
Genomic Characterization of Nonclonal mcr-1-Positive
Multidrug-Resistant Klebsiella pneumoniae

from Clinical Samples in Thailand

Apichai Srijan,1,* Katie R. Margulieux,1,* Sirigade Ruekit,1 Erik Snesrud,2 Rosslyn Maybank,2

Oralak Serichantalergs,1 Rosarin Kormanee,3 Prawet Sukhchat,3 Jossin Sriyabhaya,3,{

Mary Hinkle,2 John M. Crawford,1 Patrick McGann,2 and Brett E. Swierczewski1,{

Multidrug-resistant Klebsiella pneumoniae strains are one of the most prevalent causes of nosocomial infections
and pose an increasingly dangerous public health threat. The lack of remaining treatment options has resulted in
the utilization of older drug classes, including colistin. As a drug of last resort, the discovery of plasmid-mediated
colistin resistance by mcr-1 denotes the potential development of pandrug-resistant bacterial pathogens. To
address the emergence of the mcr-1 gene, 118 gram-negative Enterobacteriaceae isolated from clinical samples
collected at Queen Sirikit Naval Hospital in Chonburi, Thailand were screened for colistin resistance using
automated antimicrobial susceptibility testing and conventional PCR screening. Two K. pneumoniae strains,
QS17-0029 and QS17-0161, were positive for mcr-1, and both isolates were sequenced to closure using short- and
long-read whole-genome sequencing. QS17-0029 carried 16 antibiotic resistance genes in addition to mcr-1,
including 2 carbapenemases, blaNDM-1 and blaOXA-232. QS17-0161 carried 13 antibiotic resistance genes in
addition to mcr-1, including the extended-spectrum b-lactamase blaCTX-M-55. Both isolates carried multiple
plasmids, but mcr-1 was located alone on highly similar 33.9 Kb IncX4 plasmids in both isolates. The IncX4
plasmid shared considerable homology to other mcr-1-containing IncX4 plasmids. This is the first report of a
clinical K. pneumoniae strain from Thailand carrying mcr-1 as well as the first strain to simultaneously carry
mcr-1 and multiple carbapenemase genes (QS17-0029). The identification and characterization of these isolates
serves to highlight the urgent need for continued surveillance and intervention in Southeast Asia, where exten-
sively drug-resistant pathogens are being increasingly identified in hospital-associated infections.

Keywords: MDRO, mcr-1, Klebsiella pneumoniae, Thailand

Introduction

The emergence and global spread of multidrug-
resistant (MDR) gram-negative bacteria has become

one of the leading public health threats of the 21st century.1

Of these, MDR Klebsiella pneumoniae are a prevalent
cause of nosocomial infections, and can harbor a wide range
of antibiotic resistance genes, including extended-spectrum
b-lactamases (ESBLs) and/or carbapenemases.2 MDR K. pneu-
moniae carrying ESBLs and/or carbapenemases have been

described worldwide and are an especially concerning is-
sue in developing regions, such as Southeast Asia, where
prevalence is high due to widespread antibiotic misuse and
lack of resources to execute thorough surveillance studies
and interventions.3–6 The role of MDR K. pneumoniae as a
prevalent nosocomial infection makes it a dangerous carrier
and disseminator of antimicrobial resistance mechanisms to
other bacterial pathogens.

Treatment options for MDR K. pneumoniae are limited,
and hospital-associated MDR K. pneumoniae infections
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frequently generate additional treatment challenges due to
previous exposure to multiple antibiotics.7,8 In underdevel-
oped regions, patient diagnosis and pathogen characteriza-
tion are often delayed or not performed, resulting in
treatment failure and the development and spread of drug-
resistant isolates.9,10 Older classes of antibiotics that were
previously unused due to side effects (e.g., polymyxins such
as colistin [Polymyxin E]), are being increasingly prescribed
to patients as a treatment of last resort.11,12 The discovery by
Liu et al. in 2015 of the plasmid-mediated colistin resistance
gene, mcr-1, from a clinical Escherichia coli isolate in
China has quickly led to the reporting of mcr-1 and com-
monly associated conserved mobile mechanisms in a range
of gram-negative bacterial isolates worldwide.13–15 The
global dissemination of mcr-1 signals a new era of pandrug-
resistant bacterial pathogens.

In Southeast Asia, plasmid-mediated colistin resistance by
mcr-1 has been detected in E. coli from isolates collected in
Cambodia, Vietnam, Malaysia, Singapore, and Thailand.16–24

mcr-1-carrying K. pneumoniae isolates have been described
in Laos and Singapore.20,23 In Thailand, mcr-1 positive
E. coli has been observed in nonclinical human isolates that
were archived in 2012 and two E. coli human clinical isolates
collected in 2015 and 2016, respectively.16–18 Environmental
samples of mcr-1 positive E. coli isolates have also been
reported from canal water samples collected in 2015 and at
rural pig farms in isolates archived as early as 2012.18,19

The current study characterizes the antimicrobial resis-
tance profiles of two nonclonal K. pneumoniae strains iso-
lated from individual patients at the Queen Sirikit Naval
Hospital in Chonburi, Thailand. Both patients were housed
in separate wards within the hospital, and the two isolates
displayed unique antimicrobial susceptibility profiles. The
isolates were shown to carry the plasmid-mediated colistin
resistance gene, mcr-1, along with additional antibiotic re-
sistance genes from multiple enzymatic classes.

