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Background: The global rise in infections caused by hypervirulent and
carbapenem-resistant K. pneumoniae (CR-hvKp) represents a growing public
health threat. This study investigates ST65 CR-hvKp strains, with a focus on their
genomic attributes and the mechanisms underlying the transmission of non-
conjugative virulence plasmids.

Methods: Two clinical K2-ST65 CR-hvKp isolates (P6 and P10) were identified.
Plasmid conjugation experiments were performed to assess the dissemination of
the virulence plasmid. Antimicrobial susceptibility testing and virulence assays,
including serum resistance, siderophore production, and G. mellonella larvae
infection models, were used to characterize resistance and virulence
phenotypes. Comprehensive bioinformatic analyses were performed to explore
genetic evolution.

Results: Genomic analyses showed that both P6 and P10 carry a non-
conjugative virulence plasmid, a conjugative untyped KPC plasmid, and a
conjugative IncM2 plasmid. These isolates displayed broad-spectrum anti-
microbial resistance and multiple virulence phenotypes, although they failed to
sustain both hypervirulence and carbapenem resistance over time. The IncM2
plasmid was shown to be essential for the transfer of non-conjugative virulence
plasmid. Mechanistic studies highlighted 1S26-mediated plasmid fusion and the
role of IncM2 plasmids in mobilizing non-conjugative virulence plasmids. The
resulting transconjugants exhibited multidrug resistance, enhanced capsule
production, and increased siderophore production.
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Conclusions: This study provides new insights into the genomic dynamics of
ST65-CR-hvKp strains and uncovers key mechanisms, such as IS26-mediated
plasmid fusion and IncM2-mediated mobilization, which facilitate the
dissemination of non-conjugative virulence plasmids. Understanding these
mechanisms is crucial for developing effective strategies to manage and
prevent the spread of these clinically challenging strains.
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1 Introduction

Klebsiella. pneumoniae, a Gram-negative commensal
bacterium, colonizes the gastrointestinal tract intestines of
patients and the skin of hospital staff (Martin and Bachman,
2018). It is frequently implicated in healthcare-associated
infections due to its ability to spread through respiratory droplets
and direct contact (Borgmann et al., 2018; Al Bshabshe et al., 2020).
The organism’s resistance to multiple antibiotics is largely
attributed to horizontal gene transfer via plasmids and other
mobile genetic elements, making carbapenem-resistant K.
pneumoniae (CRKP) a major clinical concern (Tamma et al,
2023). Beyond hospital settings, K. pneumoniae is also responsible
for community-acquired infections such as liver abscesses and
endophthalmitis, even in otherwise healthy individuals (Choby
et al.,, 2020). These infections are often associated with a
hypermucoviscous phenotype characteristic of hypervirulent K.
pneumoniae (hvKp) strains (Choby et al., 2020). The CG65 clone
is recognized as a hypervirulent lineage enriched with virulence
plasmids, including iuc, iro, rmpA, and rmpA2, but typically lacking
significant antibiotic resistance determinants (Wyres et al., 2019).
These strains commonly carry a conserved 224 Kb virulence
plasmid and infrequently acquire additional plasmids, resulting in
low pan-genome diversity (Lam et al., 2018; Wyres et al., 2019).

Reports of clinical isolates exhibiting both hypervirulence and
carbapenem resistance are on the rise (Yang et al., 2022; Pu et al., 2023;
Guo et al,, 2024). A previous study (Tian et al., 2022) categorized these
dual-threat strains into two evolutionary pathways: 1) CR-hvKp,
where hvKp strains acquire resistance plasmids, and 2) hv-CRKP,
where CRKP strains acquire virulence plasmids. Current evidence
suggests the hv-CRKP pathway is more prevalent (Han et al., 2022;
Yang et al., 2022), likely due to the facilitative role of blaxpc-bearing
IncFII plasmids that can co-mobilize non-conjugative virulence
plasmids through shared oriT sequences (Xu et al.,, 2021; Tian et al,
2022). Conversely, CR-hvKp strains must acquire resistance elements
despite innate barriers intrinsic to hvKp, including hypercapsule
production and active CRISPR-Cas systems, which impair plasmid
acquisition and maintenance (Lam et al., 2018; Zhou et al., 2020).
Notably, acquisition of KPC-encoding plasmids has been shown to
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attenuate capsule synthesis in hvKp strains, reflecting an evolutionary
trade-off between resistance and virulence (Tian et al., 2022). Due to
the limited number of clinical CR-hvKp isolates, the mechanisms of
plasmid acquisition, maintenance, and transmission in these strains
remain poorly understood. Therefore, it is necessary to investigate the
prevalence and dissemination of hv-CRKP strains in hospitals.

