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Objective: Carbapenem-resistant Klebsiella pneumoniae (CRKP) is spreading worldwide, becoming a serious threat to public health. 
The present study aimed to analyze the molecular epidemiology and drug resistance mechanism of CRKP isolated from neonatal 
patients in Sichuan, Southwest China.
Methods: CRKP isolates were collected from neonatal patients of West China Second University Hospital from June 2017 to 
June 2021. Antimicrobial susceptibility testing was performed using broth microdilution. Whole-genome sequencing of all isolates 
were performed to determine the antimicrobial resistance genes, sequence typing, phylogenetic relationships.
Results: In total, 41 nonduplicate CRKP isolates were collected. All isolates were highly resistant to the cephalosporins and 
carbapenems, however, they were all susceptible to amikacin, tigecycline, ciprofloxacin, and colistin. Various resistance genes were 
detected, blaNDM-5 (n = 35, 85.4%) was the predominant carbapenemase genes. The most common replicon type was IncX3, which 
was harbored by 36 (87.8%) isolates, followed by IncFIB (n = 34, 82.9%), and IncFII (n = 32, 78.0%). The 41 CRKP isolates belonged 
to 8 sequence types (STs) and ST789 (n = 29, all had blaNDM-5) was the dominant sequence type.
Conclusion: The study revealed that blaNDM was the most dominant carbapenemase resistance gene. ST789 CRKP strains carrying 
blaNDM-5 were a tremendous menace to neonates in this hospital. Therefore, effectively implement prevention and control measures 
need to be taken for the prevention and treatment of CRKP infection in the neonatal ward.
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Introduction
Klebsiella pneumoniae (K. pneumoniae), which belongs to the family Enterobacteriaceae, is a common nosocomial 
pathogen that causes a variety of human infections, including bloodstream infection, respiratory tract infection, urinary 
tract infection, and abdominal infection.1,2 Carbapenems are generally considered to be a last choice for the treatment of 
multi-drug resistant gram-negative bacterial infections. However, with the large or unreasonable use of carbapenems 
antibiotics in recent years, carbapenem-resistant Klebsiella pneumoniae (CRKP) has emerged and become a serious 
threat to public health, which can cause higher morbidity and mortality.3,4

According to the data of WHO global antimicrobial resistance surveillance system (GLASS) in 2021,5 the resistance 
rates of meropenem and imipenem for CRKP were 12.34% and 10.63% respectively. Surveillance reports from China 
Antimicrobial Resistance Surveillance Network (CHINET) show that the meropenem resistance rate in a K. pneumoniae 
increased from 2.9% in 2005 to 24.4% in 2021.6 Data from the Infectious Disease Surveillance of Pediatrics (ISPED) 
program indicates that the proportion of carbapenem-resistant Enterobacteriaceae (CRE) in the neonatal group is much 
greater than in the non-neonatal group (11.1% vs 5.5%), and CRE has been presenting the potential threat to the health of 
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children in China, especially to the immature immunity neonates.7 Therefore, more attention needs to be paid to the 
CRKP infections in neonate.

Carbapenem resistance in K. pneumoniae is mainly due to the following mechanisms: (1) the production of 
carbapenemases, including KPC (class A), NDM, VIM and IMP (class B), and OXA-48 (class D) enzymes, (2) loss 
of outer membrane proteins and (3) overexpression of efflux pumps.8 Carbapenemase production is the main resistance 
mechanism. The dissemination of CRKP is clonal, and the population structure is geographically specific. It has been 
reported that sequence type (ST) 258 has become the most predominant type in the United States, and Europe9 and ST11 
is the predominant type in China.10 The bacterial epidemiology and resistance profiles in children are quite different from 
adult population in China. blaKPC-2 was the most prevalent carbapenemase gene in K. pneumoniae isolated from Chinese 
adults, and blaNDM was the most dominant gene among children.11,12 In addition, the resistance and prevalence of CRKP 
in different regions of China are also different.13 However, the molecular characteristics of CRKP in neonate are largely 
lacking or very limited. On this basis, the study collected CRKP isolates from neonatal patients of West China Second 
University Hospital in Sichuan, Southwest China, and used whole-genome sequencing (WGS) technology to analyze the 
molecular epidemiology and drug resistance mechanism of neonatal CRKP to provide evidence for clinical treatment and 
effective control of nosocomial infection with CRKP.

