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Background: Klebsiella pneumoniae ST258 and ST11 carrying blaKPC are among the most widespread carbape-
nem-resistant K. pneumoniae strains worldwide. Our carbapenem-resistant Enterobacteriaceae surveillance in 
Thailand revealed a nationwide dissemination of K. pneumoniae ST16 isolates carrying blaNDM-1 and blaOXA-232.

Objectives: To analyse the genomic details of this nationwide dissemination by focusing on plasmids and viru-
lence factors.

Methods: Using WGS data of 119 K. pneumoniae ST16 isolates carrying blaNDM-1 obtained in our previous surveil-
lance study, clonality of chromosomes and plasmids of the isolates with carriage of virulence factors was 
evaluated.

Results: Of the 119 isolates, 111 carried plasmid pKP151_NDM1, and all 104 isolates harbouring blaOXA-232 car-
ried plasmid pKP151_OXA232. These 104 K. pneumoniae ST16 isolates showing chromosomal clonality pos-
sessed both pKP151_NDM1 and pKP151_OXA232, demonstrating clonal dissemination of K. pneumoniae 
ST16 with these plasmids. The isolates had essentially similar virulence factors as those of K. pneumoniae 
ST16 clones carrying blaKPC, which were recently reported as highly invasive clones in Brazil.

Conclusions: The potential global dissemination of these invasive clones with resistance to several antibiotics 
highlights the importance of appropriate monitoring and strict standard precautions.

© The Author(s) 2022. Published by Oxford University Press on behalf of British Society for Antimicrobial Chemotherapy. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/ 
by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

Introduction
Among MDR Enterobacteriaceae isolates, which are being 
disseminated worldwide, carbapenem-resistant Klebsiella pneu-
moniae (CRKP) is of major concern because alternative treatment 
options, even for common bacterial infections, are limited. 
Carbapenem resistance is primarily conferred by carbapene-
mases such as KPC, OXA-48 and NDM, which hydrolyse carbape-
nems. K. pneumoniae of the clonal group (CG) 258, including 
ST258 and ST11, carrying blaKPC, is the most frequently reported 

CRKP worldwide.1 Outbreaks of K. pneumoniae ST11 and ST258 
carrying blaNDM-1

2 and blaNDM-5,3 respectively, have recently been 
sporadically reported, implying a worldwide clonal spread of 
K. pneumoniae CG258 acquiring various carbapenemase genes. 
Meanwhile, Andrey et al.4 reported an outbreak of K. pneumoniae 
ST16 producing KPC-2, associated with a higher mortality rate 
than K. pneumoniae ST258 clones. Global dissemination of 
K. pneumoniae ST16 carrying both blaNDM-1 and blaOXA-232 has 
been reported,5,6 calling for careful monitoring of these highly 
virulent clones. During our nationwide surveillance of 
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Isolate 

 
Carbapenemase 

Coverage (%) of 
pKP151-NDM1 

Coverage (%) of 
pKP151-OXA232 

        

        C229 NDM-1 OXA-232 100 100 C600 NDM-1 OXA-232 92.7452 100 
C233 NDM-1 OXA-232 100 100 C795 NDM-1 OXA-232 93.3478 100 
C267 NDM-1 OXA-232 100 100 C635 NDM-1 OXA-232 92.4811 100 
C250 NDM-1 OXA-232 100 100 C628 NDM-1 OXA-232 92.9743 100 

KP353 NDM-1 OXA-232 90.9319 100 C632 NDM-1 OXA-232 92.4699 100 
C239 NDM-1 OXA-232 100 100 C633 NDM-1 OXA-232 92.6335 100 
C244 NDM-1 100 - C790 NDM-1 OXA-232 92.774 100 
C246 NDM-1 OXA-232 100 100 C791 NDM-1 93.4196 - 
C225 NDM-1 OXA-232 100 100 C567 NDM-1 OXA-232 93.3183 100 
C228 NDM-1 OXA-232 95.4947 100 C570 NDM-1 OXA-232 93.501 100 
C234 NDM-1 OXA-232 96.8108 100 C833 NDM-1 OXA-232 92.6566 100 
C251 NDM-1 OXA-232 96.8579 100 C792 NDM-1 OXA-232 92.667 100 

