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Background: Multidrug-resistant Shigella isolates have recently emerged as a serious public health threat
worldwide. In particular, overseas travel is a risk factor for acquisition of antimicrobial-resistant Shigella
strains. To explore the role of travel in the spread of cefotaxime-resistant Shigella sonnei in Korea, we
screened 751 Shigella spp. isolates from 2007 to 2016 through the National Surveillance system, and 28
cephalosporin-resistant S. sonnei isolates were identified.

Methods: For cephalosporin-resistant S. sonnei isolates, epidemiological and molecular analyses (plasmid
structure analysis, pulsed-field gel electrophoresis (PFGE) and high-quality single-nucleotide polymor-
phisms (hqSNPs) based on whole-genome sequencing (WGS)) were conducted to investigate the source
of infection and transmission route.

Results: Among the 28 cefotaxime-resistantS. sonnei strains, 18 were isolated from travellers returning from
Asia, including Vietnam (n=11). Molecular analysis of 18 blactx.m-type isolates revealed that 15 contain
CTX-M-15; 50% of isolates from domestic patients contain CTX-M-14. Analysis of the genetic environments
of the blacrx.m-14 and blacrx-m-15 genes revealed different genetic organization surrounding the blacrx.m
genes. Additionally, PFGE and hqSNP results suggested a large phylogenetic distance between the S. sonnei
isolates related to overseas travel and those acquired domestically in Korea.

Conclusion: Our study data demonstrates that two prevalent blacrx.m genes, blacrx.m-14 and blacrx-m-1s,
have been circulating in S. sonnei in Korea over the last 10 years. Recently, international travellers are at a
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high risk for acquisition of CTX-M-15-producing S. sonnei in Korea.
© 2019 Published by Elsevier Ltd on behalf of International Society for Antimicrobial Chemotherapy.

1. Introduction

Shigellosis is an acute diarrheal disease caused by Shigella
bacteria of four species: S. dysenteriae, S. flexneri, S. boydii, and S.
sonnei [1]. Shigella species are easily transmitted from person to
person with a low infectious dose, as well as through contaminated
food and recreational water [2]. Therefore, Shigella is the causative
agent of one of the most communicable and severe forms of
bacterial-induced diarrhoea [3]. Although antibiotic treatment is
usually recommended to treat Shigella-associated diarrhoea [4],
the emergence of multidrug resistant (MDR) strains over the last
two decades has become a serious concern that can complicate the
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choice of therapeutic antimicrobial. Quinolones and cephalospor-
ins are the drugs of choice [5]; however, resistance to fluoroqui-
nolones and third- and fourth-generation cephalosporins has been
reported among Shigella isolates acquired in southern and eastern
Asia [6,7]. In addition, a recent increase in international travel and
migration from high-risk areas to low-prevalence areas has
accelerated the global spread of drug-resistant Shigella isolates
to nonendemic regions [8].

In Korea, S. flexneri was the most common cause of shigellosis
until the late 1980s, and S. sonnei has been the most prevalent
agent since the 1990s [9]. Despite the marked decrease in the
incidence of shigellosis in Korea due to consistent efforts to
improve the national health care system and public sanitation,
CTX-M-14-producing Shigella was first identified in 2001 [10], and
extended spectrum p-lactamase (ESBL)-producing Shigella strains
have been repeatedly reported [11-13]. It has been suggested that
the continuous increase in ESBL-positive isolates is related to the
spread of ESBLs throughout communities in Korea until the mid-
2000s [14]. However, CTX-M-55-type ESBL S. sonnei was isolated
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from a traveller to China in 2013 [15], and the outbreaks of CTX-M-
15-type ESBL S. sonnei that occurred in 2014 were associated with
travellers returning from Vietnam [16]. These results suggest that
the presence of S. sonnei with new types of CTX-M enzymes in
Korea is due to international travel.

The lack of a population-based study limits estimation of the
exact prevalence of ESBL-producing Shigella species in Korea. Here,
we report the prevalence of ESBL-producing S. sonnei in Korea
during 2007-2016 and characterize the phenotypic and genetic
features of S. sonnei related to overseas travel and of that acquired
domestically via analyses based on PFGE, pMLST, the genetic
environment surrounding blacrx.m genes, and a whole-genome
sequencing-based minimum spanning tree (MST).

2. Materials and methods
2.1. Bacterial isolates

From 2007 to 2016, Shigella strains were isolated from stool or
rectal swab samples from diarrheal patients, which were collected
from a national surveillance programme for acute diarrheal
diseases as well as from outbreak cases. A single isolate per
patient or outbreak case was included in this study. Isolates were
serotyped (Denka-Seiken, Japan) and stocked according to sero-
type at —80°C until use.

