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Objectives: The aim of this study is to characterize the genomic features of ST6115 carbapenem-resistant Klebsiella pneumoniae (CRKP) co-harboring blaNDM-1 and blaIMP-4.

Methods: The genome sequences of one ST6115 Klebsiella pneumoniae (KP) strain and 12 ST17 KP strain were obtained through whole genome sequencing (WGS). Subsequently, a phylogenetic analysis was employed to ascertain the clonal relationship of these strains. The antimicrobial susceptibility testing (AST) was evaluated through the application of the minimum inhibitory concentration (MIC) methodology by the broth microdilution method. Annotation and analysis of the genome enabled the identification of the plasmid structure and the comparative analysis of the genetic background. Finally, the conjugation transfer experiment was conducted to assess the transferability of the plasmid pHD8428-NDM-IMP.

Results: A comparable phylogenetic analysis revealed that ST6115 HD8428 and the majority of ST17 strains (9/12) were clustered on the same clade, which suggests a close relationship between two ST types. Additionally, HD8428 showed particularly close genetic similarity to HD11490, with a single-nucleotide polymorphism (SNP) difference of only 273. The analysis of the antibiotic resistance genes carried by the 13 strains revealed that all strains carry extended-spectrum β-lactamase (ESBL) genes. AST revealed that HD8428 exhibited resistance to a diverse range of antibiotics. The blaNDM-1 and blaIMP-4 genes were identified as being located on the plasmid pHD8428-NDM-IMP. Further analysis demonstrated that the blaNDM-1 gene was present on ΔTn125, while the blaIMP-4 gene was located on In1377-2. The results of the conjugation experiment indicated that plasmid pHD8428-NDM-IMP may pose a risk for the transmission of antibiotic resistance in healthcare settings.

Conclusion: We report a clinical ST6115 strain HD8428 and identify the coexistence of blaNDM-1 and blaIMP-4 in the IncHI5 type plasmid pHD8428-NDM-IMP. HD8428 was resistant to a wide range of antibiotics and harbored the transmissible plasmid pHD8428-NDM-IMP, which made it a potential threat to public health. Our study indicates that the healthcare system and services should remain vigilant regarding the spread and prevalence of ST6115.
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Introduction

Klebsiella pneumoniae (KP) is a causative agent associated with a range of infections, including pneumonia, sepsis, urinary tract infection, bacteremia and so on (Paczosa and Mecsas, 2016). The extensive utilization of antibiotics has unquestionably contributed to the enhanced resistance of KP to multiple antibiotics, which presents a significant challenge to the effective treatment of pathogens and has garnered considerable attention. The World Health Organization (WHO) has identified multidrug-resistant (MDR) Gram-negative bacteria (GNB) as a pathogen in urgent need of new antibiotics (Tacconelli et al., 2018).

The majority of MDR-KP isolates produce extended-spectrum β-lactamases (ESBLs) and/or carbapenemases in collaboration with other antibiotic resistance mechanisms (Woodford et al., 2011; Bialek-Davenet et al., 2014). The emergence of ESBLs-producing KP is a global phenomenon, with high mortality rates occurring in the infection (Shu et al., 2019). Carbapenem-resistant Klebsiella pneumoniae (CRKP) is a consequence of excessive use of carbapenems in the treatment of ESBL-producing KP (Arato et al., 2021). The emergence of CRKP has become a significant concern for both patients and clinicians. In particular, the presence of CRKP has been linked to an approximately 40% increase in mortality rates in hospitals (Zhou et al., 2020).

The clinically important MDR-KP isolates harbor plasmid-borne genes encoding a wide variety of carbapenemases, including class A (KP carbapenemase, KPC), class D (oxacillinase, OXA), and class B, such as New Delhi metallo-β-lactamase (NDM), imipenemase (IMP), and Verona integron-encoded metallo-β-lactamase (VIM) (Jean et al., 2022). KPC is the most common in China, followed by NDM and IMP (Wang et al., 2024). Currently, the increasing prevalence of carbapenem-resistant Enterobacteriaceae (CRE) strains in China is primarily attributable to the pervasive transmission of conservative mobile elements harboring the blaNDM gene (Zhang et al., 2017). Moreover, the literature indicated that the prevalence of IMP-4 in China has reached a critical level that necessitates the expansion of surveillance to prevent the further spread of CRKP (Zheng et al., 2023). Furthermore, the co-carrying of more kinds of resistance genes has the potential to facilitate the dissemination of these genes in MDR bacteria, thereby complicating the management of resistant genes (Zhang et al., 2021).

