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ABSTRACT

High-risk lineages of Pseudomonas aeruginosa pose a serious threat to public health, causing
severe infections with high mortality rates and limited treatment options. The emergence and
rapid spread of the high-risk lineage ST463 in China have further exacerbated this issue. However,
the basis of its success in China remains unidentified. In this study, we analyzed a comprehensive
dataset of ST463 strains from 2000 to 2023 using whole genome sequencing to unravel the
epidemiological characteristics, evolutionary trajectory, and antibiotic resistance profiles. Our
findings suggest that ST463 likely originated from a single introduction from North America in
2007, followed by widespread domestic dissemination. Since its introduction, the lineage has
undergone significant genomic changes, including the acquisition of three unique regions that
enhanced its metabolism and adaptability. Frequent recombination events, along with the burden
of bacteriophages, antibiotic resistance genes, and the spread of cl-type (blaxpc.) plasmid-
carrying strains, have played crucial roles in its expansion in China. Mutation analysis reveals
adaptive responses to antibiotics and selective pressures on key virulence factors, indicating that
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ST463 is evolving toward a more pathogenic lifestyle.

Introduction

Pseudomonas aeruginosa is a ubiquitous Gram-negative
bacterium belonging to the family Pseudomonadaceae
[1]. As an opportunistic pathogen, it is a leading cause
of morbidity and mortality in individuals with cystic
fibrosis, chronic obstructive pulmonary disease
(COPD) and those who are immunocompromised [2].
Due to its extensive intrinsic and acquired resistance
mechanisms, P. aeruginosa, along with other notorious
“ESKAPE” pathogens, was listed by the World Health
Organization (WHO) as one of the critical pathogens
constituting a major threat to global public health [3,4].
The emergence and spread of carbapenem-resistant
Pseudomonas aeruginosa (CRPA) strains in recent
years have further exacerbated this threat, as carbape-
nems are often the last resort for treating multidrug-
resistant infections [5]. The limited treatment options
against CRPA not only impose a heavy financial burden
on healthcare systems but also raise widespread con-
cerns about refractory hospital-acquired infections [6].

A recent epidemiological study on global CRPA
showed that the most prevalent lineage in China was

CG463 (ST463) [7]. Since its initial report by Ge et al.
in 2009 [8], an increasing number of studies have
documented the emergence and spread of ST463 carry-
ing the blaxpc, gene within China [9-11]. This
Sequence Type (ST) has been found to simultaneously
possess the exoU and exoS genes, which encode potent
cytotoxins that contribute to its cytotoxicity and inva-
siveness. Our previous research has demonstrated the
outstanding performance of ST463 in virulence and
pathogenesis [12]. With its widespread resistance and
significant pathogenicity, understanding the spread and
impact of ST463 is now a public health imperative,
highlighting the need for vigilant surveillance and
immediate action.

Although several previous studies have investigated
certain features of ST463, such as its plasmid profiles
and drug resistance determinants [13,14],
a comprehensive analysis of ST463 strains from China
remains absent. Addressing this knowledge gap, our
extensive genomic study on ST463 isolates aims to
uncover the evolutionary history, transmission
dynamics, and the pivotal adaptive mechanisms that
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have facilitated the rise and proliferation of ST463 in
Chinese healthcare settings.

Results
The phylogeny of P. aeruginosa ST463

We utilized a collection of 275 P. aeruginosa ST463
genomes derived from public databases, previously
published data, and strains collected by us in
2021-2023 (Supplementary Data 1). Hierarchical
Bayesian clustering based on the genetic variation of
275 ST463 genomes delineated them into two major
clades (clade 1 and clade 2) and further divided clade 2
into 4 clusters, which agreed with the phylogenetic

groupings on the recombination-free maximum

clade 1

likelihood (ML) phylogeny (Figure 1). The tree topol-
ogy indicated that the clade 2 was independent of clade
1 and emerged from a single ancestor. Notably, the two
clades exhibit marked differences in both size and geo-
graphic distribution. Specifically, clade 2 represents
nearly the entire ST463 population (265/275, 96.36%),
with samples exclusively from China. In contrast, clade
1, though smaller, predominantly consists of samples
from North America. Therefore, we herein named the
two clades as non_cn (non-China) and cn (China), and
the four clusters as cn:1-4.