This study investigates two ST65 K2-serotype CR-hvKp isolates,
providing insights into their genomic architecture and unveiling
novel mechanisms of plasmid mobilization that facilitate the
simultaneous spread of hypervirulence and carbapenem resistance
in clinical settings.

2 Materials and methods
2.1 Strains and definitions

Two isolates, P6 and P10, were identified as K2 serotype and
sequence type 65 (ST65), both carrying the blaxpc , and iucA genes.
Bacterial species identification was confirmed using MALDI-TOF
MS (Biotyper Microflex, Bruker Daltonics, Bremen, Germany).

Additionally, 1478 complete Klebsiella genomes (retrieved on 31
December 2022) were downloaded from the NCBI database (https://
www.ncbinlm.nih.gov/datasets/genome/) (Datasheet 1). Sequence
types, K loci, virulence and antibiotic resistance genes, and
corresponding scores were analyzed using Kleborate (http://
github.com/katholt/Kleborate). Resistance scores were calculated
as follows: 0 =no ESBL or carbapenemase; 1=ESBL without
carbapenemase (regardless of colistin resistance);
2 = carbapenemase without colistin resistance (regardless of
ESBL); 3 = carbapenemase with colistin resistance (regardless of
ESBL). Virulence scores were calculated as follows: 0=none
present; 1= yersiniabactin only; 2 = colibactin without aerobactin
(regardless of yersiniabactin; however, ybt is almost always co-
present with clb); 3 =aerobactin only; 4 =aerobactin and
yersiniabactin without colibactin; and 5 =all three present. CRKP
was defined as carrying carbapenem resistance genes (with
resistance scores exceeding 2). HvKp was defined by the presence
of virulence-associated genes (virulence scores exceeding 3).
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Convergent K. pneumoniae was defined as carrying both
carbapenem resistance genes and virulence-associated genes

(resistance score more than 2 and virulence score more than 3).

2.2 Phylogenetic analysis

To explore the evolutionary relationship between P6, P10 and
nine ST65 genomes from NCBI, a phylogenetic tree was constructed
based on whole genome SNPs using the CSI Phylogeny 1.4 web-
based program. Parameters included a minimum distance of 10 bp,
a minimum of 10x depth, 10% breadth coverage, mapping quality >
30, and SNP quality > 25 (Kaas et al., 2014). SNPs were called by
BWA v. 0.7.2 and SAMtools v. 0.1.18, leaving out all SNPs in a 10-
base vicinity of each other. CSI phylogeny returns a newick file for
tree visualization (Jensen et al., 2021). P6 strain served as the
reference genome. All genome and sequence assemblies were
uploaded in a FASTA format. The tree was visualized and
annotated by Evolview v3 (https://www.evolgenius.info/evolview).

2.3 Antimicrobial susceptibility tests

Antimicrobial susceptibility testing was performed for P6, P10
and their transconjugants against 16 antibiotics using the broth
microdilution method. Minimum inhibitory concentration (MIC)
were determined following Clinical and Laboratory Standards
Institute guidelines (CLSI-M100), with Escherichia coli ATCC
25922 used as a quality control.

2.4 Plasmid conjugation experiments

Plasmid conjugation was conducted using sodium azide-
resistant E. coli J53 as the recipient and P6 and P10 strains as
donors. Equal volumes of donor and recipient logarithmic-phase
cultures were mixed and incubated overnight at 37°C to facilitate
conjugation. Transconjugants were selected on agar containing
sodium azide (80 pg/ml) and potassium tellurite (1.5 ug/ml). The
virulence plasmid carries potassium tellurite resistance genes. PCR
assays targeting iucA (encoding aerobactin synthetase), and ogxA
(belonging to the RND family) were used to confirm the transfer of
non-conjugative virulence plasmid to E. coli J53. The ogxA gene is
chromosomal in the donor strains P6 or P10 but absent in the
recipient strain J53, allowing for genotype-based distinction.
Consequently, the donor strains exhibit an iucA-positive and
ogxA-positive genotype, the recipient strain shows an iucA-
negative and oqxA-negative genotype, and the transconjugants are
iucA-positive but ogxA-negative.

