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Abstract
Background  In recent years, the hypervirulent and carbapenem-resistant Klebsiella pneumoniae has been 
increasingly reported worldwide. The objective of this study was to compare the antibiotic resistance and virulence 
profiles of carbapenem-resistant hypervirulent K.pneumoniae (CR-hvKP) and hypervirulent carbapenem-resistant 
K.pneumoniae (hv-CRKP) and identify the prevailing strain in clinical settings.

Methods  In this study, hv-CRKP or CR-hvKP were identified based on the results of whole-genome analysis (WGS), 
multilocus sequence typing (MLST) and the antimicrobial susceptibility testing. We then compared antibiotic 
resistance and virulence profiles between CR-hvKP and hv-CRKP through the antimicrobial susceptibility testing and 
a series of virulence experiments including biofilm formation ability detection method, the resistance test against 
human serum, siderophore production test, neutrophil phagocytosis assay and Galleria mellonella infection model. 
Additionally, pathway enrichment analysis was conducted to assess the effect of SNPs on the phenotype.

Results  In this study, we categorized 17.4% of hypervirulent and carbapenem-resistant K. pneumoniae strains as 
CR-hvKP and 82.6% as hv-CRKP. Among them, 84.2% (16/19) of CR-hvKP strains harboring carbapenemase genes 
exhibited lower imipenem and meropenem MIC values compared to hv-CRKP strains. The virulence potential of 
hv-CRKP and CR-hvKP was confirmed by using virulence experiments in vitro and in vivo, showing that virulence of 
the CR-hvKP strains was comparable to that of hv-CRKP strains. Notably, the 90 hv-CRKP strains were classified into 3 
different ST types and 8 capsule types, each showing varying degrees of resistance and virulence. We observed that 
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Introduction
Carbapenem-resistant Klebsiella pneumoniae (CRKP) is 
classified as a critical threat by the World Health Orga-
nization (WHO) due to its high dissemination, mortal-
ity, and limited treatment options [1]. Hypervirulent 
K.pneumoniae (hvKP), which first emerged in Taiwan, 
China in the 1980s, has acquired virulence determinants 
making it more pathogenic than the classical K. pneu-
moniae (cKp)[2]. Recently, the ongoing evolution of plas-
mids carrying genes for hypervirulence or carbapenem 
resistance has led to the emergence of hypervirulent and 
carbapenem-resistant K. pneumoniae [3]. This evolution 
has been observed to follow three distinct pathways. One 
pathway involved the acquisition of a carbapenem-resis-
tance plasmid by certain hypervirulent K.pneumoniae 
strains, such as KL1/KL2 hvKP, resulting in carbape-
nem-resistant hypervirulent K.pneumoniae (CR-hvKP) 
[4]. Another evolutionary pathway involved the acquisi-
tion of virulence plasmids by non-K1/K2 CRKP, such as 
ST11/ST258, leading to the emergence of hypervirulent 
CRKP (hv-CRKP) [5, 6]. The widespread occurrence of 
conjugative helper plasmids encoding carbapenemase, 
such as blaKPC−2 and blaNDM−1, along with the presence 
of the conserved oriT in virulence plasmids, may facili-
tate these evolutionary processes. In addition to acquir-
ing transmissible resistant plasmids, hvKP isolates also 
demonstrate the ability to integrate resistance genes into 
their own virulence plasmids. For example, the plasmid 
pKP70-2 was inserted into a blaKPC−2-encoding region 
flanked by two copies of IS26[7]. The most common type 
of clinical infection caused by hypervirulent and carbape-
nem-resistant K. pneumoniae is caused by CR-hvKP and 
hv-CRKP strains. In recent years, the emergence of CR-
hvKP and hv-CRKP has spurred numerous studies and 
attracted significant global attention [8, 9]. However, the 
majority of research has not characterized the molecular 
epidemiology, virulence, and resistance profiles of these 
two patterns of evolution of K. pneumoniae in detail.

In this study, we collected 109 hypervirulent and car-
bapenem-resistant isolates of K. pneumoniae from 11 
hospitals in central and eastern China over an 8-year 

period from 2014 to 2021 for analysis. The 109 isolates 
were divided into two classes (CR-hvKP and hv-CRKP) 
based on the evolutionary path of the acquisition of car-
bapenem resistance and hypervirulence genes.

We used in vitro and in vivo virulence assessment 
experiments and antimicrobial susceptibility testing to 
compare the antibiotic-resistant and hypervirulent phe-
notypes between CR-hvKP and hv-CRKP. Additionally, 
we applied whole-genome sequencing (WGS) to analyze 
the molecular mechanisms associated with the hypervir-
ulent and multidrug resistance phenotypes. Furthermore, 
we combined single nucleotide polymorphism (SNP) and 
functional analyses to investigate the differences of func-
tion between the bacterial taxa and the possible mecha-
nism behind their abnormal functions.