Materials and Methods

Bacterial strains and media

Surveillance was performed at Queen Sirikit Naval Hos-
pital during 2017 to identify MDR bacterial strains from
routinely collected clinical samples (e.g., Pus, urine, rectal
swabs, sputum, and blood). A total of 118 gram-negative
Enterobacteriaceae showing MDR characteristics were iden-
tified and transferred to the Armed Forces Research Institute
of Medical Sciences (AFRIMS) in Bangkok, Thailand for
further analysis. K. pneumoniae QS17-0029 and QS17-0161
strains were cultured from clinical samples collected during
this active surveillance. Isolates were grown on MacConkey
agar plates, trypticase soy agar plates, blood agar plates,
or Mueller Hinton agar plates in preparation for analysis.
Phenotypic screening for carbapenemase activity was per-
formed using the Carba NP test with appropriate controls as
described previously.25

Biochemical identification and antimicrobial
susceptibility testing

Biochemical identification and antimicrobial susceptibil-
ity testing was performed with the BD Phoenix� 50 using
the NMIC/ID 4 panel, according to the manufacturer’s in-

structions (BD Diagnostics, Sparks, MD). The colistin mini-
mum inhibitory concentration (MIC) values were interpreted
according to the Clinical and Laboratory Standards Institute
(CLSI) guidelines and the European Committee on Anti-
microbial Susceptibility Testing (EUCAST) guidelines.26,27

ESBL and carbapenemase gene screen

Molecular analysis to determine the presence of ESBL
and carbapenemase antimicrobial resistance genes was
performed using conventional multiplex and real-time PCR
as described previously in detail.28,29

Screening for mcr-1

DNA was extracted using the QIAGEN DNeasy Blood
and Tissue Kit (Germantown, MD). Detection of mcr-1 was
performed by conventional PCR, as described previously.13

Conjugation of mcr-1 plasmid into recipient strain

Conjugation between colistin-resistant K. pneumoniae
QS17-0029 or QS17-1616 and a recipient E. coli strain J53
(sodium azide resistant) was performed.23,30 In brief, over-
night cultures of the K. pneumoniae strains were grown in
tryptic soy broth (TSB) +2 mg/L colistin, and E. coli J53 was
grown in TSB +100mg/ml sodium azide at 37�C, 150 rpm.
Overnight cultures were centrifuged and resuspended in TSB
to a final dilution of *0.6 McFarland. K. pneumoniae QS17-
0029 or QS17-0161 were mixed with E. coli J53 at a 1:2
ratio. The mixed cultures were incubated for 24 hours with no
shaking at 37�C, and subsequently plated on MacConkey
agar +100mg/ml sodium azide +2 mg/L colistin. Conjugation
frequency was calculated as the number of transconjugates
per initial donor cell. Resulting transconjugates were isolated
and tested further. The colistin MIC values of the donor K.
pneumoniae strains, recipient E. coli J53 strain, and trans-
conjugates were performed as recommended by the joint
CLSI-EUCAST polymyxin breakpoint working group with
MIC values of >2mg/ml considered resistant for
Enterobacteriaceae.26,27,31 Broth microdilution panels in
untreated polystyrene microplates (SARSTEDT AG&Co.,
Nümbrecht, Germany) were prepared by making serial two-
fold dilutions with cation adjusted Mueller Hinton broth to
obtain a colistin sulfate (U.S. Pharmacopeial Convention)
concentration range of 0.125 to 64mg/ml.31,32 The parent and
transconjugate were diluted to a final concentration
of *5 · 105 CFU/ml per well. The panels were incubated at
35�C – 2�C for 16–20 hours. Interpretation was performed
based on CLSI and EUCAST guidelines. The bacterial strains
E. coli ATCC 25922 and Pseudomonas aeruginosa ATCC
27853 were used as quality control standards.26

Short- and long-read whole-genome sequencing

Short- and long-read whole-genome sequencing (WGS)
was performed on an Illumina MiSeq Benchtop sequencer and
Pacific Biosciences RSII instrument, respectively. DNA ex-
traction, library preparation, sequencing, assembly, and anal-
ysis of the short- and long-read data were performed as
described previously.33 In brief, high-quality DNA was ex-
tracted using the Ultra-Clean Microbial DNA Isolation Kit
(MoBio, Inc. Carlsbad, CA). For short-read sequencing,
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libraries were constructed using the KAPA HyperPlus Library
Preparation Kit (Roche Diagnostics Corporation, Indianapolis,
IN) and quantified using the KAPA Library Quantification
Kit–Illumina/Bio-Rad iCycler� (Roche Diagnostics Cor-
poration) on a CFX96 real-time cycler (Bio-Rad, Hercules,
CA). Libraries were normalized to 2 nM, pooled, denatured,
and diluted to 20 pM. The pooled samples were further diluted
to a final concentration of 13 pM. Samples were sequenced
using MiSeq Reagent Kit v3 (600 cycle; 2 · 300 bp) (Illumina,
San Diego, CA). For long-read sequencing, 20K libraries were
constructed using the PacBio Template Preparation 1.0 kit
(Pacific Biosciences, Menlo Park, CA) and size selected on
Blue Pippin (Sage Sciences, Beverly, MA). Sequencing was
performed on individual cells on the RSII using 240 minute
movies.

