
fmicb-14-1269408 October 20, 2023 Time: 11:23 # 1

TYPE Original Research
PUBLISHED 24 October 2023
DOI 10.3389/fmicb.2023.1269408

OPEN ACCESS

EDITED BY

Je Chul Lee,
Kyungpook National University, Republic
of Korea

REVIEWED BY

Jin Kyung Kim,
Keimyung University School of Medicine,
Republic of Korea
Wenqi Zheng,
Inner Mongolia Medical University, China

*CORRESPONDENCE

Hang Liu
liuhangcn@whu.edu.cn

Yun Xia
xiayun12cn@aliyun.com

†These authors have contributed equally to this
work

RECEIVED 01 August 2023
ACCEPTED 10 October 2023
PUBLISHED 24 October 2023

CITATION

Wang Y, Ouyang Y, Xu X, Sun S, Tian X, Liu H
and Xia Y (2023) Dissemination
and characteristics of carbapenem-resistant
Klebsiella pneumoniae in nine district
hospitals in southwestern China.
Front. Microbiol. 14:1269408.
doi: 10.3389/fmicb.2023.1269408

COPYRIGHT

© 2023 Wang, Ouyang, Xu, Sun, Tian, Liu and
Xia. This is an open-access article distributed
under the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other forums is
permitted, provided the original author(s) and
the copyright owner(s) are credited and that
the original publication in this journal is cited,
in accordance with accepted academic
practice. No use, distribution or reproduction is
permitted which does not comply with
these terms.

Dissemination and characteristics
of carbapenem-resistant
Klebsiella pneumoniae in nine
district hospitals in southwestern
China
Yonghong Wang1,2,3†, Yan Ouyang4†, Xiuyu Xu3, Shan Sun3,
Xiaolang Tian5, Hang Liu6* and Yun Xia3*
1Department of Clinical Laboratory, Chongqing Qianjiang Central Hospital, Chongqing University
Qianjiang Hospital, Chongqing, China, 2Qianjiang Key Laboratory of Chongqing Qianjiang Central
Hospital Laboratory Medicine, Chongqing, China, 3Department of Laboratory Medicine, The First
Affiliated Hospital of Chongqing Medical University, Chongqing, China, 4Department of Nursing, Union
Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, China,
5Department of Clinical Laboratory, The Fifth People’s Hospital of Chongqing, Chongqing, China,
6Department of Clinical Laboratory, Institute of Translational Medicine, Renmin Hospital of Wuhan
University, Wuhan, China

Background: Carbapenem-resistant Klebsiella pneumoniae (CRKP) is

epidemically transmitted globally, but few studies focused on the prevalence

in district-level hospitals. In this study, we investigated CRKP strains collected

from nine district hospitals from September 2019 to September 2020, aiming

to determine the resistance mechanisms, virulence profiles, and molecular

epidemiological characteristics of CRKP in district hospitals in Southwest China.

Methods: A total of 51 CRKP strains were collected from 9 district-level hospitals.

Matrix-assisted laser desorption/ionization-time of flight mass spectrometer was

used for strain identification review, and the micro-broth dilution method was

used for antibiotic sensitivity detection. Molecular epidemiological investigation

of strains was performed by multilocus sequence typing (MLST) and pulsed-

field gel electrophoresis (PFGE) methods. PCR and efflux pump inhibition tests

were used to detect CRKP resistance mechanisms. PCR and serum killing

tests were used to detect capsular serotype, virulence-related genes, and

virulence validation.

Results: The CRKP strains in district hospitals presented high levels of MIC50 and

MIC90 in carbapenem antibiotics especially ertapenem and meropenem. A total of

90.2% (46/51) CRKP strains were detected as carbapenemase producers, and the

proportion of strains co-expressing carbapenemases was 11.8% (6/51). All CRKP

strains were grouped into eight MLST types, and ST11 was the most prevalent

genotype. A total of 11.8% (6/51) CRKP isolates were positive for the string

test, and three strains of hypervirulent and carbapenem-resistant K. pneumoniae

(HV-CRKP) were positive in serum killing test. The molecular typing of all the

CRKP isolates was grouped into 29 different PFGE patterns, and 40 ST11 isolates

belonged to 20 different PFGE clusters.

Conclusion: CRKP strains showed high-level antibiotic resistance and virulence

phenotype in district hospitals in Southwest China, which suggested that we

should immediately pay attention to the rapid dissemination of the CRKP in
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regional hospitals. Our study will provide new insights into the epidemiology of

CRKP in regional hospitals, which will help regional hospitals develop nosocomial

infection prevention and control policies tailored to local conditions.

KEYWORDS

CRKP, district hospitals, dissemination and characteristics, HV-CRKP, resistance
mechanisms

Highlights

– Current studies on the epidemiology and antimicrobial-resistant
characteristics of CRKP and/or HV-CRKP mainly concentrated
on large tertiary teaching hospitals and ignored the district-
level hospitals.