ST11, previously identified as cKp, previously presents 
with lower virulence. Recently, a fatal outbreak of ST11 
carbapenem-resistant hypervirulent K. pneumoniae in 
a Chinese hospital has raised concerns [8]. These iso-
lates pose a substantial threat to human health as they 
are simultaneously hypervirulent, multidrug resistant, 
and highly transmissible. Notably, ST11 has evolved into 
two distinct clades: CR-hvKP presenting with KL64 and 
CR-cKp associated with KL47, both of which have been 
circulating in parallel within the hospital and healthcare 
institute. Previous studies of our team have reported a 
comparison of ST11-KL64 hv-CRKP and KL1/KL2 CR-
hvKP, which had high pathogenicity, were fast transmis-
sible, and multidrug-resistant, in a Chinese hospital [10]. 
However, few studies have focused on the epidemiologi-
cal characteristics of ST11-KL64 hv-CRKP isolates. In 
this study, we will meticulously describe the prevalence 
and evolutionary characteristics of ST11-KL64 hv-CRKP 
isolates. According to our study, hv-CRKP poses a sub-
stantial threat to the health care, and urgent measures 
are required to monitor and control the spread of these 
hyper-resistant and hypervirulent superbugs.

subclonal replacement was within the predominant hv-CRKP clone, with the ST11-KL64 strain, characterized by high-
level resistance and virulence emerging as the currently prevailing subclone, replacing ST11-KL47. KEGG enrichment 
analysis showed that pathways associated with the citrate cycle (TCA cycle), glycolysis/gluconeogenesis, glutathione 
metabolism, two-component regulatory system, and folate metabolism were significantly enriched among the group 
expressing different levels of capsular polysaccharides.

Conclusions  The hv-CRKP strains exhibited a greater survival advantage in the hospital environment than CR-hvKP 
strains. Notably, the ST11-KL64 hv-CRKP strain which displayed a high level of resistance and hypervirulence, warrants 
the most clinical vigilance.

Clinical trial number  Not applicable.

Keywords  Hypervirulent, Carbapenem-resistant, Klebsiella pneumoniae, ST11-KL64
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Materials and methods
Bacterial isolates
A total of 207 non-duplicate CRKP isolates were col-
lected from different clinical specimens of patients 
admitted to 11 teaching hospitals in central and eastern 
China. All isolates were verified as K. pneumoniae by 
MALDI-TOF and tested for antibiotic susceptibility with 
the VITEK2 system. CRKP was defined as resistance to 
at least one carbapenem antibiotic. All isolates were pre-
served in broth with 40% glycerol and stored at − 80 ℃.

Whole-genome sequencing and analyses
Bacterial DNA was extracted using the DNA extraction 
kit (TIANGEN, Beijing) following the manufacturer’s 
instructions. Sequencing libraries were generated with 
the NEBNext® Ultra™ DNA Library Prep Kit for Illumina® 
(NEB, USA). Then, preliminary quantification was per-
formed with Qubit2.0 and the insert size of the library 
was detected using Agilent 2100. After qualification, 
Illumina HiSeq/MiSeq sequencing was performed by 
pooling different libraries according to the required effec-
tive concentration and target data amount. We used the 
online tool Reference sequence Alignment for SNP analy-
sis and constructed a phylogenetic tree based on SNPs, 
using FK3009 (ST11-KL64 hv-CRKP) as a reference. 
Evolview v3 was used to visualize and beautify the phylo-
genetic tree. Several SNP annotation databases were used 
to identify possible SNP functions. Isolates were catego-
rized into two groups based on the level of expression of 
four distinct phenotypic characteristics: capsular poly-
saccharide production, siderophore production, biofilm 
formation, and resistance to meropenem. To determine 
the variation among groups, the frequency of each allele 
was calculated for each SNP and compared between 
the two groups. Pathway analysis was performed using 
KEGG Automatic Annotation Server (KAAS) ​(​​​h​t​​t​p​:​​/​/​w​
w​​w​.​​g​e​n​o​m​e​.​j​p​/​t​o​o​l​s​/​k​a​a​s​/​​​​​) and clusterProfiler (Version 
4.6.2). Statistical analyses were conducted in R (R version 
3.4.4).

Antimicrobial susceptibility testing
The antimicrobial susceptibility of the isolates was deter-
mined using standard broth microdilution method, fol-
lowing to the Clinical and Laboratory Standards Institute 
guidelines (CLSI, 2022). We used Escherichia coli ATCC 
25922 as the quality control organism for MIC determi-
nation. The breakpoints for colistin and tigecycline were 
based on European Committee on Antimicrobial Suscep-
tibility Testing (EUCAST, 2022) guidelines. Each AST 
was independently repeated three times in our study.

The biofilm quantification assay
The biofilm formation ability was detected using the 
crystalline violet staining method, as described elsewhere 

in the literature, with minor modifications. After fixing 
the biofilm with anhydrous for alcohol 20 min and stain-
ing with 0.1% (wt/vol) crystal violet for 10 min, 200 µL of 
absolute ethanol was added to dissolve the biofilm for the 
quantitative assay. The optical density (OD595) was mea-
sured to quantify biofilm production.