Analysis of WGS data

Short-read sequencing data were quality trimmed when the
average quality score dropped below 15 (Phred), using a
sliding 5 bp window. Sequence reads were then adaptor trim-
med and de novo assembled using Newbler (V2.7). Minimum
thresholds for contig size and coverage were set at 100 bp and
50 ·, respectively. Long-read sequencing data were de novo
assembled using HGAP 2.0 in the SMRT Analysis Portal
(Pacific Biosciences). Overlapping contig ends were removed
to circularize individual PacBio contigs, and short-read data
were mapped to circularized contigs to detect/correct errors.

Comparative genomic analyses were performed using
Geneious (Biomatters, Auckland, New Zealand).34 Anti-
microbial resistance genes were annotated using ResFinder
2.0.35 Genomes were annotated using the NCBI Prokaryotic
Genome Annotation Pipeline version 4.1. Single-nucleotide
polymorphism (SNP)-based dendrograms were generated
using Geneious and RAxML.36

Accession numbers

Complete genome sequences K. pneumoniae QS17-0029
(MRSN479404) and QS17-0161 (MRSN480738) and their
attendant plasmids have been deposited in the NCBI
nucleotide database under accession numbers CP024038-
CP024044 and CP024458-CP024465, respectively.

Results

Phenotypic testing of isolates

The selected 118 MDR Enterobacteriaceae (74 E. coli,
39 K. pneumoniae, 3 Proteus mirabilis, 1 Enterobacter
aerogenes, and 1 Enterobacter cloacae) underwent auto-
mated antimicrobial susceptibility testing to detect colistin
resistance. Two isolates, K. pneumoniae QS17-0029 and
QS17-0161, had MIC values of colistin >4 mg/ml and were
deemed resistant to colistin according to CLSI guidelines.32

Both isolates underwent further characterization. QS17-
0029 was cultured from a rectal swab sample of a 94-year-
old male patient (Table 1). Antimicrobial susceptibility
testing of QS17-0029 showed extensive resistance to 18/21
antibiotics tested, with the exception of susceptibility to
amikacin and gentamicin, and intermediate susceptibility to
chloramphenicol (Table 1). QS17-0161 was cultured from a
sputum sample of an 88-year-old male patient (Table 1).
QS17-0161 was resistant to 14/21 antibiotics tested and
demonstrated susceptibility to amikacin, ciprofloxacin, all
carbapenems, and trimethoprim-sulfamethoxazole, with in-
termediate susceptibility to moxifloxacin (Table 1). Carba-
penemase production was identified in QS17-0029, using
the Carba NP test, but not in QS17-0161, which was con-
sistent with the carbapenem susceptibility profile (Table 1).

Detection of antibiotic resistance genes using PCR

Limited preliminary antimicrobial resistance gene
screening using conventional and real-time PCR assays in-
dicated that both QS17-0029 and QS17-0161 harbored
mcr-1 as well as the blaCTX-M group-1 ESBL gene. In ad-
dition, only QS17-0029 was positive for the carbapenemase
genes blaNDM-like and blaOXA-48-like.

Multilocus sequence type and isolate relationship

In silico multilocus sequence type (MLST) of both iso-
lates was generated from the WGS data, and sequence type
was assigned according to the K. pneumoniae MLST scheme
hosted at the Pasteur Institute.37,38 QS17-0029 and QS17-0161
were shown to be nonclonal strains of K. pneumoniae with
sequence types 16 and 45, respectively (Table 1). This was
confirmed using a core genome SNP-based analysis, which

Table 1. Demographic and Phenotypic Data of QS17-0029 and QS17-0161

Designation
Age/

gender MLST a CarbaNPb MIC (mg/L)c

QS17-0029 94/M 16 Pos CHL (I = 16), CIP (>2), GEN (S £ 2), IPM (>8),
LVX (>8), MEM (>8), MXF (>4), STX (>2/38)

QS17-0161 88/M 45 Neg CHL (>16), CIP (S = 1), GEN (>8), IMP (S £ 1),
LVX (S = 2), MEM (S £ 1), MXF (I = 4), STX(S £ 0.5/9.5)

aSequence type generated from in silico multilocus sequence type.
bCarbaNP test was performed as described by Nordmann et al.25

cBoth isolates were susceptible to amikacin. In addition to colistin, both isolates were resistant to amoxicillin–clavulanate, ampicillin,
ampicillin–sulbactam, aztreonam, cefazolin, cefepime, cefotaxime, ceftazidime, piperacillin, piperacillin–tazobactam, and tetracycline
using CLSI guidelines.26

MIC, minimum inhibitory concentration; M, male; Pos, positive, Neg, negative; S, susceptible; I, intermediate; CHL, chloramphenicol;
CIP, ciprofloxacin; GEN, gentamicin; IPM, imipenem; LVX, levofloxacin; MEM, Meropenem; MXF, moxifloxacin; STX, trimethoprim–
sulfamethoxazole; MLST, multilocus sequence type.
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FIG. 1. Core genome phylogeny. Den-
drogram generated using Geneious and
RAxML from the whole genome of QS17-
0029 and QS17-0161 (blue text) comparing
their relationship to one another and to other
Klebsiella pneumoniae genomes deposited
at GenBank (black text). Branch lengths are
indicative of relatedness.

