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SUMMARY

Background: ~Carbapenem-resistant Enterobacterales
(CRE) pose a critical global threat. However, the ge-
nomic epidemiology, transmission dynamics (clonal
vs. horizontal gene transfer), and mechanisms driv-
ing co-resistance in Southern Vietnam remain poorly
understood. This study aimed to use Whole-Genome
Sequencing (WGS) to characterize the molecular epide-
miology, transmission mechanisms, and co-resistance
patterns of CRE from a major referral center in South-
ern Vietnam

Methodology: We performed a cross-sectional study us-
ing whole-genome sequencing on 189 CRE isolates (K.
pneumoniae, E. coli, E. cloacae) from a major referral hospi-
tal in Southern Vietnam. We analyzed Carbapenemase-
Producing Genes (CPGs), MLST, colistin resistance mu-
tations, plasmid clusters, and co-carried AMR genes.
Results: K. pneumoniae ST16 (n=67, 35.4%) was the most
frequently identified clone, detected in 10/12 ward
strata. We identified two distinct colistin resistance
pathways linked to CPG lineage: blaypc/blaoyy 45 fam-

H INTRODUCTION

he emergence and dissemination of multid-
rug-resistant (MDR) Enterobacterales repre-
sent a serious global threat to public health [1-3].
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ily clones (ST147, ST5815, ST11) showed a universal
prevalence of chromosomal pmrB mutations (n=55/55,
100%), whereas the blayp, clone (ST16) exhibited a low
frequency of these mutations (6.0%). Analysis of 10
plasmid clusters carrying CPGs revealed the frequent
co-carriage of gnrS1 (quinolone resistance) and rmtB1
(amikacin resistance).

Conclusions: CRE dissemination in Southern Vietnam
is driven by a dual-transmission scenario. We identi-
fied distinct CPG-linked colistin resistance pathways
and significant co-carriage of gnrS1 with CPGs. This
highlights the potential risk of co-selection through
antibiotic pressure. These findings underscore the ur-
gent need for surveillance strategies targeting high-risk
clones like K. pneumoniae ST16.

Keywords: ~ Carbapenem-resistant ~ Enterobacterales
(CRE), Whole-Genome Sequencing (WGS), genomic
epidemiology, Klebsiella pneumoniae ST16, Colistin re-
sistance.

In low and middle-income countries, carbapenems
are a common choice for treating MDR Enterobac-
terales, due to the widespread resistance to
third-generation cephalosporins [4]. Consequent-
ly, the prevalence of Carbapenem-Resistant En-
terobacterales (CRE) isolates has increased dra-
matically under selective pressure, especially in
Vietnam. This trend severely limits therapeutic
options and raises concerns about the transmission
of carbapenem resistance mechanisms [1, 5-8].
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While the distribution of Carbapenemase-Produc-
ing Genes (CPGs) varies globally, the specific
genomic profiles and their plasmid-mediated
spread remain unclear in Southern Vietnam [9].
Most CRE acquire resistance through CPGs locat-
ed on plasmids, which facilitate the horizontal
transmission of high-level resistance variants in
both hospital and community settings [8-14].
However, it is not well understood whether CRE
dissemination in our region is primarily driven by
clonal expansion or by horizontal gene transfer.
Furthermore, these plasmids often act as MDR res-
ervoirs, co-harboring resistance genes such as
rmtB1 (aminoglycoside) [15] and gnrS1 (quinolone)
[16]. Although this co-carriage leads to diffi-
cult-to-treat MDR phenotypes, the specific pat-
terns of this co-harboring in local CRE isolates re-
main poorly described. Additionally, as colistin is
a last-resort antibiotic widely used to treat CRE
infections, the emergence of resistance to it is a
critical concern. Whether different CPG-produc-
ing clones have a preference for different colistin
resistance mechanisms remains unclear.
This study represents the first genomic epidemiol-
ogy investigation using Whole-Genome Sequenc-
ing (WGS) at Cho Ray Hospital, a major quater-
nary referral center serving the 57 million inhabit-
ants of Southern Vietnam (approximately 60% of
the national population). We aimed to:

1) characterize the molecular epidemiology of
CRE to clarify transmission mechanisms (hori-
zontal gene transfer vs. clonal expansion);

2) investigate the association between bacterial
lineages and dominant colistin resistance
mechanisms;

3) analyze the role of CPG-plasmids as MDR res-
ervoirs to understand co-selection mecha-
nismes.

B METHODS AND MATERIALS

Ethics Statement

This study was performed in line with the princi-
ples of the Declaration of Helsinki. Approval was
granted by the Ethics Committee of Cho Ray Hos-
pital (Ho Chi Minh City, Vietnam) (Date: 05/01/
2024, reference number: 38/QD-BVCR). The need
for written informed consent was waived. Clinical
trial number: not applicable. Human Ethics and
Consent to Participate declarations: not applica-
ble.

