inversion events and fur-
ther insertions of mobile elements flanked by other insertion
elements (IS elements) (13). Also within this larger insertion
region there are two putative pHCM1 replication proteins,
HCM1.220 and HCM1.221, not encoded by R27. A total of six
CDSs which encode proteins showing similarity with known
replication initiation proteins were identified on pHCM1. Four
of these, HCM1.54, HCM1.64, HCM1.87, and HCM1.137, are
identical to replication genes identified in the sequence of R27,
suggesting a common mechanism of replication, in agreement
with compatibility data. The sequences for the two genes found
only in pHCM1 have similarity with the broad-host-range incQ
plasmid RSF1010 (accession no. M28829). HCM1.220 has a
100% match over 717 bases to RepA, but the amino terminus
is truncated, and this CDS appears to represent a pseudogene.
Over the full length of its CDS (851 bp), HCM1.221 shows
99% similarity to the RepC replication protein from the same
plasmid. The presence of multiple replication proteins may go
some way to explain the observation of multiple incompatibil-
ity groups in MDR plasmids from Salmonella serovar Typhi
(11).

The borders of the smaller site of insertion relative to that in
R27 show no repeat sequences suggestive of transposition.
There is, however, an In4-like integron structure flanked by
inverse repeats within Tn1696 (14). There is also a dfrA14
trimethoprim resistance cassette, and although the region im-
mediately to the left of dfrA14 (HCM1.166 to HCM1.168)
represents a 5� conserved sequence typical of class 1 integrons
(16), there is no 3� conserved sequence. With the exception of
dfrA14, there is almost 100% identity over this region (pHCM1
bp 117230 to 125910) with regions of plasmid R1033 (accession
no. U12338). Although integration sites for the dfrA14 gene
cassette are not well defined, these data suggest that acquisi-
tion of a class 1 integron was the source for the trimethoprim
resistance gene (15). The mercury resistance operon in this
region is also part of R1033.

Antimicrobial resistance and plasmid profiles of Salmonella
serovar Typhi strains isolated in the same geographical region
as Salmonella serovar Typhi CT18(pHCM1). Salmonella sero-
var Typhi CT18(pHCM1) was originally isolated at the labo-
ratories of the CTD, Ho Chi Minh City, Vietnam, in December

FIG. 1. Regions of pHCM1 which are not present in plasmid R27. (A) Large insertion region (bp 149592 to 184546). (B) Small insertion region
(bp 113600 to 128350). (C) pHCM.1 bp 7963 to 10458. This region includes five CDSs, HCM1.25 to HCM1.29. (D) pHCM1 bp 77107 to 81205.
This region includes three CDSs, HCM1.102 to HCM1.104. (E) pHCM1 bp 141607 to 142983. This region includes CDSs HCMI.192 and
HCM1.193. The lines on the outer ring indicate cut sites for HindIII. The insert of region A begins at bp 143085 and ends at bp 184438 on the
Salmonella serovar Typhi genome of CT18. The insert of region B begins at bp 13598 and ends at bp 128164. IS10-L, IS10 left element.
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1993. At the CTD the frequencies of isolation of MDR Sal-
monella serovar Typhi strains (resistant to chloramphenicol,
ampicillin, trimethoprim, sulfamethoxazole, and tetracycline)
from blood cultures from patients from southern Vietnam for
the indicated year(s) were as follows: 2 of 100 (2%) (1989 to
1991); 35 of 128 (27%) (1992); 117 of 195 (60%) (1993); 311 of
414 (75%) (1994); 618 of 692 (89%) (1995); and 243 of 311
(78%) (1996).

Selected MDR and sensitive Salmonella serovar Typhi
strains isolated at the CTD during this period were analyzed
for plasmid content and the ability to transfer antibiotic resis-
tance. All MDR Salmonella serovar Typhi isolates (24 isolates
from sporadic cases during 1993, 24 from 1996, and 12 from
outbreaks) harbored high-molecular-weight plasmids with mo-
bilities in agarose gels close to that of pHCM1 (218 kbp).
There were also smaller, cryptic plasmids present within the
Salmonella serovar Typhi population (Fig. 2). Transfer of the
full MDR phenotype from Salmonella serovar Typhi to E. coli
K-12 was achieved in 17 of 24 (71%) MDR isolates from 1993
and 23 of 24 (96%) MDR isolates from 1996 (Table 2). These
successful transfers were always associated with the transfer of
a plasmid of around 218 kbp. The MICs of antibiotics and
mercury for the donor Salmonella serovar Typhi strain were
always within 1 dilution of those of their transconjugates.