Table 2. QS17-0029 and QS17-0161 Plasmid Characteristics, Antibiotic

Resistance Genes, and Gene Location

Strain Location Namea Size (kb) Incb Antibiotic resistance genesc

QS17-0029
Plasmid pMRAF0417-NDM 125.3 FII(F22:A1:B20) blaNDM-1, ant(3¢¢)-IA (aadA2), sul1,

tet(B), dfrA12
Plasmid pMRAF0417-MCR 33.9 X4 mcr-1
Plasmid pMRAF0417-OXA 6.1 ColKp3 blaOXA-232

Plasmid pMRAF0417-CTX 122.1 F1B(K2:A-:B-) blaCTX-M-15, blaOXA-9, blaTEM-1A, aac(6¢)1b C
(aacA4), ant(3¢¢)-Ia (aadA1), aac(6¢)1b-cr

Plasmid N/A 5.3 ColRNA1 —
Plasmid N/A 4.7 ColRNA1 —
Chromosome — — — blaCTX-M-15, blaSHV-1, fosA, oqxA, oqxB

QS17-0161
Plasmid pMRAF0517-FLO 125.3 F1B(K5:A-:B-) strA, strB, aac(3)-IIa, floR, sul2, tet(A)
Plasmid pMRAF0517-MCR 33.9 X4 mcr-1
Plasmid pMRAF0517-CTX 77.3 Unknown blaCTX-M-55, blaTEM-1B, qnrS1, tet(A)
Plasmid N/A 112.7 F1B —
Plasmid N/A 10.0 ColRNA1 —
Plasmid N/A 2.8 ColRNA1 —
Plasmid N/A 1.6 Col(MG828) —
Chromosome — — — blaSHV-1, fosA, oqxA, oqxB

aAssigned plasmid name, where appropriate.
bIncompatibility group was determined using the protocol developed by Carattoli et al.40 Unknown indicates that the plasmid could not

be assigned to an Inc group using this scheme.
cBlaCTX-M-15 is present in two copies, one on plasmid pMRAF0147-CTX and one on the chromosome in strain Klebsiella pneumoniae

QS17-0029. Tet(A) is present in two copies, one on plasmid pMRAF0517-FLO and the other on plasmid pMRAF0517-CTX, in
K. pneumoniae QS17-0161.

N/A, not assigned.
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indicated that the two K. pneumoniae isolates are distinct
strains (Fig. 1).

WGS analysis of QS17-0029

QS17-0029 carried a total of 17 antimicrobial resistance
genes located on the chromosome and/or plasmids (Table 2).
Six unique plasmids were identified, four of which were
shown to carry 12 antibiotic resistance genes (Table 2). The
remaining resistance genes were located on the chromosome.
The colistin resistance gene mcr-1 was carried on a 33.9 Kb
IncX4 plasmid (pMRAF0417-MCR) that shared >99% ho-
mology to other mcr-1 carrying IncX4 plasmids.39 Two car-
bapenemase genes, blaNDM-1 and blaOXA-232, were identified
on two separate plasmids (pMRAF0417-NDM and
pMRAF0417-OXA). Notably, the isolate carried two copies
of the ESBL gene, blaCTX-M-15, one located on plasmid
pMRAF0417 and one integrated into the chromosome.
pMRAF0417 carried two additional b-lactamases (blaTEM-1A

and blaOXA-9), while a third b-lactamase (blaSHV-1) was also
present on the chromosome (Table 2).

WGS analysis of QS17-0161

QS17-0161 carried a total of 15 antimicrobial resistance
genes on the chromosome and/or plasmids (Table 2). The
isolate carried seven unique plasmids, of which three carried a
combined total of 11 antimicrobial resistance genes (Table 2).
The remaining four genes were located on the chromosome.
The plasmid identified carrying mcr-1, pMRAF0517-MCR,
was identical to the IncX4 plasmid pMRAF0417-MCR in
QS17-0029. The ESBL gene, blaCTX-M-55, was identified on
plasmid pMRAF0517; the plasmid was untypable according
to the typing scheme of Carattoli et al.40 Two additional
b-lactamases were identified, blaTEM-1B located on the same
plasmid and blaSHV-1 located on the chromosome.

Conjugation of mcr-1 into E. coli J53

Conjugation assays were performed to determine mobility
potential of the identified mcr-1-positive plasmids. Con-
jugation frequencies of the mcr-1-positive plasmids from
QS17-0029 and QS17-0161 to E. coli J53 were calculated to
be 2.12 · 10-6 and 1.25 · 10-6, respectively. QS17-0029 and
QS17-0161 parent strains were confirmed resistant with a
colistin MIC value of 8 mg/ml. Colistin susceptibility testing
of the resulting transconjugates (E. coli J53 QS17-0029-C
and E. coli J53 QS17-0161-C) showed that both were re-
sistant to colistin, with MIC values of 4mg/ml. The negative
control strain, E. coli J53, demonstrated a colistin MIC
value of 0.5 mg/ml, indicating colistin susceptibility as ex-
pected. Transfer of the mcr-1 gene to the transconjugates
was confirmed by PCR, indicating the mcr-1-positive plas-
mid in both K. pneumoniae isolates is mobile.

Discussion

Implementation of active surveillance screening for colistin-
resistant bacteria at Queen Sirikit Naval Hospital in Chonburi,
Thailand identified two resistant K. pneumoniae isolates
(QS17-0029 and QS17-0161) from clinical samples. Phe-
notypic and genetic testing identified that colistin resis-
tance was mediated by the gene mcr-1, with numerous other

antibiotic resistance genes present as well (Table 2). WGS
and subsequent analysis showed that QS17-0029 and QS17-
0161 are two distinct strains of K. pneumoniae, despite both
carrying the plasmid-mediated colistin-resistant gene mcr-1
on identical 33.9 Kb IncX4 plasmids. To the best of our
knowledge, this is the first report from Thailand character-
izing mcr-1-postive K. pneumoniae isolates.