Study design and setting
The descriptive, cross-sectional study was con-
ducted at Cho Ray Hospital, Ho Chi Minh City,
Vietnam, from February 1 to August 31, 2023.
The hospital has an average of 2,500 inpatients
and 5,000 outpatients daily. Due to the large
number of patients and complex infectious dis-
ease cases, Cho Ray Hospital is ideally posi-
tioned to serve as a key site for monitoring anti-
microbial resistance patterns and developing
guidelines for antibiotic therapy. This effort pro-
vides valuable data to inform national and re-
gional health policies.

Allisolates from diagnostic culture were identified,

and Antimicrobial Susceptibility Testing (AST) was

conducted using the MALDI-TOF/MS system (bi-
oMérieux, France) and the automated VITEK-2 sys-
tem (bioMérieux, France). Quality control strains
used for identification and AST included Escherichia
coli ATCC 8739, Escherichia coli ATCC 25922, and

Pseudomonas aeruginosa ATCC 27853. AST results

were interpreted based on the breakpoints specified

in the Clinical & Laboratory Standards Institute

(CLSI) M100 guideline (34th edition) [17].

To collect isolates for the study, we followed these

inclusion criteria:

1) identified as E. coli, K. pneumoniae, or E. cloacae
complex;

2) CRE (resistant or intermediate to at least one
carbapenem: ertapenem, imipenem, or mero-
penem);

3) non-duplicate isolates (defined as one isolate
per patient). We used a quota sampling strate-
gy, which ensured genomic diversity across 12
strata with a target of 18 isolates per stratum (3
ward groups [Surgery, Internal Medicine, and
Intensive Care Units] x 4 specimen groups
[Blood, Sputum, Urine, Others]). CRE isolates
were collected consecutively until the quota
was met or the study period ended.

DNA extraction and whole genome sequencing

DNA extraction followed the manufacturer’s in-
structions, using the DNEASY® Blood & Tissue kit
(Qiagen, Germany). Library preparation used the
NEBNEXT® ULTRA™ II FS DNA Library Prep Kit
for lllumina (New England Biolabs, the U.S.). Fol-
lowing the library preparation process, paired-end
short-read sequencing was conducted using the
MiSeq Reagent Kit v3 (2x75 bp) (Illumina, USA)
on the MiSeq system (Illumina, USA).
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Bioinformatics analysis

The sequence data were analyzed initially on Terra.
bio platform (https://app.terra.bio) using Theia-
Prok_Illumina_PE (version 2.0.1) workflow, a
standardized computational pipeline recognized
by the U.S. Centers for Disease Control and Pre-
vention for bacterial genomics, available on the
website dockstore.org [18]. The workflow is de-
scribed in Figure 1. The bioinformatics tools in-
cluded: fastg-scan version 0.4.4 [19], trimmomatic
version 0.39 (PE, SLIDINGWINDOW:10:20, MIN-
LEN:36) [20], Shovill version 1.1.0 (assembler:
SKESA) [21], GAMBIT version 0.5.0 [22], MLST by
Torsten Seemann version 2.23.0 [23]. De novo as-
sembly process assessed by QUAST version 5.0.2,
with N50 > 20,000 bp and number of contigs < 500
considered as minimal quality for downstream
analysis [24]. CG-pipeline was used to estimate
coverage depth with a minimal standard of 20x
[25]. The fasta files were subsequently download-
ed for further analysis. Quality assessment results
are available from the corresponding author upon
request.

Phylogenetic tree analysis

For phylogenetic analysis, Roary version 3.13.0
[26] (the default 95% BLASTp identity cutoff) was
used to calculate the pan-genome from GFE3 files

produced by Bakta [27]. The resulting core ge-
nome alignment was analyzed with Gubbins
(v2.4.1) to infer the phylogenetic tree [28]. This tree
was visualized using phandango.net [29].

Acquired antimicrobial resistance (AMR) profile

and plasmid cluster analysis

We employed MOB-suite version 3.1.4 for typing
and reconstruction of plasmid sequences from
WGS assemblies using the default database [30].
Since plasmid sequences were reconstructed
from short-read data, they are technically pre-
dicted structures. However, for brevity, we refer
to them as “plasmids” throughout the text. AM-
RFinderPlus version 3.12 (database 2024-05-02.2)
was used to identify acquired AMR genes [31].
Plasmids carrying CPGs separated by MOB-
recon were subjected to pairwise alignment using
FastANI (options: — fragLen 200 — minFraction
0.5 [32]) with default Average Nucleotide Identi-
ty (ANI) parameter (80%) [33]. Clusters were de-
fined using thresholds of ANI 299% and bidirec-
tional alignment coverage (COV) 290%, and re-
quired to be present in at least two different se-
quence types (STs) or species. The COV was cal-
culated by dividing the number of passed frag-
ments (FastANI output column 4) by the total
fragments in the reference plasmid (FastANI
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Figure 1 - Bioinformatics analysis: TheiaProk_lllumina_PE (version 2.0.1) workflow on Terra.bio combined with
local computational analysis. Raw sequencing data were quality-checked using FastQC and CG-Pipeline, and
low-quality sequences and adapters were removed using Trimmomatic and BBDuk. Then, Shovill performed de
novo assembly (option: Skesa), followed by downstream analysis using other tools shown in the figure.
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output column 5). The plasmid clusters were vis-
ualized as an ANI-based network using R pack-
ages (igraph, ggraph, tidyverse) and the genetic
organization of CPGs in plasmid clusters using
Clinker [34].