Restriction endonuclease analysis of transconjugant plas-
mids from MDR Salmonella serovar Typhi. Restriction endo-
nuclease analysis was performed on purified DNA derived
from E. coli transconjugates that displayed the full MDR phe-

notype. The MDR plasmids from 1993 to 1994 generated at
least seven RFLPs, which were arbitrarily assigned RFLP num-
bers 1 to 7 based on how related the patterns appeared on
visual inspection of the gels (Fig. 3, Table 2 under “RFLP
pattern,” and Table 3). Plasmid pHCM1 generated a pattern
designated RFLP1, which was the most common restriction
pattern (10 of 17 strains) in this group. Unlike the isolates from
1993 to 1994, all plasmids analyzed from Salmonella serovar
Typhi isolated in 1996 generated a conserved restriction pro-
file, which varied by only one detectable DNA fragment from
the RFLP7 from 1994. Thus, these patterns were all designated
RFLP7 (Fig. 3 and Table 2 under “RFLP pattern”).

To investigate the distribution of plasmids with different
RFLP patterns, Salmonella serovar Typhi isolates from four
well-characterized typhoid outbreaks (5) were analyzed. Plas-
mids from MDR Salmonella serovar Typhi associated with
outbreaks in 1993 were RFLP1, whereas similar isolates from
different outbreaks in 1994 and 1996 were RFLP7 (Table 2).
There were differences between the RFLP7 plasmids and the
earlier RFLP1 plasmids isolated before 1994 in at least 50% of
the distinguishable restriction fragments (Fig. 3 and Table 3).

Multiplex PCR for resistance genes. To identify any varia-
tion in resistance genes encoding the MDR phenotype in clin-
ical isolates of Salmonella serovar Typhi, a multiplex PCR was
developed. All MDR Salmonella serovar Typhi isolates from
1993 harbored the same resistance genes as pHCM1 as well as
an extra sulfonamide resistance gene, sul-1. The plasmid
pHCM1 DNA template generated positive PCR products with

FIG. 2. Plasmids from representative MDR Salmonella serovar Typhi strains isolated in 1993 and 1996. Lane 1 contains E. coli 39R size markers
of 98, 24, 24, and 4.5 MDa. (This gives a predicted mass of around 140 MDa; however, the gel indicates that the plasmids have masses of around
110 MDa.) Lanes 2 to 7 contain MDR Salmonella serovar Typhi from 1993. Lanes 8 to 13 contain MDR Salmonella serovar Typhi from 1996. Lane
14 contains E. coli 39R.
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the sul-2-specific primers but not with the sul-1-specific prim-
ers. MDR plasmids exhibiting the RFLP7 pattern harbored the
same two sulfonamide resistance genes as well as a different
trimethoprim resistance gene, dfrA7, encoding dihydrofolate
reductase VII. Furthermore, DNA from two RFLP7 plasmids
isolated in 1996 was found by PCR analysis to carry tetRACD
(data not shown). In earlier plasmids isolated before 1994,
there was a truncation midway through tetC. These data con-
firm that the plasmids, although of similar sizes and despite
conferring the same resistance phenotype, were genetically
distinct, a finding consistent with the restriction enzyme anal-
ysis. At least one product of the antimicrobial resistance genes
from each PCR was sequenced. All gave results consistent with
amplification of the specific target gene.

DISCUSSION

Multiple antimicrobial resistance in Salmonella serovar
Typhi in southern Vietnam was first reported, anecdotally, in
the late 1980s. In 1992 MDR was still rare, found in only 2%
of 100 Salmonella serovar Typhi isolates from the southern
provinces, but by 1995 it was very common. Almost 90% of
blood culture isolates were MDR. Although the resistance
plasmids identified from resistant Salmonella serovar Typhi in
Vietnam have all been of the incH group and greater than 190
kbp (2, 18, 20, 24), we have detected genetic variation in the
MDR plasmid population and have identified the emergence
of a distinct MDR plasmid genotype, RFLP7. Comparison of
the DNA sequence of pHCM1, isolated in 1993 from Salmo-

