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Abstract

Carbapenem-resistant Enterobacterales (CRE) represent a serious threat to public health
due to the lack of treatment and high mortality. The rate of antimicrobial resistance of Enter-
obacterales isolates to major antimicrobials, including carbapenems, is much higher in Viet-
nam than in Western countries, but the reasons remain unknown due to the lack of
genomic epidemiology research. A previous study suggested that carbapenem resistance
genes, such as the carbapenemase gene blaypy, spread via plasmids among Enterobac-
terales in Vietnam. In this study, we characterized blaypu-carrying plasmids in Enterobac-
terales isolated in Vietnam, and identified several possible cases of horizontal transfer of
plasmids both within and among species of bacteria. Twenty-five carbapenem-nonsuscep-
tible isolates from a medical institution in Hanoi were sequenced on lllumina short-read
sequencers, and 13 blaypu-positive isolates, including isolates of Klebsiella pneumoniae,
Escherichia coli, Citrobacter freundlii, Morganella morganii, and Proteus mirabilis, were fur-
ther sequenced on an Oxford Nanopore Technologies long-read sequencer to obtain com-
plete plasmid sequences. Almost identical 73 kb IncFll(pSE11)::IncN hybrid plasmids
carrying blanpwm-1 were found in a P. mirabilis isolate and an M. morganiiisolate. A 112 kb
IncFlI(pRSB107)::IncN hybrid plasmid carrying blaypwm-1 in an E. coliisolate had partially
identical sequences with a 39 kb IncR plasmid carrying blanpm-1 and an 88 kb IncFll
(pPHN7AB8)::IncN hybrid plasmid in a C. freundiiisolate. 148—149 kb IncFIA(HI1)::IncA/C2
plasmids and 75—76 kb IncFll(Yp) plasmids, both carrying blaypwm.1 were shared among
three sequence type 11 (ST11) isolates and three ST395 isolates of K. pneumoniae,
respectively. Most of the plasmids co-carried genes conferring resistance to clinically
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relevant antimicrobials, including third-generation cephalosporins, aminoglycosides, and
fluoroquinolones, in addition to blaypwm.1- These results provide insight into the genetic
basis of CRE in Vietnam, and could help control nosocomial infections.

Introduction

Carbapenems have a broad spectrum of antimicrobial activity and are reserved for the treat-
ment of infections caused by multidrug-resistant Gram-negative bacteria including Enterobac-
terales. The increase of cases infected by carbapenem-resistant Enterobacterales (CRE) is a
serious threat to public health due to limited management of severe infections and risk of
increased mortality [1,2]. Carbapenem-hydrolyzing B-lactamase (carbapenemase) genes, such
as blanpms blagpc, and blagxa_gs, that confer resistance to a broad range of B-lactams includ-
ing third-generation cephalosporins and carbapenems are predominantly encoded on conju-
gative plasmids and have been transferred among Enterobacterales around the world [3].
There was a report that out of 27 carbapenem-resistant Klebsiella pneumoniae isolated from
patients in a medical institution in Hanoi, Vietnam from 2014 to 2015, two isolates belonging
to sequence type 395 (ST395) harbored blanpa. 1, and five isolates belonging to ST15, ST16,
and ST2353 harbored blaxpn. 4 [4]. There was another report that six K. pneumoniae isolates
with blanpw.; were isolated from water samples in Hanoi, Vietnam in 2011 and belonging to
ST283 [5]. Furthermore, we previously detected blanpys in 68.1% (47/69) of CRE isolates from
45 patients in a medical institution in Hanoi, Vietnam from 2010 to 2012, and some of isolates
could be shown to transfer blanpy to Escherichia coli [6], suggesting that blaxpy had spread
via plasmids among Enterobacterales in medical institutions and communities in Vietnam.

The common replicon types of blaypp-carrying plasmids associated with Enterobacterales
includes IncA/C, IncFIA, IncFIB, IncFIl, IncH, IncL/M, IncN, and IncX [7,8]. The plasmids
occasionally co-carried other clinically relevant antimicrobial resistance (AMR) genes, such as
extended-spectrum B-lactamase (ESBL) genes conferring resistance to third-generation cepha-
losporins, such as blacrx am, 16S ribosomal RNA (rRNA) methyltransferase genes conferring
high-level resistance to aminoglycosides, such as armA and rmt, and fluoroquinolone resis-
tance genes, such as gnr and gep [9]. Metallo-B-lactamase gene blayp.; is often observed in a
Tn125 transposon in carbapenem-resistant Acinetobacter spp. Tnl25 is bracketed by two cop-
ies of insertion sequences, ISAba125, belonging to the IS30 family [10,11]. On plasmids of
CRE, blanpm. is also observed in the Tn125-like mobile gene element (MGE) which contains
ISAbal25 [11-14].

In this study, we report the detailed structures of blaxppm.1-carrying plasmids, and co-exist-
ing AMR genes and MGEs on the plasmids in Enterobacterales isolated in Vietnam. This
knowledge provides insight into genetic characteristics and potential transmissions of the plas-
mids among Enterobacterales in Vietnam for the first time.

Results

Molecular characterization of carbapenem-nonsusceptible
Enterobacterales isolated in Vietnam
A total of 122 isolates of ESBL-producing Enterobacterales were collected in daily diagnosis

from individual patients in a medical institution in Hanoi, Vietnam between 2013 and 2017.
Twenty-five Enterobacterales isolates, including K. pneumoniae (19/25, 76.0%), E. coli (2/25,
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Fig 1. Carbapenem-nonsusceptible Enterobacterales isolates sequenced on Illumina systems. Red nodes, but not black nodes, show isolates
subsequently sequenced with ONT MinION. Bar lengths represent the number of substitutions per site in the core genome constructed using the Roary
pipeline (see Materials and methods). Sequence types of multilocus sequence typing (MLST) analysis determined from genomes, minimum inhibitory
concentrations (MICs) of meropenem (MEM) and imipenem (IPM) of isolates, carbapenemase genes detected by ResFinder and replicon types
detected by PlasmidFinder in genomes, years in which the bacteria were isolated, and replicon types and sizes of blaxpy-carrying plasmids are shown.

https://doi.org/10.1371/journal.pone.0231119.g001

8.0%), Citrobacter freundii (2/25, 8.0%), Morganella morganii (1/25, 4.0%), and Proteus mirabi-
lis (1/25, 4.0%) isolates, from clinical specimens, including blood (12/25, 48.0%), pus (10/25,
40.0%), urine (2/25, 8.0%), and sputum (1/25, 4.0%), were nonsusceptible to meropenem or
imipenem and tested positive with CarbaNP test. The minimum inhibitory concentrations
(MICs) of meropenem ranged from 1.5 to >32 pg/mL (median at 6 pg/mL) and those of imi-
penem ranged from 2 to >32 pg/mL (median at 12 pg/mL) (Fig 1 and S1 Table).

Whole-genome sequencing of all 25 carbapenem-nonsusceptible Enterobacterales isolates
with short-read sequencers resulted in the draft genome sequences ranged from 4.1 Mb to 5.9
Mb sizes with 132 to 868 contigs covered by at least x60 sequencing data (S1 Table). Carbape-
nemase gene blanpy.; was detected in 12 Enterobacterales isolates (12/25, 48.0%), including
K. pneumoniae (7/25, 28.0%), C. freundii (2/25, 8.0%), E. coli (1/25, 4.0%), M. morganii (1/25,
4.0%), and P. mirabilis (1/25, 4.0%) isolates. Carbapenemase gene blanpy.4 Was detected in
five K. pneumoniae isolates (5/25, 20.0%), in which two isolates co-harbored other carbapene-
mase gene blaoxa_ss like (Dlaoxa_as and blaoxa 11, respectively) (2/25, 8.0%). Carbapenemase
gene blagpc, was detected in eight Enterobacterales isolates (8/25, 32.0%), including K. pneu-
moniae (7/25, 28.0%) and E. coli (1/25, 4.0%) isolates (Fig 1 and S1 Table).