Quantitative siderophore production assay
To assess the iron-chelating capabilities of bacterial 
supernatants, the chrome azurol S (CAS) assay was per-
formed following established protocols. Specifically, bac-
terial clones (1 µL) were dropped on CAS and King’s B 
agar plates prepared in a 2:1 ratio, and the presence of 
orange halos around the clones was used to identify sid-
erophore production.

Capsular polysaccharide quantification assay
Bacteria (0.5 mL, OD = 1.0) were mixed with 100µL of 1% 
Z wittergent 3–14 detergent at 50℃ for 20 min, followed 
by centrifugation to obtain the supernatant. Then 300µL 
of supernatant was taken and mix with 1.2mL of ethanol 
for 20 min on ice to precipitate the capsular components. 
Subsequently, a sodium tetraborate solution in concen-
trated sulfuric acid (12.5 mM) was added, and the uronic 
acid content of the polysaccharides was determined using 
the m-hydroxybiphenyl method to measure uronic acid.

Serum killing assay
Briefly, prior to the assay, the serum separated from 
venous blood samples was stored at  − 80 °C. An inocu-
lum of ~ 1 × 106 CFU bacteria in 25 µL, prepared from the 
mid-log phase, was mixed with 75 µL human serum. The 
mixture was incubated at 37 °C for 3 h, and after appro-
priate dilution at different time points (1 h, 2 h, and 3 h), 
it was spread-plated on MHA plates. The plates were 
incubated at 37℃ for 24  h and the number of colonies 
was counted. The rate of serum resistance was deter-
mined as the ratio of the number of colonies to the ini-
tial number of seeded colonies for each time. The survival 
ratio was calculated; all values of ≥ 40% at each time point 
were defined as indicative of serum resistance.

Neutrophil phagocytosis assay
Human neutrophils were isolated using a neutrophil 
isolation kit, following the manufacturer’s protocol. The 
FITC-labeled K. pneumoniae was incubated with neu-
trophils at a ratio 5:1 at room temperature in the dark 
for 40 min. The cell suspension was collected at 10 min, 
20  min, 30  min and 40  min points. The fluorescence of 
FITC was detected by flow cytometry using a BD flow 
Cytometer. Phagocytic activity (PA) = (Number of neu-
trophils involved in phagocytosis/all neutrophils) × 100%.

http://www.genome.jp/tools/kaas/
http://www.genome.jp/tools/kaas/
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Galleria mellonellainfection model studies
We stored the caterpillars of G.mellonella at 4 °C and in 
darkness before use to ensure their fitness and health. 
The caterpillars selected for the experiments weighed 
200–250  mg each. They were injected at the left pro-
leg with 10 µL (~ 1 × 106 CFU) bacterial suspension, 
while the control groups were injected with PBS or an 
empty syringe. The total number of caterpillars in each 
group was 10, and they were kept in culture at 37 °C and 
inspected for 144 h. The survival rates of each group were 
recorded for each day.

Statistical analysis
GraphPad prism 8 software (GraphPad Software) was 
used for statistical analysis. Continuous variables were 
compared using independent-group Student’s t tests or 
the Mann–Whitney U tests. For in vivo and vitro experi-
ments survival data were analyzed by the Log Rank test 
(Mantel-Cox).

Results
hv-CRKP isolates were more prevalent than CR-hvKp 
isolates in China
Between 2014 and 2021, 207 CRKP isolates were col-
lected from 11 tertiary teaching hospitals across 9 prov-
inces in China (Fig.  1A). K. pneumoniae isolates were 
divided as hvKP and non-hvKP based on the presence of 
any one of the virulence genes, including rmpA, rmpA2, 
iucA and iroN. CRKP isolates were further categorized 
into CR-hvKP and hv-CRKP based on their evolutionary 
path regarding the acquisition of carbapenem resistance 
and hypervirulence genes. We identified 98 other CRKP 
and 109 hypervirulent and carbapenem-resistant isolates 
including 90 hv-CRKP and 19 CR-hvKP (Fig. 1B). Within 
the hv-CRKP isolates, we identified five sequence types 
(STs), with ST11 (72/90; 84.4%) being the most preva-
lent, followed by ST15 (7/90; 7.8%) and ST290 (7/90; 
7.8%) (Fig. 1C). The proportion of ST11-KL64 increased 
from 43.5% (27/62) in 2014 to 74.7% (77/103) in 2020, 

Fig. 1  Distribution of K. pneumoniae isolates collected in this study between 2014 and 2021 A Geographical distribution of 207 CRKP isolates participat-
ing in this study. Different colors represent different types of CRKP. B Proportion of CR-hvKP and hv-CRKP in CRKP. C The distribution of STs of 109 hyper-
virulent and carbapenem-resistant K. pneumoniae. D The graph shows the number of KL64 and KL47 detected in CRKP (bule bars) each year, and the ratio 
of KL64 to CRKP-ST11 (wathet blue line) and KL47 to CRKP-ST11(blue line)
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while the proportion of ST11-KL47 among ST11-CRKP 
decreased from 56.4% (35/62) in 2014 to 25.2% (26/103) 
in 2020 (Fig. 1D). Further analysis of the line graph dem-
onstrated that subclonal replacement has occurred from 
KL47 to KL64 within the ST11 population in 2015.