nella serovar Typhi in Vietnam, with the prototype incH plas-
mid, R27, isolated in 1961 from S. enterica in the United
Kingdom, revealed extensive regions of homology and two
regions of apparent insertion in pHCM1 that R27 does not
have. These regions are hot spots for variation. There are 46
predicted CDSs in these two regions of acquired genes in
pHCM1 that are not present in R27, and of these acquired
genes, 18 were predicted to encode resistance to antimicrobial
agents or heavy metals. These genes may provide a selective
advantage for plasmid carriage by Salmonella serovar Typhi
within the human host in the presence of antimicrobial agents
or in the presence of mercury in the human host or environ-
ment (19). Interestingly, a DNA arrangement similar to the
larger insertion on pHCM11 is present on plasmid R100
(NR1), which has a transposon (Tn21) encoding mercury re-
sistance inserted into a Tn9-like element encoding chloram-
phenicol resistance (10). In pHCM1 several pairs of IS ele-
ments are present, suggesting that acquisition has occurred by
insertion within an insertion of transposon-like elements. At
the borders of this region are two identical transposase-inac-
tive IS10 left elements. One explanation for the presence of
these elements is acquisition of DNA by Tn10 transposition
followed by the loss of the active transposase of the IS10 right
element. The presence of the Tn10 elements may have facili-
tated the occurrence of other insertion events involving more
IS elements, thus defining this region of the plasmid as a site of
DNA acquisition.

The smaller of the two insertion regions on pHCM1 harbors
a single antimicrobial resistance gene, dfrA14, encoding tri-

TABLE 2. Plasmid profiles and restriction patterns of the plasmids from MDR Salmonella serovar Typhi strains isolated
from patients with typhoid fever (sporadic cases and outbreaks)

Isolation
date

Size(s) of
plasmid(s)

(MDa)

RFLP
patterna

Sporadic case (S)
or outbreak (O)

Location of patient with typhoid fever
(no. of occurrences)

Total no. of
occurrences

1992–1994 110 1 S Long An (1), Tien Giang (1) 2
1992–1994 110, 80 1 S An Giang (1), Dong Thap (1), Tien Giang (3), Vinh Long (1) 6
1992–1994 110, 85 1 S Ho Chi Minh City district 5 (1) 1
1992–1994 110 2 S Ho Chi Minh City district 6 (2) 2
1992–1994 110 3 S Long An (1) 1
1992–1994 110, 60, 40, 4 4 S Dong Thap (1) 1
1992–1994 110, 80 5 S An Giang (1) 1
1992–1994 110 6 S Ho Chi Minh City district 4 (1), Tien Giang (1) 2
1992–1994 110 7 S Ho Chi Minh City district 6 (1) 1
1996 110 7 S Dong Nai (1), Dong Thap (1), Tien Giang (1), Vinh Long

district (1), Ho Chi Minh City districts 1 (1), 4 (1), and 8 (3)
9

1996 110, 40 7 S Tien Giang (1), Liong An (2) 3
1996 110, 80 7 S Tien Gang (1), Ho Chi Minh City districts 5 (1), 6 (2), and 8 (3) 7
1996 110, 85 7 S Cai Be (1), Ho Chi Minh City district 4 (2), Noi Be (1) 4
1996 110 NT S Ho Chi Minh City district 8 (1) 1
1992–1994 110 NT S Tien Giang (1) 1
1992–1994 110, 80 NT S Ho Chi Minh City district 6 (1) 1
1992–1994 110, 85 NT S Thuan Hai (1) 1
1992–1994 110, 60, 40, 3 NT S Dong Thap (1) 1
1992–1994 110, 70, 30, 10, 3 NT S Long An (1) 1
1992–1994 110, 70, 40, 3 NT S Ho Chi Minh City district 10 (1), Binh Chanh (1) 2
1993 110, 80 1 O Kien Giang (3) 3
1994 110 7 O Cai Be (2), Thu Thiem (3) 5
1996–1997 110 7 O Ho Chi Minh City district 6 (1) 1
1994 110, 80 7 O Cai Be (1) 1
1996–1997 110, 80 7 O Ho Chi Minh City district 6 (2) 2

a RFLP patterns of the 110-MDa plasmids, patterns 1 to 7, and the patterns seen in Fig. 1 and 2. NT, no transfer or partial transfer of the MDR phenotype; and
restriction enzyme analysis was not carried out.
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methoprim resistance embedded in a 7.5-kb sequence which
resembles a region on plasmid R1033. There is a complete
integron integrase (intI1) present in this region, adjacent to dfr,
and we have demonstrated the presence of class 1 integrase
(intI1) in all of the MDR plasmids tested in this study as well
as the presence of sul-1 in all plasmids except pHCM1. The
exact location of sul-1 is unknown, but its presence suggests
that class 1 integrons may be present in most of these resis-

tance plasmids and that some may have 3� conserved regions.
Class 1 integron acquisition probably represents an important
mode of acquisition of trimethoprim resistance in Salmonella
serovar Typhi, but the exact nature of the gene cassettes in-
volved remains to be elucidated from sequence analysis of
earlier plasmids in this series. The gene(s) encoding trimetho-
prim resistance was the last to be acquired by MDR Salmonella
serovar Typhi. Therefore, the presence of the dfr gene in a