Since initial discovery in 2015, mcr-1 has been detected
worldwide, most commonly in Enterobacteriaceae spe-
cies such as E. coli, K. pneumoniae, Salmonella enterica,
E. aerogenes, and E. cloacae.13,14 In human clinical sam-
ples, mcr-1 has been most frequently identified in E. coli,
but reported prevalence is increasing in other bacterial
species, such as K. pneumoniae.13,14,41 In Thailand, mcr-1
has previously been detected in both E. coli environmental
samples and E. coli human clinical samples.16–19 En-
vironmentally, E. coli isolates positive for mcr-1 carriage
were identified in 2013 from a pig farm in Chonburi Pro-
vince, the same geographic location as Queen Sirikit Naval
Hospital.19 A recent study by Runcharoen et al. also re-
ported the identification of colistin-resistant, mcr-1-positive
E. coli isolates collected in 2015 from canal water in Cha-
choengsao Province, a neighboring province to Chonburi.18

Additional reports have demonstrated mcr-1 in hospital-
associated human E. coli clinical samples from various
geographic locations in Thailand.16–18 These collective
findings indicate that circulation of mcr-1 may be a more
common occurrence in both environmental and hospital
settings in Thailand than previously recognized.

An increasing number of reports are characterizing
colistin-resistant E. coli or K. pneumoniae clinical isolates
that demonstrate coresistance to b-lactams or carbapenems,
and a number of reports have described coresistance to all
three antibiotic classes.14,17,42–48 However, there is evidence
that these extensively drug-resistant (XDR) isolates carrying
multiple types of antibiotic genes are disseminating in
Thailand. An XDR clinical E. coli strain carrying, blaCTX-M-15,
blaNDM-1, and mcr-1 was isolated in early 2016 from a urine
sample of a clinical patient in Petchabun Province located in
Northern Thailand.17 As demonstrated in the current study,
K. pneumoniae strain QS17-0029 is also XDR, and carries
multiple b-lactamases, two carbapenemases, and mcr-1. As far
as the authors are aware, this is the first report of a clinical
K. pneumoniae strain simultaneously harboring two unique
carbapenemases in addition to mcr-1.

A majority of mcr-1 genes that have been detected are
located on plasmids, specifically IncX4 and IncI2 plas-
mids.39,49,50 Both plasmid types have been detected in
concert with mcr-1 from countries in South and Southeast
Asia.39 IncX4 is naturally found in host Enterobacteriaceae
species and has an especially high prevalence rate in
E. coli.39 The plasmid type IncX4 is thought to be easily
transferrable between Enterobacteriaceae species, a theory
supported by the finding of conjugation between K. pneu-
moniae strains and E. coli J53 in the current report. Both
K. pneumoniae strains isolated from individual patients at
Queen Sirikit Naval Hospital carry identical mcr-1-positive
IncX4 plasmids. The two isolates are not clonally related,
which suggests the possibility of an initial common donor
strain for mcr-1 acquisition. Additional studies are necessary
to determine the possible source of a Queen Sirikit Naval
Hospital mcr-1-positive strain reservoir.
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The characterization of MDR, including colistin-resistant,
bacterial strains identified from Queen Sirikit Naval Hospital
is an ongoing effort that is vitally important. Thailand appears
to harbor a higher number of strains that carry plasmid-
mediated colistin resistance in both environmental and
hospital-associated isolates than previously determined. It is
important to note that at the time of article publication, the
Queen Sirikit Naval Hospital surveillance efforts have con-
firmed one additional mcr-1-positive K. pneumoniae strain
and three mcr-1-positive E. coli strains from the clinical
samples of individual patients. Additional studies are under-
way to further investigate this observation.

Alarmingly, mcr-1-mediated colistin resistance is being
detected with increasing frequency within isolates that also
carry an extensive number of other antibiotic resistance
genes. Multiple XDR strains that harbor colistin resistance
have now been characterized from hospital-associated in-
fections in different geographic locations within Thailand.
It is imperative that constant surveillance and character-
ization of hospital-associated MDR bacterial pathogens
continue to be conducted to combat the spread of mobile
antibiotic resistance mechanisms, and to inform treatment
strategies that will result in positive patient outcomes.
Continual analysis and awareness regarding the extent of
plasmid-mediated colistin resistance are necessary to de-
termine the prevalence of XDR, and potentially pandrug-
resistant, bacterial pathogens, currently circulating in
South and Southeast Asia.

Acknowledgments

The authors acknowledge and thank the staff at the Queen
Sirikit Naval Hospital for their assistance. We also kindly
thank Dr. Nuvee Prapasarakul at the Faculty of Veterinary
Sciences, Chulalongkorn University, Thailand, for providing
a mcr-1-positive control strain for this study. This work was
funded by the Armed Forces Health Surveillance Branch–
Global Emerging Infections Surveillance and Response
System (AFHSB-GEIS).

Disclaimer

Material has been reviewed by the Walter Reed Army
Institute of Research. There is no objection to its publica-
tion. The opinions or assertions contained herein are the
private views of the author and are not to be construed as
official or as reflecting true views of the Department of the
Army of the Department of Defense. The investigators have
adhered to the policies for protection of human subjects as
prescribed in AR 70-25.