A second-round plasmid conjugation was performed using
rifampicin-resistant E. coli C600 as the recipient and the previous
transconjugants as donors. Transconjugants were selected on agar
containing rifampicin (200 pg/ml) and potassium tellurite (1.5 pg/
ml). PCR assays targeting iucA, and YeeU (type IV toxin-antitoxin
system) were used to confirm the success of transconjugation. The
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YeeU gene is chromosomal in the recipient strain C600 but absent
in the donor strains. Consequently, the donor strains exhibit an
iucA-positive and YeeU-negative genotype, the recipient strain
shows an iucA-negative and YeeU-positive genotype, and the
transconjugants are iucA-positive but YeeU-positive. The primers
are listed in Supplementary Table S1. Plasmids in transconjugants
were visualized using S1 nuclease-Pulsed-Field Gel Electrophoresis
(S1-PFGE) (Tian et al., 2020).

2.5 Plasmid stability

Plasmid stability was tested as previously described (Zhou et al.,
2020). Briefly, P6 and P10 were cultured overnight at 37°C in LB
medium with meropenem (1 pg/ml) and potassium tellurite (1.5 pg/
ml), then serially passaged 50 times (12 hours/passage) in
antibiotic-free LB. The plasmid loss rate was calculated per
generation (Zhou et al., 2020).

2.6 Whole genome sequencing

P6, P10, and their transconjugants were sequenced using the
Mumina NovaSeq and MinION platforms. Raw data quality control
was performed with FastQC software (v. 0.11.8, http://
www.bioinformatics.babraham.ac.uk/projects/fastqc/). De novo
genome assembly was performed using HGAP and CANU with
default settings (Chin et al., 2016; Koren et al, 2017), and the
assembly correction was performed using Pilon v1.22 (Walker et al.,
2014). Circular plasmid maps for comparative analysis were
generated using the BLAST Ring Image Generator (BRIG) (http://
sourceforge.net/projects/brig). Prediction of oriT sequences and
transfer-associated elements was carried out using oriTfinder’s
default parameters (https://bioinfo-mml.sjtu.edu.cn/oriTfinder/).

2.7 Plasmid construction and targeted
plasmid elimination

The pCasRif plasmid, containing the arr-3 gene for rifampin
resistance, was constructed as previously described (Hao et al,
2020). Single guide RNAs (sgRNA) targeting the replicons of the
pP6P3 plasmid and pP6Inc were designed using the IDT CRISPR
design tool (https://eu.idtdna.com/site/order/designtool/index/
CRISPR_CUSTOM). The sgRNA fragments were amplified using
pCascure as a template, and primer sequences are listed in
Supplementary Table S1. The PCR products were cloned into
Xbal- and Spel-digested pCasCure to generate the targeted
constructs pCasCure-IncM and pCasCure-P3. These constructs
were introduced into K. pneumoniae P6 by electroporation, and
transformants were selected on LB agar plates supplemented with
rifampin (200 pug/ml). Successful plasmid transfer was confirmed by
PCR. To eliminate the target plasmids, the transformants were
cultured LB broth containing 0.1% arabinose and 200 ug/ml
rifampin for 6 hours at 37 °C with aeration. Cultures were then

frontiersin.org


https://www.evolgenius.info/evolview
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://sourceforge.net/projects/brig
http://sourceforge.net/projects/brig
https://bioinfo-mml.sjtu.edu.cn/oriTfinder/
https://eu.idtdna.com/site/order/designtool/index/CRISPR_CUSTOM
https://eu.idtdna.com/site/order/designtool/index/CRISPR_CUSTOM
https://doi.org/10.3389/fcimb.2025.1548300
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Tian et al.

serially diluted and plated on LB agar plates, and plasmid loss was
confirmed by PCR. The resulting K. pneumoniae P6-P3cured and
P6-IncMcured strains were co-cultured with E. coli J53 to assess the
conjugative transfer potential of the virulence plasmid.

