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Abstract

The emergence of Klebsiella (K.) pneumoniae as a leading cause of nosocomial infections in
Southeast Asia is of concern. Vietnam has an outstanding position with regard to antimicrobial-
resistant (AMR) pathogens and is a hotspot for carbapenem-resistant K. pneumoniae. In the
current study, 19 clinical K. pneumoniae strains isolated from patients in Vietnam were tested
for antibiotic susceptibility, and their genome sequences were analyzed to investigate potential
resistance profiles, genotypes, AMR determinants, and virulence-associated genes. More than
half of the isolates were multidrug-resistant (MDR), displaying resistance to ciprofloxacin,
levofloxacin, chloramphenicol, piperacillin, cefotaxime, ceftazidime, and cefepime.
Carbapenem- resistance was detected in 47% (n=9) of isolates. Five isolates were assigned to
sequence type (ST) 23 by multi-locus sequence typing (MLST). These ST23 strains exhibited
determinants characteristic of hypervirulent strains and were sensitive to all antibiotics tested
except for one  strain, which was resistant to  chloramphenicol and
trimethoprim/sulfamethoxazole. All isolates had AMR determinants that conferred resistance
to aminoglycosides and f3-lactams. Single nucleotide variants of ogxA and ogxB conferring
resistance to phenicol/quinolone, ompK37 and ompA conferring resistance to beta-lactams,
and IptD conferring resistance to rifamycin, were found in all isolates. Additionally, 95% of the
isolates (n=18) carried fosA genes; however, only two were resistant to fosfomycin. Five isolates
carried genes conferring resistance to colistin; only one carried mcr-1.1 and showed resistance
to colistin. One hundred thirty virulence-associated genes were identified. The current study
demonstrated an inverse relationship between the number of detected virulence determinants
and antibiotic resistance. Several well-known resistance genes have been identified but did not
mediate resistance, which could be due to insufficient levels or lack of expression. A
comprehensive study of the genotypic findings of AMR determinants and virulence with
phenotypic data is required. The presence of hypervirulent K. pneumoniae carrying specific
virulomes is a growing problem, and monitoring of virulence characteristics of K. pneumoniae
is important.
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Introduction

Antimicrobial resistance (AMR) is a major public
health problem worldwide with significant health
implications, especially in
low- and middle-income
countries (LMICs) such as the Southeast Asian

and economic
developing and

regions (Gandra et al., 2020). Several multidrug-
resistant (MDR) bacterial species exist, and MDR
infections with Gram-negative germs are the
most common and pose a serious threat to public
health (Njeru, 2021; Windham and Kollef, 2022).
The highly opportunistic Klebsiella (K.)
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pneumoniae is one of the most common causes
of nosocomial infections in Asia and a major
agent of extended-spectrum-p-lactamase-
producing Enterobacterales (ESBL-E) in Vietnam
(Trung et al., 2015) and is generally accompanied
by high mortality rates in hospitalized patients.
In the last decade, high prevalence of MDR-K.
pneumoniae (MDR-KP), hypervirulent K.
pneumoniae (hvKP), and carbapenem-resistant
K. pneumoniae (CRKP) have been observed in
hospitalized patients worldwide and have been
associated with unprecedented public health
problems in developing and developed countries
(Chen et al., 2023; Wareth et al., 2021; Xu et al.,
2017). Multidrug-resistant Gram-negative
(MRGN) bacteria, particularly ESBL-producing
and carbapenem-resistant Enterobacteriaceae
strains (CRE), are on the rise in intensive care
units (ICUs) in Southeast Asia due to a lack of
AMR control, accountability as well as limited
infection control measures in the health care
systems and the communities (Suwantarat and
Carroll, 2016). The spread of MDR and CRE is
increasing in Vietnamese hospitals (Tran et al.,
2019), resulting in a high risk of treatment
failures with significant negative economic
impacts and ultimately death. Additionally, the
incidence of MDR-KP, CRKP, and hvKP is
increasing in intensive care units in Vietnam
(Breurec et al., 2013; Sewunet et al., 2022; Tran
et al., 2019).

