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Introduction: This study aimed to investigate the emergence and characteristics of carbapenem-resistant Klebsiella pneumoniae 
(CRKP) strains that demonstrate resistance to multiple antibiotics, including aminoglycosides and tigecycline, in a Chinese hospital.
Methods: A group of ten CRKP strains were collected from the nine patients in a Chinese hospital. Antimicrobial Susceptibility 
Testing (AST) and phenotypic inhibition assays precisely assess bacterial antibiotic resistance. Real-time quantitative PCR (RT-qPCR) 
was used to analyze the mRNA levels of efflux pump genes (acrA/acrB and oqxA/oqxB) and the regulatory gene (ramA). The core- 
genome tree and PFGE patterns were analyzed to assess the clonal and horizontal transfer expansion of the strains. Whole-genome 
sequencing was performed on a clinical isolate of K. pneumoniae named Kpn20 to identify key resistance genes and antimicrobial 
resistance islands (ARI).
Results: The CRKP strains showed high resistance to carbapenems, aminoglycosides (CLSI, 2024), and tigecycline (EUCAST, 2024). 
The mRNA expression levels of efflux pump genes and regulatory genes were detected by RT-qPCR. All 10 isolates had significant 
differences compared to the control group of ATCC13883. The core-genome tree and PFGE patterns revealed five clusters, indicating 
clonal and horizontal transfer expansion. Three key resistance genes (blaoxa-232, blaCTX-M-15, and rmtF) were observed in the 
K. pneumoniae clinical isolate Kpn20. Mobile antibiotic resistance islands were identified containing blaCTX-M-15 and rmtF, with 
multiple insertion sequences and transposons present. The coexistence of blaoxa-232 and rmtF in a high-risk K. pneumoniae strain was 
reported. Conjugation assay was utilized to investigate the transferability of blaoxa-232-encoding plasmids horizontally.
Conclusion: The study highlights the emergence of ST15-KL112 high-risk CRKP strains with multidrug resistance, including to 
aminoglycosides and tigecycline. The presence of mobile ARI and clonal and horizontal transfer expansion of strains indicate the threat 
of transmission of these strains. Future research is needed to assess the prevalence of such isolates and develop effective control measures.
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Introduction
Based on the data of the CHINET antimicrobial resistance surveillance program from 2005 to 2021, the resistance rates of 
Klebsiella pneumoniae to imipenem and meropenem increased markedly.1 The main mechanisms are carbapenemase 
production and efflux pumps diversification. Carbapenem-resistant Klebsiella pneumoniae (CRKP) often carry multiple 
drug resistance genes, the resistance rates to clinical commonly used antimicrobial agents are often more than 60%, only 
sensitive to tigecycline, polymyxin, and some aminoglycosides. For this class of multi-resistant or pan-resistant 
Enterobacteriaceae, only the more toxic polymyxin can be selected clinically, or the combination of drugs, such as the 
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combination of tigecycline or aminoglycosides and β-lactamases.2 Tigecycline as a derivative of minocycline derivatives not 
only overcomes the common resistance mechanism of tetracyclines but also was found to have good antimicrobial effects on 
multiple resistant bacteria.3 Aminoglycoside drugs interfere with protein synthesis by binding to the highly conserved A site of 
16S rRNA of the 30S ribosomal subunit of prokaryotes, leading to bacterial death.4 However, some multi-resistance, pan- 
resistance, and “super-bacteria” K. pneumoniae still appear, so we need to understand the resistance mechanism and 
transmission characteristics of these strains to provide relevant strategies for clinical treatment.

According to data collected by worldwide surveillance programs, OXA-48-like carbapenemases are the predominant 
type of carbapenemases found in Enterobacterales strains across different nations. There have been over twelve various 
forms of OXA-48-like carbapenemase identified, with OXA-232 being the third most prevalent OXA-48-like mutation 
worldwide at present.5 After the first identification of OXA-232-producing CRKP in five newborn patients in China in 
2017,6 there have been multiple small-scale outbreaks of this strain in hospitals affecting children and elderly 
individuals.7 Since tigecycline was first used in clinical treatment in 2005,8 cases of drug resistance have emerged, 
and the most common mechanism for conferring resistance is either overexpression of non-specific active efflux pumps 
or mutations within ribosomal drug-binding sites.9 The mechanism of resistance to aminoglycosides is mainly for 
bacteria to obtain modified enzymes of aminoglycosides, such as acetyltransferase, phosphorylase and adenosine 
transferase, and also to obtain plasmid-mediated 16S rRNA methylase resulting in high resistance to all aminoglycoside 
drugs.10 RmtF is a 16S-RMTase, first found in France in 2012, and has since only occurred alone in the United States, 
India, and some European countries.11 RmtF was first reported in 2020 in Shanghai, China.12 Although CRKP with high 
levels of tigecycline or aminoglycosides resistance appears. However, CRKP with concurrent resistance to both 
tigecycline and aminoglycosides was rarely reported.