Materials and Methods
Bacterial Isolates, Identification, and Susceptibility Testing
In this study, nonduplicate CRKP isolates were collected from neonatal patients hospitalized in the neonatal intensive care unit 
(NICU) and the general neonatal wards of West China Second University Hospital from June 2017 to June 2021. West China 
Second University Hospital is a tertiary-care teaching hospital located in Sichuan, Southwest China, where over 6000 neonates 
are hospitalized every year. All isolates were initially identified by matrix-assisted laser desorption ionization time-of-flight mass 
spectrometry (MALDI-TOF MS, bioMérieux, France). Antimicrobial susceptibility testing was performed using broth micro-
dilution with the Vitek II automated system (bioMérieux). In addition, minimum inhibitory concentrations (MICs) of colistin and 
ceftazidime-avibactam against the isolates were determined using the broth microdilution according to the Clinical Laboratory 
Standards Institute (CLSI). The results were interpreted according to the criteria of CLSI 2022 breakpoints. For tigecycline and 
colistin, which were interpreted according to the European Committee on Antimicrobial Susceptibility Testing (EUCAST) 
criteria (https://www.eucast.org). Escherichia coli ATCC 25922 was used as a quality control.

String Testing
The hypermucoviscous phenotype was detected by string test. All isolates were cultured at 35°C for overnight on 
Columbia blood agar medium. The formation of viscous string >5 mm in length was considered positive for the string 
test when the bacterial colonies were stretched by an inoculation loop.14

Genomic DNA Extraction, Whole-Genome Sequencing, Assembly, and Annotation
Genomic DNA was prepared using the QIAamp DNA mini kit (Qiagen, Hilden, Germany), and sequencing libraries were 
generated using the NEBNext Ultra II DNA Library Prep Kit for Illumina (NEB, Ipswich, MA, USA) following the 
manufacturer’s recommendations. Whole genome sequencing was carried out using the HiSeq X10 platform (Illumina, 
San Diego, CA, USA). Reads were trimmed using Trimmomatic v0.3915 under the default setting and were de novo 
assembled into contigs using SPAdes v3.14.0.16 Prokka v1.14.517 was used to annotate the assembled genomes.

Genome Profiling
Antimicrobial resistance genes (ARGs) and plasmid replicons were identified using ResFinder and PlasmidFinder 
(http://genomicepidemiology.org/). Sequence types (STs) were determined using the genome sequence to query the 
multilocus sequence typing database (http://bigsdb.pasteur.fr/klebsiella/klebsiella.html). Capsule typing and virulence 
factor prediction were performed using Kleborate v2.2.0 (https://github.com/katholt/Kleborate).
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Phylogenetic Analysis
We performed single-nucleotide polymorphism (SNP) calling for genome sequences to untangle the clonal relatedness of 
strains and to investigate whether the ST789 strains in this study are clonally related to strains recovered elsewhere. We 
used the complete genome of strain 090573 (GenBank accession no. CP071167), an ST789 recovered from sputum in 
China in 2019, as the reference sequence for mapping. The quality-controlled reads of each strain were mapped against 
the reference using Snippy version 4.3.6 (https://github.com/tseemann/snippy) with default settings. A pseudo-multiple- 
alignment was generated using the bundled script and the phylogeny was then inferred using RaxML v8.2.1218 under 
GTRGAMMA model with a 1000-bootstrap test. Phylogenetic trees were viewed in Figtree v1.4.4 (https://github.com/ 
rambaut/figtree/) and annotated using iTOL v6.7.5.19

Nucleotide Sequence Accession Numbers
The draft genomes of strains have been deposited in GenBank under the BioProject number PRJNA847410.

