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pneumoniae strains in China

Li Feng*, Mingcheng Zhang and Zhiyi Fan

Jiyang College, Zhejiang A&F University, Zhuji, China

ST15 Klebsiella pneumoniae (Kpn) is a growing public health concern in China
and worldwide, yet its genomic and evolutionary dynamics in this region remain
poorly understood. This study comprehensively elucidates the population
genomics of ST15 Kpn in China by analyzing 287 publicly available genomes. The
proportion of the genomes increased sharply from 2012 to 2021, and 92.3% of
them were collected from the Yangtze River Delta (YRD) region of eastern China.
Carbapenemase genes, including OXA-232, KPC-2, and NDM, were detected in
91.6% of the studied genomes, and 69.2% of which were multidrug resistant (MDR)
and hypervirulent (hv). Phylogenetic analysis revealed four clades, C1 (KL112,
59.2%), C2 (mainly KL19, 30.7%), C3 (KL48, 0.7%) and C4 (KL24, 9.4%). C1 appeared
in 2007 and was OXA-232-producing and hv; C2 and C4 appeared between
2005 and 2007, and both were KPC-2-producing but with different levels of
virulence. Transmission clustering detected 86.1% (n = 247) of the enrolled strains
were grouped into 55 clusters (2-159 strains) and C1 was more transmissible
than others. Plasmid profiling revealed 88 plasmid clusters (PCs) that were highly
heterogeneous both between and within clades. 60.2% (n = 53) of the PCs carrying
AMR genes and 7 of which also harbored VFs. KPC-2, NDM and OXA-232 were
distributed across 14, 4 and 1 PCs, respectively. The MDR-hv strains all carried
one of two homologous PCs encoding iucABCD and rmpAZ2 genes. Pangenome
analysis revealed two major coinciding accessory components predominantly
located on plasmids. One component, associated with KPC-2, encompassed 15
additional AMR genes, while the other, linked to OXA-232, involved seven more
AMR genes. This study provides essential insights into the genomic evolution of
the high-risk ST15 CP-Kpn strains in China and warrants rigorous monitoring.
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1. Introduction

Klebsiella pneumoniae (Kpn) causes a range of infections, including pulmonary, urinary
tract, bloodstream, and surgical site infections (Paczosa and Mecsas, 2016). Carbapenems are
commonly employed for treating severe infections caused by multidrug-resistant (MDR)
Enterobacteriaceae, including AmpC f-lactamases and extended-spectrum f-lactamases
(ESBLs). Unfortunately, the extensive use of carbapenems in recent years has expedited the
emergence of resistant strains (Shrivastava et al., 2018).

As in many other countries, Kpn is a notifiable disease in China (Zhang et al., 2017;
Kazmierczak et al., 2021; Lee et al., 2022). According to the China Antimicrobial Surveillance
Network (CHINET) results, although the resistance rate of Kpn to carbapenems showed a steady
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downward trend from 2018 to 2021, the detection rate was still over
23% (Hu et al., 2018). The detection rate reached more than 30% in
some areas, and the trend is slowly increasing. Previous epidemiology
studies have shown that KPC-2 is the widest disseminated
carbapenemase in China, and the dominant ST is ST11 (Zhang et al.,
2017). However, ST15 Kpn becomes an emerging high-risk clone with
frequent hospital outbreaks (Cienfuegos-Gallet et al., 2022). A multi-
center study showed a shift in the dominant sequence type of
carbapenemase-producing Kpn (CP-Kpn) bloodstream infections
from ST11 to ST15 in northeast China, especially after the COVID-19
pandemic (Chen J. et al., 2021). ST15 Kpn has been reported to
contain the blaoxa,;, gene situated within the ColKP3-type (also
known as ColE-type) plasmid in China (Yin et al., 2017; Shu et al,,
2019; Chen Y. et al., 2021). Long-term nosocomial surveillance of
OXA-48-like carbapenemases report in Zhejiang province, southeast
China, from 2018 to 2021 showed that ST15 CP-Kpn isolates are the
primary carriers in recent years (Zhang et al., 2023).

In addition to threats from CP-Kpn, infections due to
hypervirulent Kpn have steadily increased over the last three decades
(Russo and Marr, 2019). The hypervirulent strains are usually isolated
from community-acquired infections and may cause a liver abscess,
bloodstream infection, or meningitis, among other pathological
conditions (Choby et al., 2020). The reported best-characterized
virulence factors with experimental support for conveying the
hypervirulent phenotype, including iuc, iro, rmpA, and rmpA2, are
encoded by genes on hypervirulent (hv) plasmids (Zhu J. et al., 2021).
Increasing occurrence of multidrug resistance (MDR) and hv Kpn
(MDR-hvKpn) convergent clones is being observed(Wyres et al.,
2020b). A public health concern is that virulence gene carriage has
been reported to be 34.2% for CP-Kpn in China (Zhang et al., 2020).

Recent advancements in the whole-genome sequencing and
extended applications of bioinformatic tools facilitate gathering
information on thousands of bacterial species on their virulence
factors (VF), antimicrobial resistance (AMR), and genetic relationship
(Schiirch et al., 2018). Comparative genomics of microbial genomes
assists in understanding the genomic variations, the basis of diverse
phenotypes (Wyres et al., 2020a). Although there has been a recent
phylogenomics study on ST15 Kpn strains worldwide, only 9 strains
were isolated from China (Rodrigues et al., 2023).

To delve into the genomic landscape of ST15 Kpn population in
China, this study collected 287 genomes of clinical ST15 Kpn of China
origin from the PATRIC database (Davis et al., 2020). Comparative
genomic analyzes were performed to understand the spread of the
ST15 Kpn strains across the country over 10years. Then phylogenetic
relationship, evolution, recent transmission, antimicrobial resistance
and virulence gene profiling, pan-genome association, and plasmid
content were screened.

2. Materials and methods
2.1. Genome collection and quality control

We retrieved all publicly available ST15 Kpn genome assemblies
present in the PATRIC database on September 15, 2022 using the

» <«

search terms “mlst=15" “genome status=WGS,” “host common

name=Human,” “isolation country=China” and “genome
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quality =good.” These strains were all collected in China from 2012 to
2022. The corresponding metadata of the genomes was acquired from
the PATRIC database and manually checked based on the NCBI
Genbank database. Assembled genome and quality summary statistics
were calculated with QUAST v5.2.0 and fastANI v1.33, respectively
(Gurevich etal., 2013; Jain et al., 2018). All genomes passed the quality
control with more than 99.5% of ANI and 85% of genome fraction
with Kpn WSD411 (RefSeq: GCF_009884415.1) as an ST15 reference
genome (Chen Y. et al,, 2021). The MLST sequence type of each
genome was also confirmed with Kleborate v2.2.0 (Lam et al., 2021).

