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Abstract
Background  The main issue of the Klebsiella pneumoniae species complex (KpSC) research in clinical settings is the 
accurate identification and differentiation of the closely related species within this complex. Moreover, the emergence 
and spread of carbapenem-resistant K. pneumoniae (CRKP) represent a significant public health threat due to limited 
treatment options and high mortality rates. Understanding the genetic basis of resistance and virulence is crucial for 
developing effective infection control strategies. In this work, the genomic epidemiology and antimicrobial resistance 
profile of KpSC isolates from Wenzhou, China, was investigated to fully understand the implications of the KpSC in 
clinical settings.

Methods  We conducted a comprehensive analysis of 156 clinical KpSC isolates collected from a tertiary hospital in 
China over a three-year period (2019–2021). Antimicrobial susceptibility testing was performed according to CLSI 
standards. Whole-genome sequencing (WGS) and subsequent bioinformatic analyses were conducted to identify 
resistance genes, plasmid types, and virulence factors. Phylogenetic relationships were determined using maximum-
likelihood analysis.

Results  All CRKP isolates exhibited high levels of resistance to carbapenems, cephalosporins, and aminoglycosides. 
The most prevalent carbapenemase genes were blaKPC−2 (100%), with significant associations between blaKPC−2 
and ST11. Phylogenetic analysis revealed considerable genetic diversity, with over 50 sequence types (STs) present. 
A subset of isolates harbored both resistance and hypervirulence genes, including rmpA, rmpA2, and siderophore 
systems, which were associated with potential higher pathogenesis.

Conclusion  This study provides novel insights into the molecular epidemiology of KpSC in Wenzhou, China, 
highlighting the coexistence of antimicrobial resistance and virulence factors in clinical isolates. The findings 
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Introduction
Klebsiella pneumoniae, a prominent member of the 
Enterobacteriaceae family, has emerged as a critical 
nosocomial pathogen due to its capability to acquire 
resistance mechanisms, including carbapenem resis-
tance, making infections difficult to treat [1]. However, 
species within the Klebsiella pneumoniae species com-
plex (KpSC) are genetically very similar, which can lead 
to frequent misidentification in clinical laboratories that 
rely on traditional biochemical methods or even some 
molecular techniques [2]. Accurate species identifica-
tion is crucial for understanding the epidemiology and 
pathogenicity of these organisms. The global increase in 
antimicrobial resistance (AMR) poses a significant threat 
to public health, particularly the rise of carbapenem-
resistant Enterobacteriaceae (CRE) [3]. The spread of 
carbapenem-resistant K. pneumoniae (CRKP) is alarming 
as it leads to limited therapeutic options and higher mor-
tality rates [4].

The rapid dissemination of CRKP is facilitated by vari-
ous genetic elements, such as plasmids and transposons, 
which harbor antimicrobial resistance genes [5]. Whole-
genome sequencing (WGS) has become an invaluable 
tool in understanding the genetic basis of resistance 
and tracking the epidemiology of CRKP outbreaks [6]. 
However, comprehensive studies involving large-scale 
genomic and phenotypic analyses of clinical KpSC iso-
lates in China remain scarce. This gap in knowledge ham-
pers the development of effective intervention strategies 
and limits our understanding of the local and global dis-
semination patterns of these highly resistant strains [7].

Understanding the resistance mechanisms and genetic 
diversity of Klebsiella isolates is crucial for developing 
effective infection control strategies and guiding empiri-
cal antibiotic therapy [8]. In this study, we analyzed 156 
clinical KpSC isolates collected from a tertiary hospital in 
Wenzhou, China, over a three-year period (2019–2021). 
The isolates underwent antimicrobial susceptibility test-
ing and whole-genome sequencing to determine their 
resistance profiles and genetic characteristics. This data-
set represents one of a large collection of KpSC isolates 
from a single Chinese healthcare institution, providing 
a unique opportunity to study the evolution and spread 
of resistance in this high-risk setting. The findings will 
enhance our understanding of the genetic factors driving 

resistance and virulence in CRKP, offering valuable data 
for the development of targeted antimicrobial therapies 
and prevention measures [9]. Our study integrates phe-
notypic and genotypic data to offer a comprehensive view 
of KpSC in a Chinese tertiary hospital. Whole-genome 
sequencing and subsequent bioinformatic analyses were 
performed to identify resistance genes, mobile genetic 
elements, and clonal relationships among the isolates. By 
comparing our findings with existing public data, we aim 
to elucidate the local dynamics of KpSC transmission and 
resistance evolution, and to identify potential targets for 
therapeutic intervention.