Consistent with previous reports [15,16], our find-
ings indicate a significant concentration of ST463 in
China’s Eastern regions, predominantly in Zhejiang. An
additional isolate was identified in Yunnan, expanding
the known geographical distribution (Figure 1). To
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Figure 1. Phylogenetic analysis and geographical distribution of ST463 isolates. The tips of phylogenetic tree of 275 ST463 isolates
are colored by their country or city of origin. Clusters are differentiated by colors based on fastbaps analysis. Data on the KPC family

genes are mapped onto the tree.



explore the transmission dynamics of ST463 within
China, we examined the SNP distribution among the
cn clade strains. Our analysis reveals a narrow SNP
range among Chinese ST463 strains, spanning from 0
to 116 SNPs with an average of 22 SNPs (Figure Sla).
Inferring from the SNP distances, we speculate that the
Zhejiang strains are primarily disseminated through
hospital networks. Furthermore, our evidence suggests
that strains from Jiangsu likely originated from
Zhejiang, subsequently experiencing further nosoco-
mial transmissions (Figure S1b).

Temporal dynamics and emergence of ST463
isolates

To elucidate the chronological emergence of the ST463
lineage, a Bayesian framework was applied for analyz-
ing the evolutionary timeline of ST463 isolates. The
existence of a significant temporal signal was confirmed
by both root-to-tip regression and date randomization
tests (Figure S2). Based on this temporal signal, the
mean nucleotide substitution rate for the entire ST463
clade was determined to be 2.89 x 1077 substitutions
per site per year [95% highest posterior density (HPD):
2.39 x 1077 to 3.42 x 1077], and we deduce that this
clade likely occurred in 1962.8 (95% HPD:
1927.13-1983.37) (Figure 2). Subsequent to the ances-
tral clade, the non_cn clade was identified, emerging
around 1968.08. In contrast, the cn clade exhibited
a more recent divergence, with its most recent common
ancestor (MRCA) estimated to have appeared around
2007.08 (95% HPD: 2004.63-2008.82). This timeline
aligns with prior estimates from an analysis of the
evolutionary trajectory of the ST463 clade in China
[14]. Notably, the earliest recorded ST463 isolate out-
side China was identified in 2000 [17], indicating that
the Chinese ST463 lineage emerged significantly later
than its international counterparts. The internal clus-
tering within cn ST463, specifically cn:4, is believed to
have emerged around 2007, with cn:1-3 clusters
appearing subsequently around 2013.68, 2014.68, and
2014.89, respectively (Figure 2). To further investigate
the population dynamics of this lineage, we employed
the skygrowth package in R to infer fluctuations in its
effective population size over time. Our analysis
revealed that the cn clade underwent an expansion in
2007, reached its peak around 2013, and subsequently
maintained a relatively stable population level (Figure
S3). The biogeography analysis suggests that North
America is the most likely ancestral origin of ST463
isolates, from which these lineages began to diversify
(Figure S4). This finding highlights the significantly
later emergence of the ST463 lineage in China
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compared to the non_cn clade, suggesting a possible
scenario of a single introduction event from abroad
followed by subsequent domestic dissemination.

Recombination driving the evolution of ST463 in
China

Prior research has indicated that recombination played
a crucial role in shaping the genomic and phenotypic
variability of P. aeruginosa during infection [18]. To
investigate the reasons behind the emergence and
expansion of ST463 in China, we performed recombi-
nation analyses and identified a substantial number of
recombination events. The extent of recombination
differed significantly between the two clades, with the
non_cn clade experiencing fewer recombination events
(average of 9.4 events) compared to the cn clade, which
underwent more recombination events (average of 52.7
events, p < 0.001) (Figures 3 and S5a). The overall ratio
of base substitutions introduced by homologous recom-
bination relative to point mutations (r/m) was esti-
mated to be 5.31 and 2.56 for the cn clade and
non_cn clade, respectively. This suggests that recombi-
nation, rather than spontaneous mutation, plays
a dominant role in generating diversity within the
ST463 population in China.

