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Abstract
Background  The emergence of colistin resistance in carbapenem-resistant Klebsiella pneumoniae (CRKP) is a 
significant public health concern, as colistin has been the last resort for treating such infections. This study aimed to 
investigate the prevalence and molecular characteristics of colistin-resistant CRKP isolates in Central South China.

Methods  CRKP isolates from twelve hospitals in Central South China were screened for colistin resistance using 
broth microdilution. The epidemiological characteristics, virulome, resistome, plasmid replicons and two-component 
systems associated with colistin resistance of colistin-resistant isolates were explored by whole-genome sequencing. 
The mgrB gene and the relative expression of the pmrC and pmrK genes were analyzed by polymerase chain reaction 
(PCR) and real-time quantitative PCR, respectively. The bacterial virulence was evaluated through a Galleria mellonella 
larvae infection model.

Results  Of the 429 nonduplicate CRKP isolates, 26 (6.1%) were colistin-resistant and they included eight clonal 
clusters. Six distinct sequence type (ST)-capsule loci (KL) types were identified: ST11-KL64, ST11-KL47, ST963-KL16, 
ST307-KL102, ST751-KL64 and ST5254-KL47. 88.5% (23/26) of them were found to carry at least one carbapenemase 
gene, including blaKPC−2 (65.4%, 17/26) and blaNDM−1 (7.7%, 2/26), as well as coharbouring blaKPC−2 and blaNDM−1 
(15.4%, 4/26). Diverse mutations of colistin resistance-related genes were observed, with mgrB inactivation by 
insertions and the T157P deleterious mutation in pmrB being detected in 57.7% and 42.3% of the colistin-resistant 
isolates, respectively. In addition, a novel deleterious mutation, R248P, in the crrB gene was found in two ST11 isolates. 
88.5% of the 26 isolates presented an increase in pmrK transcription, and 69.2% of them had an overexpression 
of the pmrC gene. All the 16 ST11-KL64 isolates and one ST751-KL64 isolate (65.4%, 17/26) carried at least two 
hypervirulence biomarkers and showed high virulence in vivo.

Conclusions  This study highlights the presence of different colistin resistance mechanisms in isolates belonging to 
the same clone and identified multiple clonal transmission clusters in colistin resistant isolates, including the globally 
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Background
Carbapenem-resistant Klebsiella pneumoniae (CRKP) is 
a persistent threat to human health worldwide due to its 
multidrug resistance and ability to cause various infec-
tions with high morbidity and mortality rates [1]. The 
worldwide spread of CRKP is mainly linked to plasmid-
mediated dissemination of carbapenemase-encoding 
genes, particularly, K. pneumoniae carbapenemase 
(KPC), New Delhi metallo-β-lactamase (NDM), and oxa-
cillinase-48 (OXA-48) [2]. Currently, available data indi-
cate that the popular sequence types (STs) among CRKP 
are ST258, ST11, ST307, ST15 and ST147 [3], with ST11 
being the most common type in Asia and South America 
[4, 5]. Moreover, hypervirulent CRKP (hv-CRKP) has 
emerged through the continuous evolution of plasmids 
with hypervirulence or carbapenem resistance and can 
lead to more serious infections and higher mortality rates 
[6].

Colistin is considered one of the last-resort treatment 
options for CRKP and hv-CRKP [7]. It was approved for 
the treatment of gram-negative bacterial (GNB) infec-
tions in the 1960s and was largely prohibited in human 
medicine in the 1970s owing to its adverse effects, pri-
marily nephrotoxicity and neurotoxicity [8]. However, 
in recent years, colistin has been reintroduced into the 
clinical setting to eradicate multiresistant GNB. Unfortu-
nately, with the increasing use of colistin in the livestock 
industry and hospitals, the worldwide emergence and 
dissemination of colistin-resistant CRKP (ColR-CRKP), 
even hypervirulent ColR-CRKP poses a great challenge 
to global public health [9, 10]. A high mortality rate of 
69.3% in bloodstream infections caused by ColR-CRKP 
was observed among Indian patients [11]. The colistin 
resistance rate among CRKP isolates ranges from 13 to 
61% in Germany, the US, South Africa and India [12–15]. 
In addition, the prevalence rate of colistin resistance in 
CRKP from mainland China was 11.8% in 2023, accord-
ing to data from the China Antimicrobial Surveillance 
Network (CHINET, https://www.chinets.com/).

Colistin resistance in K. pneumoniae is mainly chro-
mosomally mediated and facilitated by various distinct 
mechanisms, particularly lipopolysaccharide (LPS) modi-
fication [16–18]. The chromosomal mechanism includes 
mutational alterations in the two-component regulatory 
systems (TCSs), including PmrA/B, PhoP/Q and CrrA/B, 
and MgrB, which is a negative regulator of the PhoP/Q 
system [16, 17]. Recently, mobile colistin resistance 
(mcr) genes (mcr-1 to mcr-10) have spread globally, fur-
ther aggravating the situation of colistin resistance [19]. 

Owing to the complex and diverse nature of colistin resis-
tance mechanisms, efforts to expand our understanding 
of these mechanisms and identify potential targets for 
future antimicrobial therapies are highly essential.

The current study aimed to determine the prevalence 
and molecular characteristics of colistin-resistant isolates 
among CRKP isolates collected from twelve tertiary hos-
pitals in Central South China.

Materials and methods
Bacterial isolates and identification
We evaluated 429 nonduplicate CRKP clinical isolates 
retrieved from 12 hospitals in Central South China from 
January to December 2021 (Fig. S1). Matrix-assisted 
laser desorption ionization-time of flight (MALDI-TOF) 
mass spectrometry (Bruker Daltonics GmbH, Bremen, 
Germany) was used to identify the isolates at the species 
level.

Antimicrobial susceptibility testing
Susceptibility tests of CRKP isolates to carbapenems 
(imipenem, meropenem and ertapenem ) were per-
formed using Kirby-Bauer disk diffusion method with 
disks from Oxoid (Hampshire, UK) according to the 2022 
Clinical and Laboratories Standard Institute (CLSI) rec-
ommendations [20]. CRKP isolates were screened for 
colistin resistance by the standard broth microdilution 
(BMD) method using cation-adjusted Mueller Hinton 
broth and colistin (Sigma-Aldrich, St. Louis, MO) follow-
ing the protocols of CLSI M100-S32, which suggest that 
the resistance minimum inhibitory concentration (MIC) 
breakpoint of colistin is ≥ 4  mg/L for Enterobacterales 
[20].