2.2. Genome annotation

Genome annotation was performed using Prokka v1.13.4
(Seemann, 2014). Kleborate was used to identify the species identity,
Kpn integrative conjugative element (ICEKp)-associated and plasmid-
associated VF and AMR genes (Lam et al., 2021). Kleborate also
assigns a virulence score and a resistance score for each genome.
MOB-suite v3.0.3 was used to reconstruct plasmid content from each
draft genome (Robertson and Nash, 2018). MOB-recon was used to
analyze plasmid sequences, which includes MOB_typer to perform
relaxase and replicon typing of plasmids, as well as generate
MOB-cluster codes and host range information. The 28-bp fusion site
was identified using the matchPattern function in the Biostrings R
package with the specific sequence AGATCCGNAANNNNNNNN
TTNCGGATCT’ (Xu et al., 2021).

2.3. Phylogenetic and population structure
analyzes

The core genome multi-alignment and SNP calling (cgSNP) was
performed with Parsnp v1.2 from HarvestTools kit for the 287
genomes with collection dates and WSD411 as reference (Treangen
et al., 2014). Pairwise SNP distances were calculated with SNP-sites
v2.5.1 (Page et al., 2016). Phylogenetic trees were then constructed
with RAXML v8.2.9 using the core genome SNP alignment after
removing predicted recombination sites by Gubbins v2.1.0
(Stamatakis, 2014; Croucher et al,, 2015). A general-time reversible
nucleotide substitution model with a GAMMA correction for site
variation was used for tree construction (bootstrap 1,000 with Lewis
ascertainment correction). The output from Gubbins was loaded
directly to BactDating v1.0.6, which accounts for branch-specific
recombination rates, rather than simply ignoring recombinant regions
(Didelot et al., 2014). Root-to-tip regression with a simultaneous
inference of the best root location (R2 =0.39) and tip-date-
randomization performed within BactDating demonstrated a
temporal signal in the data. 100 million Markov chain Monte Carlo
(MCMC) steps were performed to generate a time-resolved tree using
the mixed model for clock rate.

Phylogenetic clades were identified using fastBAPS, and a core-
genome SNP (cgSNP) threshold of 16 was selected to define the
putative transmission relationship, respectively (Tonkin-Hill et al.,
2019; Zhang et al., 2022). Furthermore, a cgMLST allele calling was
performed using chewBBACA suite with a public 2,358-gene cgMLST
scheme for K. pneumoniae/variicola/quasipneumoniae (Silva et al.,
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2018)." Ancestral sequence reconstruction of each internal node of the
phylogenetic tree was performed using the R package phangorn
(Schliep, 2011). Terminal branch lengths were the number of
substitutions mapped to each terminal branch. Both phylogenetic tree
and metadata were visualized with R package ggtree (Yu et al,, 2018).
A median-joining haplotype network was reconstructed by PopArt
v1.7 (Leigh and Bryant, 2015).

2.4. Pangenome construction and
coincident analysis

A pangenome was generated from all genomes using Panaroo with
default parameters, resulting in a gene absence-presence matrix
(Tonkin-Hill et al., 2020). Pangenome sequences retrieved by Panaroo
were annotated with eggnog-mapper v2.1.2 using eggnogDB v5.0.2
(Huerta-Cepas et al., 2019). The antibiotic resistance and virulence
factor genes were screened using the Comprehensive Antibiotic
Resistance Database (CARD) and the virulence factor database (VFDB),
utilizing a protein identity threshold of 80% (Liu et al., 2022; Alcock
etal., 2023). The absence-presence matrix of the accessory genome was
plotted by the Uniform Manifold Approximation and Projection
(UMAP) algorithm with R package umap (McInnes et al., 2018).

To determine if antibiotic resistance genes are co-circulating with
each other accessory gene and each other, we adopted the program
Coinfinder v1.2.0 (Whelan et al., 2020). Briefly, Coinfinder detects
genes that associate or dissociate with other genes using a Bonferroni-
corrected Binomial exact test statistic of the expected and observed
rates of gene-gene association. We first ran Coinfinder on our
combined dataset to identify all coincident associated gene pairs. Then
we reran Coinfinder using the query flag to look specifically at
simultaneously associated gene pairs involving KPC-2, OXA-232, and
NDM-1, respectively. Gephi v0.9.4 was used to visualize a coincident
gene network with the Fruchterman-Reingold layout algorithm
(Bastian et al., 2009).

3. Results

3.1. Overview of sequenced ST15 Kpn
clinical isolates in China

This study obtained 287 ST15 Kpn genome assemblies from
China after database 2022
(Supplementary Table S1). Zhejiang province has the most samples,

screening on September 15,

accounting for 56.5% (162/287), followed by Shanghai city samples,
accounting for 27.2% (78/287). Notably, the Yangtze River Delta
(YRD) region in eastern China, encompassing Zhejiang, Jiangsu, and
Anhui provinces and Shanghai city, was the top region infected with
ST15 Kpn, accounting for 92.3% (265/287) of all samples
(Figures 1A,B). The distribution of ST15 Kpn samples by year showed
a rapidly growing tendency, except during the COVID-19 pandemic,
which dominated 2020 (Figure 1C). Despite that, 72.1% (207/287) of
the ST15 Kpn samples were isolated between 2019 and 2021.

1 https://www.cgmlst.org/ncs/schema/2187931/
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3.2. Phylogenetic and genomic
characteristics

All ST15 Kpn strains were closely related with a maximum
pairwise SNP distance of 222 SNPs, raising the possibility of clonal
expansion of a common strain. The most-recent common ancestor of
the 287 strains with isolation dates was estimated to emerge in August
2000 (95% confidence interval, April 1996 to October 2003) (Figure 2).
The population of ST15 Kpn in China was further divided into four
monophyletic clades based on a cgSNP/fastBAPS analysis that were
Cl, C2, C3, and C4 from top to bottom on the tree. There were 170
(59.2%) strains in C1, 88 (30.7%) in C2, 2 (0.7%) in C3, and 27 (9.4%)
in C4, respectively. We inferred that C2 emerged first in May 2005,
while the other three clusters emerged in the same year, 2007.
Moreover, the latest sampling times for C1 and C2 are January 12,
2022, and December 1, 2021, respectively. In contrast, C3 and C4 have
no new isolates after 2020 and 2019, respectively.

The capsule type (KL), VF and AMR characteristics revealed by
Kleborate were further mapped on the phylogeny (Figure 2). A total
of 11 distinct KL types were identified, with KL112 (59.2%, 170/287),
KL19 (24.7%, 71/287), and KL24 (10.5%, 30/287) emerging as the
predominant ones (Supplementary Figure S1). Significantly, unique
capsule types, namely KL112, KL48, and KL24, corresponded to C1,
C3, and C4, respectively. C2 displayed a diversity of nine KL types,
with KL19 as the predominant one, accounting for 80.7% (71/88), and
included three K124 strains.