Materials and methods
Bacterial isolates and identification
A total of 156 KpSC isolates were collected from clini-
cal specimens in a tertiary hospital in Wenzhou, China, 
between January 2019 and December 2021. The species 
was identified by matrix-assisted laser desorption/ion-
ization time-of-flight mass spectrometry (MALDI-TOF/
MS) (Bruker, Bremen, and Germany) and further con-
firmed by 16 S rRNA gene sequencing [10].

Antimicrobial susceptibility test
The minimum inhibitory concentrations (MICs) of all 
strains were determined by in vitro antimicrobial suscep-
tibility tests (ASTs). For aztreonam, imipenem, merope-
nem, ceftriaxone, cefotaxime, ceftazidime, levofloxacin, 
ciprofloxacin, amikacin, gentamicin, piperacillin/tazo-
bactam, fosfomycin, chloramphenicol, cotrimoxazole, 
amoxicillin/clavulanate, cefepime, and florfenicol, the 
AST results were obtained using agar dilution method 
and in accordance with the standards of CLSI ​(​​​h​t​t​p​s​:​/​/​c​
l​s​i​.​o​r​g​/​​​​​)​. While the MICs of colistin and tigecycline were 
determined using the broth dilution method and inter-
preted according to EUCAST ​(​​​h​t​t​p​:​/​/​w​w​w​.​e​u​c​a​s​t​.​o​r​g​/​​​​​
) clinical breakpoints. Escherichia coli ATCC 25,922 and 
Pseudomonas aeruginosa ATCC 27,853 were used as 
controls.

Whole genome sequencing and bioinformatic 
analysis
Total DNA of the 156 strains was generated using Gen-
tra Puregene Yeast/Bact. Kit (Qiagen, Germany) fol-
lowing the manufacturer’s protocol. Then the DNA 
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was sequenced using Illumina Novaseq 6000 (Illumina, 
San Diego, CA, USA) platform. The complete genomic 
sequences were assembled via Spades and annotated 
by Prokka [11]. The cleaned reads were assembled de 
novo using SPAdes [12]. The draft genomes were anno-
tated using the Prokka pipeline, which predicts coding 
sequences, rRNAs, tRNAs, and other features [11]. The 
presence of antimicrobial resistance genes was deter-
mined using the ResFinder database [13], and plasmid 
replicon types were identified using the PlasmidFinder 
tool [14]. The multilocus sequence typing (MLST) anal-
ysis and detection of virulence genes were performed 
under the Institute Pasteur (​h​t​t​p​​:​/​/​​b​i​g​s​​d​b​​.​w​e​​b​.​p​​a​s​t​e​​u​r​​.​f​r​​/​
k​l​​e​b​s​i​​e​l​​l​a​/​k​l​e​b​s​i​e​l​l​a​.​h​t​m​l). The genetic environment ​s​u​r​r​
o​u​n​d​i​n​g blaKPC−2 genes was visualized with Easyfig 2.2.5 
[15]. The presence of virulence factors was assessed using 
the Virulence Factor Database (VFDB) [16].

Phylogenetic analysis
Core genome single-nucleotide polymorphism (cgSNP) 
analysis was performed using Snippy with K. pneu-
moniae HS11286 (CP003200.1), K. variicola LEMB11 

(CP045783.1), and K. quasipneumoniae KqPF26 
(CP065838.1) as the reference. The putative repetitive 
regions, mobile genetic elements (MGEs), and recom-
bination events were filtered with Gubbins [17]. The 
maximum likelihood tree based on the core genome 
was constructed using FastTree and visualized by iTOL. 
Pairwise cgSNP differences between strains were calcu-
lated using snp-dists v0.4. Strains differing by ≤ eighteen 
cgSNPs were defined as a clonal group (CG) [18].