COG functional analysis of the recombined genes
within the cn clade revealed that their involvement
across multiple biological processes, from fundamental
metabolism to intricate regulatory and signal transduc-
tion networks, hinting that recombination events may
enhance the adaptability of these strains in China’s
unique environments (Figure S5b). Notably, the pre-
eminent functions observed pertain to transcription,
emphasizing the consequential role of genes that reg-
ulate gene expression in the recombination process,
potentially affecting phenotypic variation and environ-
mental responsiveness of the strains [19]. The presence
of numerous genes associated with amino acid trans-
port and metabolism also underscores their signifi-
cance, which might correlate with bacterial iron
metabolism, energy production pathways, and mechan-
isms of drug resistance. Contrasting with the non-cn
clade, where broad-range recombination was detected,
cn strains display an exceptionally high recombination
density within an integrative conjugative element (ICE)
harboring virulence factor katA and a genome island
(GI) linked to type IV pili (T4P) (Figure 3). KatA, the
major catalase, is critical for anti-oxidative defense and
virulence [20], while T4P are important for adherence,
motility, competence for DNA uptake, and pathogen-
esis [21]. The concentrated recombination events
within these virulence-associated regions suggest that
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Figure 3. Distribution of recombination events across the ST463. The recombination situation of ST463 is shown on the right side of
the phylogenetic tree, which displays the category of each strain’s branch and a heatmap of their genomic recombination situations.
The heatmap utilizes a color-coded scheme where red indicates recombination detected at non-terminal nodes, and blue signifies
events unique to individual isolates. Below the heatmap, a line graph chronicles the recombination event frequency at specific loci
along the reference genome. Adjacent to the heatmap, a histogram quantifies the total recombination events recorded for each

isolate.

the cn clade may have undergone adaptive evolution to
enhance its pathogenic potential and survival fitness in
response to specific host-derived selective pressures.

Genomic differences between cn and non_cn clades

The genomic comparisons between cn and non-cn
clades offer crucial insights into the evolutionary
mechanisms that underlie the successful expansion of
ST463 in China. Notably, the cn clade’s loss of a ~64 kb
region associated with anti-phage systems (Figure S6)
and a dapAl (PALES_34361) gene related to the dia-
minopimelate (DAP) pathway, which is responsible for
the biosynthesis of bacterial cell wall and protein com-
ponents [22]. Intriguingly, the cn clade has concur-
rently acquired three distinct regions, designated here
as region 1, region 2, and region 3 (Figure 4a). Region 1
(~11 kb) encompasses genes implicated in fatty acid
biosynthesis and has a GC content of 0.61, aligning
closely with the genomic GC content (0.66). Region 2
(~61 kb) includes genes associated with the anti-phage
ZorAB system [23] and exhibits a markedly lower GC

content of 0.58, suggesting potential acquisition
through horizontal gene transfer (HGT). In addition,
we identified an OmpA family protein in this region.
This protein has an OmpA-like domain, similar to the
well-characterized ~ OmpA  protein  OprF  in
Pseudomonas aeruginosa, suggesting that this gene
might be a potential virulence factor. Region 3 (~35
kb), a complete prophage region introduced by a pair
of tRNA-Gly genes, harbors the Zeta toxin protein
known to disrupt cell wall synthesis [24] (Figure 4b).
Its GC content of 0.64, which is closer to the genomic
average.

Cn clade carried more prophages

Given the pivotal role of prophages in bacterial evolu-
tion and adaptation, we delved into the prophage com-
position of the two clades. Across the entire ST463
clade, 11 different intact prophages were identified
(Table S1), comprising 9 from the Caudoviricetes and
2 from the Inoviridae. Notably, none of the annotated
prophages harbored resistance or virulence genes. In
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Figure 4. Acquisition regions of the cn clade genome. (a) depicts the positions of the three acquired regions and the positive
selection genes on the genome. (b) maps the three regions using gggenes (https://github.com/wilkox/gggenes), different colors are

used to distinguish the three regions.

comparison to the non-cn clade, the cn clade harbored
a significantly higher number of prophages (average
4.96 versus 1.1, p<0.001), as illustrated in Figure 5a,
which suggests an increased prophage predation burden
in Chinese strains. A closer examination into the presence
of prophages within the strains indicated that prophages
1-5 were prevalent in most strains, with prophage 3 (i.e.

region 3) found ubiquitously (Figure 5b and Table SI).
However, it was observed that some prophages detected
in the overall ST463 clade were absent in the cn clade,
implying that the cn clade strains, after their introduction
into China, faced distinct prophage challenges likely
encountered in Chinese hospital settings. In addition,
we did not find a known CRISPR/CAS system in ST463.
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Mutation analysis of ST463 in China

To gain more insights into the evolutionary trajectory
of ST463 in China, we investigated signals of conver-
gent evolution within the genomes studied. Genes that
harbor recurring mutations in phylogenetically distinct
lineages serve as hallmarks of convergent evolution,
and those exhibiting a high ratio of nonsynonymous
to synonymous mutations (dN/dS) are indicative of

positive selection [25]. A total of 10 genes were identi-
fied potentially under positive selection (Figure 4a and
Table 1), encompassing functions from antimicrobial
response (ITG67_05925, parC and parE) to the bio-
synthesis of vital cellular metabolites and components
(fptA, pvdS, wzzB, livM, rfbA, bifA and ITG67_16045).
Notably, mutations in parC and parE are linked to
fluoroquinolone resistance, highlighting their potential

Table 1. Genes predicted to be under selection in the ST463-cn clade strains.