– In our study, we found that CRKP strains exhibited a high
level of antibiotic resistance, a high proportion of harboring
carbapenemases, and hypervirulence phenotype in district
hospitals in Southwest, China.

– These results will further provide support for the prevention
and control of nosocomial infection by CRKP in district-level
medical institutions.

Introduction

Klebsiella pneumoniae is one of the most common and
conditionally pathogenic microorganisms causing healthcare-
associated infections. The rapid prevalence and outbreak of
the Carbapenem-resistant K. pneumoniae (CRKP) strain severely
threatens public health and become a great global concern (Zong
et al., 2020; Luterbach et al., 2023). The CRKP isolates dominate all
hospital-acquired Carbapenem-resistant Enterobacteriaceae (CRE)
strains in Europe and China, up to 85 and 73.9%, respectively
(Logan and Weinstein, 2017; Zhang et al., 2018). Moreover,
CRKP nosocomial infections dramatically increase the in-hospital
mortality rate and medical expenditure (Zhen et al., 2020; Zhang
et al., 2021). The mechanisms of resistance to carbapenem mainly
included the production of carbapenemases, upregulation of ESBLs,
overexpression of AmpC gene combined with a deficiency of
outer membrane porins, and overproduction of efflux system
(Nordmann and Poirel, 2019; Lan et al., 2021). However, the
epidemiological characteristics and resistant mechanisms of CRKP
strains were not exactly identical geographically and highly
associated with patients’ clinical outcomes (Hu et al., 2020; Wang
et al., 2022; Wyres and Holt, 2022), suggesting that findings from
one region may not be directly generalizable to other regions.

Currently, research on the epidemiology and antimicrobial-
resistant characteristics of CRKP and/or hypervirulent and
carbapenem-resistant K. pneumoniae (HV-CRKP) primarily
focused on large tertiary teaching hospitals, and less attention
is paid to district-level hospitals (Hu et al., 2020; Lan et al.,
2021). A global survey presented that 98% of Chinese CRKP
strains and 88% of American CRKP strains carried at least one

type of carbapenemases, conferring K. pneumoniae resistance to
carbapenem antibiotics (Wang et al., 2022), but the hospital levels
of the sample source were not distinguished. The majority of the
carbapenemase genes separated from CRKP isolates around the
world were blaKPC genes, but their positive ratios varied greatly
ranging from 4 to 94%, while blaKPC gene-mediated resistance
exhibited an overwhelming tendency in Chinese tertiary teaching
hospitals (Hu et al., 2020; Zeng et al., 2021; Wang et al., 2022).
Regarding the epidemiology of clinical CRKP strains, the ST258
genotype is most widely distributed in the United States and
Israel (Wyres and Holt, 2022). In comparison, the ST11 genotype
was identified as the dominant clone in China, accounting for
approximately 60% of CRKP strains (Yao et al., 2015; Zhan et al.,
2017). Distinct from classical CRKP, the emerging hypervirulent
K. pneumoniae (HVKP) strains, well confirmed as a clinically
causative agent for pyogenic liver abscesses, have been reported
worldwide in the last decade. More gravely, the occurrence and
eruption of a mortal ST11 genotype HV-CRKP have been detected
in several Chinese clinical settings (Gu et al., 2018; Yang et al.,
2022). A study of CRE prevalence in secondary hospitals and
children’s hospitals in Nanjing, China presented that CRE strains
in regional hospitals exhibited multiple resistance determinants
and plasmid replicons (Zhou et al., 2020), but the virulence profile
has not been investigated.

Due to the lack of standardized use of antibiotics, high-
level medical conditions, and high-quality nosocomial infection
prevention and control, district-level hospitals were always facing
the crisis of CRKP outbreaks. If these superbug-resistant bacteria
were ignored, they would eventually spread across regional
hospitals, and seriously endanger the patients’ lives and health
conditions. Therefore, the objective of this study was to investigate
the molecular epidemiological feature, resistance mechanisms, and
virulence status of CRKP in nine district hospitals in Chongqing
municipality. These findings will provide an important basis for
formulating effective measures to suppress the rapid spread of
CRKP and HV-CRKP strains in district hospitals in China and
other developing countries and regions’ medical institutions.