In terms of inpatient ward distribution of hypervirulent 
and carbapenem-resistant isolates, the majority of ST11-
KL64 were isolated from emergency ICU (41.4%), surgery 
and other departments (10.5%), while most CR-hvKP 
analyzed were isolated from ICU (Fig.  2A). ST290 and 
ST11-KL47 isolates (100%) were exclusively isolated from 
surgery and other departments. CR-hvKP (12/19, 63.2%) 
and hv-CRKP(60/90, 66.7%) were recovered mainly from 
blood (Fig.  2B). The majority of isolates in ST11-KL64, 
K1/K2 and other CR-hvKP groups were isolated from 
blood, while ST15 isolates were obtained from blood and 
sputum. Based on the collection year, CR-hvKP were pre-
dominantly collected in the years-2020. However, ST11-
KL64 hv-CRKP circulated at a low level prior to 2015 
and remained persistently prevalent during 2015 to 2021 
(Fig. 2C). ST290 was mainly collected in 2016 and 2017, 
after which they gradually disappeared. The ST15 and 
ST11-KL47 mainly concentrated after 2017.

Comparison of virulence and resistance phenotype in the 
CR-hvKP and hv-CRKP isolates
To clarify the antibiotic-resistant phenotype of these CR-
hvKP and hv-CRKP isolates, each strain was tested the 
susceptibility to 17 antibiotics (Fig.  3E). We found that 
CR-hvKP was resistant to multiple antibiotic classes, with 
most isolates showing resistance to all β-lactam anti-
biotics and carbapenems. Over 36% of other CR-hvKP 
isolates were resistant to tigecycline, minocycline, cipro-
floxacin and cotrimoxazole, however, the resistance ratio 
of KL1/KL2 CR-hvKP was not as high as that of other 
CR-hvKP isolates. The resistance rate of other CR-hvKP 

was 29% for gentamicin and amikacin, with no evidence 
of gentamicin and amikacin resistance observed among 
KL1/KL2 CR-hvKP. Results of antibiotic resistance in 
90 hv-CRKP isolates showed that antibiotic susceptibil-
ity profiles of hv-CRKP were similar to those of CRKP, 
with high resistance to all β-lactam antibiotics and car-
bapenems observable. ST11 and ST15 hv-CRKP showed 
similar high resistance to tigecycline, amikacin, cipro-
floxacin, and gentamicin, while ST290 results showed 
susceptibility or intermediate susceptibility to most of 
the antibiotics tested. Among 109 isolates, resistance 
rates to ceftazidime-avibactam of KL1/KL2 CR-hvKP and 
ST11-KL64 hv-CRKP were 40% and 10%, respectively. 
Polymyxin-resistant isolates were detected in ST11-KL64 
hv-CRKP and other CR-hvKP, although no mcr -genes 
were detected.

To evaluate the virulence level of CR-hvKP and hv-
CRKP isolates, we conducted a series of virulence related 
phenotypes experiments. Among the five KL1/KL2 CR-
hvKP isolates, the string test was positive for all, with 
each producing strings longer than 20  mm. The string 
test positive rate among the 14 other CR-hvKP isolates 
was 5/14 (35.7%) (Fig.  3A). For ST11-KL64 hv-CRKP 
isolates, the positive rate was 34/72 (47.2%), while ST11-
KL47, ST11-KL27, ST15 and ST290 all produced nega-
tive string test results. As shown in Fig. 3B, all KL1/KL2 
CR-hvKP and ST290 hv-CRKP isolates had an average 
survival of 40% after incubation with the human serum 
for 180 min. However, the positive rate of other hv-CRKP 
differed from that of KL1/KL2 CR-hvKP, with only 14% 
(2/14) having an average survival rate of 40%, which was 
lower than that of ST11-KL64 hv-CRKP isolates (50%). 
Biofilm-forming capacity was assessed in all isolates. 
ST11-KL64 isolates produced significantly less biofilm 
than CR-hvKP isolates, but the biofilm-forming ability 
varied greatly among isolates tested (P < 0.05) (Fig.  3C, 

Fig. 2  Demographic characteristics and clinical features of 109 hypervirulent and carbapenem-resistant K. pneumoniaeA The department of these bac-
teria are available in Fig A, other departments includes an assortment of departments that were grouped because the numbers of patients admitted 
to each department were too small to display separately. Different colors represent different clinical departments. B The bacteria were obtained from 
different specimens. Different colors represent different specimens. C Proportion of different species isolated in different years. Different colors represent 
different years
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Fig S1A). Quantitative siderophore assays indicated 
that except the ST15 hv-CRKP isolates, which displayed 
marked individual variability, all hv-CRKP produced 
comparable siderophores to CR-hvKP (P > 0.05), and the 
ST11-KL64 hv-CRKP were more advantageous in sidero-
phores production compares to other hv-CRKP (P < 0.05) 
(Fig. 3D, Fig S1B).