Data preprocessing before final analysis

Following bioinformatic analyses, isolates that did
not find any genes known as carbapenem resist-
ance were subjected to confirmatory AST using
disk diffusion with carbapenems (ertapenem
(10pg), imipenem (10nug), and meropenem (10ug))
following CLSI M02 guideline [35]. The isolates
that were susceptible to all carbapenems were ex-
cluded from the final analysis.

Statistical analysis

All statistical analyses, including description and
comparison, were conducted using Microsoft Excel
2019 (Microsoft Corporation, Redmond, Washing-
ton, USA) and R analysis software version 4.3.0 (R
Development Core Team), using the %2 statistical
test or Fisher’s exact test. A p-value of < 0.05 indicat-
ed statistical significance. Sankey charts were creat-
ed using SankeyMatic (https:/ /sankeymatic.com),
a web-based tool developed by Steve Bogart.

All processes were performed at the Microbiology
Department of Cho Ray Hospital, which is certi-
fied under ISO 15189.

B RESULTS

A total of 201 CRE isolates were collected. After
confirming and removing 7 isolates based on disk
diffusion results and removing 5 isolates with
low-quality sequence data, 189 isolates were in-
cluded in the formal analysis. The demographic
characteristics of 189 patients identified with vari-
ous infectious diseases are described in Table 1.

Frequency of carbapenemase genes

and ST across CRE isolates

Our collection of 189 CRE isolates comprised K.
pneumoniae (n=149), E. coli (n=33), and E. cloacae
complex (n=7). Among K. pneumoniae, ST16 was
the most frequently identified clone (n=67). Nota-
bly, despite our quota sampling strategy, which
ensured diversity by sampling across 12 strata,
ST16 demonstrated pervasive dominance. It was
the sole most predominant clone in 9 of the 12 stra-
ta, and jointly predominant in one other stratum.

Table 1 - Demographic characteristics of patients in-
fected with Carbapenem-Resistant Enterobacterales.

Number of patients
(N=189)

Age: 15 - 94 years old
(Median: 61 [IQR, 45 to 71])
Gender
Male 115
Female 75
Health conditions
Underlying diseases/ major interventions
(Patients may have one or more 167
conditions)
Kidney disease 42
Surgical operation 36
Cerebrovascular disease 24
Diabetes 24
Cardiology disease 24
Cancer 23
Haematology disease 9
Severe Burn 8
Biliary tract disease 6
Liver disease 4
Kidney transplantation 3
Others 20
No information 23
Treating Department
Intensive Care Unit 57
Internal Medicine 68
Surgery 65
Type of infection
Bloodstream 50
Respiratory 51
Urinary tract 42
Others (Skin, soft tissue, abdominal 47
infections, meningitis, conjunctivitis)

As shown in Table 2, the distribution of ST16 was
similar across the three ward groups (p = 0.188),
suggesting that this clone is well-adapted to vari-
ous hospital environments rather than restricted
to specific units. Crucially, this ability allowed
ST16 to establish a clear lead (n=67), representing
a prevalence more than 2.5-fold higher than the
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Table 2 - Distribution of major sequence types across clinical departments and specimen categories.

Characteristics STI6(n=67) |  STS815(n=25) |  ST147(n=19) | Other ST (n=38)
Department
p value” 0.188 0.188 0.207 —
ICU 23 (34.3%) 7 (28.0%) 9 (47.4%) 14 (36.8%)
Internal Medicine 26 (38.8%) 5 (20.0%) 7 (36.8%) 8 (21.1%)
Surgery 18 (26.9%) 13 (52.0%) 3 (15.8%) 16 (42.1%)
Specimen Type
p value* 0.029 0.029 0.029 =
Blood 20 (29.9%) 3 (12.0%) 4 (21.1%) 8 (21.1%)
Sputum/BAL 12 (17.9%)* 14 (56.0%)* 10 (52.6%)* 9 (23.7%)
Urine 16 (23.9%) 4 (16.0%) 0 (0.0%) 10 (26.3%)
Others 19 (28.4%) 4 (16.0%) 5 (26.3%) 11 (28.9%)

2p-values across departments (3 categories) and specimen types (4 categories) were calculated using the Chi-square or Fisher’s exact test, comparing
the distribution of each clone against the rest of the population (One-vs-Rest, 2x3 or 2x4) and adjusted using the Benjamini-Hochberg method
*Global 2x4 tests indicated a non-uniform distribution across specimen types (p < 0.05). Follow-up 2x2 exploratory comparisons revealed signifi-
cantly higher frequencies of ST5815 (p = 0.008) and ST147 (p = 0.044) in sputum/BAL, and a significantly lower frequency of ST16 (p = 0.008), inter-

preted within the constraints of the quota-based sampling design.

second most common lineage (ST5815, n=25). In
contrast, there was a significant variation in the
pattern of three major clones across specimen
types (p < 0.05). Notably, this was primarily driven
by ST5815 and ST147 in respiratory samples (p <
0.05). In sputum, these clones were significantly
more prevalent, whereas the overall dominant

ST16 showed a lower relative abundance com-
pared to its baseline (p = 0.008). Among E. coli,
ST410 (n=13) was dominant. The full distribution
of all STs followed by quota sampling is detailed
in Supplementary Table S1.