C1 and C4 displayed significantly higher virulence than C2 and
C3 due to their aerobactin and yersiniabactin VFs (Fisher’s exact test
p<0.001). Among the studied strains, 91.6% (263/287) were CP-Kpn,
of which 33.1% (88/263) producing KPC-2, 57.6% (167/263)
producing OXA-232, 1.1% (3/263) producing NDM, 1.5% (4/263)
producing both KPC-2 and NDM, and 0.4% (1/263) producing both
OXA-232 and NDM. Besides, 64.1% (184/287) of the dataset
presented iucABCD and rmpA2 genes, and from this 98.9% (182/184)
were also carbapenemase producer. These MDR-hvKpn events
included 156 C1, 2 C2 and 24 C4 strains. Associations were observed
between carbapenemases and clades, with significant enrichment of
OXA-232 in CI and KPC-2 in both C2 and C4 (Fisher’s exact test
p<0.001). Drug resistance also significantly varied among different
clades (Fisher’s exact test p<0.001). We also found four strains
DD02162 (C2), DD02172 (C4), K210279 (C1), and SCKP-LL83 (C2)
exhibited the highest resistance scores of 3 for both carbapenemases
and colistin resistance. Colistin resistance mechanisms included the
presence of the colistin-resistant mcr-1 gene in SCKP-LL83 and
inactivated mutations in the mgrB gene in the other three strains.

To assess whether the genotypes of ST15 Kpn strains in China
differed from those of strains isolated from other global areas,
we further included the genomic data of 293 strains collected from
other parts of the world (Supplementary Table S2) (Rodrigues et al.,
2023). Similar to the strains in China, the most common KL type in
these global strains was KL112 (49.1%, 144/293), but the proportion
of KL24 (35.2%, 103/293) was higher than KL19 (5.1%, 15/293). The
maximum-likelihood phylogenetic tree of all 580 strains showed that
C1-C4 in China all had highly homologous strains from other global
regions, especially Asia and Europe (Supplementary Figure S2).
Except for few strains in C1 and C2, most of the strains collected from
China were monophyletic in the phylogenetic tree.
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3.3. Clonal transmission evidence in
China’s ST15 Kpn isolates

The diversity metrics of their subtrees were calculated to assess the
difference in transmissibility and capability of causing active disease
in infected hosts among the four clades. The C1 phylogeny had
significantly shorter terminal branch lengths than the other clades
(Figure 3A, Wilcoxon test p<0.001). Strains belonging to C1 were
genetically more similar than those belonging to different clades, as
indicated by the smaller median pairwise SNP distance (Figure 3B,
Wilcoxon test p<0.001). Furthermore, we explored the distribution of
potential transmission clusters using a range spanning 1 ~100 SNPs
of maximum pairwise SNP distance thresholds to define a
transmission cluster (Figure 3C). Notably, the proportion of strains
belonging to transmission clusters was significantly higher among C1
strains than in other clades.

The genomic distance matrices computed on the cgMLST
concatenate and cgSNP alignment was significantly correlated
(Mantel test, p<0.001; Spearman test R=0.81, p<0.001).
According to a recently published molecular epidemiology study
of CP-Kpn in Shanghai, the clonal clusters were defined using a
cutoff of 16 SNPs (Zhang et al., 2022). Here, 245 (85.4%) of the
287 strains were detected in 18 clonal clusters, ranging in size
from two to 159 (Supplementary Figure S3). Furthermore, a
cgMLST typing analysis retrieved a similar clustering result that
247 (86.7%) of the 287 strains into 15 clonal clusters at an allele
distance threshold of ten, which has been used to correctly group
all surgical intensive care unit outbreak strains in a hospital in
Beijing (Zhou et al., 2017).
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The cgSNP clustering rate of C1 (97.6%, 166/170) was significantly
higher than that of C2 (64.8%, 57/88), C3 (0, 0/2), and C4 (81.5%,
22/27) (chi-square test, p <0.001). In addition, 77.8% (14/18) of clonal
clusters involved transmissions that occurred within 1year. The
longest for the other four clonal clusters is 6.2 years, followed by 3.0,
1.9, and 1.7 years. Notably, there were five cgSNP-based clonal clusters
including 167 strains involving recent transmissions across different
provinces (Figure 3D). Four clusters (cluster 1, 7, 11 and 14) were
located in the YRD region, and only one cluster (cluster 14) was the
transmission between Beijing and Zhejiang. The largest cluster (cluster
1), including 93.5% (159/170) strains of Cl, isolated from 2015 to
2022, revealed a large-scale continuous spreading of the ST15
OXA-232-CP-Kpn of C1 in the YRD region.

3.4. Plasmids profiling based on the
complete genomes

To reveal the plasmid communities shared among China’s ST15
Kpn population, we adopted three tools in MOB-suite to all genomes:
MOB-recon for plasmid sequence identification, MOB-typer for
plasmid typing, MOB-cluster for plasmid clustering, respectively.
A total of 2,101 plasmids were detected and grouped into
88 plasmid clusters (PCs) at a mash distance threshold of 0.05
(Supplementary Table S3A). Only 31 of these PCs contained more
than 5 plasmids, indicating the complexity of plasmid content. An
average number of PCs per genome was 7.4 (between 1 and 12), and
the number increased from C3 (average=3) to C2 (average=3.6) to
C1 (average=9.7) to C4 (average =5.0), with a statistically significant
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difference (ANOVA test, p<0.001) (Figure 4A). The hierarchical
clustering based on the presence and absence of PCs among all
strains showed a clear separation of the plasmid content between C1,
C2 and C4, as well as between KPC-2 and OXA-232. Furthermore,
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since there was no common PC present in all strains, we focused on
the core PC within each clade (CC-PC), that was, the PC that appear
in more than 80% of the members. We found that C1 and C4 had 8
and 3 CC-PCs, respectively, while C2 and C3 had none. Based on the
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16 complete genomes, we found that 4 CC-PCs belong to 3 Inc.
replicon families (FIB, HI1B and U), 4 CC-PCs belonged to 2 Col
replicon types. Besides, 2 CC-PCs were conjugative, 4 CC-PCs were
mobilizable, and 5 CC-PCs were non-mobilizable.

We identified 60.2% (53/88) of the PCs carrying AMR genes, with
an average of 2.8 AMR genes per PC (ranging from 1 to 17)
(Supplementary Table S3B). KPC-2 was found in 14 PCs including a
CC-PC (AA448, IncU-type), 12 of which were conjugative or
mobilizable. NDM was present in four PCs including a CC-PC
(AC125, IncFIB-type), two of which were conjugative or mobilizable,
while OXA-232 was exclusively detected in a mobilizable CC-PC
(ACI129, rep_cluster_1195). Moreover, we found the colistin resistance
gene mcr-1 in two PCs within C2: AA378, which carried one AMR
gene, and AA738, which encoded 17 AMR genes. Notably, seven of
these AMR PCs also carried VF genes (Supplementary Table S3C).
Among them, the VF genes iucABCD and rmpA2 coexisted on 183
plasmids, forming two F-type PCs: AA405 in C4 (KPC-2-producing)
and AA406 in C1 (OXA-232-producing). Sequence alignment of two
representative plasmids, pDD02172_1 (AA405) and pWSD411_1
(AA406), revealed their homology with a mean identity of 86.9% and
coverage of 44.3% (pDD02172_1 as the reference) (Figure 4B). There
were IS sequences belonging to the ISNCY, 1S3 and IS6 families at
both ends of the homologous region containing the VFs. However,
AA405 was conjugative, while AA406 lacked both relaxase and mate-
pair formation, making it non-mobilizable. Interestingly, we detected
the non-mobilizable pWSD411_1 has the potential to co-transfer with
a conjugative F-type plasmid pWSD411_2 for both sharing the 28-bp
fusion site (Xu et al., 2021).