In our study, we found ten OXA-232-producing K. pneumoniae strains appearance in a tertiary hospital, which 
occurred from July 2020 to January 2021. These strains were simultaneously resistant to carbapenems, tigecycline, as 
well as aminoglycosides. We characterized the resistance characteristics and analyzed the genetic evolutionary relation
ships and related resistance transmission mechanisms. The aim of this study is to describe the resistance mechanisms and 
transmission patterns of these high-risk bacteria.

Materials and Methods
Bacterial Isolates and Identification
A group of ten CRKP strains were collected from the nine patients in the Affiliated Hospital of Jiaxing University 
(Zhejiang, China) during July 2020 to January 2021. The strains were K. pneumoniae 7.1/ 7.2/ 11/ 12/ 13/ 15/ 16/ 17/ 20/ 
30, and Kpn 7.1 / 7.2 strains morphology were different but come from the same patient The bacteria obtained from the 
culture were preserved in glycerol broth at a temperature of −80°C. Specimens were placed on Colombian blood Agar 
plates and then analyzed using matrix-assisted laser desorption/ionization time of flight mass spectrometry (MALDI-TOF 
MS) following the guidelines provided by the manufacturer for identification. Clinical data were acquired from the 
Electronic Medical Records of the patients and the study were approved by the Ethical Committee of the Affiliated 
Hospital of the Jiaxing University. Escherichia coli American type culture collection (ATCC) 25,922 and Pseudomonas 
aeruginosa ATCC27853 were used as control strains for the identification and antimicrobial susceptibility test (AST). 
E. coli ATCC13883 was used as control strain for the quantitative real-time PCR (RT-qPCR) test.

Antimicrobial Susceptibility Testing
A total of 19 antimicrobial agents were tested, including imipenem (IPM), meropenem (MEM), ertapenem (ETP), 
amoxicillin/clavulanic acid (AMC), piperacillin-tazobactam (TZP), cefuroxime (CXM), cefuroxime axetil, cefoperazone/ 
sulbactam (SCF), ceftriaxone (CRO), ceftazidime (CAZ), cefepime (FEP), cefoxitin (FOX), gentamicin (GEN), amikacin 
(AMK), Tobramycin (TOB), ciprofloxacin (CIP), levofloxacin (LEV), sulfamethoxazole (SXT) and tigecycline (TGC). 
Minimum inhibitory concentrations (MICs) for the tested bacteria were determined by using either the agar dilution 
method or broth microdilution method to assess the minimum inhibitory concentrations of antimicrobial agents. We 
interpreted the susceptibility breakpoints following the guidelines of the Clinical and Laboratory Standards Institute 
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(CLSI 2024), except for tigecycline, for which we utilized the European Committee on Antimicrobial Susceptibility 
Testing (EUCAST, 2024) breakpoints.

Tigecycline Resistance and Phenotypic Inhibition Test
The MIC of tigecycline was determined by broth microdilution method. MIC results were interpreted according to the 
(EUCAST, 2024) clinical breakpoints (for tigecycline, ≤0.5 mg/L is susceptible, and >0.5 mg/L is resistant). E. coli 
ATCC 25922 was used for quality control in the susceptibility assays. Isolates that showed resistance to tigecycline also 
tested by adding efflux pump inhibitor Carbonyl cyanide m-chlo rophenylhy’drazone (CCCP) to the medium.

Real-Time Quantitative PCR (RT-qPCR)
RT-qPCR was used to analyze the mRNA levels of efflux pump genes (acrA/acrB and oqxA/oqxB) and their regulators 
(ramA). Overnight bacterial cultures were diluted 1/100 in Luria-Bertani (LB) broth (Sigma-Aldrich, USA) and grown to 
log phase at 37°C with vigorous shaking (220 rpm). Total RNA was extracted from the cells, and cDNA was synthesized 
using an RNA PCR kit (Takara Bio, Otsu, Japan). The yield and quality of RNA and cDNA were determined using 
a Nanodrop 2000C (Thermo, USA). Q-PCR was performed in a 20 µL reaction volume using Fast Start DNA Master 
SYBR Green II Mixture (Takara, Tokyo, Japan). A housekeeping gene (rpoB) was the internal reference in the RT-qPCR. 
The expression levels of each target gene were compared to the expression level of a tigecycline-susceptible E. coli 
ATCC13883 isolate (expression = 1), which was used as the reference sample. Analysis was conducted utilizing the 
2−ΔΔCT technique.The experiments were conducted three times.

Statistical Analysis
The comparison of statistical significance between the two strains was conducted using a two-tailed Student’s t-test with 
Bonferroni correction in the GraphPad Prism 6 program. A p-value less than 0.05 was deemed to be statistically 
significant.