Results
Precise classification of 156 KpSC strains through Whole-
Genome sequencing
Whole-genome sequencing (WGS) was performed on all 
156 KpSC strains to achieve precise species identification 
and phylogenetic classification. The strains were initially 
identified as KpSC based on biochemical and phenotypic 
characteristics. However, WGS allowed for a more accu-
rate taxonomic classification (Figs.  1 and 2). The WGS 
data revealed out of the 135 strains identified as K. pneu-
moniae, 7 strains initially identified as K. variicola, and 
14 strains classified as K. quasipneumoniae.

Fig. 1  The cgSNP analysis and CG distribution of K. pneumoniae Isolates. Maximum likelihood phylogenetic tree of 135 K. pneumoniae strains based on 
the core genome. The different colors in branches indicate the clonal groups. Closely related genotypes (< 16 SNPs) are shaded in the same node, and 
clusters are numbered consecutively (1–20). Colorful rings denote the isolation years and sources. Solid stars represent the clonal transmission between 
different departments, and hollow stars represent the transmission within the same department
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Core Genome SNPs (cgSNPs) Analysis of K. pneumoniae 
Isolates
The core genome SNPs (cgSNPs) analysis was performed 
on 135 K. pneumoniae strains, and a maximum likelihood 
phylogenetic tree was constructed based on the core 
genome SNPs. The phylogenetic tree (Fig.  1) revealed a 

clear separation of the strains into multiple clonal groups 
(CGs). Each branch in the tree was color-coded to indi-
cate different clonal groups. A total of 20 clonal groups 
were identified, with closely related genotypes (< 10 
SNPs) grouped together and shaded within the same 
node. The presence of both solid and hollow stars on 
the tree indicates clonal transmission events. Solid stars 
represent clonal transmission between different depart-
ments, while hollow stars denote transmission within the 
same department. This suggests both inter-departmental 
and intra-departmental spread of specific K. pneumoniae 
strains. Certain clonal groups demonstrated significant 
clonal expansion and were isolated from multiple sources 
and years, indicating persistent and widespread distribu-
tion of these isolates. The cgSNP analysis highlighted the 
genetic diversity among the K. pneumoniae strains, with 
some clusters showing high genetic similarity, suggesting 
recent common ancestry or clonal expansion, whereas 
others were more genetically diverse, indicating longer 
evolutionary distances between them.

Antimicrobial Susceptibility of K. pneumoniae Isolates
The antimicrobial susceptibility of 135 K. pneumoniae 
strains was tested against various antibiotics, and the 
results are summarized in Table 1. The highest suscepti-
bility was observed for amikacin, with 87.41% (118/135) 
of the strains being susceptible and none showing inter-
mediate resistance. Fosfomycin and imipenem followed, 
with susceptibility rates of 85.19% (115/135) and 80.74% 
(109/135) respectively. High susceptibility to amikacin 

Table 1  Statistical results of drug susceptibility of 135 K. 
pneumoniae strains
Antimicrobials Susceptible

No./Percent 
(%)

Intermediate
No./Percent 
(%)

Resistant
No./Per-
cent (%)

Aztreonam 50/37.04 3/2.22 82/60.74
Imipenem 109/80.74 1/0.74 25/18.52
Meropenem 110/81.48 0/0.00 25/18.52
Ceftriaxone 80/59.26 4/2.96 51/37.77
Cefotaxime 80/59.26 3/2.22 52/38.52
Ceftazidime 85/62.96 3/2.22 47/34.81
Levofloxacin 87/64.44 14/10.37 34/25.19
Ciprofloxacin 77/57.04 6/4.44 52/38.52
Amikacin 118/87.41 0/0.00 17/12.59
Gentamicin 105/77.78 0/0.00 30/22.22
Piperacillin/Tazobactam 106/78.52 1/0.74 28/20.74
Fosfomycin 115/85.19 1/0.74 19/14.07
Chloramphenicol 93/68.89 0/0.00 42/31.11
Cotrimoxazole 95/70.37 / 40/29.63
Amoxicillin/Clavulanate 73/54.07 28/20.74 34/25.19
Cefepime 86/63.70 16/11.85 33/24.44
Florfenicol 41/30.37 71/52.59 23/17.04
Colistin / 132/97.78 3/2.22
Tigecycline 135/100.00 0/0.00 0/0.00