3.5. An open structure of China’s ST15 Kpn
pan-genome

To characterize the genomic diversity of the analyzed 287 ST15
Kpn genomes, a pan-genome was constructed. This pan-genome
consists of 4,539 core and 4,377 accessory genes. The simulated gene
accumulation curves showed that the numbers of the core genes
decreased continually with the addition of new strains, as expected
when sampling more diverging genomes of a species
(Supplementary Figure S4). Heap’s law modeling (n =k N") of the
gene presence-absence revealed a y value of 0.1 less than 1,
demonstrating the open state of the pan-genome. Displaying the
genomes using a UMAP approach directly on the absence-presence
of accessory genes showed a clear separation of the three main clades
(C1, C2, and C4) identified by fastBAPS based on the cgSNP
(Figure 5A). Although C2 is closer to C1 in terms of genetic distance,
the accessory genome composition of C2 is more comparable to that
of C4. This phenomenon suggested that the composition of accessory
genes between different strain clusters may be related to the

mechanisms of carbapenem resistance.

3.6. Coincident genes associated with
carbapenem-resistance genes

To further explore the coincident gene relationships within the

pan-genome, a gene co-occurrence network was inferred by
Coinfinder (Figure 5B). It contained a total of 228,491 significant
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gene-to-gene relationships, including 1,691 coincident genes,
accounting for 38.6% (1,691/4377) of all accessory genes (Bonferroni-
corrected binomial exact test, p <0.05). These associated gene pairs
were further clustered into 25 associate components. There were two
large components in the network, containing 1,037 and 508 genes,
respectively, and occupied 91.4% (1,545/1691) of all coincident genes.
The first component included the KPC-2 with other 15 AMR genes
[blacrx s catBll, tet(A), dfrAl2, aph(3”)-la, sull, aadA22,
qacEdeltal, blaoy, ,, msrE, mphE, armA, qnrB4, blapy, ; and aac(3)-11d]
contributed to the resistance to cephalosporin, penam, tetracycline,
diaminopyrimidine, aminoglycoside, sulfonamide, phenicol,
streptogramin, macrolide, fluoroquinolone and cephamycin
antibiotics. The second component included the OXA-232 with other
seven AMR genes [TEM-1, sul2, aph(6)-1d, aph(3”)-1b, arr-2, qnrB2
and rmtF] contributed to the resistance to penem, cephalosporin,
monobactam, sulfonamide, aminoglycoside, rifamycin and
fluoroquinolone antibiotics. All other components were far smaller,
ranging from 2 to 42 genes. Two other gene clusters also included
antibiotic resistance genes; one of 9 genes included gnrSI, and one of
42 had ramR.

When we only examined coincident gene-gene relationships
involving the three carbapenemases, including KPC-2, OXA-232, and
NDM-1, we identified 383, 391, and 0 coincident genes, respectively.
Six genes directly coincident with KPC-2 were AMR genes: sull,
mphE, DHA-1, qnrB4, armA, and msrE. The genes directly coincident
with OXA-232 included three AMR genes (rmtF, qnrB2, and arr-2),
and two VF genes (iucA and rmpA), related to aerobactin and mucoid
phenotype A regulation, respectively. In addition, we found that all the
AMR and VF genes coincident with OXA-232 and KPC-2 were
located on the plasmid according to the complete genomes WSD411,
DDO02162, and KP46 (Supplementary Tables S2B,C).

By comparing the functions between the KPC-2’s and OXA-232s
coincident genes, we found that genes related to post-translational
modification, protein turnover, and chaperones (COG category code
O) and intracellular trafficking, secretion, and vesicular transport
(COG category code U) were much more prevalent in the KPC-2s
coincident genes (Supplementary Figure S5A). In contrast, genes
related to replication, recombination, and repair (COG category code
L), inorganic ion transport and metabolism (COG category code P),
and signal transduction mechanisms (COG category code T) were
more likely to be included in the OXA-232s coincident genes.
Furthermore, 71.5% (274/383) of the KPC-2’s coincident genes and
80.1% (313/391) of the OXA-232’s coincident genes were plasmid-
mediated (Supplementary Figure S5B). There was no significant
difference in the distribution of KPC-2’s and OXA-232’s coincident

genes on chromosome and plasmid (chi-square test, p=0.402).

4. Discussion

In this study, by screening all public ST15 Kpn genomes,
we found that the isolation frequency of ST15 Kpn in China has
continued to increase over the past decade. The ST15 Kpn in China
originated in 2000 and has differentiated into four distinct clades. The
origin of these clades was as early as 2005 and as late as 2008, and
some strains are still emerging in 2022. The predominant KL types in
the studied strains are KL112, KL19, and KL24. A comparison with
strains from other global regions indicates similarities in KL types,
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with KL112 being the most common (Rodrigues et al., 2023). This
suggests a global distribution of certain KL types within ST15 Kpn
population. Notably, most new cases occurred in the YRD region,
eastern China, between 2019 and 2021. With the high resolution
provided by genomics, we revealed that up to 85% of isolates were
due to recent transmission. C1 and C4 displayed higher virulence,
likely contributing to the severity of infections they cause. Recently,
numerous nosocomial outbreaks of ST15 Kpn were reported in the
YRD region including Hangzhou, Lishui, Wenzhou, Yancheng,
Jiaxing and Shanghai (Li et al., 2019; Jia et al., 2021; Zhu Z. et al,,
2021; Huang et al., 2022; Wu et al., 2023; Zhang et al., 2023). The YRD
region is one of the most economically active regions in China and
attracts a large number of migrant workers from Yunnan, Sichuan,
and Anhui provinces every year. This finding suggested that there was
a high level of transmission of ST15 CP-Kpn between hospitals by
patient transfer. However, the transmission of CP-Kpn within and
between hospitals remains largely unexplored in China (Cienfuegos-
Gallet et al., 2022). Meanwhile, it should be pointed out that the YRD
region has more medical resources than other central and western
regions in China, which may be one of the reasons why most of the
currently sequenced strains originate from this region. Accordingly,
we speculate that ST15 Kpn has been widely disseminated in China
in recent years.

The emergence and expansion of CP-Kpn have resulted in a
bottleneck in effective antimicrobial treatment (Zong et al., 2021).
Worryingly, through AMR gene testing, we found that 92% of the
enrolled ST15 Kpn strains are CP-Kpn, and 69% of which are
MDR-hvKpn with iuc and rmpA2. MDR and hv are typically observed
in separate Kpn populations. However, convergent strains with both
properties have been documented and potentially pose a high risk to
public health in the form of invasive infections with limited treatment
options (Arcari and Carattoli, 2023). OXA-232 is the most detected
carbapenemase in China’s ST15 CP-Kpn, followed by KPC-2, while
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NDM is relatively rare. Notably, the co-occurrence of NDM with both
KPC-2 and OXA-232 has already appeared. Therefore, the emergence
of NDM has become a growing public health threat and represents a
new challenge for the treatment of infectious diseases (Gao
et al., 2020).