The VITEK 2 compact system (BioMérieux, Marcy-
l’Étoile, France) was used to evaluate the antimicro-
bial susceptibility of the ColR-CRKP isolates, with the 
exception of tigecycline and ceftazidime/avibactam. The 
antimicrobial agents tested in the automated analyzer 
included extended-spectrum cephalosporins (ceftriaxone 
and cefepime), enzyme-inhibitor complexes (piperacillin/
tazobactam), monobactam (aztreonam), carbapenems 
(imipenem and ertapenem), aminoglycosides (amikacin, 
gentamicin and tobramycin), fluoroquinolones (cipro-
floxacin and levofloxacin) and folate pathway inhibitors 
(trimethoprim/sulfamethoxazole). Bacterial susceptibil-
ity to tigecycline and ceftazidime/avibactam was assessed 
by the BMD method according to the CLSI M100-S32 
guidelines [20]. The susceptibility results were interpreted 
following the CLSI breakpoints, with the exception of 

high-risk ST11 and ST307 clones, of which a significant proportion exhibited high virulence. Consequently, it is crucial 
to enforce measures to prevent the ongoing spread of colistin resistance.
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tigecycline, which is based on the Food and Drug Admin-
istration (FDA) breakpoints for Enterobacteriaceae avail-
able at http://www.fda.gov.E. coli ATCC 25,922 served as 
the quality control isolate. The ColR-CRKP isolates are 
categorized as multidrug resistant(MDR), extensively 
drug resistant“XDR”and pandrug resistant“PDR” [21].

Clinical Data Collection
The demographic information, admission ward and clini-
cal specimens of the total patients infected with CRKP 
isolates were obtained from the electronic medical record 
system. More clinical details were collected for each 
patient infected with ColR-CRKP, such as type of infec-
tion, length of stay before the isolation of ColR-CRKP, 
hospitalization days, underlying disease and prior expo-
sure to antimicrobials and the outcome.

Whole-genome sequencing (WGS)
Genomic DNA was extracted from fresh cultures of all 
the ColR-CRKP isolates using TIANamp Bacteria DNA 
Kit (catalog no. DP302; Tiangen Biotech, Beijing, China) 
following the manufacturer’s protocol. A Nanodrop-1000 
spectrophotometer and 0.8% agarose gel were used to 
measure the concentration and quality of the DNA sam-
ples. DNA library preparation was performed according 
to the manufacturer’s protocol (VAHTS Universal DNA 
Library Prep Kit for Illumina V3, catalog no. ND607; 
Vazyme, Nanjing China). The libraries were subsequently 
sequenced on the BGI DNBSEQ-T7 platform, and the 
raw reads in FASTQ format were generated for down-
stream analysis.

Bioinformatic analysis
The version and website information of the software 
and databases used for bioinformatic analysis was avail-
able in Table S1. The raw data underwent filtration using 
fastp software, followed by quality control of the clean 
data with FastQC. Then, the data were assembled and 
corrected utilizing Unicycler to obtain the final genome 
sequence. The quality of the sequenced genome was 
evaluated by Samtools for sequencing depth analysis and 
the Checkm for genome completeness. Finally, genome 
annotation was performed using prodial.

Multilocus sequence typing (MLST) was identified 
using the Bacterial Isolate Genome Sequence Database 
(BIGSdb). Capsule locis (KLs) were analyzed using Kle-
borate with Kaptive. Virulence genes were detected 
using the virulence factor database (VFDB) and the vir-
ulence-associated integrative conjugative element of K. 
pneumoniae (ICEKp) was identified by Kleborate. Anti-
microbial resistance determinants were predicted by 
Comprehensive Antibiotic Resistance Database (CARD) 
and plasmid replicons were identified by PlasmidFinder.

A phylogenetic tree of the ColR-CRKP isolates in this 
study was constructed by BacWGSTdb based on single 
nucleotide polymorphism (SNP) strategy and visualized 
using MEGA v7.0.26 [22]. The pairwise SNP distances 
were calculated using SNP-dist. The putative transmis-
sion events between ColR-CRKP isolates were identi-
fied on the bases of pairwise SNPs with a threshold of 21 
SNPs [23].

Molecular characterization of genes related to colistin 
resistance
The amino acid mutations in colistin resistance-related 
sequences of TCSs (PmrA/B, PhoP/Q and CrrA/B) 
were defined by alignment with K. pneumoniae MGH 
78,578 (NC_009648.1) with Snippy. The phenotypic 
effects of these mutations on protein biological functions 
were predicted with protein variation effect analyzer 
(PROVEAN). If the PROVEAN score is equal to or below 
the threshold of -2.5, the protein variant indicates a “del-
eterious” effect, whereas a score above − 2.5 indicates 
“neutral”.

As reported earlier, the regions within and around the 
mgrB gene, an important regulator of the PhoP/Q system, 
cannot be fully sequenced by WGS, polymerase chain 
reaction (PCR) using specific primers was performed to 
investigate the sequence alterations of mgrB gene [24, 
25]. The PCR products were Sanger sequenced on an 
ABI 3730XL DNA analyzer (Life Technologies, USA). 
The nucleotide sequences were compared to those of the 
colistin-susceptible strain K. pneumoniae MGH 78,578. 
The ISfinder database platform was used to identify the 
insertion sequence (IS) elements.