Thus, the current study aimed to
phenotypically and genetically characterize AMR
determinants, pathogenicity-associated genes,
and plasmid replicons in K. pneumoniae strains
obtained from clinical samples in Hanoi. Next-
generation sequencing (NGS) technology was
used to investigate the relationship between the
resistome and the virulome in these clinical
isolates.

Material and Methods

Bacterial isolates, identification,
antibiotic susceptibility testing (AST)

and

Nineteen K. pneumoniae isolates were obtained
from clinical samples from Vietnamese patients
at the General Hospital of Phutho, Hanoi. Strains
were isolated from blood (n=7), sputum (n=3),
urine (n=4), abscess specimens (n=3), and
phlegm samples (n=2) of patients admitted to the
hospital in 2017. The strains were sent to the
Institute of Bacterial Infections and Zoonoses
(IBIZ, Jena, Germany) for species confirmation
and typing. All isolates were identified by matrix-
assisted laser desorption/ionization mass
spectrometry (MALDI-TOF MS; Bruker,
Germany) with a log value > 2,300 (Khater et al.,
2021).

The minimum inhibitory concentration (MIC)
was determined by the broth microdilution
method as previously described (Wareth et al.,
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2020), using the automated MICRONAUT-S
system (Micronaut, MERLIN Diagnostics GmbH,
Bornheim-Hersel Germany). The sensitivity of
the isolates was determined for a panel of 18
antibiotics: ciprofloxacin (CIP), levofloxacin
(LEV), amikacin (AMK), chloramphenicol (CMP),
fosfomycin (FOS), tigecycline (TGC), colistin
(COL), trimethoprim/sulfamethoxazole (T/S),
piperacillin (PIP), piperacillin/tazobactam (PIT),
cefotaxime (CTX), ceftazidime (CAZ), ceftazidime/
avibactam (CAA), ceftolozane/tazobactam (CTA),
cefepime (CEP), imipenem (IMP), meropenem
(MER) and ertapenem (ERT). The results were
automatically evaluated with the MICRONAUT-S
software, based on the MIC values of the Clinical
and Laboratory Standards Institute (CLSI)
breakpoint  guidelines available for K
pneumoniae as susceptible, intermediate, and
resistant.

Ethical statement

The current study did not require ethical
approval since it only involved bacterial isolates
that were already stored in the microbiology
laboratory of the General Hospital of Phutho,
Hanoi. Patient specimens or data were not
analyzed. In accordance with the Nagoya
Protocol, we obtained consent from the Ministry
of Natural Resources and Environment, under
reference Nr. 1435/QD-BTNMT, to receive the
genetic samples.

in-silico
virulome

Whole genome sequencing and
detection of AMR determinants,
genes, and the plasmidome

Genomic DNA was extracted from fresh colonies
on blood agar using the High Pure PCR Template

Preparation Kit (Roche Diagnostics GmbH,
Mannheim, Germany) according to the
manufacturer’s instructions. Sequencing

libraries were prepared with the Nextera XT DNA
Library Preparation Kit (llumina, Inc., San
Diego, CA, USA) and subsequently submitted to
paired-end sequencing on an Illumina MiSeq
sequencer ([llumina Inc., San Diego, CA, USA).
Analysis and quality control of the raw
sequencing data and quality checks of the
assembled genomes were performed as
previously described (Linde et al., 2020; Wareth
et al., 2020). Kraken2 v2.0.7 beta (Wood et al.,
2019) was used to confirm the identity of the
strains. The databases Comprehensive Antibiotic
Resistance Database (CARD) (Jia et al., 2017),
ResFinder (Zankari et al., 2012), and NCBI’s
AMRFinderPlus tool (Feldgarden et al., 2019)
were applied to determine the genetic features
leading to AMR. The PlasmidFinder database
(Carattoli et al., 2014) was used to identify
present plasmid replicons. In-silico
determination of classical multilocus sequence
typing (MLST) was done using the in-house
pipeline WGSBAC (https://gitlab.com/FLI_Bi
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oinfo/WGSBAC) and the software mlst v2.16.1
(https://github.com/tseemann/mlst) that uses
the PubMLST website (Jolley and Maiden, 2010)
and the scheme proposed by Diancourt and
colleagues (Diancourt et al., 2005). The
Virulence Factor Database (Chen et al., 2005)
was used to predict virulence-associated genes.
Single-nucleotide polymorphisms (SNPs) were
determined using Snippy v4.6.0 (https://github
.com/tseemann/snippy) with K. pneumoniae
strain ED23 (GCF_001708225.1) as the reference
genome. The resulting core genome SNP (cgSNP)
alignment was used for phylogenetic
reconstruction with RAXML v8.2.12 (Stamatakis,
2014) by applying the maximum likelihood
method. The tree was visualized with Microreact
(Argimoén et al., 2016).

