
Article https://doi.org/10.1038/s41467-025-68184-4

Genomicdissectionof the clonalbackground
and global dissemination of hypervirulent
Klebsiella pneumoniae CG23-KL57 lineage

Shuangshuang Li1,13, Yawen Yu1,2,13, Siqi Liu 3,13, Menglu Zhang4,13, Guoli Li1,13,
Qian Tong5, Qingyang Sun6, Huiqiong Jia7,8, Zhiyu Wang1, Yingying Kong1,
Yingying Zhang1, João Pedro Rueda Furlan 9, Mohamed S. Draz10,11,
Ning Dong 12 , Yongchang Xu 2 & Zhi Ruan 1

The emergence of multidrug-resistant and hypervirulent Klebsiella pneumo-
niae represents a growing threat to global public health. Here we investigate
the genomic epidemiology and evolutionary dynamics of emerging K. pneu-
moniae clonal group 23 (CG23) lineages, with a particular focus on ST218-KL57
(predominantly found in Asia) and ST23-KL57 (circulating in Europe) to
understand how genomic recombination and adaptive evolution drive the
convergenceof hypervirulence andmultidrug resistance inCG23.We analyzed
3,118 clinical isolates from China together with 75,954 publicly available gen-
omes, encompassing 122 ST218-KL57 and 45 ST23-KL57 isolates; 13 ST218-KL57
isolates were newly sequenced. Phylogenetic analyses revealed that ST23-KL57
forms adistinct subcladewithinCG23,more closely related to ST218-KL57 than
to the classical ST23-KL1 linage. Neither ST218-KL57 nor ST23-KL57 harbors the
chromosomal virulence loci (GIE492 and all island), which are characteristic of
hypervirulent ST23-KL1. ST23-KL57 simultaneously harbors dual carbapene-
mases and key virulence genes (peg-344, iucA, rmpADC, and rmpA2), reflecting
its hybrid origin of approximately 80% Asian hypervirulent ST218-KL57 and
20% European multidrug-resistant ST395 linage. The genomic decay of the
iroBCDN operon in ST23-KL57 suggests an adaptive trade-off between anti-
microbial resistance and virulence. These findings underscore the importance
of enhanced genomic surveillance and refined risk assessment for the evolving
CG23-KL57 lineage.

Klebsiella pneumoniae is not only a commensal bacterium of the
human gut microbiota but is also a versatile opportunistic pathogen
responsible for a wide range of infections, including pneumonia,
bloodstream infections, urinary tract infections, and liver abscesses1. It
is frequently associated with antimicrobial resistance (AMR) and has
been designated by theWorld Health Organization (WHO) as a priority
pathogen for global action due to its escalating resistance to multiple
antibiotics2. Two major pathotypes are recognized: classical K.

pneumoniae (cKp) and hypervirulent K. pneumoniae (hvKp)3. cKp
predominantly causes hospital-acquired infections in immunocom-
promised individuals4, while hvKp is notably associated with
community-acquired infections such as pyogenic liver abscesses,
which can spread and lead to complications such as meningitis,
necrotizing fasciitis, and endophthalmitis. Owing to its hallmark
characteristics of hyperinvasiveness, immune evasion, and rapid pro-
gression, hvKp poses a significant threat, even to young and
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immunocompetent individuals5. In July 2024, the WHO issued a global
alert regarding the rising incidence of hvKp sequence type (ST) 23
strains harboring carbapenemase-encoding genes that render most
clinically available antimicrobials ineffective6. Similarly, the European
Centre for Disease Prevention and Control (ECDC) highlighted the
emergence of multidrug-resistant K. pneumoniae ST23 strains in Eur-
ope, emphasizing their capacity for rapid evolution and resistance
acquisition7. This convergence of hypervirulence and carbapenem
resistance poses a severe threat to public health and clinical
management.

The hypervirulent phenotype of hvKp is largely plasmid-mediated.
These virulence plasmids share structural features with the pK2044 and
commonly encode the mucoid regulators (rmpADC and rmpA2)8 that
enhance capsular polysaccharide production, leading to a hypermu-
coviscosity (hmv) phenotype. In addition, they carry the iuc and iro
operons responsible for the synthesis of aerobactin, a siderophore
strongly linked to enhanced virulence9. Although these classical viru-
lence plasmids are not self-transmissible, they canbemobilized byother
conjugative plasmids10. In addition, chromosomal acquisition of
ICEKp10, which carries genes for yersiniabactin (ybt) and colibactin (clb),
enhances the spread of hvKp8. Core chromosomal features such as
enterobactin, as well as adhesins and biofilm-associated genes (mrk and
fim), further enhance fitness, persistence, and pathogenicity11.

hvKp has been linked to multiple clonal groups (CGs) and their
corresponding STs, notably CG23/ST23, CG65/ST65, and CG86/ST86.
Additionally, it is associatedwith a range of distinct capsular locus (KL)
types, including KL1, KL2, KL5, and KL5712. Among these, CG23/ST23
has emerged as the predominant hypervirulent lineage worldwide,
with the capacity to acquire multiple carbapenemase genes, including
blaKPC-2, blaNDM-1, and blaOXA-48

13. Notably, ST23-KL1 (ST23 strains with
KL1) has long been considered the prototypical hvKp clone, frequently
linked to community-acquired invasive infections in healthy indivi-
duals. ST23 strains with the capsular serotype KL57 (ST23-KL57) that
also produce carbapenemase have been predominantly reported in
Europe14. ST218 and its single locus variant ST23 both belong to CG23,
but recent genomic evidence indicates that ST23-KL57 is genetically
closer to ST218-KL57 (ST218 strains with KL57) than to the classical
ST23-KL1 lineage, despite sharing the same 7-locus MLST profile15,16.
These ST23-KL57 strains carry virulence plasmids and harbor key
virulence loci such as iuc and ybt, though they often lack clb17. While
ST23-KL57 has primarily been reported in Europe14, its close relative
ST218-KL57 appears to be more widespread in China18. However,
detailed information regarding the evolution, genomic structure, and
virulence potential of these emerging lineages remains limited.