Considering the strain sequence types and their 
serotypes, we selected 1390 (ST375-KL2), FK3128 

(ST23-KL1), FK3062 (ST412-KL67), FK3009 (ST11-
KL64), 1622 (ST11-KL64), FK3065 (ST11-KL47), 
1050(ST111-KL27) and FK3006(ST15-KL112) with 
complete genome sequences in CR-hvKP and hv-CRKP 
for further virulence experiments, as they were highly 
representative and can provide more reliable results. 
All isolates formed capsular polysaccharide, and a trend 
towards higher capsular polysaccharide formation was 
observed for the KL1/KL2 CR-hvKP and ST11-KL64 

Fig. 3  The virulence and resistance phenotypes and levels between hv-CRKP and CR-hvKP. A The strips in the string test counted > 5 mm were defined 
to be positive, while ≤ 5 mm were defined to be negative. B Results from serum resistance assays. The survival of isolates after 1 h, 2 h and 3 h of incuba-
tion with serum greater than 40% was defined as serum resistance. C Biofilm formation capability of hv-CRKP and CR-hvKP, the values were measured at 
OD595 D Siderophores production determined by CAS agar plate of hv-CRKP and CR-hvKP. Yellow halos around bacterial colonies indicate siderophore. 
E Drug resistance rates of strain in different groups to 17 antimicrobial drugs. The number of strains was shown in each bar. The circle sizes indicate the 
percentage of strains exhibiting resistance to the antimicrobial drugs. FOX, cefoxitin; CTX, cefotaxime; ATM, aztreonam; FEP, cefepime; CAZ, ceftazidime; 
CZA, ceftazidime-avibactam; TZP, piperacillin-tazobactam; IPM, imipenem; MEN, meropenem; GEN, gentamicin; AMK, amikacin. POL, polymyxin B; CIP, 
ciprofloxacin; TGC, tigecycline; TCY, tetracycline; MNO, minocycline; SXT, sulfamethoxazole
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hv-CRKP (Fig. 4E, Fig S1C). We used flow cytometry to 
examine fluorescent bacteria engulfed by neutrophils. 
We found that the phagocytosis of CR-hvKP by the neu-
trophils was similar to that of ST11-KL64 hv-CRKP, 
while the inhibition of phagocytosis of ST15 and ST290 
was lower (Fig. 4AB). We further estimated pathogenicity 
using a G.mellonella larvae infection model with an inoc-
ulum of 1 × 106 CFU. The G.mellonella larvae infected 
with the CR-hvKP and ST11-KL64 hv-CRKP had a lower 
survival rate than those infected with the ST15, ST290 
and other CR-hvKP isolates (Fig.  4D). The ST11-KL64 
hv-CRKP isolates were more advantageous in the pro-
duction of capsule polysaccharide, serum survival, bio-
film, and siderophores, although some variability was 
observed among them.

hv-CRKP isolates contained virulence genes and 
antimicrobial resistance genes, with blaKPC−2 being the 
dominant type
We further characterized these 109 isolates for the pres-
ence of the resistance genes and the virulence genes 
(Fig.  5). We identified contigs associated with virulence 
based on the presence of the virulence associated genes 
rmpA, rmpA2, iutA, iucABCD and iroBCDN in K. pneu-
moniae genomes (Table S1). The results of virulence 
gene analysis indicated that iutA, iucA and iucBCD were 
commonly present in hv-CRKP, found in 97.3% (74/76), 
97.3% (74/76) and 98.7% (75/76) of the isolates in the 
ST11 group, respectively. Additionally, 78.9% (60/76) of 
ST11 isolates harbored the combination of iucA + rmpA/ 
rmpA2, in contrast, while 7 of 76 ST11 hv-CRKP isolates 
possessed iroBCDN. The positive rate of iroBCDN was 
significantly lower in ST11 hv-CRKP isolates compared 

Fig. 4  The virulence and resistance phenotypes levels of representative strains. AB Flow cytometric plots. Neutrophil phagocytosis among CR-hvKP and 
hv-CRKP from wild-type isolates of serotype K1/K2 and ST11 with serotype KL47 isolates. The percent neutrophils with phagocytosed bacteria. Four differ-
ent times, covering 10 min (1), 20 min (2), 30 min (3), and 40 min (4) were showed. C Neutrophil phagocytic capacity for representative strains Neutrophil 
phagocytic capacity percentage changes in response to acute exercise. The higher the percentage, the weaker virulence. D Survival rates of G. mellonella 
infected with representative strains, PBS, and none. Log-rank test was performed for analysis of the indicated curves. E Capsular polysaccharide quantifi-
cation data. The uronic acid component of capsular polysaccharides from selected strains was estimated by using the sodium tetraborate reaction as an 
alternative chemical method to estimate capsule content. *P < 0.05, ** P < 0.01, *** P < 0.001, ns: not significant
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Fig. 5  Distribution of antibiotic resistance genes and virulence genes in 109 hypervirulent and carbapenem-resistant K. pneumoniae. 11 virulence genes 
and 13 resistance genes were determined by PCR. Colors represent genes of different categories
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to CR-hvKP (10/20). The situation with virulence genes 
iutA, iucABCD and iroBCDN was similar for ST15 and 
ST290, 85.7 % (6/7) of ST15 isolates possessed the rmpA2 
gene, whereas none of ST290 carried the rmpA2 gene. 
We also detected the rmpA2 gene in 85 isolates, among 
which isolates (15.3%) possessed truncated rmpA2 genes, 
61 isolates had an intact rmpA2, 10 isolates had indel 
mutations in rmpA2, and 3 isolates had a frameshift 
mutation in rmpA2 (Table S2). These results showed that 
the expressions of hypervirulence-specific factors dif-
fered between hv-CRKP and CR-hvKP isolates, with CR-
hvKP isolates carrying more virulence genes.