Multilocus sequence typing (MLST) analysis revealed that the 19 carbapenemase-producing
K. pneumoniae isolates belonged to five sequence types (STs), including ST15 (9/19, 47.4%),
ST11 (4/19, 21.1%), ST395 (3/19, 15.8%), ST656 (2/19, 10.5%), and ST16 (1/19, 5.3%). The two
E. coli isolates with blaxpyy 1 and blagpc » belonged to ST405 and ST457, respectively (Fig 1).
The presence of blanpn.; and replicons IncFII(pSE11) and IncN were detected in M. morganii
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MH16-367M and P. mirabilis MH13-009N, suggesting that these isolates might harbor
blanpm.1 on the identical IncFII(pSE11), IncN, or IncFII(pSE11)::IncN plasmid (Fig 1).

MLST classified three K. pneumoniae isolates (MH15-289M, MH16-398D, and MH15-
258M) as ST11 and another three K. pneumoniae isolates (MH15-208H, MH15-191M, and
MH13-055M) as ST395. Interestingly, the presence of blanpy.; and replicons IncFIA(HI1),
IncFIB(K), and IncFII(K) were detected in all six isolates (Fig 1). In other examples, in the
nine K. pneumoniae-ST15 isolates, blaypm.4, IncFIB(pKPHS1), and IncFII(K) replicons were
detected in four isolates (MH17-556D, MH16-335M, MH17-016D, and MH17-017D), and
blaxpc.», IncFIB(K), and IncN replicons were detected in five isolates (MH16-444M, MH17-
553M, MH17-536D, MH16-519D, and MH17-011M) (Fig 1).

Putative transfer of blaxpy; 1-carrying plasmids between Enterobacterales
isolated in Vietnam

To investigate the similarities of the blanpy.1-carrying plasmids in more detail, long-read
sequencing was performed for 12 blaxpn. 1-positive Enterobacterales isolates, including seven
K. pneumoniae belonging to ST11 (three isolates), ST395 (three isolates), and ST656 (one iso-
late), two C. freundii, one E. coli belonging to ST405, one M. morganii, and one P. mirabilis iso-
lates, and one blaxpm_4-positive K. pneumoniae isolate belonging to ST15 were further
sequenced with the long-read sequencer. Hybrid analysis using short-read and long-read
sequencing data resulted in complete sequences of 13 blanpy-carrying plasmids that ranged
from 39.2 kb to 345.7 kb sizes (covered by at least x125 long-read sequencing data; S2 Table).
Interestingly, many blaxpy-carrying plasmids co-carried other clinically relevant AMR genes,
such as 16S rRNA methyltransferases genes (9/13, 69.2%) and quinolone resistance genes (6/
13, 46.2%) on the same plasmid (S2 Table).

BLAST search revealed that several blaypnm.1-carrying plasmids had high sequence identi-
ties with each other and with plasmids in the GenBank database (Figs 2-5). However, blaxpm.
1-carrying plasmid pMH16-522D_1 (52.7 kb plasmid IncX3 replicon, accession: AP018571) in
C. freundii MH16-522D, blanpy.1-carrying plasmid pMH16-390M_1 [345.7 kb plasmid with
IncFIA(HI1):IncR replicons, accession: AP018583] in K. pneumoniae MH16-390M, and
blanpwm.4-carrying plasmid pMH16-335M_1 [105.6 kb plasmid with IncFII(K) replicon, acces-
sion: AP018584] in K. pneumoniae MH16-335M were not homologous to any other plasmids
in this study (S2 Table). BLAST search revealed that numerous plasmids in Enterobacterales
isolated around the world had 98-100% identity in more than 70% of the regions of pMH16-
522D_1, pMH16-390M_1, and pMH16-335M_1, respectively. All three plasmids harbored
additional B-lactamase and/or gnr genes: C. freundii pMH16-522D_1 carried blagiyy 12, K.
pneumoniae pMH16-390M_1 carried blacrx m.3» blarem v, and gnrB6, and K. pneumoniae
PMH16-335M_1 carried blagxa.o, blasgvy.10s, and blasgy.og (S2 Table). Furthermore, all three
plasmids contained the Tn125-like MGEs around blaxpn, and the sequences were highly iden-
tical to the reference sequence of Tn125 (accession: HQ857107) (96.9 to 100% identity with
87-89% region) [14].

P. mirabilis MH13-009N (isolated in 2013) and M. morganii MH16-367M (isolated in
2016) had only one plasmid, pMH13-009N_1 [72.6 kb plasmid with IncFII(pSE11)::IncN rep-
licons, accession: AP018566] and pMH16-367M_1 [73.1 kb plasmid with IncFII(pSE11)::IncN
replicons, accession: AP018565], respectively; the sequences of these plasmids were almost
identical (100% identity in 99% regions), including the blanpys 1 and IncFII(pSE11):IncN
hybrid replicon regions (Fig 2A and 2B). Both of the plasmids carried blaypys.; and an inte-
gron cassette that contains the class 1 integrase gene (intI1) and the AMR genes, such as bla-
TEM-1b» TMtB, and gepA 1. The same integron cassette was observed on E. coli pHPA (10.5 kb
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Fig 2. blaypm.1-carrying plasmids and the detailed genetic structures around blaypy.1 in carbapenem-nonsusceptible Enterobacterales isolates
sequenced using ONT MinION and Illumina systems. Sets of plasmids from P. mirabilis MH13-009N (pMH13-009N_1, accession: AP018566) and
M. morganii MH16-367M (pMH16-367M_1, accession: AP018565), and from E. coli MH13-051M (pMH13-051M_1, accession: AP018572) and C.
freundii MH17-012N (pMH17-012N_1, accession: AP018567 and pMH17-012N_2, accession: AP018568), are shown. (A) and (C) Linear comparison
of blanpy.1-carrying plasmid sequences. (B) and (D) Schematic representation of possible transfer of plasmids, including blaxpy.1-carrying plasmids.
Circles within bacterial cells show plasmids, and red squares on plasmids show blaxpyy. ;. Sets of plasmids from P. mirabilis MH13-009N and M.
morganii MH16-367M (A and B), and from E. coli MH13-051M and C. freundii MH17-012N (C and D), are shown. Red, yellow, green, blue, and gray
arrows indicate blaxpy, other important AMR genes (ARGs), type IV secretion system (T4SS)-associated genes involved in conjugation, mobile gene
elements (MGEs), and other genes, respectively. The colors in comparison of plasmids show percent identity and sequence direction as indicated. Blue
for matches in the same direction and red for matches in the inverted direction.

https://doi.org/10.1371/journal.pone.0231119.9002

plasmid with IncFII replicon, accession: AB263754) isolated from a human in Japan in 2002
[15]. Carbapenemase gene blanpyy.; was surrounded by several MGEs, including ISAba125,
ISCR21, and two IS26, on P. mirabilis pMH13-009N_1 and M. morganii pMH16-367M_1, and
shared identical sequences with Tn125 (Fig 2A): 100% identity with 89% region of the refer-
ence sequence (accession: HQ857107) [14,16,17]. The nearly identical blaypy. i -carrying plas-
mids, P. mirabilis pMH13-009N_1 and M. morganii pMH16-367M_1 were successfully
transferred to recipient E. coli at a frequency of 107°~10"" in vitro.