Gene  No.of N No. of $° oG

Locus_tag name SNPs SNPs Product category© GO function/GO process

ITG67_04060 fptA 3 0 Fe(**)-pyochelin receptor FptA P Monoatomic cation transport

ITG67_05925 - 3 0 CatB-related O-acetyltransferase S Response to antibiotic

ITG67_15905 pvdS 4 0 Pyoverdine signaling pathway sigma factor PvdS K DNA biosynthetic process; RNA

metabolic process

ITG67_16045 - 4 1 TonB-dependent siderophore receptor P Siderophore transport

ITG67_22825 wzzB 6 0 LPS O-antigen chain length determinant protein M Lipopolysaccharide biosynthetic
WzzB process

ITG67_25645  bifA 5 0 cyclic-di-GMP phosphodiesterase BifA T NA

ITG67_29090 livM 3 0 High-affinity branched-chain amino acid ABC E Amino acid transmembrane
transporter permease LivM transporter

ITG67_29365 parC 6 0 DNA topoisomerase IV subunit A L DNA topological change

ITG67_29380 parE 5 0 DNA topoisomerase IV subunit B L DNA topological change

ITG67_30385 rfbA 4 0 Glucose-1-phosphate thymidylyltransferase RfbA M O antigen biosynthetic process

“Non-synonymous single-nucleotide polymorphisms.
BSynonymous single-nucleotide polymorphisms.

E: Amino acid transport and metabolism; K: Transcription; L: Replication, recombination and repair; M: Cell wall/membrane/envelope biogenesis; P: Inorganic
ion transport and metabolism; S: Function unknown; T: Signal transduction mechanisms.
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role in antimicrobial resistance. The fptA and

ITG67_16045 genes, crucial for siderophore transport,
enhance P. aeruginosa‘s virulence by facilitating iron
uptake, a critical factor for bacterial pathogenicity
[26]. Furthermore, pvdS regulates expression of exo-
toxin A, a significant virulence factor [27]. The genes
wzzB and rfbA are involved in lipopolysaccharide (LPS)
O-antigen synthesis, affecting the bacterial surface
characteristics and its interactions with the host’s
immune system [28]. Lastly, bifA’s role in biofilm for-
mation and swarming mobility underscores its impor-
tance in bacterial colonization and the spread of
infection [29]. This suite of positively selected genes
reflects a complex adaptation strategy, enhancing
ST463’s resilience and pathogenicity in the challenging
clinical environment of China.

Patterns of resistance and virulence genes vary
between cn and non_cn clades

Recognizing the clinical significance of antimicrobial
resistance genes (ARGs) in P. aeruginosa, we compared
the distributions of ARGs in two clades. In total, 58
ARGs, spanning 13 classes of antimicrobial agents (p-
lactam, aminoglycoside, bleomycin, fluoroquinolone,
fosfomycin, macrolide, macrolide/streptogramin, phe-
nicol, quinolone, rifamycin, sulfonamide, tetracycline,
and trimethoprim) were identified (Figure 6). Notably,
six genes [aph(3’)-1Ib, blaoxa_ass> blappc.s, catB7, crpP,
and fosA] were inherently prevalent in almost the entire
ST463 population, underscoring ST463’s multidrug-
resistant nature. The cn clade was found to have
acquired a significant number of ARGs, totaling 47,
compared to only 6 in the non_cn clade (average
2.26 per isolate versus 1.1, p <0.001, Figure S7a). Of
particular interest are the KPC family genes, exclusive
to the cn clade, predominantly blaxpc, (249/265,
93.96%), blaxpc.ss (4/265), and blagpc.oo (1/265).
Mutation analysis further revealed the cn clade’s pro-
pensity for higher chromosomal mutation (Figure 6);
for instance, the carbapenem-resistance ftsl gene muta-
tion (F533L) was exclusively observed in the cn branch
across most strains (246/265, 92.83%), and all cn strains
exhibited the gyrA mutation. The high positive rates of
blaxpc» and the fisl (F533L) mutation within ST463 in
China, marks a pivotal moment in the bacterium’s
adaptive evolution and resistance development
(Figure 2).