Notably, our pan-genome analysis provides valuable insights
into the relationship between genomic diversity, clade-specific
differentiation, and the presence of carbapenem resistance genes
among ST15 Kpn. First, phylogenetic analysis based on the cgSNP
showed the emergence of distinct clades (C1, C2, C3, and C4) is
associated with the presence of these carbapenemase genes. Second,
the observed open pan-genome structure reflects the remarkable
diversity within ST15 Kpn and indicates that they can exchange
genetic material (Holt et al., 2015). The distinct clades exhibit
varying accessory gene profiles, and most of the accessory genes are
coincides with KPC-2 or OXA-232 and located on the plasmids.
Therefore, the pan-genome of China’s ST15 CP-Kpn has already
differentiated into KPC-2-type and OXA-232-type structures at
both core and accessory genomes. In addition, these coincident
accessory genes include some AMR genes confer to aminoglycoside,
sulfonamide, cephalosporin and fluoroquinolone, and aerobactin
and regulation VF genes. Indeed, fluoroquinolone resistance
appears to confer a fitness advantage to high-risk clones of various
species, particularly among the elderly and individuals with
prolonged healthcare center exposure, which is a known risk factor
for acquiring additional antibiotic resistance genes (Redgrave et al.,
2014; Fuzi et al,, 2020). These evidence suggested an adaptive
evolution of plasmid-mediated large-scale horizontal gene transfer
among China’s ST15 Kpn strains.

We found 88 different PCs in China’s ST15 Kpn strains and high
variation in plasmid content among different clades. C1 and C4
display a more stable and clade-specific plasmid repertoire with a
higher number of CC-PCs. In contrast, C2 and C3 lack CC-PCs,
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indicating a less stable plasmid composition. The overrepresentation
of F and Col plasmids and high heterogeneity of small plasmids in
Chinas ST15 Kpn was also similar to a recent global ST15 Kpn
research (Rodrigues et al., 2023). Notably, up to 60% of the PCs in our
study encoded at least one AMR gene, with a maximum of 17 AMR
genes, and 7 of them also carried VFs. Comparing KPC-2 and NDM,
there is only 1 PC carrying OXA-232, suggesting that the spread of the
KPC-2 and NDM is more complex than that of OXA-232 in China’s
ST15 Kpn (Zhang et al., 2023). There is one mobilizable CC-PC
encoding OXA-232 and one conjugative CC-PC encoding KPC-2 in
C1 and C4, respectively.

We emphasize that the iucABCD and rmpA2 genes in all
MDR-hvKpn genomes are located on plasmids. Although these
plasmids belong to two PCs, one was conjugative and the other could
co-transfer with a conjugative F-type plasmid in the same genome (Xu
et al., 2021). They have a certain degree of homology and might
be formed through recombination mediated by IS sequences (Acman
etal., 2022). The presence of both VF and AMR genes, especially the
carbapenemase genes, and iuc and rmpA2 VFs on plasmids enables
simultaneous transfer in a single event and potentially rapid
emergence of MDR-hvKpn clone (Tang et al., 2020). Moreover, the
presence of colistin resistance genes on specific plasmids in C2 strains
is a concerning development, as colistin is often considered a last-
resort antibiotic (Zong et al., 2021).

We acknowledge the imperfect nature of the ST15 Kpn dataset
we used. First, only the PATRIC database was used for sample
screening, which is largely biased and commonly not well-curated.
There was insufficient diversity among Chinas ST15 strains included
in the study. Second, the available metadata can significantly impact
the dating estimation and may not be correct. Third, there was no
related experiment to demonstrate both drug resistance and virulence
potential from genomic detection.

In conclusion, this study provides a comprehensive view of
the molecular epidemiology and genetic diversity in the China’s
ST15 Kpn population. Our findings demonstrated that clonal
transmission was the leading cause of the increasing incidence of
infections due to the ST15 CP-Kpn during the past 5 years. The
variety of the cgSNP-based phylogeny, the composition of
accessory genes, and the plasmid profiles correlated to the two
different carbapenem genes, OXA-232 and KPC-2. These findings
provide essential perspectives into ST15 CP-Kpn and highlight
the urgent need for medical institutions to strengthen surveillance
to prevent these novel strains from further disseminating in
hospital settings and the community.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary material.

Author contributions

LF: Conceptualization, Data curation, Formal analysis,
Investigation, Writing — original draft, Writing - review & editing.

MZ: Data curation, Formal analysis, Investigation, Writing - original

Frontiers in Microbiology

10.3389/fmicb.2023.1272173

draft, Writing - review & editing. ZF: Data curation, Formal analysis,
Writing - original draft.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work was
supported by Jiyang College of Zhejiang A&F University under Grant
[number RQ1911F12].

Acknowledgments

The authors thank the authors and laboratories who submitted
sequences to the PATRIC Database.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.1272173/
full#supplementary-material

SUPPLEMENTARY TABLE S1
Metadata and genotyping results of 287 public China’s ST15 Kpn genomes
from the PATRIC database.

SUPPLEMENTARY TABLE S2
Metadata of 293 public ST15 Kpn genomes worldwide.

SUPPLEMENTARY TABLE S3
Plasmid-typing (A) results from the MOB-suite software and AMR (B) and VF
(C) genes content of each plasmid.

SUPPLEMENTARY FIGURE S1
Statistics of all serotypes.

SUPPLEMENTARY FIGURE S2
Phylogenetic tree of 287 China’s and 293 global ST15 Kpn strains.

SUPPLEMENTARY FIGURE S3
Statistics of members of all transmission clusters based on a threshold of
16 SNPs.

SUPPLEMENTARY FIGURE S4
Simulations of the increase of the pan-genome size and the decrease of
core-genome size.

SUPPLEMENTARY FIGURE S5
COG category annotation (A) and genomic localization (B) statistics of the
KPC-2's and OXA-232's coincident gene

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1272173
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1272173/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1272173/full#supplementary-material

Feng et al.

References

Acman, M., Wang, R., van Dorp, L., Shaw, L. P,, Wang, Q., Luhmann, N,, et al. (2022).
Role of mobile genetic elements in the global dissemination of the carbapenem
resistance gene blaxpy. Nat. Commun. 13:1131. doi: 10.1038/s41467-022-28819-2

Alcock, B. P, Huynh, W,, Chalil, R., Smith, K. W,, Raphenya, A. R., Wlodarski, M. A.,
et al. (2023). CARD 2023: expanded curation, support for machine learning, and
resistome prediction at the comprehensive antibiotic resistance database. Nucleic Acids
Res. 51, D690-D699. doi: 10.1093/nar/gkac920

Alikhan, N.-F, Petty, N. K., Zakour, N. L. B,, and Beatson, S. A. (2011). BLAST ring
image generator (BRIG): simple prokaryote genome comparisons. BMC Genomics
12:402. doi: 10.1186/1471-2164-12-402