Pulsed Field Gel Electrophoresis (PFGE) and S1 Pulsed-Field Gel Electrophoresis 
(S1-PFGE)
Genetic relatedness was assessed through molecular typing with PFGE. Samples with genomic DNA digested by XbaI 
were loaded into wells and subjected to electrophoresis for 17.5 hours at 6 volts per centimeter at 14 degrees Celsius 
using the Bio-Rad® CHEF-Mapper XA apparatus (Bio-Rad, California, USA). The pulse durations at the beginning and 
end were 6 seconds and 36 seconds, respectively. Salmonella enterica strain Braenderup H9812 was used as the 
indicator.

Plasmid profiles were obtained from 10 CRKP isolates producing OXA-232 using S1-PFGE. In short, the samples 
were enclosed in a Seakem Gold gel solution at a concentration of 10 g/L, treated with endonuclease S1 nuclease from 
Takara in Dalian, China, and then analyzed using pulsed-field gel electrophoresis under specific conditions (14°C, 6 V/ 
cm, 120◦ electric field angle, 4.0–40 s conversion time, and 19 h electrophoresis). Genomic DNA from the Salmonella 
enterica serovar Braenderup H9812 strain was digested with XbaI and utilized as a reference strain and molecular 
weight marker.

Whole Genome Sequencing (WGS) and Bioinformatics Analysis
Bacterial genomic DNA was isolated using the UltraClean Microbial Kit (Qiagen, NW, Germany) and sequenced from 
a sheared DNA library with average size of 15 kb (ranged from 10 to 20 kb) on a PacBio RSII sequencer (Pacific 
Biosciences, CA, United States), as well as a paired-end library with an average insert size of 350 bp (ranged from 150 to 
600 kb) on a HiSeq sequencer (Illumina, CA, United States). Sequencing libraries were constructed using the NEBNext 
RUltraTM II DNA Library Prep Kit for Illumina R (second-generation sequencing) and the SMRTbell RExpress 
Template Prep Kit 2.0 (third generation sequencing) and then loaded onto NovaSeq S4 flowcell and SMRT Cell 8 
M DNA sequencing chip, respectively. Paired-end short Illumina reads were employed for correcting the long PacBio 
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reads with proovread, followed by de novo assembly of the corrected PacBio reads using SMARTdenovo (https://github. 
com/ruanjue/smartdenovo). ResFinder 3.2 from the Center for Genomic Epidemiology (https//cge.cbs.dtu.dk/services/ 
ResFinder/) was used to detect antimicrobial resistance genes. PlasmidFinder 2.1, pMLST 2.0, and MLST 2.0 software 
were used to determine the plasmid incompatibility groups, pMLST, and multilocus sequence typing (MLST). We 
checked if the plasmid was a conjugative plasmid by analyzing the conjugation module using the oriT Finder website 
(https//bioinfo-mml.sjtu.edu.cn/oriTfifinder/). The IS elements can be identified directly from the established website 
(https//www-is.biotoul.fr/). We utilized blast (https//blast.ncbi.nlm.nih.gov/Blast.cgi) to identify plasmids with simila
rities through comparison of their coverages and identities. The circular representation of pKpn20 was generated with 
CGview (http://stothard.afns.ualberta.ca/cgview_server/). The plasmid linear graph was analyzed by Easyfig software 
(http://mjsull.github.io/Easyfifig/). Prophages, repeated regions, and recombination regions were screened for single 
nucleotide polymorphisms (SNP), and the core SNP variations were identified with SNP-dists (https//github.com/ 
tseemann/snp-dists).

Conjugation Experiment
Conjugation assay was utilized to investigate the transferability of blaOXA-232-encoding plasmids horizontally. The 
Kpn20 served as the donor strain, while the recipient strain was E. coli J53 (resistant to sodium azide). Both the 
contributors and beneficiaries were grown to the logarithmic stage (OD600 = 0.4–0.6), combined in equal parts, spun at 
12,000 rpm for 1 minute, reconstituted in 20 µL of LB broth, and left to grow overnight at 37°C. Next, the spots were 
moved to 15 mL tubes for centrifugation and rinsed with 3 mL of LB broth. Subsequently, the serial dilutions were plated 
onto MH agar plates containing Ampicillin (100 µg/mL) and sodium azide (100 µg/mL). Donor and recipient cells were 
each utilized as controls to confirm the screening plate antibiotics’ efficacy. The K. pneumoniae 1632 was the Positive 
control in the test.13 PCR was used to confirm the presence of blaOXA-232 in all transconjugants. The transconjugants 
underwent susceptibility testing. Conjugation frequency was determined by counting the amount of transconjugants that 
were produced for each recipient.

Results
The Clinical Characterization of Klebsiella Pneumoniae Co-Harboring Blaoxa-232 and 
rmtF
Between July 1th 2020 to January 30th 2021, ten OXA-232-producing K. pneumoniae strains were detected from 
a tertiary hospital in China. The ten strains were isolated from nine patients. These strains were recovered from sputum 
(n=8) and blood (n=2).