2.2. Antimicrobial susceptibility testing and beta-lactamase
identification

Cefotaxime resistance was tested by the broth microdilution
method using a customized Sensititre panel (KRCDC2F, TREK
Diagnostics Technology, USA) and was confirmed using the ESB1F
panel. The antimicrobial resistance of the isolates was interpreted
according to CLSI guidelines [17].

2.3. Pulsed-field gel electrophoresis (PFGE)

PFGE was performed using a standardized protocol (www.
pulsenetinternational.org). Plug-embedded genomic DNA from
cefotaxime-resistant isolates was treated with Xbal nuclease and
then processed using the PFGE Mapper II system (Bio-Rad, USA)
with pulse times of 2.16s and 54.17 s at 6 V/cm for 18 h. Genetic
similarity among strains was assessed using DICE/UPGMA
(optimization of 1.5% and tolerance of 1.5%) generated by
BioNumerics software version 5.1 (Applied Math, USA).

2.4. Conjugation

Conjugation was carried out by solid mating using azide-
resistant Escherichia coli J53 as a recipient strain. Transconjugants
were selected by plating on MacConkey agar containing cefotax-
ime (1 pg/ml) and sodium azide (200 pg/ml) and then confirmed
using the Analytical Profile Index (API) 20E system (bioMérieux,
France) and PCR (negative for the ipaH gene but positive for beta-
lactamase genes).

2.5. DNA extraction, library preparation, and whole-genome
sequencing (WGS)

Genomic DNA was extracted using a DNeasy Blood & Tissue Kit
(Qiagen, USA) according to the manufacturer's instructions. DNA
concentrations were evaluated using a Qubit 3.0 Fluorometer
(Invitrogen, USA) to determine DNA input. To assess the purity of
DNA, the ratio of absorbance at 260nm and 280nm using a
Nanodrop 2000 spectrophotometer (Thermo Fischer Scientific,
USA) was employed, with values between 1.75 and 2.05. Index-

tagged paired-end Illumina sequencing libraries were prepared
using Nextera DNA CD Indexes (24 Indexes, 24 samples, Illumina,
USA), and WGS was performed using the Illumina MiSeq platform
with v2 reagent kits generating 2 x 250-bp paired-end reads
(Ilumina, USA). The resulting sequence reads were trimmed using
Trim_galore v0.5.0 to remove adapters and remaining reads with
lengths <50bp. Ultimately, we obtained high-quality sequence
reads with at least 100x average genome coverage.

2.6. In silico identification of antibiotic resistance genes and typing of
plasmids

ResFinder [18] was employed for the in silico prediction of
acquired antibiotic resistance genes in the genomes under study.
Plasmid incompatibility groups and specific plasmid multi-locus
sequence type (pMLST) were identified using PlasmidFinder and
PMLST, respectively [19]. Insertion sequences were identified
using ISFinder [20]. Additionally, using PCR, we double-checked
the results of in silico analysis.

2.7. Evolutionary lineage analysis

For hqSNP analysis, high-quality [llumina reads were mapped to
S. sonnei reference genome SS46 (GenBank accession:
NC_007384.1) using gsMapper version 2.8. The BAM file was
sorted using Samtools version 1.3.1, and a pileup file for each
genome was produced. BCFtools version 1.3.1 was utilized to
identify high-quality variants. The Python script was applied to
parse the .vcf file and construct an initial hqSNP matrix. Based on
the initial hqSNP matrix data, only hqSNPs satisfying conditions
such as a nonrepeatable region with a read depth of 100 or more
and nonsynonymous genetic variation were selected. In total, 166
SNPs were produced from 158 loci and converted into allelic
profiles. MST for evolutionary lineage analysis was performed
using PHYLOVIZ version 2.0.

3. Results
3.1. Bacterial isolates and antimicrobial susceptibility testing

A total of 751 Shigella spp. were isolated from diarrheal patients
from 2007 to 2016. S. sonnei constituted the greatest number of
isolates, 433 isolates were isolated during study period, and 272
were isolated from returning travellers. A total of 28 cefotaxime-
resistant S. sonnei were isolated during the study period. Among
the 28 cefotaxime-resistant S. sonnei strains, 18 were isolated from
travellers returning from Asia, including Vietnam (n = 11), Thailand
(n=2),Laos (n=1), India (n=1), Cambodia (n=1), China (n=1) and
an unknown country (n=1) (Table 1, Fig. 1). Except for 2009, 2012
and 2015, years when there was no or just one case of cefotaxime-
resistant S. sonnei from a returning traveller, the incidence rate of
cefotaxime-resistant S. sonnei isolated from travellers was more
than 50% for the entire period.