A focused examination of all known virulence genes
further assessed the pathogenic potential of isolates
within both clades, identifying a total of 300 virulence

genes among 275 ST463 isolates (Figure 6). Notably, all
ST463 strains possess both the exoU and exoS genes.
The prevalence of virulence genes was comparable
between cn and non_cn isolates (median 293 versus
290, p>0.05, Figure S7b), suggesting that while drug
resistance significantly diverges between the clades,
virulence potential remains consistent. This observation
underscores drug resistance, rather than virulence gene
variability, as a key driver of ST463’s dominance in
China, maintaining its pathogenicity amidst evolving
clinical challenges.

Contribution of plasmids to ST463

To elucidate the potential contribution of plasmids to
the genomic plasticity of ST463, we investigated plas-
mid contigs within our dataset. This analysis revealed
781 putative plasmids across 269 genomes
(Supplementary Data 2). The identified plasmids exhib-
ited a wide range of sizes ( ~1-420 kb) and GC content
(~40-66%), indicating a diverse plasmid population.
To further explore this diversity, we generated
a network visualization based on the all-versus-all
Mash distances calculated for the ST463 plasmids. The
resulting network comprised 16 clusters, with c1 (clus-
ter 1) plasmids being the most prevalent (33.42%, 261/
781), followed by c2 (cluster 2, 30.09%, 235/781) and c3
(cluster 3, 28.68%, 224/781) (Figure 7a,b). Intriguingly,
we discovered that the cl cluster was exclusively pre-
sent in the cn clade. Additional analysis of the resis-
tance determinants carried by these plasmids revealed
that nearly all KPC genes were harbored within the c1
cluster, implying that c1 serves as a major reservoir for
KPC genes (Figure 7c), which aligns with the charac-
teristics of the type 1 plasmid previously described by
Zhu et al. [13]. However, all c1 plasmids were predicted
to be non-mobilizable, suggesting that the dissemina-
tion of blagpc , in China’s ST463 lineage is likely driven
by clonal expansion rather than plasmid mobilization.
The ¢2 and c3 plasmids were also highly represented
and were commonly found in both the cn and non_cn
clades, indicating that these plasmid types are more
likely to be intrinsically associated with ST463.

Discussion

Pseudomonas aeruginosa, a notorious pathogen, is
renowned for its complexity in nosocomial infections,
particularly in hospital settings. In this study, we inves-
tigated the evolution and molecular characteristics of
the emerging high-risk lineage ST463 of P. aeruginosa
in China, which has garnered considerable attention
due to its heightened virulence and substantial
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potential role of ST463 in its prevalence and evolution-

ary success in China has not been elucidated.

antimicrobial resistance. Unlike the sporadic strains

observed abroad

, ST463 has achieved clonal success in

Consistent with the findings of Zhang et al. [30], our

analysis delineated ST463 into two main clades: cn and

China, posing an increasing threat within healthcare
facilities. This indicates that the ST463 has well adapted

to the Chinese healthcare environment. However, the

non_cn. All ST463 strains from China were clustered



10 X. DONG ET AL.

o
RRE .
vy
P o
Ay ?
CS.\'Q
o
<
#
"f

LENSS
L R
A

c i ir.“\ . :X} g
% & FES Rt
5 ;. 3 e
w >3 . *:‘ -
L ]
. KPC gene family
. L4 W vakec2 [ bakpc33 [l biakPc90 [ none

Figure 7. Plasmid clusters distribution within the ST463 lineage. (a) Maximum-likelihood phylogeny of ST463 (left) juxtaposed with
a heatmap illustrating the distribution of the 16 identified plasmid clusters (right). (b) and (c) depict distribution patterns of various
plasmid clusters within the clade, with specific attention to those harboring KPC family genes, respectively.

within the same cn clade, indicating that the Chinese
ST463 originated from a single ancestral lineage. This
observation, coupled with the divergence time of the
clade and the results of biogeography analysis, supports
the hypothesis that ST463 was introduced to China
from abroad (North America), followed by subsequent
expansion within the country. Notably, ST463 was first
identified predominantly in the coastal Zhejiang region
of southern China, implicating trade interactions
around 2007 as a potential vector for its introduction.
SNP analysis indicated that these strains primarily
spread within hospitals and gradually extended to
Shanghai, Yunnan, and other regions. Interestingly,
ST463 is predominantly found in southern China and
is relatively rare in Shanghai. This geographic distribu-
tion may be attributed to two factors. Firstly, the dry
climate of northern China may hinder the growth of
ST463, whereas the warm and humid conditions in the
south favor its survival [31]. Additionally, the restricted
patient movement due to the previous COVID-19 virus
outbreak has contributed to the more localized emer-
gence of the P. aeruginosa ST463 lineage [32].
Therefore, it is imperative to conduct wider surveil-
lance of ST463 to prevent its widespread spread in the
future.