Results
Clinical Characteristics of CRKP Isolates
In total, 41 nonduplicate CRKP isolates were collected from June 2017 to June 2021, the male-to-female ratio was 
1:1.05, the median age was 19 days (interquartile range: 13–31 days). The CRKP isolates were obtained from sputum 
(39.0%, n = 16), blood (26.8%, n = 11), tracheal tube (19.5%, n = 8), pleural and peritoneal effusions (7.3%, n = 3), 
secretions (4.9%, n = 2), and urine (2.4%, n = 1) (Figure S1). The majority of patients were born prematurely (75.6%, 31/ 
41), 65.9% (27/41) were born by caesarean section, 70.7% (29/41) had received mechanical ventilation, and 63.4% (26/ 
41) had peripherally inserted central catheter placed. Further demographic and clinical details are provided in Table 1. 

Antimicrobial Susceptibility Testing and Hypermucoviscous Phenotype
The 41 CRKP strains demonstrated high resistance to all β-lactams and their corresponding inhibitors, including 
cefuroxime, ceftazidime, ceftriaxone, cefepime, cefoperazone/sulbactam, ceftazidime-avibactam, piperacillin/tazobac-
tam, imipenem, meropenem, and ertapenem. Various levels of susceptibilities to aztreonam (24.4%, 10/41), sulfamethox-
azole-trimethoprim (90.2%, 37/41), tobramycin (92.7%, 38/41), gentamicin (95.1%, 39/41), and levofloxacin (95.1%, 39/ 
41) were observed. Moreover, all the CRKP isolates (100%) were susceptible to amikacin, tigecycline, ciprofloxacin, and 
colistin (Table 2 and Table S1). None of the 41 isolates were hypermucoviscous.

Distribution of Antimicrobial Resistance Genes and Virulence Genes
Various resistance genes were identified in the 41 CRKP isolates (Figure1), 39 strains were found to carry carbapenemase 
genes, among which blaNDM-5 was the predominant one (n = 35, 85.4%), followed by blaNDM-1 (n = 3, 7.3%), and blaIMP-4 

(n = 1, 2.4%). However, two strains did not carry any carbapenemase gene. blaSHV (n = 41, 100%), blaCTX-M (n = 35, 
83.3%) and blaTEM-1 (n =30, 97.6%) also had high detection rates. The AmpC beta-lactamase, blaDHA-1 (n = 5, 11.9%) was 
identified. In addition, the fosfomycin resistance gene fosA and tetracycline resistance gene tet (34) were detected in all 
isolates (Table S2). By analyzing virulence genes, none of the CRKP isolates carried the rmpA/rmpA2 gene (encoding 
mucoid phenotype regulators), iucABCD–iutA (encoding aerobactin), and iroBCDN (encoding salmochelin). The genes 
encoding yersiniabactin (irp/ybtAEPQSTUX) were detected in 5 isolates, which all belonged to ST2407.

STs, Capsular Wzi Types and Plasmid Replicons of the 42 CRKP Strains
MLST results showed that a total of 8 different STs were identified for the 41 CRKP isolates. ST789 (70.7%, 29/42) was 
the most prevalent, followed by ST2407 (12.2%, 5/42) and ST17 (4.9%, 2/42). Other STs, including ST29, ST35, ST70, 
ST278, and ST307 were only detected in one isolate (Figure 2). All 29 ST789 isolates carried blaNDM-5, blaCTX-M-15, 
blaSHV-25, and blaTEM-1. All 5 ST2407 isolates carried blaNDM-5, blaCTX-M-14, blaSHV-187 and blaDHA-1. Four serotypes 
were identified in the 41 CRKP isolates, KL18 (n = 29, 70.7%) was the most common one, followed by KL25 (n = 5, 
12.2%), KL22 (n = 1, 2.4%) and KL30 (n = 1, 2.4%). In addition, five isolates were unclassified. Seven capsular wzi 
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types were identified, wzi18 (n = 29, 70.7%) was the most common one, which all isolates belonged to ST789 (Table S2). 
Eleven types of plasmid replicons were identified in the 41 isolates. The most common replicon type was IncX3, which 
was harbored by 36 (87.8%) isolates, followed by IncFIB (n = 34, 82.9%), and IncFII (n = 32, 78.0%). The remaining 
plasmid replicons, such as Col(pHAD28) and IncR, were relatively less common (Figure 3). Among the isolates, the 
most common type of replicon combination was IncX3 and IncFIB, accounting for 75.6% (31/41) (Table S2).