Disclosure Statement

No competing financial interests exist.

References

1. Centers for Disease Control and Prevention. 2013. Anti-
biotic resistance threats in the United States, 2013. Avail-
able at https://www.cdc.gov/drugresistance/threat-report-2013/
index.html (accessed January 11, 2018).

2. Nordmann, P., T. Naas, and L. Poirel. 2011. Global spread
of carbapenemase-producing Enterobacteriaceae. Emerg.
Infect. Dis. 17:1791–1798.

3. Pitout, J.D., P. Nordmann, and L. Poirel. 2015. Carbapenemase-
producing Klebsiella pneumoniae, a key pathogen set for
global nosocomial dominance. Antimicrob. Agents Che-
mother. 59:5873–5884.

4. Hsu, L.Y., A. Apisarnthanarak, E. Khan, N. Suwantarat, A.
Ghafur, and P.A. Tambyah. 2017. Carbapenem-resistant
Acinetobacter baumannii and Enterobacteriaceae in South
and Southeast Asia. Clin. Microbiol. Rev. 30:1–22.

5. Lai, C.C., K. Lee, Y. Xiao, N. Ahmad, B. Veeraraghavan,
V. Thamlikitkul, P.A. Tambyah, R.H.H. Nelwan, A.M.
Shibl, J.J. Wu, W.H. Seto, and P.R. Hsueh. 2014. High
burden of antimicrobial drug resistance in Asia. J. Glob.
Antimicrob. Resist. 2:141–147.

6. National Antimicrobial Resistance Surveillance Center,
Thailand. 2018. National Antimicrobial Resistance Sur-
veillance Center, Thailand. Available at http://narst.dmsc
.moph.go.th/antibiograms.html (accessed January 16, 2018).

7. Morrill, H.J., J.M. Pogue, K.S. Kaye, and K.L. LaPlante.
2015. Treatment options for carbapenem-resistant En-
terobacteriaceae infections. Open Forum Infect. Dis. 2:
ofv050.

8. Falagas, M.E., P. Lourida, P. Poulikakos, P.I. Rafailidis,
and G.S. Tansarli. 2014. Antibiotic treatment of infections
due to carbapenem-resistant Enterobacteriaceae: system-
atic evaluation of the available evidence. Antimicrob.
Agents Chemother. 58:654–663.

9. Ayukekbong, J.A., M. Ntemgwa, and A.N. Atabe. 2017.
The threat of antimicrobial resistance in developing coun-
tries: causes and control strategies. Antimicrob. Resist.
Infect. Control. 6:47.

10. Vernet, G., C. Mary, D.M. Altmann, O. Doumbo, S. Mor-
peth, Z.A. Bhutta, and K.P. Klugman. 2014. Surveillance
for antimicrobial drug resistance in under-resourced coun-
tries. Emerg. Infect. Dis. 20:434–441.

11. Kaye, K.S., J.M. Pogue, T.B. Tran, R.L. Nation, and J. Li.
2016. Agents of last resort: polymyxin resistance. Infect.
Dis. Clin. North Am. 30:391–414.

12. Falagas, M.E., and S.K. Kasiakou. 2005. Colistin: the re-
vival of polymyxins for the management of multidrug-
resistant gram-negative bacterial infections. Clin. Infect.
Dis. 40:1333–1341.

13. Liu, Y.Y., Y. Wang, T.R. Walsh, L.X. Yi, R. Zhang, J.
Spencer, Y. Doi, G. Tian, B. Dong, X. Huang, L.F. Yu, D.
Gu, H. Ren, X. Chen, L. Lv, D. He, H. Zhou, Z. Liang,
J.H. Liu, and J. Shen. 2016. Emergence of plasmid-
mediated colistin resistance mechanism MCR-1 in ani-
mals and human beings in China: a microbiological and
molecular biological study. Lancet Infect. Dis. 16:161–
168.

14. Jeannot, K., A. Bolard, and P. Plesiat. 2017. Resistance
to polymyxins in Gram-negative organisms. Int. J. Anti-
microb. Agents. 49:526–535.

15. Granata, G., and N. Petrosillo. 2017. Resistance to co-
listin in Klebsiella pneumoniae: a 4.0 strain? Infect. Dis.
Rep. 9:7104.

16. Olaitan, A.O., S. Chabou, L. Okdah, S. Morand, and J.M.
Rolain. 2016. Dissemination of the mcr-1 colistin resistance
gene. Lancet Infect. Dis. 16:147.

17. Paveenkittiporn, W., A. Kerdsin, S. Chokngam, C. Bunthi,
S. Sangkitporn, and C.J. Gregory. 2017. Emergence of
plasmid-mediated colistin resistance and New Delhi

408 SRIJAN ET AL.



metallo-beta-lactamase genes in extensively drug-resistant
Escherichia coli isolated from a patient in Thailand. Diagn.
Microbiol. Infect. Dis. 87:157–159.

18. Runcharoen, C., K.E. Raven, S. Reuter, T. Kallonen, S.
Paksanont, J. Thammachote, S. Anun, B. Blane, J. Parkhill,
S.J. Peacock, and N. Chantratita. 2017. Whole genome
sequencing of ESBL-producing Escherichia coli isolated
from patients, farm waste and canals in Thailand. Genome
Med. 9:81.

