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Emergence of an XDR Klebsiella pneumoniae ST5491 strain co-harboring NDM-5, MCR-1.1, tmexCD1-toprJ1, and a novel plasmid carrying CTX-M-15
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Objective: The rapid emergence of antimicrobial resistance (AMR) in Klebsiella pneumoniae poses a significant global health threat. The study aimed to analyze and describe the genomic architecture and resistance mechanisms of an extensively drug-resistant (XDR) K. pneumoniae isolate, KP09, by focusing on plasmids that harbor multiple resistance genes, including tmexCD1-toprJ1, blaCTX-M-15, blaNDM-5, and mcr-1.1.

Methods: The KP09 strain, isolated from a clinical sample, was subjected to antimicrobial susceptibility testing and conjugation experiments. Whole-genome sequencing with both long- and short-read methods facilitated hybrid assembly for complete genome reconstruction. Bioinformatics analyses identified resistance genes, plasmid structures, and sequence types (STs), whereas comparative genomic analysis elucidated the context and dissemination mechanisms of resistance determinants.

Results: KP09 exhibited broad-spectrum resistance to carbapenems, colistin, eravacycline, and tigecycline, and only remained susceptible to cefiderocol. The conjugation experiments successfully produced four transconjugants, each carrying specific plasmids: JKP09-1 harbored the tmexCD1-toprJ1 gene, JKP09-2 harbored tmexCD1-toprJ1 and mcr-1.1 genes, JKP09-3 harbored the mcr-1.1 gene, and JKP09-4 harbored blaNDM-5 and mcr-1.1 genes. Genomic analysis revealed a novel IncFIA/IncFII/IncQ1 hybrid plasmid carrying blaCTX-M-15, along with a large conjugative plasmid encoding the tmexCD1-toprJ1 efflux pump. The blaNDM-5 and mcr-1.1 genes were located in separate IncX-type plasmids, suggesting independent dissemination pathways. Furthermore, KP09 was identified as a new sequence type, ST5491, closely related to the endemic ST15 clone. The comparative analysis highlighted the role of mobile genetic elements, such as IS26 and ISEcp1, in facilitating the spread of resistance genes.

Conclusion: This study provides critical information on the genetic mechanisms that drive AMR in K. pneumoniae, including the identification of a novel blaCTX-M-15 encoding IncFIA/IncFII/IncQ1 hybrid plasmid and the emergence of the ST5491 strain. Understanding the genetic basis of resistance is essential to inform public health interventions and mitigate the impact of AMR.
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1 Introduction

Klebsiella pneumoniae is a common Gram-negative opportunistic pathogen and the most clinically significant species within the Klebsiella genus (Bengoechea and Sa Pessoa, 2019). It is associated with various infections, including urinary tract infections, pneumonia, bacteremia, and liver abscesses. Historically, antibiotics such as β-lactams and aminoglycosides have been effective treatments; however, overuse and misuse of these drugs have led to the rapid emergence of antimicrobial resistance (AMR), complicating clinical management (Riwu et al., 2020). In particular, data from China’s national surveillance program, CHINET, revealed a striking increase in imipenem and meropenem resistance rates in K. pneumoniae, increasing from 2.9% in 2005 to 30.0% in 2023 (Pan et al., 2024).

A major driver of AMR in K. pneumoniae is the dissemination of extended-spectrum β-lactamases (ESBLs), particularly the CTX-M type, such as CTX-M-15, which confers resistance to β-lactam antibiotics like penicillins and cephalosporins (Riwu et al., 2020). These resistance genes, often plasmid-borne (e.g., blaCTX-M), facilitate horizontal gene transfer among bacterial populations (Smiline et al., 2018). Carbapenems, once considered the last line of defense against multidrug-resistant (MDR) bacteria, are now compromised by carbapenemase-producing strains harboring blaNDM genes encoding New Delhi metallo-β-lactamase (NDM) (Acman et al., 2022). Colistin, a last resort treatment for Gram-negative infections, has been undermined by the emergence of mcr genes, especially mcr-1, first identified in China in 2015 (Liu et al., 2024). Compounding these challenges, resistance to tigecycline, a key therapy for extensively drug-resistant (XDR) K. pneumoniae, is increasing due to ribosomal mutations (e.g., rpsJ) and plasmid-mediated genes [e.g., tet(X) variants, tet(A), tet(M)] (Sheng et al., 2014). Of particular concern is the plasmid-encoded RND efflux pump tmexCD1-toprJ1, first identified in K. pneumoniae in China in 2020, which has rapidly disseminated in both agricultural and nosocomial settings (Lv et al., 2020).

