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Genomic Dissection of Travel-Associated Extended-Spectrum-Beta-
Lactamase-Producing Salmonella enterica Serovar Typhi Isolates
Originating from the Philippines: a One-Off Occurrence or a Threat
to Effective Treatment of Typhoid Fever?
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One unreported case of extended-spectrum-beta-lactamase (ESBL)-producing Salmonella enterica serovar Typhi was identified,
whole-genome sequence typed, among other analyses, and compared to other available genomes of S. Typhi. The reported strain
was similar to a previously published strain harboring blag;y._;, from the Philippines and likely part of an undetected outbreak,

the first of ESBL-producing S. Typhi.

he occurrence of extended-spectrum-beta-lactamase (ESBL)-

producing Salmonella enterica serovar Typhi is an alarming
development which may significantly complicate the treatment of
typhoid fever. To date, ESBL-producing S. enterica serovar Typhi
has only been reported from Bangladesh, Egypt, India, Iran, Iraq,
Pakistan, and the Philippines (1). A subset of strains (from India,
Iraq, and the Philippines) has been independently confirmed, and
an assortment of ESBL genes (blacrx.a.1s> blasyyv.1,, and
blacyy-») have been identified and sequenced.

The purpose of the present study was to identify potentially
unreported cases of typhoid fever caused by ESBL-producing S.
Typhi at a global level, to confirm ESBL production phenotypi-
cally, and to identify the responsible ESBL genes. Furthermore, we
wanted to investigate the genetic relatedness to other available
ESBL-producing S. Typhi isolates using whole-genome sequence
typing (WGST) and a variety of molecular and genomic studies
and to test the hypothesis that impaired restriction modification
(RM) systems could be a factor for the development of ESBL re-
sistance.

On 4 May 2012, an electronic message requesting information
about any confirmed or suspected ESBL-producing S. Typhi iso-
lates was sent to the members of the World Health Organization
(WHO) Global Foodborne Infections Network (GFN). Of 1,062
recipients, 3 members (0.28%) responded. We believe that the low
response rate reflects a true low prevalence as the members fre-
quently receive and respond to messages.

One strain (strain 1107-3567) confirmed as an ESBL-produc-
ing S. Typhi strain was submitted by The Norwegian Institute of
Public Health. The Norwegian patient in question and a previ-
ously published case from the Netherlands (strain TY5359) (2)
had travel histories to the Philippines in late 2007 that were almost
identical. The Norwegian patient had gastroenteritis, whereas the
Dutch patient was admitted to a hospital with typhoid fever
caused by an ESBL-producing S. Typhi containing the blagyy.
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gene. The Dutch patient was treated successfully with ciprofloxa-
cin; the treatment of the Norwegian patient was unknown.

The isolates were sequenced using the MiSeq platform (Illu-
mina, Inc., San Diego, CA) (see Methods in the supplemental
material). The raw reads were assembled using the Assembler
pipeline (version 1.0) available from the Center for Genomic
Epidemiology (CGE) (http://cge.cbs.dtu.dk/services/all.php) and
submitted to the European Nucleotide Archive (http://www.ebi
.ac.uk/ena/data/view/PRJEB6961) (accession no. ERS525820 and
ERS525821). A complete list of genomic sequence data is available
in Table S1A in the supplemental material.

MIC determination (3-5; see Methods in the supplementary
material) and acquired antimicrobial resistance genes using the
CGE pipeline ResFinder (version 2.1, 80% threshold for % infec-
tive dose [ID]/60% minimum length) (6) revealed resistance to
the following antimicrobials and genes: ampicillin, bla gy, ; cefo-
taxime, cefpodoxime, ceftazidime, ceftiofur, and ceftriaxone,
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TABLE 1 Antimicrobial resistance profiles of the two ESBL-producing Salmonella serovar Typhi isolates from the Norwegian and Dutch patients

CLSI clinical resistance

(R) breakpoint (mg/liter)

MIC (mg/liter) for isolate®:

TY5359 (NL)

1107-3567 (N)

Antimicrobial class Antimicrobial(s)
3-Lactam/inhibitor Amoxicillin + clavulanic acid
Aminocyclitol Spectinomycin®
Aminoglycoside Apramycin®
Gentamicin
Neomycin®
Streptomycin”
Carbapenem Imipenem
Meropenem
Cephalosporin
Second generation Cefoxitin
Third generation Cefotaxime
Cefpodoxime
Ceftazidime
Ceftiofur”
Ceftriaxone
Fourth generation Cefepime
Macrolide Azithromycin
Penicillin Ampicillin
Phenicol Chloramphenicol
Florfenicol”
Polypeptide Colistin”
Quinolone Ciprofloxacin
Nalidixic acid
Sulfonamide Sulfamethoxazole
Tetracycline Tetracycline
Trimethoprim Trimethoprim