To determine whether the upregulation of pmrCAB 
and pmrHFIJKLM operons mediates colistin resistance, 
the relative expression levels of the pmrC gene encod-
ing for phosphoethanolamine (pEtN) transferase and the 
pmrK gene encoding for 4-amino-4-deoxy-l-arabinose 
(L-Ara4N) transferase were assessed by real-time quan-
titative PCR (RT-qPCR). Total RNA was extracted from 
bacterial cultures in the mid-log phase using RNAprep 
Pure Cell/Bacteria Kit (Tiangen Biotech, Beijing, China). 
The cDNA was synthesized using the HiScript® II Q 
RT SuperMix for qPCR (+ gDNA wiper) Kit (Vazyme, 
China). RT-qPCR was carried out with ChamQ Univer-
sal SYBR qPCR Master Mix (Vazyme, China) on an ABI 
Q5 real-time PCR system (Applied Biosystems, Thermo 
Fisher Scientific) under the following conditions: 1 cycle 
at 95 °C for 30 s, 40 cycles at 95 °C for 10 s and 60 °C for 
30 s. For each run, melt curve analysis was performed to 
ensure that a single product was synthesized. Melting 
curves were generated at 95 °C for 15 s, 60 °C for 1 min, 
and 95  °C for 15 s. Relative expression levels of the tar-
get genes were calculated using the 2−ΔΔCT formula. The 
internal controls were based on the ribosomal gene rpsL. 

http://www.fda.gov.E
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The specific oligonucleotide primers of pmrC, pmrK and 
rpsL genes were synthesized based on previously pub-
lished sequences [26].

Virulence phenotypic analysis
The infection model of G. mellonella larvae was used to 
evaluate the in vivo virulence of the ColR-CRKP isolates 
as described previously [27]. For each isolate, 10 larvae 
were randomly selected and injected into their second left 
gastropod with 10 µl of bacterial suspension at a concen-
tration of 1 × 108 CFU/mL. Hypervirulent K. pneumoniae 
NTHU-K2044, classic K. pneumoniae ATCC700603 and 
sterile phosphate-buffered saline (PBS) were used as pos-
itive, negative and blank controls, respectively. The larvae 
were then incubated in a dark environment at 37  °C in 
sterile petri dishes, and the three-day survival rate was 
determined every 12  h. The tests were repeated three 
times. Hypervirulent K. pneumoniae (hvKp) was defined 
based on both virulence factors (rmpA, rmpA2, iucA, 
iroB or peg-344) and the G. mellonella infection model 
[28, 29].

Statistical analysis
The relative expression levels of the pmrC and pmrK 
genes were presented as the means ± standard devia-
tions from three independent experiments. The survival 
distributions of the G. mellonella infection models were 
estimated by the Kaplan-Meier method, and the survival 
curve differences were assessed by the log-rank (Mantel-
Cox) test using GraphPad Prism 9.0.

Results
Sources of CRKP isolates
The 429 CRKP isolates were recovered from 321 male 
and 108 female patients aged 0–95 years (mean 38.7 

years). The predominant department where the patients 
were located was central intensive care unit (ICU) 
(21.9%), followed by respiratory ICU (8.2%), neurosur-
gical ward (7.5%) and neurosurgical ICU(7.2%). The 
isolates were isolated from a wide variety of clinical spec-
imens, mainly from lower respiratory tract (56.2%), urine 
tract (15.2%) and blood (14.7%). The general information 
of the patients infected with CRKP was shown in Table 
S2.

Colistin MIC distribution and antimicrobial susceptibility
Colistin susceptibility testing revealed that 403 isolates 
(93.9%) were susceptible to colistin (≤ 2  mg/L), whereas 
26 isolates (6.1%) showed colistin resistance, with the 
MIC ranging from 4 to 64  mg/L (median: 16  mg/L) 
(Fig.  1A). Isolates from Changsha had a colistin resis-
tance rate of 7.0% (21/301), containing more than three 
quarters of the ColR-CRKP isolates in this study (21/26, 
80.8%). Two colistin-resistant isolates were detected in 
Chenzhou, one was detected in Hengyang, Yongzhou and 
Zhuzhou, respectively (Fig. S1).

As shown in Fig.  1B, All 26 ColR-CRKP isolates were 
resistant to piperacillin-tazobactam, ceftriaxone, aztreo-
nam, ertapenem, ciprofloxacin and levofloxacin. More-
over, 96.1% (n = 25), 92.3% (n = 24), 92.3% (n = 24), 80.8% 
(n = 21), 77.0% (n = 20) and 65.4% (n = 17) were resistant 
to imipenem, cefepime, trimethoprim/sulfamethoxa-
zole, gentamicin, tobramycin and amikacin, respectively. 
While they exhibited striking resistance to 12/14 of the 
tested antimicrobial agents, ceftazidime/avibactam and 
tigecycline were effective against 69.2% (n = 18) and 88.5% 
(n = 23) of the ColR-CRKP isolates, respectively. 73.1% 
(n = 19) of the ColR-CRKP isolates showed the XDR phe-
notype, and a smaller proportion (26.9%, n = 7) of them 
presented the MDR phenotype.

Fig. 1  Antibiotic susceptibility results. A Distribution of colistin MIC results for the 429 CRKP isolates in this study; B Results of the antimicrobial sensitivity 
test for the ColR-CRKP isolates
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Clinical details of patients with ColR-CRKP infections
Twenty-six ColR-CRKP isolates were collected from 
diverse clinical specimens, including sputum (n = 9), 
urine (n = 7), blood (n = 3), bronchial secretions (n = 3), 
cerebrospinal fluid (n = 2), pleural fluid (n = 1) and bron-
choalveolar lavage fluid (n = 1). Sixteen male and ten 
female hospitalized patients aged 16–86 years (mean 
51.3 years) were infected with ColR-CRKP in our study. 
The clinical details of the infected patients were shown 
in Table 1. Seventeen patients (65.4%) were admitted to 
different intensive care unit (ICU) departments, includ-
ing the central ICU (n = 9), neurosurgical ICU (n = 4), 

neurology ICU (n = 2), respiratory ICU (n = 1) and emer-
gency ICU (n = 1). The most common infection type was 
lung infection (14/26, 53.8%), followed by the urinary 
tract infection (7/26, 27.0%). Fifteen patients (57.7%) 
had brain diseases. The mean duration of hospital stay 
before ColR-CRKP isolation was 31.5 days. The patients 
were previously treated with an average of three kinds of 
antibiotics before ColR-CRKP isolation, and 14 patients 
(53.8%) had prior exposure to polymyxin B. Ten patients 
(38.5%) experienced fatal outcomes with the failure of 
antibiotic treatment.