Materials and methods

Strains collection and identification

From September 2019 to September 2020, a total of 51 non-
duplicate CRKP isolates were isolated from various specimens
of patients successively in 9 distinct hospitals in Chongqing,
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China. The CRKP strains were sourced from the following distinct
hospitals: Wanzhou Three Gorges Central Hospital (n = 16),
Dianjiang People’s Hospital (n = 9), Youyang County People’s
Hospital (n = 4), Qianjiang Central Hospital (n = 4), Fengdu
People’s Hospital (n = 5), Jiangjin Central Hospital (n = 4),
Chongqing Ninth People’s Hospital (n = 3), Qijiang District People’s
Hospital (n = 3), and People’s Hospital of Banan District (n = 3).
We categorized the samples into three distinct groups based
on the timeline of CRKP acquisition: hospital acquired (HA),
community acquired (CA), and healthcare associated (HCA). HA-
CRKP refers to isolates obtained from patients who have been
hospitalized for more than 48 h and did not exhibit any signs
or symptoms of infection upon admission; CA-CRKP pertains to
isolates obtained from patients within 48 h of admission who
did not exhibit any signs or symptoms of infection during the
3 months prior to admission and had no recent contact with
healthcare systems; HCA-CRKP encompasses isolates obtained
from patients within 48 h of admission who had recent healthcare
system contact within the preceding 3 months, received regular
hemodialysis, recently underwent intravenous antibiotic therapy or
chemotherapy, or were hospitalized in an acute care facility for
more than 2 days in the 3 months prior to CRKP isolation (Lau
et al., 2021). All isolates were identified at the species level and
routine antimicrobial susceptibility testing was performed by using
the VITEK2 compact or VITEK MS (bioMerieux, Hazelwood, MO,
United States) automated system. The isolates were collected by the
rapid freezing method and stored at −80◦C for further analysis.
Isolates were included in this study if they were resistant to at
least one of the carbapenems by the broth microdilution method,
with the criteria of minimal inhibitory concentrations (MICs) of
≥2 µg/ml for ertapenem, ≥4 µg/ml for imipenem, or ≥4 µg/ml
for meropenem.

Antimicrobial susceptibility testing

All isolates underwent antibiotic susceptibility testing, where
we determined the MICs using the broth microdilution method.
The antibiotics tested included: ertapenem (ETP), imipenem
(IPM), meropenem (MEM), colistin (CST), tigecycline (TGC),
aztreonam, gentamicin, amikacin, ciprofloxacin, ceftazidime,
cefepime, and ceftazidime/avibactam. The majority of antibiotic
breakpoints used for interpretation were recommended by the
CLSI (2021). The interpretive criterion for tigecycline was based
on the identified interpretive criteria of the Food and Drug
Administration, with the interval MIC of ≤2 µg/ml and ≥8 µg/ml
considered as the susceptibility and resistance breakpoints. Quality
control was managed by using Escherichia coli ATCC 25922. MIC50,
MIC90, and the MIC range of each tested agents were also analyzed
in our study.

Detection of carbapenem resistance
genes

PCR was performed to detect the presence of carbapenemase-
related genes, including blaKPC, blaNDM, blaVIM, blaIMP, and
blaOXA-48. In addition, ESBLs, AmpC, aminoglycoside, and

fluoroquinolone resistance genes, and ompK35 and ompK36 genes
were also identified. The primers were as described in our previous
studies and listed in Supplementary Table 1 (Liu et al., 2019; Zou
et al., 2020), and all positive PCR products were used for Sanger
sequencing to confirm these gene sequences and variants.

Phenotypic detection of carbapenemase
and efflux pump inhibitory assay

The carbapenemases phenotype was determined by
the modified carbapenem inactivation method (mCIM)
test recommended by the CLSI (2021). To assess the role
of efflux pumps in non-carbapenemase-producing-CRKP
isolates, the efflux pump inhibitors (EPI): carbonyl cyanide
m-chlorophenylhydrazone (CCCP, 16 µg/ml, Sigma) and Phe-
Arg-β-naphthylamide (PAβN, 20 µg/ml, Sigma), were selected to
investigate efflux function of strains to carbapenem antibiotics by
using the standard broth microdilution method. Compare with the
absence of EPI, the MIC value of any antibiotic in ETP, IPM, and
MEM was reduced by at least four times after the addition of EPI,
which was considered to be a significant inhibition of the efflux
pumps (Liu et al., 2019).

Hypermucoviscosity phenotype
detection and serum killing assay

The carbapenem-resistant isolates were subcultured overnight
on blood agar at 37◦C. Isolates were considered positive for the
hypermucoviscosity phenotype if an inoculation loop touched to
the surface of the colony generated a viscous string of 5 mm
in length when pulled away from the colony (Lee et al., 2006).
CRKP strains with a positive string test were designated HV-CRKP.
Serum killing assay was conducted to determine the virulence
in vitro as previously described (Soto et al., 2016). An inoculum of
25 µl prepared from the mid-log phase was diluted by 0.9% saline
solution and was added to 75 µl of pooled human sera contained
in a 10 × 75 mm Falcon polypropylene tube. Viable counts were
checked at 0, 1, 2, and 3 h of incubation at 37◦C. The mean
results were expressed as percentage of inoculation and a strain was
classified as serum sensitive, intermediately sensitive, and resistant.
The K. pneumoniae ATCC700603 was used as a standard control
strain. One previously confirmed non-hypervirulent CRKP-1 strain
in our laboratory was selected as negative control strains for the
serum killing assay.

Capsular serotyping and detection of
virulence factors

Capsular serotypes (K1, K2, K5, K20, K54, and K57) of
these HV-CRKP strains were detected as previously described and
primers were listed in Supplementary Table 1 (Ssekatawa et al.,
2021). Additionally, eighteen virulence-associated genes including
iutA, entB, irp-1, irp-2, fyuA, ybtS, fimH, iroN, kpn, mrkD, ycfM,
rmpA, magA, aerobactin, traT, wcaG, cnf-1, and hlyA were detected
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by PCR and DNA sequencing among these HV-CRKP isolates
(Tang et al., 2020).