Results

Whole genome sequencing (WGS) data and
MLST analysis

A total of 20 isolates were analyzed. WGS data
using the Kraken2 program confirmed 19
isolates as K. pneumoniae, and one isolate
obtained from phlegm was identified as K
quasipneumoniae and thus excluded from the
subsequent analyses. Genome sequencing of the
19 confirmed K. pneumoniae isolates yielded an
average number of 1,937,703 reads per isolate
(range 1,420,128 - 2,989,006). The isolates'
mean coverage was 89-fold (range: 65-fold to
143-fold). Genome assembly yielded genome
sizes between 5,146,468 bp and 5,904,625 bp.
The GC content was, on average, 57.2%. The
mean NS5O of the 19 assembled genomes was
284,376 bp (range 173,054 bp - 441,209 bp).
MLST analyses of the 19 K. pneumoniae strains
allocated all the strains into a distinct sequence
type (ST). Five strains were assigned to ST23,
three to ST16, two isolates each to ST15 and
ST11, and one isolate each to ST2856, ST709,
ST592, ST395, ST367, ST268 and ST45 (Table 1).
The cgSNP analysis of the 19 isolates agreed with
the MLST result, yielding clusters according to
the STs (Figure 1).

Phenotyping and AMR determinants in K.
pneumoniae isolates

Antibiotic susceptibility testing of the 19 K.
pneumoniae strains revealed that more than half
of the isolates were MDR, showing resistance to
more than three antimicrobial groups. 12 (63%)
isolates displayed resistance to piperacillin
(penicillins), 11 (58%) isolates were resistant to
ciprofloxacin (fluoroquinolones),
chloramphenicol (amphenicol), cefotaxime and
ceftazidime (34 generation cephalosporins), and
10 (53%) isolates were resistant to levofloxacin
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(fluoroquinolones) and cefepime (4th generation
cephalosporins). Additionally, nine (47%) isolates
were resistant to trimethoprim/sulfamethoxazol
(sulfonamides) and ceftolozan/tazobactam. Non-
susceptibility (resistance and susceptibility with
increased doses) to carbapenem compounds was
seen in more than one-third of isolates. Nine
(47%) isolates showed resistance to ertapenem
and seven (37%) to imipenem and meropenem.
The highest susceptibility was seen to colistin
and tigecycline, followed by fosfomycin (Table 1).
Non-susceptibility to colistin and tigecycline was
seen only once in an isolate obtained from an
abscess, while resistance to fosfomycin was seen
in two isolates obtained from sputum and an
abscess. Six isolates were susceptible to all
tested antibiotics, among them four belonging to
ST23 (which was classified as hvKP), one
belonging to ST592, and one to ST367 (Table 1).
Another ST23 isolate displayed resistance only to
chloramphenicol and trimethoprim/
sulfamethoxazole and harboured cmlIAl and
sul3.