As detailed in Figure 2, CPGs, including blaypc.,,
blaypy, blaoxa.s family, were detected in 97.4%
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Figure 2 - Distinct carbapenemase genotype profiles among K. pneumoniae, E. coli, and E. cloacae complex. The
diagram visualizes the complexity of resistance profiles within the sequenced collection (n=189). The width of the
flows corresponds to the number of isolates in this study and does not reflect hospital-wide clinical prevalence.
K. pneumoniae exhibits the highest diversity and rate of multiple gene co-carriage.
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CRE isolates, which were predicted to be carbap-
enemase-producing Enterobacterales. A signifi-
cant difference in the number of CPGs per isolate
was observed across species (p<0.001). All E. clo-
acae complex isolates carried a single CPG, while
40.9% K. pneumoniae isolates co-harbored multi-
ple CPGs, compared to 15.2% E. coli isolates. In K.
pneumoniae, the most frequent genotype was the
co-harboring of blaypy, and blagy,..s family, specif-
ically blaypy., and blagy.s. In contrast, in E. coli,
the blagy,.s family was most common. Among
the E. cloacae complex isolates, blaypy., was exclu-
sively detected. blay,-, was found only in K.
pneumoniae.

Phylogenetic analysis and association

of STs of E. coli and K. pneumoniae isolates

with carbapenemase genotypes

Of the 149 K. pneumoniae isolates analyzed, one
isolate (KLPN_054) was excluded from the phy-
logenetic analysis. A preliminary pairwise single
nucleotide polymorphism (SNP) analysis con-
firmed this isolate was a highly divergent outlier,
differing from the main K. pneumoniae population

by approximately 40,000 SNPs. This isolate was
removed by Gubbins to improve the resolution of
the core-genome tree. The final core-genome SNP-
based phylogenetic tree of the remaining 148 iso-
lates is presented in Figure 3A. A strong associa-
tion was observed between STs and carbapene-
mase-producing genotypes in K. pneumoniae. The
predominant ST16 lineage (n=67) was distin-
guished by the high proportion of co-harboring
blaypy and blagy s 4g family (71.6%). In contrast, oth-
er high-risk clones were largely restricted to sin-
gle-CPG profiles; specifically, ST5815 (n=25) and
ST11 (n=11) predominantly harbored blaypc,
(92.0% and 63.6%, respectively), while blaoy,.s
family was the main genotype in ST147 (n=19;
63.2%). The minor clone ST656 (n=8) exhibited a
distinct co-harboring profile of blaypc,, blaypys,
and blagy,,s (in 5 isolates). Similarly, a core-ge-
nome SNP-based phylogenetic tree was construct-
ed for the 33 E. coli isolates (Figure 3B). This analy-
sis confirmed that a diversity of genotypes was
observed in E. coli ST410, whereas E. coli ST405
(n=6) was associated with blagy, 4 family (in 5 iso-
lates).
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Figure 3A - Phylogenetic construction of 148 Carbapenem-resistant K. pneumoniae. The columns represent re-
lated data for these isolates, including source, sequence type (ST), genotype, carbapenemase-producing gene

positions in the genome, and colistin resistance genes.
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genome, and colistin resistance gene.

Genetic mechanism for Colistin resistance

Genomic analysis identified known colistin resist-
ance determinants in 81 of our 189 isolates. Chro-
mosomal mutations were the predominant genetic
mechanism, detected in 98.8% of these isolates. In
contrast, plasmid-mediated mcr genes were found
in only 4.9% of isolates. Notably, three of these
mcr-positive isolates also harbored a chromosomal
mutation (pmrB_R256G). Of the 80 isolates with
chromosomal mutations, the vast majority (96.3%)
had mutations in pmrB, with R256G (n=56) being
the most common variant. A comprehensive list of
all detected colistin resistance genotypes, includ-
ing chromosomal and plasmid-mediated, across
all STs is provided in Supplementary Table S2. These
findings indicate that chromosomal mutations

constitute the primary genetic basis for colistin re-
sistance. In K. pneumoniae ST5815, ST11, and ST147,
which typically carry blagpe, or blagy,,s family,
mutations in pmrA/pmrB genes were found in
100% of isolates. In contrast, isolates belonging to
K. pneumoniae ST16 and ST656, which usually har-
bor blayp,, with or without other CPG groups, re-
mained largely wild-type, with resistance deter-
minants observed in only 6.0% (4/67) and 0%
(0/8), respectively (Figure 3A).

Dissemination of plasmids carrying CPG

among K. pneumoniae, E. coli, and E. cloacae isolates
A total of 1320 plasmids were found in 189 CRE
isolates, of which 234 carried CPGs, detected in 175
of the 189 analyzed isolates. Table 3 shows that pre-

Table 3 - Structural and replicon profiles of plasmids harboring key carbapenemase families.