Compared to the non_cn clade, the cn clade under-
went significant genomic changes after its introduction

into China, which enhanced the adaptability of ST463
in the Chinese environment. Specifically, the cn clade
experienced more extensive recombination events, par-
ticularly with katA-related ICE and T4P island. The
frequent recombination of these virulence-related
genetic elements suggests that the cn isolates have
adapted to enhance pathogenicity and adherence,
reflecting a shift in colonization strategies within the
Chinese host environment, likely driven by selective
pressures like immune responses and antibiotic treat-
ments. It is noteworthy that strains in the cn clade lost
a region related to anti-phage activity and a gene asso-
ciated with cell wall synthesis, while acquiring three
regions, including fatty acid synthesis, a new anti-
phage region, and a prophage related to cell wall degra-
dation. Considering that the cn clade harbors more
prophages, we speculate that ST463 may have adapted
to the Chinese settings by enhancing its energy meta-
bolism pathways and developing novel anti-phage sys-
tems in response to the increased prophage burden.
Additionally, the ompA gene found in region 2 might
be a potential virulence factor, as the OmpA protein
family typically plays a crucial role in pathogenesis by
contributing to biofilm formation, stimulation of proin-
flammatory cytokines, bacterial adhesion, invasion, and
intracellular survival [33,34], which may have facilitated
the enhanced virulence of ST463 in China. In addition,



the deletion of the dapA1 gene and the presence of the
zeta toxin family protein in region 3 may result in cell
wall modifications, potentially facilitating the acquisi-
tion of exogenous genes following the introduction of
ST463 into China. Moreover, the absence of a known
CRISPR/CAS system in ST463, a feature also observed
in the widely prevalent multidrug-resistant clonal com-
plex CC235, may contribute to its ability to incorporate
exogenous genetic elements, such as bacteriophages
[35]. Furthermore, by searching for convergent evolu-
tion events and independent evolution of mutations at
the same nucleotide site or gene, we observed addi-
tional signatures (i.e. positively selected genes) that
may have contributed to the success of ST463 in
China. These genes not only include those related to
antimicrobial resistance but also those associated with
virulence, host immunity, and biofilm formation. The
positive selection of these genes highlights the multiple
selective pressures faced by ST463 in adapting to the
hospital environment in China. These complex selective
pressures have collectively driven the rapid evolution
and adaptation of ST463 in the Chinese hospital envir-
onment, making it a successful nosocomial infection
lineage.

The acquisition of drug resistance is also pivotal for
the success of bacteria in clinical settings. We found that
ST463 intrinsically carries six ARGs, establishing it as
inherently multidrug-resistant. Furthermore, the preva-
lence of the T83I mutation in the gyrA gene, which is
known to confer resistance to fluoroquinolone antibiotics
[36], in Chinese ST463 isolates may have been driven by
the extensive use of these antibiotics, where they are the
one of most frequently used antibiotics in China [37].
Moreover, the Chinese ST463 has further acquired addi-
tional drug resistance genes and mutations, particularly
the blagpc, gene from the KPC family of carbapene-
mases and the F533L mutation in the ftsl gene. It is
noteworthy that the acquisition of the blaxpc, gene is
closely associated with the emergence and expansion of
ST463 in China, suggesting that this gene may have
played a crucial role in the adaptation and dissemination
of ST463. Carbapenems are essential for treating infec-
tions caused by multidrug-resistant bacteria; the KPC-2
enzyme, encoded by blaxpc ,, efficiently hydrolyzes car-
bapenems, conferring resistance to this class of antibio-
tics [38]. Similarly, the F533L mutation in the fsl gene is
closely linked to the carbapenem resistance [39].
Consequently, ST463 strains harboring the blagxpc
gene and/or the ftsl mutation possess a significant survi-
val advantage under the selective pressure of carbape-
nems, facilitating their colonization and spread within
hospital environments. Furthermore, we noticed that
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the cl-type plasmid carrying blayxpc , in ST463 is exclu-
sive to the cn clade. Although the c1-type plasmids were
predicted to be non-mobilizable, limiting their potential
for broad epidemiological transmission, they serve as
a crucial reservoir of resistance genes, particularly
blaxpc.», for the ST463 lineage in China. The acquisition
and maintenance of these plasmids, coupled with the
clonal expansion of ST463, have likely contributed to
the widespread carbapenem resistance observed in this
lineage.

