
O R I G I N A L  R E S E A R C H

Molecular and Clinical Characteristics of 
Carbapenem-Resistant Klebsiella pneumoniae 
Isolates at a Tertiary Hospital in Wuhan, China
Fan Hu1,2,*, Meng-Lu Lin1,2,*, Juan-Li Mou1,2,*, Jia-Hui Feng1,2, Kai Huang1,2, Yao-Jia Lao1,2, 
Jie Cheng1,2, Jun Lin 1,2

1Department of Gastroenterology/Hepatology, Zhongnan Hospital of Wuhan University, Wuhan, People’s Republic of China; 2The Hubei Clinical 
Center & Key Laboratory of Intestinal & Colorectal Diseases, Wuhan, People’s Republic of China

*These authors contributed equally to this work 

Correspondence: Jun Lin, Email linjun64@126.com 

Background: Carbapenem resistant Klebsiella pneumoniae (CRKP) is an independent risk factor for nosocomial infection which 
poses a serious threat to human health. How to prevent and suppress CRKP infection and explore its drug resistance mechanisms have 
become a huge challenge and possesses immediate significance.
Methods: A total of 45 CRKP strains isolated from hospitalized patients in Zhongnan Hospital of Wuhan University were collected 
from August 2018-December 2020. The strain’s identification and antimicrobial susceptibility tests were performed using the VITEK 2 
automated identification instrument. Single molecule DNA sequencing of 45 CRKP isolates was performed by the third generation 
high-throughput sequencing technology.
Results: The results were analyzed by multi locus sequence typing (MLST) and phylogenetic analysis. Antimicrobial susceptibility 
showed that 45 CRKP isolates were multi-drug resistant strains, and the resistance rates to common antibiotics were as high as 68%. 
Whole genome sequencing results showed that the CRKP strains carried multiple drug resistance genes and virulence factors. MLST 
analysis found two different sequence types (ST), of which 44 were ST11 and 1 was ST1049.
Conclusion: Through whole genome sequencing (WGS), we found multiple drug-resistant genes and virulence factors, and there was 
obvious dominant microbiota. The source was mainly related to nosocomial infection. The ST11-KPC Klebsiella pneumoniae was the 
main type, which was consistent with the most common type in China. We identified several dominant microbiotas which may serve as 
a target in the clinical prevention and treatment of severe bacterial infections. Our finding may have a role for guiding clinical 
antibiotic choosing.
Keywords: Klebsiella pneumoniae, carbapenemases, whole-genome sequencing, resistance genes, virulence factor

Introduction
Klebsiella pneumoniae (KP) is one of the most common Gram-negative pathogens, which is a common source for 
community and hospital-acquired infections.1,2 There are three types of strains, including opportunistic strains, hyper
virulent strains and multidrug-resistant (MDR) strains, which are often dominated by multi-drug resistant strains, 
especially carbapenem resistance,3 and its MDR characteristics are closely related to the plasmid-encoded resistance 
genes (ARG).4 Carbapenems and others β-lactam antibiotics are commonly used to treat infections caused by KP and are 
normally thought to be the last resort for treating multidrug resistant gram-negative pathogens.5,6 In case of long-term 
antibiotics application due to serious infection or severe basic diseases, ARG can be accumulated, resulting in the 
emergence of extremely resistant strains.7

Carbapenem resistant Klebsiella pneumoniae (CRKP) was first reported in the 1990s. Due to the expansion of 
antibiotic resistant phenotype and through mobile genetic elements such as plasmids and transposons, its mortality rates 
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are significantly higher than that caused by infection with carbapenem-susceptible Klebsiella pneumoniae. This pathogen 
seriously threatens human health,8 and is an independent risk factor for nosocomial infection and death.9 The spread of 
MDR strains becomes an urgent problem to be solved, particularly for CRKP. How to prevent and suppress CRKP 
infection and explore its drug resistance mechanisms have become a current challenge and research hotspot. Whole 
genome sequencing (WGS) is widely used in the genetic evolution, ethnic migration and epidemic analysis of pathogenic 
bacteria and plays an increasingly important role in contagious disease prevention and control.10 Previous studies have 
used WGS to characterize CRPK isolates from local hospitals and their susceptibility to commonly used antibiotics are 
urgently needed for improved clinical guidance.11–13 However, the reports from Wuhan China are limited. Our study 
explored the antibiotic resistance genes, virulence factors and action mechanisms of CRKP through antimicrobial 
susceptibility tests and WGS technology, to screen common antibiotic resistance genes, so as to further guide the rational 
and standardized use of antibiotics in the clinic, which hopefully to effectively reduce and control CRKP occurrence.