These patients were admitted into the ICU ward or the neurosurgery ward, and most patients share the same ward at 
the same time (Table 1 and Figure 1). It is worth that the two wards are located on the third and fifth floors of the same 
building (the fourth floor no patients), and the frequent movement of humans (medical personnel, patients, and visitors) 
and portable medical equipment occurs between the two floors, providing many opportunities for bacterial pathogens to 
spread between wards in hospitals. The mean age of these patients was 68 years, the majority of whom were men (67%). 
It is noteworthy that most patients have severe underlying disease, including hypertension, heart disease and renal 
inadequacy et al. The majority of patients were treated with β-lactam antibiotics, such as piperacillin/tazobactam, 
meropenem, tigecycline, and cefoperazone/sulbactam. Most patients underwent invasive surgery and instrumentation, 
including peripherally inserted central catheterization, evacuation of meninges hematoma and tracheotomy et al 
(Table 1). Furthermore, some patients had a poor prognosis, and six patients died during their hospital stay. Other 
clinical characteristics of these nine patients were summarized and listed in Table 1.

Antibiotic Resistance Phenotypes
High resistance to cephalosporins, fluoroquinolone, and aminoglycoside was observed in the antibiotic susceptibility test 
for K. pneumoniae, with the exception of a single strain (Kpn30) that showed susceptibility to aminoglycoside. Various 
strains exhibited varying degrees of resistance to different types of carbapenems, including imipenem, meropenem, and 
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Table 1 Clinical Features of Patients Infected with OXA-232-Producing K. Pneumoniae Isolates

Patients Age/sex Diagnosis Ward Strain Isolation 
date (Day/ 

Month/Year)

Specimen Total Days/Status at 
Hospital Discharge

Invasive procedure

Patient 1 71, F BrainInjury recovery period Neurosurgery 

department

Kpn 7.1 

Kpn 7.2

1/10/2020 Sputum 188/Death Cereventricular drilling drainage, evacuation of 

meninges hematoma, lumbar puncture, peritoneal shunt
Patient 2 33, M Cerebral hernia ICU Kpn 11 8/11/2020 Blood 33/Death PICC, evacuation of meninges hematoma, tracheotomy, 

tracheoscopy, PICC

Patient 3 65, F Hypovolemic shock ICU-HDU Kpn 12 11/11/2020 Sputum 157/Recovered Lumbar puncture, tracheotomy, ETT
Patient 4 72, M Septic shock ICU Kpn 13 10/11/2020 Blood 169/Death Ureteroscopy, cystoscopy, abdominocentesis, ETT

Patient 5 86, M Femoral neck fracture (left) ICU Kpn 15 1/11/2020 Sputum 27/Death PICC, ETT, tracheoscopy

Patient 6 67, M Severe pneumonia ICU Kpn 16 1/12/2020 Sputum 13/Death Femoral venipuncture, PICC, thoracentesis
Patient 7 52, F Basal ganglia hemorrhage 

(right)

Neurosurgery 

department

Kpn 17 6/1/2021 Sputum 52/Recovered PICC, lumbar puncture, evacuation of meninges 

hematoma

Patient 8 76, M Lung infection ICU Kpn 20 31/7/2020 Sputum 63/Death (history of 
tuberculosis)

Tracheotomy, thoracentesis, tracheoscopy, PICC

Patient 9 86, M Intracerebral hemorrhage ICU Kpn 30 25/1/2021 Sputum 58/Death Tracheotomy, thoracentesis, tracheoscopy, lumbar 
puncture, evacuation of meninges hematoma

Abbreviations: F, Female; M, Man; ICU, intensive care unit; HDU, lntensive Rehabilitation Ward; Kpn, K. pneumoniae; PICC, peripherally inserted central catheterization; ETT, endotracheal tube.
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ertapenem. Every strain showed resistance to ertapenem with minimum inhibitory concentrations (MICs) equal to or 
greater than 8 μg/mL, however, they exhibited varying degrees of resistance to meropenem (MICs between 2 and 4 μg/ 
mL) and imipenem (MICs between 1, 2 and 4 μg/mL) as shown in Table 2.

Overexpression of Efflux Pump Mediated Tigecycline-Resistant
Of the ten OXA-232-producing K. pneumoniae isolates were resistant to tigecycline (MICs ranged from 2 to 8 μg/mL). 
The MIC distribution is presented in Table 2. The tigecycline resistance rate for these strains was 100% (MIC>0.5 mg/L, 
EUCAST, 2024). Exposure of tigecycline-resistant isolates to the efflux pump inhibitor CCCP resulted in an obvious 
decrease (1 to 2-fold) in the MICs of tigecycline for the strains (Kpn 13 and Kpn 30) but do not restored susceptibility.