Discussion
The emergence of carbapenem-resistant Klebsiella pneumoniae (CRKP) has been regarded as a worldwide public health 
concern, and the epidemic characteristics of CRKP vary by region. The prevalence of CRE in the children is increasing, and 
the neonatal intensive care unit (NICU) patients had the highest proportion of CRKP nosocomial infections, who showed 
different molecular and epidemiological characteristics of CRKP from non-neonatal patients.20 Therefore, it is necessary to 
understand the clinical and molecular characteristics of CRKP strains in neonates. In this study, we used whole-genome 
sequencing technology to analyze the genomic characteristics of neonatal CRKP strains collected in a tertiary hospital in 
Southwest China. The 41 CRKP isolates collected in this study were mainly from sputum (39%) which might be associated 
with respiratory insufficiency and mechanical ventilation. It had been reported that many risk factors, including mechanical 
ventilation, cesarean section, prior exposure to broad-spectrum beta-lactams, the use of central venous catheter, and low birth 
weight were associated with CRKP infection and/or colonization in pediatric.21–24 In this study, the great majority of neonates 
shared similar clinical features with premature birth (75.6%), caesarean birth (65.9%), venous catheterization (70.7%), and 
mechanical ventilation (70.7%). More than half of the healthcare-associated infections were occurred in patients of ≤1000 g 

Table 1 Clinical Characteristics of CRKP Patients

No of Patients %

Gender
Male 20 48.8%

Female 21 51.2%

Age, days, median (IQR) 19 (13–31)
Birthweight, g, median (IQR) 1300 (1060–2300)

ELBW 9 22.0%

VLBW 15 36.6%
LBW 8 19.5%

Normal birthweight 9 22.0%
Premature birth 31 75.6%

Caesarean birth 27 65.9%

Mechanical ventilation 29 70.7%
Peripherally inserted central catheter 26 63.4%

Umbilical venous catheter 3 7.3%

Multiple pregnancy 13 31.7%
Prognosis

Cured 40 97.6%

Dead/Abandoned 1 2.4%
Sample type

Sputum 16 39.0%

Blood 11 26.8%
Tracheal tube 8 19.5%

Pleural and peritoneal effusions 3 7.3%

Secretions 2 4.9%
Urine 1 2.4%

Abbreviations: IQR, interquartile range; ELBW, extremely low birthweight; VLBW, very low 
birthweight; LBW, low birthweight.
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weight at birth in NICU.25 Therefore, greater attention should be paid to neonates who are of low weight and undergoing 
mechanical ventilation and invasive procedures, to reduce the incidence of CRKP infection.

The results of drug sensitivity test showed that all the CRKP strains were highly resistant to antibiotics widely used in 
children, such as cephalosporins, carbapenems, monobactams, etc, and had a low resistance to quinolones, sulfonamides, 

Table 2 Antimicrobial Susceptibility and MIC Distributions of CRKP Strains

Drug Class Antimicrobials Antimicrobial Susceptibility MIC (μg/mL)

S, n (%) I, n (%) R, n (%) Range MIC50 MIC90

β-lactams Cefuroxime 0 (0.0) 0 (0.0) 41 (100.0) ≥128 ≥128 ≥128

Ceftazidime 0 (0.0) 0 (0.0) 41 (100.0) ≥64 ≥64 ≥64
Ceftriaxone 0 (0.0) 0 (0.0) 41 (100.0) ≥64 ≥64 ≥64

Cefepime 0 (0.0) 0 (0.0) 41 (100.0) 32 – ≥64 ≥64 ≥64

Cefoperazone/sulbactam 0 (0.0) 0 (0.0) 41 (100.0) ≥64 ≥64 ≥64
Piperacillin/tazobactam 1 (2.4) 0 (0.0) 40 (97.6) 8 – ≥128 ≥128 ≥128