2.8 Virulence-associated experiments

Virulence was evaluated for strains P6, P10, and transconjugants
using multiple assays. The K. pneumoniae RJF293 strain (Accession:
CP014008.1), a confirmed hypervirulent K2-ST65 strain (Wang et al,,
2018), was used as a positive control, while the ST11 strain HS11286
(Accession: CP003200.1) served as a negative control. Assays for
viscosity, capsular polysaccharide (CPS) production, siderophore
production, and G. mellonella larvae infection were performed as
described previously (Tian et al., 2022). Briefly, overnight bacteria
cultures were centrifuged at 10000g for 30 seconds, and the optical
density (OD600) of the supernatants was measured to assess viscosity.
CPS production was quantified by measuring uronic acid content.
Siderophore production was assessed using the Chrome Azurol S
(CAS) Assay. Serum resistance was performed according to a previous
study (Sahly et al., 2004). Bacterial cultures in mid-log phase (adjusted
to OD600 = 0.5) were mixed with normal human serum at a 1:3 ratio
and incubated at 37°C for 3 hours. Both self-controls and blank
controls were included to validate the assay. Serum resistance was
determined by plotting the average survival percentage of each strain
over the incubation period.

2.9 Statistical analysis

All statistical analyses were conducted using GraphPad Prism 9
(GraphPad Software, San Diego, CA, USA). Student’s t-test was
used for comparing means, and the log-rank test was employed for
survival curve analysis.

3 Results

3.1 Identification of ST65 hypervirulent and
carbapenem-resistant K. pneumoniae
strains

Carbapenem-resistant and hypervirulent K. pneumoniae strains
P6 and P10 were isolated from sputum cultures of ICU and
neurosurgery patients on April 13 and June 11, 2020, respectively.
Notably, the hospital stays of the two patients did not overlap. To
investigate the genetic background of these isolates, we sequenced and
assembled their genomes. A SNP-based phylogenetic analysis showed
that P6 and P10 were almost identical, differing by only one SNP, and
shared the same profiles of virulence and resistance genes (Figure 1).
We compared two isolates with nine ST65 genomes from NCBI to
further characterize their virulence and resistance. Most ST65 strains
exhibited high virulence scores and low resistance scores (Figure 1). In
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contrast, P6 and P10 displayed both high virulence and high resistance
scores (Figure 1), indicating the emergence of ST65 strains with a
convergent resistance-virulence phenotype.

3.2 Mobilization of non-conjugative
virulence plasmids

Both P6 and P10 harbored four plasmids: (i) a KPC plasmid, (ii)
a virulence plasmid, (iii) an IncM2 plasmid carrying aac(3)-1Id,
blatem.1, blacrx1s and (iv) a ColRNAI plasmid (Table 1). Except
for IncM2, the KPC, virulence, and ColRNAI plasmids of P6 and
P10 were almost identical (Supplementary Figure S1). The IncM2
plasmid in P6 has indel and a rearrangement difference compared
to the IncM2 plasmid of P10, producing two copies of aac(3)-IId in
P6. The blaxpc gene was located on an untyped plasmid (P3).
Conjugation experiments confirmed that both the KPC and IncM2
plasmids were transferable (Supplementary Figure S2), indicating
potential for mobilizing non-conjugative plasmids. The 228-kb
virulence plasmid (IncFIB/IncHI1B type) lacked intact transfer
machinery such as Type IV Secretion System (T4SS).

To investigate if the virulence plasmids could still be mobilized,
we co-cultured ST65-CR-hvKp with E. coli J53. Both P6 and P10
successfully transferred their virulence plasmids at conjugation
frequencies of 6.5 + 3.4x10° and 4.6 + 2.3x10°°, respectively
(Figure 2). However, the plasmid profiles of transconjugants
differed from their parental strains. Both P6 transconjugants
(TP6) and P10 transconjugants (TP10) acquired an identical 33
Kb plasmid p3 (Figure 2). We aligned all plasmids from the donor
and recipient (Supplementary Figure S3), but their origin was
unclear. Additionally, TP6 strains harbored a 240 Kb-plasmid,
while P10 strains contained a 300 Kb plasmid (Figure 2).