Total Plasmid classification | Major replicon ) ) o
Carbapenemase gene plasmids (n) | as Conjugatioe (n,%) type (%) Predominant variant (n,%)

. o IncX3 (55.2%) blagypas1 =77, 73.3%), mainly in IncX3

blaox.4o family = 02 (550 Col156 (18.1%) | blagy s (n=25, 23.8%), mainly in Col156
) IncFII (47.7%) ~ )

blaypy 88 39 (44.3%) IncFIB (17.0%) blagpys (=57, 64.8%)
blaype , 35 9 (25.7%) IncU (60.0%) blaypc, (n=35, 100%)
Co-harboring Multi-CPGs 6 5 (83.3%) Various blaypy; + blagy, 45 family
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dicted dissemination patterns varied significantly
by gene family. The blagy, 4 family (predominantly
blagyaas) showed the highest predicted potential
for horizontal transmission, with 68.6% located on
conjugative plasmids, primarily associated with
IncX3 replicons (55.2%). In contrast, blaypc, was
predicted to have limited plasmid-mediated mo-
bility, being largely confined to IncU plasmids
(60.0%) with a low conjugation proportion of
25.7%. blaypy variants exhibited an intermediate
pattern (44.3% conjugative), frequently carried by
IncFII plasmids (47.7%). A comprehensive list of all
CPG variants, rare replicon types, and their associ-
ated mobility is available from the corresponding
author upon reasonable request.

Using high-confidence clustering parameters
(ANI 299%, COV 290%), ten plasmid clusters,
comprising 43.4% of all CPG-carrying plasmids,
were observed in 50.3% of isolates. Notably, the
prevalence of these clusters was markedly higher
in multiple-CPG isolates compared to single-CPG

isolates (91.8% vs. 33.1%). Distinct replicon-gene
associations were observed. IncX3, IncFII (Clus-
ters 6, 7, 10), and Col156 (Clusters 4 & 5) were
identified as the primary vectors for blagy, .4 and
blaoy,.ss, respectively. In addition to blagy,.s, In-
cFII also served as the primary vector for blaypy.,/
blaypy.y (Clusters 2 & 3). Structural analysis of the
genetic context (Figure 4) indicated that the anno-
tated genes surrounding blap,, in clusters 1,2, and
3 exhibited high synteny, whereas plasmids carry-
ing blagy s family (n=7) were divided into mark-
edly different motifs between blagy,. s and blagya.qs;-
Notably, K. pneumoniae ST16 was found to carry
plasmids from multiple distinct blagya.s/ blaoxaas:
clusters (Clusters 4, 6, 7, 8, and 10), highlighting its
role as a major reservoir for these plasmids. In
terms of mobility, the vast majority of plasmids in
clusters (n=99) were predicted to be conjugative
(70.7%) or mobilizable (22.2%), with a minority
non-mobilizable (7.1%). Consistent with this,
MOBE, MOBP, and MOBQ relaxase types were
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Figure 4- Characterization and correlation of plasmid clusters carrying carbapenemase-producing genes (CPGS) in
CRE isolates. (A) Similarity network of 102 plasmids harboring blaypy.1, Playow.a, Plaoyxaa, ANA Blagya.11, Irouped into
clusters across different STs and species. Clusters were defined using Average Nucleotide Identity (ANI) >99.0%
and alignment coverage >90.0% (calculated with fastANI on plasmid FASTA files from MOB-recon). Each node
represents a plasmid and is colored according to its cluster. (B) Distribution of plasmid clusters, showing the
number of isolates per cluster across different species and their sequence types (STs). The most frequent genetic
organization of CPGs in plasmid clusters, as identified by Clinker. Gene annotations from Bakta are shown: aac(3)-
lle, aminoglycoside N-acetyltransferase AAC(3)-lle; ble, bleomycin-binding protein Ble-MBL; cutA, divalent-cation
tolerance protein CutA; dsbD, disulfide interchange protein DsbD; groES, co-chaperone GroES; groL, chaperonin
GroEL; HP, hypothetical protein; IysR, LysR family transcriptional regulator; mobA/mobL, MobA/MobL domain-con-
taining protein; orf3-like, plasmid pRiA4b Orf3-like domain-containing protein; orfA, putative insertion sequence
2 OrfA protein; gnrs, QnrS family quinolone resistance pentapeptide repeat protein; tnp, transposable element;
traD, conjugal transfer protein TraD; trpF, phosphoribosylanthranilate isomerase.
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found in 7 of the 10 clusters, while three clusters  tion was found between gnrS1 and all plasmids
carried no relaxase (Supplementary Table S2). within six clusters (Clusters 3, 6, 7, 8, 9, and 10),
Analysis of co-carried AMR genes on the 99 plas-  which primarily carry blaypy., OF blagya.g. Second-
mids within the 10 predicted clusters illustrated  ly, all plasmids in Cluster 2 (blaypy.,) co-carried
three key features (Table 4). Firstly, a 100% associa- ~ rmtB1, a 165 rRNA methyltransferase gene known

Table 4 - Frequency of co-harbored antimicrobial resistance genes in 10 clusters of plasmids carrying carbapen-
emase-producing gene.