Epidemiological characteristics of ColR-CRKP isolates
WGS short-read sequencing was performed for the 
26 ColR-CRKP isolates. According to in silico MLST 
analysis using the genome sequence data, five distinct 
sequence types (STs) featured the studied isolates: ST11 
(19/26), ST963 (3/26), ST307 (2/26), ST751 (1/26) and 
ST5254 (1/26) (Fig. 2, Table S3). Among them, ST963 has 
not been reported before, whereas ST751 and ST5254 
are rare. ST751 and ST5254 were single-locus variants 
of ST11 in rpoB gene and phoE gene, respectively. These 
data suggest that ST751 and ST5254 may be derived 
from ST11. Four different KL types were identified: KL64 
(17/26), KL47 (4/26), KL16 (3/26) and KL102 (2/26). 
Among the nineteen ST11 isolates, sixteen (84.2%, 16/19) 
harbored KL64, while the other three (15.8%, 3/19) har-
bored KL47. Interestingly, KL64 and KL47 were not 
exclusively present in ST11, with strain CZ26 belonging 
to ST751-KL64 and strain XY241 belonging to ST5254-
KL47. The ST963 and ST307 isolates were KL16 and 
KL102, respectively.

Phylogenetic relatedness analysis revealed eight puta-
tive transmission events in this study, on the bases of a 
cut-off of 21 SNPs between isolates (Fig. 2, Table S4). Six 
clones among the nineteen ST11 isolates were dissemi-
nated within hospital wards or between hospitals, with 
the largest clone comprising seven isolates from three 
different hospitals. The two ST307 isolates (XY183 and 
CZ21) from different hospitals were highly clonal, differ-
ing by 2 SNPs. The three ST963 isolates (XY188, XY190 
and XY284) from different wards of the same hospital 
were also highly clonal, with SNP differences ranging 
from 2 to 7.

Antimicrobial resistance determinants of ColR-CRKP 
isolates
Multiple acquired antibiotic resistance genes (ARGs) 
were identified among the 26 ColR-CRKP genomes 
in this study using the CARD database (Fig.  2), which 
were consistent with the XDR and MDR phenotypes of 
the isolates. All the ColR-CRKP isolates were carbapen-
emase producers except for the three ST963 isolates, 
which included blaKPC-2 (65.4%, 17/26), blaNDM-1 

Table 1  Clinical characteristics of 26 patients infected with ColR-
CRKP isolates
Clinical Characteristics Results
Mean age (Min-Max) 51.3 (16–86)
Gender n (%)
Male 16 (61.5)
Female 10 (38.5)
Admission Unit n (%)
Intensive care unit (ICU) 9 (34.6)
Neurosurgical ICU 5 (19.2)
Haematology ward 3 (11.5)
Neurology ICU 2 (7.7)
Rehabilitation medicine 2 (7.7)
Respiratory ICU 1 (3.8)
Emergency ICU 1 (3.8)
Others 3 (11.5)
Hospitalization days median (Min-Max) 51.3 (13–231)
Underlying disease n (%)
Brain disease 15 (57.7)
Severe pneumonia 4 (15.4)
Hematologic malignancy 3 (11.5)
Liver disease 2 (7.7)
Kidney disease 2 (7.7)
Healthcare-associated infections n (%)
Lower respiratory tract infection 10 (38.5)
Urinary tract infection 7 (26.9)
Ventilator-associated pneumonia 4 (15.4)
Blood stream infection 3 (11.5)
Central nervous system infection 2 (7.7)
Prior exposure to antimicrobials n (%)
Carbapenems 20 (77.0)
beta-lactam/beta-lactamase inhibitor 17 (65.4)
Polymyxin B 14 (53.8)
Fluoroquinolone 7 (26.9)
Cephalosporins 7 (26.9)
Tigecycline 6 (23.1)
Aminoglycosides 4 (15.4)
Ceftazidime-avibactam 1 (3.8)
Outcomes n (%)
Improved 16 (61.5)
Gave up 7 (26.9)
Death 3 (11.5)
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(7.7%, 2/26), and coharbouring blaKPC-2 and blaNDM-1 
(15.4%, 4/26). The extended-spectrum β-lactamase 
(ESBL) genes blaCTX-M-15, blaCTX-M-27 and 
blaCTX-M-65 were found in 46.2% (12/26) of the stud-
ied isolates, with blaCTX-M-65 (34.6%, 9/26) being the 
most commonly detected gene. Other β-lactamase genes, 
blaTEM-1 and blaSHV-11, were also detected in 53.9% 
(14/26) and 11.5% (3/26) of the isolates, respectively. Ten 
genes contributed to aminoglycoside resistance in our 
study: aac(3)-IIe, aac(6’)-Ib-cr6, aadA2, aadA3, aadA16, 
ant(2’’)-Ia, aph(3’’)-Ib, aph(6)-Id, rmtB and rmtC. Among 
these genes, rmtB was the most common (n = 14), fol-
lowed by aadA3 (n = 12). Moreover, genes responsible 
for fluoroquinolone resistance (qnrB1, qnrB2 and qnrS1) 
were detected in 20 isolates, with qnrS1 being the most 
abundant gene (n = 17). Different sul and dfrA variants 
coexisted in 76.9% of the isolates conferring resistance 
to sulfamethoxazole and trimethoprim, respectively. The 
sul2 gene exhibited higher detection among the isolates, 
reaching a prevalence of 61.5%, compared to sul1 being 
detected in 38.5% of the isolates. Additionally, other 
ARGs were identified for various classes of antimicrobi-
als such as tet (A) and tet (D), which mediat resistance to 
tetracycline; fosA3 and fosA6, which encode fosfomycin 
resistance; and arr-3, which encods rifamycin resistance. 

However, mcr genes (mcr-1 to mcr-10) were absent in our 
study.

Molecular mechanism of chromosome-mediated colistin 
resistance
As the mcr genes were not detected among the ColR-
CRKP isolates, we further studied potential chromo-
somal mechanisms that caused resistance to colistin. 
Sequence analysis of pmrA, pmrB, phoP, phoQ, crrA 
and crrB genes of the isolates revealed missense nucleo-
tide mutations at four different positions of pmrB gene, 
three positions of crrB gene, two positions of pmrA gene 
and one position of phoP gene (Table  2, Table S5). Of 
these mutations, two in pmrB (R256G and T157P), one 
in pmrA (G53S) and one in crrB (R248P) were predicted 
as deleterious mutations by the PROVEAN tool (Table 
S5). The most common deleterious mutation was R256G 
amino acid substitution of pmrB in 92.3% (24/26) of the 
isolates, followed by T157P substitution of pmrB in 42.3% 
(11/26) of the isolates. Interestingly, the mutation R248P 
(G743C) of crrB in two ST11 isolates (XY206 and LY21) 
was not reported earlier. The sequences of phoQ and crrA 
genes of all the 26 ColR-CRKP isolates showed no differ-
ences with the wild-type sequences from colistin-suscep-
tible reference strain (K. pneumoniae MGH78578).