In this study, we conducted a systematic genomic and epide-
miological investigation of ST218-KL57 isolates collected from multi-
ple hospitals across China. We compared these isolates to the global
ST23-KL57 and ST23-KL1 genomic landscape to understand their
population structure, resistance and virulence gene profiles, and
phylogenetic relationships. In addition, we performed in vivo infection
studies using a murine model to explore the association between
genomic features and virulence potentials. Our findings reveal the
genetic distinctiveness and geographical distribution of ST218-KL57
and related lineages, underscoring the need for enhanced genomic
surveillance, particularly for tracking convergence events between
AMR and hypervirulence determinants that pose serious clinical and
epidemiological challenges.

Results
Divergent geographic prevalence of ST218-KL57 and ST23-KL57
isolates
In this study, a total of 3,118K. pneumoniae isolates, together with all
publicly available K. pneumoniae genomes (n = 75,954), were collected
to evaluate the prevalence and clonal dissemination of the ST23-KL57
and ST218-KL57 lineages. Based on PCR and ST/KL typing, we found

that although ST23-KL57 strains have not yet been detected, this is
consistent with current reports indicating that this lineage has not
emerged in China. Thirteen ST218-KL57 strains were identified and
subjected to whole-genome sequencing. Along with 109 ST218 gen-
omes retrieved from NCBI, our analysis included a total of 122 ST218-
KL57 isolates collected from four continents across 18 countries
(Supplementary data 1; Supplementary Fig.1). Asia contributed the
largest share, accounting for 77.0% (94/122) of the total. Statistical
analysis of the number of isolates from each country revealed that
China had the highest number, with 72 strains, representing 59.0% (72/
122) of all isolates and 76.6% (72/94) of the Asian isolates. The second-
highest number of isolates came from Japan (13.1%, 16/122), while the
third was from Russia 7.4% (9/122) (Fig. 1A). The collection period
spanned from 2009 to 2024, though a significant surge was seen after
2019, making up 54.1% (66/122) of the total (Fig. 1B) In addition, we
analyzed all 45 publicly available ST23-KL57 strains (Supplementary
data 1). Predominantly found in Europe, these strains are mainly con-
centrated in Germany, Russia, and Poland. The collection period
spanned from 2014 to 2024, presenting a stark contrast to the dis-
tribution of ST218-KL57 strains (Fig. 1C).

Close genetic relationship between ST218-KL57 and ST23-KL57
lineages
To investigate the genetic relationships between ST218 and ST23
strains, we conducted core-genome clustering analysis of ST218-KL57
(n = 122), ST23-KL1 (n = 1,491), and ST23-KL57 (n = 45) strains (Supple-
mentary Fig. 2). The results revealed that ST218-KL57 and ST23-KL57
strains clustered on a deeper branch, with a significant genetic dis-
tance from ST23-KL1 strains. The pruned variants derived from this
analysis were subsequently used for Principal Component Analysis
(PCA) andSNPdistribution analysis, with the results further confirming
that the genetic distance between ST218-KL57 and ST23-KL57 is rela-
tively small, while both are clearly separated from the traditional hvKp
ST23-KL1 strains (Supplementary Fig. 3). Notably, this is unexpected,
since isolates of the same ST are usually assumed to be more closely
related, yet the PCA revealed the contrary.

To elucidate the population structure and genetic relatedness
between ST218-KL57 and ST23-KL57 strains, while detecting subtle
population subdivisions, we performed fine-scale genetic analysis
using fineSTRUCTURE complemented by phylogenetic reconstruc-
tion. The fineSTRUCTURE results indicated the formation of three
discrete clusters, which closely resemble the population structure
shaped by geographic isolation, with the clustering closely aligning
with regional geographic information (Fig. 2A). The Maximum-
likelihood (ML) tree results also showed that ST218-KL57 and ST23-
KL57 strains formed two distinct subclades (Fig. 2B). The pruned var-
iants were subsequently used for PCA, and the SNP distance distribu-
tion further supported these findings (Fig. 2C; D). Consistent with the
above results (Fig. 2A; B), PCA of the ST23-KL57 and ST218-KL57
dataset confirmed their genetic distinction and revealed two divergent
groupswithin ST218-KL57, suggesting intra-lineage heterogeneity. The
maximum SNP number between the two was approximately 4000
( ~ 0.08%), which is significantly smaller compared to the SNPdistances
observed between other lineages (~0.5%) (Fig. 2)19. The above findings
revealed that strains belonging to the same ST exhibited substantial
genetic divergence, whereas strains of different STs were genetically
closely related. Therefore, we employed a high-resolution core-gen-
ome multilocus sequence typing (cgMLST) scheme based on 629
loci20. The results showed that ST23-KL1 and ST23-KL57 were classified
as SL23 and SL218, with corresponding LIN codes of
0_0_429_0_37_2_0_0_0_0 and 0_0_115_0_0_0_0_1_*_*, respectively. Nota-
bly, ST218-KL57 was also assigned to SL218 (identical to ST23-KL57),
with LIN codes of 0_0_115_1_6_*_*_*_*_*. These results indicate that tra-
ditional 7-locus MLST is insufficient for accurately resolving the
population structure of ST23 strains.
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Comparative genomic analysis reveals functional differences
between ST218-KL57 and ST23-KL57 strains
Given the high genomic similarity between ST218-KL57 and ST23-KL57,
we performed pan-genome and comparative genomic analyses to
elucidate their shared and distinct genetic features. Both lineages
displayed an open pan-genome (Fig. 3A), indicating ongoing gene
acquisition and diversification. A total of 12,988 genes were identified
across the two lineages, with 3,683 constituting the core genome
(present in ≥ 99% of strains) (Supplementary Fig. 4). Functional anno-
tation using Clusters of Orthologous Groups (COG) further demon-
strated distinct enrichment patterns in key functional categories
between the two strains (Supplementary Fig. 5), suggesting potential