The growing prevalence of MDR, XDR, and even pandrug-resistant (PDR) K. pneumoniae underscores the urgency of addressing AMR (Navon-Venezia et al., 2017). These strains, resistant to most or all available antibiotics, present significant challenges for clinical treatment and infection control. Furthermore, the emergence of novel sequence types (STs) associated with specific resistance genes has reshaped the epidemiological landscape, with implications for both the spread of AMR and patient outcomes (Wang et al., 2012; Peirano et al., 2020). Characterizing these STs and their genetic determinants is crucial to understanding AMR dissemination and informing strategies to mitigate its impact.

In this study, we performed a comprehensive genomic analysis of a clinical isolate of XDR K. pneumoniae, KP09, using long- and short-read sequencing. Our investigation focused on the structural characterization of plasmids that harbor multiple antimicrobial resistance genes (tmexCD1-toprJ1, blaCTX-M-15, blaNDM-5, and mcr-1.1). By comparing these plasmids with previously reported sequences, we sought to elucidate their genetic architecture and the mechanisms underlying the dissemination of AMR genes. This study aims to improve our understanding of AMR in K. pneumoniae and provides valuable information to guide the development of strategies to combat this global health threat.



2 Materials and methods


2.1 Bacterial isolation and identification

The K. pneumoniae strain KP09 was isolated from an intestinal sample of a 45-year-old woman at the Affiliated Jinhua Hospital, Zhejiang University School of Medicine in Zhejiang Province, on 8 September 2022, as part of the carbapenem resistance surveillance program. The patient was admitted to the Department of Nephrology with a diagnosis of impaired kidney function and no antibiotics were administered during hospitalization. The strain KP09 was identified by matrix-assisted laser desorption ionization time of flight mass spectrometry (MALDI-TOF MS; Microflex LH/ST, Bruker Daltonik GmbH, Bremen, Germany).



2.2 Antimicrobial susceptibility testing

The antimicrobial susceptibility of the strain to eravacycline and cefiderocol was determined using the E test method (E-test Liofilchem S.r.l., Italy; MH Comagar (Shanghai) Co., Ltd., China), whereas susceptibilities to other antibiotics were evaluated using the broth microdilution method (Kangtai Bio Co., Ltd., China), interpreted according to the Institute of Clinical and Laboratory Standards (CLSI) of 2024. Resistance break points for imipenem, meropenem, ertapenem, ceftazidime, cefotaxime, cefepime, cefiderocol, aztreonam, piperacillin/tazobactam, ceftazidime/avibactam, levofloxacin, ciprofloxacin, and amikacin were determined according to CLSI guidelines. For cefoperazone/sulbactam, the breakpoint was established based on the cefoperazone standard. Resistance breakpoints for colistin and tigecycline were interpreted according to the guidelines of the European Committee on Antimicrobial Susceptibility Testing (EUCAST) v.12.0. The resistance breakpoint for eravacycline was interpreted according to the guidelines of the Expert Committee of the National Antimicrobial Susceptibility Testing Commission (ChinaCAST).



2.3 Antimicrobial synergy test

The in vitro antibacterial activity of eravacycline combined with ceftazidime/avibactam, levofloxacin, colistin, and sulbactam against KP09 was detected using the checkerboard method. FIC (Fractional Inhibitory Concentration) is used to assess the effect of two antimicrobial drug interactions. FIC = (MIC of drug A in combination)/(MIC of drug A alone) + (MIC of drug B in combination)/(MIC of drug B alone). FIC ≤ 0.5 indicates a synergistic effect of two drugs, 0.5 < FICI ≤ 1 indicates an additive effect of two drugs, 1 < FICI ≤ 2 indicates no interaction between the two drugs, FIC > 2 indicating antagonism between the two drugs.