Arcari, G., and Carattoli, A. (2023). Global spread and evolutionary convergence of
multidrug-resistant and hypervirulent Klebsiella pneumoniae high-risk clones. Pathog.
Glob. Health 117, 328-341. doi: 10.1080/20477724.2022.2121362

Bastian, M., Heymann, S., and Jacomy, M. (2009). Gephi: an open source software
for exploring and manipulating networks. AJS 3, 361-362. doi: 10.1609/icwsm.
v3i1.13937

Chen, Y., Fang, L, Yang, Y., Yan, R,, Fu, Y,, Shen, P, et al. (2021). Emergence of
carbapenem-resistant Klebsiella pneumoniae harbouring Bla OXA-48-like genes in
China. J. Med. Microbiol. 70:001306. doi: 10.1099/jmm.0.001306

Chen, J., Hu, C., Wang, R, Li, E, Sun, G., Yang, M., et al. (2021). Shift in the dominant
sequence type of carbapenem-resistant Klebsiella pneumoniae bloodstream Infection
from ST11 to ST15 at a medical Center in Northeast China, 2015-2020. IDR 14,
1855-1863. doi: 10.2147/IDR.S311968

Choby, J., Howard-Anderson, J., and Weiss, D. (2020). Hypervirulent Klebsiella
pneumoniae—clinical and molecular perspectives. J. Intern. Med. 287, 283-300. doi:
10.1111/joim.13007

Cienfuegos-Gallet, A. V., Zhou, Y., Ai, W,, Kreiswirth, B. N,, Yu, F, and Chen, L.
(2022). Multicenter genomic analysis of carbapenem-resistant Klebsiella pneumoniae
from Bacteremia in China. Microbiol. Spectr. 10:€0229021. doi: 10.1128/
spectrum.02290-21

Croucher, N. ], Page, A. ], Connor, T. R,, Delaney, A. ], Keane, J. A., Bentley, S. D.,
et al. (2015). Rapid phylogenetic analysis of large samples of recombinant bacterial
whole genome sequences using gubbins. Nucleic Acids Res. 43:e15. doi: 10.1093/nar/
gkul196

Davis, J. ]., Wattam, A. R., Aziz, R. K., Brettin, T., Butler, R., Butler, R. M., et al. (2020).
The PATRIC bioinformatics resource Center: expanding data and analysis capabilities.
Nucleic Acids Res. 48, D606-D612. doi: 10.1093/nar/gkz943

Didelot, X., Gardy, J., and Colijn, C. (2014). Bayesian inference of infectious disease
transmission from whole-genome sequence data. Mol. Biol. Evol. 31, 1869-1879. doi:
10.1093/molbev/msul21

Fuzi, M., Rodriguez Baiio, J., and Toth, A. (2020). Global evolution of pathogenic
bacteria with extensive use of fluoroquinolone agents. Front. Microbiol. 11:271. doi:
10.3389/fmicb.2020.00271

Gao, H,, Liu, Y,, Wang, R., Wang, Q,, Jin, L., and Wang, H. (2020). The transferability
and evolution of NDM-1 and KPC-2 co-producing Klebsiella pneumoniae from clinical
settings. EBioMedicine 51:102599. doi: 10.1016/j.ebiom.2019.102599

Gurevich, A., Saveliev, V., Vyahhi, N, and Tesler, G. (2013). QUAST: quality
assessment tool for genome assemblies. Bioinformatics 29, 1072-1075. doi: 10.1093/
bioinformatics/btt086

Holt, K. E., Wertheim, H., Zadoks, R. N., Baker, S., Whitehouse, C. A., Dance, D., et al.
(2015). Genomic analysis of diversity, population structure, virulence, and antimicrobial
resistance in Klebsiella pneumoniae, an urgent threat to public health. Proc. Natl. Acad.
Sci. 112, E3574-E3581. doi: 10.1073/pnas.1501049112

Hu, E, Zhu, D., Wang, E, and Wang, M. (2018). Current status and trends of antibacterial
resistance in China. Clin. Infect. Dis. 67, S128-S134. doi: 10.1093/cid/ciy657

Huang, J., Chen, X,, Yang, J., Zhao, Y,, Shi, Y., Ding, H., et al. (2022). Outbreak of
KPC-producing Klebsiella pneumoniae ST15 strains in a Chinese tertiary hospital:
resistance and virulence analyses. J. Med. Microbiol. 71:001494. doi: 10.1099/
jmm.0.001494

Huerta-Cepas, J., Szklarczyk, D., Heller, D., Herndndez-Plaza, A., Forslund, S. K.,
Cook, H., et al. (2019). eggNOG 5.0: a hierarchical, functionally and phylogenetically
annotated orthology resource based on 5090 organisms and 2502 viruses. Nucleic Acids
Res. 47, D309-D314. doi: 10.1093/nar/gky1085

Jain, C., Rodriguez-R, L. M., Phillippy, A. M., Konstantinidis, K. T., and Aluru, S.
(2018). High throughput ANT analysis of 90K prokaryotic genomes reveals clear species
boundaries. Nat. Commun. 9:5114. doi: 10.1038/s41467-018-07641-9

Jia, H., Zhang, Y., Ye, J., Xu, W,, Xu, Y., Zeng, W,, et al. (2021). Outbreak of multidrug-
resistant OXA-232-producing ST15 Klebsiella pneumoniae in a teaching Hospital in
Wenzhou, China. IDR 14, 4395-4407. doi: 10.2147/IDR.S329563

Kazmierczak, K. M., Karlowsky, J. A., de Jonge, B. L., Stone, G. G., and Sahm, D. E
(2021). Epidemiology of carbapenem resistance determinants identified in meropenem-
nonsusceptible Enterobacterales collected as part of a global surveillance program, 2012
to 2017. Antimicrob. Agents Chemother. 65, 10-1128. doi: 10.1128/AAC.02000-20

Frontiers in Microbiology

10.3389/fmicb.2023.1272173

Lam, M. M. C., Wick, R. R., Watts, S. C., Cerdeira, L. T., Wyres, K. L., and Holt, K. E.
(2021). A genomic surveillance framework and genotyping tool for Klebsiella
pneumoniae and its related species complex. Nat. Commun. 12:4188. doi: 10.1038/
541467-021-24448-3

Lee, Y.-L., Ko, W.-C., and Hsueh, P-R. (2022). Geographic patterns of global isolates
of carbapenem-resistant Klebsiella pneumoniae and the activity of ceftazidime/
avibactam, meropenem/vaborbactam, and comparators against these isolates: results
from the antimicrobial testing leadership and surveillance (ATLAS) program, 2020. Int.
J. Antimicrob. Agents 60:106679. doi: 10.1016/j.ijantimicag.2022.106679

Leigh, J. W,, and Bryant, D. (2015). PopART: full-feature software for haplotype
network construction. Methods Ecol. Evol. 6,1110-1116. doi: 10.1111/2041-210X.12410

Li, X., Ma, W,, Qin, Q, Liu, S, Ye, L., Yang, J., et al. (2019). Nosocomial spread of
OXA-232-producing Klebsiella pneumoniae ST15 in a teaching hospital, Shanghai,
China. BMC Microbiol. 19:235. doi: 10.1186/s12866-019-1609-1

Liu, B., Zheng, D., Zhou, S., Chen, L., and Yang, J. (2022). VFDB 2022: a general
classification scheme for bacterial virulence factors. Nucleic Acids Res. 50, D912-D917.
doi: 10.1093/nar/gkab1107

Mclnnes, L., Healy, J., and Melville, J. (2018). Umap: uniform manifold approximation
and projection for dimension reduction. arXiv preprint arXiv:1802.03426.