FIG. 3. Restriction patterns of MDR plasmids cleaved with HindIII to show differences between RFLP1, the most common pre-1994 pattern,
and RFLP7, the predominant post-1994 pattern. Lanes 1, 2, and 4, pattern 1 Salmonella serovar Typhi strains isolated in 1993; lane 3, pattern 2
Salmonella serovar Typhi strain isolated in 1993; lanes 5 and 8, pattern 7 Salmonella serovar Typhi strains isolated in 1996; lane 6, pattern 7�
plasmid isolated in 1996; lane 7, pattern 7�� plasmid isolated in 1996; lane �, DNA markers at 23, 9.4, 6.5, 4.3, 2.3, and 2.0 kb.

TABLE 3. Diagrammatic representation of the presence of restriction pattern of MDR plasmid from Salmonella serovar Typhi

DNA
fragment

Presence of fragment on original gel at kba:
Total

2.0 2.3 2.9 3.6 3.9 4.3 4.4 4.7 5.3 5.8 6.1 6.5 7.2 7.2 8.0 8.4 9.4 9.5 9.8 10 11 11 13 14 17 18 19 19 20 22 23 29

Control * * * * * *
1 * * * * * * * * * * * * * * 114
2 * * * * * * * * * * * * * * * 124
3 * * * * * * * * * * * * * * 108
4 * * * * * * * * * * * * * * 126
5 * * * * * * * * * * * * * * 111
6 * * * * * * * * * * * * * * 112
7 * * * * * * * * * * * * * * 128
7� * * * * * * * * * * * * * 118
7	 * * * * * * * * * * * * * 114

a The position of the DNA fragment are indicated by asterisks.
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region within plasmid pHCM1 different from that of other
resistance genes goes some way toward explaining the histor-
ical data.

In this study, MDR plasmids isolated before 1994 gave sev-
eral different restriction patterns (RFLP1 to RFLP7), whereas
after 1994 plasmids with a single RFLP pattern, RFLP7, were
predominant. The variations in the RFLP patterns were
mapped, by using sequence data, to the two regions of inser-
tion described above. We now know that some of the differ-
ences in RFLP patterns are caused by the acquisition of dif-
ferent resistance genes and by insertion events involving
transposon- and integron-like structures. The apparent reduc-
tion in genetic variation in the MDR plasmids isolated after
1994 compared with that of those isolated before 1994 may
be due to a single successful Salmonella serovar Typhi host
spreading a single plasmid type, or alternatively, a single suc-
cessful plasmid type may be propagating in several hosts. If the
latter is true, then enhanced transmission of disease may well
be a property conferred on Salmonella serovar Typhi by the
MDR plasmid (23).

Our data from this and previous work suggest that the MDR
phenotype of Salmonella serovar Typhi in a region where ty-
phoid is endemic is caused by the spread of R27-like plasmids
in several different bacterial strains. It has previously been
shown that there is variation in the chromosome of Salmonella
serovar Typhi causing MDR typhoid fever in this region (5). In
this study, we have shown that several of the same isolates
previously shown by whole-chromosome pulsed-field gel elec-
trophoresis to vary harbor plasmids with a single RFLP pat-
tern. It seems likely, therefore, that across southern Vietnam a
single successful plasmid is spreading into different Salmonella
serovar Typhi genotypes. The R27-like plasmids have evolved
by the serial acquisition of DNA on mobile elements encoding
resistance to antimicrobials and heavy metals and carrying
several genes of unknown function. Before 1994, these plas-
mids showed variation in their RFLP patterns, which was
caused by differences in the genetic contents of two variable
regions. Since 1994, there has been a predominant plasmid
RFLP type found in different Salmonella serovar Typhi strains.
This apparently enhanced stability of plasmid structure seems
to be a property of the plasmid rather than the bacterial host.
A fuller understanding of this process of plasmid-host adapta-
tion may be achieved by further studying these plasmids, which
may shed light on the mechanism for the maintenance of
plasmid-borne antibiotic resistance genes in bacterial popula-
tions.
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