E. coli MH13-051M (isolated in 2013) harbored blanpy.1 on plasmid pMH13-051M_1
[111.5 kb plasmid with IncFII(pRSB107)::IncN replicons, accession: AP018572], which had
partially identical sequences with two plasmids, pMH17-012N_1 (39.2 kb plasmid with IncR

PLOS ONE | https://doi.org/10.1371/journal.pone.0231119  July 28, 2021 5/16


https://doi.org/10.1371/journal.pone.0231119.g002
https://doi.org/10.1371/journal.pone.0231119

PLOS ONE

Plasmid analysis of NDM-producing Enterobacterales in Vietnam

(A)

P. mirabilis
pMH13-009N_1
[IncFlI(pSE11)::IncN]
72.6 kb, Viethnam

S. enterica FDAARGOS_70

unnamed1

Ezlg.ceNI](b, USA o
99% 100%

(B)

E. coli

PMH13-051M_1 DA IR R HDM DA I IO NIDEI DI DI

[IncFlI(pRSB107)::IncN]
111.5 kb, Vietnam

C. freundii

: 1 e T SN Sy VS i
ﬁmg,};ﬁlﬁ'gﬁﬁcm BRI DD RONIDE Y
87.6 kb, Vietnam

E. coli
p103-2-4
[IncFlI(pHN7A8)]
100.8 kb, China

“i

IR IO WD i
Mnmuum‘m HDIDH DI DA DEN HmmN

S. enterica Enteritidis 3
frcrtornragynoxt) TG RETKETRDHD IR MWD D=
111.8 kb, China

95% 100%

B viay,, [JARG [ T4ss [OIMGE [ Others

Fig 3. (A) and (B) Linear comparison of plasmid sequences from Vietnam and other countries. P. mirabilis pMH13-009N_1 (this study, accession:
AP018566) and Salmonella enterica FDAARGOS_70 plasmid unnamed1 (accession: CP026053) (A), and E. coli pMH13-051M_1 (this study, accession:
AP018572), C. freundii pMH17-012N_2 (this study, accession: AP018568), E. coli p103-2-4 (accession: CP034846), and Salmonella enterica serovar
Enteritidis p12367A (accession: CP041177) (B) are shown. Red, yellow, green, blue, and gray arrows indicate blaxpy, other important AMR genes
(ARGs), type IV secretion system (T4SS)-associated genes involved in conjugation, mobile gene elements (MGEs), and other genes, respectively. The
colors in comparison of plasmids show percent identity and sequence direction as indicated. Blue for matches in the same direction and red for matches
in the inverted direction.

https://doi.org/10.1371/journal.pone.0231119.9003

replicon, accession: AP018567, 100% identity in 24% region of pMH13-051M_1) and pMH17-
012N_2 [87.6 kb plasmid with IncFII(pHN7A8)::IncN replicons, accession: AP018568, 98.8%
identity in 78% region of pMH13-051M_1], both found in C. freundii MH17-012N (isolated in
2017) (Fig 2C and 2D). E. coli pMH13-051M_1 [IncFII(pRSB107)::IncN plasmid] and C.
freundii pMH17-012N_1 (smaller IncR plasmid) commonly carried blanpy.1 and blatey. 1p,
and pMH13-051M_1 further carried blacrx am.55 and rmtB. C. freundii pMH17-012N_2 [larger
IncFII(pHN7AS)::IncN plasmid] carried no known AMR genes, but did have a set of conjuga-
tion-associated type IV secretion system (T4SS) genes, which shared identical sequences with
E. coli pMH13-051M_1. The genetic structures surrounding blaxpn.; in E. coli pMH13-
051M_1 and C. freundii pMH17-012N_1 contained MGEs, including ISAba125, ISCR21, and
two 1526, and shared identical sequences with Tn125 (Fig 2C): 98.6% and 100% identity with
89% region of the reference sequence (accession: HQ857107) [14].
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https://doi.org/10.1371/journal.pone.0231119.9004

Comparison of blaypy_;-carrying plasmids in Vietnam with those in other
countries

Next, we compared blanpym.1—carrying plasmids identified in Vietnam with those reported in
other countries. A set of conjugation-associated T4SS genes in P. mirabilis pMH13-009N_1
[72.6 kb plasmid with IncFII(pSE11)::IncN replicons] was partially identical with Salmonella
enterica FDAARGOS_70 plasmid unnamed1 (47.8 kb plasmid with IncN replicon, accession:
CP026053, 100% identity in 61% region of pMH13-009N_1) isolated from a human in the
United States in 2013, which carried blatgn. 1, (Fig 3A). However, S. enterica FDAARGOS_70
plasmid unnamed1 did not carry blaxpy 1 as P. mirabilis pMH13-009N_1 did. C. freundii
pMH17-012N_2 [87.6 kb plasmid with IncFII(pHN7AS8)::IncN replicons and no AMR genes]
was highly identical with E. coli p103-2-4 [100.8 kb plasmid with IncFII(pHN7AS) replicons,
accession: CP034846, 99.9% identity in 94% region of pMH17-012N_2] from a goose farm in
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China in 2018 and with S. enterica serovar Enteritidis p12367A [111.8 kb plasmid with IncFII
(pHN7AS)::IncX1 replicons, accession: CP041177, 99.9% identity in 73% region of pMH17-
012N_2] isolated from a human in China in 2013 (Fig 3B). E. coli p103-2-4 and S. enterica ser-
ovar Enteritidis p12367A carried several AMR genes, such as blacrx m.ss and blatem.1p-
Furthermore, three K. pneumoniae isolates belonging to ST11 (MH15-289M, MH16-398D,
and MH15-258M isolated in 2015, 2016, and 2015, respectively) shared nearly identical
blanpw.1-carrying plasmids, pMH15-289M_1, pMH16-398D_1, and pMH15-258M_1 [147-
149 kb plasmids with IncFIA(HI1):IncA/C2 replicons, accessions: AP018577, AP018578, and
AP018579, respectively, 99.6% identity in 99% regions], and all of these plasmids carried other
AMR genes, such as blacrx .15 blaoxa.1, rmtC, and gnrB9 (Fig 4). blanpy.1 was surrounded
by several MGEs, including 1S3000, IS1, and ISCRI. These three plasmids were highly identical
with K. pneumoniae plasmid tigd0000169_pilon [176.3 kb plasmid with IncFIA(HI1)::IncA/C2
replicons, accession: CP021952, 99.8% identity in 82% region of pMH15-289M_1] in the
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United States and with E. coli pK71-77-1-NDM (145.3 kb plasmid with IncA/C2 replicon,
accession: CP040884, 99.9% identity in 62% region of pMH15-289M_1) isolated from a
human in Norway in 2010. The plasmids tigd0000169_pilon and pK71-77-1-NDM had identi-
cal sequences in the T4SS region of pMH15-289M_1, and carried blaxpm.1> blacumy.s, and
rmtC, and the plasmid tig00000169_pilon further carried blasgy_;, and gnrB58. K. pneumoniae
MH16-398D had 235 sequence variants (214 single-nucleotide variants [SNVs], 14 multiple-
nucleotide variants [MNVs], four deletions, two insertions, and one replacement), and K.
pneumoniae MH15-258M had six sequence variants (five SNVs and one replacement) relative
to K. pneumoniae MH15-289M.