2.4 Conjugation experiments

Conjugation experiments were performed using KP09 as the donor strain and sodium azide resistant E. coli J53 as the recipient strain. The conjugation method was performed as previously described (Pan et al., 2024). Briefly, donor and recipient strains were cultured 4 h in Luria-Bertani broth (LB) (Sangon Biotech, Shanghai, China) at 37°C with shaking at 200 rpm. Equal volumes of donor and recipient cultures were mixed at a 1:1 ratio and then filtered through a 0.22 μm membrane filter placed on moistened commercial MH agar plates [Comagar (Shanghai) Co., Ltd., China]. The mixture was incubated at 37°C for 18 h. After incubation, bacteria were resuspended in LB broth and selected on Mueller–Hinton (MH) agar (Oxoid, Hampshire, United Kingdom) supplemented with:

100 μg/mL sodium azide and 1 μg/mL tigecycline for tmexCD1-toprJ1.

100 μg/mL sodium azide and 1 μg/mL colistin for MCR-1.1.

100 μg/mL sodium azide and 1 μg/mL meropenem for NDM-5.

Conjugation experiments were performed in three parallel replicates. The presumptive conjugants were confirmed by MALDI-TOF MS and PCR (T100TM) (Thermal Cycler, Bio-RAD, United States) with specific primers (primer sequences were provided in Supplementary Table S1). The conjugation efficiency was calculated by dividing the number of transconjugants by the number of donor strains. The MICs of the selected transconjugants were determined using the method described above.



2.5 Whole-genome sequencing

Genomic DNA was extracted using the Wizard® Genomic DNA Purification Kit (Promega, Madison, WI) following the manufacturer’s protocol. Whole genome sequencing of KP09 was carried out using both short read Illumina NovaSeq 6000 (Illumina Inc., San Diego, CA, United States) and long read Oxford Nanopore MinION (Oxford Nanopore Technologies, Oxford, United Kingdom) platforms, according to the manufacturer’s instructions.



2.6 Bioinformatics analysis

The long and short WGS reads were trimmed using Filtlong1 and fastp, respectively (Chen et al., 2018). Hybrid assembly was conducted with Unicycler v0.5.0, using default settings, resulting in a complete genome assembly (Wick et al., 2017). Additionally, we performed genome assembly using the long-read assembler Flye with default parameters to verify the completeness of chromosome and plasmid assembly by Unicycler (Kolmogorov et al., 2019). The quality of the genome assembly was evaluated using QUAST v5.0.2, CheckM v1.1.3, and fastANI v1.34, with the K. pneumoniae genome HS11286 (NCBI Assembly ID: ASM24018v2) as a reference (Gurevich et al., 2013; Parks et al., 2015; Musiał et al., 2024).

WGS-based Klebsiella serotyping was performed with Kleborate with default settings (Lam et al., 2021). Sequences obtained were submitted to the PubMLST database2 to determine allele numbers and specific sequence types (ST). BacWGSTdb 2.0 was used to perform the core genome multilocus sequence typing (cgMLST) analysis with other closely related K. pneumoniae isolates deposited in the NCBI GenBank database (Feng et al., 2021). The closest relatives were identified using the Similar Genome Finder tool in the BV-BRC database, which uses the Mash/MinHash algorithm (v.2.3) for comparative genomic analysis (Olson et al., 2023).

Core genome alignment and single nucleotide polymorphism (cgSNP) calling were performed using snippy v.4.6.0.3 Subsequently, phylogenetic reconstruction was performed using RAxML v.8.2.9 based on the alignment of the cgSNP, following the removal of predicted recombination sites through Gubbins v.2.1.0 (Stamatakis, 2014; Croucher et al., 2015). The resulting phylogenetic tree, integrated with relevant metadata, was visualized and annotated using the interactive Tree of Life (iTOL) web application (Letunic and Bork, 2021).