A wide variety of resistance genes, conferring
resistance mainly to aminoglycosides (n=17),
beta-lactams (n=32), tetracycline (tet. A, tet.D,
tmexC1l, tmexD1 and toprJ1), fosfomycin (fosA
variants), sulfonamides (sull, sul2 and sul3),
rifampicin, phenicol and quinolones, macrolides,
diaminopyrimidine, and colistin were determined
in silico. Isolate Viet-Hano7 (ST709) obtained
from an abscess harboured the highest number
of AMR determinants (n=47), followed by two
isolates obtained from blood and abscess that
belonged to ST11 and harboured 46 and 45 AMR
genes, respectively. The lowest number of AMR
genes was found in isolates obtained from blood
assigned to ST592 (n=16 genes), ST2856 (n=17
genes), and four isolates belonging to ST23 (n=18
genes). Quantitive evaluation of resistance genes
was directly proportional to susceptibility. The
susceptible isolates harboured fewer resistance
genes, whereas the number of AMR genes was
inversely proportional to the number of virulence
genes determined, i.e., isolates that harbored
higher numbers of AMR genes carried fewer
virulence-associated determinants (Table 1). All
strains, whether resistant or susceptible,
harboured at least one resistance gene variant
conferring resistance to beta-lactams, i.e.,
OmpK37 and OmpA, to fosfomycin, i.e., fosA
variants, to rifampicin, i.e., LptD, to phenicol,
and quinolone, i.e., ogxA and ogxB variants
(Figure 1). The fosA variants conferring
resistance to fosfomycin were present in all
isolates, although only two isolates displayed
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Figure 1: Maximum likelihood tree generated from cgSNP alignment of K. pneumonia isolates from Vietnam
using K. pneumoniae strain ED23 as reference. Leaf colors show the MLST sequence type. To the right of the
isolate names, the in silico resistance profile of the major antibiotic groups is shown (red: resistance genes
detected; grey: no detected resistance genes). The bar at the bottom indicates the number of base substitutions

per site.

resistance in the sensitivity testing. Multidrug
resistance genes, i.e., ramA, acrA, kpnE, kpnF,
kpnG, and kpnH, were identified in almost all
isolates.

Nine (47%) isolates displayed resistance to
sulfonamides, all of which harboured either sull,
sul2, or sul3 genes. Seven (37%) isolates
displayed resistance to amikacin and harboured
aac(6')-Ib-crS conferring resistance to
aminoglycosides, e.g., amikacin/kanamycin/
quinolone/tobramycin. In contrast, two isolates
were susceptible to amikacin, despite harbouring
several AMR genes theoretically conferring
resistance to aminoglycosides, i.e., aac(6')-Ib-cr5,
aph(6)-1d, aph(3")-Ib, ant(3")-1la, ant(3")-Ia,
aph(3')-Ia, aadA2, ant(2")-Ila and aac(3)-IId. In
the same context, one isolate displayed
resistance to colistin and harboured mecr-1.1
genes, while four isolates harboured a well-
known, potentially resistance-conferring point
mutation in the colistin-resistance gene pmrB
resulting in an amino acid substitution (R256G)
despite being susceptible to colistin.

Characterization of plasmid replicons and
virulence-associated genes in K. pneumoniae

PlasmidFinder was used to identify potential
plasmid replicons in the assemblies. This
analysis revealed 25 different types of plasmid
replicons in the 19 K. pneumoniae isolates. All
isolates were found to carry plasmid replicons.
However, the number of replicons varied between
the strains, ranging from two to nine. Seven
replicons belonged to Col-type plasmids, of which
Col.pHAD28.1 was the most predominant and
found in eight isolates. Nine replicons belonged
to the IncF plasmid family, of which IncFIB.K._1
was the most prevalent, identified in nine
isolates. Six replicons belonged to the Inc-type
plasmid family, of which IncHI1B.pNDM.MAR.1
was the most predominant in eight isolates.
Additionally, plasmid replicons p0111_1,
repB.R1701.1, and repB_KLEB_VIR were found
in one, three, and eight isolates, respectively.
Four strains carried the highest number of
plasmid replicons (n = 9). These contained a low
number of virulence-associated genes (n = 63). In
contrast, isolates that carried the lowest number
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Table 1: Antibiotic susceptibility of K. pneumonia isolates from Vietnam and their MLST sequence types. S — susceptible; R — resistant; I — intermediate
resistance, according to CLSI breakpoint values in comparison to the number of detected AMR and virulence genes. The isolates are arranged
according to the number of identified AMR genes in ascending order. Yellow marks the resistance profiles of MLST ST23 isolates.