Fig. 2  Maximum-likelihood phylogenetic tree of K. variicola and K. quasipneumoniae isolates
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and fosfomycin despite prevalent aminoglycoside resis-
tance genes, suggesting potential gene silencing or com-
pensatory mechanisms (Fig.  3). Tigecycline showed 
complete susceptibility (100%), indicating it as the most 
effective antibiotic tested. Complete tigecycline suscep-
tibility consistent with the absence of detected tet(X) 
variants. Conversely, aztreonam showed the lowest sus-
ceptibility rate, with only 37.04% (50/135) of the strains 
being susceptible and a significant 60.74% (82/135) being 
resistant. Critical cephalosporin resistance strongly cor-
relates with blaCTX−M and blaSHV carriage, highlighting 
the need for combined diagnostics. Similarly, resistance 
rates were notably high for cefotaxime (38.52%) and cip-
rofloxacin (38.52%).

Antimicrobial Susceptibility of K. variicola Isolates
The antimicrobial susceptibility results for seven K. vari-
icola strains are detailed in Table 2. This species showed 
high susceptibility across almost all antibiotics tested. 
Notably, all strains (100%) were susceptible to aztreonam, 
imipenem, meropenem, ceftriaxone, cefotaxime, ceftazi-
dime, amikacin, gentamicin, piperacillin/tazobactam, 
and fosfomycin. However, slight intermediate resistance 
was observed for levofloxacin (14.29%) and ciprofloxacin 
(14.29%). Additionally, one strain (14.29%) showed resis-
tance to florfenicol, while susceptibility to tigecycline was 
slightly lower at 85.71% (6/7).

Antimicrobial Susceptibility of K. quasipneumoniae Isolates
The antimicrobial susceptibility of 14 K. quasipneu-
moniae strains is presented in Table  3. The strains 
exhibited complete susceptibility (100%) to imipenem, 
meropenem, amikacin, fosfomycin, chlorampheni-
col, and tigecycline. High susceptibility rates were also 
observed for ceftazidime (78.57%), levofloxacin (92.86%), 
and ciprofloxacin (78.57%). However, resistance was 
noted in certain antibiotics, such as piperacillin/tazobac-
tam, where all strains (100%) were resistant. Additionally, 
aztreonam, ceftriaxone, and cefotaxime each had a resis-
tance rate of 28.57%. Interestingly, colistin showed a high 
intermediate resistance rate of 92.86% (13/14) and a low 
resistance rate (7.14%).

Statistical summary of drug susceptibility
The statistical results of the drug susceptibility test-
ing are crucial for understanding the resistance patterns 
and guiding effective treatment strategies for infections 
caused by KpSC isolates. The detailed susceptibility per-
centages for each antimicrobial agent across the three 
KpSC species studied indicate a varied response, high-
lighting the necessity for precise antibiotic stewardship.

CgMLST analysis of 156 KpSC isolates
The core genome multilocus sequence typing (cgMLST) 
analysis was performed on 156 KpSC strains to eluci-
date their genetic relationships (Fig.  4). The clustering 
illustrates the presence of clonal groups among the 156 
Klebsiella strains, suggesting possible clonal expansion 
or recent common ancestry. The MLST demonstrates the 
genetic diversity of the Klebsiella strains, with over 50 
distinct cgMLST types observed. Certain cgMLST types 
showed a higher prevalence, indicating that some clonal 
types, such as ST11, ST23, and ST15, are more common 
within the studied population.