Materials and Methods
Bacterial Strains
The 45 non-repeatability K. pneumoniae isolates were consecutively collected from various clinical specimens at the 
different departments in Zhongnan Hospital of Wuhan University from August 2018 to December 2020. The study 
sample was composed of 12 women and 33 men, with an age average of 69 years old. The strains from different 
specimens of the same patient or samples collected from the same patient at different times were all regarded as repetitive 
strains. Only the first strain was selected for follow-up study. All strains were identified by VITEK 2 automated 
identification instrument.

Antimicrobial Susceptibility Test
The strains were verified by mass spectrometer and the antimicrobial susceptibility tests were determined using the 
K-B diffusion method. Antimicrobials used for the tests include ampicillin (AMP), levofloxacin (LVX), ciprofloxacin 
(CIP), cefoxitin (FOX), ceftriaxone (CRO), aztreonam (ATM), amoxicillin–clavulanate (AMC), imipenem (IMP), 
piperacillin-tazobactam (TZP), cefepime (FEP), gentamicin (GEN), amikacin (AMK), tobramycin (TOB), sulfamethox
azole/trimethoprim (SXT), tigecycline (TGC), and polymyxin B (PB). The results of the antibiotic sensitivity test were 
interpreted according to the Clinical and Laboratory Standards Institute (CLSI) and the susceptibility to tigecycline and 
polymyxin B was interpreted according to the 2018 European Committee on Antimicrobial Susceptibility Testing 
(EUCAST) breakpoints, with Escherichia coli ATCC 25922 used as a quality control strain.

Whole-Genome Sequencing
Single molecule DNA sequencing of 45 CRKP isolates was performed on the third generation high-throughput 
sequencing technology sequencer (Promethion, Oxford nanopore Technology). Genomic DNA was extracted and tested 
using QIAamp DNA Extraction kit (Qiagen, Valencia, CA, United States). The BluePippin automatic nucleic acid glue- 
cutting instrument was used to recover DNA of specific fragment size, and then the DNA after glue-cutting was repaired 
by damage and end repair. After magnetic bead purification, the NBD103 and NBD114 kits were used to connect the 
barcode tag at the DNA end. Real-time single-molecule sequencing was performed using PromethION to generate 
complete genome sequences.

Genome Assembly and Annotation
After quality control, the second-generation data and third-generation data were mixed and assembled with Unicycler 
V0.4.8, and corrected with Pilon V1.23 or NextPolish V1.4.13 combined with the second-generation sequencing data. 
The corrected genome uses its own script to detect whether the loop is formed. After removing the redundant part, 
circlator V1.5.1 is used to move the origin of the looped sequence to the replication starting point of the genome, so as to 
obtain the final genome sequence.
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The coding genes were predicted by Prodial V2.6.3, and the complete CDS was retained; tRNA gene was 
predicted by TrnasCAN-SE V2.0; rRNA gene was predicted by RNAmmer V1.2; Other ncRNAs use Infernal 
V1.1.3 to search the Rfam database for prediction and keep results with a predicted length >80% of the sequence 
length in the database. CRISPR was predicted with MinCED V0.3.0, and gene island was predicted with Islander 
V1.2. The prediction results were integrated with our own scripts and assigned locus_tag numbers according to gene 
order for subsequent analysis.

After extracting genome-encoded proteins, Interproscan V5.25–64.0 was used for annotation, and the annotation 
information of TIGRFAMs Pfam and GO database was extracted. The encoded proteins were compared with BLAST + 
V3.10.0 + to KEGG, Refseq and COG databases, and the best results with coverage greater than 30% were retained as 
annotation results.

CARD and VFDB database annotation analysis using Abricate V1.0.1; Blast + V3.10.0 + was used to compare the 
encoded proteins to the PHI database, and the best results with coverage greater than 30% were retained as the PHI data 
annotation results.