Our study has limitations. First, although the
research covers ST463 strains from different regions
of China, the geographical distribution of the samples
may not be sufficiently extensive or balanced. This
limitation may impede our comprehensive under-
standing of the genetic diversity of this ST both
nationally and globally. In particular, strain data
from countries other than China are relatively scarce.
For instance, despite reports of ST463 from South
Korea [40], the absence of corresponding strain
sequences restricts our ability to thoroughly investi-
gate genetic variations across countries. Additionally,
the limited temporal scope of our sample collection
might not adequately reflect the long-term evolution-
ary and transmission dynamics of ST463.
Furthermore, while this study provides some insights
into the evolutionary mechanisms underlying the suc-
cessful spread and adaptation of ST463 in China,
these speculations require further support from
experimental evidence. In particular, the role of
three acquired genomic regions in the ST463 strains
in facilitating the organisms to better adapt the host
and be more virulent for the host remains to be
addressed in the future. Finally, the spread and adap-
tation of ST463 are likely influenced by a myriad of
factors, including medical practices, infection control
measures, and host immunity, which have not been
addressed in our analysis.

In conclusion, this study offers valuable insights into
the molecular evolution of the emerging high-risk lineage
ST463 of Pseudomonas aeruginosa in China, emphasizing
the critical roles of recombination, prophages, ARGs and
plasmids in shaping the remarkable adaptability of ST463.
These factors have collectively contributed to its excep-
tional ability to adapt and its extensive drug resistance
profile. Although this lineage currently exhibits a certain
degree of regional specificity, the increasing frequency of
global travel and trade raises the possibility of ST463
spreading to wider geographical areas. Therefore, we
strongly urge international public health agencies and
research institutions to strengthen clinical surveillance of
this lineage. Enhanced monitoring will enable timely
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detection of its dissemination trends and facilitate the
implementation of effective measures to control its spread.

Methods and materials
Strain collection and genome assembly

All Pseudomonas aeruginosa genomes were retrieved
from the NCBI GenBank database as of
1 October 2023 and MLST v2.23.0 (https://github.
com/tseemann/mlst) was used to determine their
multi-locus sequence type (ST) against the PubMLST
database (https://pubmlst.org/) [41], subsequently
focusing on those identified as ST463. We then
searched for publications on Pseudomonas aeruginosa
ST463 and downloaded the associated genomes using
the NCBI Datasets tool (https://github.com/ncbi/data
sets) and SRA Toolkit (https://github.com/ncbi/sra-
tools). Furthermore, we collected 10 strains identified
as ST463 from human sputum, blood, or stool samples
of patients diagnosed with bloodstream or lung infec-
tions between 2021 and 2023 as part of routine clinical
management at the First Affiliated Hospital, Zhejiang
University School of Medicine, and subsequently used
them for Illumina sequencing (2 x 150-bp paired-end
libraries). The sequencing raw data were quality con-
trolled using fastp v0.23.2 [42] and then genome assem-
bly was carried out using shovill v1.1.0 (https://github.
com/tseemann/shovill), with contigs shorter than 200
bp being filtered out. Genome quality and completeness
were evaluated using QUAST v5.2.0 [43] and Checkm2
v1.0.2 [44]. Assemblies with N50 < 50 kb or contigs > 300
were considered low-quality genomes and subsequently
excluded from further analysis.