Cluster of plasmids carrying carbapenemase-producing gene
AMR genes 1 2 3 4 5 6 7 8 9 10
(n=2) (n=4) (n=12) (n=16) (n=2) (n=23) (n=31) (n=2) (n=3) (n=4)
blaypyg blaypg blaypy.s blaoxass | blaoxass | blaoxass: | Dlaoxass: | blaoxassi | blaoxaas: | blaoxaas

Quinolone
qnrS1 - - 12 - - 23 31 2 3 4
qnrB6 - - - - - - - - -
aac(6’)-Ib-crb - - - - - - - - -

High-level Aminoglycoside
rmtB1 = 4 = - - - - - - -

Other Aminoglycoside

aac(3)-11d - - 12 = = = - - _ _
aac(3)-1le 2 - - - = = = - - _
aac(6’)-Ib - - 7 = = = - - - _
aadAl - - 10 = - - - _ _ _
aadA16 - - - - = = = - - 2
ESBLs

blacry s - - 7 - - - - - - -

blacryas - - - - — - - - - 3

Other beta-lactamases

bla, sp., - - 11 - - - - - - -
blagya - - 12 - - - - - - -
blaggy - - - - - - - - - 1
0 e - 2 - - - - - - - 1
Others

arr-3 - - - - - - - - - 4
catA2 - - - - - - - - - 1
dfrA27 - - - - - - - - - 4
floR - - 1 - - - - - - -
mph(A) - = = = - - - - - 4
sull - - - - - - - - - 4
tet(A) = = = = = = = - - 3

Abbreviation: AMR, antimicrobial resistance; blaypy, New Delhi Metallo-beta-lactamase; blaoy,, Oxacillinase; ESBL, Extended-Spectrum beta-Lacta-
mase; blacy,, Cefotaximase; gnrS1, QnrS family quinolone resistance pentapeptide repeat protein; gnrB6, QnrB family quinolone resistance pen-
tapeptide repeat protein; aac(6’)-Ib-cr5, Aminoglycoside acetyltransferase (confers resistance to aminoglycosides and low-level quinolones); rmtB1,
165-RMT (Ribosomal Methyltransferase, confers high-level aminoglycoside resistance); aac(3)-IId / aac(6’)-Ib, aminoglycoside N-acetyltransferase;
aadAl, Aminoglycoside nucleotidyltransferase; arr-3, NAD(+)--rifampin ADP-ribosyltransferase; dfrA27, Dihydrofolate reductase; sull, sulfona-
mide-resistant dihydropteroate synthase; floR, chloramphenicol/florfenicol efflux MFS transporter; mph(A), Macrolide phosphotransferase; blayg.,,
TEM family class A beta-lactamase; bla, 5p.,, class A beta-lactamase LAP-2; catA2, Chloramphenicol acetyltransferase; tet(A), tetracycline efflux MFS
transporter Tet(A); - indicates the absence of the gene (zero occurrences).
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Figure 5

Schematic representation

of the dual-transmission
dynamics driving CRE
dissemination. The diagram
illustrates the two concurrent
mechanisms contributing to
the spread of carbapenem
resistance observed in this
study.
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to confer high-level resistance to most aminogly-
cosides, including Amikacin. Thirdly, two clusters
were identified as major MDR reservoirs. Plas-
mids in cluster 3 (blaypy.,) frequently co-carried
genes for Extended-spectrum beta-lactamases (ES-
BLs) (blacryais) and multiple aminoglycoside re-
sistance genes (aac(3)-11d, aac(6’)-Ib, aadA1). Simi-
larly, Cluster 10 (blagy.s) co-carried a cocktail of
genes resisting Quinolones (qnrS1, qnrB6, aac(6’)-
Ib-crb), Rifampicin (arr-3), Trimethoprim/Sulfona-
mide (dfrA27, sull), and ESBLs (blacryais), with
the majority of plasmids carrying these genes. Col-
lectively, the integration of these clonal and plas-
mid analyses supports a dual-transmission model
driving CRE dissemination, characterized by the
interplay between clonal expansion and horizon-
tal gene transfer (Figure 5).

B DISCUSSION

The present study utilizes whole-genome se-
quencing analysis to describe the genomic attrib-
utes of 189 CRE isolates from Cho Ray Hospital, a
major referral center in Southern Vietnam. Our
findings presented a complex resistance landscape
defined by four key features. First, we observed
that K. pneumoniae ST16 demonstrated pervasive
dominance. This clone was identified as a key
MDR reservoir, characterized by its high rate of

co-harboring blaypy and blagy, s family. Second,
we identified two genomic mechanisms of colistin
resistance in K. pneumoniae strongly linked to car-
bapenemase-producing genotypes: blayc, or
blagya.s family clones (ST5815, ST11, ST147) har-
bored chromosomal mutations, whereas blaypy,
clone (ST16, ST656) lacked these mutations. Third,
a dual-transmission of CPG was observed, involv-
ing the clonal expansion of high-risk clones (K.
pneumoniae ST16 and ST5815) and horizontal gene
transfer, supported by 10 plasmid clusters found
across different species and STs. Finally, we noted
the high prevalence of co-harboring other critical
AMR genes (such as qnrS1 and rmtB1) within the
clusters of plasmids carrying CPG.