Paczosa, M. K., and Mecsas, J. (2016). Klebsiella pneumoniae: going on the offense with
a strong defense. Microbiol. Mol. Biol. Rev. 80, 629-661. doi: 10.1128/ MMBR.00078-15

Page, A. ], Taylor, B., Delaney, A. J., Soares, J., Seemann, T., Keane, J. A, et al. (2016).
SNP-sites: rapid efficient extraction of SNPs from multi-FASTA alignments. Microbial.
Genomics. 2:¢000056. doi: 10.1099/mgen.0.000056

Redgrave, L. S., Sutton, S. B., Webber, M. A., and Piddock, L. . (2014). Fluoroquinolone
resistance: mechanisms, impact on bacteria, and role in evolutionary success. Trends
Microbiol. 22, 438-445. doi: 10.1016/j.tim.2014.04.007

Robertson, J., and Nash, J. H. (2018). MOB-suite: software tools for clustering,
reconstruction and typing of plasmids from draft assemblies. Microbial. Genomics
4:000206. doi: 10.1099/mgen.0.000206

Rodrigues, C., Lanza, V. E, Peixe, L., Coque, T. M., and Novais, A. (2023).
Phylogenomics of globally spread clonal groups 14 and 15 of Klebsiella pneumoniae.
Microbiol. Spectr. 11:¢0339522. doi: 10.1128/spectrum.03395-22

Russo, T. A., and Marr, C. M. (2019). Hypervirulent klebsiella pneumoniae. Clin.
Microbiol. Rev. 32, 10-1128. doi: 10.1128/CMR.00001-19

Schliep, K. P. (2011). Phangorn: phylogenetic analysis in R. Bioinformatics 27,
592-593. doi: 10.1093/bioinformatics/btq706

Schiirch, A. C., Arredondo-Alonso, S., Willems, R. J. L., and Goering, R. V. (2018).
Whole genome sequencing options for bacterial strain typing and epidemiologic analysis
based on single nucleotide polymorphism versus gene-by-gene-based approaches. Clin.
Microbiol. Infect. 24, 350-354. doi: 10.1016/j.cmi.2017.12.016

Seemann, T. (2014). Prokka: rapid prokaryotic genome annotation. Bioinformatics 30,
2068-2069. doi: 10.1093/bioinformatics/btul53

Shrivastava, S. R., Shrivastava, P. S., and Ramasamy, J. (2018). World health
organization releases global priority list of antibiotic-resistant bacteria to guide research,
discovery, and development of new antibiotics. J. Med. Soc. 32:76. doi: 10.4103/jms.
jms_25_17

Shu, L., Dong, N., Lu, J., Zheng, Z., Hu, J., Zeng, W, et al. (2019). Emergence of
OXA-232 Carbapenemase-producing Klebsiella pneumoniae that carries a pLVPK-like
virulence plasmid among elderly patients in China. Antimicrob. Agents Chemother. 63,
€02246-€02218. doi: 10.1128/AAC.02246-18

Silva, M., Machado, M. P, Silva, D. N., Rossi, M., Moran-Gilad, J., Santos, S., et al.
(2018). chewBBACA: a complete suite for gene-by-gene schema creation and strain
identification. Microbial. Genomics 4:¢000166. doi: 10.1099/mgen.0.000166

Stamatakis, A. (2014). RAXML version 8: a tool for phylogenetic analysis and post-
analysis of large phylogenies. Bioinformatics 30, 1312-1313. doi: 10.1093/bioinformatics/
btu033

Tang, M., Kong, X., Hao, J., and Liu, J. (2020). Epidemiological characteristics and
formation mechanisms of multidrug-resistant hypervirulent Klebsiella pneumoniae.
Front. Microbiol. 11:581543. doi: 10.3389/fmicb.2020.581543

Tonkin-Hill, G, Lees, J. A., Bentley, S. D, Frost, S. D. W, and Corander, J. (2019). Fast
hierarchical Bayesian analysis of population structure. Nucleic Acids Res. 47, 5539-5549.
doi: 10.1093/nar/gkz361

Tonkin-Hill, G., MacAlasdair, N., Ruis, C., Weimann, A., Horesh, G., Lees, ]. A., et al.
(2020). Producing polished prokaryotic pangenomes with the Panaroo pipeline. Genome
Biol. 21:180. doi: 10.1186/s13059-020-02090-4

Treangen, T. J., Ondov, B. D., Koren, S., and Phillippy, A. M. (2014). The harvest suite
for rapid core-genome alignment and visualization of thousands of intraspecific
microbial genomes. Genome Biol. 15:524. doi: 10.1186/s13059-014-0524-x

Whelan, E J., Rusilowicz, M., and McInerney, J. O. (2020). Coinfinder: detecting
significant associations and dissociations in pangenomes. Microbial. Genomics
6:¢000338. doi: 10.1099/mgen.0.000338

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1272173
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1038/s41467-022-28819-2
https://doi.org/10.1093/nar/gkac920
https://doi.org/10.1186/1471-2164-12-402
https://doi.org/10.1080/20477724.2022.2121362
https://doi.org/10.1609/icwsm.v3i1.13937
https://doi.org/10.1609/icwsm.v3i1.13937
https://doi.org/10.1099/jmm.0.001306
https://doi.org/10.2147/IDR.S311968
https://doi.org/10.1111/joim.13007
https://doi.org/10.1128/spectrum.02290-21
https://doi.org/10.1128/spectrum.02290-21
https://doi.org/10.1093/nar/gku1196
https://doi.org/10.1093/nar/gku1196
https://doi.org/10.1093/nar/gkz943
https://doi.org/10.1093/molbev/msu121
https://doi.org/10.3389/fmicb.2020.00271
https://doi.org/10.1016/j.ebiom.2019.102599
https://doi.org/10.1093/bioinformatics/btt086
https://doi.org/10.1093/bioinformatics/btt086
https://doi.org/10.1073/pnas.1501049112
https://doi.org/10.1093/cid/ciy657
https://doi.org/10.1099/jmm.0.001494
https://doi.org/10.1099/jmm.0.001494
https://doi.org/10.1093/nar/gky1085
https://doi.org/10.1038/s41467-018-07641-9
https://doi.org/10.2147/IDR.S329563
https://doi.org/10.1128/AAC.02000-20
https://doi.org/10.1038/s41467-021-24448-3
https://doi.org/10.1038/s41467-021-24448-3
https://doi.org/10.1016/j.ijantimicag.2022.106679
https://doi.org/10.1111/2041-210X.12410
https://doi.org/10.1186/s12866-019-1609-1
https://doi.org/10.1093/nar/gkab1107
https://doi.org/10.1128/MMBR.00078-15
https://doi.org/10.1099/mgen.0.000056
https://doi.org/10.1016/j.tim.2014.04.007
https://doi.org/10.1099/mgen.0.000206
https://doi.org/10.1128/spectrum.03395-22
https://doi.org/10.1128/CMR.00001-19
https://doi.org/10.1093/bioinformatics/btq706
https://doi.org/10.1016/j.cmi.2017.12.016
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.4103/jms.jms_25_17
https://doi.org/10.4103/jms.jms_25_17
https://doi.org/10.1128/AAC.02246-18
https://doi.org/10.1099/mgen.0.000166
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.3389/fmicb.2020.581543
https://doi.org/10.1093/nar/gkz361
https://doi.org/10.1186/s13059-020-02090-4
https://doi.org/10.1186/s13059-014-0524-x
https://doi.org/10.1099/mgen.0.000338

Feng et al.