KP181 NDM-1 99.98 - C559 NDM-1 OXA-232 93.2313 100 
C247 NDM-1 OXA-232 100 100 KP146 NDM-1 OXA-232 100 100 
C263 NDM-1 OXA-232 100 100 KP155 NDM-1 OXA-232 100 100 
C242 NDM-1 100 - KP109 NDM-1 OXA-232 100 100 
C262 NDM-1 OXA-232 100 100 KP193 NDM-1 OXA-232 100 100 
C222 NDM-1 OXA-232 100 100 KP104 NDM-1 OXA-232 98.5139 100 
C230 NDM-1 OXA-232 100 100 KP150 NDM-1 OXA-232 98.1452 100 
C236 NDM-1 OXA-232 100 100 KP129 NDM-1 OXA-232 96.217 100 
C252 NDM-1 OXA-232 100 100 KP111 NDM-1 OXA-232 100 100 

C238R NDM-1 OXA-232 100 100 KP225 NDM-1 OXA-232 100 100 
C210 NDM-1 OXA-232 100 100 KP156 NDM-1 OXA-232 100 100 

KP314 NDM-1 OXA-232 89.0061 100 KP124 NDM-1 OXA-232 100 100 
KP343 NDM-1 OXA-232 88.7388 100 KP228 NDM-1 OXA-232 98.4046 100 
KP307 NDM-1 OXA-232 100 100 KP147 NDM-1 OXA-232 100 100 
KP317 NDM-1 OXA-232 100 100 KP148 NDM-1 OXA-232 99.842 100 
C126 NDM-1 OXA-232 100 100 KP195 NDM-1 OXA-232 99.8859 100 

KP256 NDM-1 OXA-232 100 100 KP107 NDM-1 OXA-232 99.7685 100 
KP227 NDM-1 100 - KP226 NDM-1 OXA-232 99.7989 100 
KP378 NDM-1 100 - KP108 NDM-1 OXA-232 99.9409 100 
KP210 NDM-1 OXA-232 100 100 KP105 NDM-1 OXA-232 99.7334 100 
KP217 NDM-1 OXA-232 100 100 KP190 NDM-1 OXA-232 99.9912 100 
KP209 NDM-1 OXA-232 100 100 KP130 NDM-1 OXA-232 99.9665 100 
KP342 NDM-1 OXA-232 100 100 KP102 NDM-1 OXA-232 99.9258 100 
KP212 NDM-1 100 - KP112 NDM-1 OXA-232 99.6648 100 
KP204 NDM-1 OXA-232 100 100 KP230 NDM-1 OXA-232 100 100 
KP211 NDM-1 100 - KP247 NDM-1 OXA-232 100 100 
KP202 NDM-1 OXA-232 100 100 C413 NDM-1 OXA-232 100 100 
C073 NDM-1 OXA-232 100 100 KP280 NDM-1 OXA-232 100 100 

KP384 NDM-1 OXA-232 93.8793 100 KP237 NDM-1 OXA-232 92.8953 100 
KP44 NDM-1 12.5358 - KP361 NDM-1 OXA-232 93.8107 100 

C175R NDM-1 29.1467 - C138 NDM-1 OXA-232 97.32 100 
C166 NDM-1 27.7261 - KP164 NDM-1 OXA-232 97.66 100 
C164 NDM-1 30.2258 - KP236 NDM-1 OXA-232 100 100 

C165R NDM-1 30.9122 - KP229 NDM-1 OXA-232 100 100 
C411 NDM-1 OXA-232 94.2353 100 KP241 NDM-1 OXA-232 100 100 
C415 NDM-1 OXA-232 93.9081 100 KP223 NDM-1 OXA-232 100 100 
C831 NDM-1 OXA-232 89.4802 100 KP232 NDM-1 OXA-232 100 100 
C268 NDM-1 OXA-232 100 100 KP110 NDM-1 OXA-232 100 100 
C520 NDM-1 OXA-232 93.2792 100 KP240 NDM-1 100 - 
C796 NDM-1 OXA-232 92.932 100 KP122 NDM-1 OXA-232 100 100 
C343 NDM-1 OXA-232 93.3566 100 KP151 NDM-1 OXA-232 100 100 
C634 NDM-1 OXA-232 93.3247 100 KP152 NDM-1 OXA-232 100 100 
C794 NDM-1 OXA-232 92.4372 100 KP233 NDM-1 OXA-232 100 100 
C793 NDM-1 OXA-232 93.0238 100 KP239 NDM-1 OXA-232 100 100 
C629 NDM-1 93.1547 - KP238 NDM-1 OXA-232 100 100 
C627 NDM-1 OXA-232 92.9256 100 KP123 NDM-1 OXA-232 100 100 
C626 NDM-1 OXA-232 93.2736 100 KP125 NDM-1 OXA-232 100 100 