In this study, to further understand the differences in 
the distribution of antimicrobial resistance genes in CR-
hvKP and hv-CRKP, we analyzed the 109 sequenced iso-
lates for multi-resistance gene. A total of five types of 
carbapenemase genes were identified, including blaKPC−2 
(88.1%, 96/109), blaKPC−3 (1.8%, 2/109), blaNDM−1 (1.8%, 
2/109), blaNDM−5 (11.9%, 13/109), blaOXA−232 (1.8%, 
2/109). Screening for carbapenemase genes showed that 
all test isolates carried blaKPC or blaNDM. Two hv-CRKP 
isolates were found to harbor other carbapenemase genes 
blaOXA−232, while none of the CR-hvKP isolates were 
found to harbor other carbapenemase genes. Among 
them, two CR-hvKP isolates harbored blaKPC−3, two 
CR-hvKP isolates harbored blaNDM−1, remarkably, all 
detected KPC-type genes and NDM-type genes of hv-
CRKP isolates were blaKPC−2 and blaNDM−5. In addition 
to carbapenemase genes, all isolates were screened using 
PCR for ESBL-encoding genes blaCTX, blaSHV, and bla-
TEM (Fig.  5). Of the ESBL-producing CR-hvKP isolates, 
10.5% (2/19) harbored the blaCTX, 73.7% (14/19) har-
bored blaSHV, and 26.3% (5/19) harbored blaTEM. Among 
hv-CRKP isolates, the proportions of blaCTX, blaSHV, 
and blaTEM were 63.3%, 81.1% and 46.7%, respectively. 
The plasmid-mediated fosfomycin resistance gene (fosA) 
was identified in almost all isolates in both groups, with 
a higher prevalence CR-hvKP (68.4%) than hv-CRKP 
(37.8%). Additionally, 68.4% of CR-hvKP carried the plas-
mid-mediated quinolone resistance gene qnrS, which was 
significantly higher carriage than hv-CRKP (37.8%). In 
contrast, the proportion of resistance genes in CR-hvKP 
and hv-CRKP showed significant differences.

According to whole-genome sequencing, several iso-
lates carried rare antimicrobial resistance genes co-exist-
ing with virulence genes. One out of the RmtF-producing 
ST15-KL112 hv-CRKP FK3006 isolates co-existed the 
blaOXA−232 and pLVPK-like virulence plasmid. Two CR-
hvKP isolates, FK3048 and 1151, co-carried blaKPC−2, 
blaNDM−1 and virulence plasmid.

SNP differences contributed to the observed variations in 
virulence and resistance phenotypes between isolates of 
different clusters in ST11-KL64 hv-CRKP
To explore the evolutionary difference with ST11-KL64 
hv-CRKP, we constructed a phylogenomic tree based on 
the SNPs. Our analysis divided the 72 ST11-KL64 hv-
CRKP isolates into 6 main cluster (A-F) (Fig. 6). Despite 
all isolates carried blaKPC−2, cluster E and F were associ-
ated with high-level resistance to carbapenems (Merope-
nem, MIC > 256) compared to the cluster A and C. 
Compared to cluster B and C, cluster D, E and F had a 
high-production of capsular polysaccharide and biofilm. 
The Quantitative siderophore assays showed that most 
bacterial isolates were able to produce high-level sidero-
phore, except for cluster A and C.

Moreover, we found significant differences in virulence 
and resistance phenotypes even within the same cluster. 
Accordingly, we annotated a total of 843 genes among 
these ST11-KL64 hv-CRKP isolates, using FK3009 as the 
reference strain. We divided the isolates into two different 
groups based on differences in resistance and virulence 
phenotypes. The enrichment analysis results showed 
significant variations in many pathways between the 
two distinct phenotypic groups (Fig. 7). KEGG pathway 
enrichment analysis indicated that the citrate cycle (TCA 
cycle), glycolysis/gluconeogenesis, glutathione metabo-
lism, two-component regulatory system, and folate 
metabolism pathways were the most enriched among the 
capsular polysaccharides differential groups (Fig.  7A). 
In addition to the significant differences in the biofilm 
synthesis pathway, expression of peptidoglycan biosyn-
thesis and the quorum sensing system were also mark-
edly pronounced within the biofilm differential groups 
(Fig.  7B). Genes of the siderophore differential groups 
were predominantly enriched in amino acid metabolism, 
quorum sensing systems, and ribonucleotide metabolism 
(Fig. 7C). The differentially resistant groups were primar-
ily enriched in pathways related to antibiotic resistance 
and biofilm formation (Fig. 7D).