Multilocus Sequence Typing (MLST) Analysis
Upload the generated sequence file to the Pasteur database (https://bigsdb.pasteur.fr/), and obtain the ST type of each strain. 
Upload the data to BacWGSTdb 2.0 database (http://bacdb.cn/BacWGSTdb/), using HS11286_CO4P003200_ST11 as 
a reference genome to obtain a phylogenetic tree and SNP count matrix heat map based on SNP analysis.

Statistical Analysis
All statistical analyses were performed using SPSS 25.0 software. We used the chi-square test or Fisher’s exact test for 
comparing categorical variables. The p-value <0.05 was considered statistically significant.

Results
Clinical Characteristics of 45 CRKP Isolates
The 45 inpatient samples were isolated from 10 different clinical departments. There were 33 males (73.33%) and 12 
females (26.67%). Thirty-six strains (80.00%) came from sputum samples and 9 strains (20.00%) from lavage fluid 
samples. Among the 45 patients, 43 (95.56%) had been admitted to ICU during hospitalization, and most of them were 
complicated with basic diseases such as hypertension, diabetes, coronary heart disease, tumor, etc. Most of these patients 
were seriously ill and older, and some of them had underwent surgery or invasive ventilation, catheterization, deep vein 
catheterization, central vein catheterization and other invasive operations, with high risk of infection (Table 1).

Multilocus Sequence Typing and Phylogenetic Analysis
Genomic information of 45 CRKP isolates was uploaded to Pasteur database to obtain MLST typing. Two different ST 
types were found, 44 strains were ST11 and 1 strain was ST1049. The phylogenetic tree and SNP count matrix heat map 
of CRKP were obtained by BacWGSTdb 2.0 database analysis (Figure 1).

Antimicrobial Susceptibility Testing
The 45 CRKP strains showed high resistance to most tested antibiotics, especially ampicillin, imipenem, levofloxacin, 
ciprofloxacin, cefoxitin, ceftriaxone, amoxicillin/clavulanic, piperacillin/tazobactam, aztreonam (100%). Meanwhile, 
these strains were highly resistant to cefepime (81.7%). The resistance rates to amikacin, gentamicin, tobramycin were 
86.67%, and the resistance rates to sulfamethoxazole/trimethoprim was 68.89%. Antimicrobial susceptibility testing 
results showed that 45 CRKP isolates in this study were resistant to a variety of antimicrobial agents, showing extensive 
drug resistance and high resistance, namely MDR-KP (multidrug-resistant Klebsiella pneumoniae), which are described 
in Table 2.
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Resistance Gene, Virulence Gene Profiles
Resistance Gene
Forty-five CRKP isolates were detected by WGS, and a total of 29 resistant genes were found. The specific distributions 
are as follows:

1. Among the 10 β-lactam resistance genes, 43 strains (95.56%) carried blaKPC-1, and many of them also carried 
extend-spectrum β-lactamases (ESBLs) resistance genes, mainly were blactx-m-65 and blaTEM-1, with 41 
(91.11%) and 40 (88.89%) strains, respectively. In addition, 40 strains carried blaSHV-182 (88.89%), and 11 
strains carried blaSHV-134 (24.44%). Only one strain carried blaCTX-M-15, blaCTX-M-55, blaCTX-M-3, 
bkaSHV-172 and TEM-141 (2.22%).

Table 1 Clinical Characteristics of CRKP Patients

Number %

Sex
Male 33 73.33

Female 12 26.67

Infection source
Lavage fluid 9 20.00

Sputum 36 80.00

ICU admission
+ 43 95.56

– 2 4.44
Age
>69 years 22 48.89

≤69 years 23 51.11
Basic diseases
Hypertension/diabetes/coronary heart disease/tumor 35 77.78

No diseases 10 22.22
Surgery
+ 25 55.56

– 20 44.44
Invasive ventilation
+ 37 82.22

– 8 17.78
Prior length of stay
>21days 22 48.89

≤21days 23 51.11
Prior antibiotic exposure
>4 19 42.22

≤4 26 57.78
Infection source
Pneumonia 34 75.56

Bloodstream Infection 11 24.44
Permanent disability
+ 7 15.56

– 38 84.44
Complication
Heart failure/Renal failure/Hepatic failure/Stroke/DIC 37 82.22

No complication 8 17.78
Prognosis
Death 13 28.89

Alive 32 71.11
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Figure 1 Phylogenetic tree of MDR-KP strains based on SNP analysis. HS11286_CO4P003200_ST11 was used as the reference genome, and BacWGSTdb 2.0 database was 
used to draw the phylogenetic tree based on SNP analysis of 45 MDR-KP strains collected from Wuhan, China. The results showed that the bacteria were mainly divided into 
4 groups.
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2. Among the 7 aminoglycoside resistance genes, 39 strains of rmtB (86.67%), 36 strains of aadA2 (80.00%) and 19 
strains of APH(3ʹ) -IA (42.22%) were the main ones.