The ST6115 strain was identified in 2022. There is a paucity of reports of the ST6115 KP, which is analogous to ST17 and differs from it by a single allele difference in tonB gene. ST17 is strongly associated with a MDR phenotype, which contributes to challenging hospital-acquired infections (Hetland et al., 2023). Therefore, a comparison with ST17 allows for an assessment of the potential spread of ST6115.

In the course of our investigation, we identified a strain of KP belonging to ST6115 and co-harbored blaNDM-1 and blaIMP-4. This strain may serve as a potential model for deep analysis of the transmission pathway and genetic context. Therefore, our findings provide valuable insights into the carbapenemases genes transfer and offer a foundation for the development of prevention and control strategies.



Materials and methods


Strains collection and antimicrobial susceptibility testing

Thirteen KP strains were collected from six tertiary health care hospitals from different cities in China between 2017 and 2022. These cities are located in North China (Beijing), East China (Suzhou), South China (Guangzhou), Southwest China (Chengdu, and Kunming), and Northwest China (Yinchuan), respectively. We retrospectively collected all CRKP strains and the clinical data from these hospitals. Bacterial species identification was performed using matrix-assisted laser desorption time of flight mass spectrometry (MALDI-TOF-MS). Subsequently, genomic DNA was extracted from the bacteria to facilitate further determination of the ST type and the resistant genes harbored by these strains. The bacterial strain collection was described in our previous study (Zhu et al., 2023). We performed antimicrobial susceptibility testing (AST) using the standard broth microdilution technique following the CLSI guidelines (Humphries et al., 2021).



Whole-genome sequencing

Genomic DNA from KP strains was extracted using the Omega Bio-Tek Bacterial DNA Kit (Doraville, GA, United States). Whole-genome sequencing (WGS) of the 13 isolates was carried out on the Illumina NovaSeq 6000 platform (Illumina Inc., San Diego, CA, United States) using a 350 bp paired-end protocol. The filtered reads were assembled de novo into contigs with SPAdes 3.11. The complete genome of isolate HD8428 was sequenced using a sheared DNA library with an average fragment size of 10 kb on a Nanopore PromethION sequencer (Oxford Nanopore Technologies, United Kingdom). And paired-end short reads from Illumina sequencing were employed to correct the longer Nanopore reads. The corrected Nanopore reads were then assembled de novo using Unicycler v0.4.9. The methodology is based on our previous study (Wen et al., 2022).



Genome analysis

Open reading frames (ORFs) and pseudogenes were identified through RAST 2.0, with additional confirmation via BLASTp/BLASTn searches. Multilocus sequence typing (MLST), along with the annotation of resistance genes, mobile elements, and other relevant features, was conducted using various online databases, including PubMLST, CARD, ResFinder, PlasmidFinder, ISfinder, and INTEGRALL. Sequence comparisons, both pairwise and multiple, were carried out using BLASTn. Gene organization diagrams were generated using Danmel scripts and visualized with Inkscape 1.0.1. The Sankey diagram was created using SankeyMATIC. The details were described in our previous study (Fu et al., 2024).



Phylogenetic analysis

A phylogenetic analysis was performed on 13 KP strains. The core single nucleotide polymorphisms (SNPs) were identified by Mummer 3.25. A maximum-likelihood phylogenetic tree was constructed using MEGAX 10.1.8 based on the core SNPs with a bootstrap iteration of 1,000, and displayed using iTOL. The details were outlined in our earlier study (Fu et al., 2024).