Another three K. pneumoniae isolates belonging to ST395 (MH15-208H, MH15-191M, and
MH13-055M isolated in 2015, 2015, and 2013, respectively) shared nearly identical blaxpn.1-
carrying plasmids, pMH15-208H_1, pMH15-191M_1, and pMH13-055M_1 [75-76 kb plas-
mids with IncFII(Yp) replicon, accessions: AP018580, AP018581, and AP018582, respectively,
99.8-99.9% identity in 99% regions], and all plasmids carried another AMR gene, rmtB
(Fig 5). blanp.1 in these plasmids was surrounded by several MGEs, including ISAba125, 1S 1,
and IS91, and shared partially identical sequences with Tn125 (Fig 5): 99.5-100% identity with
88-89% region of the reference sequence (accession: HQ857107) [14]. These three plasmids
were highly identical with Enterobacter hormaechei pPNDM1_045001 [85.7 kb plasmid with
IncFII(Yp) replicon, accession: CP043383, 99.9% identity in 98% region of pMH15-208H_1]
isolated from a human in China in 2018 and with K. pneumoniae pSECR18-2374C [86.0 kb
plasmid with IncFII(Yp) replicon, accession: CP041930, 99.9% identity in 95% region of
pMH15-208H_1] isolated from a human in South Korea in 2018. E. hormaechei
pNDM1_045001 and K. pneumoniae pSECR18-2374C had a partially identical sequence of
conjugation-associated T4SS genes with pMH15-208H_1. E. hormaechei pNDM1_045001 car-
ried blanpm.1> blatgm. 1, and rmtB, and K. pneumoniae pSECR18-2374C carried blanpm.4»
blargn 1w and rmtB. K. pneumoniae MH15-191M had three sequence variants (two SNVs and
one MNV) and K. pneumoniae MH13-055M had only one SNV relative to K. pneumoniae
MH15-208H.

In bacterial conjugation experiments with E. coli, C. freundii pMH17-012N_1 (39.2 kb plas-
mid with IncR replicon), pMH17-012N_2 [87.6 kb plasmid with IncFII(pHN7A8)::IncN repli-
cons], E. coli pMH13-051M_1 [111.5 kb plasmid with IncFII(pRSB107)::IncN replicons], K.
pneumoniae pMH15-258M_1 [148.8 kb plasmid with IncFIA(HI1)::IncA/C2 replicons], and
K. pneumoniae pMH15-208H_1 [75.4 kb plasmid with IncFII(Yp) replicon] were not trans-
ferred to recipient E. coli under our experimental conditions though a set of T4SS-associated
genes were detected in C. freundii pMH17-012N_2, E. coli pMH13-051M_1, K. pneumoniae
pMH15-258M_1, and K. pneumoniae pMH15-208H_1.

Discussion

The Viet Nam Resistance (VINARES), a nationwide surveillance network consisting of 16 cen-
tral and provincial-level medical institutions was established in Vietnam in 2013 [18]. Accord-
ing to VINARES data, the rates of resistance of K. pneumoniae to third-generation
cephalosporins, carbapenems, aminoglycosides, and fluoroquinolones were 66.4%, 17.1%,
29.5%, and 53.0%, respectively, in Vietnam [19], whereas the rates were 13.6%, 0.5%, 6.5%,
and 8.7%, respectively, in the United Kingdom in 2013 [20], and 17.2%, 4.3%, 4.5%, and
16.8%, respectively, in the United States in 2010 [21]. Though the rates of resistance of Entero-
bacterales to major antimicrobials are much higher in Vietnam than in Western countries, the
genetic causes remain unknown.
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In this study, we performed comprehensive genetic analysis on plasmids carrying blanpu
carbapenemase genes in Enterobacterales isolated from patients in Vietnam. We focused on
carbapenem-nonsusceptible Enterobacterales isolates harboring blanpw, one of the most prev-
alent carbapenemase genes in the world, and completely sequenced 12 plasmids carrying
blanpy.1 from K. pneumoniae (ST11, ST395, and ST656), E. coli (ST405), C. freundii, M. mor-
ganii, and P. mirabilis isolates and one plasmid carrying blanypm.4 from K. pneumoniae isolate
(ST15). Nearly identical plasmids carrying blaxpnm.; were detected in different bacterial species
of this study, suggesting that they represent common and important AMR plasmids dissemi-
nated in Vietnam (Figs 2, 4 and 5). Moreover, the co-existence of clinically relevant AMR
genes, such as ESBL genes (e.g., blactx.m» blaoxa, and blargy), aminoglycoside resistance
genes (e.g., armA and rmt), and fluoroquinolone resistance genes (e.g., gep and gnr), with
blanpm.1 was observed in several plasmids, such as P. mirabilis pMH13-009N_1 (Fig 2) and K.
pneumoniae pMH15-289M_1 (Fig 4). Hence, the spread of the plasmids both within and
among species of bacteria would have caused an increase in multidrug-resistant bacteria and
the infected hosts in Vietnam, and will pose a threat to public health.

Almost identical IncFII(pSE11):IncN hybrid plasmids, pMH13-009N_1 and pMH16-
367M_1, were found in P. mirabilis and M. morganii isolates, respectively (Fig 2A and 2B).
These plasmids had identical sequences including a set of conjugation-associated T4SS genes
with the IncN plasmid from S. enterica isolated in the United States (Fig 3A). IncN plasmids
are prevalent in the microbiota of animals, and disseminate AMR genes such as blacrx.a.1
and gnr [22], suggesting that IncN plasmids with the same origin of P. mirabilis pMH13-
009N_1 and M. morganii pMH16-367M_1 could be disseminated in communities, including
humans, animals, and the environment, in Vietnam and other countries.

The IncFII(pRSB107)::IncN hybrid plasmid pMH13-051M_1 in E. coli, had partial
sequence identity with the IncR plasmid pMH17-012N_1 and the IncFII(pHN7A8)::IncN
hybrid plasmid pMH17-012N_2 both in C. freundii (Fig 2C and 2D). Rearrangement of conju-
gation genes plays an important role in the dissemination of AMR genes between bacteria
[23]. Because known IncR plasmids are non-transferable [24], an IncR plasmid carrying AMR
genes (e.g. C. freundii pMH17-012N_1) and another plasmid carrying conjugation genes (e.g.
C. freundii pMH17-012N_2) could be assumed to have been fused into a single plasmid with
both AMR and conjugation genes (e.g. E. coli pMH13-051M_1) in a bacterium. Subsequently
the plasmid was propagated by conjugation to another bacterium. There is an increasing num-
ber of reports of IncR plasmids carrying various AMR genes and the pool of AMR genes on
IncR plasmids is thought to spread to transmissible plasmids via recombination, contributing
to the high evolutionary plasticity of bacterial genomes [25]. Further analysis on the possible
recombination events are needed to understand the ways of transmission of these plasmids
between bacterial isolates and species.

The IncFII(pHN7A8)::IncN hybrid plasmid pMH17-012N_2 had highly identical
sequences including a set of conjugation-associated T4SS genes with the plasmids E. coli p103-
2-4 and S. enterica Enteritidis p12367A, that carry several AMR genes, such as blacrx m.s5 and
blatem.1v, but no blanpn (Fig 3B). The IncFII plasmid pHN7AS8 (accession: JN232517), which
also carries several AMR genes, such as blacrx_m.es, rmtB, and fosA3, and is widespread in E.
coli from farm and companion animals in China [26], suggesting that plasmids with IncFII
(pHN7AS) replicon are associated with AMR.

blanpw.1 was found on several hybrid plasmids, such as IncFII(pSE11)::IncN, IncFII
(pRSB107)::IncN hybrid plasmids (Fig 2A and 2C), and IncFIA(HI1)::IncA/C2 hybrid plas-
mids from three K. pneumoniae ST11 isolates (Fig 4). Hybrids of multiple replicons belonging
to different incompatibility groups represent a plasmid strategy for expansion of host range
and dissemination of acquired AMR genes among bacteria [27]. The IncFIA(HI1)::IncA/C2
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hybrid plasmids or IncFII(Yp) plasmids were reported from other regions, including the
United States, Europe, and Asia (Figs 4 and 5). IncFIA(HI1)::IncA/C2 plasmids and IncFII
(Yp) plasmids were detected in K. pneumoniae in this study, suggesting that these plasmids
and/or bacterial isolates would have also been spreading in medical institutions and commu-
nity in Vietnam.