3. There were 2 kinds of sulfa resistance genes, 37 strains carried sul1 (82.22%) and 11 strains carried sul2 (24.44%).
4. There were 5 quinolone resistance genes, among which 11 strains carried QnrS1 (24.44%), 7 strains carried both 

oqxA and oqxB (15.56%), and 1 strain each carried QnrB1 and QnrB2 (2.22%).
5. All 45 strains carried fosfomycin resistance gene FosA6. Twenty strains carried streptomycin resistance gene 

mphA (44.47%). In addition, tetracycline resistance gene TET (A) was detected in 12 strains (26.67%), and 
chloramphenicol resistance gene floR was detected in 2 strains (4.44%) (Table 3).

Table 2 Antimicrobial Susceptibility

Antibiotic R% S% I%

Ampicillin 45(100.00) 0 0
Levofloxacin 45(100.00) 0 0

Ciprofloxacin 45(100.00) 0 0

Cefoxitin 45(100.00) 0 0
Ceftriaxone 45(100.00) 0 0

Aztreonam 45(100.00) 0 0

Amoxicillin–clavulanate 45(100.00) 0 0
Imipenem 45(100.00) 0 0

Piperacillin-tazobactam 45(100.00) 0 0
Cefepime 43(95.56) 0 2(4.44)

Gentamicin 39(86.67) 5(11.11) 1(2.22)

Amikacin 39(86.67) 6(13.33) 0
Tobramycin 39(86.67) 6(13.33) 0

Sulfamethoxazole/trimethoprim 31(68.89) 14(31.11) 0

Table 3 Resistance Genes of 45 CRKP Isolates

Type Resistance Gene Positive Strains Percentage

β-lactam blaKPC-1 43 95.56%
blaCTX-M-65 41 91.11%

blaCTX-M-15 1 2.22%

blaCTX-M-55 1 2.22%
blaCTX-M-3 1 2.22%

blaSHV-134 11 24.44%

blaSHV-182 40 88.89%
blaSHV-172 1 2.22%

blaTEM-141 1 2.22%

blaTEM-1 40 88.89%
Aminoglycoside rmtB 39 86.67%

aadA2 36 80.00%

aadA8b 1 2.2%
APH(3ʹ)-Ia 19 42.2%

APH(6)-Id 2 4.44%

APH(3″)-Ib 2 4.44%
AAC(3)-IIe 1 2.22%

uinolone oqxB 7 15.56%

oqxA 7 15.56%
QnrB2 1 2.22%

QnrB1 1 2.22%

QnrS1 11 24.44%

(Continued)
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In order to explore the relationship between antibiotic resistance genes and clinical data such as age, length of hospital 
stay, basic diseases, invasive ventilation, antibiotic use and whether or not to undergo surgery. The clinical information of 
these 45 patients with CRKP was collected and grouped according to Table 1, the proportion of various antibiotic 
resistance genes was calculated, and the statistical difference of antibiotic resistance genes among the groups was 
compared (Supplementary Table 1).

According to the analysis of clinical data, the P values of β-lactam resistance gene blaTEM-1 in age group and 
hospital stay group were all <0.05, which was statistically significant. In addition, there were significant differences in β- 
lactam resistance gene blactX-M-65 in operation group, blaTEM-1 in length of hospital stay group, blaSHV-134 in type 
of antibiotic use group, and blaSHV-182 in underlying diseases group. The P value of aminoglycoside resistance gene 
APH(3ʹ) -IA in age group was also <0.05. It can be seen that age, length of hospital stay, comorbidities, types of 
antibiotics used, and whether or not surgery have certain effects on antibiotic resistance genes, and β-lactam resistance 
genes are significantly affected.

Virulence Gene
The genome sequencing results of 45 CRKP isolates were compared with VFDB. The results showed that 35 virulence 
genes in three categories were screened out, among which 9 were adhesive (25.71%), 25 were iron absorbent (71.43%) 
and 1 was invasive (2.86%).