Conjugal transfer

We performed conjugation experiments between the HD8428 donor strain and the E. coli J53 recipient strain (resistant to NaN3), using same volume mixed. Then they were incubated for 24 h at 24°C. Transconjugants were selected on agar plates containing 2 μg/mL meropenem and 200 μg/mL NaN3. PCR analysis was then conducted to confirm the presence of the conjugants, following the previously described protocol (Fu et al., 2024). The primer sequences we used are as follows: NDM-1 (F: GAATGGCTCATCACGATCATGC, R: CGGTTTGATCGTCAGGGATGG), IMP-4 (F: GAAGGCGTTTATGTTCATACTTCGT, R: CTTGGAACAACCAGTTTTGCCT).



Growth assay

Strains were cultured overnight in 3 mL of LB with or without meropenem, shaking at 200 rpm and 37°C, then diluted to an OD600 of 0.3. And 2 μL of that liquid was added to 200 μL of LB in a 96-well plate, with triplicate wells for each condition. The culture density was monitored every 30 min for 16 h by measuring OD600 with shaking at 200 rpm and 37°C using a FLUOstar Omega reader (BMG Labtech, Germany). Growth curves were generated and analyzed using GraphPad Prism 5.0 (GraphPad Software, Inc.), with statistical significance determined by two-way ANOVA (p < 0.05).



Nucleotide sequence accession numbers

The 12 draft genome sequences of ST17 strains and the complete genome sequence of ST6115 strain were, respectively, submitted to GenBank under BioProject PRJNA1189667 and PRJNA1189857.




Results


The clinical information and serotypes of 13 strains in this study

A total of 12 ST17 KP isolates were collected in the domestic multicenter surveillance study. During the course of our collection, we fortuitously encountered a ST6115 strain designated HD8428. The clinical information and serotypes of the 13 strains were initially organized and presented in a Sankey diagram (Figure 1). These isolates were collected from six cities over the past 5 years and were isolated from sputum, urinary tract and other clinical specimens. Based on capsular serotypes, seven distinct types were identified, with KL25 (4/13) being the most prevalent. Additionally, a total of five types were classified based on lipopolysaccharide O antigens, with O5 (4/13) and O2afg (4/13) being the most prevalent. It was notable that all four KL25 strains exhibit an O5 serotype, while all two KL127 strains are of OL101 serotype.
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FIGURE 1
 The clinical information and serotypes of ST6115 and 12 ST17 isolates. Sankey diagram showing 13 strains from different cities, separated by time and specimen types in China (2017–2022), with information on capsular polysaccharide and lipopolysaccharide O types.




Comparative analysis of phylogenetic trees between ST6115 and ST17

Given the paucity of reports on this particular class of ST6115, we sought to undertake a comparative analysis between ST6115 and ST17, with a view to elucidating the distinctive characteristics of them. To compare the clonality of two types of KP in China, a phylogenetic analysis based on core SNPs was performed on Figure 2. The phylogenetic tree revealed that 13 KP were divided into three major separately clustering clades. The HD8428 and the other nine KP strains were found to co-exist on clade 3. Of these, HD11490 exhibited the lowest degree of divergence to HD8428 (SNP = 273). The findings suggest that ST6115 exhibits a high degree of similarity with ST17. Additionally, HD9051 was distinctly situated on clade 1, while the remaining three strains exhibiting close relationship were located on clade 2. However, the core SNPs of 13 strains were further pairwise compared, with the smallest core SNP difference being 119, suggesting that these strains did not belong to the same clone.

[image: Figure 2]

FIGURE 2
 A maximum-likelihood phylogenetic tree of ST6115 HD8428 and 12 ST17 isolates. The red triangles represent ST types, and the circles represent ARGs of different kinds of antibiotics: yellow for β-lactam antibiotics, orange for aminoglycoside, green for tetracycline, blue for quinolone, and purple for other antibiotics. Among these, the resistance genes for β-lactam antibiotics are categorized into two types: the left semicircle represents carbapenemases genes, while the right semicircle represents ESBLs genes. Bar corresponds to scale of sequence divergence.




Antimicrobial genetic characteristics of 13 strains

In this study, the presence of antibiotic resistance genes was analyzed in 13 strains. Among them, most strains (8/13) carried carbapenemase-encoding genes, including five blaNDM-1, two blaNDM-5, and one blaIMP-4. Of note, HD8428 co-carried blaNDM-1 and blaIMP-4 (Figure 2). The findings indicated that strains carrying the blaNDM-1 gene constitute approximately half of the ST17 group.