3.3 1IS26-mediated the plasmid fusion

To explore plasmid evolution in the transconjugants, three
clones each from TP6 and TP10 were randomly selected for
sequencing and assembly (Supplementary Table 52). Comparative
genomics revealed that the 303 kb hybrid plasmid in TP10 formed
via fusion of the virulence plasmid (pP10Vir) and the IncM2
plasmid (pP10Inc) at different insertion sites (Figures 3A-C). An
inversion was also observed during plasmid fusion (Figure 3A).
Upon closer inspection of the overall structure of the hybrid
plasmid, we postulated a plausible pattern of cointegrate
formation (Figure 3D). IS26 in pP10Inc targeted a site (e.g.,
GACTAAAC) pVir, leading to replicative cointegrate formation.
The cointegrate plasmid was formed by incorporating plnc
upstream of gene D in pVir, resulting in an 8 bp target site
duplication (TSD) and acquisition of an extra IS26 copy. This
produced two direct TSD repeats flanking pInc.

Similarly, pVir plasmids in TP6 transconjugants (229105 bp)
gained an additional IS26 insertion compared to the parental
pP6Vir (228286 bp), confirming IS26-mediated plasmid fusion
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K locus Olocus Year

I: CP071324.1 KL2 O1/02v2 2021
CP060281.1 KL2 0O1/02v2 2020
CP102438.1 KL2 0O1/02v2 2022

P6 KL2 O1/02v2 2018
P10 KL2 O1/02v2 2018

CP059295.1 KL2 0O1/02v2 2021

CP006722.1 KL2 0O1/02v2 2015

CP024707.1 KL2 0O1/02v2 2018

CP088988.1 KL2 0O1/02v2 2021

CP091326.1 KL2 0O1/02v2 2022

CP084873.1 KL2 0O1/02v2 2021

01234 01234
Ybt, Yersiniabactin; Agly, Aminoglycosides; Tet, Tetracyclines; Carb, Carbapenemase.
clb, Colibactin; Flg, Fluoroquinolones; Tmt, Trimethoprim;
iuc, Aerobactin; Rif, Rifampin; Bla, Beta-lactamases;
iro, Salmochelin; Sul, Sulfonamides; ESBL, Extended spectrum beta-lactamases;

FIGURE 1

Identification of ST65 hypervirulent and carbapenem-resistant K. pneumoniae. Phylogenetic analysis and basic characteristics of ST65 K.
pneumoniae strains. The phylogenetic tree was constructed based on the core genome sequences of P6 and P10 strains (isolated in this study), and
nine ST65 K. pneumoniae strains retrieved from the GenBank database.

TABLE 1 The genomic characteristics of ST65 hypervirulent and carbapenem-resistant K. pneumoniae strains in this study.

Characteristics P10

Chromosome (Kb) : 5.2

Plasmids pP6P3 pP6Col pP10Vir pP10Inc = pP10P3 pP6Col
Accession no. CP139687.1 CP139688.1 CP139689.1 CP139690.1 CP139682.1 CP139683.1 CP139684.1 =~ CP139685.1
Length (bp) 228286 86070 42848 20112 228285 74500 42848 20112
Incompatibility group IncFIBk/IncHI1B = IncM2 untypeable ColRNAI IncFIBk/IncHI1B | IncM2 untypeable ColRNAI

Conjugal transfer elements

oriT +* + + - + + + -
Relaxase B + + - - + + -
T4CP + + + - + + + -
T4SS - + + - - + + -

- aac(3)-11d blaxpc.» - - aac(3)-11d blagpc.» -
Resistance factors blargy, blatgn.,

blacrx mas blacrx mas
iucABCD-iutA; - - iucABCD-iutA; -
. iroBCD-iroN iroBCD-iroN

Virulence factors

rmpA rmpA

rmpA2 rmpA2

a+, have such information.
b-, no such information.
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1135
668.9

452.7
398.4
336.5
310.1

2444
216.9

138.9

104.5
78.2
54.7

33.3
28.8
20.5

FIGURE 2

10.3389/fcimb.2025.1548300

Plasmid profiles of P6, P10 and their transconjugants. S1-PFGE analysis was performed on three TP6 transconjugants (TP6-1, TP6-2, and TP6-3) and
three TP10 transconjugants (TP10-1, TP10-2, and TP10-3) that were randomly selected to perform. * indicate virulence plasmids (pVir), A indicate

IncM2 plasmids (pInc), # indicate KPC plasmids (pP3).

and recombination as key drivers of plasmid evolution in clinical K.
pneumoniae strains.