The virulence gene annotation results of CRKP are shown as follows:

1. Adhesive virulence gene: FimA, yagV/ecpE, yagW/ecpD, yagX/ecpC, yagY/ecpB, yagZ/ecpA, ykgK/ecpR genes 
were detected in 45 strains (100.00%), and fimE genes were detected in 17 strains (37.78%). FimB gene was 
detected in 1 strain (2.22%).

2. Iron-absorption virulence gene: Genes of fepD, fepG, fepC, fepA, fepB, entA, entB, entE and entS were detected 
in 45 strains (100.00%). Genes of ybtE, ybtT, ybtU, ybtA, ybtP, ybtQ, ybtX and ybtS were detected in 44 strains 
(97.78%). IucD, iucC, iucB, iucA and iroN genes were detected in 10 strains (22.22%), and iroB, iroC and iroD 
genes were detected in 1 strain (2.22%).

3. Invasive virulence gene: OmpA gene was detected in all 45 strains (100.00%) (Table 4).

The results of this study showed that in the whole genome of clinical CRKP strains classified in our hospital, the 
virulence factors of adhesion virulence genes included Type I fimbriae (fimA/E/B), E. coli pilus ECP (yagV/ecpE, yagW/ 
ecpD, yagX/ecpC, yagY/ecpB, yagZ/ecpA) ykgK/ecpR). Virulence factors expressed by iron-absorption virulence genes 
include enterobactin (fepA/B/C/D/G, entA/B/E/S), aerbacittin (iucA/B/C/D), salmonella (iroB/C/D/N), yersiniabactin 
(ybtA/E/P/Q/S/T/U/X). The virulence factor of invasive virulence gene was ompA.

According to the collected clinical data, the correlation between virulence factors and clinical information was 
analyzed (Supplementary Table 2). There was no significant correlation between various virulence factors and clinical 
information, such as age, length of hospital stay, underlying diseases, invasive ventilation, antibiotic use and surgery.

Table 3 (Continued). 

Type Resistance Gene Positive Strains Percentage

Sulfonamide sul1 37 82.22%

sul2 11 24.44%
Streptomycin mphA 20 44.47%

Fosfomycin FosA6 45 100.00%

FosA3 3 6.67%
Chloramphenicol floR 2 4.44%

Tetracycline tet(A) 12 26.67%
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Discussion
KP is one of the most common opportunistic pathogens of nosocomial infection, which can cause lung infection, urinary 
tract infection, digestive tract infection, blood system infection and other diseases. Among them, one kind of KP which 
produces carbapenemase, is the most common carbapenem-resistant Enterobacteriaceae (CRE). It is the main cause of 
high mortality of nosocomial infection.14 According to China’s 2020 CHINET test report, through continuous bacterial 
resistance monitoring and hospital infection prevention measures, although the antibiotic resistance rate of KP slightly 
decreased in 2019 and 2020, the resistance rate of KP to imipenem has rapidly increased from 16.1% in 2016 to 23.3% in 
2020,15 and it is still not optimistic. At present, the number of antibiotic that can be used to treat CRKP is limited, 
because the etiology of CRKP infection is caused by multiple factors, including lack of effective antibacterial agents, 
delay in starting effective treatment measures, and serious underlying and/or concomitant and concurrent diseases. 
Although high-dose meropenem, colistin, fosfomycin, tigecycline and aminoglycosides are applied in the clinic, the 
optimal treatment scheme for CRKP infection has not been determined.16