=32 8 4
64 =16 =16
32 =4 =4
=16 >16 >16
4 =2 =2
16 >128 >128
=4 =0.5 =0.5
=4 =1 =1
=32 =4 8
=4 32 8
=8 >32 >32
=16 64 64
2 >8 >8
=4 32 16
=32 4 2
=32 8 16
=32 >32 >32
=32 4 4
16 4 =2
=1 =1
=1 =0.016 =0.016
=32 =4 =4
=512 =64 256
=16 >32 >32
=16 >32 >32

% NL, the Netherlands, N: Norway. MICs in bold type indicate resistance toward the antimicrobial.

? EUCAST epidemiological cutoff values.
¢ According to Technical University of Denmark (DTU) food research.

blagiy-1»; gentamicin, aac(6”)I1c; streptomycin, strA/strB; tetracy-
cline, tetD; and trimethoprim, dfrA18 (Table 1). The isolates were
susceptible to the following antimicrobials: apramycin, azithro-
mycin, cefepime, cefoxitin, chloramphenicol, ciprofloxacin, colis-
tin, florfenicol, imipenem, meropenem, nalidixic acid, neomycin,
spectinomycin, and sulfamethoxazole (Table 1).

Pulsed-field gel electrophoresis (PFGE) typing (7) with Xbal
showed that both isolates clustered together but displayed a three-
band difference; TY5359 produced a unique Xbal pattern. Among
the 5,968 S. Typhi PFGE profiles uploaded to the U.S. and global
databases, isolate 1107-3567 was indistinguishable from pattern
JPPX01.0621, and this pattern had been seen six times before; two
of the matches were from the Philippines (unknown susceptibility
status), submitted in 2007 (see Methods in the supplemental ma-
terial).

Multilocus sequence typing (MLST) based on the CGE pipe-
line MLST (version 1.7) (8) and haplotypes based on a previously
described WGS-based method (9) (see Table S1B in the supple-
mental material) showed that the two S. Typhi strains belonged to
MLST sequence type 1 (ST1) and the relatively infrequent haplo-
type H13, defined by the biallelic polymorphisms (BiPs) 40, 53, 56,
and 81.

Single nucleotide polymorphisms (SNPs) were determined us-
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ing the CGE pipeline snpTree (version 1.1, default settings) (10)
(see Methods in the supplemental material). Assembled genomes
or contigs were aligned against the reference genome, S. Typhi
strain CT18. The qualified SNPs were selected once they met the
following criteria: (i) a minimum coverage (number of reads
mapped to reference positions) of 10, (ii) a minimum distance of
15 bp between each SNP, and (iii) a minimum quality score for
each SNP at 30; all indels were excluded. Prior to creating the
phylogenetic SNP tree, all SNPs were visually curated. The final
phylogenetic SNP tree was computed using the maximum likeli-
hood method (see Methods in the supplemental material).

The tree exhibited 2,776 high-quality whole-genome SNPs
overall. No SNP differences were observed between the two iso-
lates (TY5359 and 1107-3567). The minor differences between the
PFGE profiles compared to the detection of no SNPs between the
isolates can be explained by possible DNA recombination or
the exclusion of indels, islands, and accessory genes containing
possible Xbal cleavage sites in the SNP analysis. All SNPs identi-
fied between the two isolates and the public available genomes
included are listed in Table S1C in the supplemental material.

The reference-rooted tree showed that the closest neighbors to
the two Philippine S. Typhi genomes were BL196 and CR0044,
which were both acquired in Malaysia and separated by 149 and
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FIG 1 Phylogenetic SNP analysis of the Salmonella serovar Typhi genomes.
The green numbers indicate the total SNP differences between isolates. The
colored dots represent identical haplotypes, NA, haplotype not assessed.

182 SNPs, respectively (Fig. 1). Interestingly, both of the Malay-
sian S. Typhi isolates were pan-susceptible, belonged to the same
haplotype (H13) as the two Philippine strains, and were isolated
within the same time period (2005 and 2007, respectively), thus
suggesting that they were not part of the Filipino cluster but may
share an ancestor.

The ESBL-producing S. Typhi contained a single plasmid with
an approximate size of 280 kb confirmed by S1 PFGE (11; see
Methods in the supplemental material). Two closely related
incHI2 and incHI2A plasmid replicon subgroups were identified,
and both incHI2 plasmids belonged to pMLST ST1 by using the
CGE pipelines PlasmidFinder (version 1.2, 80% threshold for %
ID) and pMLST (version 1.2, default settings) (12; see Methods in
the supplemental material).