    KP188 NDM-1 OXA-232 100 100         
        

pKP151_NDM1
125297 bp
LC613147

Thailand

unnamed
140557 bp
CP023923

Canada

pKL8-NDM
120614 bp
MH523448

Italy

bl
aN

D
M

-1
bl
eM

BL
su
lII

qa
cE
Δ1

aa
dA
2

df
rA
12

ca
tA
1

te
tR

te
tB

(b)

(a)

Figure 1. Similarity of the plasmids of study isolates and comparison with previously reported plasmids from other countries. (a) Similarity of the plas-
mids compared with the plasmids of KP151. Following mapping raw sequence reads obtained from HiSeq 3000 or PacBio RS II to the sequences of 
plasmids pKP151_NDM1 and pKP151_OXA232, coverages of the reference plasmids were calculated. (b) The structure of pKP151_NDM1 compared 
with that of previously reported plasmids. Block arrows indicate confirmed or putative ORFs and their orientations. Arrow size is proportional to the 
predicted ORF length. The colour code is as follows: red, carbapenem resistance gene; yellow, other antimicrobial resistance gene; light blue, conju-
gative transfer gene; blue, mobile element. Putative, hypothetical, or unknown genes are represented as grey arrows. The grey-shaded area indicates 
regions with high identity between sequences. Accession numbers of the plasmids are indicated below the plasmid size.
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Figure 2. Chromosomal phylogeny, plasmidome and virulence factors of K. pneumoniae ST16 isolates carrying blaNDM-1. Chromosomal phylogeny was 
constructed using CSI Phylogeny. Samples are colour-coded according to their collection provinces (as shown in the figure). pKP151_NDM1 and 
pKP151_OXA232 were used as reference plasmids for sequence mapping; plasmids carrying blaNDM distinct from pKP151_NDM1 were classified as 
‘others’. Carriage of virulence genes was confirmed by aligning the contigs of sequenced genomes of each isolate to our virulence factor data set 
(Table S1).
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carbapenem-resistant Enterobacteriaceae (CRE) isolates in 
Thailand, we identified 119 K. pneumoniae ST16 isolates carrying 
blaNDM-1.7 Here, we analysed the clonality of chromosomes and 
plasmids of these isolates and evaluated virulence factors shared 
among them.

Materials and methods
Bacterial isolates and antimicrobial susceptibility testing
Previously, we conducted nationwide surveillance of CRE isolates in 
Thailand, covering 11 representative hospitals in six provinces, between 
2012 and 2017, and collected 747 CRE isolates from various clinical speci-
mens of 736 patients (Figure S1, available as Supplementary data at 
JAC-AMR Online).7 Among 493 CRE isolates carrying blaNDM from 489 pa-
tients (confirmed using PCR and sequencing), 119 K. pneumoniae ST16 
isolates carrying blaNDM-1 obtained from 119 patients were analysed in 
this study. Antimicrobial drug susceptibility was determined as previously 
reported.7

WGS analysis
WGS of all isolates was conducted using the Illumina HiSeq 3000 
(Illumina, San Diego, CA, USA) or PacBio RS II (Pacific Biosciences, Menlo 
Park, CA, USA) platform.8 Using a combination of GridION (Oxford 
Nanopore Technologies, Oxford, UK) and Illumina HiSeq 3000 on the rep-
resentative isolate KP151 carrying both blaNDM-1 and blaOXA-232, the com-
plete sequence of plasmids pKP151_NDM1 and pKP151_OXA232 was 
determined, and plasmid clonalities were investigated by mapping the 
raw HiSeq 3000 and PacBio RS II reads of all isolates to the sequences of 
pKP151_NDM1 and pKP151_OXA232, using the Burrows–Wheeler 
aligner.9 Coverages of the reference plasmids by sequence reads were cal-
culated using SAMtools,10 with 90% identity and coverage cut-offs. 
Following the identification of antimicrobial resistance genes and annota-
tion using ResFinder 2.111 and RASTtk,12 the genomic structures of the 
plasmids were compared with those of plasmids identified with BLAST 
using Easyfig.13 Following sequence alignments using CLC Genomics 
Workbench 11.0.1 (CLC Bio, Aarhus, Denmark) with default settings, 
SNP distance analysis was performed with CSI Phylogeny 1.4,14 using 
K. pneumoniae strain KPNIH1 (NZ_CP008827.1) as a reference. iTOL 
(https://itol.embl.de/) was used to illustrate the phylogenetic trees. The 
virulence factors were analysed as previously reported,4 using 95% iden-
tity and coverage cut-offs. The virulence factors analysed are shown in 
Table S1.