3.4 Movement pattern of virulence plasmid

Although fusion with a conjugative plasmid via IS26 (Figure 3)
explains virulence plasmid transfer to TP10, it does not account for
transfer in TP6. To investigate alternative mobilization
mechanisms, we cured P6 of specific plasmids, generating P6-
P3cured and P6-IncMcured strains (Figure 4A). Conjugation
assays showed that pVir remained transferable from P6-P3cured
but not from P6-IncMcured (Figure 4B), indicating that the IncM2
plasmid, but not the KPC plasmid, mediates pVir mobilization.
Additionally, removal of the KPC plasmid imposed fitness costs on
P6 compared to the P6-P3cured strain (Figure 4C). Sequence
analysis revealed the oriT sequence of pP6Vir was 100% identical
to pK2044 (AP006726.1) and shared 66.7% identity at nic site of the
IncM2 plasmid (pP6Inc) (Figure 4D).

In summary, the non-conjugative virulence plasmid can be
transferred either through fusion with or by assistance from the
conjugative IncM2 plasmid.
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3.5 Resistance and virulence phenotypes

P6, P10 displayed multidrug-resistant (MDR) against various
antimicrobial agents (Table 2), consistent with the presence of
blaxpc 2, blarenm.1, aac(2)-11d, blacrx ais (Table 2). Acquisition
of virulence plasmids imposed measurable fitness costs (Figure 5A).
Both strains produced less capsule polysaccharide (CPS) and
exhibited lower viscosity than the hypervirulent positive control
strain RJF293 (K2-ST65), but more than that of the less-virulent
negative control strain HS11286 (K64-ST11) (Figures 5B, C).
Siderophore production of P6 and P10 was approximately 9-fold
higher than in HS11286 and approached RJF293 levels (Figures 5D,
E). Serum-killing assays confirmed their high virulence, with robust
serum resistance (Grade 5 and Grade 6) (Figure 5F), and this was
further validated in animal models (Figure 5G). Thus, K.
pneumoniae P6 and P10 exhibited both carbapenem resistance
and hypervirulence. However, the KPC plasmid was rapidly lost
in both P6 and P10 strains (Supplementary Figure S4), suggesting
that ST65-CR-hvKp strains may struggle to maintain both
carbapenem resistance and hypervirulence simultaneously. While
the 10th generation P6 strain (P6-10th) retained similar virulence
and resistance profiles, the KPC lost-derivative (P6-10th-KPClost)
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TP10-1-p1 |

1S26 (ATAATATG)

303604 bp

P10-p10Inc

74500 bp

P10-p10Vir

Tn3

228285 bp
(GACTAAAC) 1526

TP10-2-p1
303604 bp

P10-p10Inc
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74500 bp TetR/AcrR

P10-p10Vir
228285 bp

(CTCTCCCA) |

TP10-3-p1

303612 bp

P10-p10Inc

74500 bp
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74500 bp

plnc
74500 bp

N
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Attach l, — & \IS& w
i

pVir
228285 bp
p10Vir
228285 bp

Shapiro
Intermediate

FIGURE 3

iroC

GACTAAAC

GACTAAAC

Replicative
Cointegrate
hybrid plasmid

303604 bp
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became carbapenem-sensitive (Supplementary Figure S3 and
Supplementary Table S3).

Transconjugants that acquired plasmids from P6 and P10
showed increased resistance to certain antimicrobial agents but
remained carbapenem-sensitive as the blaxpc ,-carrying pP3 was
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not co-transferred (Table 2). Acquisition of the virulence plasmid
from P6 and P10 significantly increased uronic acid levels and
siderophore production, although viscosity, serum resistance, and
larval mortality rates remained comparable to E. coli
J53 (Figure 5).
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frequencies of pVir plasmids of P6-P3cured and P6-IncMcured strains. ****P< 0.0001, ns, not significant. (C) Growth curves of P6 and P6-P3cured
strains. (D) Alignment of OriT sequences from pP6Vir, pK2044, and pP6Inc. Multiple sequence alignment was performed using MUSCLE sequence
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These findings demonstrate that virulence plasmid transfer can
simultaneously disseminate resistance and virulence traits,
reshaping the phenotypic landscape of recipient bacteria.