Fig. 2  Phylogenetic relationships and profiles of antimicrobial resistance genes, virulence factors and plasmid replicons of the 26 ColR-CRKP isolates in 
this study. The phylogenetic tree was constructed based on single nucleotide polymorphism (SNP) strategy with ST11 K. pneumoniae HS11286 (GenBank 
accession number CP003200) as a reference. The isolates labeled with the same colorful background belonged to the same cluster, with a SNP threshold 
of 21 between isolates. The presence of antimicrobial genes, virulence factors and plasmid replicons in each isolate is indicated by filled rose red, purple 
and orange squares, respectively. STs, KL types and hospital codes are also shown in this figure
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In addition, genetic alterations in the mgrB gene were 
also investigated by PCR-based Sanger sequencing. All 
26 ColR-CRKP isolates amplified the mgrB gene, and 
57.7% (15/26) of them had amplicons larger than its nor-
mal size, demonstrating the presence of ISs at the cod-
ing region of the mgrB gene. Four types of IS elements 
were found, either within the promoter or open read-
ing frame (ORF) of the mgrB gene, including ISkpn26 
(n = 6), IS903B (n = 3), ISkpn74 (n = 3) and ISkpn14 (n = 3). 
The orientations, insertion sites, repeat regions and IS 
element lengths within mgrB were illustrated in Fig.  3. 
Diverse locations of IS elements were observed in the 
mgrB gene in our study. Among the six isolates with 
ISKpn26 (a member of the IS5 family) insertional inac-
tivation, five harbored insertions at nucleotide posi-
tion + 74, and one harbored the insertion at position − 64 
upstream of the start codon (Fig. 3A and B). Among the 

three isolates with IS903B (a member of the IS5 fam-
ily), two presented insertions at position + 94 and one at 
+ 120 (Fig. 3C and D). Disruption of mgrB at nucleotide 
positions + 69 and + 94 by a member of the IS5 family, 
ISKpn74, was detected in two isolates and one isolate, 
respectively (Fig.  3E and F). Among the three isolates 
with ISKpn14 (a member of the IS1 family), one had an 
insertion at nucleotide position + 51, and two had an 
insertion at position − 52.

RT-qPCR was used to analyze the relative tran-
scription levels of the pmrC and pmrK genes encod-
ing proteins involved in LPS decoration with pEtN and 
L-Ara4N, respectively. Compared with K. pneumoniae 
ATCC700603, 69.2% (18/26) of the ColR-CRKP isolates 
presented an increase in the pmrC gene ranging from 
1.10-fold to 31.19-fold, whereas 88.5% (23/26) of them 

Table 2  Colistin MICs, chromosomal mutations in genes related to colistin resistance and relative expression levels of the pmrC and 
pmrK genes
Strains COL MIC

(mg/L)
Chromosomal mutations related to colistin resistance# Relative expression level*

mgrB pmrA pmrB phoP crrB pmrC pmrK
XY156 16 IS903B WT R256G T246A WT WT 1.28 ± 0.08 18.46 ± 1.43
XY158 32 WT WT R256G T246A T157P WT WT 5.63 ± 0.58 2.60 ± 0.21
XY160 16 WT G53S R256G T246A T157P WT WT 7.56 ± 0.78 1.93 ± 0.19
XY167 16 WT WT R256G T246A T157P WT WT 13.47 ± 0.88 2.35 ± 0.16
XY183 4 WT A41T T246A L213M T157P E82K C68S 14.67 ± 0.84 1.25 ± 0.20
XY185 16 WT WT R256G T246A T157P WT WT 31.19 ± 2.00 -a

XY188 16 IS903B WT R256G T246A WT WT 1.58 ± 0.22 11.80 ± 1.01
XY190 16 IS903B WT R256G T246A WT I27V C68S 1.25 ± 0.07 15.08 ± 1.53
XY206 16 ISKpn74 WT R256G T246A WT R248P▲ -a 4.87 ± 0.17
XY207 16 ISKpn74 WT R256G T246A WT WT -a 5.38 ± 0.40
XY215 32 ISKpn26 G53S R256G T246A WT WT 1.68 ± 0.09 6.72 ± 0.48
XY234 16 ISKpn26 WT R256G T246A WT WT -a 10.86 ± 0.88
XY241 8 ISKpn26 WT R256G T246A WT WT -a 5.44 ± 0.38
XY270 16 WT WT R256G T246A T157P WT WT 11.58 ± 0.85 1.82 ± 0.08
XY276 32 ISKpn26 WT R256G T246A WT WT 1.89 ± 0.18 7.21 ± 0.52
XY284 8 ISKpn74 G53S R256G T246A WT I27V C68S 1.30 ± 0.06 4.06 ± 0.30
XY295 8 WT WT R256G T246A T157P WT WT 8.18 ± 0.51 -a