Genomic features and resistance genes
Whole-genome sequencing and subsequent analysis 
revealed a diverse set of resistance genes among the KPC-
carrying isolates (Fig. 3). These genes confer resistance to 
multiple classes of antibiotics, including beta-lactams, 
aminoglycosides, fluoroquinolones, tetracyclines, and 
sulfonamides. A significant proportion of the strains har-
bored beta-lactamase genes, including blaCTX−M (48/156, 
30.8%), blaSHV (125/156, 80.1%), blaTEM (31/156, 19.9%), 
blaOXA (8/156, 5.1%), and blaKPC (25/156, 16.0%). Specifi-
cally, blaCTX−M−15 (19/156, 12.2%) and blaSHV−27 (5/156, 
3.2%) were among the most frequently detected genes, 
suggesting their critical role in mediating resistance to 
beta-lactam antibiotics. Moreover, genes such as aac(6’)-
Ib, aadA1, aadA2, and aph(3’)-Ia were prevalent, con-
ferring resistance to aminoglycosides. The presence of 
these genes highlights the challenge in treating infections 
caused by these strains using aminoglycoside antibiotics. 
The oqxAB operon, conferring resistance to fluoroqui-
nolones, was detected in numerous strains. Addition-
ally, plasmid-mediated quinolone resistance (PMQR) 
genes like qnrB19 and qnrS1 were identified, indicating 
the potential for horizontal gene transfer and the spread 
of fluoroquinolone resistance. Tetracycline resistance 
genes tet(A) and tet(D) were identified, along with sul-
fonamide resistance genes sul1, sul2, and sul3. The pres-
ence of these genes suggests resistance to tetracyclines 
and sulfonamides, commonly used antibiotics in clini-
cal settings. The analysis also identified resistance genes 
for other antibiotic classes, including chloramphenicol 
(cmlA1, floR) and fosfomycin (fosA, fosA3). This broad 
resistance profile underscores the adaptability of Klebsi-
ella strains to various antimicrobial pressures.

Analysis of blaKPC−2 Gene Environment in KPC-2 Positive K. 
pneumoniae Strains
The genetic context of the blaKPC−2 gene was analyzed in 
25 KPC-2 positive K. pneumoniae strains. The blaKPC−2 
gene environments were classified into five distinct 
groups (A-E) based on their surrounding genetic ele-
ments. These classifications provide insights into the 
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Fig. 3  Prevalence of ARG Genes. Prevalence of antibiotic resistance genes virulence genes among the 156 KpSC isolates
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potential mechanisms of gene transfer and stability 
within the bacterial genome. Class A: 2 isolates (SAH-
WZMU306, SAHWZMU323), Class B: 15 isolates 
(SAHWZMU010, SAHWZMU013, SAHWZMU030, 
SAHWZMU016, SAHWZMU041, SAHWZMU043, 
SAHWZMU047, SAHWZMU048, SAHWZMU064, 

SAHWZMU077, SAHWZMU078, SAHWZMU086, 
SAHWZMU120, SAHWZMU121, SAHWZMU125), 
Class C: 2 isolates (SAHWZMU311, SAHWZMU312), 
Class D: 3 isolates (SAHWZMU053, SAHWZMU080, 
SAHWZMU088), and Class E: 3 isolates (SAHW-
ZMU087, SAHWZMU201, SAHWZMU313). Multiple 
insertion sequences such as ISKpn27, ISEc38, and IS26 
were identified flanking the blaKPC−2 gene, suggesting 
their role in the mobilization and dissemination of the 
resistance gene (Fig. 5). Transposons like Tn3 and TnAs1 
were present, which are known to facilitate the horizontal 
gene transfer of antibiotic resistance genes [19, 20]. The 
blaSHV−12 gene, another beta-lactamase gene, was also 
identified in close proximity to blaKPC−2 in some isolates, 
indicating co-localization of multiple resistance genes. 
The diverse genetic contexts of the blaKPC−2 gene indicate 
multiple mechanisms for its spread, including insertion 
sequences and transposons. This underscores the com-
plexity of controlling the dissemination of blaKPC−2 medi-
ated carbapenem resistance in clinical settings.