differences inmetabolic and adaptive strategies. 318 signature genes in
ST218-KL57 (odds ratio (OR) > 1, p <0.05) and 897 signature genes in
ST23-KL57 (OR < 1, p < 0.05) were significantly enriched (Fig. 3B; Sup-
plementary data 2). Functional annotation and COG clustering
demonstrated that ST218-KL57 signature genes were predominantly
associated with amino acid transport and metabolism and inorganic
ion transport and metabolism (Fig. 3C), which play crucial roles in
bacterial metabolism, nutrient uptake, environmental adaptation, and
transcriptional regulation, with a subset linked to virulence-associated
functions and horizontal gene transfer (HGT). In contrast, ST23-KL57
strains were significantly enriched in information storage and pro-
cessing, including DNA replication, recombination, repair, and
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transcription, mainly associated with antibiotic resistance mechan-
isms, mobile genetic elements (transposons, plasmids, and prophage-
related genes), and stress response systems (Fig. 3B; C; Supplemen-
tary data 2).

ST218-KL57 and ST23-KL57 differ in virulence and antimicrobial
resistance genes
A detailed analysis concentrated on the virulence and antimicrobial
resistance genes (ARGs). ST218-KL57 contained significantly more
virulence genes than ST23-KL57 strains (p =0.0032; Wilcoxon rank
test) (Fig. 3D; Supplementary data 3), while ST23-KL57 had a higher
number of ARGs compared to ST218-KL57 (p < 2.2e-16; Wilcoxon rank
test) (Fig. 3E; Supplementary data 3). Further analysis focused on key
virulence genes (peg-344, iucA, iroN, rmpADC, rmpA2, yptP, clbH) and
virulence determinants (ICEKp, GIE492, and all island), as these ele-
ments are well-known for their crucial roles in the formation and
spread of hvKp21–28. Comparative analysis between the two groups
revealed that the virulence genes peg-344, iroN, rmpADC, rmpA2, and
ybtP were significantly more prevalent in ST218-KL57 strains than in
ST23-KL57 strains (p <0.05), whereas no significant difference was
observed in the distribution of iucA between the two lineages (Table 1).
In contrast, the prevalence of ICEKp3 was higher in ST23-KL57 strains
compared to ST218-KL57 strains. Regarding carbapenem resistance
genes, no significant difference was observed in the prevalence of the
blaKPC-2 between ST23-KL57 and ST218-KL57 strains (p =0.744).

However, the prevalence of blaNDM-1 and blaOXA-48 was significantly
higher in ST23-KL57 strains compared to ST218-KL57 strains (p <0.05;
Table 1).

Adaptive structural variations of the virulence plasmid in ST218-
KL57 and ST23-KL57 strains
Using a set of 9 complete genomes (including 4 newly sequenced in
this study and 5 retrieved from NCBI) (Fig. 4), we found that the
majority of ST218-KL57 and ST23-KL57 strains harbor the virulence
plasmid replicon, repB_KLEB_VIR (Supplementary data 4), which is the
predominant plasmid of the sublineage of CG23 (CG23-I)13 and is also
present to the hvKp reference strain SGH10. The virulence plasmid
backbone structures of both ST218-KL57 and ST23-KL57 strains were
identical to the reference plasmid pSGH10, indicating a high degree of
conservation (Fig. 4A; B; Supplementary Fig.6).

However, we found substantial genotype-specific structural var-
iations between ST218-KL57 and ST23-KL57 and the reference plasmid,
characterized by varying extents of genomic deletions as follows: (i)
both strains possess a ~ 5 kb deletion, which encompasses the loss of
gene fragments related to disulfide bond formation and redox func-
tion, mediated by IS1A (Fig. 4C); (ii) both strains showed a significant
~7 kbdeletion, including genes associatedwith nitrogenutilization and
secondary metabolite biosynthesis (Fig. 4D); (iii) the ST23-KL57 strain
harbors a an additional ~20 kb deletion, which includes iroBCD and
iroN, key virulence genes in K. pneumoniae that are crucial for iron
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acquisition under iron-limited conditions, thereby enhancing
pathogenicity29 (Fig. 4E).