XY314 64 ISKpn26 WT R256G T246A WT WT 1.10 ± 0.05 7.62 ± 0.79
XY318 32 WT WT R256G T246A T157P WT WT 10.81 ± 1.00 -a

XY464 64 ISKpn14 WT R256G T246A WT WT -a 5.42 ± 0.25
CZ21 8 WT A41T T246A L213M T157P E82K C68S 3.48 ± 0.21 2.58 ± 0.13
CZ26 8 WT WT R256G T246A T157P WT WT 14.33 ± 1.09 1.55 ± 0.16
HY4 64 ISKpn14 WT R256G T246A WT WT -a 6.20 ± 0.28
LY21 8 WT WT R256G T246A T157P WT R248P▲ 8.73 ± 0.50 1.92 ± 0.29
YZ4 32 ISKpn14 WT R256G T246A WT WT -a 7.00 ± 0.16
ZZ3 64 ISKpn26 WT R256G T246A WT WT -a 4.91 ± 0.35
Abbreviations: COL: colistin; MIC, minimal inhibitory concentration; mg/L, milligram per liter; WT: wild-type
# Colistin-susceptible K. pneumoniae MGH 78,578 (NC_009648.1) was used as reference for mutational analysis. The insertion mutations of mgrB and missense 
mutations of two-component regulatory system genes were listed in this table. The mutations predicted as deleterious by PROVEAN were in bold and the novel 
mutation was marked with ▲
* Relative fold change of pmrC and pmrK genes in the ColR-CRKP isolates were detected by RT-qPCR compared with colistin-susceptible strain K. pneumoniae 
ATCC700603. Transcription levels were normalized to levels of rpsL gene. Values were represented by the mean ± standard deviation of three replicates using 2−ΔΔCt 
method
a Unaltered expression levels compared to K. pneumoniae ATCC700603
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presented an increase in pmrK transcription between 
1.25- and 18.46-fold (Table 2).

Virulence phenotypes and genetic characteristics of ColR-
CRKP isolates
The in vivo virulence of the ColR-CRKP isolates was eval-
uated in a G. mellonella larvae infection model. The num-
ber of larvae deaths every 12 h after bacterial inoculation 
(106 CFU) for 72  h was recorded, and survival analysis 
was performed by Kaplan-Meier method (Fig. 4A and E). 
All the ST11-KL64 isolates (n = 16) and the ST751-KL64 
isolate (CZ26) showed high virulence, with a 72-h larvae 

survival rate ≤ 50%. The other isolates in our study exhib-
ited low virulence, with a 72-h larvae survival rate ≥ 80%. 
The ColR-CRKP isolates were classified into six groups 
according to their ST-KL type. The survival rate of the 
larvae infected with the ST11-KL64 isolates was signifi-
cantly lower than those infected with the ST11-KL47, 
ST963-KL16, ST307-KL102 (p < 0.001) and ST5254-KL47 
isolates (p < 0.01) (Fig. 4F). However, there was no statis-
tically significant difference in the survival rate of the lar-
vae infected with the ST11-KL64 isolates compared with 
those infected with the ST751-KL64 isolate (Fig. 4F).

Fig. 3  Schematic representation of insertion sequences (ISs) observed within the mgrB gene. Four ISs were identified: ISKpn26, IS903B, ISKpn74 and 
ISKpn14. The Red lines on mgrB represent the insertion sites. The directions of the insertion events are shown as colorful arrows, with the IS lengths marked 
above each IS. Underlined nucleotide sequences were direct repeats (DRs). Triangles flanking each IS were left and right inverted repeats (IRLs and IRRs). 
(1) For the six isolates harboring the ISKpn26 insertion: five had insertions at position + 74 (A); one had an insertion at -64 bp, located in the promoter 
region upstream of the start codon (B); (2) among the three isolates with the IS903B insertion: two displayed insertions at + 94 (C); one revealed an inser-
tion at + 120 (D); (3) for the three isolates bearing the ISKpn74 insertion: two demonstrated insertions at + 69 bp (E); one presented an insertion at + 94 bp 
(F); (4) among the three isolates with the ISKpn14 insertion: one showed an insertion at + 51 bp (G); two had insertions at -52 bp, situated in the promoter 
region upstream of the start codon (H)
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The virulence genetic characteristics of the ColR-CRKP 
isolates were studied to infer the likelihood of causing 
serious clinical infections and explain the virulence phe-
notype in the G. mellonella larvae infection model. A 
large number of virulence factors coding for adherence, 
iron uptake and regulation were identified in the ColR-
CRKP isolates. All the ColR-CRKP isolates carried the 
fimABCDEFGHIK and mrkABCDFHIJ genes, encoding 
type I and type I fimbriae, which are associated with the 
adherence and biofilm formation, respectively, as well as 
the entABCDEFS and fepABCDGfes genes, encoding the 
siderophore enterobactin, which is responsible for scav-
enging iron in vivo. The ColR-CRKP belonging to ST11, 
ST751 and ST5254 harbored the siderophore yersini-
abactin-encoding ybt genes (ybtAEPQSTUX), typed as 
ybt9 located on the ICEKp3-like mobile genetic element 
by Kleborate. Two siderophore salmochelin-encoding 
genes (iroN and iroE), were harbored by all the ColR-
CRKP isolates, while iroBCD genes were not detected 
in any of them. The siderophore aerobactin-encoding 
iuc genes (iucABCD), especially iucA, a hypervirulent 
biomarker gene, were found in all the ST11-KL64 and 
ST751-KL64 isolates (65.4%, 17/26), which carried at 
least two hypervirulent biomarkers and exhibited high 
virulence in the larvae infection model (Fig.  2). Other 
hypervirulent biomarker genes except iroB gene were 
also detected in our study, with distributions in the ColR-
CRKP isolates as follows: rmpA2 (50.0%, 13/26), peg344 
(34.6%, 9/26) and rmpA (19.2%, 5/26) (Fig. 2).

Plasmid replicon analysis
WGS-based analysis showed 13 different plasmid rep-
licons in the ColR-CRKP isolates. They possessed 
one to six plasmid replicons, with an average of four 

incompatibility (Inc) groups per isolate (Fig.  2). The 
IncFII group was found in all the carbapenemase-pro-
ducing isolates, including the IncFII(pHN7A8) back-
bone in blaKPC−2-positive isolates, IncFII(Yp) type in 
the four isolates co-harbouring blaKPC−2 and blaNDM−1, 
and IncFII(K) type in the two blaNDM−1-positive isolates. 
The IncHI1B(pNDM-MAR)/repB plasmid was found 
only in isolates carrying hypervirulence genes. Nota-
bly, IncFII(pHN7A8) and IncHI1B(pNDM-MAR)/repB 
plasmids were identified in all the isolates co-carrying 
blaKPC−2 and hypervirulent biomarkers.