Detection of virulence factors
The analysis of virulence genes (VIR) in 156 KpSC strains 
was conducted to identify the distribution and prevalence 
of various virulence factors (Fig. 6). The analysis revealed 
a diverse array of virulence genes among the Klebsiella 
strains, including genes associated with adhesion, iron 
acquisition, immune evasion, and secretion systems. 
Several fimbrial and non-fimbrial adhesion genes were 
detected, including fimA (16/156, 10.3%), fimH (152/156, 
97.4%), and mrkD (141/156, 90.4%). These genes are cru-
cial for the initial attachment of the bacteria to host tis-
sues and the formation of biofilms, which protect the 
bacteria from the host immune response and antimicro-
bial treatments [21]. Iron acquisition genes, such as entC 
(131/156, 84.0%), ybtQ (54/156, 34.6%), and iutA (68/156, 
43.6%), were prevalent among the strains. These genes 
enable the bacteria to obtain iron from the host, which 
is essential for their growth and pathogenicity [22]. The 
presence of multiple iron acquisition systems suggests a 
high potential for these strains to thrive in iron-limited 
environments within the host. Genes involved in the 
biosynthesis of the capsule (wza (40/156, 25.6%), wzc 
(21/156, 13.5%)) and LPS (wbbM (86/156, 55.1%)) were 
widely distributed among the strains. The capsule and 
LPS are critical for immune evasion, protecting the bac-
teria from phagocytosis and complement-mediated kill-
ing [23, 24]. The type VI secretion system (T6SS) genes 
(tssF (119/156, 76.3%), tssG (112/156, 71.8%)) were iden-
tified in several strains. T6SS plays a role in the secretion 
of virulence factors directly into host cells or compet-
ing bacteria, facilitating bacterial survival and virulence 
[25]. Of note, the rmpA and rmpA2 genes, which are 
associated with hypermucoviscosity, were found in some 

Table 2  Statistical results of drug susceptibility of 7 K. variicola 
strains
Antimicrobials Susceptible

No./Percent 
(%)

Intermediate
No./Percent 
(%)

Resistant
No./Per-
cent (%)

Aztreonam 7/100.00 0/0.00 0/0.00
Imipenem 7/100.00 0/0.00 0/0.00
Meropenem 7/100.00 0/0.00 0/0.00
Ceftriaxone 7/100.00 0/0.00 0/0.00
Cefotaxime 7/100.00 0/0.00 0/0.00
Ceftazidime 7/100.00 0/0.00 0/0.00
Levofloxacin 6/85.71 1/14.29 0/0.00
Ciprofloxacin 6/85.71 1/14.29 0/0.00
Amikacin 7/100.00 0/0.00 0/0.00
Gentamicin 7/100.00 0/0.00 0/0.00
Piperacillin/Tazobactam 7/100.00 0/0.00 0/0.00
Fosfomycin 7/100.00 0/0.00 0/0.00
Chloramphenicol 6/85.71 1/14.29 0/0.00
Cotrimoxazole 7/100.00 / 0/0.00
Amoxicillin/Clavulanate 7/100.00 0/0.00 0/0.00
Cefepime 7/100.00 0/0.00 0/0.00
Florfenicol 4/57.14 2/28.57 1/14.29
Colistin 7/100.00 / 0/0.00
Tigecycline 6/85.71 1/14.29 0/0.00

Table 3  Statistical results of drug susceptibility of 14 K. 
quasipneumoniae strains
Antimicrobials Susceptible

No./Percent 
(%)

Intermediate
No./Percent 
(%)

Resistant
No./Per-
cent (%)