ST218 strains divide into two clades that differ in virulence
determinants
Phylogenetic reconstruction based on maximum-likelihood phylo-
geny, fineSTRUCTURE clustering and SNP-based population stratifi-
cation showed two deeply divergent sublineages within ST218
(designated ST218-Clade 1 and ST218-Clade 2) (Fig. 5; Fig. 2A). When
PCAwas applied to the ST218-KL57 dataset, the two clades identified in
Fig. 5A could be clearly separated along PC1 (Fig. 5B). In contrast, the
distribution along PC2 was continuous, indicating no further sub-
structuring within this lineage. ST218-Clade 1 and ST218-Clade 2
exhibited striking epidemiological and genomic divergence. While the
ST218-Clade 1 disseminated globally, the ST218-Clade 2 remained
predominantly restricted to Asia and adjacent regions. The virulence
plasmid-associated loci iuc, iro, peg-344, rmpADC, and rmpA2 were
present in the vast majority of ST218 genomes (Fig. 5A), with each of
thesefive genes found inover 86%of the cases (Supplementary data 5).
Only a small fraction of the strains exhibited deletions in these viru-
lence loci, with such strains predominantly located within the ST218-
Clade 1 sublineages (Fig. 5A; D). Other virulence loci, found within the
chromosome of ST218, included the ICEKp (the region where the ybt
locus resides), which was present in 70.5% of ST218 strains (Supple-
mentary data 5). This locus was predominantly represented by the
conserved types ICEKp3 and ICEKp4. However, strains in the ST218-
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Table 1 | Comparison of virulence determinants and ARGs in
ST218-KL57 and ST23-KL57 isolates

Gene Overall
(N = 167)

ST218-
KL57 (N = 122)

ST23-
KL57 (N = 45)

p-value

peg-344 0.81 (0.39) 0.92 (0.28) 0.53 (0.50) < 0.001

iucA 0.96 (0.20) 0.96 (0.20) 0.96 (0.21) 0.922

iroN 0.68 (0.47) 0.93 (0.25) 0.00 (0.00) < 0.001

rmpADC 0.80 (0.40) 0.86 (0.35) 0.62 (0.49) 0.001

rmpA2 0.87 (0.33) 0.93 (0.26) 0.73 (0.45) 0.001

ybtP 0.83 (0.38) 0.76 (0.43) 1.00 (0.00) < 0.001

clbH 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) NA

GIE492 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) NA

all island 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) NA

ICEKp < 0.001

ICEKp3 129 (77.2) 84 (68.9) 45 (100.0)

ICEKp4 2 (1.2) 2 (1.6) 0 (0.0)

None 36 (21.6) 36 (29.5) 0 (0.0)

CRKP 0.33 (0.47) 0.16 (0.37) 0.78 (0.42) < 0.001

blaKPC-2 0.05 (0.23) 0.06 (0.23) 0.04 (0.21) 0.744

blaNDM-1 0.15 (0.36) 0.02 (0.13) 0.51 (0.51) < 0.001

blaOXA-48 0.15 (0.36) 0.02 (0.13) 0.51 (0.51) < 0.001

ARGs antimicrobial resistance genes; CRKP carbapenem-resistant K. pneumoniae.
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Clade 1 sublineages also exhibited a loss of the ICEKp locus. The
genomic islandGIE492 andall islandwere absent in all ST218 genomes.

Recombination driven emergence of ST23-KL57 lineage
Recombination has been shown to occur in K. pneumoniae13,30. In this
study, we conducted an in-depth investigation into the recombination
and evolutionary events that have occurred between these two lineages.
SNP calling was performed for all 122 ST218-KL57 isolates against the
genome of an ST23-KL57 isolate Kp_Goe_154414 (GCA_001902335.1),
using MUMmer31. The number of SNPs at each genomic position was
then calculated. Analysis of SNP distribution revealed that polymorph-
ismswere concentratedwithin the 0.5–1.5Mb region, whereas few or no
SNPs were detected in the 0–0.5Mb and 1.5–5Mb regions (Supple-
mentary Fig.7). The results revealed that the genome of ST218-KL57
shares a high degree of similarity with approximately 4Mb of the ST23-
KL57 genome (Fig. 2E; Supplementary Fig. 7), with nearly 80% of the
genome highly conserved between the two lineages.

We then focused on identifying isolates whose SNP distribution
relative to ST23-KL57 occurred outside the 0.5–1.5Mb interval. We
calculated the number of SNPs within this region between ST23-KL57
isolate and all available K. pneumoniae isolates in the public database.
We further found that ST395 isolates harbored very few SNPs in the
0.5–1.5Mb region, whereas abundant SNPs were distributed outside

this interval (Fig. 2F; Supplementary Fig. 8). This pattern was com-
plementary to that observed in ST218-KL57 isolates. To further validate
our findings, we analyzed the SNP distributions of one representative
isolate fromeach ST included in the public database used in this study.
The results revealed that, except for ST395, no other STs exhibited this
complementary pattern (Supplementary Fig. 9).

Based on these findings, we propose that ST23-KL57 strains are
hybrid strains composed of genomic DNA derived approximately 80%
from ST218-KL57—a hypervirulent lineage prevalent in Asia that typi-
cally harbors virulence plasmids—and about 20% from ST395, a
multidrug-resistant lineage predominantly found in Europe and com-
monly associated with resistance plasmids. This genomic composition
is presumably the result of a major chromosomal replacement event,
ultimately giving rise to ST23-KL57 strains that harbor both virulence
and resistance plasmids. However, the virulence plasmid carried by
ST23-KL57 differs slightly from that of the original ST218-KL57 strains,
notably lacking iroBCD and iroN genes (Fig. 4; Supplementary Fig.6;
Supplementary data 3).