Molecular epidemiological study

Pulsed-field gel electrophoresis (PFGE) was performed as
previously described in all the CRKP strains, and banding patterns
were interpreted according to the recommended criteria (Tenover
et al., 1995; Liu et al., 2019). The DNA sequences of seven
housekeeping genes including gapA, infB, mdh, pgi, phoE, rpoB,
and tonB for K. pneumoniae were amplified and sequenced for
multilocus sequence typing (MLST) alignment (Tang et al., 2020).
Sequence types (STs) were identified by the online database on
the Pasteur Institute MLST website.1 The MLST primers were
presented in Supplementary Table 1.

Statistical analysis

All analyses were performed using SPSS v.20.0 software
(SPSS Inc., Chicago, IL, USA). Categorical variables, expressed
as numbers and percentages, were compared by the Chi-square
or Fisher’s exact test. A value of P < 0.05 was considered
statistically significant.

Results

General characteristics and antimicrobial
susceptibility of CRKP isolates

A total of 51 strains were identified that were resistant to
at least one of the carbapenems and met the study criteria
for CRKP. These non-duplicated isolates were mainly cultured
from sputum (n = 27), urine (n = 15), blood (n = 7), and
wound secretion (n = 2). In addition, 78.4% (40/51) of CRKP
strains were hospital-acquired, while smaller proportions included
community-acquired infections (5.9%, n = 3) and healthcare-
associated infections (15.7%, n = 8). As shown in Table 1,
all CRKP isolates were observed in ertapenem resistance, while
94.1% of the strains presented resistance to meropenem and
imipenem. Carbapenemase-positive strains accounted for 90.2% of
all CRKP strains (46/51). Compared with carbapenemase-negative
isolates, carbapenemase-positive CRKP isolates exhibited higher
proportions and levels resistance to imipenem and meropenem.
In carbapenemase-producing CRKP strains, the MIC50 of the
three carbapenem antimicrobials ertapenem, imipenem, and
meropenem were 256, 64, and 128 µg/ml, respectively. Fortunately,
they showed high susceptibility to colistin and tigecycline, with
88.2 and 96.1%, respectively. Interestingly, some carbapenemase-
negative CRKP isolates showed high sensitivity to imipenem (3/5,
60%) and meropenem (3/5, 60%). The MIC50 and MIC90 of
imipenem and meropenem were much lower than carbapenemase-
positive strains, and fully sensitive to colistin (5/5, 100%) and

1 https://bigsdb.pasteur.fr/klebsiella/

tigecycline (5/5, 100%). Moreover, the infants and elderly were
more prone to CRKP infection. It is noteworthy that 37.3% (19/51)
of CRKP infection patients have died or given up treatment, which
indicates high mortality and poor prognosis after CRKP infection
in district hospitals (Supplementary Table 2).

Molecular analysis of carbapenem
resistance mechanisms

As shown in Figure 1 and Table 2, 90.2% (46/51) CRKP
strains were detected as carbapenemase producers: 70.6% (36/51)
isolates possessed blaKPC-2, 21.6% (11/51) isolated contained
blaNDM-1, 7.8% (4/51) isolates carried blaNDM-5, and 3.9% (2/51)
isolates had blaIMP-4. Notably, the proportion of strains co-
expressing carbapenemases was 11.8% (6/51): four isolates co-
carrying blaKPC-2 and blaNDM-1, one isolate co-harboring blaKPC-2
and blaIMP-4, and one isolate co-carrying blaKPC-2, blaNDM-1,
and blaIMP-4. In addition to the production of carbapenemase,
100% (51/51) and 15.7% (8/51) of the CRKP isolates were
positive for ESBLs and AmpC genes, respectively. The blaSHV
type (72.5%, 37/51) and blaCTX-M-9 type (66.7%, 34/51) were the
most prevalent among CRKP isolates carrying ESBLs. Additionally,
fluoroquinolone and aminoglycoside genes were detected in 82.4%
(42/51) and 88.2% (45/51) of all isolates, with qnrS (37/42)
and rmtB (36/45) being the most common, respectively. In
all of these isolates, only two isolates lost both ompK35 and
ompK36 porins and one isolate lost ompK36 porin. Moreover,
the MICs of ertapenem were observed to have at least a
fourfold decrease in the presence of PAβN in 3.9% (2/51) of
the CRKP isolates.