4 Discussion

Infections caused by CR-hvKp strains pose a significant global
threat to human health, with repercussions exceeding those of
either individual hvKp or CRKP infections alone (Gu et al,
2018). Previous studies have highlighted the ongoing expansion
of convergent K. pneumoniae strains, with hv-CRKP strains
(particularly ST11) being the most prevalent (Tian et al., 2022;
Yang et al., 2022). However, CR-hvKp strains (typified by ST23 and
ST65) also warrant close attention. A PubMed search using the
terms “ST65”, “carbapenem-resistant”, “hypervirulent”, and
“Klebsiella” retrieved only 10 records, highlighting the scarcity of
clinical reports despite the considerable pathogenicity and
multidrug resistance associated with these strains.

ST65 K. pneumoniae belongs to the K2 capsular type associated
with CPS overproduction (Jun, 2018). Traditionally, ST65 has been
linked to classical hvKp carrying non-conjugative pLVPK-like
virulence plasmids lacking resistance genes (Bialek-Davenet et al,
2014; Wyres et al., 2019). Our previous research demonstrated that
when ST65 strain acquired a KPC plasmid in vitro, it was unable to
maintain carbapenem-resistance and CPS overproduction
simultaneously, often leading to mutations in capsular
biosynthesis genes (Tian et al., 2022). Both capsule synthesis and
blaxpc expression are energetically demanding processes that
impose significant metabolic costs on the bacterium (Cortina
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et al,, 2018; Whitfield et al., 2020). In this study, we identified two
clinical ST65 K. pneumoniae strains exhibiting both carbapenem
resistance and hypervirulence; however, these traits appear to be
unstable, which may explain the lower prevalence of ST65-CR-
hvKp compared to ST11 hv-CRKP strains.

Our findings also shed light on the mechanisms facilitating the
transfer of non-conjugative virulence plasmids (Li et al., 2020; Xie et al,,
2020; Zhao et al., 2022). While previous studies have demonstrated the
role of crossover recombination and Tn3-mediated replicative
transposition in fusing KPC and virulence plasmids (Xie et al., 2020;
Zhao et al, 2022; Tian et al,, 2022), our results reveal a novel 1S26-
mediated hybrid plasmid formation in ST65 CR-hvKp. IS26 is well
known to facilitate plasmid rearrangement and does not transpose
independently; instead, it forms cointegrates as the final products of
IS26 transposase activity (Harmer and Hall, 2016; 2021). Mobile
genetic elements (MGEs), such as transposons, insertion sequences
(IS), are key drivers of resistance gene dissemination and bacterial
adaptation (Partridge et al., 2018; Tang et al., 2022).

Recent studies have shown that non-conjugative pLVPK-like
virulence plasmids can be mobilized by conjugative blaxpc-positive
IncFII plasmids (Xu et al., 2021; Tian et al., 2022). These conjugative
plasmids encode the machinery and factors required to transfer
genetic material from one bacterial cell to another, even when the
virulence plasmid itself cannot transfer autonomously. In our study,
the untyped KPC plasmid in ST65 strains encoded a complete vir-
type T4SS, while an additional conjugative IncM2 plasmid encoded
a tra-trb-type T4SS. Interestingly, we found that it was the
conjugative IncM2 plasmid, not the KPC plasmid, which
mobilized the non-conjugative virulence plasmid. This finding
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TABLE 2 Antimicrobial susceptibilities of strains and their transconjugants.

Strains Bacterial species
CXM CRO FEP MEM TGC NIT AMK COL

P6 K. pneumoniae - >64/328 | >256/4% | >64% >8R 64" 8° 168 <0.5% <0.25/475°  32% 648 <0.5% 64" 320 <0.5%
P10 K. pneumoniae - >64/32% | >256/4% | >64" >8" >64" 8’ 168 <0.5° <0.25/4.75% | 64® 64" <0.5° 64" 320 <0.5°
153 E. coli >25 4/2° <8/4° 45 <0.25° | 4 8° <15 <0.5% <0.25/475°  <025° | <025° | <0.5% 16° <8’ <0.5%
Transconjugants