The blaypm.1-surrounding regions in plasmids, P. mirabilis pMH13-009N_1, M. morganii
pMH16-367M_1, C. freundii pMH17-012N_1, and E. coli pMH13-051M_1 (Fig 2), K. pneumo-
niae pMH15-208H_1, pMH15-191M_1, and pMH13-055M_1 (Fig 5), and K. pneumoniae
pMH16-390M_1, pMH16-335M_1, and C. freundii pMH16-522D_1 had almost identical
sequence including Tn125 which was discovered in A. baumannii [10,14,16]. Tn125 includes
ISAbal25 and ISCR21, but sequences of the Tn125-like region in P. mirabilis pMH13-009N_1,
M. morganii pMH16-367M_1, and E. coli pMH13-051M_1 (Fig 2) include two 1S26 in addi-
tion to ISAba125 and ISCR21. This Tn125-like structure has also been detected in other plas-
mids from Enterobacterales, such as C. freundii pCF104a-T3 (accession: MN657241) isolated
from a human in Germany in 2015 [17]. This report showed that IS26-mediated transfer of
blanpw.1-containing Tn125-like regions had occurred in different Enterobacterales species
within one medical institution.

The MGEs surrounding blaxpy.; on plasmids, K. pneumoniae pMH15-289M_1, pMH16-
398D_1, and pMH15-258M_1 (Fig 4), were highly identical with the corresponding sequence
of E. coli pEC2-NDM-3 (accession: KC999035) isolated from a human in Australia in 2010
though pEC2-NDM-3 carried blanpy.3 with a part of the same set of MGEs, including ISCR1.
ISCRI was suggested to provide a vehicle for blaxpy.; dissemination [8,28].

MLST analysis is helpful to estimate whether bacterial isolates belonging to the same ST's
were originated from the same clones and spread within the medical institution, and whole-
genome SNV-based analysis enables us to estimate more accurate genetic relationship.
According to a report [29], SNVs accumulated in K. pneumoniae ST258 isolates at a rate of 3.9
SNVs per year. Our analysis of SNVs of K. pneumoniae ST11 isolates (Fig 4) revealed 214
SNVs in MH16-398D relative to MH15-289M. This suggests that different ST11 clones are
present in the medical institutions and communities. In support of this theory, a report [30]
showed that K. pneumoniae isolates from medical institutions, sewage, canals, and agricultural
waste water were intermixed in the phylogenetic classification. Because ST11 is one of major
international epidemic clones of K. pneumoniae [31], an ST11 clone carrying AMR plasmid
could have disseminated in a medical institution or local community in Hanoi, Vietnam.
Another three ST395 isolates of K. pneumoniae (Fig 5) are very clonal based on the rate of
SNV accumulation [29] and could be disseminated from the same clone within the medical
institution because only a few SNVs were present in MH15-191M and MH13-055M relative to
MH15-208H.

Conclusion

Plasmid analysis in this study shows the complex structures and diversity of plasmids carrying
blanpm.1 in Vietnam. Hybrid analysis with both Illumina short-read and ONT long-read
sequencing is a promising method for detecting important AMR plasmids in CRE isolates and
the real-time analysis is useful for controlling nosocomial infections.

Materials and methods
Bacterial isolates

A total of 122 ESBL-producing Enterobacterales isolates were collected from selected speci-
mens, including blood, sputum, urine, and pus from both in-patients and out-patients with
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infections in daily diagnosis in a reference medical institution in Hanoi, Vietnam between
2013 and 2017. All bacterial isolates were excluded from duplicates from the same patient. The
medical institution has 700 beds, and includes 13 surgical departments and 10 internal medi-
cine departments. The medical services are provided for both military and civil patients. Bacte-
rial species identification, prediction of ESBL activity, and antimicrobial susceptibility testing
were performed by Vitek 2 (BioMérieux) and E-test (BioMérieux). ESBL gene(s)-harboring
isolates could also harbor other important AMR genes, including carbapenemase gene(s).
According to the Clinical and Laboratory Standards Institute (CLSI) 2020 guidelines, break-
points of meropenem and imipenem are <1 pg/mL (susceptible), 2 pg/mL (intermediate),

>4 ug/mL (resistant), respectively. Carbapenemase activity was examined by CarbaNP test
according to the CLSI 2020 guidelines. Major carbapenemase genes (blaxpr, blaxpc, blaoxa-
48> blapyp, and blayyy;) were detected by a multiplex PCR method [32]. Twenty-five carbape-
nem-nonsusceptible and carbapenemase-positive isolates (19 K. pneumoniae, two E. coli, two
C. freundii, one M. morganii, and one P. mirabilis) were subjected to the whole-genome
sequencing analysis described below.

Preparation of genomic DNA

For short-read sequencing, genomic DNAs of bacterial isolates were extracted with the phe-
nol-chloroform method, and purified with QIAquick PCR Purification Kit (QIAGEN) accord-
ing to the manufacturer’s instructions. For long-read sequencing, high-molecular-weight
genomic DNAs of bacterial isolates were extracted with MagAttract HMW DNA Kit (QIA-
GEN) according to the manufacturer’s instructions. The extracted genomic DNAs were quan-
tified with a Qubit 2.0 fluorometer (Thermo Fisher Scientific).

Whole-genome sequencing and bioinformatics analysis

Whole-genome sequencing was performed to examine the prevalence of important AMR
genes on plasmids. Long-read sequencing is useful for constructing complete sequences of
whole plasmids and tracking horizontal transfer of AMR plasmids during nosocomial infec-
tions [33]. Recently, long-read nanopore sequencing using MinION nanopore sequencer from
Oxford Nanopore Technologies (ONT) has been applied to such investigations [34,35].

Whole genome sequencing using MiniSeq or HiSeq systems (Illumina) was performed for
phylogenetic and MLST analysis, and screening of acquired AMR genes and plasmid replicon
types. Library for Illumina sequencing (insert size of 500-900 bp) was prepared using Nextera
XT DNA Library Prep Kit (Illumina). Paired-end sequencing was performed using MiniSeq (2
x 150 bp) or HiSeq 4000 systems (2 x 150 bp). Trimming and de novo assembly of paired-end
reads was performed using CLC Genomics Workbench v12.0 (QIAGEN) with default parame-
ters. A maximum-likelihood phylogenetic tree was generated by PhyML from a concatenated
core-gene alignment consisting of 13,305 SNVs constructed using the Roary pipeline (https://
sanger-pathogens.github.io/Roary/). For PhyML, we used the following parameters that indi-
cate the GTR +G4 model of DNA substitution with estimation of the shape parameter of the
gamma distribution by maximizing the likelihood: -m GTR -c4 -ae.

Twelve Enterobacterales isolates with blaxpnm.; (seven K. pneumoniae, one E. coli, two C.
freundii, one M. morganii, and one P. mirabilis) and one K. pneumoniae isolate with blanpn 4
were further sequenced on MinION (ONT) using the SQK-RADO002 or SQK-RBKO001 kits and
R9.4 flowcells according to the manufacturer’s instructions to obtain complete sequences of
plasmids carrying carbapenem resistance genes. De novo assembly was performed using Canu
v1.5 [36] and Miniasm [37] with default parameters. The overlap region in the assembled con-
tig was detected by genome-scale sequence comparison using LAST (http://last.cbrc.jp) and
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was trimmed manually. Illumina paired-end reads were mapped onto the resulted circular
sequences, and error correction was performed by extracting consensus of mapped reads
using CLC Genomics Workbench v12.0 with default parameters.