Table 4 Virulence Genes of 45 CRKP Isolates

Virulence Gene Type Virulence Factors Positive Strains Percentage

Adhesive virulence gene fimA 45 100.00%
fimE 17 37.78%

fimB 1 2.22%

yagV/ecpE 45 100.00%
yagW/ecpD 45 100.00%

yagX/ecpC 45 100.00%

yagY/ecpB 45 100.00%
yagZ/ecpA 45 100.00%

ykgK/ecpR 45 100.00%
Iron-absorption virulence gene fepD 45 100.00%

fepG 45 100.00%

fepC 45 100.00%
fepA 45 100.00%

fepB 45 100.00%

entA 45 100.00%
entB 45 100.00%

entE 45 100.00%

entS 45 100.00%
iroB 1 2.22%

iroC 1 2.22%

iroD 1 2.22%
iroN 10 22.22%

ybtE 44 97.78%

ybtT 44 97.78%
ybtU 44 97.78%

ybtA 44 97.78%

ybtP 44 97.78%
ybtQ 44 97.78%

ybtX 44 97.78%

ybtS 44 97.8%
iucD 10 22.22%

iucC 10 22.22%

iucB 10 22.22%
iucA 10 22.22%

Invasive virulence gene ompA 45 100.00%
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The 45 strains of CRKP collected in this study were mainly from neurosurgical ICU and respiratory department. 
Patients in these departments were old and had many underlying diseases and severe conditions, and had multiple risk 
factors for CRKP infection, including the use of central venous catheter, mechanical ventilation, tracheotomy, carbape
nems and aminoglycosides antibiotics.6

The 45 CRKP strains in this study showed multidrug resistance phenotype. They were not sensitive to 
carbapenems, second-generation cephalosporins, third-generation cephalosporins, quinolones and β-lactam/β-lactamase 
inhibitor combination, and showed high resistance rate to aminoglycosides (86.67%) and to sulfonamides (68.89%).

CRKP has two main resistance mechanisms: (1) producing carbapenemases that hydrolyze carbapenems; (2) 
extended-spectrum β-lactamases (ESBLs) or AmpC enzymes combined with structural mutations, such as the lack of 
outer membrane proteins and high expression of effluence pump genes or changes in penicillin-binding proteins.17 At 
present, carbapenemase production is the main mechanism of CRKP resistance to carbapenems.2,18 KPC resistance gene 
is the most common cause of carbapenem resistance in K. pneumoniae in China.19,20

In this study, antibiotic resistance gene detection by WGS showed that 45 strains of MDR-KP in our hospital carried 
multiple antibiotic resistance genes, and 43 strains (95.56%) detected KPC-1, the most common carbapenem gene in 
China,21 which may be the main mechanism leading to carbapenem antibiotic resistance of this strain in our hospital. 
However, other major carbapenem resistance genes in Enterobacteria, such as NDM,22 IMP,23 VIM,24 OXA-48,25 were 
not detected, suggesting that these resistance genes were not widely spread in the strains of our hospital. In addition, 
many other antibiotic resistance genes were detected, such as ESBLs resistance genes TEM-1 and CTX-M-65; encoding 
aminoglycoside resistant rmtB, aadA2 and APH (3ʹ)-Ia; encoding fluoroquinolone resistant oqxA and oqxB; encoding 
sulfonamides resistant sul1 and sul2; encoding macrolide resistant mphA; encoding fosfomycin resistant fosA; and tetA, 
which encodes tetracycline resistance. These resistance genes may be the main reasons for the multi-drug resistance 
phenotype of KP. Most strains carry a variety of ESBLs resistance genes, some carry aminoglycosides and quinolones 
resistance genes, so cephalosporins, aminoglycosides and quinolones may fail in clinical treatment of CRKP. In addition, 
although the antimicrobial susceptibility test did not detect fosfomycin resistance, WGS detection showed that all strains 
carried fosfomycin resistance gene fosA, so fosfomycin may not be effective in the treatment of clinical CRKP in our 
hospital too. For this multi-drug-resistant KP, tigecycline, polymyxin and ceftazidime-avertam are recognized antimi
crobials with relatively good efficacy,26 but the antibiotic sensitivity test of the above three drugs requires higher 
requirements, so it is necessary to establish more unified and perfect detection standards.

In conclusion, the antibiotic resistance spectrum of MDR-KP is broad, the resistance gene is complex and the 
resistance mechanism needs to be further studied. Clinical laboratories should jointly carry out antibiotic sensitivity tests 
of a variety of antimicrobials, including fosfomycin, chloramphenicol and sulbactam, as far as possible, in order to find 
possible effective anti-infective treatments, which are helpful to the accurate clinical use of antibiotic and the prevention 
and control of bacterial infection in hospitals. According to the clinical data and antibiotic resistance gene analysis, age, 
length of hospital stay, underlying diseases, types of antibiotics and operation had certain effects on the phenotype of 
antibiotic resistance genes, especially the difference of β-lactam resistance genes. However, the number of cases included 
in this study is limited, and it is a single-center study, so further large-sample multicenter studies are needed to explore 
the correlation between clinical data and antibiotic resistance gene phenotype.