Molecular epidemiology of CRKP isolates

The detailed characteristics of the molecular epidemiology of
the CRKP strains were displayed in Figures 1, 2B. A total of 51
CRKP strains were grouped into eight types by MLST method:
ST11 was the most prevalent genotype (40/51, 78.4%), followed
by ST20 (3/51, 5.9%), ST592 (2/51, 3.9%), and ST661 (2/5, 3.9%),
and the other four types only contained one strain. Thirty-six
CRKP isolates carrying blaKPC-2 contained three distinct MLST
types, with ST11 being the predominant ST (33/36, 91.7%). Six
HV-CRKP isolates belonged to ST11 (n = 3), ST592 (n = 2),
and ST17 (n = 1), respectively. Additionally, the molecular typing
of all the CRKP isolates was grouped into 29 different PFGE
patterns, and 40 ST11 isolates belonged to 20 different PFGE
clusters. Meanwhile, the similar PFGE patterns existed in CRKP
strains from different hospitals, indicating that there might be
clonal transmission of CRKP among hospitals in different regions.
Particularly, PFGE cluster 12 contains CRKP strains from four
hospitals. The six HV-CRKP strains belonged to six different PFGE
patterns. Interestingly, the highly virulent CRKP-31 and CRKP-
34 strains isolated from hospital-6 exhibited high similarity of
PFGE patterns, suggesting the possibility of nosocomial clonal
transmission.

The geographical distribution characteristics of CRKP strains
were shown in Figure 2A. The nine district-level hospitals
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TABLE 1 Antimicrobial susceptibility of CRKP isolates with or without carbapenemase.

Antimicrobial agents Total
(N = 51)

Carbapenemase positive (N = 46) Carbapenemase negative (N = 5) P-value

R (%) R (%) MIC50 MIC90 Range R (%) MIC50 MIC90 Range

Ertapenem 51 (100) 46 (100) 256 512 8–512 5 (100) 4 64 4–64 –

Imipenem 48 (94.1) 46 (100) 64 128 4–512 2 (40.0) 0.5 32 0.5–32 <0.001

Meropenem 48 (94.1) 46 (100) 128 256 4–256 2 (40.0) 0.5 16 0.5–16 <0.001

Cefepime 50 (98.0) 46 (100) 128 512 64–512 4 (80.0) 64 512 8–512 0.098

Ceftazidime 51 (100) 46 (100) 256 512 64–512 5 (100) 256 512 64–512 –

Amikacin 37 (72.5) 33 (71.7) 64 256 4–512 4 (80.0) 64 256 8–256 1.0

Gentamicin 42 (82.4) 38 (82.6) 32 128 1–256 4 (80.0) 32 128 2–128 1.0

Aztreonam 51 (100) 46 (100) 256 512 32–512 5 (100) 128 512 32–512 –

Ciprofloxacin 46 (90.2) 41 (89.1) 8 32 0.125–32 5 (100) 8 32 2–32 1.0

Ceftazidime/avibactam (AVI 4) 17 (33.3) 17 (37.0) 2 128 0.125–128 0 (0.0) 0.5 4 0.125–4 0.156

Colistin 6 (11.8) 6 (13.0) 1 4 1–4 0 (0.0) 1 2 1–2 1.0

Tigecycline 2 (3.9) 2 (4.3) 1 4 0.5–16 0 (0.0) 2 4 2–4 1.0

Data are number resistant (% of resistance rates). P-value for comparisons of the resistance rates of carbapenemase-positive and carbapenemase-negative groups. Bold face indicates values that
are significant (P < 0.05). R, resistance. Ceftazidime/avibactam (AVI 4): avibactam was tested at a fixed concentration of 4 mg/L in combination with doubling dilutions of ceftazidime.

were divided into three major regions: surrounding county,
northeast Chongqing, and southeast Chongqing according to the
geographical distance and orientation from the central urban area.
Obviously, the ST11 genotype was the predominant ST type in all
three regions. The percentage of ST11 in descending order was
in northeast Chongqing (88.0%), the surrounding county (76.9%),
and southeast Chongqing (61.5%), while other ST types were only
scattered distribution.

For the distribution of the carbapenemase-producing genes,
the proportion of carbapenemase-producing CRKP strains isolated
in northeastern Chongqing was higher than that in southeastern
Chongqing and the surrounding county, with percentages of 96,
84.7, and 84.6%, respectively. Carbapenemase-producing CRKP
strains mainly carried the blaKPC gene, but the blaNDM carriage rate
of CRKP strains in southeast Chongqing was significantly higher
than that in northeast Chongqing and surrounding areas, with
the proportions of 38.5, 28.0, and 23.1%, respectively. Alarmingly,
the rate of CRKP strains carrying more than 2 carbapenemases
was higher in northeast Chongqing than in the other two regions.
Four of the six HV-CRKP strains were isolated from southeast
Chongqing and two from the surrounding county. These results
suggested that those district hospitals far from the central urban
area showed a higher proportion of carbapenemases-positive and
highly virulent CRKP strains.

Detection of capsular serotyping,
virulence-associated determinants, and
serum killing assay

Among the 51 CRKP isolates, 11.8% (6/51) CRKP isolates were
positive for the string test and defined as HV-CRKP, which were
separated from urine (n = 3), sputum (n = 2), and blood (n = 1).
Genotyping of the six HV-CRKP strains revealed that two isolates
belonged to the K57 serotype, but the other four strains were

K-nontypeable, which was not classified in any of the K1, K2, K5,
K20, K54, or K57 serotype.