mRNA expression levels of efflux pump genes (acrA/acrB and oqxA/oqxB) and regulators (ramA) were examined by 
RT-qPCR. Primers used RT-qPCR studies and PCR amplification. Figure 2 depicts the results of RT-QPCR experiments 
on efflux pump genes in various isolates and the ATCC13883 control group. The Figure 2 comprises three parts: A, B, 
and C, and each panel includes statistical significance indicators. In Figure 2A, the expression levels of efflux pump 
genes acrA and acrB are presented. The 10 isolates are compared to control group ATCC13883, with varying expression 
levels indicated numerically. The statistical significance of the differences in gene expression levels between the control 
and each isolates is denoted (*p<0.05) next to the corresponding data points. In Figure 2B focuses on the efflux pump 
genes oqxA and oqxB. Similar to Figure 2A, statistical significance indicators are provided to indicate which isolates 
exhibit significant changes in gene expression. In Figure 2C highlights the efflux pump regulatory gene ramA. Statistical 
significance is also assessed for ramA expression. The findings indicated a significant correlation between mRNA levels 
of efflux pump genes and tigecycline MICs (p<0.05). The Kruskal–Wallis Test shows a significant difference in the 
expression levels of efflux pump genes between isolates with MICs of 4 mg/L compared to those with MICs of 1 mg/L 
and 0.25 mg/L. Additionally, there is a significant difference in efflux pump genes expression between isolates with MICs 
of 1 mg/L and 0.25 mg/L. The data revealed a pattern of increased expression of efflux pump genes with higher 
tigecycline MIC values.

Molecular Epidemiology and Characteristics Analysis of blaOXA-232-Producing 
K. Pneumoniae
Whole-genome sequencing of the genomic DNA from ten K. pneumoniae strains revealed that they were part of the 
widespread clone ST15 and had capsular type KL112, a prevalent global variant linked to various β-lactamases such as 
OXA-232, CTX-M-15, SHV-106, TEM-1B, and SHV-28 (Table 3).

The core-genome tree and PFGE patterns showed that strains formed five clusters (Figure 3). The S1-PFGE 
experiment result showed that every K. pneumoniae isolates have multiple plasmids. Plasmids in different strains have 

Figure 1 The timeline of OXA-232-producing CRKP outbreak. The red circle indicates the isolation of the OXA-232-producing CRKP strains; The blue long bars indicate 
the duration of hospitalization phase.
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Table 2 In vitro Activities of Antimicrobial Agents Against OXA-232-Producing K. Pneumoniae Isolates (MICs μg/Ml)

Isolate AMC TZP CXM Cefuroxime Axetil FOX CAZ CTX SCF FEP ETP SXT LEV CIP AMK GEN TOB IPM MEM TGC TGC+CCCP