MOB suite v.3.1.4 was used to predict plasmid sequences from the assembled genome and to identify their replicon types, mobility, and host range (Robertson and Nash, 2018). Gene predictions and functional annotations were performed using the RAST server (Overbeek et al., 2014). The presence of acquired antibiotic resistance genes (ARGs) and chromosomal resistance mutations was detected with ResFinder v4.5.0 (Florensa et al., 2022). Virulence factors (VFs) were screened using the VFDB database (Liu et al., 2022). The search for insertion sequence (IS) elements and their characterization down to the family level was conducted using digIS and ISfinder (Siguier et al., 2006; Puterová and Martínek, 2021). IntegronFinder v.2.0 was used to detect complete integrons (Néron et al., 2022). Plasmid alignment was generated using BRIG v.0.95 (Alikhan et al., 2011).




3 Results


3.1 Phenotype and genotype of Klebsiella pneumoniae KP09

Antibiotic susceptibility testing (AST) results showed that KP09 exhibited resistance to nearly all antibiotics tested, including cephalosporin, carbapenem, aminoglycoside, fluoroquinolone, penicillin (β-lactamase inhibitor) classes, tigecycline, eravacycline, and colistin, reflecting a broad spectrum of antimicrobial resistance, and only remained susceptible to cefiderocol (Table 1).



TABLE 1 Antibiotic susceptibilities of K. pneumoniae KP09, transconjugant JKP09-1, JKP09-2, JKP09-3, and JKP09-4.
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The results of the antimicrobial synergy testing showed that the combination of eravacycline and colistin had a synergistic effect on KP09, eravacycline combined with ceftazidime/avibactam and eravacycline combined with levofloxacin showed an additive effect, whereas eravacycline combined with sulbactam did not exhibit any interaction (Supplementary Table S2).

We successfully obtained four different transconjugants by conjugation experiments, JKP09-1, JKP09-2, JKP09-3, and JKP09-4 (PCR results are provided in Supplementary Figure S1). JKP09-1 and JKP09-2 were isolated from MH Agar with sodium azide and tigecycline, JKP09-1 harbors the tmexCD1-toprJ1 gene, the MIC for tigecycline is elevated 8 times compared to J53 when the MIC for eravacycline is elevated more than 10 times. The pKP09-tmexCD-toprJ plasmid could be successfully transferred into J53 at a conjugation frequency of 8.3 × 10−6. JKP09-2 harbors the tmexCD1-toprJ1 and mcr-1.1 gene, compared to JKP09-1, the MIC value of colistin reached 8. JKP09-3 was isolated from MH Agar with sodium azide and colistin, it harbors the mcr-1.1 gene, the MIC for colistin was 8-fold higher than that of J53. The pKP09-MCR plasmid could be successfully transferred into J53 at a conjugation frequency of 2.1 × 10−3. JKP094 was isolated from MH Agar with sodium azide and meropenem, harbored the blaNDM-5 and mcr-1.1 gene, and showed significantly increased MIC values for all cephalosporins and carbapenems. The pKP09-NDM plasmid could be successfully transferred into J53 at a conjugation frequency of 2.5 × 10−5.

In silico MLST typing classified KP09 as ST5491 (gapA-infB-mdh-pgi-phoE-rpoB-tonB: 1-1-1-1-1-1-16), which differs from the endemic ST15 clone (1-1-1-1-1-1-1) by a single tonB allele. Kleborate analysis assigned KP09 to the KL102-O1 capsule type. Using the Similar Genome Finder tool in the BV-BRC database, we identified high genomic similarity (mash distance <0.0022) between KP09 and eight ST15 strains isolated in China and one ST655 strain from Japan. cgSNP analysis of these 10 K. pneumoniae strains revealed fewer than 200 cgSNP differences. Phylogenetic reconstruction showed that KP09 was most closely related to Kp152 (NCBI BioSample Accession: SAMN17073106), a strain isolated from a dog in Beijing in 2018, with a cgSNP distance of 126 (Figure 1).

[image: Figure 1]

FIGURE 1
 Phylogenetic relationship between KP09 and its nine closely related K. pneumoniae strains using the cgSNP strategy. The color bars on the phylogenetic tree represent ST-type and KL (K-locus) from the innermost to the outermost layers. The branch labels are formatted as strain name | NCBI BioSample accession | collection area | collection year.