Discussion
In recent years, ColR-CRKP isolates have emerged as a 
serious threat to public health worldwide [7]. The preva-
lence and underlying mechanisms of colistin resistance in 
CRKP isolates should be investigated continuously. Here, 
we described the colistin MIC distributions of 429 clini-
cal CRKP isolates collected from hospitalized patients 
at twelve tertiary hospitals in Central South China and 
studied the prevalence, antibiotic resistance, molecu-
lar characteristics and virulence phenotypes of colistin-
resistant isolates among CRKP. The colistin resistance 
rate among the CRKP isolates in our study was 6.1%, 
which was slightly higher than that reported by the CHI-
NET in 2021 (5.3%). There has been an increasing trend 
in the prevalence rate of colistin resistance in CRKP 
from mainland China, reaching 8.2% in 2022 and 11.8% 
in 2023, according to CHINET surveillance. Further-
more, the prevalence of colistin resistance has recently 
increased worldwide, attracting global public health 
concern. During the period between 2014 and 2019, the 
detection rate of colistin resistance in clinical Enterobac-
terales increased from 2.4 to 3.4% in Europe, from 2.7 to 

Fig. 4  Kaplan-Meier survival curves of the G. mellonella larvae infection model. A-E Survival curves of larvae infected with ColR-CRKP isolates in our study 
(1 × 106 CFU). Hypervirulent K. pneumoniae NTHU-K2044, classic K. pneumoniae ATCC700603 and PBS were used as positive, negative and blank controls, 
respectively. F The larvae survival distribution of the six groups of ColR-CRKP isolates according to ST-KL type. Survival curve differences were assessed by 
the log-rank (Mantel-Cox) test. ∗∗∗P value < 0.001; ∗∗P value < 0.01; and ns (not significant), P value > 0.05
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4.3% in Latin America, and from 3.3 to 6.7% in Asia [9]. 
The continuous increase in resistance rates may be the 
result of the massive use of colistin in hospital settings, 
veterinary medicine and global trade.

Among the ColR-CRKP isolates in our study, resistance 
rates to almost all the antimicrobial agents were alarm-
ingly high (65.4-100%), except for tigecycline and ceftazi-
dime/avibactam, which displayed higher activity against 
88.5% and 69.2% of the isolates, respectively, and were 
proposed as therapeutic options for combating ColR-
CRKP infections. Notably, when ceftazidime/avibactam 
is used to treat infections caused by isolates coproducing 
KPC and NDM carbapenemases, NDM carbapenemases 
may confer a selective advantage and could potentially 
replace KPC, thereby further restricting available thera-
peutic options [30–32]. For the management of patients 
infected with CRKP coharboring KPC and NDM, the 
recommended treatment strategies are consistent with 
the guidelines established by the Infectious Diseases 
Society of America (IDSA) for metallo-β-lactamases 
(MBL)-producing CRE. These guidelines advocate for 
either a combination therapy utilizing ceftazidime-avi-
bactam and aztreonam or monotherapy with cefiderocol 
[30, 31]. Consistent with previous studies [33, 34], ColR-
CRKP infections were mostly prevalent in ICU wards 
with 65.4% of patients admitted to the ICU in this study. 
This could be attributed to the excessive use of antibiotics 
to initiate empiric anti-infective treatment immediately 
in ICU wards due to delayed culture and antibiotic sus-
ceptibility results. Therefore, laboratory-based accurate 
and constant surveillance is essential so that clinicians 
can provide better empirical treatment on the basis of the 
up-to-date local epidemiological resistance data.

Genomic analysis of the twenty-six ColR-CRKP iso-
lates revealed that they had diverse genetic backgrounds, 
including multiple STs and KL types, thus highlighting 
the fear of genomic plasticity in the circulating isolates 
from Central South China. ST11, the dominant epidemic 
clone among CRKP isolates in South America and Asia, 
especially in China [5, 35], was found in 73.1% of our 
ColR-CRKP populations, which cocarried blaKPC−2 and 
blaNDM−1 or blaKPC−2, the predominant carbapenemase 
in China [36]. Among the other STs identified in this 
study, ST307, an endemic high-risk clone in Italy, Colom-
bia, the United States (Texas) and South Africa [37], was 
observed in two blaNDM−1-positive isolates (XY183 and 
CZ21). More surprisingly, three carbapenemase-negative 
isolates (XY188, XY190 and XY284) belonged to ST963, 
which has not been previously reported. In addition, 
KL64 accounted for 84.2% of the isolates in this study, 
which is in line with previous findings that KL64 has 
become the dominate capsule type among clinical CRKP 
isolates in eastern and central regions of China [38], and 
has been reported globally [39–41]. The phylogenetic 

analysis further revealed that the ST11 isolates formed 
different clonal transmission clusters, suggesting that 
many ST11 ColR-CRKP clones were circulating in Cen-
tral South China. Furthermore, the three ST963 and two 
ST307 isolates were clonally disseminated in the same 
hospital and between two hospitals, respectively. We 
speculated that the medical flow pattern between the 
provincial capital city of Changsha and surrounding cit-
ies facilitates cross-regional clonal transmission. Our 
findings indicate that the ColR-CRKP isolates belong-
ing to globally high-risk ST11 and ST307 clones could 
be emerging threats to global public health. Hence, it is 
crucial to track different clones of ColR-CRKP isolates by 
genotyping to limit their further transmission and even 
prevent outbreaks.