Furthermore, additional antimicrobial resistance genes (ARGs) were identified. The antimicrobial genetic analysis indicated that all isolates harbored different kinds of extended-spectrum beta-lactamases (ESBLs), including blaCTX-M-14, blaCTX-M-15, blaTEM-1 blaTEM-1D and blaSHV-11 (Figure 2). Of the 13 strains, blaSHV-11 and blaCTX-M-14 had the highest prevalence of 76.9 and 53.8%, respectively. The isolates also harbored for other resistance genes such as aac(3)-IId, aac(6′)-Ib, aadA16 and aph(3″)-Ib for aminoglycoside, tet (A) for tetracycline, aac(6′)-Ib-cr, oqxA and qnrS1 for fluoroquinolones and so on. The oqxA gene was identified in all strains.



Antimicrobial resistance profiles

AST is used to detect bacterial resistance to antibiotics in vitro. The AST results of ST6115 HD8428 and the 12 ST17 strains were shown in Table 1. HD8428 was resistant to carbapenems, like meropenem. It was also resistant to cephalosporin, like ceftazidime. And HD8428 was resistant to aminoglycoside such as gentamycin and amikacin. HD8428 retained resistance to fluoroquinolones, like ciprofloxacin. But HD8428 was susceptible to tetracycline, like tigecycline. Our results suggest that HD8428 is MDR.



TABLE 1 Susceptibilities of 15 strains to six antimicrobials.
[image: Table1]

In general, the AST of all the strains can be largely attributed to the resistant genes they harbor. The presence of a specific carbapenemase gene rendered seven strains resistant to both carbapenems and ceftazidime. Conversely, when only ESBLs were present, HD2794 and HD9408 exhibited resistance to ceftazidime. Furthermore, all strains that carried aminoglycoside resistance genes were resistant to gentamycin and amikacin. And the tet (A) gene has been identified as a resistance factor for tigecycline in both the HD8325 and HD9408 isolates. Furthermore, our findings indicate that the presence of resistance genes in bacterium does not necessarily exhibit resistance to the corresponding antibiotic. This phenomenon is particularly evident in strains carrying the oqxA and qnrS1 genes. Some strains that carried quinolone resistance genes but remained sensitive to quinolone antibiotics. This could be due to low or lack of expression of the resistance genes.



Characterization of plasmid pHD8428-NDM-IMP, blaNDM-1 region and blaIMP-4 region

In HD8428, the blaNDM-1 and blaIMP-4 genes were both carried by plasmid pHD8428-NDM-IMP, which was identified as an IncHI5 plasmid (Figure 3). The pA324-IMP plasmid was employed as a reference plasmid (Liang et al., 2018), belonging to the IncHI5 plasmid type and bearing the accession number MF344566. The reference plasmid encodes two replication proteins, designated RepFIB and RepHI5B. In order to annotate the unknown pHD8428-NDM-IMP plasmid, a BLAST comparison was performed with the well-characterized pA324-IMP plasmid. The results revealed that two replication proteins present in the pHD8428-NDM-IMP plasmid, which were consistent with the reference plasmid. Furthermore, a comparison of the backbone regions of the pHD8428-NDM-IMP plasmid and the reference plasmid revealed a high degree of similarity, with 95% coverage and 99.5% nucleotide identity. Based on these results, the pHD8428-NDM-IMP plasmid is identified as an IncHI5 plasmid. The backbone region of plasmid pHD8428-NDM-IMP was dispersed, which was caused by the insertion of multiple exogenous DNAs at different sites. In essence, the backbone region is roughly separated by 2 principal accessory module (a 59.9 kb accessory module carrying the blaNDM-1 gene and a 40.1 kb accessory module carrying the blaIMP-4 gene), and other six scattered accessory modules (Figure 3).
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FIGURE 3
 Schematic diagram of IncHI5-type plasmid pHD8428-NDM-IMP. The presentation of genes of different functions is indicated by arrows and is distinguished by a variety of colors. The circles indicate the predicted coding sequences, with the scale in 10 kb shown outside, the backbone (black) and accessory module (gray) regions shown next, GC content and GC skew [(G − C)/(G + C)] shown inside.