The prevalence of K. pneumoniae ST16 in Asia has
been rising, along with an increasing number of
acquired AMR genes in its genome, since its initial
report in 2003 [36, 37]. Consistent with this region-
al trend, our study confirms the pervasive domi-
nance of the ST16 lineage in Southern Vietnam.
This finding mirrors recent reports from Northern
Vietnam [38], marking a clear epidemiological shift
from the previously reported ST15 lineage [39]. Re-
gionally, this trend is not unique to Vietnam; in
Thailand, K. pneumoniae ST16 was also observed to
frequently co-harbor two CPGs, specifically blaypy
and blaoy, s, [37]. Although ST16 is not considered
a hypervirulent clone, its heavy resistance burden
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has been associated with severe infections and
higher mortality rates compared to the high-risk
clonal complex 258, which includes the widely re-
ported ST258, ST11, and ST437 [40, 41].

K. pneumoniae ST5815 carrying blayyc., represents a
unique lineage circulating in southern Vietnam,
possibly reflecting local clonal expansion. Interest-
ingly, unlike the ubiquitous ST16 found across
various specimen types, this ST5815 lineage
showed a significant predilection for respiratory
samples, hinting at a specific niche adaptation.
Furthermore, we observed a divergence from
global trends regarding high-risk clones. While K.
pneumoniae ST11 and ST147 were typically associ-
ated with the global dispersion of blagy,_45[42], our
study identified that ST11 was linked to blayp,, or
blaypc,, whereas blagy, s family was still mainly
found in ST147. In contrast, the Carbapenem-re-
sistant Escherichia coli population was less com-
plex, dominated by the globally prevalent lineages
ST410 and ST405 [43].

While in East and Southeast Asia, the most preva-
lent CRE isolates carried a single CPG, including
blaype in the Republic of Korea, Singapore, and
China, blayp,, in the Philippines, blay in Japan [11,
12, 44-46], our study showed that a remarkably
high proportion of isolates, co-harboring blaypy,
and blaoy,.4s family, was detected (n=58, 30.7%).
Although this finding is notably different from
other reports globally, it is consistent with recent
data reported from Northern Vietnam, suggesting
that this represents a shared clinical challenge
across Vietnamese regions [38, 47]. Our data indi-
cate that this co-harboring genotype is driven by
two main factors. Firstly, the clonal expansion of
the K. pneumoniae ST16 lineage accounted for ap-
proximately 80% of these multi-CPG isolates. Sec-
ondly, horizontal gene transfer contributed to ap-
proximately 10% of the cases (specifically among
non-ST16 isolates), as supported by their presence
in predicted clusters of plasmids carrying CPGs.
The co-harboring genotype has direct clinical im-
plications. Regarding the genotype-phenotype
correlation, we observed a high consistency be-
tween the resistome profile and VITEK-2 results,
as all isolates harboring carbapenemase genes
demonstrated phenotypic resistance to carbapen-
ems. However, diagnostically, it complicates phe-
notypic detection, since co-harboring blaypy and
blagyas family genotypes lead to misidentification
of blayp, when using the Carbapenemase Inactiva-

tion Method (mCIM) combined with the ED-
TA-Carbapenemase Inactivation Method (eCIM)
due to a masking effect. This limitation necessi-
tates caution in epidemiological surveillance, par-
ticularly in settings relying solely on phenotypic
methods without molecular confirmation, as the
burden of Metallo-B-lactamases may be signifi-
cantly underestimated. Therapeutically, this
co-carriage threatens the efficacy of last-resort syn-
ergistic combinations, specifically ceftazidime-
avibactam plus aztreonam. We hypothesize that
the specific presence of blagy,. 4 family in this gen-
otype might compromise the inhibitory capacity
of avibactam, leaving co-produced ESBLs unin-
hibited to hydrolyze aztreonam, potentially lead-
ing to resistance against this final salvage therapy.
In Vietnam, the prevalence of colistin resistance
has been reported in K. pneumoniae ST15 and
ST16, with the primary mechanism involving mu-
tations in the mgrB gene that negatively regulate
PhoPQ activity [38, 48]. In our study, however, the
predominant colistin resistance genomic mecha-
nism was associated with the pmrB gene, particu-
larly the R256G mutation. This difference may be
attributable to the distribution of various se-
quence types, including K. pneumoniae ST11,
ST147, and ST5815. K. pneumoniae ST16, the most
frequent clone in our study, exhibited these muta-
tions at a much lower frequency, suggesting that
its dominance is likely driven by factors other
than colistin resistance. In contrast, ST11, ST147,
and notably, ST5815 were identified as the prima-
ry reservoirs for these mutations. This finding
highlights ST5815 as a significant, yet previously
under-reported, source of colistin resistance in
Southern Vietnam, comparable to ST11 and ST147.
The proportion of mcr-positive CRE isolates in
our study was also low, consistent with previous
reports [38].