Kpn 7.1 ≥32 ≥128 ≥64 ≥64 ≥64 32 ≥64 ≥64 ≥32 ≥8 ≥320 ≥8 ≥4 ≥1024 ≥16 ≥16 4 4 2 2

Kpn 7.2 ≥32 ≥128 ≥64 ≥64 ≥64 ≥64 ≥64 ≥64 ≥32 ≥8 ≥320 ≥8 ≥4 ≥1024 ≥16 ≥16 4 4 4 4

Kpn 11 ≥32 ≥128 ≥64 ≥64 ≥64 ≥64 ≥64 ≥64 ≥32 ≥8 ≥320 ≥8 ≥4 ≥1024 8 ≥16 1 4 4 4

Kpn 12 ≥32 ≥128 ≥64 ≥64 ≥64 32 ≥64 ≥64 ≥32 ≥8 ≥320 ≥8 ≥4 ≥1024 8 ≥16 1 4 2 4

Kpn 13 ≥32 ≥128 ≥64 ≥64 ≥64 32 ≥64 ≥64 ≥32 ≥8 ≥320 ≥8 ≥4 ≥1024 8 ≥16 2 4 4 2

Kpn 15 ≥32 ≥128 ≥64 ≥64 ≥64 ≥64 ≥64 ≥64 ≥32 ≥8 ≥320 ≥8 ≥4 ≥1024 8 ≥16 1 4 4 4

Kpn 16 ≥32 ≥128 ≥64 ≥64 ≥64 ≥64 ≥64 ≥64 ≥32 ≥8 ≥320 ≥8 ≥4 ≥1024 8 ≥16 1 2 4 4

Kpn 17 ≥32 ≥128 ≥64 ≥64 ≥64 ≥64 ≥64 ≥64 ≥32 ≥8 ≥320 ≥8 ≥4 ≥1024 ≥16 ≥16 2 4 4 4

Kpn 20 ≥32 ≥128 ≥64 ≥64 ≥64 ≥64 ≥64 ≥64 ≥32 ≥8 ≥320 ≥8 ≥4 ≥1024 ≥16 ≥16 1 2 8 2

Kpn 30 ≥32 ≥128 ≥64 ≥64 ≥64 ≥64 ≥64 ≥64 ≥32 ≥8 ≥320 ≥8 ≥4 8 ≤1 ≤1 1 4 4 4

Abbreviations: MICs, minimum inhibitory concentrations; IPM, imipenem; MEM, meropenem, ETP, ertapenem; AMC, amoxicillin/clavulanic acid; TZP, piperacillin-tazobactam; CXM, Cefuroxime, Cefuroxime Axetil; SCF, Cefoperazone/ 
sulbactam; CRO, Ceftriaxone; CAZ, ceftazidime; FEP, cefepime; Fox, cefoxitin; GEN, gentamicin; AMK, amikacin; TOB, Tobramycin; CIP, ciprofloxacin; LEV, Levofloxacin; SXT, sulfamethoxazole; TGC, tigecycline; CCCP, Carbonyl 
cyanide m-chlo rophenylhy’drazone.
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similar properties. The Kpn20 was the first CRKP clinical strain producing OXA-232, which can be found that OXA-232- 
producing CRKP from July 2020 until a small outbreak began in October. All blaOXA-232-positive K. pneumoniae isolates 
were low-level resistance to carbapenems, and isolates which were positive for blaCTX-M-15 and rmtF showed high-level 
drug resistance to aminoglycosides except Kpn30. In particular, strains Kpn 12 and Kpn 13 showed extremely close 
relationships in both PFGE (Figure 3A), which are also evident in the phylogenetic tree (Figure 3C). Strains Kpn 7.1, 
Kpn 7.2 and Kpn 11 also show extremely close relationships in PFGE (Figure 3A), which is also evident in the 
phylogenetic tree (Figure 3C). The kpn 7.1 and kpn 7.2 strains morphology were different but come from the same 
patient (Figure 3D). From the structure of the phylogenetic tree, strains Kpn 12 and Kpn 13 are closely linked, as are Kpn 
7.1, Kpn 7.2 and Kpn 11, each forming a separate subgroup. This close relatedness may imply a high degree of similarity 
in genetic composition and genetic characteristics. In terms of the clinical patient factor analysis, we noted some 
similarity between the isolation sources of strain Kpn 12 and Kpn 13. Specifically, both strains were from the same 
ward of the same hospital in the same region and were isolated at close times, both isolated from clinical patients with 
invasive surgical procedures. Similarly, strains Kpn 7.1, Kpn 7.2 and Kpn 11 isolate origins are quite similar. This 

Figure 2 The relative expression levels of genes associated with the resistant to tigecycline of ten K. pneumoniae isolates. (A) mRNA expression levels of efflux pump genes 
acrA and acrB. (B) mRNA expression levels of efflux pump genes oqxA and oqxB. (C) mRNA expression levels of efflux pump regulatory gene ramA. Values represent means ± 
SD of three repeated assays. Statistical significance between the two strains was evaluated using a two-tailed Student’s t-test. For each strain, there were significant 
differences when compared with the control groups(ATCC13883) (*p < 0.05). Data were analysed by using the 2−ΔΔCT method. Images made by GraphPad Prism 6.
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similarity of clinical information further suggests some possible route of transmission or cross-infection between strains 
Kpn 12 and Kpn 13 and between strains Kpn 7.1, Kpn 7.2 and Kpn 11.

Plasmid Structure Analysis
Every CRKP that produced OXA-232 also contained the ESBL gene blaCTX-M-15. The failed transfer of the plasmid 
containing blaOXA-232 to the J53 strains in conjugation trials indicated that the plasmid carrying blaOXA-232 did not exhibit 
strong conjugation abilities.

Nanopore long-read sequence was used for the Kpn20, which was the first CRKP clinical strain producing OXA-232. 
Kpn20 strain contained seven plasmids (Table 4). Similar plasmids were not found in the NCBI database, and it is 
possible that the Kpn20 strain was integrated into new large plasmids later in their evolution.

WGS results showed that there were two important plasmids, blaOXA-232-carrying plasmid (pKPN20-5) and rmtF- 
carrying plasmid (pKPN20-1), respectively. Plasmid pKPN20-1 with rmtF and blaCTX-M-15 (Figure 4A) was a 212,639- 
bp circular molecule and an average GC content of 51.62% (Table 4). Compared with the p47733_CTX_M_15 (GenBank 
no. CP050364.1) plasmid.14 The two plasmids have a very low similarity, only having roughly about 90% similarity in 
the environment around the blaCTX-M-15 gene, and less than 10% similarity elsewhere. Plasmid pKPN20-5 with 
blaOXA-232 (Figure 4B) had a length of 6141 bp and an average GC content of 52.17% (Table 4). Plasmid pKPN20-5 
was highly similar to the pKNICU5 (GenBank no. KY454616.1) plasmid, which previously isolated from K. pneumoniae 
in Chinese children. Moreover, we analyzed the peripheral gene structure characterized of the blaCTX-M-15-harboring 
plasmid (Figure 4C).And the rmtF-harboring plasmid (Figure 4D) in this study. The gene sequence maps provides 
a detailed visualization of a multi-gene family, encompassing multiple insertion sequence (IS) genes distinguished by 
varying colors and labels. These colors represent the polymorphism or differences among the genes. The map also 
includes genes related to antibiotic resistance, transposases, type IV secretion systems, integrases, and virulence factors, 
all of which play crucial roles in bacterial drug resistance, gene rearrangement, DNA transfer, and infection capabilities. 
Additionally, the map highlights hypothetical protein-coding genes with undefined functions, suggesting the need for 
further research to uncover their potential roles.