Sequence types, carbapenemase genes, and plasmid replicon types were analyzed using
MLST v2.0, ResFinder v3.2 with minimum threshold of 90% identity and 60% coverage, and
PlasmidFinder v2.1 with minimum threshold of 90% identity and 60% coverage, respectively,
on the Center for Genomic Epidemiology (CGE) server at Technical University of Denmark
(http://www.genomicepidemiology.org).

Coding sequences (CDS) annotation using RASTtk on the PATRIC v3.6.3 server (https://
www.patricbrc.org) with default parameters. Sequence variant detection was performed using
CLC Genomics Workbench v12.0 with default parameters of Fixed Ploidy Variant Detection
(Ploidy = 1). Linear comparison of sequences was performed using BLAST with the default set-
tings (the nucleotide collection database and the megablast program), and visualized by Easyfig
(http://mjsull.github.io/Easyfig/). blanpwm.1, other important AMR genes (ARG), type IV secre-
tion system (T4SS)-associated genes involved in conjugation that were detected by SecReT4
program [38], and mobile gene elements (MGEs) were identified manually from CDS annota-
tions and basically analyzed by comparing the sequences analyzed in previous studies.

Draft genome and complete plasmid sequences of carbapenem-nonsusceptible Enterobac-
terales isolated in Vietnam have been deposited at GenBank/EMBL/DDBJ under BioProject
number PRJDB6655.

Bacterial conjugation

Bacterial conjugation was performed using six blaxpn.-carrying plasmid-positive Enterobac-
terales isolates [P. mirabilis MH13-009N, M. morganii MH16-367M, C. freundii MH17-012N,
E. coli MH13-051M (ST405), K. pneumoniae MH15-258M (ST11), and K. pneumoniae MH15-
208H (ST395)] according to the following protocol. The same amount of Luria-Bertani (LB)
broth cultures of each donor bacteria and the recipient azide-resistant E. coli 53 (ATCC
BAA-2731, F- met pro Azi"), were mixed and spotted onto Mueller-Hinton agar and then incu-
bated at 37°C overnight. The mixed cells were recovered and suspended into PBS buffer, plated
onto LB agar after 10-fold serial dilution, and incubated at 37°C overnight. Transconjugants
were selected on LB agar containing 2 ug/mL of meropenem and 100 pg/mL of sodium azide.

Supporting information

S1 Table. Bacterial species and isolates, specimen types for the bacterial isolation, years in
which the bacteria were isolated, and minimum inhibitory concentrations (MICs) of mero-
penem (MEM) and imipenem (IPM) of isolates are shown. Also, sequence types of multilo-
cus sequence typing (MLST) analysis determined from genomes, carbapenemase genes
detected by ResFinder in genomes, sizes and contigs of genomes, coverages in short-read
sequencing, Illumina sequencing platforms, and accession numbers of genomes are shown.
According to the CLSI 2020 guidelines, Breakpoints of meropenem and imipenem are as fol-
lows: <1 ug/mL, susceptible; 2 pg/mL, intermediate; >4 ug/mL, resistant (R).

(TIFF)

S2 Table. Bacterial species and isolates, and blaxpy-carrying plasmids are shown. Also,
replicon types detected by PlasmidFinder and antimicrobial resistance genes (ARGs) detected
by ResFinder in plasmids, sizes of plasmids, and coverages in long-read sequencing, and acces-
sion numbers of plasmids are shown.

(TIFF)

PLOS ONE | https://doi.org/10.1371/journal.pone.0231119  July 28, 2021 13/16


http://www.genomicepidemiology.org
https://www.patricbrc.org
https://www.patricbrc.org
http://mjsull.github.io/Easyfig/
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0231119.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0231119.s002
https://doi.org/10.1371/journal.pone.0231119

PLOS ONE

Plasmid analysis of NDM-producing Enterobacterales in Vietnam

Acknowledgments

We thank Meiko Takeshita for technical assistance and are grateful to the participating medi-
cal institution for providing the bacterial isolates and clinical information.

Author Contributions
Funding acquisition: Tadashi Imanishi, Keigo Shibayama, Masato Suzuki.

Investigation: Aki Hirabayashi, Koji Yahara, Satomi Mitsuhashi, So Nakagawa, Tadashi Ima-
nishi, Van Thi Thu Ha, An Van Nguyen, Son Thai Nguyen, Keigo Shibayama, Masato
Suzuki.

Project administration: Keigo Shibayama, Masato Suzuki.
Writing - original draft: Aki Hirabayashi, Koji Yahara, Masato Suzuki.
Writing - review & editing: Aki Hirabayashi, Keigo Shibayama, Masato Suzuki.

References

1. Martin A, Fahrbach K, Zhao Q, Lodise T. Association between carbapenem resistance and mortality
among adult, hospitalized patients with serious infections due to enterobacteriaceae: Results of a sys-
tematic literature review and meta-analysis. Open Forum Infectious Diseases. Oxford University Press;
2018. p. ofy150. PMID: 30046639

2. Kohler PP, Volling C, Green K, Uleryk EM, Shah PS, McGeer A. Carbapenem Resistance, Initial Antibi-
otic Therapy, and Mortality in Klebsiella pneumoniae Bacteremia: A Systematic Review and Meta-Anal-
ysis. Infection Control and Hospital Epidemiology. Cambridge University Press; 2017. pp. 1319-1328.
https://doi.org/10.1017/ice.2017.197 PMID: 28950924

3. Tzouvelekis LS, Markogiannakis A, Psichogiou M, Tassios PT, Daikos GL. Carbapenemases in Klebsi-
ella pneumoniae and other Enterobacteriaceae: an evolving crisis of global dimensions. Clin Microbiol
Rev. 2012; 25: 682-707. https://doi.org/10.1128/CMR.05035-11 PMID: 23034326

4. TadaT, Tsuchiya M, Shimada K, Nga TTT, ThuLTA, Phu TT, et al. Dissemination of Carbapenem-
resistant Klebsiella pneumoniae clinical isolates with various combinations of Carbapenemases (KPC-
2, NDM-1, NDM-4, and OXA-48) and 16S rRNA Methylases (RmtB and RmtC) in Vietnam. BMC Infect
Dis. 2017; 17: 467. https://doi.org/10.1186/s12879-017-2570-y PMID: 28676118

5. Isozumi R, Yoshimatsu K, Yamashiro T, Hasebe F, Nguyen BM, Ngo TC, et al. BlaNDM-1-positive
Klebsiella pneumoniae from environment, Vietnam. Emerging Infectious Diseases. 2012. pp. 1383—
1385. https://doi.org/10.3201/eid1808.111816 PMID: 22840532

6. TranHH, Ehsani S, Shibayama K, Matsui M, Suzuki S, Nguyen MB, et al. Common isolation of New
Delhi metallo-beta-lactamase 1-producing Enterobacteriaceae in a large surgical hospital in Vietnam.
Eur J Clin Microbiol Infect Dis. 2015; 34: 1247—-1254. https://doi.org/10.1007/s10096-015-2345-6
PMID: 25732142

7. WuW,FengY, Tang G, Qiao F, McNally A, Zong Z. NDM metallo-B-lactamases and their bacterial pro-
ducers in health care settings. Clinical Microbiology Reviews. American Society for Microbiology;
2019. pp. e00115-18. https://doi.org/10.1128/CMR.00115-18 PMID: 30700432

8. Wailan AM, Sidjabat HE, Yam WK, Alikhan NF, Petty NK, Sartor AL, et al. Mechanisms involved in
acquisition of blaNDM genes by IncA/C2 and IncFIlY plasmids. Antimicrob Agents Chemother. 2016;
60: 4082-4088. https://doi.org/10.1128/AAC.00368-16 PMID: 27114281

9. Nordmann P, Dortet L, Poirel L. Carbapenem resistance in Enterobacteriaceae: Here is the storm!
Trends in Molecular Medicine. Elsevier Current Trends; 2012. pp. 263-272.