Results and discussion
We performed comprehensive genomic analysis of 119 K. pneu-
moniae ST16 isolates carrying blaNDM-1 obtained from hospitals 
in five provinces in Thailand (Figure S2). First, plasmids carrying 
blaNDM-1 or blaOXA-232 harboured by the representative isolate 
KP151 were determined. The IncColKP3 plasmids carrying 
blaOXA-232 identified in the United States and the Netherlands 
were identical to pKP151_OXA232 (Figure S3), whereas the 
IncF1A/F1B plasmids carrying blaNDM-1, which have high similarity 
to pKP151_NDM1, were identified in Italy and Canada (Figure 1). 
This implies that both plasmids (pKP151_NDM1 and 
pKP151_OXA232) are disseminated widely, potentially globally. 
Notably, pKL8-NDM was identified from a K. pneumoniae ST16 
isolate carrying blaNDM-1 and blaOXA-232 isolated in Italy.5

Plasmid clonalities of the study isolates were investigated by 
mapping sequence reads to the reference plasmids 
pKP151_NDM1 and pKP151_OXA232 (Figure 1). Of the 119 

isolates, 111 carried pKP151_NDM1, and all 104 isolates harbour-
ing blaOXA-232 carried pKP151_OXA232. SNP analysis of the core 
genomes revealed the chromosomal clonality of K. pneumoniae 
ST16 isolates carrying blaNDM-1, with most differences being 
<60 SNPs (maximum 87 SNPs, except in eight isolates), whereas 
six of the eight isolates that were distinct from the predominant 
clones did not carry blaOXA-232 (Figure S4). The majority of K. pneu-
moniae ST16 isolates showing chromosomal clonality possessed 
both pKP151_NDM1 and pKP151_OXA232, demonstrating clonal 
dissemination of K. pneumoniae ST16 with these plasmids.

The study isolates were obtained from various patient speci-
mens, including urinary, lung, abdominal, abscess and venous 
blood specimens, implying that there is no infection-site specifi-
city (Figure 2). All isolates were highly resistant to various antibio-
tics, including aztreonam and levofloxacin (Figure S5). Colistin 
and aminoglycosides are potential candidates for combination 
therapy, with colistin, gentamicin and amikacin susceptibility of 
76.4% (91/119), 99.1% (118/119) and 100% (119/119), respect-
ively. Furthermore, we analysed the virulence factors of these 
highly invasive clones (Figure 2). These isolates shared various 
virulence-determinant genes (ybt-irp-fyuA, entA-F, fimA-H, 
mrkA-J, urea-G, wabGHN and capsular genes of KL51) corre-
sponding to highly invasive K. pneumoniae ST16 clones producing 
KPC, which was recently reported in Brazil.4 Hypervirulence genes 
(iucBCD-iutA, iroBCDN, rmpA and rmpA2) were not identified in 
the ST16 isolates in the current and previous studies, implying 
the involvement of unknown key factors in the ST16 virulence 
profile.

We report nationwide clonal dissemination of K. pneumoniae 
ST16 isolates carrying blaNDM-1 and blaOXA-232 in Thailand. These 
clones possess the same virulence genes as highly invasive 
K. pneumoniae ST16 clones, causing various infections. Appropriate 
monitoring of the global dissemination of this invasive clone 
with broad spectrum antimicrobial resistance and prevention of 
its dissemination are urgently required.
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Supplementary data
Figures S1 to S5 and Tables S1 and S2 are available as Supplementary 
data at JAC-AMR Online.
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