Virulence phenotypic indicates moderate pathogenicity of
ST218 isolates
To gain a deeper understanding of the virulence characteristics of
ST218 isolates, we evaluated their virulence phenotypes using the
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Fig. 5 | Population structure and genetic variation in ST218-Clade 1 and ST218-
Clade 2 isolates. A Maximum-likelihood phylogenetic tree of ST218-Clade 1 and
ST218-Clade 2 isolates based on core SNPs. The orange color represents ST218-
Clade 1 isolates, while the pink color represents ST218-Clade 2 isolates. B Principal
Component Analysis (PCA) of ST218-Clade 1 and ST218-Clade 2 isolates based on
pruned SNPs. The inset scree plot shows the variance explained by the first 20
principal components. C Distribution of pairwise SNP distances between ST218-

Clade 1 and ST218-Clade 2 isolates. D The bubble chart displays the differences in
virulence factors between the two groups, with the size of the bubbles representing
the proportion. ST sequence type, KL capsule locus, SNP single-nucleotide poly-
morphism, cKp classical K. pneumoniae, CRKP carbapenem-resistant K. pneumo-
niae, hvKp hypervirulent K. pneumoniae, CR-hvKp carbapenem-resistant
hypervirulent K. pneumoniae, VFs virulence factors. Source data are provided as a
Source Data file.
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string test, quantification of biofilm formation, and a mouse infection
model. The hypermucoviscosity phenotype of all 13 sequenced ST218
isolates was assessed using the string test. Compared to the negative
control XWkp27 isolate32, which is non-hypermucoid, the ST218 strains
exhibited strong hypermucoviscosity (≥ 5mm). ST218 isolates dis-
played robust biofilm formation, indicating their enhanced ability to
resist host immune defenses and clinical treatment pressures
(Fig. 6A)33. Furthermore, to assess the virulence of ST218 strains, we
randomly selected four isolates (Z360, Z362, 7301, and 2022.0044) for
in vivo experiments. The virulence of the ST218 isolates was lower
compared to hvKp positive control strains 373 (ST23-KL1) and 65
(ST65-KL2), but significantly higher than the negative control, based
on survival (Fig. 6B). Taken together, these findings suggest that the
ST218 strains exhibit moderate virulence.

Discussion
K. pneumoniae CG23, predominantly composed of ST23, constitutes a
distinct lineage associated with a unique repertoire of virulence
determinants34. Themajority of CG23 strains display the K1 serotype35–37,
and a robust association has been observed with liver abscesses38. A
former study analyzed 97 CG23 hvKp strains (all belong to KL1) from
humans and horses13, while we included a large collection of
CG23 strains. This revealed a genetically divergent subgroup, ST23-KL57,
distinguished fromtheconventional ST23-KL1 lineage,which is currently
under scrutiny by the WHO6 and ECDC7 due to its association with car-
bapenem resistance. Recognizing the emergence of this strain as a
potential indicator of multidrug resistance, particularly carbapenem
resistance, within the hvKp ST23 lineage, we screened and sequenced K.
pneumoniae isolates fromhospitals in China.While no ST23-KL57 strains
were found in our collection, we identified ST218-KL57 strains, which are
prevalent in Asia, particularly in China. These ST218-KL57 strains exhibit
a close genetic relationship with ST23-KL57 strains reported in Europe.

High-resolution genotyping (cgMLST, fineSTRUCTURE, and PCA)
resolved distinct sublineages within ST23 and ST218, confirming the
genetic separation of ST23-KL1, ST23-KL57, and ST218-KL57. These
findings underscore the limitations of traditional 7-locus MLST and
highlight the necessity of higher-resolution approaches for accurate
strain classification. In addition to evolutionary divergence, ST23-KL57
and ST218-KL57 differ from ST23-KL1 in lacking virulence loci such as
GIE492 and the all island8,28. Notably, ST23-KL57 harbored multiple
carbapenemase genes, whereas ST218-KL57 exhibited intermediate
resistance and ST23-KL1 remained largely susceptible. The limited ST-
level resolution likely stems from recombination whereby ST23-KL57,

originating from an ST218-KL57 background, convergently acquired
the classical ST23 allelic profile. However, our in-depth analyses
revealed that it differs substantially from the traditional ST23-KL1
lineage, and in fact, shares little to no genetic relatedness with it. To
date, many studies investigating ST23 strains have focused primarily
on sequence type while neglecting the capsular type16. Such an
approach may lead to inaccurate classification and interpretation.
Here, we emphasize the importance of incorporating both cgMLST
and capsular typing in future analyses of K. pneumoniae, and we sug-
gest that the research community adopt this genotyping strategy.

Virulence plasmids carrying conserved genes (peg-344, iucA, iroN,
rmpADC, and rmpA2) are well-documented in hvKp24,39. Structural
analysis revealed that both ST23-KL57 and ST218-KL57 plasmids share
the same Inc type as the hypervirulent reference strain SGH10 but lack
two regions found in SGH10; additionally, the ST23-KL57 plasmid
lacking the iroN locus40. The iroN gene, part of the iroBCDN cluster,
encodes salmochelin, a glucosylated enterobactin that evades
lipocalin-2 binding and inflammatory responses41. Over 90% of K.
pneumoniae strains associated with pyogenic liver abscesses harbor
salmochelin42, making it a hallmark of hvKp virulence. The loss of iroN
suggests an evolutionary trade-off in K. pneumoniae, as strains with
both high virulence and multidrug resistance are rare due to the
associated metabolic cost43.