Further, a comparative analysis of the environment surrounding the blaNDM-1 and blaIMP-4 gene were, respectively, carried out. A 10.3 kb IMP-4 region was detected in the 40.1 kb accessory module (Figure 4A). The blaIMP-4 genes were carried by the In1377-2. Compared to In1377, the gene cassette of In1377-2 lacks the qacG2 and ΔcatB3 genes, while the coverage and nucleotide identity of rest sequences were 100%. And In1377-2 was surrounded by two genetic elements, ΔTn6738 and IS5075. The other 13.6 kb NDM-1 region was also identified in the 59.9 kb accessory module (Figure 4B). On this region, blaNDM-1 gene was carried by ΔTn125. In comparison with the complete Tn125, ΔTn125 is 100% identical to it, but contains only ΔdsbD, trpF, bleMBL and blaNDM-1 genes.

[image: Figure 4]

FIGURE 4
 The comparative analysis of the genetic background of the IMP-4 region and In1377 (A), NDM-1 region and Tn125 (B). The representation of genes is indicated by arrows. Mobile genetic elements are categorized according to their functional classification and presented in a color-coded format. The dashed line in the figure represents a shortened version of the actual length. Shading denotes regions of homology (light blue: ≥99% nucleotide identity). The accession numbers of In1377 and Tn125 used as reference are MF344567 and JN872328, respectively.




The conjugation capacity of the pHD8428-NDM-IMP plasmid

The IncHI5-type plasmid pHD8428-NDM-IMP could be transferred into E. coli J53 from strain HD8428 through conjugal transfer experiment. In order to evaluate the influence of the IncHI5-type plasmid on the growth of the strain, a comparison was made between the growth of E. coli J53 and E. coli J53 transconjugants of the IncHI5-type plasmid pHD8428-NDM-IMP (Figure 5). The difference between the growth curves of J53 and J53/pHD8428-NDM-IMP was not statistically significant (p > 0.05) in all conditions, including those with and without meropenem restriction. The results indicate that the acquisition of IncHI5-type plasmid pHD8428-NDM-IMP had minimal impact on the growth of the parental strain.

[image: Figure 5]

FIGURE 5
 Growth curve comparison. Growth curves of recipient strain E. coli J53 and the transconjugants harboring blaNDM-1 and blaIMP-4 co-carried IncHI5-type plasmid pHD8428-NDM-IMP with and without meropenem (value of p > 0.05). All data are presented as mean ± SD (n = 3). J53 means the recipient strain E. coli J53. J53/pHD8428-NDM-IMP means the transconjugant harboring IncHI5-type plasmid pHD8428-NDM-IMP in antibiotic-free LB broth. J53/pHD8428-NDM-IMP+MEM means the transconjugant harboring IncHI5-type plasmid pHD8428-NDM-IMP in LB containing meropenem.


Furthermore, a comparative analysis of the AST was conducted between the J53 and J53/pHD8428-NDM-IMP strains (Table 1). It was observed that the recipient strain, through the acquisition of the plasmid, exhibited an increase in resistance to carbapenems, cephalosporins, and aminoglycosides. This phenomenon can be attributed to the presence of the blaNDM-1, blaIMP-4 and aac(6′)-Ib genes on the pHD8428-NDM-IMP plasmid (Figure 4). This indicates that upon transfer of the plasmid, the recipient strain exhibits enhanced resistance to the several kinds of antibiotics.