Our analysis of these CPG-plasmids illustrated a
critical co-carrying mechanism. We found that
several AMR genes for quinolone (gnrS1, qnrB6)
and aminoglycoside (rmtB1, aac(3)-lid, aadAl)
were frequently co-carried on these plasmids car-
rying CPG. As a result, these isolates are difficult
to treat due to an expanded MDR spectrum, ren-
dering therapies such as meropenem combined
with an aminoglycoside ineffective. This also sug-
gests that the routine use of common antibiotics
(like quinolones) is unintentionally driving the
spread of carbapenem resistance [49]. This high-
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lights the epidemiological complexity of con-
trolling these MDR reservoirs.

The present findings possess both notable
strengths and several limitations. A key strength
of this study is that it is the first epidemiological
report from Southern Vietnam, sequencing a large
number of CRE isolates originating from various
infections, and surveying the three most common
species among CRE. Nevertheless, these findings
must be interpreted within the context of three
main limitations. First, our analysis relied on
short-read sequencing. While this approach ro-
bustly identified co-harbored genes (like gnrS1), it
could not definitively confirm their physical link-
age on the same plasmid. Reconstructing the full
architecture of these MDR plasmids would require
long-read sequencing. Second, we were unable to
distinguish between community-acquired infec-
tions and healthcare-associated infections, which
limits the analysis of the correlation between iso-
lates in these two settings. Finally, phenotypic AST
for colistin was not performed. Therefore, the clin-
ical impact of our genotypic findings (pmrB muta-
tions) is based on known mutations, not pheno-
typic confirmation.

In conclusion, this study provides the first WGS-
based molecular epidemiology report on 189 CRE
isolates from a major referral center in Southern
Vietnam. Clonal expansion of K. pneumoniae ST16
and horizontal gene transfer contribute signifi-
cantly to the dissemination of CPGs. Specific STs
possess a unique genomic resistance pathway;
specifically, clones carrying blaypc or blagy,..s fami-
ly harbor chromosomal mutations, while clones
carrying blayp,, typically lack these mutations. The
co-carriage of other critical AMR genes, particular-
ly gqnrS1 and rmtB1, within CPG-carrying plas-
mids significantly expands the MDR phenotype
and raises the risk of co-selection through the use
of common antibiotics (like ciprofloxacin). These
findings underscore the urgent need for national
policies and robust infection control strategies to
limit the spread of multidrug-resistant pathogens.
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Supplementary Table 1 - Distribution (n) of Carbapenem-resistant Enterobacterales Sequence Typing across the
12 sampling strata.

Intensive care unit Internal medicine Surgery

Blood | Sputum/BAL | Urine | Others | Blood | Sputum/BAL | Urine | Others | Blood | Sputum/BAL | Urine | Others
K. pneumoniae
ST16 8 4 3 8 6 4 8 8 4 5
ST5815 1 4 = 2 = 3 2 = 2 7 2 2
ST147 2 6 - 1 - 4 - B - - 1
ST11 2 1 2 - - 1 1 3 - - 1 -
ST656 1 1 - 2 - - - - - 2 -
Other STs - 1 1 B 2 - 1 - 3 B 2 3
E. coli
ST410 = = = = 3 2 3 1 1 = 2 1
ST405 1 - - - 2 1 1 - - - 1 -
Other STs 2 - - - 3 2 1 2 - - 2 2
E. hormaechei
OtherSTs | - | - [ - o -] 1 1]
E. cloacae
Other STs - - - - - - - - 1 - - -
Total 17 17 6 17 16 17 18 17 16 17 18 13

Abbreviation: - indicates zero occurrences.

Supplementary Table S2 - Complete Colistin Resistance Genotypes (Chromosomal Mutations and Plasmid-medi-
ated mcr genes) ldentified in Major Sequence Types (STs).

K. pneumoniae E. coli E. hormaechei | E. cloacae

ST16 | ST5815 | ST147 | ST11 | ST656 | Other STs | ST410 | ST405 | Other STs |  Other STs | Other STs

pmrB_R256G = 25 18 7 = 3 = = = = =

pmrB_Y358N - = = = = = 13 - 1 B B

pmrB_E123D - - - - - - _ _ 3 _ _

mcr-8.2, pmrB_R256G - - - 2 - - - - - - -

pmrB_T157P 2 - - - = = o - - - _

crrB_G183V 1 - - - - - - - - - _

mcr-1.1 = = = = = = - 1 - - -

mcr-8, pmrB_R256G - - - 1 - - - - - - _

mgrB_Q30STOP,
pmrB_R256G

pmrA_G53S,
pmrB_R256G

pmrB_R256G,
pmrB_T157P

pmrB_T140P 1 - - - - - = - = = -

Not detected 63 - - - 8 15 - 5 10 6 1

Total 67 25 19 11 8 19 1153 6 14 6 1

Abbreviation: - indicates zero occurrences.