Discussion
With the widespread use of antibiotics and worldwide 
intensification of human-associated exchanges, hyper-
virulent and carbapenem-resistant K.pneumoniae has 
emerged in recent years[3, 8]. According to their evolu-
tionary path, hypervirulent and carbapenem-resistant 
K. pneumoniae has been classified into three groups, 
with CR-hvKP and hv-CRKP being mainly prevalent 
worldwide. There was a high ST diversity across the CR-
hvKP and hv-CRKP isolates. CR-hvKP was involved in a 
diverse range of STs and K-loci, and clone ST65, belong-
ing to capsular serotypes KL2, and clone ST23, belonging 
to capsular serotypes K1, were the most common clones 
of hvKP isolates, respectively [11]. It should be noted that 
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Fig. 6  The phylogenetic tree based on SNP matrix Evolutionary tree rooted on ST11-KL64 hv-CRKP FK3009 using SNP-based phylogenetic analysis of 72 
ST11-KL64 hv-CRKP strains. Some of virulence and resistance genes detected were shown here. Aerobactin and salmochelin represent the iucABCD-iutA 
and iroBCDN gene clusters, respectively. The virulence phenotypic data were shown in colored bars. Circles represented MIC results
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hv-CRKP has been found to cause nosocomial infections 
and significant clonal hospital outbreaks. It was reported 
that KPC-producing ST11-hv-CRKP is the clonotype. 
Several studies have indicated that, in comparison to 
KL1/KL2 CR-hvKP, ST11 hv-CRKP has an enhanced 

virulence phenotype after acquiring pK2044-like viru-
lence plasmids [8, 12]. Therefore, this study aimed to ana-
lyze the differences in virulence and resistance profiles 
among hv-CRKP and CR-hvKP, and revealed the highly 

Fig. 7  KEGG pathway enrichment results The most significant KEGG pathways from the KEGG enrichment results are displayed. Significantly enriched 
pathways were determined by a p-value of less than 0.05. A KEGG analysis of differential genes between the high and low capsular groups. B KEGG analy-
sis of differential genes between the high and low biofilm groups. C KEGG analysis of differential genes between the high and low siderophore groups. D 
KEGG analysis of differential genes between the high and low resistance to meropenem groups. The blue bar represents the mutant gene which was in 
low level phenotype strains. The orange bar represents the mutant gene which was in high level phenotype strains
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virulent and resistance phenotype of these ST11-KL64 
CRKP isolates.

The horizontal transfer of transferrable resistant plas-
mid with high conjugation frequency may promote the 
emergence and dissemination of CR-hvKP. However, 
the ease of evolution of CR-hvKP did not correspond to 
our observations [13]. In this study, we comprehensively 
examined the true distribution of CR-hvKP and hv-
CRKP isolates and observed that CR-hvKP strains were 
less prevalent than hv-CRKP isolates in hospitals and 
had a narrow resistance profile. Previous research found 
that hvKP produce a thick capsular on its surfaces to halt 
plasmid entry into bacteria [4]. Unlike CRKP, the high 
genomic homogeneity of hvKP posed a challenge for the 
acquisition of plasmids or integrative mobile elements 
[14–16]. Furthermore, the membrane protein OmpK35 
has undergone a base insertion that leads to premature 
translation termination, reducing membrane permeabil-
ity in cKP strains such as ST11[17]. On the other hand, 
OmpK36 incorporates a Loop3 containing glycine-aspar-
tic acid (GD), which enhances the efficiency of mem-
brane protein contraction compared to ST23-hvKP and 
is able to slow down the entry of carbapenems into bac-
teria [18]. In our previous works, we found that all almost 
KL1-hvKP carried a CRISPR-Cas3 system which signifi-
cantly influenced the dissemination of F-type conjugative 
plasmid, while CG258 (ST11) lacked the CRISPR-Cas3 
system [19].

Previous studies have observed that KL64 and KL47 
belong to a large evolutionary branch, and KL47 was 
the evolutionary ancestor of KL64[12, 20, 21]. Our data 
revealed that the evolution of KL47 to KL64 is gradu-
ally becoming the mainstream trend, with ST11-KL47, 
the dominant subclone after 2015, being progressively 
replaced by ST11-KL64 in the CRKP ST11 lineage. These 
results are consistent with a recent study showing that 
the ST11-KL64 clone has replaced ST11-K47 due to 
the acquisition of a new fused plasmid. Previous studies 
have indicated a point mutation occurring in recC con-
tributing to genetic variability, conferring greater recom-
bination proficiency in KL64 compared to KL47[22]. In 
addition, horizontal gene transfer has been identified 
as another significant factor driving diversification in 
ST11, with KL64 exhibiting a notably higher abundance 
of mobile genetic elements (MGEs), including insertion 
sequences (ISs), plasmids and prophages, compared to 
KL47. Furthermore, there are differences in the carbape-
nem-resistant and virulence genes carried by CR-hvKP 
and hv-CRKP strains across different regions.