Population structure and phylogenetic construction

We  chose strain NDTH10366 (CP064401.1;
GCF_019857345.1) [13] with the highest completeness
in Checkm? as the reference strain of ST463. Reference-
based mapping and single nucleotide polymorphisms
(SNPs) identification within the ST463 core genome
were performed using Snippy v4.6.0 (https://github.
com/tseemann/snippy). Recombined regions in the core
genome were detected and excluded using Gubbins
v3.2.1 [45]. ModelTest-NG v0.1.7 [46] determined the
optimal phylogeny model, and a genetic tree was con-
structed from the recombination-free core-genome align-
ment using RAXML v8.2.12 [47] with a GTR model and
gamma correction, supported by 1,000 bootstrap replica-
tions. The geographic origins of ST463 isolates were
deduced using the Bayesian binary MCMC method in

RASP v4.2 [48], employing 10 parallel chains each run-
ning for 50 million cycles. The population structure of all
ST463 genomes and the China clade was infer using
fastbaps v1.0.8 [49]. A minimum spanning tree was con-
structed to visualize the genetic relationships among all
ST463 isolates using PHYLOViZ v2.0 [50].

Bayesian phylogenetic inference

To deduce the origin of the ST463 ancestor and to
pinpoint the timeframe of its emergence in China,
isolates without dates of collection were removed
from the phylogeny. We assessed the linear correlation
between root-to-tip divergence and sampling dates,
achieving a moderate correlation (R*>=0.529) using
TempEst v1.5.3 [51], and one isolate displaying signifi-
cant deviation from the temporal signal was eliminated.
To further corroborate the temporal signal within our
dataset, we utilized the TipDatingBeast package [52] in
R, conducting date randomization tests across multiple
replicates. The sampling dates of strains were randomly
shuffled 20 times, adhering to the same parameters
established in the original dataset. BEAST v1.8.4 [53]
was employed to estimate both the substitution rate
and the timing of the most recent common ancestor
(MRCA) for the ST463 evolutionary lineage. An uncor-
related log-normal distribution was employed for the
substitution rate, and a constant population size was
applied to the tree priors following path sampling [54].
The analysis entailed running three chains of 2 x 10°
generations each, sampling every 1,000 generations,
and discarding the initial 10% of each chain as burn-
in to ensure independent convergence. We evaluated
convergence using Tracer v1.7.2 [55], ensuring that all
essential parameters achieved effective sample sizes
(ESS) greater than 200. The estimation of effective
population size dynamics was performed with the sky-
growth package in R [56].

Pan-genome analysis

Annotation of assemblies was used Bakta v1.8.2 [57].
The pan-genome analysis was performed using
Panaroo v1.3.2 [58] with the default parameters, the
GFF3 file generated by Batka as the input (file.
Significantly higher substitution accumulation in core
genes (FDR-adjusted p <0.05) compared to the expec-
tations of a neutral evolutionary model (Poisson pro-
cess), or the presence of homoplastic SNPs
(independently evolved at least three times), was indi-
cative of the presence of positive selection [59]. The
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reconstruction of SNP ancestral states was constructed
using PAML [60].

Bacteriophage prediction

Bacteriophage regions within each genome were pre-
dicted using the online tool PHASTEST (https://phast
est.ca) [61]. These regions were clustered using cd-hit
v4.8.1 [62], and CheckV v1.0.1 [63] was used to assess
the integrity and quality of these clusters. Only those
regions with a completeness score exceeding 90% were
considered as intact bacteriophages. Finally, to inves-
tigate the distribution of these intact bacteriophage
regions across different contigs in the genome, the
sequences were aligned using BLAST (https://blast.
ncbi.nlm.nih.gov/Blast.cgi) and manually examined.

Identification of antimicrobial resistance genes,
virulence factors and CRISPR-Cas systems

Antimicrobial resistance genes (ARGs) were annotated
using AMRFinderPlus v3.11.20 [64], and virulence factors
were scanned using ABRicate v1.0.0 (https://github.com/
tseemann/abricate) with a minimum sequence similarity
threshold of 90% and a minimum coverage threshold of
90% based on VFDB database [65]. The putative CRISPR-
Cas systems were detected using CRISPRCasTyper v1.8.0
[66]. Integrative conjugative element (ICE) and genome
island (GI) were predicted by VRprofile2 [67].

Plasmid analysis

As described previously [68], plasmids were identified
and reconstructed using the mob-recon tool from the
MOB-suite toolkit v3.1.2 [69]. Plasmids clustering was
performed using mash v2.3 [70] with a distance of 0.05
and the result was visualized in Cystoscope v3.10.1 [71].

Statistical analysis

The chi-square test or Fisher’s exact test, alongside the
Wilcoxon rank-sum test, were utilized to perform the
statistical analyses. A P-value of less than 0.05 (p < 0.05)
was considered statistically significant. All data proces-
sing and visualization were conducted in R version
4.2.1 (https://www.r-project.org/).
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