10. Poirel L, Bonnin RA, Boulanger A, Schrenzel J, Kaase M, Nordmann P. Tn125-related acquisition of
blaNDM-like genes in Acinetobacter baumannii. Antimicrob Agents Chemother. 2012; 56: 1087—1089.
https://doi.org/10.1128/AAC.05620-11 PMID: 22143526

11. Partridge SR, Iredell JR. Genetic Contexts of bla NDM-1. Antimicrobial Agents and Chemotherapy.
American Society for Microbiology Journals; 2012. pp. 6065—-6067. https://doi.org/10.1128/AAC.00117-
12 PMID: 23074228

12.  Wailan AM, Paterson DL, Kennedy K, Ingram PR, Bursle E, Sidjabat HE. Genomic characteristics of
NDM-producing Enterobacteriaceae isolates in Australia and their blaNDM genetic contexts. Antimicrob
Agents Chemother. 2016; 60: 136—141. https://doi.org/10.1128/AAC.01243-15 PMID: 26482302

PLOS ONE | https://doi.org/10.1371/journal.pone.0231119  July 28, 2021 14/16


http://www.ncbi.nlm.nih.gov/pubmed/30046639
https://doi.org/10.1017/ice.2017.197
http://www.ncbi.nlm.nih.gov/pubmed/28950924
https://doi.org/10.1128/CMR.05035-11
http://www.ncbi.nlm.nih.gov/pubmed/23034326
https://doi.org/10.1186/s12879-017-2570-y
http://www.ncbi.nlm.nih.gov/pubmed/28676118
https://doi.org/10.3201/eid1808.111816
http://www.ncbi.nlm.nih.gov/pubmed/22840532
https://doi.org/10.1007/s10096-015-2345-6
http://www.ncbi.nlm.nih.gov/pubmed/25732142
https://doi.org/10.1128/CMR.00115-18
http://www.ncbi.nlm.nih.gov/pubmed/30700432
https://doi.org/10.1128/AAC.00368-16
http://www.ncbi.nlm.nih.gov/pubmed/27114281
https://doi.org/10.1128/AAC.05620-11
http://www.ncbi.nlm.nih.gov/pubmed/22143526
https://doi.org/10.1128/AAC.00117-12
https://doi.org/10.1128/AAC.00117-12
http://www.ncbi.nlm.nih.gov/pubmed/23074228
https://doi.org/10.1128/AAC.01243-15
http://www.ncbi.nlm.nih.gov/pubmed/26482302
https://doi.org/10.1371/journal.pone.0231119

PLOS ONE

Plasmid analysis of NDM-producing Enterobacterales in Vietnam

13.

14.

15.

16.

17.

18.

19.

20.
21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

Baraniak A, Machulska M, Literacka E, 1zdebski R, Urbanowicz P, Bojarska K, et al. Towards endemic-
ity: large-scale expansion of the NDM-1-producing Klebsiella pneumoniae ST11 lineage in Poland,
2015-16. J Antimicrob Chemother. 2019; 74: 3199-3204.

Pfeifer Y, Wilharm G, Zander E, Wichelhaus TA, Géttig SG, Hunfeld KP, et al. Molecular characteriza-
tion of blaNDM-1 in an Acinetobacter baumannii strain isolated in Germany in 2007. J Antimicrob Che-
mother. 2011; 66: 1998-2001. PMID: 21693460

Yamane K, Wachino JI, Suzuki S, Kimura K, Shibata N, Kato H, et al. New plasmid-mediated fluoroquin-
olone efflux pump, QepA, found in an Escherichia coli clinical isolate. Antimicrob Agents Chemother.
2007; 51: 3354-3360. https://doi.org/10.1128/AAC.00339-07 PMID: 17548499

Bontron S, Nordmann P, Poirel L. Transposition of Tn125 encoding the NDM-1 carbapenemase in Aci-
netobacter baumannii. Antimicrob Agents Chemother. 2016; 60: 7245-7251. https://doi.org/10.1128/
AAC.01755-16 PMID: 27671058

Weber RE, Pietsch M, Friihauf A, Pfeifer Y, Martin M, Luft D, et al. IS26-Mediated Transfer of blaNDM-1
as the Main Route of Resistance Transmission During a Polyclonal, Multispecies Outbreak in a German
Hospital. Front Microbiol. 2019; 10: 2817. https://doi.org/10.3389/fmicb.2019.02817 PMID: 31921015

Wertheim HFL, Chandna A, Vu PD, Pham C Van, Nguyen PDT, Lam YM, et al. Providing impetus,
tools, and guidance to strengthen national capacity for antimicrobial stewardship in Viet Nam. PLoS
Med. 2013; 10: e1001429. https://doi.org/10.1371/journal.pmed.1001429 PMID: 23667342

Vu TVD, Do TTN, Rydell U, Nilsson LE, Olson L, Larsson M, et al. Antimicrobial susceptibility testing
and antibiotic consumption results from 16 hospitals in Viet Nam: The VINARES project 2012-2013. J
Glob Antimicrob Resist. 2019; 18: 269-278. https://doi.org/10.1016/j.jgar.2019.06.002 PMID:
31201995

Ecdc. SURVEILLANCE REPORT. Antimicrobial resistance surveillance in Europe 2013. 2013.

Sanchez GV., Master RN, Clark RB, Fyyaz M, Duvvuri P, Ekta G, et al. Klebsiella pneumoniae antimi-
crobial drug resistance, United States, 1998—2010. Emerg Infect Dis. 2013; 19: 133—136. https://doi.
org/10.3201/eid1901.120310 PMID: 23260464

Dolejska M, Villa L, Hasman H, Hansen L, Carattoli A. Characterization of IncN plasmids carrying
blaCTX-M-1 and gnr genes in Escherichia coli and Salmonella from animals, the environment and
humans. J Antimicrob Chemother. 2013; 68: 333—339. https://doi.org/10.1093/jac/dks387 PMID:
23060365

He S, Chandler M, Varani AM, Hickman AB, Dekker JP, Dyda F. Mechanisms of Evolution in High-Con-
sequence Drug Resistance Plasmids. MBio. 2016; 7: e01987-16. https://doi.org/10.1128/mBio.01987-
16 PMID: 27923922

Rozwandowicz M, Brouwer MSM, Fischer J, Wagenaar JA, Gonzalez-Zorn B, Guerra B, et al. Plasmids
carrying antimicrobial resistance genes in Enterobacteriaceae. J Antimicrob Chemother. 2018; 73:
1121-1137. https://doi.org/10.1093/jac/dkx488 PMID: 29370371

Compain F, Frangeul L, Drieux L, Verdet C, Brisse S, Arlet G, et al. Complete Nucleotide Sequence of
Two Multidrug-Resistant IncR Plasmids from Klebsiella pneumoniae. Antimicrob Agents Chemother.
2014; 58: 4207—-4210. https://doi.org/10.1128/AAC.02773-13 PMID: 24752259

He L, Partridge SR, Yang X, Hou J, Deng Y, Yao Q, et al. Complete nucleotide sequence of pHN7A8,
an F33:A-:B-type epidemic plasmid carrying blaCTX-M-65, fosA3 and rmtB from China. J Antimicrob
Chemother. 2013; 68: 46-50. https://doi.org/10.1093/jac/dks369 PMID: 22984205

Garza-Ramos U, Barrios H, Hernandez-Vargas MJ, Rojas-Moreno T, Reyna-Flores F, Tinoco P, et al.
Transfer of quinolone resistance gene qnrA1 to Escherichia coli through a 50 kb conjugative plasmid
resulting from the splitting of a 300 kb plasmid. J Antimicrob Chemother. 2012; 67: 1627—1634. https:/
doi.org/10.1093/jac/dks 123 PMID: 22514263

LiJ, Lan R, Xiong Y, Ye C, Yuan M, Liu X, et al. Sequential isolation in a patient of Raoultella planticola
and Escherichia coli bearing a novel IS CR1 element carrying blaNDM-1. PLoS One. 2014; 9: 1-9.