3.2. PFGE

All of the CTX-M-14-producing S. sonnei isolates showed the
same PFGE pattern (SZNX01.008). Twelve (71%) of the 17 isolates of
CTX-M-15-producing S. sonnei in the PFGE banding pattern were
SZNX01.173 (Table 1, Fig. 2).

3.3. Identification of beta-lactamase genes
All cefotaxime-resistant isolates of S. sonnei were found to be

positive for blacrx.m-type genes (Table 1). DNA and deduced amino
acid sequence analyses revealed blacrx.m.1s to be the most
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Table 1
Characteristics of CTX-M-producing S. sonnei isolates in Korea during 2007-2016.
Year of isolation Strain ID  MIC (pg/ml) B-lactamae Travel history Plasmid Plasmid blaCTX structure PFGE type
value of genes replicon ST
cefotaxime®
2007 20077407 128 CTX-M-15 Vietnam Incl1 ST16 ISEcp1-blacrx-m-15-01f477 SZNX01.173
2008 20084469 64 CTX-M-15, TEM- Thailand Incl1 ST16 ISEcp1-blacrx-m-15-01f477 SZNX01.173
1
2009 20090829 64 CTX-M-27 India Incl1 new ISEcp1-blacrx-m-27-1S903D SZNX01.173
2009N3 32 CTX-M-14 Domestic IncF - ISEcp1-blacrx-m-14-AIS903D SZNX01.008
patient
2009N4 32 CTX-M-14 Domestic IncF - ISEcp1-blacrx-m-14-AIS903D SZNX01.008
patient
2009N5 128 CTX-M-55, TEM- Domestic Incl2 - ISEcp1-blacrx-m-s5-01f477 SZNX01.239
1 patient
2010 20100368 128 CTX-M-15, TEM- Vietnam Incl1 ST16 ISEcp1-blacrx-m-15-01f477 SZNX01.173
1
20100786 128 CTX-M-15, TEM- Laos Incl1 ST16 ISEcp1-blacrx-m-15-01f477 SZNX01.173
1
20100989 128 CTX-M-15, TEM- Vietnam Incl1 ST16 ISEcp1-blacrx-m-15-01f477 SZNX01.173
1
20102064° 128 CTX-M-15, TEM- Vietnam Incl1 ST16 ISEcp1-blacrx-m-15-01f477 SZNX01.173
1
20102065° 128 CTX-M-15, TEM- Vietnam Incl1 ST16 ISEcp1-blacrx-m-15-01f477 SZNX01.173
1
20102070 128 CTX-M-15, TEM- Vietnam Incl1 ST16 ISEcp1-blacrxm-15-01f477 SZNX01.173
1
20102346 64 CTX-M-14 Domestic Non-typeable - ISEcp1-blacrx-m-14-AI1S903D SZNX01.008
patient
20102545 64 CTX-M-14 Domestic Non-typeable - ISEcp1-blacrx-m-14-AIS903D SZNX01.008
patient
20102590 32 CTX-M-14 Domestic Non-typeable - ISEcp1-blacrx.m-14-AI1S903D SZNX01.008
patient
2011 20110267 64 CTX-M-14 China Non-typeable - ISEcp1-blacrx-m-14-AIS903D SZNX01.008
20110278 128 CTX-M-15, TEM- Thailand Incl1 ST31 ISEcp1-blacrxm.15-01f477 SZNX01.216
1
20110771 128 CTX-M-15, TEM- Vietnam Incl1 ST16 IS-blacrx-m-15-01f477 SZNX01.173
1
20111513 128 CTX-M-15, TEM- Vietnam Incl1 ST16 ISEcp1-blacrx-m-15-01f477 SZNX01.173
1
20111539 128 CTX-M-15, TEM- Vietnam Incl1 ST16 ISEcp1-blacrx.-m-15-01f477 SZNX01.173
1
2013 20130673 >128 CTX-M-15, TEM- Vietnam Incl1 ST16 ISEcp1-blacrx-m-15-01f477 SZNX01.173
1
20131929 128 CTX-M-15, TEM- Cambodia Incl1 ST16 ISEcp1-blacrx-m-15-01f477 SZNX01.176
1
20132123 128 CTX-M-55 Domestic Incl1 ST16 ISEcp1-blacrx-m-15-01f477 SZNX01.236
patient
2014 20143520 128 CTX-M-15, OXA- Vietnam IncF - 1S26-AISEcp1-blacrx.m-15-01f477  SZNX01.240
1
20145220 128 CTX-M-15, TEM- Domestic Incl1 ST16 ISEcp1-blacrx-m-15-01f477 SZNX01.183
1 patient
2015 20153135 128 CTX-M-55 domestic patient IncZ - AISEcp1-1S5-blacrx.m-s5-01f477  SZNX01.249
20153330 128 CTX-M-15 domestic patient IncK - Ablaten-AISEcp1-blacrx-m-1s- SZNXO01.237
orf477
2016 20161384 128 CTX-M-55 Unknown Incl1 ST16 ISEcp1-blacrx-m-ss-01f477 SZNX01.290
country