TP6-1 E. coli >64° >64/32% | <8/4° >64% <025° | <2° 45 16® <0.5° <0.25/4.75° <025° | <025°  <05° <8% 328 <0.5°%
TP6-2 E. coli >64° >64/32% | <8/4° >64% <025° | <«2° 45 8! <0.5°% <0.25/4.75° <025° | <025°  <05° 16° 328 <0.5°
TP6-3 E. coli >64° >64/32% | <84’ 16' <0255 <8 8° 16° <0.5% <0.25/475°  <025° | <025% | <0.5% 328 328 <0.5%
TP10-1 E. coli >64° >64/328 | <84’ >64% >8R 64" 8° 168 <0.5% <0.25/475°  <025° | <025% | <0.5% 128% <8’ <0.5%
TP10-2 E. coli >64° 32/168 <8/4° >64% >8R 328 8° 168 <0.5% <0.25/475°  <025° | <025° | <0.5% 64 <8’ <0.5%
TP10-3 E. coli >64° 32/16% <8/4° >64% >8R 328 8° 168 <0.5% <0.25/475°  <025° | <025° | <0.5% 64 <8% <0.5%

*AMP, ampicillin; SAM, ampicillin/sulbactam; TZP, piperacillin/tazobactam; CXM, cefuroxime; CRO, ceftriaxone; FEP,

meropenem; TGC, tigecycline; NIT, nitrofurantion. AMK, amikacin; COL, colistin.

cefepime; CHL, chloramphenicol; GEN, gentamicin; LVX, levofloxacin; SXT, trimethoprim/sulphamethoxazole; IPM, imipenem; MEM,
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FIGURE 5

Virulence phenotypes of P6, P10, and their transconjugants. (A) Growth curves of P6, P10, and their transconjugants. (B) Viscosity measurements. (C) CPS
production assays. (D) Siderophore production assessed using CAS agar. (E) Quantitative measurement of siderophore production. (F) Serum killing assay
results. (G) Survival curves of Galleria mellonella larvae infected with the indicated strains. ****P< 0.0001, ***P< 0.001, **P< 0.01, *P< 0.05, ns, not significant.

expands current understanding of the intricate molecular
mechanisms underlying virulence plasmid transfer. Furthermore,
we observed that CPS and siderophore production were
significantly elevated in recipient strains following acquisition of
the virulence plasmid, although serum resistance and Galleria.
mellonella mortality did not differ significantly. This aligns with
previous studies indicating that virulence in K. pneumoniae is
multifactorial, and that acquisition of a single plasmid may not be
sufficient to dramatically alter virulence phenotypes (Tian et al,
2021; Zhu et al., 2021; Hu et al., 2023).
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The dissemination of virulence plasmids plays a central role in
CR-hvKp evolution and represents a growing clinical challenge.
Although these strains may only transiently sustain both
hypervirulence and carbapenem resistance, they serve as critical
intermediates for virulence plasmid transmission. Our findings
suggest that helper plasmids responsible for mobilizing non-
conjugative virulence plasmids are not limited to the blagpc-
positive types. Various conjugative plasmids may participate in
the transfer of virulence determinants, and the presence of oriT
sequences similar to those of helper conjugative plasmids emerges
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as critical for relaxase recognition and initiation of the conjugation
(O’Brien et al,, 2015; Xu et al., 2021). However, further investigation
is needed to determine which specific plasmids can mobilize
pLVPK-like virulence plasmids.

There are several limitations to this study. The scarcity of ST65-
CR-hvKp strains in clinical settings limited our analysis to only two
isolates included, emphasizing the need for larger studies.
Additionally, potential plasmid recombination events during
conjugation may not have been fully captured, underscoring the
importance of incorporating a broader collection of clinically
sequenced K. pneumoniae genomes in future investigations.

In conclusion, we reveal two novel transmission mechanisms of
virulence plasmids in ST65 CR-hvKp strains: 1) IncM2 plasmids
can mobilize virulence plasmid; 2) IncM2 plasmids facilitate
virulence plasmid transfer via recombination with virulence
plasmids through IS26 sequences. The virulence and resistance
traits can also be transferred through virulence and resistance
plasmid. Given the therapeutic challenges posed by CR-hvKp,
implementing strict infection control measures is imperative.
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