Ceftazidime-avibactam 2 (4.9) 0 (0.0) 39 (95.1) 0.5 – ≥256 ≥256 ≥256

Carbapenems Ertapenem 0 (0.0) 0 (0.0) 41 (100.0) 4 – ≥8 ≥8 ≥8
Imipenem 0 (0.0) 0 (0.0) 41 (100.0) 8 – ≥16 ≥16 ≥16

Meropenem 0 (0.0) 0 (0.0) 41 (100.0) 8 – ≥16 ≥16 ≥16

Monocyclic β-lactams Aztreonam 10 (24.4) 0 (0.0) 31 (75.6) <=1 – ≥64 ≥64 ≥64
Sulfonamides Sulfamethoxazole/trimethoprim 37 (90.2) 0 (0.0) 4 (9.8) <=1/19 – ≥16/304 <=1/19 <=1/19

Aminoglycosides Tobramycin 38 (92.7) 3 (7.3) 0 (0.0) <=1 – 8 <=1 <=1

Gentamicin 39 (95.1) 0 (0.0) 2 (4.9) <=1 – ≥16 <=1 <=1
Amikacin 41 (100.0) 0 (0.0) 0 (0.0) <=2 <=2 <=2

Fluroquinolones Levofloxacin 39 (95.1) 2 (4.9) 0 (0.0) <=0.25–1 <=0.25 0.5

Ciprofloxacin 41 (100.0) 0 (0.0) 0 (0.0) <=0.25 <=0.25 <=0.25
Colistin Colistin 41 (100.0) 0 (0.0) 0 (0.0) 0.25–1 0.5 1

Tetracyclines Tigecycline 41 (100.0) 0 (0.0) 0 (0.0) 0.12–0.5 0.25 0.5

Abbreviations: S, Susceptible; I, Intermediate; R, Resistant.

Figure 1 The phylogenetic tree and the distribution of antibiotic resistance genes of the 41 CRKP isolates.
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aminoglycoside antibiotics, which were consistent with the results of previous studies.26 However, other research 
reported that the resistance rates of CRKP to levofloxaxin, gentamicin and trimethoprim/sulfamethoxazole showed an 
increasing trend, suggesting the importance of dynamic monitoring.27,28 In addition, most strains showed high resistance 
rate to the new cephalosporin/beta-lactamase — ceftazidime-avibactam (95.1%), which was regarded as an effective drug 
for the treatment of CRKP infections, as compared with previously developed antimicrobials such as colistin, aminogly-
cosides or tigecycline.29,30 Due to the limited availability of effective drugs, the treatment of CRKP infections in 
children, particularly in newborns, presents a significant challenge. Combination therapy utilizing antibiotics with diverse 
mechanisms of action, such as polymyxin, aminoglycosides, fosfomycin, and carbapenems, has shown promising results 

Figure 2 Sequence types of the 41 CRKP isolates.

Figure 3 Plasmid replicons among the 41 CRKP isolates.
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in adult patients. However, there is a scarcity of data regarding the efficacy of these treatments in the pediatric 
population. Some studies have indicated that colistin may be an effective and safe option for treating neonatal infections 
caused by carbapenem-resistant Enterobacteriaceae (CRE).31–33 Previous studies have shown that fosfomycin-containing 
regimens, whether in combination with a carbapenem or not, appear to be effective for treating CRKP infections in 
neonates, offering a new avenue for therapy.34 In this study, it was observed that the strains were sensitive to certain 
antibiotics in vitro, suggesting that these drugs can potentially be utilized for neonatal CRKP infections in our hospital. 
Overall, the treatment of CRKP infections in children presents as a complex and challenging task. Consequently, 
antimicrobial therapy should be individualized, considering various factors including the severity of the patient’s illness, 
epidemiological characteristics, the source of infection, and the susceptibility profile of the isolated bacteria.