3.2 Genomic characteristics and antimicrobial resistance genotype analysis

The complete genome assembly achieved using the hybrid assembler Unicycler revealed that strain KP09 consists of one chromosome (5.14 Mb) and nine plasmids (2.01 to 258.64 kb), encoding 5,384 predicted ORFs. The number of contigs was the same as the long-read assembly from Flye (Supplementary Table S3). KP09 has a GC content of 56.6% and contains no gaps or Ns, with an estimated completeness of 98.4% and an average nucleotide identity (ANI) of 99.0% compared with the reference genome of K. pneumoniae HS11286. For the five small plasmids (pKP09-5 to pKP09-9) with lengths less than 30 kb, a search was conducted using megaBLAST in NCBI GenBank. For each of these plasmids, at least two homologous plasmids were identified, with a sequence coverage exceeding 95% and an identity greater than 99%. This indicates that these plasmids are indeed present (Supplementary Figure S2).

In total, 41 acquired ARGs were detected, 19 of which were associated with the observed resistance phenotypes (Table 2). In particular, five ARGs were located on the chromosome and other 36 ARGs were harbored by five plasmids. The plasmids pKP09-tmexCD-toprJ, pKP09-CTX-M and pKP09-5 carried 18, 14, and 2 ARGs, respectively, whereas pKP09-MCR and pKP09-NDM each carried one ARG. VFDB led to detection of 104 VFs, but was negative for all yersiniabactin (ybt), colibactin (clb), and aerobactin (iuc).



TABLE 2 Genetic mechanisms of multidrug resistance of K. pneumoniae KP09.
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3.3 Comparative analysis of plasmids containing pKP09-tmexCD-toprJ and tmexCD-toprJ

The largest plasmid pKP09-tmexCD-toprJ was a 258.6 kb plasmid with an average G + C content of 46.8%, encoding 151 predicted ORFs. MOB-suite revealed that pKP09-tmexCD-toprJ was a multi-replicon plasmid with IncFIB/IncHI1B-typed replicons, belonging to the plasmid cluster AA405 and was predicted to be conjugative due to the presence of relaxase and mate pair formation markers. This plasmid exhibited the highest similarity (99% coverage and 99% identity) with two tmexCD-toprJ-harboring IncFIB/IncHI1B-type plasmids (accession: CP097191 and CP110146) from K. pneumoniae strains 15–652 and YZ22CK024, respectively. According to the metadata, strain 15–652 was isolated from human urine in Quzhou City, Zhejiang Province, whereas YZ22CK024 was isolated from chicken in Yangzhou City, Jiangsu Province.

A total of 18 different ARGs, including multidrug resistance (MDR) efflux pump gene cluster tmexCD1-toprJ1, eight aminoglycoside-related ARGs [aph(4)-Ia, aph(6)-Id, aph(3′)-Ia, aph(3″)-Ib, aadA1, aadA2b, aac(3)-IV, and armA], one β-lactam-related ARG (blaDHA-1), one quinolone-related ARG (QnrB4), two macrolide-related ARGs (mphE and msrE), two sulfonamide-related ARGs (sul1 and sul3) and one phenicol-related ARG (cmlA1) were identified. These resistance genes were densely clustered within a 65,340 bp MDR encoding region, with the 5′ end flanked by a Tn3 family transposase TnAs1 and the 3′ end by an IS1 family transposase IS1R. The MDR region contained an array of mobile elements including ISKpn41, IS1, IS406, IS903, ISEc29, ISEc35, ISEc59, Tn5393, four copies of IS26 and two copies of TnAS1. Additionally, an IS406-linked class 1 integron containing an ARG cassette (aadA2b, cmlA1, and aadA1) was identified within this MDR region.