The prevalence of virulence-associated genes among HV-CRKP
isolates was listed in Figure 3A. All HV-CRKPs harbored the
virulence-associated genes such as entB, irp-1/2, fimH, kpn, mrkD,
and ycfM. The most important virulence genes for HV-CRKP
including rmpA, aerobactin, and iroN were detected in three
isolates. The iutA gene was detected in CRKP-31 and CRKP-34
strains, and the other four isolates carried fyuA and ybtS genes. The
remaining virulence-associated genes magA, wcaG, cnf-1, and hlyA
genes were not detected in any of the HV-CRKP isolates. Serum
killing resistance was found in CRKP-20, CRKP-31, and CRKP-
34 isolates. The CRKP-19 strain showed intermediately sensitive,
the other two HV-CRKP isolates exhibited complete sensitivity
(Figure 3B).

Discussion

The emergence of CRKP has increased rapidly in the past
decade and has become a global public health problem. Not
only that but there are also distinct differences in the molecular
epidemiology and drug resistance mechanisms of CRKP in
different continents, countries, and regions (Hu et al., 2020),
especially developing countries and regions showing higher levels
of carbapenem antibiotic resistance (Logan and Weinstein, 2017).
Numerous studies have focused on CRKP prevalence in urban cities
or large teaching hospitals (Zhan et al., 2017; Tang et al., 2020),
however CRKP epidemiology in regional or non-teaching hospitals
has been overlooked. In this study, we investigated the molecular
prevalence characteristics and resistance mechanisms of CRKP for
the first time in district-level hospitals in Chongqing, Southwest
China.

Our results showed that CRKP strains in district hospitals
presented high levels of MIC50 and MIC90 in carbapenem
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FIGURE 1

Dendrogram of pulse-field gel electrophoresis developed using BioNumerics software for 51 CRKP isolates. Clusters were defined as DNA patterns
sharing ≥96.6% similarity. Strain numbers, MLST, source of initial isolation, hospital information, and resistance determinants are included along each
PFGE lane. MLST, multilocus sequence typing; CBP, carbapenemase; ESBLs, extended spectrum beta-lactamases; QRD, fluoroquinolone resistant
determinants; ARD, aminoglycoside resistant determinants; OMPs, outer membrane proteins; EPI, efflux pump inhibitory assay. Asterisk stand for
HV-CRKP. Source A means strain isolated from sputum; source B means strain isolated from urine; source C means strain isolated from blood;
source D means strain isolated from secretion. Hospital a is Wanzhou Three Gorges Central Hospital; hospital b is Fengdu People’s Hospital; hospital
c is Qianjiang Central Hospital; hospital d is Jiangjin Central Hospital; hospital e is Dianjiang People’s Hospital; hospital f is Youyang County People’s
Hospital; hospital g is Chongqing Ninth People’s Hospital; hospital h is Qijiang District People’s Hospital; and hospital i is People’s Hospital of Banan
District.

antibiotics especially ertapenem and meropenem compared with
Chongqing urban hospitals (Yan et al., 2017), which was probably
related to the irrational application of antibiotics in district
hospitals (Taxifulati et al., 2021; Ayobami et al., 2022). On
the other hand, another district-teaching hospital in Chongqing
also reported that the high level of carbapenem MIC50 and
MIC90 for CRKP strains (Zeng et al., 2021), emphasized the
horizontal and clonal transmission of the carbapenemase gene. The
CRKP strains isolated from 17 district-level hospitals in Nanjing,
China displayed high MIC50 and MIC90 for almost all clinically
available antibiotics, including carbapenems (Zhou et al., 2020).

Similarly, the mechanism of CRKP resistance in this study was
also dominated by the carbapenemase-producing mechanism
consistent with the above-mentioned district hospitals’ study.
Our results showed that CRKP strains isolated from district
hospitals carried a high rate of the blaKPC (70.6%) gene,
especially a high prevalence of the blaNDM gene (29.4%).
Carbapenemase-producing strains exhibited higher cutoff values
of carbapenem MIC than non-carbapenemase-producing strains
including Enterobacteriaceae, Pseudomonas, and Acinetobacter
isolates (Tamma et al., 2016, 2017b). The proportion of CRKP
strains co-expressing carbapenemase genes reached 11.8% in our
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TABLE 2 Distribution and corresponding carbapenemMIC ranges for
CRKP strains with different resistance determinants.