Discussion

In the present study, we report a rare clinical strain of KP that belongs to ST6115 and carries two carbapenemase genes. We analyze this pathogen from different perspectives and elucidate the potential dangers. ST6115 has been classified in 2022, and has not been reported in any study. To our knowledge, this report is the first study of clinical ST6115. Given the minimal housekeeping gene divergence between ST6115 and ST17, we performed comparable phylogenetic analysis between them. The results demonstrate a close relationship between the two kinds of ST. In previous studies, the potential harm of ST17 KP to the public was demonstrated primarily through its capacity to carry CTX-related plasmids. It has been documented that ST17 KP producing CTX-M-15 has emerged in Canada, Spain, Norway and other countries (Löhr et al., 2015). Furthermore, ST17 has been identified as a high-risk clone that is responsible for the emergence and dissemination of CTX-like genes (Elias et al., 2023). Our study also produced similar findings. In our domestic multicenter surveillance study, the prevalence of ESBL genes in ST17 strains was notably high (100%), especially for blaCTX-M-14 (6/12) and blaSHV-11 (9/12) (Figure 2). Moreover, both of these resistance genes were also detected in the ST6115 strain. Furthermore, ST6115 exhibits a high degree of similarity to ST17, suggesting a potential correlation between their emergences. Therefore, this result serves to alert the necessity of preventing the transmission of ST6115.

In addition, our results indicated that KL25 and O5 are co-occurring and have the highest prevalence among the ST17 strains, which is consistent with previous studies (Hetland et al., 2023). However, ST6115 HD8428 does not belong to KL25/O5. This suggests that ST6115 may have other disseminated serotypes.

The prevalence of MBL producers has increased considerably (Sader et al., 2023). The blaNDM-1 gene is highly prevalent in numerous countries, for examples an epidemic outbreak of NDM-1 KP in Portugal (Novais et al., 2022), South Africa (Magobo et al., 2023), Germany (Sandfort et al., 2022) and so on. However, it should be noted that NDM-1 is not the most prevalent subtype detected in China (Han et al., 2020). IMP-4 is markedly prevalent and exhibits the highest detection rate of IMP subtypes in China (Jing et al., 2022; Wang et al., 2018). The production and transfer of these two enzymes has resulted in an increased tolerance of KP to carbapenems. The production and transfer of blaIMP-4 and blaNDM-1 have both actively contributed to the accelerated emergence of carbapenem resistance in an increasing number of KP.

The blaNDM-1 has been documented in the context of a range of plasmids, including IncM2 (Lopez-Diaz et al., 2022), IncHI2 (Fu et al., 2023), IncX3 (Elshamy et al., 2023), and IncA/C2 (Kubota et al., 2023). Additionally, there is some literatures attesting to the presence of blaNDM-1 on the IncHI5 plasmid (Liu et al., 2021; Zhu et al., 2020). A number of studies have reported that IMP-4 is present on a range of plasmids, including the IncHI2 (Roberts et al., 2020), IncN (Liu et al., 2024), and IncHI5 plasmids (Zheng et al., 2023). Additionally, some studies have documented instances of blaNDM-1 and blaIMP-4 co-existence within the same bacterial strain. These instances have been observed on the same plasmid (Jia et al., 2022; Xiao et al., 2022; Wang et al., 2022), on different plasmids (Ma et al., 2024; Liu et al., 2018), or on segments of the plasmid integrated with the chromosome (Shi et al., 2024). Thus, the co-presence of blaNDM-1 and blaIMP-4 on the IncHI5 plasmid is not an unexpected occurrence. However, this phenomenon that blaNDM-1 and blaIMP-4 co-exist in IncHI5 plasmid has not been documented in previous existing literature.

Despite the comprehensive bioinformatics analysis and experimental research conducted on a strain belonging to ST6115 and carrying resistance genes, this study is still limited by the lack of a sufficiently large number of strains to determine the generalizability of our findings. Moving forward, we will continue to monitor this phenomenon with the aim of improving the accuracy of our conclusions by increasing the sample size, thereby providing more precise results for clinicians and researchers.

In our study, we report a clinical strain of ST6115 CRKP co-carrying blaNDM-1 and blaIMP-4. There is a well-founded apprehension that an epidemic of ST6115 may occur as a connection of the emergence and subsequent dissemination of ST17 in China. Therefore, controlling antimicrobial resistance and close monitoring is essential and critical. It is crucial to acknowledge that the plasmid bearing blaNDM-1 and blaIMP-4 has the capacity to transfer, which underscores the importance of infection control measures inspired by CRE in clinical settings.
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