2 The EUCAST break point of cefotaxime (S <1 pg/ml and R >2 pg/ml).

" The consecutive number (20102064 and 20102065) indicated that they were isolated in one outbreak.

frequently detected gene (n=17), followed by blacrx.m-14 (n=6),
blacrx.m.ss (n=4) and blacrx.m-27 (n=1). CTX-M-15 was prevalent
among travellers (83%), whereas CTX-M-14 (50%) was a major type
among domestic isolates. Three of four CTX-M-55-producing S.
sonnei strains were isolated domestically, and a CTX-M-27-
producing S. sonnei strain was isolated from travellers returning
from India. In addition, blargy and blagxa were found in 15 and 1
isolates, respectively.

3.4. Plasmid analysis

Conjugation experiments showed that cefotaxime resistance in
both imported and domestically isolated S. sonnei was successfully
transferred to E. coli ]53. The most plasmids (89%) isolated from
strains of travellers belong to the Incl1 plasmid incompatibility
group. In contrast, 20% of the plasmids isolated from strains of
domestic patients belong to the Incll or IncF incompatibility
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Fig. 1. Importation of CTX-M-15 producing S. sonnei by international travel, especially to Southeast Asia. Note that 88% of CTX-M-15 isolates were isolated from international
travellers returning from Southeast Asia. For clarity, only Vietnam, Thailand, Laos, and Cambodia are highlighted in the world map. The number of CTX-M-15 isolates is
displayed as a pie graph with the same colour scheme as the map.
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Fig. 2. Representative PFGE patterns of CTX-resistant S. sonnei. The dendrogram (left) was obtained from cluster analysis based on Xbal macrorestriction patterns of CTX-
resistant S. sonnei isolates using BioNumerics software.
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Fig. 3. Phylogenetic distribution of CTX-M-producing S. sonnei isolates in the Republic of Korea from 2007 to 2016. CTX-M-producing isolates from international travel and
domestic patients are coloured red and blue, respectively. The same colour scheme used in Fig. 1 was applied to indicate the visited countries.

group. Moreover, analysis of the sequence type of the Incll
incompatibility group by pMLST indicated that 88% of the
cefotaxime-resistant S. sonnei strains isolated from travellers are
sequence type 16 (Table 1).

In addition, analysis of the genetic environment of the blactx.m
gene revealed different genetic organization surrounding blacrx.m
genes in the two groups (travellers and domestic patients). As
shown in Fig. 3, 83% of the plasmids isolated from returning
travellers harbour the insertion sequence ISEcp1 and a truncated
orf477, which were detected in the downstream and upstream
regions of blacrx.m genes (Types C and D), respectively. However, in
domestic patients, only 30% of plasmids had an identical structure
with those of international travellers, and 50% of plasmids belong
to Type G, which has an ISEcp1-blacrx.m-1S903D structure (Table 1).

3.5. MST analysis of S. sonnei genomes

MST analysis of cefotaxime-resistant S. sonnei isolates was
conducted to visualize their relatedness, whereby clustering based
on the geographic origin of the strains was expected to be the main
driver of phylogenetic segmentation. The major group included
isolates from international travel (cluster A). The other two groups
exhibit 19 (cluster B) and 117 (cluster C) SNP differences compared
to cluster A isolates, respectively, and they were mostly isolated
from domestic patients. Therefore, CTX-resistant S. sonnei appears
to cluster according to the geographic origin of the strain (Fig. 3).

4. Discussion

Our study showed that, since 2012, CTX-M-14-producing S. sonnei
was no longer being isolated in the Republic of Korea and that CTX-
M-15 has been a prevalent CTX-M-type since then. This recent
increase in the incidence of CTX-M-15-producing S. sonnei in Korea
is associated with increasing international travel. CTX-M-15-
producing S. sonnei was first isolated in 2008 from an outbreak in

Gyeongbuk Province [21]. However, according to our data, CTX-M-
15 was first isolated in 2007 from a traveller to Vietnam. From 2010
to 2015, there were 16 cases of CTX-M-15-producing S. sonnei,
accounting for 89% of all CTX-M-15 cases over the course of tenyears
in Korea. Notably, 13 of the 16 cases were isolated from travellers
returning from the Asian continent, 10 of whom visited Vietnam
during this period.