Table 3 Gene Characteristics of ten OXA-232-Producing CRKP Isolates

Characteristics Kpn 
7.1

Kpn 
7.2

Kpn 
11

Kpn 
12

Kpn 
13

Kpn 
15

Kpn 
16

Kpn 
17

Kpn 
20

Kpn 
30

Col440I + + + + + + – + + –

ColKP3 + + + + + + + + + +

ColRNAI + + + + + + + + + +
IncFIB(pKPHS1) + + + + + + + + + +

IncFII(K) + + + + + + + + + +

IncHI1B(pNDM-MAR) + + + + + + + + + +
blaSHV-106, blaOXA-232, blaCTX-M-15, blaTEM-1B,  

blaSHV-28

+ + + + + + + + + +

fosA + + + + + + + + + +

sul2 + + + + + + + + + +

arr-2 + + + + + + + + + +
oqxA, oqxB, qnrB1, + + + + + + + + + +

aac(6’)-Ib-cr + + + + + + + + + +

dfrA14 + + + + + + + + + +
aac(6’)-Ib-Hangzhou + + + + + + + + + +

aph(3”)-Ib, aph(6)-Id + + + + + + + + + +

rmtF + + + + + + + + + -
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Discussion
The emergence of Klebsiella pneumoniae that produce carbapenemase poses a significant obstacle to antimicrobial 
treatment, but the mortality rate can be reduced effectively through combination therapy with aminoglycosides and 
tigecycline. However, we monitored an outbreak of high-risk Klebsiella pneumoniae co-carrying blaOXA-232 and rmtF. 
Notably, these strains exhibited multidrug resistance, with resistance to carbapenems, aminoglycosides and tigecycline. 
Our study characterized the resistance characteristics and analyzed the genetic evolutionary relationships and related 
resistance transmission mechanisms of this strains to provide a basis for controlling the further spread of such multidrug- 
resistant bacteria. Future studies are necessary to evaluate the prevalence of such isolates.

In our study the first OXA-232-carrying strain was isolated in July 2020 and the patient was admitted to the ICU (3rd 
floor) with chest wall swelling and discomfort, and the CRKP isolate was detected in the patient’s sputum after 55 days 
of hospitalization. The second OXA-232-carrying strain was isolated in October 2020, and the patient was admitted to 
the neurosurgical ward (5th floor) after progression of disease and transferred to the ICU (3rd floor). Subsequently, from 
November 2020 to January 2021, seven more CRKP strains were detected in the same ICU and neurosurgery ward 
(Figure 1).

Figure 3 Typing of ten OXA-232-producing CRKP isolates. (A) PFGE typing. (B) SI-PFGE typing. M, Salmonella enterica serotype Braenderup strain H9812. (C) Core-genome 
phylogenetic tree of CRKRs. (D) Kpn 7.1 and Kpn 7.2 strains morphology.
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During the COVID-19 pandemic in 2020–2021, the transmission of CRKP strains co-harboring blaoxa-232 and rmtF 
significantly intensified, primarily attributed to a combination of factors including the increased bacterial resistance 
resulting from prolonged antibiotic usage in hospitals, elevated risk of cross-infection within healthcare facilities, 
inappropriate antibiotic use, and decreased immune function among patients. The combination of these elements 
presented a major danger to public health by aiding in the transmission of CRKP and other pathogens commonly 
found in healthcare settings. Due to the current COVID-19 pandemic, hospitals are implementing stricter infection 
control measures, such as chlorhexidine skin cleansing for patients, increased hand hygiene among healthcare workers, 
ensuring availability of hand hygiene supplies, limiting hospital visitors, cleaning patients’ surroundings, and improving 
disinfection of medical equipment. These measures also helped to control the prevalent of blaOXA-232-carrying strains.

Recent publication reported during 2013–2021, increased prevalence of OXA-232-producing Enterobacterales was 
ST14 K. pneumoniae isolates in France.15 But from 2018 to 2021, ST15 K. pneumoniae isolates with production of 
OXA-232 is the most prevalent OXA-48-like derivative in Zhejiang, China.16 In this study, we described the prevalent of 
ten K. pneumoniae strains recovered from the patients in a tertiary hospital in China. This prevalent was caused by ST15- 
KL112 K. pneumoniae which carried blaOXA-232 and rmtF. These patients were mainly hospitalized in the same building, 
and most patients share the same ward at the same time. Since the first report of an OXA-232-producing K. pneumoniae 
strain in China in 2016, such isolates have become epidemic in China, and usually associated with a clonal dissemination 
of ST15 K. pneumoniae. An important feature of carbapenem-resistant organisms (CRO) with blaOXA-232 on the pOXA- 
232-like plasmids is its different geographical distribution.17 For example, ST14 was mainly in Western Canada18 and the 
Burn Intensive Care Unit in South Korea.19 ST16 was mainly reported from three Italian institutions.20 ST17 was mainly 
in US hospitals21 and ST231 was mainly in Switzerland.22 As the second prevalent strain of OXA-232-producing 
K. pneumoniae in China, ST15 strain is of great harm, so we need to control its outbreak prevalence in local hospitals.