No. No. detected
detected virulence MLST CIP LEV AMK COL CMP FOS TGC T/S PIP PIT CTX CAZ CAA CTA IMP MER ERT CEP ID
AMR genes genes
16 72 592 S S S S S S S S S S S S S S S S S Viet-Hano14
17 75 2856 s s s s s s s Rl s s s s s s s s S  Viet-Hanol9
18 130 23 ) S S S S S S S S S S S S S S S S Viet-Hano8
18 130 23 S S S S S S S S S S S S S S S S S Viet-Hano18
18 126 23 ) S S S S S S S S S S S S S S S S Viet-Hano16
18 128 23 ) S S S S S S S S S S S S S S S S Viet-Hano20
18 74 367 S S S S S S S S S S S S S S S S S Viet-Hanol3
21 107 R s s s I 1 R s Rl s s I S  Viet-Hanoll
26 129 S S S S S S S S S S S S S S S S Viet-Hanol
30 63 S S S Viet-Hano3
30 63 S S S Viet-Hano6
30 63 S S S Viet-Hano13
34 69 395 S S S Viet-Hano10
37 71 15 S S Viet-Hano5
37 87 45 S S Viet-Hano16
44 80 15 S S Viet-Hano2
45 67 11 S S Viet-Hano9
46 71 11 S S Viet-Hano4
47 67 709 S S S S S Viet-Hano7
Total number of non-susceptible 11 10 7 1 11 2 1 9 12 7 11 11 7 9 7 7 9 10

Ciprofloxacin (CIP), levofloxacin (LEV), amikacin (AMK), chloramphenicol (CMP), fosfomycin (FOS), tigecycline (TGC), colistin (COL),
trimethoprim/sulfamethoxazole (T/S), piperacillin (PIP), piperacillin/tazobactam (PIT), cefotaxime (CTX), ceftazidime (CAZ), ceftazidime/avibactam
(CAA), ceftolozane/tazobactam (CTA), cefepime (CEP), imipenem (IMP), meropenem (MER) and ertapenem (ERT).

19



of plasmid replicons (n = 2) contained the highest
number of virulence-associated genes (n = 74-
130). ST23 isolates harboured the lowest number
of replicons (2-3 replicons), ie.,
IncFIB.pKPHS1.1, IncHI1B.pNDM.MAR.1,
Incl.Gamma.l and repB_KLEB_VIR. The most
abundant plasmid replicons identified belonged
to the IncF plasmid family (IncFIB.K._1 in 9
isolates), Col family (Col.pHAD28.1 in 8 isolates),
and Inc-like (IncHI1B.pNDM.MAR.1 in 8
isolates).

In the current set of isolates, 130 virulence-
associated genes were identified. The numbers of
identified virulence genes were inversely
proportional to the number of AMR genes
determined. Five ST23 isolates harboured the
highest number of virulence-associated genes,
ranging between 126 and 130, followed by an
ST268 isolate that harboured 107 genes. All six
isolates harboured determinants discriminatory
for hypervirulent K. pneumoniae (hvKp), which
mostly influenced iron wuptake, e.g., the
prototypic catecholate siderophore enterobactins
(entA, entB, fepC), the citrate-hydroxamate
siderophore aerobactins (iucA-D, iutA), four
glycosylated salmochelins (iroB, iroC, iroD, iroN),
the regulators of mucoid phenotype A
(rmpA2, rmpA), the siderophore yersiniabactin-
related genes (ybtA, ybtE, ybtP, ybtQ,
ybtS, ybtT, ybtU, ybtX, irpl, irp2, fyuh), and the
colibactin exotoxin genes clbA-Q, and clbS.
Additional  genes that were  identified
predominantly in ST23 isolates were vgrG/ tssl,
which is related to the T6SS secretion system,
eight immune modulation regulators, and anti-
phagocytosis capsular factors KP1_RS variants
(KP1_RS17295, KP1_RS17300, KP1_RS17305,
KP1_RS17315, KP1_RS17320, KP1_RS17325,
KP1_RS17330, and KP1_RS17335). The allantoin
utilization genes allA-D and allR-S associated
with hypervirulent K. pneumoniae strains were
exclusively found in ST23 isolates.