A megaBLAST search of this MDR region in the NCBI database identified 45 plasmid hits from K. pneumoniae, K. oxytoca, and E. coli isolates, each with >90% of sequence identity and coverage. Alongside the IncFIB and IncHI1B replicons, the IncFIA, IncR, IncU, and IncX1 replicons were also present. The MOB typer divided these plasmids into four clusters, with the largest cluster containing pKP09-tmexCD-toprJ and 29 other conjugative plasmids, whereas the remaining clusters comprised nonmobilizable plasmids. A further comparison of four representative plasmids with pKP09-tmexCD-toprJ revealed that this MDR region is highly conserved, suggesting that it was likely acquired by horizontal gene transfer and is transmissible across various plasmid backbones (Figure 2 and Supplementary Table S4).
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FIGURE 2
 Circular plasmid map of pKP09-tmexCD-toprJ. Concentric rings represent the similarity between the reference sequence (pKP09-tmexCD-toprJ) in the inner ring and the other four plasmids that resemble tmexCD-toprJ in the outer rings. Resistance and transposase genes are marked in blue and red fonts, respectively. The sequences related to integron and mobility are highlighted with orange and gray ring, respectively.




3.4 A novel CTX-M-15-encoding hybrid plasmid

The second-largest plasmid, pKP09-CTX-M, had a total length of 124.5 kb and a GC content of 52.36%. It encoded three types of replication proteins: IncFIA, IncFII, and IncQ1, and was predicted to be conjugative. pKP09-CTX-M harbored 14 different ARGs, including one β-lactam-related ARG (blaCTX-M-15), six aminoglycoside-related ARGs [APH(3″)-Ib, APH(6)-Id, APH(3′)-Ia, AAC(3)-IId, and aadA16], two sulfonamide-related ARGs (sul1 and sul2), one tetracycline-related ARG [tet(A)], one macrolide-related ARG (mphA), one diaminopyrimidine-related ARG (dfrA27), one rifamycin-related ARG (arr-3), and one acridine dye-related ARG (qacE 1).

Based on a megaBLAST search, the plasmid most similar to pKP09-CTX-M was p5589-mcr-8, also derived from K. pneumoniae, with 99.7% sequence identity and 84% coverage (Supplementary Table S5). p5589-mcr-8 was a 134.3 kb hybrid plasmid of the IncFIA/IncFII type. Comparison of their ARG compositions revealed that p5589-mcr-8 lacks not only blaCTX-M-15 but also AAC(3)-IId, APH(6)-Id, APH(3″)-Ib, and sul2 (Figure 3A). In pKP09-CTX-M, blaCTX-M-15 was located upstream of a hypothetical protein gene and an ISEcp1 transposase gene, both of which are also absent in p5589-mcr-8. The comparison revealed that this 2.3 kb region shared 100% sequence identity and coverage with numerous plasmids carrying blaCTX-M-15.
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FIGURE 3
 Genetic diagram of the plasmid pKP09-CTX-M. (A) The map of plasmids of pKP09-CTX-M and other five plasmids, including p5589-mcr-8, pEC25-1, pM206-NDM1, pYZ22PK089-1, and pKP26-3. (B) Comparison of the MDR regions on pKP09-CTX-M, pKP26-3, and pYZ22PK089-1. The shadow represents >95% sequence identity. The GC content is displayed below the MDR region. The figure was built using the R package genomes (https://github.com/thackl/gggenomes). (C) Putative mechanisms of plasmid fusion mediated by homologous recombination and transposition.


All other ARGs in pKP09-CTX-M were tightly clustered within a 32.2 kb MDR region, as well as with several mobile elements, including IS26, ISCR1, TnAs1, Tn2, and IS15 (Figure 3A). This hypervariable MDR region consisted of four IS26 elements flanking the following three different segments: (i) IS26-repA-repC-sul2-APH(3″)-Ib-APH(6)-Id-IS26, (ii) IS26-APH(3′)-Ia-IS26, (iii) an ISCR1 linked complex class 1 integron, formed by IS26-Int1-AAC(6′)--Ib-cr6-arr-3-dfrA27-aadA16-qacE∆1-sul1-ISCR1-mphR (A)-mrx (A) -mphA-IS26, and (iv) IS26-TnAs1-tetR-tet(A)-eamA-TnAs1. A megaBLAST search detected two K. pneumoniae plasmid hits, IncFIA/IncQ1-plasmid pKP26-3 and pYZ22PK089-1 with >99.9% identity and ≥95% coverage (Figures 3A,B and Supplementary Table S5). In particular, pKP26-3 and pYZ22PK089-1 were isolated from chicken and pork, respectively, with sampling locations Hangzhou in Zhejiang Province and Yangzhou in Jiangsu Province.