The spread of mobile genetic elements like plasmids, phages, integrations, conjugative elements, and insertion 
elements plays a crucial role in the prevalence of K. pneumoniae. In this study, we found that each strain carried 
multiple plasmids, and the number and size were similar with the first strain Kpn20, so Kpn20 was described in detail to 
better understand the characteristics of drug-resistant plasmids.23

Table 4 General Features, Antimicrobial Resistance Genes of Plasmids in Kpn20

Characteristics Kpn 20

pKPN20-1 pKPN20-2 pKPN20-3 pKPN20-4 pKPN20-5 pKPN20-6 pKPN20-7

Accension number CP092337 CP092338 CP092339 CP092340 CP092341 CP092342 CP092343

Length (bp) 212,639 108,016 12,435 8069 6141 5640 3770
GC content (%) 51.62 49.45 53.64 43.72 52.17 49.96 41.94

Incapability group IncFII/IncHI1B IncFIB / Col440I ColKP3 / /

Conjugal ability / / / / / / /
OriT (start…stop) (bp) / / / / / / 1490.1597

Relaxase (start…stop) (bp) 136,610.139045 / / / / / /

T4CP (start…stop) (bp) 0139,045.141357 70,728.71369 / / / / /
T4SS (start…stop) (bp) 139,045.170511 / / / / / /

Resistant genes rmtF / / / blaOXA-232 / /

blaCTX-M-15

blaSHV

blaTEM-1B

dfrA14
aph(3”)-Ib

qnrB1
arr-2
sul2

Virulence factors / / / / / / /
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Potron A. and team discovered that the gene blaOXA-232, which confers resistance to carbapenems, was situated on a compact 
plasmid named pOXA-232 with a size of 6141 base pairs, and it contained a backbone similar to ColE.24 Plasmid pOXA-232 
was not capable of conjugation.25,26 The plasmid found in our experimental strains closely resembled those observed in previous 
research. The attempt to transfer blaOXA-232 into E. coli through conjugation was unsuccessful, suggesting that the plasmid was 
not highly conjugative. Zhang et al discovered that the transfer of ColKP3-type plasmid to E. coli emphasized the significance of 
comprehending the transmission process in order to prevent or stop the spread of blaOXA-232 to different organisms.16

Most of the strains in this study also carried blaCTX-M-15 and rmtF that mediated high-level resistance to aminoglyco
sides. Most studies have found that blaCTX-M-15 and rmtF were located on two different plasmids, but in this study these 
two genes co-located in one plasmid, named pKPN20-1, and no similar plasmid was found in NCBI database. We 
speculate that pKPN20-1 may have been integrated into a large plasmid during evolution with the mobilization of IS 
elements and transposons surrounding with the blaCTX-M-15 and rmtF.

Our findings offer fresh perspective on the correlation between genetic analysis and medical therapy. Increased 
monitoring of blaOXA-232 is urgently required in China, as they suggest.

But this study has several limitations. First, only one hospital was selected. Therefore, these findings should not be 
extrapolated to hospitals with a wide variety in CRO admission rates. Second, the collection time of patients and isolates 
was not long enough. The epidemiology of CRO in other parts of China may be substantially different.

Figure 4 Comparative analysis of pKPN20-1, pKPN20-5 plasmids with other reference plasmids. (A) Genome alignment was performed with pKPN20-1 (CP092337) and 
p47733_CTX_M_15 (CP050364.1). (B) Genome alignment was performed with pKPN20-5 (CP092341) and pKNICU5 (KY454616.1). (C) Peripheral gene structure analysis 
of the blaCTX-M-15-harboring plasmid characterized. (D) Peripheral gene structure analysis of the rmtF-harboring plasmid characterized.
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Conclusion
This study describes a nosocomial prevalent of ST15-KL112 K. pneumoniae with co-carrying blaOXA-232 and rmtF in 
a tertiary hospital from July 2020 to January 2021. This epidemic is not mediated by clonal spread, it results from the 
horizontal spread of two resistant plasmids by non-conjugation means. Hence, immediate implementation of infection 
prevention measures is crucial to avoid a future outbreak in the area. Multiple mobile elements are crucial in acquiring 
antibiotic resistance and in plasmid evolution. Further research is needed to assess how common these plasmids are in 
clinical samples from China and other nations.
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