Discussion

The spread of MDR and CRKP in the healthcare
system throughout the world has become a
serious public health problem, as it causes a
wide range of severe infections and high mortality
rates (Lee et al., 2023; Wareth et al., 2021).
Southeast Asian countries, especially Vietnam,
are hotspots for AMR. Several resistant ESKAPE
pathogens, such as S. aureus, K. pneumoniae, A.
baumannii, and P. aeruginosa, have been isolated
from inpatients with bloodstream infections in
Vietnam (Van An et al., 2023). In the present
study, 19 K. pneumoniae isolates were recovered
from blood, sputum, urine, abscess, and phlegm
samples collected from Vietnamese patients
admitted to a hospital in Hanoi. More than half
of the isolates were MDR and harboured
resistance genes conferring resistance to
penicillins, fluoroquinolones, chloramphenicol,
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3rd and 4th generation cephalosporins, and
sulphonamides. However, the isolates were still
susceptible to colistin, tigecycline, and
fosfomycin. Previously, a combination of colistin,
tigecycline, and fosfomycin has shown a
synergetic effect against ESBL-producing KP
infections in Taiwan (Ku et al., 2017), which is
consistent with our results that these three
antibiotics could be considered as the last-resort
treatment to MDR K. pneumoniae, particularly
CRKP isolates from Southeast Asia. Combining
colistin or fosfomycin with other antibiotic
compounds has been recommended against
MDR K. pneumoniae strains in different regions
of the world (Evren et al., 2013; Fan et al., 2016;
Ku et al., 2017). Around half of the isolates in the
present study  displayed resistance to
carbapenem compounds. The rapid spread of
CPKP poses a serious threat to both patients and
public health in Vietnam. The prevalence of
carbapenem-resistant Enterobacteriaceae has
been shown to be high among humans and
animals in the Mekong Delta (Yen et al., 2022),
highlighting the potential transmission of these
carbapenem-resistant bacteria between
hospitals and community settings.

Five of the 19 isolates were assigned to ST23.
These isolates harboured the highest number of
virulence-associated genes, such as the
discriminatory determinants for hypervirulent K.
pneumoniae (hvKp), particularly the allantoin
utilization genes allA-D and allR-S that have
been associated with hvKp strains (Cusa et al.,
1999), as well as aerobactin, yersiniabactin,
salmochelin, and hypermucoid locus (rmpA)
genes that are associated with severe infections
in humans (Sumbana et al., 2023). Despite the
hvKp isolates in the current study possessing
more virulence factors than the other “classical”
K. pneumoniae strains, all of the hvKp isolates
were susceptible to all tested antibiotics,
including carbapenems and harbored a lower
number of AMR genes. This is consistent with
other studies that showed that hvKP isolates are
susceptible to most antibiotics (Surgers et al.,
2016); this can be explained by rapid
intervention in these cases with appropriate
therapy due to severe clinical signs or the death
of patients before treatment completion. The
hvKP is being increasingly reported globally and
poses a major clinical and public health threat
(Huang et al., 2023).

In the current study, genes conferring
resistance to f5-lactams, such as ompK37 and
ompA, were found in all isolates, while blasuv
variants were found in 18 of the 19 isolates. Only
one strain (ST367) was devoid of blasuv and
susceptible to all tested antibiotics. The blasuv
variants are among the most frequently detected
genes in K. pneumoniae (Wareth et al., 2021). The
presence of the potentially resistance-conferring
substitution R256G in PmrB in four isolates did