Although CR-hvKP carries carbapenemase enzymes, 
our study conducted an in-depth investigation into the 
level of carbapenem resistance in CR-hvKP and found 
that most of the CR-hvKP exhibited the intermedi-
ate or low level carbapenem resistance, suggesting low 

expression of these carbapenemase. Bacterial efflux 
pumps were considered the main mechanism of tige-
cycline resistance before it was discovered that mobile 
tigecycline resistance genes were located in plasmid-
mediated bacterial resistance [23]. We found that, 
although the carriage rate of the genes related to various 
antibiotic efflux pumps, such as AcrAB-TolC and oxqAB, 
were high in CR-hvKP, the high frequency of tigecy-
cline resistance correlates with the tigecycline resistance 
genes tet. The majority of strains carry blaKPC−2, which is 
known for its complex and changeable genetic environ-
ment and can be carried by self-transmissible plasmids 
[24]. The mobilization of a pLVPK-like nonconjugative 
virulence plasmid into CRKP can be facilitated by a self-
transferable IncF plasmid, as CPKP can maintain mul-
tiple plasmids with low fitness cost [25]. Further WGS 
analysis revealed that the presence of multiple resistance 
genes (rmtB, fosA and qnsR) on the typical IncF plasmid 
has led to high-level resistance to commonly used antibi-
otics in poultry, such as aminoglycoside, quinolone and 
fosfomycin. Our findings are consistent with the concise-
ness of antibiotic resistance.

We demonstrated that CR-hvKP strains carry an 
increased abundance of virulence genes, including 
iroBCDN, rmpA, and rmpA2. The regulatory gene rmpA 
regulates the biosynthesis of capsular polysaccharides, 
encoding a hypermucoviscous phenotype in the strains 
[26]. Deletion or mutation of rmpA may result in the 
loss or thinning of the capsule [27]. We further found 
several isolates with an intact rmpA2 did not show a 
hypermucoviscosity phenotype, and some strains carry-
ing the rmpA2 mutations exhibited the hypermucovis-
cosity phenotype, implying that mechanisms other than 
rmpA/rmpA2 could also mediate hypermucoviscous 
phenotype. hvKP exhibits four major virulence factors, 
namely, capsular polysaccharides, siderophores, fimbriae 
and lipopolysaccharides [28–30]. In our investigation, 19 
isolates belonging to KL1/KL2 types, along with other 
CR-hvKP strains carrying resistant plasmids, exhibited 
the hypervirulent features. Previous studies found that 
different KL-type hvKP strains did not always maintain 
a high average virulence level after acquiring the blaKPC-
containing plasmid [25]. It is possible that the acquisi-
tion and expression of additional plasmids may impose 
a metabolic burden on hvKP, such that it is needed for 
the formation of capsule [31–33]. Interestingly, our vir-
ulence-associated studies showed CRKP strains had a 
hypervirulence phenotype after acquiring virulence fac-
tors, and virulence also exhibited substantial variation 
at the subspecies level. Notably, the ST11-KL64 strain 
fully exhibited the hypervirulent features and high-level 
carbapenems resistance (MIC 64-256  µg/mL). In con-
trast, the ST11-KL47 hv-CRKP exhibited significantly 
lower virulence compared to ST11-KL64 isolates and 
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NTUH-K2044 hypervirulent strain. Previous studies 
have observed that ST11-KL64 hv-CRKP had a remark-
ably higher 30-day mortality and sepsis/septic shock 
incidence and could rapidly lose and gain genes during 
interhospital transmission [8, 21]. Hence, the identified 
subclonal shift within CRKP-ST11 may affect not only 
control measures but also therapeutic strategies. Nota-
bly, there is a potential dissemination of ST 290 and ST15 
clone secondary to the ST11 clones, and the true preva-
lence of these subtypes presents a significant clinical 
challenge.

The emergence of ST11-KL64 hv-CRKP, which causes 
high mortality rates in clinical patients, underscores the 
urgent need for investigations into the potential mecha-
nism of resistance and virulence factors. Strains within 
the same clades also displayed varied levels of resistance 
and virulence. KEEG enrichment indicated that the SNP 
between virulence groups were mainly related to bio-
film formation, beta-Alanine metabolism, peptidases 
and inhibitors and two-component system. Additionally, 
through KEEG enrichment analysis, we found that the 
transport, two-component system and peptidases and 
inhibitors were related to the function of resistance.

In this study, we investigated the molecular epide-
miology of 109 non-repetitive CR-hvKP and hv-CRKP 
isolates from 11 centers in China, characterized the resis-
tance and virulence phenotypes and molecular features, 
and observed the hv-CRKP strains were more prevalent 
than CR-hvKP strains in hospitals, exhibiting a high level 
of multi-resistance and virulence. Evolutionarily, the 
acquisition of virulence plasmids by CRKP strains is not 
common, but the coexistence of multiple resistance and 
virulence phenotype in CRKP was more transmitted. In 
addition, we found the ST11-KL64 hv-CPKP emerged 
as a dominated high-risk lineage, with enhanced MDR 
and a hypervirulent phenotype, requiring the most clini-
cal attention. Our enrichment analysis, suggested that 
several pathways were associated with the virulence and 
resistance. Further investigations into the underlying 
mechanisms should be conducted in the future.
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