The production of carbapenemase is the major mechanism of carbapenem resistance in K. pneumoniae. It has been 
reported that NDM was the most common carbapenemase type in neonatal CRKP, followed by KPC and OXA-48-like.35 

NDM belongs to the type of metallo-β-lactamase (MBL) that can hydrolyze most β-lactams (including carbapenems) but 
not monobactams, and cannot be inhibited by β-lactamase inhibitors, such as avibactam, clavulanic acid, sulbactam, and 
tazobactam, but can be inhibited by the MBL inhibitor EDTA.36

NDM-1 and NDM-5 are the most common NDM variants in CRKP and carbapenem-resistant Escherichia coli 
respectively, and NDM-5 showed higher hydrolytic stability for imipenem and meropenem as compared to NDM-1.8 In 
this study, 38 strains of CRKP carried blaNDM, among which 35 strains carried blaNDM-5 and 3 strains carried blaNDM-1, 
which interpreted the high resistance rate to ceftazidime-avibactam of the strains. In addition, blakpc was not detected, 
which was the most common in adults. It indicated that the therapeutic regimen of CRKP would be different between 
children and adults. In contrast to the previous finding that blaNDM-1 was the most prevalent in neonatal patients, we 
found that blaNDM-5 was the most prevalent type in this study.34 NDM-5-producing K. pneumoniae in neonates has been 
reported in China, India, Nigeria and Vietnam.35 The outbreak of blaNDM-5-carrying ST337 K. pneumoniae in the 
neonatal ward was first reported in Jiangsu, and all the blaNDM-5 gene located on the IncX3 type plasmid.37 Moreover, 
high prevalence of the combination of the β-lactamases genes of blaCTX-M, blaSHV, and blaTEM among the NDM- 
producing strains was observed in this study, and the coexistence of drug-resistant determinants with the combination of 
carbapenemase and two or more β-lactamases leaded to the multidrug resistance. Two isolates in the study did not carry 
any carbapenemase genes, and their MICs of carbapenem were not high (4–8 μg/mL). The mechanism of carbapenem 
resistance remains to be studied in the future. Both phenotypic and genomic analysis showed that the CRKP isolates were 
not hypermucoviscous, which was highly correlated with hypervirulent Klebsiella pneumoniae, suggesting that the 
CRKP strains in our hospital were not yet highly lethal and virulent.

In this study, the CRKP with carbapenemases belonged to different STs, ST789, ST2407, ST17, ST29, ST35, and ST278, 
implying the genetic diversity of CRKP isolates. ST11 is the dominant ST in Asia for CRKP, which accounts for up to 60% 
of CRKP in China.10 However, ST789 was identified as the most prevalent type, and no ST11 CRKP was isolated in our 
study. ST789 is not a common type, and KPC-2-producing Klebsiella pneumoniae ST789 has been reported in some 
countries, such as China, Malaysia, South Korea, and the USA.38 In addition, previous studies reported that blaNDM-5-carring 
ST789 CRKP caused multiple outbreaks involved in 2 neonatal ICUs at different hospitals in Sichuan.38,39 Then NDM- 
5-producing ST789 CRKP may become an emerging threat for neonates in this region and need rigorous monitoring. ST2407 
was the second most common sequence type, and it had been reported that ST2407 was the dominant type of blaNDM- 
carrying Klebsiella pneumoniae in one hospital from Chengdu and clone transmission occurred in this hospital.40 Plasmids 
have the ability to carry multiple antibiotic resistance genes and can transfer between the same or different species by 
conjugation, which makes them play an important role in the dissemination of antimicrobial resistance.41 In our study, eleven 
types of plasmid replicons were identified in the 41 isolates, among them IncX3 was the most common plasmid type. It 
suggested that IncX3 plasmids may be a major vehicle in mediating the dissemination of blaNDM in East Asia, particularly in 
China.42 Key plasmids (IncX3) and ST diversity accelerated the spread of blaNDM in CRKP.40

There are also some limitations in our study. It was performed in a single tertiary hospital in Sichuan, and the results 
cannot be generalized to other institutions. Multi-center isolates should be collected to provide more evidence on the 
clinical significance of CRKP strains.
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Conclusion
The study revealed the prevalence of CRKP strains isolated from neonatal patients. BlaNDM was the most dominant 
carbapenemase resistance gene. ST789 CRKP strains carrying blaNDM-5 were a tremendous menace to neonates in this 
hospital. Therefore, effectively implement prevention and control measures need to be taken for the prevention and 
treatment of CRKP infection in the neonatal ward.
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