Recombination events and the replacement of large chromosomal
regions have been observed in numerous bacterial species, with several
documented instances where hybrid strains are linked to epidemiolo-
gical success, particularly within the Enterobacteriaceae family44. In K.
pneumoniae, the well-known recombination event is the formation of
ST258. ST11 (which differs from ST258 by a single housekeeping gene
locus) primarily spreads in Asian countries, particularly in China, while
the new ST258 strains, formed by recombination between ST11 and
ST442, have led to its spread in the USA30,45. Geographic variation was
observed in the distribution of ST218-KL57 and ST23-KL57 lineages,
distinguished by only one housekeeping gene. This minimal allelic var-
iation supports the notion that ST23-KL57 likely arose from the ST218-
KL57 background through a recent recombination or gene conversion
event rather than long-term divergence. The two highly similar recom-
bination events suggest that recombination in K. pneumoniae may be
ongoing, underscoring the need for sustained surveillance. In addition,
while our results suggest that ST218-KL57 may have originated and
initially circulated in China, we acknowledge that the current dataset is
constrained by uneven regional sampling intensity across regions.
Future studies incorporating broader sampling from diverse sources
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and geographic areas will be essential to minimize potential biases and
to provide a more accurate understanding of the global population
structure and transmission dynamics of K. pneumoniae.

To investigate the impact of the newly identified recombination in
ST23-KL57 isolates, we performed comparative genomic analyses
focusing onmultidrug resistance and virulence genes. In ST23-KL57, we
examined genomic regions harboring resistance genes, mobile ele-
ments, and stress response systems. In contrast, ST218-KL57 strains
typically lacked multidrug resistance plasmids such as IncFII and car-
ried only virulence-associated plasmids like repB_KLEB_VIR. In the
recombinant ST23-KL57 strains, however, both multidrug resistance
and virulence plasmid types were present, suggesting that ST395, a
potential recombination donor, contributed not only chromosomal
DNA but also AMR plasmids. Consequently, the newly emerged ST23-
KL57 strains pose a significant threat, as they combine both hyper-
virulence and multidrug resistance. The underlying mechanisms driv-
ing the fusion of virulence and resistance in these strains are believed to
involve chromosomal and plasmid fusion events. Taken together, these
observations provide evidence that ST23-KL57 strains are hybrid strains
that originated from an ancestral ST218 strain, acquiring a contiguous
chromosomal segment from an ST395 strain through DNA recombi-
nation/replacement. These recombination events have resulted in the
emergence of ST23-KL57, which combines both virulence and anti-
biotic resistance traits, contributing to its successful spread in Europe.

Phenotypic evaluation of ST218-KL57 isolates revealed string test-
positive isolates consistent with rmpADC and rmpA2 gene carriage46–48,
enhanced biofilm formation, and intermediate virulence in mice,
which was greater than that of control strains but lower than that of
canonical hypervirulent lineages (ST23-KL1 and ST65-KL2). These
results highlight themultifactorial natureof hypervirulence, shapedby
both chromosomal and plasmid determinants. Notably, one ST218-
KL57 strain also carried blaNDM-1, indicating the concerning con-
vergence of resistance and virulence18. The convergence of multidrug
resistance and critical virulence factors in these strains remains con-
cerning, as even moderate virulence in carbapenem-resistant strains
also poses a significant public health threat.

In conclusion, our study provides a systematic genomic char-
acterization of the emerging K. pneumoniae lineages ST218-KL57 and
ST23-KL57, offering key insights into their evolution, resistance, and
virulence. While CG23, primarily comprising ST23, is a recognized
hypervirulent K1 serotype, ST23-KL57 represents a distinct,
carbapenem-resistant subgroup that cluster with ST218-KL57 within
the SL218 lineage. These findings highlight the value of high-resolution
genomic typing and demonstrate the dynamic evolution of K. pneu-
moniae under selective pressure. Enhanced global surveillance is cru-
cial to detect and respond to these emerging threats.

Methods
Ethics statement
All our research complies with the relevant ethical regulations. This
study was approved by the Medical Ethics Committee of Sir Run Run
Shaw Hospital, Zhejiang University School of Medicine (Approval No.
2022-0335). Written informed consent from the patients was exemp-
ted by the Ethics Committee of Sir Run Run Shaw Hospital.

All animal procedures were performed in accordance with the
laboratory animal care and use guidelines of the Institutional Animal
Care and Ethics Committee of Sir Run Run Shaw Hospital, Zhejiang
University School of Medicine. Approval was obtained from the Ethics
Committee of Sir Run Run Shaw Hospital, Zhejiang University School
of Medicine (Approval No. SRRSH202202075).

Isolation of bacterial strains, genomic DNA extraction, genome
sequencing, assembly, and quality control
A total of 3,118K. pneumoniae isolates were collected between 2021
and 2024 from six hospitals across Zhejiang Province, China. All

primers used in this study were designed using SnapGene (version
6.2.2) and synthesized by Sangon Biotech Co., Ltd. (Shanghai, China).
Primary screening of ST218-KL57 and ST23-KL57 isolates was per-
formed by PCR using the following primers: forward 5’-
TTGGCTTGACGAAGCAGAAATGA-3’ and reverse 5’-CCCGGAGGCTCA-
CATTCTTTC-3’. There were no ST23-KL57 isolates identified in this
study. The whole genomes of ST218 strains were sequenced. Genomic
DNA was isolated from the strains and used to create shotgun paired-
end libraries with an average insert size of around 350 bp49, using the
TruSeq DNA Sample Preparation Kit (Illumina, San Diego, CA, USA).
The sequencing data were quality-checked, assembled de novo using
Shovill v1.1.0 (--trim --minlen 200), and subjected to MLST analysis to
confirm STs using mlst v2.19.0. After in silico MLST analysis, 13 high-
quality ST218 isolates (1 isolate quality control is not qualified) were
identified and selected for further analysis (Supplementary data 1).