Plate mating was performed with the two S. Typhi isolates as
donors and plasmid-free, rifampin- and nalidixic acid-resistant
Escherichia coli MT102RN strains as recipients (see Methods in the
supplemental material). A transformant was subjected to plasmid
purification followed by whole-genome sequencing, which re-
vealed the transfer of the blag;y_,, gene on a plasmid with a size of
approximately 280 kb. Additionally, the antimicrobial resistance
genes, strA/B, aac(6')11c, bla gy, tetD, and dfrA18, were success-
fully cotransferred. In contrast, conjugation of strain 1107-3567
was unsuccessful under the laboratory conditions used. In addi-
tion, subsequent SNP analysis covering 83% of the pEC_IMPQ
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reference sequence produced the same 17 SNPs for the two iso-
lates.

A BLAST atlas was used to detect putative deletions in a com-
parison of the genomes against the reference genome CT18. One
large deletion of 144 kb between sequence positions 4358279
(STY4472) and 4502238 (STY4635) was absent in isolate 1107-
3567 relative to the CT18 reference genome (see Table S1D in the
supplemental material). The deletion was equivalent to a 144-kb
DNA fragment carrying the 120-kb Salmonella pathogenicity is-
land SPI-7 encoding the synthesis of the Vi capsule exopolysac-
charide previously described (13). The 144-kb deletion consists of
various distinct regions, including the conjugal DNA transfer re-
gion, the type IVB pilus system, the DNA conjugational transfer
region, and a partial sopE bacteriophage region (see Table S1D in
the supplemental material). Deletions of different sizes of SPI-7
have previously been described (13—17) and related to plasmid- or
chromosome-borne integrative and conjugative elements (ICEs)
(17, 18). ICEs, the conjugative system, allow the exchange of new
genetic material by, e.g., horizontal gene transfer (18). In this
study, we did not succeed in performing conjugation mating ex-
periments with S. Typhi isolate 1107-3567 harboring the deletion
in contrast to the isolate harboring a fully intact SPI-7. We spec-
ulate whether the lack of the conjugal DNA transfer region, the
type IVB pilus system, and the DNA conjugational transfer region
that is part of the ICE may have prevented successful conjugation.

The integrity of the RM systems present in the two S. Typhi
isolates were analyzed and compared to those of 11 publicly avail-
able S. Typhi genomes using the CGE Restriction-Modification-
Finder (version 1.0, 80% threshold for % ID/80% minimum
length) The outcome was subsequently blasted against the Con-
served Domain Database at NCBI (see Methods in the supple-
mental material).

RM system analysis revealed three potential RM systems (types
I,1II,and IV), all identical in the 11 strains. In addition to the three
potential systems, both isolates also revealed identity to a type II
methyltransferase which has not been linked to restriction endo-
nuclease but is required for the viability of E. coli cells. We were not
able to obtain genetic evidence for the loss of integrity of the RM
systems in the two ESBL-producing isolates included in this study.
Therefore, either the RM systems may not be restricting this plas-
mid in S. Typhi or the plasmid may have been initially introduced
into an intermediate S. Typhi host with an impaired restriction
gene but a functional methylation gene and subsequently dissem-
inated by horizontal transfer to the present S. Typhi host.

Opverall, the ESBL-producing S. Typhi isolates were strikingly
similar based on a variety of analyses. Thus, put into context with
only a few reported cases worldwide of ESBL-producing S. Typhi,
the occurrence of two nonrelated travelers being infected with
these low-prevalence strains during the same time period in the
same country supports the possibility that both ESBL-producing
S. Typhi have the same clonal origin. When one considers that
additional strains with indistinguishable PFGE profiles were re-
ported in the Philippines during the same time period, it is highly
likely that these strains were associated with an undetected out-
break according to the WHO definition “A single case of a com-
municable disease long absent from a population, or caused by an
agent not previously recognized in that community or area”; to
our knowledge, this is the first outbreak of ESBL-producing S.
Typhi.

There is a vital need to establish a well-functioning surveillance
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system with the capability of conducting reliable antimicrobial
susceptibility testing in regions where typhoid is endemic and the
likelihood of ESBL-producing S. Typhi emerging is high and in
areas where confirmed cases of ESBL-producing S. Typhi have
already been identified. This surveillance will be crucial for deter-
mining if these strains persist and implementing interventions
should they reemerge.
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