19. Lugsomya, K., P. Chanchaithong, C. Tribuddharat, N.
Thanawanh, W. Niyomtham, and N. Prapasarakul. 2016.
Prevalence of plasmid-mediated colistin resistance genes
(mcr-1) in commensal Escherichia coli from fatten-
ing pigs in Thailand. Thai J. Vet. Med. Suppl. 46:327–
328.

20. Rolain, J.M., M. Kempf, T. Leangapichart, S. Chabou, A.O.
Olaitan, S. Le Page, S. Morand, and D. Raoult. 2016.
Plasmid-mediated mcr-1 gene in colistin-resistant clinical
isolates of Klebsiella pneumoniae in France and Laos.
Antimicrob. Agents Chemother. 60:6994–6995.

21. Stoesser, N., A.J. Mathers, C.E. Moore, N.P. Day, and D.W.
Crook. 2016. Colistin resistance gene mcr-1 and pHNSHP45
plasmid in human isolates of Escherichia coli and Klebsiella
pneumoniae. Lancet Infect. Dis. 16:285–286.

22. Tada, T., P.H. Nhung, K. Shimada, M. Tsuchiya, D.M.
Phuong, N.Q. Anh, N. Ohmagari, and T. Kirikae. 2017.
Emergence of colistin-resistant Escherichia coli clinical
isolates harboring mcr-1 in Vietnam. Int. J. Infect. Dis. 63:
72–73.

23. Teo, J.Q., R.T. Ong, E. Xia, T.H. Koh, C.C. Khor, S.J. Lee,
T.P. Lim, and A.L. Kwa. 2016. mcr-1 in multidrug-resistant
blaKPC-2-producing clinical Enterobacteriaceae isolates
in Singapore. Antimicrob. Agents Chemother. 60:6435–
6437.

24. Yu, C.Y., G.Y. Ang, P.S. Chin, Y.F. Ngeow, W.F. Yin, and
K.G. Chan. 2016. Emergence of mcr-1-mediated colistin
resistance in Escherichia coli in Malaysia. Int. J. Anti-
microb. Agents. 47:504–505.

25. Nordmann, P., L. Poirel, and L. Dortet. 2012. Rapid de-
tection of carbapenemase-producing Enterobacteriaceae.
Emerg. Infect. Dis. 18:1503–1507.

26. Clinical and Laboratory Standards Institute. 2017. Perfor-
mance standards for antimicrobial susceptibility testing,
27th edition. Clinical and Laboratory Standards Institute,
Wayne, PA.

27. European Committee on Antimicrobial Susceptibility Test-
ing. 2017. Clinical breakpoints—bacteria (v 7.1). Available
at www.eucast.org/clinical_breakpoints/ (accessed September
1, 2017).

28. Dallenne, C., A. Da Costa, D. Decre, C. Favier, and G.
Arlet. 2010. Development of a set of multiplex PCR as-
says for the detection of genes encoding important beta-
lactamases in Enterobacteriaceae. J. Antimicrob. Chemother.
65:490–495.

29. Milillo, M., Y.I. Kwak, E. Snesrud, P.E. Waterman, E.
Lesho, and P. McGann. 2013. Rapid and simultaneous
detection of blaKPC and blaNDM by use of multiplex real-
time PCR. J. Clin. Microbiol. 51:1247–1249.

30. Tacao, M., R.D.S. Tavares, P. Teixeira, I. Roxo, E. Ra-
malheira, S. Ferreira, and I. Henriques. 2017. mcr-1 and
blaKPC-3 in Escherichia coli sequence type 744 after mer-
openem and colistin therapy, Portugal. Emerg. Infect. Dis.
23:1419–1421.

31. European Committee on Antimicrobial Susceptibility Test-
ing. 2016. Recommendations for colistin (polymyxin E)
MIC testing—joint EUCAST and CLSI recommendation.
Available at www.eucast.org/ast_of_bacteria/guidance_
documents/ (accessed September 1, 2017).

32. Clinical and Laboratory Standards Institute. 2015. Methods
for dilution antimicrobial susceptibility tests for bacteria
that grow aerobically—10th edition. Clinical and Labora-
tory Standards Institute, Wayne, PA.

33. Snesrud, E., A.C. Ong, B. Corey, Y.I. Kwak, R. Clifford,
T. Gleeson, S. Wood, T.J. Whitman, E.P. Lesho, M.
Hinkle, and P. McGann. 2017. Analysis of serial isolates
of mcr-1-positive Escherichia coli reveals a highly active
ISApl1 transposon. Antimicrob. Agents Chemother. 61:
e00056-00017.

34. Kearse, M., R. Moir, A. Wilson, S. Stones-Havas, M.
Cheung, S. Sturrock, S. Buxton, A. Cooper, S. Markowitz,
C. Duran, T. Thierer, B. Ashton, P. Meintjes, and A.
Drummond. 2012. Geneious basic: an integrated and
extendable desktop software platform for the organization
and analysis of sequence data. Bioinformatics. 28:1647–
1649.

35. Zankari, E., H. Hasman, S. Cosentino, M. Vestergaard, S.
Rasmussen, O. Lund, F.M. Aarestrup, and M.V. Larsen.
2012. Identification of acquired antimicrobial resistance
genes. J. Antimicrob. Chemother. 67:2640–2644.

36. Stamatakis, A. 2014. RAxML version 8: a tool for phylo-
genetic analysis and post-analysis of large phylogenies.
Bioinformatics. 30:1312–1313.