Many studies regarding travellers from Europe, North America
and Australia have shown that international travel is a risk factor for
colonization with ESBL-producing Enterobacteriaceae [22-25]. In
those studies, travel to the Indian subcontinent was associated witha
high risk of infection. These findings agree with the results of our
study that international travel is a major risk factor for acquisition of
CTX-M-15-producing S. sonnei, though the highest risk factor for
Korean travellers was Vietnam and not the Indian subcontinent.

A study by von Wintersdorff et al. [26] that investigated
acquisition of antimicrobial resistance genes associated with travel
to a specific region in the Netherlands showed that acquisition of
the CTX-M-1 group increased dramatically after travel to the Indian
subcontinent. Additionally, comparison of the prevalence CTX-M
groups before and after travel clearly demonstrated that interna-
tional travel contributed to the spread of a specific CTX-M group,
the CTX-M-1 group, in the Netherlands. In Korea, CTX-M-15-
producing S. sonnei isolated from travellers returning from
Vietnam has increased explosively since 2010; in 2014, there
was an outbreak of CTX-M-15-producing S. sonnei associated with
travel to Vietnam [16]. Moreover, a sudden dominance of blacrx-m-
15s-harbouring plasmids in Shigella spp. circulating in Southern
Vietnam was reported in 2010 [27]. These findings suggest that the
increase in CTX-M-15-producing S. sonnei among travellers to
Vietnam is associated with the dissemination of these strains in
Vietnam in the same period. In addition, analysis of the PFGE
pattern of CTX-M-14, which was isolated from domestic patients in
our study, revealed a pattern identical to that of CTX-M-14 isolated
from an outbreak in 2004 in Korea [12]. This indicates that S.
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sonnei-harbouring plasmids that contain two different blacrx.m
genes have been circulating in Korea; one is blacrx.m-14, Which is
responsible for predominantly community-wide infection, and the
other is blacrx.m-15, Which has recently increased due to the return
of international travellers from Vietnam.

We investigated the phenotypic and genetic features of CTX-M-15-
producing S. sonnei isolated mainly from overseas travellers and
CTX-M-14-producing S. sonnei, which was prevalent in domestic
patients. As the CTX-M type distinguishes international travellers
from domestic patients, all of the phenotypic and genetic character-
istics between S. sonnei related to overseas travel and those acquired
domestically in Korea differed. Furthermore, pMLST revealed that
most of the plasmids of cefotaxime-resistant S. sonnei isolated from
international travel belong to the Incl1 incompatibility group,
grouping as sequence type 16. Additionally, the genetic environ-
ment of blacrx.m-1s commonly consists of an intact ISEcp1 48 bp
upstream of the blacrx.m.1s open reading frame and orf477
downstream. This organization is frequently observed in plasmids
harbouring blacrx.m-15 worldwide [28-31]. In contrast, only 20% of
the plasmids from cefotaxime-resistant S. sonnei isolated from
domestic patients belong to the Incl1 incompatibility group, and the
sequence type for most of them was unclassified. In general, the
genetic environment of blacrx_m-14 consists of an intact ISEcp142 bp
upstream of the blacrx.m.14 Open reading frame and IS903D
downstream.

We also performed hqSNP analysis by WGS to analyze the
evolutionary lineage of the isolates. MST analysis without the
putative plasmid sequences indicated that the majority of isolates
clustered in accordance with geographical origin. Most isolates
associated with international travel clustered into one major
group, suggesting that overseas travel likely resulted in the
diffusion of CTX-M-15-producing S. sonnei in the Republic of Korea.
The large phylogenetic distances between the S. sonnei isolates
related to overseas travel and those acquired domestically in Korea
support the idea that there is no link between these two groups,
which is consistent with the epidemiological data.

Our study data demonstrate that two prevalent blactx-m genes,
blacrx-m-14 and blacrx-m-15, have been circulating in S. sonneiin Korea
over the last 10 years. Recently, there has been an increase in the
number of CTX-M-15-producing S. sonnei isolates, which is associat-
ed with international travel. These findings contribute to increasing
evidence that travel represents a major risk factor for the spread of
antimicrobial drug resistance. Thus, more comprehensive surveil-
lanceisrequired to prevent further spread of resistant clonal strains.
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