not confer colistin resistance, although
resistance to colistin in K. pneumoniae has been
attributed to mutations in pmrAB genes (Nirwan
et al.,, 2021). Therefore, the presence of
mutations in this gene does not necessarily
result in the development of resistance.
Alterations in the chromosomal coding regions of
this regulatory gene were found to be required to
obtain a colistin-resistant phenotype (Bolourchi
et al., 2021). Six isolates (four ST23, one ST592,
and one ST367) were susceptible to all tested
antibiotics, although they harboured at least 16
AMR-associated genes. For example, fosA failed
to mediate resistance to fosfomycin in 17 isolates
in the current K. pneumoniae isolates, and two
isolates were susceptible to amikacin despite
harbouring several AMR genes with the potential
of conferring resistance to aminoglycosides. The
presence of specific genes in the bacterial genome
does not necessarily induce their translation and
function. Some genes are active; some are
switched off (Wareth et al., 2017). This
occurrence can also be considered in the case of
AMR genes. A sufficient gene translation and
protein expression level is required to enable a
resistance determinants function. Expression
level and timing can significantly affect gene
functions, as insufficient expression levels will
not mediate resistance (Yuan-Chuan, 2020).
Conversely, the presence of a molecule inhibitor,
as in the case of fosA, could restore the activity
of fosfomycin or significantly potentiate
fosfomycin activity against pathogens
harbouring the fosA gene (Tomich et al., 2019).
Several virulence genes were identified among
the isolates (range 63 — 129). Five ST23 strains
harboured virulence genes that contribute to the
hypervirulent phenotype, including the allantoin
utilization genes allA-D and allR-S (Cusa et al.,
1999), the iron uptake aerobactins which are
considered the major hvKp-specific virulence
factors (Liu and Guo, 2019; Russo and Gulick,
2019), and the major regulator of the mucoid
phenotype K. pneumoniae (rmpA/A2) (Catalan-
Najera et al., 2017; Zhang et al., 2016). The wcaJ
gene, which acts as an initiation
glycosyltransferase gene in capsular
polysaccharide (CPS) synthesis, was found in all
ST23 isolates. Over-expression of wcaJ was
associated with increased viscosity, while its
knockout led to the loss of the capsule in K.
pneumoniae (Wang et al.,, 2023). The hvKp
strains have recently elicited concern because
they can cause serious invasive illnesses. The
presence of such isolates among patients is
alarming and requires further investigation.
Plasmids are a major factor contributing to
the dissemination of resistance and virulence-
associated genes in bacteria. Investigation of
plasmids and their replicons revealed the
presence of a diverse replicon content in the
current set of isolates (range 2-9 replicons). The
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most abundant plasmid replicons identified
belonged to the IncF plasmid family
(IncFIB.K._1), the Col family (Col.pHAD28.1), and
the Inc-like family (IncHI1B.pNDM.MAR.1). Ten
isolates harboured IncF plasmids, which have
been associated with the emergence of blacrx-m-15
globally (Ho et al., 2015; Villa et al., 2010);
however, only six isolates harboured blacrx-m-15s,
and one isolate harboured blacrx-m-27. ST23
isolates showed the lowest number of plasmid
replicons (2 or 3 replicons).
IncHI1B.pNDM.MAR.1 and repB_KLEB_VIR were
identified in all ST23 isolates. The
repB_KLEB_VIR plasmid has always been found
in hvKP isolates. It is known to carry aerobactin
and salmochelin virulence genes (Muraya et al.,
2022). Concurrently, ST16 isolates harboured
the highest number of replicons (9 replicons) and
the same AMR and virulence-associated genes.

The present study demonstrated that the
hvKP isolates were susceptible to all tested
antibiotics and had fewer AMR genes despite
containing only two plasmid replicons and the
highest number of virulence-associated genes,
showing an inverse relationship between the
number of detected virulence determinants and
antibiotic resistance genes. This may be due to a
severe course of infection resulting in the death
of patients or to the correct treatment of patients
and the prevention of AMR development.

Further studies with a large set of isolates
should be conducted to comprehensively
investigate the correlation between the genotypic
findings of AMR and virulence with phenotypic
data. Despite hvKP isolates being susceptible to
all tested antibiotics, there is a growing global
concern about its emergence in healthcare
systems and non-human sources (Banerjee et
al., 2021; Mario et al., 2023) due to severe
infections occurring in patients with potential
treatment failure and possible transmission to
animals and the environment. Thus, monitoring
virulence characteristics of K. pneumoniae from
a One Health perspective in Vietnam and
neighbouring AMR hot spots in southeast Asian
regions is of utter importance.
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