Based on the sequence analysis described above, we propose a model for the fusion and resolution of pKP09-CTX-M, as illustrated in Figure 3C. In this model, IS26 was positioned upstream of the MDR region, whereas the IncQ1 replicon protein in pKP26-3 recognized and attached the target site duplication (TSD) (AGCTGCAC) in the conjugative plasmid p5589-mcr-8. Subsequently, replicative transposition occurred, resulting in the insertion of the MDR and IncQ1 replicon regions into p5589-mcr-8, thus replacing the original MDR region and generating an additional copy of IS26 and an 8 bp direct repeat (AGCTGCAC) in the fused plasmid pKP09-CTX-M. Subsequently, a 2.3 kb transposition unit containing blaCTX-M-15 was integrated into pKP09-CTX-M through an ISEcp1-mediated transposition event.



3.5 Coexistence of plasmid-mediated blaNDM-5 and mcr-1.1

We also found that the carbapenemase-encoding gene blaNDM-5 and the colistin resistance gene mcr-1.1 were located in two IncX-type plasmids (pKP09-NDM and pKP09-MCR) with a size of 45.1 and 32.5 kb, respectively. The two plasmids were also predicted to be conjugative. In the IncX3-type plasmid pKP09-NDM, blaNDM-5, and trpF with the other two ORFs were flanked by IS5 upstream and IS26 downstream. A megaBLAST analysis of this genetic context was highly conserved with 100% sequence identity and coverage between several plasmids, such as pNDM-IncX3I1 and pEC5-NDM-5 in E. coli, as well as pKP137060-1 and phvKP12-NDM in K. pneumoniae (Figure 4A and Supplementary Table S6).
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FIGURE 4
 Circular map of two IncX-type plasmids pKP09-NDM carrying blaNDM-5 (A) and pKP09-MCR that carries mcr-1.1 (B).


The core of pKP09-MCR was strikingly similar with (the query cover and identity of 100%) other previously sequenced IncX4-type plasmids that carry mcr-1, such as pVE-T2_2 of E. coli, pSH16G1509 of Salmonella enterica, and pKP15450-MCR-1 of K. pneumoniae (Figure 4B and Supplementary Table S6). Furthermore, the mcr-1.1 gene in pKP09-MCR was carried by the genetic structure of IS26-parA-mcr-1.1-pap2. These results showed that IncX4 plasmids harboring mcr-1 could spread in different species of Enterobacteriaceae.




4 Discussion

In this study, we obtained an XDR K. pneumoniae isolate, KP09, from an intestinal sample of our patient, which exhibited resistance to commonly used antimicrobial agents, including carbapenems, aztreonam, aminoglycosides, tigecycline, colistin, ceftazidime/avibactam, and eravacycline. Eravacycline, as a newly introduced antibiotic into clinical use, has very few reports of resistance (Xu et al., 2022). Fortunately, the patient has not developed an infection at present, but continued monitoring is necessary. Reports have shown that gut-colonizing bacteria are closely linked to subsequent infections, with 24.7% of carbapenem-resistant Enterobacteriaceae (CRE) carriers eventually developing CRE infections (Chu et al., 2022). If an infection occurs, it will become almost untreatable since cefiderocol is not yet available in China. Therefore, it is essential to conduct in-depth studies on the genetic structure and evolutionary characteristics of this strain.

We performed a comprehensive genomic analysis focusing on plasmids that carry multiple ARGs, including tmexCD1-toprJ1, blaCTX-M-15, blaNDM-5, and mcr-1.1. A notable finding was the identification of a novel IncFIA/IncFII/IncQ1 type fusion plasmid that harbors blaCTX-M-15, which has not previously been reported in the literature. This discovery provides new information on the genetic structure of CTX-M-15-carrying plasmids and their potential role in the spread of extended-spectrum β-lactamase (ESBL) resistance in K. pneumoniae.