Furthermore, five of these ST218 isolates were randomly selected
for additional sequencing using the long-read Nanopore MinION to
obtain their complete genome. For Nanopore sequencing, a MinION
sequencing library was prepared using the Nanopore Ligation
Sequencing Kit (Oxford Nanopore, Oxford, UK). The library was
sequencedusing anR9.4.1MinIONflowcell (FlO-MIN106) for a 24-hour
run with MinKNOW v2.0, employing default settings. The raw Nano-
pore signal data in FAST5 format were base-called and converted to
FASTQ format in real-time using Guppy v3.3.0. Subsequently, Por-
echop v0.2.4wasused to trimbarcode and adapter sequences (https://
github.com/rrwick/Porechop). To improve assembly, Filtlong v0.2.0, a
quality filtering tool for Nanopore reads, was used to remove
sequences shorter than 3000 bases and those with mean quality
scores below 1250. De novo sequence assembly was performed using
Flye 2.8.3 (parameters: --nano-raw).

Additionally, we downloaded a total of 75,954 assembled K.
pneumoniaegenomes fromNCBI (last accessed July 31, 2024). The data
quality control criteria required that the following three conditions be
met simultaneously: (1) genome size between 5 and 7Mb; (2) ANI value
greater than 95% compared to the hvKp reference genome SGH10, as
calculated bypyani v0.2.12; and (3) completeness greater than95%and
contamination less than 5%, as assessed by CheckM v1.2.3. After fil-
tering out low-quality sequencing samples, 69,083 high-quality iso-
lates remained (Supplementary Fig.1). For the quality-controlled
strains, we conducted in silico MLST analysis, which identified 109
ST218 isolates. In total, our study included 122 ST218 isolates,
13 sequenced in this study and 109 downloaded fromNCBI, for further
analysis (Fig. 1; Supplementary data 1).

Multilocus sequence typing and capsule locus typing
Using goeBURST (http://www.phyloviz.net/goeburst), all STs from the
Klebsiella MLST database (last accessed December 14, 2024) were
grouped into distinct clonal groups (CGs). KL types were determined
using Kaptive (https://github.com/klebgenomics/Kaptive). Core gen-
ome multilocus sequence typing (cgMLST) was performed via the
online platform PathogenWatch (https://pathogen.watch/).

Identification of virulence factors, virulence-associated acces-
sory elements, antibiotic resistance genes, and plasmid
replicon types
Weused Abricate v1.0.1 (https://github.com/tseemann/abricate) with the
parameters set to -minid 95 -mincov 95 to detect ARGs, virulence genes,
and plasmid replicon types. ARGs were identified using the ResFinder
database51, virulence factors were recognized through the VFDB
database52, and plasmid replicon types were determined by the Plas-
midFinder database (https://cge.food.dtu.dk/services/PlasmidFinder/) to
pinpoint the Inc type.

The ICEKp variants found in all isolates were identified using
Kleborate26 (https://github.com/klebgenomics/Kleborate). Due to the
high conservation of GIE4928 and all island28 among K. pneumoniae
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strains, reference sequences for both GIE492 and the all island were
obtained from the hvKp reference genome SGH10. These elements
were subsequently detected across all isolates by conducting BLAST
searches against the extracted reference sequences.

Construction of maximum-likelihood (ML) clustering trees
The strains were aligned to the K. pneumoniae SGH10 reference
genome13 using Snippy (https://github.com/tseemann/snippy) to
identify core single nucleotide polymorphisms (SNPs), which were
then used to construct a ML phylogenetic tree for all strains in the
analysis. Pairwise SNP distances between isolates were computed with
snp-dists (https://github.com/tseemann/snp-dists). The ML tree was
generated with IQ-TREE v2.1.4 (http://www.iqtree.org), utilizing 1,000
bootstrap replicates for reliable phylogenetic inference. The final tree
was visualized through iTOL (https://itol.embl.de).

Pangenomic profiling, comparative genomic analysis, and
functional enrichment analysis
To further investigate the relationship and differences between these
strains, all publicly available ST23-KL1 (n = 1,491) and ST23-KL57 (n =45)
strains were retrieved from NCBI (last accessed July 31, 2024) for pan-
genome and comparative genomic analyses. To conduct an in-depth
analysis of the functional characteristics of the bacterial genomes, we
initially utilized Prokka v1.14.6 to predict the open reading frames. The
Generic Feature Format (GFF) files generated by Prokka53 were subse-
quently used as input for Roary54, which facilitated the pangenome
analysis of the described isolates. We then applied Scoary55 to identify
genes that were significantly enriched in the ST218-KL57 and ST23-KL57
isolates. This approach, which relies on gene presence/absence, is
characterized by rigorous and precise statistical properties. Gene clus-
ters were deemed significantly enriched when the Benjamini-Hochberg
FDR-adjusted p-value was <0.05. Clusters with an OR> 1 were con-
sidered to be linked to ST218-KL57 isolates, whereas thosewith anOR< 1
were associated with ST23-KL57 isolates. Gene annotation was per-
formed using COG annotation56. COG annotation was performed using
EggNOG-mapper v257 (https://github.com/smarted/eggnog-mapper),
andwe conducted this for all genes and the feature genes of each group.

Population assignment and fineSTRUCTURE analysis
The population structure of ST218/ST23-KL57 was determined using
chromosome painting and population clustering analyses. We utilized
ChromoPainter, which is part of fineSTRUCTURE (v4.1.0)58, to model
the sharing of DNA segments, thereby estimating the genomic frag-
ments inherited by each recipient haplotype from potential donors.
This data was then organized into a co-ancestry matrix. Using this
matrix, fineSTRUCTURE v4.1.0 clustered the isolates into distinct
groups through 100,000 iterations for both the burn-in and Markov
Chain Monte Carlo (MCMC) phases.