In this study, the results of 45 CRKP MLST showed that 44 ST11 strains were the most dominant ST (97.78%), which 
was consistent with the domestic research results,27,28 indicating that ST11 is the most common KP MLST typing in 
China.29 There is only one site difference between ST11 and global epidemic ST258, which belongs to the same clone 
group.30 It has been reported that ST11 strain has a binding original (conjugative elements, ICEs) ICEKp258.1, which 
carries a type IV secretory system that may contribute to the transmission of mobile genetic elements, such as plasmids, 
making ST258 and ST11 become epidemic strains.29 Among the SNP analysis results of the 44 ST11 CRKP strains, 
some strains had a small number of SNPs, suggesting a similar evolutionary relationship and direct transmission 
relationship. The phylogenetic tree was constructed by SNPs, and it was found that there were 4 clonal groups in 
CRKP, one of which was a clonal group. It is the dominant clone group, suggesting that the hospital infection prevention 
and control department should focus on the strains of this clone group. In the future surveillance work, in addition to the 
clinical routinely isolated strains, it is also necessary to screen the circulating cloned strains for possible storage 
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environments, find and eliminate the source of infection, and cut off the transmission route, thereby reducing the risk of 
nosocomial transmission and infection of CRKP.31

CRKP usually carries a variety of virulence factors and can encode some proteins involved in KP adhesion, invasion 
and anti-phagocytosis.32 By analyzing virulence genes, we found that all strains carried the fimA gene encoding type 1 
fimbriae, the genes encoding enterobactin (fepA/B/C/D/G, entA/B/E/S), and the gene encoding yersiniabactin (ybtA/E/P/ 
Q/S/T/U/X). However, none of the strains carried rmpA or rmpA2 genes (Table 3), which encode a high mucinous 
phenotype and have a high mortality rate,33 indicating that CRKP strains in our hospital are not yet highly lethal and 
virulent. The fimA gene mainly encodes type 1 pili. Type 1 or type 3 fimbriae are the most important virulence factors 
that lead to KP adhesion and increase its growth ability in biofilm communities.34 Type 1 fimbriae can help bacteria 
adhere to host cells, mainly participate in the formation of intracellular bacterial colonies, and easily cause infection.35 

Virulence factors expressed by iron absorption genes include enterobactin, aerocin, salmonellin and yersiniabactin, which 
play an important role in promoting bacterial growth, biofilm maturation, aggravating tissue damage, infection and 
transmission.36 Enterobactin has a high affinity with iron and promotes bacterial growth mainly by binding iron in plasma 
transferrin. Yersiniabactin can activate outer membrane protein biofilm formation when the body is iron-deficient.37 

Virulence factors expressed by invasive virulence genes can protect bacteria from host immune killing and phagocytosis 
by macrophages.

In our study, CRKP carried a large number of virulence genes, which may be related to its multi-drug resistance. The 
more virulence genes carried, the more antibiotic resistant. Due to the small sample size of this study, third-generation 
high-throughput sequencing technology was used to detect the common virulence factor types carried by MDR-KP, and 
mainly adhesion virulence genes, iron-absorption virulence genes and invasion virulence genes were detected. However, 
no capsule-related virulence genes have been detected. Large-scale multicenter studies are still needed to further analyze 
the relationship between virulence factors and antibiotic resistance.

Conclusion
In conclusion, the CRKP in our hospital presents a multi-drug resistant phenotype and is resistant to a variety of common 
antibiotics, and the drug resistance situation must be highly valued. CRKP resistance is related to the production of 
different resistance genes and carrying a variety of virulence factors. It was detected by WGS that blaKPC was the main 
carbapenemase gene isolated from clinical CRKP in our hospital, and ST11 type was the main type of CRKP. Therefore, 
ST11-KPC Klebsiella pneumoniae strain is the focus of infection control and clinical research. Strict and effective 
nosocomial infection management and control measures should be formulated, epidemiological investigation should be 
conducted in time, antibiotic resistance monitoring should be strengthened. It is extremely necessary to curb the spread 
and prevalence of CRKP in hospitals. In addition, WGS has a high application prospect in predicting antibiotic resistance 
phenotypes and detecting virulence genes, which is worthy of clinical promotion and conducive to guiding clinical 
treatment and control.
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