Bowers JR, Kitchel B, Driebe EM, MacCannell DR, Roe C, Lemmer D, et al. Genomic Analysis of the
Emergence and Rapid Global Dissemination of the Clonal Group 258 Klebsiella pneumoniae Pan-
demic. Bengoechea JA, editor. PLoS One. 2015; 10: e0133727. https://doi.org/10.1371/journal.pone.
0133727 PMID: 26196384

Runcharoen C, Moradigaravand D, Blane B, Paksanont S, Thammachote J, Anun S, et al. Whole
genome sequencing reveals high-resolution epidemiological links between clinical and environmental
Klebsiella pneumoniae. Genome Med. 2017; 9: 6. https://doi.org/10.1186/s13073-017-0397-1 PMID:
28118859

Mathers AJ, Peirano G, Pitout JDD. The role of epidemic resistance plasmids and international high-risk
clones in the spread of multidrug-resistant Enterobacteriaceae. Clin Microbiol Rev. 2015; 28: 565-91.
https://doi.org/10.1128/CMR.00116-14 PMID: 25926236

PLOS ONE | https://doi.org/10.1371/journal.pone.0231119  July 28, 2021 15/16


http://www.ncbi.nlm.nih.gov/pubmed/21693460
https://doi.org/10.1128/AAC.00339-07
http://www.ncbi.nlm.nih.gov/pubmed/17548499
https://doi.org/10.1128/AAC.01755-16
https://doi.org/10.1128/AAC.01755-16
http://www.ncbi.nlm.nih.gov/pubmed/27671058
https://doi.org/10.3389/fmicb.2019.02817
http://www.ncbi.nlm.nih.gov/pubmed/31921015
https://doi.org/10.1371/journal.pmed.1001429
http://www.ncbi.nlm.nih.gov/pubmed/23667342
https://doi.org/10.1016/j.jgar.2019.06.002
http://www.ncbi.nlm.nih.gov/pubmed/31201995
https://doi.org/10.3201/eid1901.120310
https://doi.org/10.3201/eid1901.120310
http://www.ncbi.nlm.nih.gov/pubmed/23260464
https://doi.org/10.1093/jac/dks387
http://www.ncbi.nlm.nih.gov/pubmed/23060365
https://doi.org/10.1128/mBio.01987-16
https://doi.org/10.1128/mBio.01987-16
http://www.ncbi.nlm.nih.gov/pubmed/27923922
https://doi.org/10.1093/jac/dkx488
http://www.ncbi.nlm.nih.gov/pubmed/29370371
https://doi.org/10.1128/AAC.02773-13
http://www.ncbi.nlm.nih.gov/pubmed/24752259
https://doi.org/10.1093/jac/dks369
http://www.ncbi.nlm.nih.gov/pubmed/22984205
https://doi.org/10.1093/jac/dks123
https://doi.org/10.1093/jac/dks123
http://www.ncbi.nlm.nih.gov/pubmed/22514263
https://doi.org/10.1371/journal.pone.0133727
https://doi.org/10.1371/journal.pone.0133727
http://www.ncbi.nlm.nih.gov/pubmed/26196384
https://doi.org/10.1186/s13073-017-0397-1
http://www.ncbi.nlm.nih.gov/pubmed/28118859
https://doi.org/10.1128/CMR.00116-14
http://www.ncbi.nlm.nih.gov/pubmed/25926236
https://doi.org/10.1371/journal.pone.0231119

PLOS ONE

Plasmid analysis of NDM-producing Enterobacterales in Vietnam

32.

33.

34.

35.

36.

37.

38.

Poirel L, Walsh TR, Cuvillier V, Nordmann P. Multiplex PCR for detection of acquired carbapenemase
genes. Diagn Microbiol Infect Dis. 2011; 70: 119-123. https://doi.org/10.1016/j.diagmicrobio.2010.12.
002 PMID: 21398074

Conlan S, Thomas PJ, Deming C, Park M, Lau AF, Dekker JP, et al. Single-molecule sequencing to
track plasmid diversity of hospital-associated carbapenemase-producing Enterobacteriaceae. Sci
Transl Med. 2014; 6: 254ra126. https://doi.org/10.1126/scitranslmed.3009845 PMID: 25232178

Lemon JK, Khil PP, Frank KM, Dekker JP. Rapid Nanopore Sequencing of Plasmids and Resistance
Gene Detection in Clinical Isolates. Mellmann A, editor. J Clin Microbiol. 2017; 55: 3530-3543. https:/
doi.org/10.1128/JCM.01069-17 PMID: 29021151

Gorrie CL, Mirceta M, Wick RR, Judd LM, Wyres KL, Thomson NR, et al. Antimicrobial-Resistant Kleb-
siella pneumoniae Carriage and Infection in Specialized Geriatric Care Wards Linked to Acquisition in
the Referring Hospital. Clin Infect Dis. 2018; 67: 161—170. https://doi.org/10.1093/cid/ciy027 PMID:
29340588

Koren S, Walenz BP, Berlin K, Miller JR, Bergman NH, Phillippy AM. Canu: scalable and accurate long-
read assembly via adaptive k-mer weighting and repeat separation. Genome Res. 2017; 27: 722-736.
https://doi.org/10.1101/gr.215087.116 PMID: 28298431

Li H. Minimap and miniasm: Fast mapping and de novo assembly for noisy long sequences. Bioinfor-
matics. 2016; 32: 2103-2110. https://doi.org/10.1093/bioinformatics/btw152 PMID: 27153593

BiD, Liu L, Tai C, Deng Z, Rajakumar K, Ou HY. SecReT4: A web-based bacterial type IV secretion
system resource. Nucleic Acids Res. 2013; 41: D660-D665. https://doi.org/10.1093/nar/gks 1248
PMID: 23193298

PLOS ONE | https://doi.org/10.1371/journal.pone.0231119  July 28, 2021 16/16


https://doi.org/10.1016/j.diagmicrobio.2010.12.002
https://doi.org/10.1016/j.diagmicrobio.2010.12.002
http://www.ncbi.nlm.nih.gov/pubmed/21398074
https://doi.org/10.1126/scitranslmed.3009845
http://www.ncbi.nlm.nih.gov/pubmed/25232178
https://doi.org/10.1128/JCM.01069-17
https://doi.org/10.1128/JCM.01069-17
http://www.ncbi.nlm.nih.gov/pubmed/29021151
https://doi.org/10.1093/cid/ciy027
http://www.ncbi.nlm.nih.gov/pubmed/29340588
https://doi.org/10.1101/gr.215087.116
http://www.ncbi.nlm.nih.gov/pubmed/28298431
https://doi.org/10.1093/bioinformatics/btw152
http://www.ncbi.nlm.nih.gov/pubmed/27153593
https://doi.org/10.1093/nar/gks1248
http://www.ncbi.nlm.nih.gov/pubmed/23193298
https://doi.org/10.1371/journal.pone.0231119