Wu, X, Li, X, Yu, J., Shen, M., Fan, C,, Lu, Y,, et al. (2023). Outbreak of OXA-232-
producing carbapenem-resistant Klebsiella pneumoniae ST15 in a Chinese teaching
hospital: a molecular epidemiological study. Frontiers in cellular and infection.
Microbiology 13:1229284. doi: 10.3389/fcimb.2023.1229284

Wyres, K. L., Lam, M. M. C., and Holt, K. E. (2020a). Population genomics of
Klebsiella pneumoniae. Nat. Rev. Microbiol. 18, 344-359. doi: 10.1038/
§41579-019-0315-1

Wyres, K. L., Nguyen, T. N, Lam, M., Judd, L. M., van Vinh Chau, N,, Dance, D. A,,
et al. (2020b). Genomic surveillance for hypervirulence and multi-drug resistance in
invasive Klebsiella pneumoniae from south and Southeast Asia. Genome Med. 12, 1-16.
doi: 10.1186/513073-019-0706-y

Xu, Y., Zhang, J., Wang, M., Liu, M., Liu, G., Qu, H., et al. (2021). Mobilization of the
nonconjugative virulence plasmid from hypervirulent Klebsiella pneumoniae. Genome
Med. 13:119. doi: 10.1186/513073-021-00936-5

Yin, D., Dong, D., Li, K., Zhang, L., Liang, J., Yang, Y., et al. (2017). Clonal
dissemination of OXA-232 Carbapenemase-producing Klebsiella pneumoniae in
neonates. Antimicrob. Agents Chemother. 61, e00385-e00317. doi: 10.1128/
AAC.00385-17

Yu, G, Lam, T. T.-Y., Zhu, H., and Guan, Y. (2018). Two methods for mapping and
visualizing associated data on phylogeny using Ggtree. Mol. Biol. Evol. 35, 3041-3043.
doi: 10.1093/molbev/msy194

Zhang, Y., Chen, C., Wu, J,, Jin, ], Xu, T., Zhou, Y., et al. (2022). Sequence-based
genomic analysis reveals transmission of antibiotic resistance and virulence among

Frontiers in Microbiology

11

10.3389/fmicb.2023.1272173

Carbapenemase-producing Klebsiella pneumoniae strains. mSphere 7, €00143-e00122.
doi: 10.1128/msphere.00143-22

Zhang, Y., Jin, L., Ouyang, P, Wang, Q., Wang, R., Wang, J., et al. (2020). Evolution of
hypervirulence in carbapenem-resistant Klebsiella pneumoniae in China: a multicentre,
molecular epidemiological analysis. J. Antimicrob. Chemother. 75, 327-336. doi: 10.1093/
jac/dkz446

Zhang, R., Liu, L., Zhou, H., Chan, E. W, Li, ], Fang, Y., et al. (2017). Nationwide

surveillance of clinical carbapenem-resistant Enterobacteriaceae (CRE) strains in China.
EBioMedicine 19, 98-106. doi: 10.1016/j.ebiom.2017.04.032

Zhang, Y., Yang, X., Liu, C., Huang, L., Shu, L., Sun, Q,, et al. (2023). Increased clonal
dissemination of OXA-232-producing ST15 Klebsiella pneumoniae in Zhejiang, China
from 2018 to 2021. Infect. Dis. Poverty 12:25. doi: 10.1186/s40249-023-01051-w

Zhou, H., Liu, W,, Qin, T,, Liu, C., and Ren, H. (2017). Defining and evaluating a core
genome multilocus sequence typing scheme for whole-genome sequence-based typing
of Klebsiella pneumoniae. Front. Microbiol. 8:371. doi: 10.3389/fmicb.2017.00371

Zhu, Z., Huang, H., Xu, Y., Wang, M., Lv, J., Xu, L., et al. (2021). Emergence and
genomics of OXA-232-producing Klebsiella pneumoniae in a hospital in Yancheng,
China. J. Glob. Antimicrob. Resist. 26, 194-198. doi: 10.1016/j.jgar.2021.05.015

Zhu, J., Wang, T., Chen, L., and Du, H. (2021). Virulence factors in hypervirulent
Kilebsiella pneumoniae. Front. Microbiol. 12:642484. doi: 10.3389/fmicb.2021.642484

Zong, Z., Feng, Y., and McNally, A. (2021). Carbapenem and colistin resistance in
Enterobacter: determinants and clones. Trends Microbiol. 29, 473-476. doi: 10.1016/].
tim.2020.12.009

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1272173
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.3389/fcimb.2023.1229284
https://doi.org/10.1038/s41579-019-0315-1
https://doi.org/10.1038/s41579-019-0315-1
https://doi.org/10.1186/s13073-019-0706-y
https://doi.org/10.1186/s13073-021-00936-5
https://doi.org/10.1128/AAC.00385-17
https://doi.org/10.1128/AAC.00385-17
https://doi.org/10.1093/molbev/msy194
https://doi.org/10.1128/msphere.00143-22
https://doi.org/10.1093/jac/dkz446
https://doi.org/10.1093/jac/dkz446
https://doi.org/10.1016/j.ebiom.2017.04.032
https://doi.org/10.1186/s40249-023-01051-w
https://doi.org/10.3389/fmicb.2017.00371
https://doi.org/10.1016/j.jgar.2021.05.015
https://doi.org/10.3389/fmicb.2021.642484
https://doi.org/10.1016/j.tim.2020.12.009
https://doi.org/10.1016/j.tim.2020.12.009

	Population genomic analysis of clinical ST15 Klebsiella pneumoniae strains in China
	1. Introduction
	2. Materials and methods
	2.1. Genome collection and quality control
	2.2. Genome annotation
	2.3. Phylogenetic and population structure analyzes
	2.4. Pangenome construction and coincident analysis

	3. Results
	3.1. Overview of sequenced ST15 Kpn clinical isolates in China
	3.2. Phylogenetic and genomic characteristics
	3.3. Clonal transmission evidence in China’s ST15 Kpn isolates
	3.4. Plasmids profiling based on the complete genomes
	3.5. An open structure of China’s ST15 Kpn pan-genome
	3.6. Coincident genes associated with carbapenem-resistance genes

	4. Discussion
	Data availability statement
	Author contributions

	References