37. Diancourt, L., V. Passet, J. Verhoef, P.A. Grimont, and S.
Brisse. 2005. Multilocus sequence typing of Klebsiella
pneumoniae nosocomial isolates. J. Clin. Microbiol. 43:
4178–4182.

38. Brisse, S., C. Fevre, V. Passet, S. Issenhuth-Jeanjean, R.
Tournebize, L. Diancourt, and P. Grimont. 2009. Virulent
clones of Klebsiella pneumoniae: identification and evolu-
tionary scenario based on genomic and phenotypic char-
acterization. PLoS One. 4:e4982.

39. Sun, J., L.X. Fang, Z. Wu, H. Deng, R.S. Yang, X.P. Li,
S.M. Li, X.P. Liao, Y. Feng, and Y.H. Liu. 2017. Genetic
analysis of the IncX4 plasmids: implications for a unique
pattern in the mcr-1 acquisition. Sci. Rep. 7:424.

40. Carattoli, A., A. Bertini, L. Villa, V. Falbo, K.L. Hopkins,
and E.J. Threlfall. 2005. Identification of plasmids by
PCR-based replicon typing. J. Microbiol. Methods. 63:
219–228.

41. Wang, Y., G.B. Tian, R. Zhang, Y. Shen, J.M. Tyrrell, X.
Huang, H. Zhou, L. Lei, H.Y. Li, Y. Doi, Y. Fang, H. Ren,
L.L. Zhong, Z. Shen, K.J. Zeng, S. Wang, J.H. Liu, C. Wu,
T.R. Walsh, and J. Shen. 2017. Prevalence, risk factors,
outcomes, and molecular epidemiology of mcr-1-positive
Enterobacteriaceae in patients and healthy adults from
China: an epidemiological and clinical study. Lancet Infect.
Dis. 17:390–399.

42. Yu, H., F. Qu, B. Shan, B. Huang, W. Jia, C. Chen, A. Li,
M. Miao, X. Zhang, C. Bao, Y. Xu, K.D. Chavda,
Y.W. Tang, B.N. Kreiswirth, H. Du, and L. Chen. 2016.
Detection of the mcr-1 colistin resistance gene in
carbapenem-resistant Enterobacteriaceae from different
hospitals in China. Antimicrob. Agents Chemother. 60:
5033–5035.

43. Du, H., L. Chen, Y.W. Tang, and B.N. Kreiswirth. 2016.
Emergence of the mcr-1 colistin resistance gene in

MCR-1-POSITIVE K. PNEUMONIAE IN THAILAND 409



carbapenem-resistant Enterobacteriaceae. Lancet Infect.
Dis. 16:287–288.

44. Li, A., Y. Yang, M. Miao, K.D. Chavda, J.R. Mediavilla, X.
Xie, P. Feng, Y.W. Tang, B.N. Kreiswirth, L. Chen, and H.
Du. 2016. Complete sequences of mcr-1-harboring plasmids
from extended-spectrum-beta-lactamase- and carbapenemase-
producing Enterobacteriaceae. Antimicrob. Agents Che-
mother. 60:4351–4354.

45. Zheng, B., H. Dong, H. Xu, J. Lv, J. Zhang, X. Jiang, Y.
Du, Y. Xiao, and L. Li. 2016. Coexistence of mcr-1 and
ndm-1 in clinical Escherichia coli isolates. Clin. Infect. Dis.
63:1393–1395.

46. Nordmann, P., and L. Poirel. 2016. Plasmid-mediated co-
listin resistance: an additional antibiotic resistance menace.
Clin. Microbiol. Infect. 22:398–400.

47. McGann, P., E. Snesrud, R. Maybank, B. Corey, A.C. Ong,
R. Clifford, M. Hinkle, T. Whitman, E. Lesho, and K.E.
Schaecher. 2016. Escherichia coli harboring mcr-1 and
blaCTX-M on a novel IncF plasmid: first report of mcr-1 in
the United States. Antimicrob. Agents Chemother. 60:
4420–4421.

48. Di Pilato, V., F. Arena, C. Tascini, A. Cannatelli A, L.
Henrici De Angelis, S. Fortunato, T. Giani, F. Menichetti,
and G.M. Rossolini. 2016. mcr-1.2, a new mcr variant

carried on a transferable plasmid from a colistin-resistant
KPC carbapenemase-producing Klebsiella pneumoniae
strain of sequence type 512. Antimicrob. Agents Che-
mother. 60:5612–5615.

49. Wang, Q., J. Sun, J. Li, Y. Ding, X.P. Li, J. Lin, B. Hassan,
and Y. Feng. 2017. Expanding landscapes of the diversified
mcr-1-bearing plasmid reservoirs. Microbiome. 5:70.

50. Quan, J., X. Li, Y. Chen, Y. Jiang, Z. Zhou, H. Zhang, L.
Sun, Z. Ruan, Y. Feng, M. Akova, and Y. Yu. 2017. Pre-
valence of mcr-1 in Escherichia coli and Klebsiella pneu-
moniae recovered from bloodstream infections in China:
a multicentre longitudinal study. Lancet Infect. Dis. 17:
400–410.

Address correspondence to:
Katie R. Margulieux, PhD

Department of Enteric Diseases
Armed Forces Research Institute of Medical Sciences

315/6 Rajvithi Road
Bangkok 10400

Thailand

E-mail: katie.margulieux.ctr@afrims.org

410 SRIJAN ET AL.