Aztreonam 10/71.43 0/0.00 4/28.57
Imipenem 14/100.00 0/0.00 0/0.00
Meropenem 14/100.00 0/0.00 0/0.00
Ceftriaxone 10/71.43 0/0.00 4/28.57
Cefotaxime 10/71.43 0/0.00 4/28.57
Ceftazidime 11/78.57 2/14.29 1/7.14
Levofloxacin 13/92.86 1/7.14 0/0.00
Ciprofloxacin 11/78.57 0/0.00 3/21.43
Amikacin 14/100.00 0/0.00 0/0.00
Gentamicin 12/85.71 0/0.00 2/14.29
Piperacillin/Tazobactam 0/0.00 0/0.00 14/100.00
Fosfomycin 14/100.00 0/0.00 0/0.00
Chloramphenicol 14/100.00 0/0.00 0/0.00
Cotrimoxazole 10/71.43 - 4/28.57
Amoxicillin/Clavulanate 12/85.71 2/14.29 0/0.00
Cefepime 10/71.43 3/21.43 1/7.14
Florfenicol 9/64.29 5/35.71 0/0.00
Colistin - 13/92.86 1/7.14
Tigecycline 14/100.00 0/0.00 0/0.00
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strains. Hypermucoid strains are more virulent and can 
cause severe infections, including liver abscesses and 
metastatic complications [26]. In general, the rmpA and 
rmpA2 genes, were detected in 14% of the isolates. Addi-
tionally, siderophore systems, including aerobactin, sal-
mochelin, and yersiniabactin, were present in 27%, 19%, 
and 22% of the isolates, respectively. The distribution of 
these virulence genes suggests that a subset of CRKP iso-
lates possess enhanced virulence potential, which may 
complicate clinical outcomes [27]. The distribution of vir-
ulence genes varied among different clonal groups identi-
fied in the cgSNP analysis. Some clonal groups exhibited 
a higher prevalence of specific virulence genes, indicating 

the presence of particularly virulent strains within these 
groups.

Discussion
This study provides a comprehensive analysis of 156 
clinical KpSC isolates collected from a tertiary hospital 
in China over a three-year period (2019–2021). Our find-
ings revealed a prevalent of carbapenemase genes, exten-
sive antimicrobial resistance, and considerable genetic 
diversity among the KpSC isolates. The identification of 
both resistance and virulence genes highlights the com-
plex nature of CRKP and its potential to cause severe 
infections with limited treatment options [9, 28, 29].

Fig. 4  Minimum spanning tree constructed based on cgMLST allelic genes of 156 KpSC strains. Each circle depicts an allelic profile based on sequence 
analysis of cgMLST genes. The length of the connecting lines represents the number of target genes with different alleles, where smaller numbers (< 10) 
are indicated by values with a darker color. Each circle within the tree represents a cgMLST type, with diameters scaled to the number of isolates belong-
ing to that type. Colors denote different MLST types. Closely related genotypes (< 10 alleles difference) are shaded in the same node
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The high prevalence of blaKPC−2 genes among the 
CRKP isolates aligns with previous reports from China 
and other parts of Asia, indicating regional dissemina-
tion patterns of these resistance determinants [30, 31]. 
The presence of multiple sequence types, particularly 
ST11, ST15, and ST23, underscores the genetic diversity 
of KpSC and suggests multiple introductions of differ-
ent clonal lineages into the hospital setting. This diver-
sity poses a significant challenge for infection control 
and emphasizes the need for continuous surveillance and 
genomic monitoring [6, 32].

The detection of virulence genes such as rmpA, rmpA2, 
and various siderophore systems in a subset of CRKP iso-
lates is concerning, as these factors are associated with 
hypervirulence and increased pathogenicity [33]. The 
coexistence of resistance and virulence genes in some 
isolates suggests that these strains have the potential to 
cause severe and difficult-to-treat infections. Our analy-
sis revealed that infections caused by these hyperviru-
lent and multidrug-resistant strains were associated with 
higher mortality rates, highlighting the critical need for 
effective therapeutic strategies and robust infection con-
trol measures [29].

This comprehensive virulence gene analysis under-
scores the pathogenic potential of KpSC strains, high-
lighting their ability to adhere to host tissues, evade the 

immune system, and acquire essential nutrients. The 
presence of multiple virulence factors in these strains 
necessitates stringent infection control measures and 
continuous surveillance to prevent and manage out-
breaks effectively.