The molecular mechanism of colistin resistance in 
CRKP is highly diverse because of various mutational 
mechanisms [42, 43]. Different chromosomal mutations, 
particularly disruptions in mgrB caused by IS elements, 
were identified in this study. MgrB is a negative feedback 
regulator of the PhoP/Q system, and its inactivation is 
the most common underlying mechanism for colistin 
resistance in K. pneumoniae, as found in our study [17, 
44]. MgrB inactivation caused by IS-mediated insertion 
was present in 57.7% of the 26 tested isolates, and no 
other types of mgrB alterations were detected in the pres-
ent study. Our results indicate that insertional inactiva-
tion is the dominant alteration type in mgrB, which is in 
agreement with the findings of previous studies [17, 45]. 
Three types of IS5 family elements (ISKpn26, IS903B and 
ISKpn74) were detected in twelve isolates, with ISKpn26 
(n = 5) being the main insertion type. As a member of 
the IS1 family, ISKpn14 was detected in three isolates 
and was reported to be the most common type of inser-
tion sequence in other literatures [40, 46]. Geographical 
variation likely accounts for the different prevalent inser-
tion sequences in mgrB. For TCS-related genes, deleteri-
ous mutations in pmrA (G53S), pmrB (T157P, R256G), 
and crrB (R248P) predicted by the PROVEAN tool were 
detected in our collected isolates. Notably, to our knowl-
edge, the novel point mutation R248P in the crrB gene, 
potentially involved in colistin resistance, was discovered 
in two isolates (XY206 and LY21). However, mutations in 
pmrA (G53S) and pmrB (R256G) have also been reported 
in colistin-susceptible K. pneumoniae in other studies 
[47, 48], so their roles in colistin resistance remain con-
troversial. The T157P substitution in PmrB was identi-
fied in 42.3% of the isolates and has been confirmed to 
be responsible for the colistin resistance phenotype [49]. 
Moreover, it is crucial to highlight the occurrence of dif-
ferent mechanisms to colistin resistance among isolates 
from the same clones in our study. For example, the 
three ST963 isolates showed colistin-resistant phenotype 
with different IS interruptions in mgrB gene. The seven 
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ST11 isolates belonging to the same clone also showed 
various resistance mechanisms. This finding may sug-
gest independent acquisition of disseminated clones. 
Finally, our data on the expression levels of the pmrC 
and pmrK genes also indicate that colistin resistance in 
CRKP isolates is associated with increased expression 
of the pmrCAB and pmrHFIJKLM operons, which leads 
to the modification of lipid A in the structure of LPS, as 
reported in a prior study [50]. Therefore, targeting these 
mutations might be a promising strategy for overcoming 
resistance to colistin.

Virulence analysis highlighted the presence of numer-
ous virulence factors, mainly capsular polysaccharide, 
fimbrial adhesion and siderophore systems, which are 
essential pathogenicity determinants of causing inva-
sive infectious diseases, in the ColR-CRKP isolates [51]. 
Among the siderophore systems, yersiniabactin, encoded 
by ybt, is the most common high-virulence factor in K. 
pneumoniae, where ybt is located within the ICEKp [52]. 
ICEKp is an integrative conjugative element that mobi-
lizes the ybt locus and is made up of various sublineages 
[52]. In this study, ybt-9 located on ICEKp3 elements was 
present in the ST11, ST751 and ST5254 ColR-CRKP iso-
lates, and was carried mainly by ST11 K. pneumoniae, 
as previously reported [53]. Notably, the siderophore 
aerobactin encoding iucA, which was harbored by all the 
ST11-KL64 and ST751-KL64 isolates demonstrating high 
virulence in a larvae infection model in this study, has 
been identified as a promising marker of hypervirulence 
in K. pneumoniae [54]. Our data were the first to show 
that there was a greater prevalence (65.4%) of hyperviru-
lent strains among ColR-CRKP isolates, than the pro-
portion of hypervirulent strains (45.7%) among CRKP 
isolates in 2022 in China [38]. Previous studies have 
shown that the mgrB mutation and the presence of CrrAB 
regulatory system can enhance K. pneumoniae virulence 
in a G. mellonella infection model [55, 56]. Notably, the 
emergence and clonal spread of hypervirulent ColR-
CRKP could speed up the lack of effective treatments, 
posing a serious challenge to antimicrobial therapy. Our 
results highlight the importance of carrying out proac-
tive monitoring strategies and effective infection control 
measures to prevent potential hazards caused by hyper-
virulent ColR-CRKP in nosocomial settings.

Previous researches have demonstrated that Inc-
FII plasmids functioned as the primary vectors for the 
blaKPC gene, while IncHIB/repB predominantly rep-
resented virulence-associated plasmids [57, 58]. In our 
study, the IncFII(pHN7A8) and IncHI1B(pNDM-MAR)/
repB plasmids were co-detected only in the isolates co-
harbouring blaKPC-2 and hypervirulence genes. This 
finding suggested that the two types of plasmids formed 
a highly successful partnership and it was most likely 
that hv-CRKP primarily evolved from CRKP through the 

acquisition of another plasmid harboring hypervirulence 
genes. According to previous studies, the IncFII conjuga-
tive plasmids carrying blaKPC gene appear to function 
as a pivotal driver in the mobilization of the non-conju-
gative IncHI1B virulence plasmid and the co-occurrence 
of blaKPC plasmids and virulence plasmids enhances 
the formation of hv-CPKP [59, 60]. Previous studies con-
firmed that the conserved origin of transfer (oriT) region 
of virulence plasmids and the widespread of conjugative 
helper plasmids (such as blaKPC-harboring plasmids) 
represent potential factors for the mobilization of viru-
lence plasmids, which contribute to the emergence and 
dissemination of both highly resistant and hypervirulent 
phenotype in blaKPC-positive isolates which mainly 
belong to ST11 [59, 60]. A heightened focus should be 
directed towards the rapid dissemination of virulence 
plasmids and the pervasive prevalence of hv-CRKP.

This study has several limitations. Firstly, the present 
study collected a relatively small number of isolates and 
could be useful as a preliminary data source for carry-
ing out a broader regional surveillance. Secondly, colis-
tin resistance may be associated with the mutations 
observed in this study, but the underlying mechanism is 
not fully understood. Further studies are needed to vali-
date the precise functions of these mutations in colistin 
resistance. Thirdly, Long-read sequencing will be con-
ducted on convergent isolates to identify antimicrobial 
resistance and hypervirulence plasmids for further inves-
tigating the genetic context of resistance and virulence 
genes.

Conclusions
This multicenter study revealed a colistin resistance prev-
alence of 6.1% among CRKP isolates obtained from Cen-
tral South China in 2021. The predominant mechanism 
underlying colistin resistance is inactivation of mgrB via 
insertion sequences, and a novel deleterious mutation, 
R248P, in CrrB was identified. Furthermore, it is impor-
tant to highlight the presence of different mechanisms 
of colistin resistance in isolates belonging to the same 
clones. Clonal transmissions of the ColR-CRKP isolates 
occurred in globally high-risk ST11 and ST307 clones, 
and there was a high prevalence of hypervirulent strains 
among ColR-CRKP isolates. These findings emphasize 
the urgent need for global public health initiatives to pri-
oritize continuous genomic surveillance to spot high-risk 
clones early, particularly those with hypervirulence, to 
prevent further transmission.
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