Carbapenem
resistance
mechanisms

Number
of

isolates

MIC range (mg/L)

ETP IMP MEM

Carbapenemase positive (n = 46)

blaKPC-2 , no loss OMPs 30 8–512 4–512 4–256

blaKPC-2 , + blaNDM-1 , no
loss OMPs

3 256–512 32–128 64–128

blaKPC-2 , + blaNDM-1 ,
loss OMPs

1 256 128 128

blaKPC-2 , + bla IMP-4 , no
loss OMPs

1 256 64 128

blaKPC-2 , + blaNDM-1 +
blaIMP-4 , no loss OMPs

1 32 64 32

blaNDM-1 , no loss OMPs 6 8–64 8–32 4–8

blaNDM-5 , no loss OMPs 2 64–256 32 64

blaNDM-5 , loss OMPs 2 64–128 32–64 32–64

Carbapenemase negative (n = 5)

ESBLs, no loss OMPs 1 64 16 16

ESBLs, AmpC, no loss
OMPs

2 4–64 0.5–32 0.5–16

ESBLs, no loss OMPs,
Efflux pump

2 4 0.5–1 0.5

OMPs, outer membrane proteins; ETP, ertapenem; IPM, imipenem; MEM, meropenem.

study, with 100% ESBLs gene carriage, 82.4% fluoroquinolone
resistance gene carriage, and 88.2% aminoglycoside resistance gene
carriage. More interestingly, a strain carrying blaKPC-2, blaNDM-1,

and blaIMP-4 genes was isolated for the first time, but its MIC
value to carbapenem antibiotics did not increase significantly,
probably due to the low expression of these carbapenemases.
Double- or multi-carbapenemase producers have been reported
worldwide in different strains, however, the influence on MICs
value needs further investigation (Meletis et al., 2015; Niu
et al., 2020). Previous research has indeed established that non-
carbapenemase-producing CRE may be attributed to alterations
or deletions in outer membrane proteins, coupled with the
overexpression of cephalosporinase, the production of ESBLs, and
the upregulation of efflux pumps (Liu et al., 2021; Zhang et al.,
2022). However, the correlation between outer membrane proteins
(OMPs) and carbapenemase genes in bacteria has been rarely
investigated. Theoretically, the combined impact of OMPs deletion
and carbapenemase production could lead to a higher level of
resistance to carbapenem antibiotics than either mechanism alone,
and potentially contributing to multidrug resistance. OMPs play a
pivotal role in controlling bacterial outer membrane permeability,
affecting susceptibility to antibiotics, including carbapenems. On
the other hand, carbapenemase genes can hydrolyze carbapenem
antibiotics, rendering them ineffective (Ma et al., 2023). OMP
alterations can synergize with the presence of carbapenemase genes
to enhance carbapenem resistance. However, our study did not
yield evidence supporting such a correlation. This discrepancy
might be attributed to our focus solely on the deletion of OMPs,
without considering OMPs mutations or expression levels, or it
could be influenced by our relatively small sample size. This
intriguing observation aligns with findings in our previously
published research, highlighting the need for further in-depth
investigation (Jia et al., 2018). The complex interactions between
carbapenemase and OMPs require further exploration.

Klebsiella pneumoniae stands as one of well-established culprits
in hospital-acquired infections and is particularly notorious for

FIGURE 2

Geographical carbapenemase-producing gene and MLST characteristics of 51 CRKP isolates. (A) The nine district and county-level hospitals were
divided into northeastern Chongqing, southeastern Chongqing and peripheral regions of the main city according to their administrative areas, and
different regions were represented by different background colors. The pie charts represent the prevalence of CRKP strains carrying carbapenemase
genes and ST typing in different regions. (B) Minimum spanning tree of 51 CRKP isolates based on MLST. In this figure, each circle represents an
MLST type, the size of the circle represents the number of strains contained in the type, the number around the circle represents the MLST type, the
length of the line between the two circles and the number on the connecting line represents the number of points that the two types differ from
each other, and different colors represent strains with different characteristics.
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FIGURE 3

Virulence gene and serum killing assay analysis of CRKP strains. (A) The presence of virulence genes in a specific genome is represented by the dark
green box and the absence of virulence genes is represented by a light green box. (B) Serum killing assay of six hypermucoviscous CRKP strains.
Survival of each strain was assessed by enumerating viable counts at 0, 1, 2, and 3 h of incubation in the pooled human sera at 37◦C. Data are
mean ± SEM (n = 3 for each strain).

inciting outbreaks within healthcare settings. This predisposition
has been instrumental in the successful spread of CRKP (Effah et al.,
2020). Prolonged hospital stays and extended antibiotic treatments
can create favorable conditions for K. pneumoniae colonization
in the gastrointestinal tract and oropharynx, heightening patients’
vulnerability to infections originating from their own microbiota.
Notably, CRE gut colonized patients could reemerge and promote
systemic infection even after antibiotic cessation, and further
contributing to nosocomial transmission (Korach-Rechtman et al.,
2020). Consistent with previous studies, CRKP was prone to infect
infants and the elderly and linked with poorer clinical prognosis
(Tamma et al., 2017a; Hu et al., 2020). Infants and young children
have developing immune systems that are not yet fully mature,
making them vulnerable to a variety of pathogens (Bor and Ilhan,
2021). The immune system of the elderly usually declines with age,
and their immune function declines, making them vulnerable to
CRKP infection (Hu et al., 2020). In our study, these CRKP strains
still keep high sensitivity to tigecycline and colistin, which has been
reported that the application of tigecycline and/or colistin agents
would obtain an effective clearance of CRKP bacteremia both
in vivo and in vitro (Tamma et al., 2017a; Fergadaki et al., 2021).
Tigecycline is a protein synthesis inhibitor that inhibits protein
synthesis by binding to the 30S subunit of bacterial ribosomes
(Yaghoubi et al., 2022). Colistin is a lipopolysaccharide antibiotic
that causes cell death by damaging bacterial cell membranes (El-
Sayed Ahmed et al., 2020). Its unique bactericidal mechanism and
destruction of bacterial membranes make colistin effective even
against bacteria with high resistance to other antibiotics. In the
present study, CRKP mainly acquires resistance to carbapenem
antibiotics by producing carbapenemase, an enzyme that degrades
carbapenem antibiotics. However, colistin and tigecycline are not
susceptible to carbapenemase degradation and therefore may apply
to treatment of clinical CRKP infection.