Principal component analysis
To further substantiate the genomic divergence between ST218 and
ST23, we performed a PCA on the ST218 and ST23 dataset. Before PCA,
PLINK v1.959 was used to remove loci with a minimum allele frequency
(MAF) below 2% from the core SNPs. Subsequently, linkage dis-
equilibrium (LD) pruningwas carriedout to eliminate highly correlated
SNPs. For any SNP pair with an r² value greater than 0.1 within a 50kb
window, one of the SNPs was discarded. The window was then
advanced by 10 bp, and the pruning process was repeated to ensure
coverage. Thepruned variantswere thenutilized forPCAon the ST218/
ST23 dataset, with PLINK v1.959 extracting and reporting the first 20
principal components by default.

Structural comparison and annotation of virulence plasmids
Open reading frames (ORFs) and pseudogenes were identified using
RAST 2.060, combined with BLASTP/BLASTN searches61 against the

UniProtKB/Swiss-Prot database62 and the RefSeq database63. Annota-
tions for mobile elements and other genomic features were obtained
through online resources such as ISfinder64, INTEGRALL65, and Tn
Number Registry66. Sequence comparisons, both pairwise and multi-
ple, were performed using MUSCLE 3.8.3167 and BLASTN, respectively.
Gene organization diagrams were created using Inkscape 0.48.1
(https://inkscape.org/en/), while the alignment rings for these dia-
grams, based on the complete genomes, were visualized using BRIG68.
The conjugation probabilities of the complete virulence plasmids were
evaluated with oriTfinder (https://tool-mml.sjtu.edu.cn/oriTfinder/
oriTfinder.html)69.

SNP calling and recombination analysis
MUMmer v3.1 was applied for SNP calling using the ST23-KL57 isolate
(GCA_001902335.1) as the reference genome, particularly, nucmer was
used for genome alignment, delta-filter for refining the alignments,
and show-snps for identifying SNP positions. For each ST218-KL57
isolate, the number of SNPs per 1000 bp was calculated and visualized
using custom Python scripts, revealing that SNPs were almost exclu-
sively concentrated within the 0.5–1.5Mb region (Supplementary Fig.
7). Subsequently, the same approach was applied to calculate the
number of SNPs in the 0.5–1.5Mb interval across all isolates, which
showed that ST395 strains exhibited the lowest SNP density in this
region (Supplementary Fig. 8). Finally, the SNP distributions of isolates
representing each distinct sequence type (apart from ST218 and
ST395)were visualized using the samemethod (Supplementary Fig. 9).

Hypermucoviscosity phenotype identification
The hypermucoviscous phenotypes were determined by the string
test, and the isolates that generated strings >5mm in length after
stretching with the tip of a sterile inoculation loop were defined to
have a hypermucoviscous phenotype70.

Biofilm formation assay
The quantity of biofilm produced wasmeasured following themethod
described in a previous study71. Two biofilm-positive isolates (373 and
651) and one negative control (ATCC 13883) were included as controls.
Briefly, bacteria were grown overnight in Luria-Bertani (LB) medium,
diluted 1:100 in freshmedium and cultured at 37 °C till OD600 values of
0.6–0.8 were reached. Two hundred microliters of culture per well
were transferred to 96-well polystyrene microtiter plates at 37 °C for
24 h. After three washes with 200μL of PBS, the biofilms were fixed
with methanol for 15min. The methanol was removed, and the plates
were again washed three times. The biofilms were stained with 200μL
crystal violet (CV) for 30min, and then the unbound CV dye was
removed bywashing three times. After destainingwith 95% ethanol for
5min, the biofilms weremeasured with a SpectraMax® ABS Microplate
Reader (Molecular Devices, USA) at 590 nm. Statistical analyses were
performed inR (version 4.3.1). TheWilcoxon rank-sum testwasused to
compare the biofilm-forming ability of all strains with that of the
negative control strain ATCC 13883. Statistical significance is indicated
by asterisks as follows: p <0.05, ** p < 0.01, *** p < 0.001.

Mouse intraperitoneal infection model
Specific pathogen-free (SPF) female CD-1 mice (5–6 weeks old) were
used for animal experiments. The mice were maintained under SPF
conditions in-house at 19–26 °Cwith 40–70%humidity and a 12 h light/
dark cycle, and were provided autoclaved chow, water, and corncob
bedding. This study does not involve the influence of sex hormones on
K. pneumoniae infection, and the sex of the animals does not affect the
experimental outcomes. Female CD-1 mice, aged five to six weeks and
weighing approximately 17 g, were randomly divided into groups to
assess the virulence of the ST218 isolates. Each group consists of 10
mice. The bacteria were grown in LB broth until the logarithmic phase,
and each mouse was injected with 4 × 108 CFU bacteria. The negative
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control group was treated with PBS, while the positive control group
was treated with 373 (ST23) and 651 (ST65). The mortality rates were
observed for aweek. Survival analysiswas performedusing theKaplan-
Meier method and compared by the log-rank (Mantel-Cox) test in
GraphPad Prism (version 9.2.0).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All sequenced data generated in this study have been deposited in the
NCBI database under the BioProject number: PRJNA1286124. Other
genome sequences used in this study are available in the NCBI Gen-
Bank database, with the accession numbers for the individual
sequences provided in Supplementary data 1. Source data are pro-
vided with this paper.

Code availability
Code used in this work is available on https://github.com/rzzju/KP.
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