Comparative genomic analysis with global CRKP iso-
lates showed significant similarities in resistance gene 
profiles, particularly among ST11 isolates. This finding 
suggests that ST11 has become a dominant clonal lineage 
in both local (Wenzhou, China) and global contexts, con-
tributing to the widespread dissemination of carbapenem 
resistance [31]. However, the presence of unique genetic 
markers in our isolates indicates local evolutionary adap-
tations, which could inform targeted interventions and 
treatment strategies.

The cgSNP analysis provided valuable insights into 
the genetic relatedness and epidemiological characteris-
tics of the KpSC strains, emphasizing the importance of 
continuous surveillance and infection control measures 
to limit the spread of multidrug-resistant and virulent 
strains within healthcare settings. This comprehensive 
phylogenetic and epidemiological analysis underscores 
the need for integrated genomic surveillance to moni-
tor the transmission dynamics and evolutionary patterns 
of K. pneumoniae, particularly in hospital environments 
where such strains pose a significant threat to patient 

Fig. 5  Genetic environment of blaKPC−2 in K. pneumoniae isolates created by Easyfig. Red arrows indicate resistance genes, green arrows indicate mobile 
genetic elements, gray arrows indicate hypothetical proteins, and yellow arrows indicate genes encoding other functional proteins. Blue shading indi-
cates regions of high homology
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health. While our cgSNP analysis focused on local trans-
mission dynamics, the dominant ST11 lineage identified 
here aligns with pandemic CRKP clones reported across 
China. Future studies integrating global genomes could 

further elucidate the geographic spread of these high-risk 
clones.

The high prevalence of carbapenem-resistant and 
hypervirulent CRKP strains in our study highlights 
the urgent need for comprehensive antimicrobial 

Fig. 6  Prevalence of virulence genes. Prevalence of key virulence genes among the 156 KpSC isolates. The rmpA and rmpA2 genes, which regulate the 
hypermucoviscosity phenotype, were detected in 14% of the isolates. Siderophore systems, including aerobactin, salmochelin, and yersiniabactin, were 
present in 27%, 19%, and 22% of the isolates, respectively
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stewardship programs and effective infection control 
practices. These measures are essential to curb the spread 
of CRKP and mitigate its impact on patient outcomes 
[8]. Additionally, the integration of genomic surveillance 
into routine clinical practice could enhance our ability 
to detect and respond to emerging resistance trends and 
virulent strains [29].

While this study provides valuable insights into the 
molecular epidemiology of KpSC in Wenzhou, it has 
some limitations. The isolates were collected from a 
single hospital, which may limit the generalizability of 
the findings. Future studies should include a larger num-
ber of isolates from multiple hospitals to provide a more 
comprehensive understanding of KpSC epidemiology. 
Additionally, functional studies are needed to elucidate 
the exact mechanisms by which resistance and virulence 
genes contribute to the pathogenicity of CRKP [1].

In conclusion, this study underscores the complex 
interplay between antimicrobial resistance and virulence 
in KpSC isolates from a Chinese tertiary hospital. Our 
findings highlight the importance of continuous surveil-
lance, targeted therapeutic strategies, and robust infec-
tion control measures to combat the threat posed by 
these multidrug-resistant and hypervirulent pathogens.

Conclusion
This study provides a comprehensive analysis of 156 clin-
ical KpSC isolates collected from a tertiary hospital in 
Wenzhou, China, over a three-year period (2019–2021). 
Our findings revealed a high prevalence of carbapene-
mase genes, extensive antimicrobial resistance, and con-
siderable genetic diversity among the isolates. While this 
study provides valuable insights into the molecular epide-
miology of KpSC, future research should include a larger 
number of isolates from multiple hospitals to gain a more 
comprehensive understanding of KpSC epidemiology. 
Additionally, functional studies are needed to elucidate 
the exact mechanisms by which resistance and virulence 
genes contribute to the pathogenicity of KpSC. In conclu-
sion, this study highlights the complex interplay between 
antimicrobial resistance and virulence in KpSC isolates 
from a Chinese tertiary hospital. Our findings emphasize 
the importance of continuous surveillance, targeted ther-
apeutic strategies, and robust infection control measures 
to combat the threat posed by these multidrug-resistant 
and hypervirulent pathogens.
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