Our study showed that CRKP strains in district hospitals
were similarly dominated by the ST11 type (78.4%), which was
consistent with Chinese large urban teaching hospitals and other
regional hospitals (Zhou et al., 2020; Zeng et al., 2021). CRKP

was predominantly prevalent in Europe and the United States
with ST258, while China and South America were dominated by
ST11 (Wang et al., 2022). ST11 is a tonB single-gene variant of
ST258, both of which originated from the clonal complex CC258
(Guo et al., 2022). Meanwhile, 82.5% of the isolated ST11-type
CRKP strains carried the blaKPC-2 gene. ST11-blaKPC-2-CRKP
has been reported as one of the most dominant genotypes in
China (Hu et al., 2020; Guo et al., 2022). In our study, 11.8%
of CRKP strains were identified as HV-CRKP strains, similar to
the previously reported prevalence of 12.1% (Yao et al., 2015).
Along with the global dissemination of mobile genetic elements
conferring antibiotic resistance or virulence, carbapenem-resistant
hypervirulent K. pneumoniae or hypervirulent carbapenem-
resistant K. pneumoniae increased rapidly, especially hypervirulent
and carbapenem-resistant ST11 K. pneumoniae strains (Yao et al.,
2015; Zhan et al., 2017). Capsular serotyping and serum killing
assay showed that the ST11 HV-CRKP strains were K-nontypeable
and showed high serum resistance, which also carried both rmpA
and aerobactin virulent genes (Yao et al., 2015). HV-CRKP ST11
strain has been confirmed to lead to increased mortality in
hospitalized patients, prolonged hospitalization, and nosocomial
transmission, which substantially threatened human health and
needed great attention (Gu et al., 2018; Huang J. et al., 2022; Huang
N. et al., 2022). Interestingly, we isolated two HV-CRKP strains
of ST592 for the first time. PFGE homology analysis showed that
these two virulent strains were highly similar, and the possibility of
nosocomial clonal transmission existed.

The distribution map of CRKP strains showed that the strains
isolated from different regions had some differences in the ratio
of carbapenemase production, carbapenemase classification, and
ST type. The percentage of carbapenemase-producing strains
and the percentage of ST11 type were the highest in Northeast
Chongqing, the blaNDM gene carriage rate of strains isolated in
Southeast Chongqing was higher than the other two regions. The
geographical distribution of CRKP strains in different countries
and regions is not exactly the same (Zhang et al., 2016; Wang
et al., 2022; Wyres and Holt, 2022). Hu et al. (2020) reported
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that the prevalence of CRKP in Chinese coastal cities was higher
than that in mountainous areas. However, the generation of
this difference still needed further research, which was possibly
related to local medical conditions, antibiotic use habits, and
economic development (Taxifulati et al., 2021; Ayobami et al.,
2022). The PFGE results demonstrated that some similar clones
came from different district hospitals, suggesting the existence of
cross-regional clone transmission, which may become one of the
key points to preventing CRKP dissemination.

This study has some strengths and limitations. First, CRKP
strains were only collected for one year, and the amount of these
strains was also small, which restricted the conclusion applied in
other Chinese cities. However, this study collected representative
CRKP strains from nine district hospitals and nearly covered all
districts in Chongqing. Secondly, we did not deeply explore the
plasmid typing, because our other study would further focus on the
mechanism of resistance and hypervirulent genes transmission by
using whole genome sequencing, especially for the co-expressing
blaKPC-2, blaNDM-1, and blaIMP-4 isolate. Nevertheless, this was
the first comprehensive study to investigate the dissemination and
characteristics of CRKP in nine district hospitals in southwestern
China and would provide support for the prevention and control of
nosocomial infection by CRKP in secondary hospitals in the future.

Conclusion

Carbapenem-resistant K. pneumoniae strains in district
hospitals of Chongqing showed epidemic characteristics of high
MIC values, a high proportion of carbapenemase production,
co-expression of dual or multiple carbapenemases, and virulent
strains. Clonal transmissions of CRKP strains and HV-CRKP
strains have occurred in intra-hospital and interregional
transmission among different hospitals, which should cause great
concern and take effective corresponding measures.
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