Previous studies have reported that blaCTX-M-15 was carried out in various plasmids, particularly IncF and IncI plasmids, which are known to promote the spread of ESBLs among Enterobacteriaceae (Yu et al., 2024). A previous study identified a fusion hotspot in conjugative helper plasmids that can be targeted by IS elements like IS26 and ISEcp1 in MDR plasmids, triggering intermolecular transposition and circular intermediate formation, followed by reinsertion into the original nonconjugative plasmid via replicative transposition (Xie et al., 2020). This study identified a new IncFIA/IncFII/IncQ1 hybrid plasmid that contained a blaCTX-M-15 and an MDR region for 13 other ARGs. The MDR region, originating from an IncFIA/IncQ1/IncR plasmid, recombined with an IncFIA/IncFII plasmid via IS26, forming the chimeric plasmid, which then acquired blaCTX-M-15 through ISEcp1-mediated transposition. The fusion structure we observed in KP09 may offer a more efficient mechanism for the dissemination of CTX-M-15, especially in clinical settings where the rapid spread of resistance is a critical concern. The presence of blaCTX-M-15 as part of a larger genetic structure may also contribute to the adaptability of K. pneumoniae to changing environmental pressures, including the selective use of broad-spectrum β-lactams.

We also observed that the blaNDM-5 gene and mcr-1.1 were located on two separate plasmids, IncX3 and IncX4, respectively. These findings are consistent with other studies that have documented widespread dissemination of blaNDM-5 and mcr-1 in various Enterobacteriaceae species, including E. coli and K. pneumoniae (Shen et al., 2018; Kuang et al., 2022). Interestingly, we tested 16 transconjugants selected in meropenem and sodium azide-containing medium, and all were found to carry both pKP09-NDM and pKP09-MCR plasmids simultaneously. Therefore, we speculate that transfer of the IncX3 plasmid that contains the blaNDM-5 gene in the KP09 strain may require the help of the pKP09-MCR plasmid. The results of the conjugation experiment showed that the pKP09-MCR plasmid had a high transfer frequency, indicating that this plasmid possesses strong transmissibility. From a molecular perspective, both plasmids were predicted to be conjugative, which indicates their potential to transfer between bacterial strains and species, further enhancing the risk of horizontal gene transfer after exposure to colistin (Xiao et al., 2022).

One of the most concerning findings in this study was the presence of tmexCD1-toprJ1, a recently identified resistance mechanism that confers resistance to tigecycline and other antibiotics. First reported in China, this efflux pump has been rapidly disseminating in both clinical and agricultural settings (Lv et al., 2020). In our study, we found that the transconjugants carrying tmexCD1-toprJ1 exhibited an increased MIC (more than 10-fold) to the recently introduced antibiotic eravacycline, suggesting that tmexCD1-toprJ1 may also be a potential factor contributing to eravacycline resistance in K. pneumoniae. The plasmid-encoded tmexCD1-toprJ1 in KP09 is widely distributed among Enterobacteriaceae, including K. pneumoniae, K. oxytoca, and E. coli, highlighting its dissemination and underscoring the growing threat posed by MDR K. pneumoniae, especially given the limited treatment options available for infections caused by these strains.

We identified a novel sequence type, ST5491, in KP09, which differs from the endemic ST15 lineage by a single tonB allele. Its classification as KL102-O1 and high similarity to other K. pneumoniae strains from China and Japan suggest regional dissemination. Phylogenetic analysis further links KP09 to a strain from Beijing, highlighting ongoing genetic diversification. This new ST is concerning as it may represent an emerging lineage associated with the spread of antimicrobial resistance genes (ARGs). Given that certain STs are more prone to acquiring and disseminating resistance (Liu et al., 2014; Peirano et al., 2020), our findings underscore the need for continuous surveillance to track the evolution and resistance potential of K. pneumoniae.



5 Conclusion

This study provides important information on the genomic structure and resistance mechanisms of an XDR K. pneumoniae strain, including the discovery of a new blaCTX-M-15 gene encoding a IncFIA/IncFII/IncQ1 hybrid plasmid and a new ST. Our findings highlight the urgent need for more effective strategies to combat antimicrobial resistance in K. pneumoniae, including stricter antibiotic management, improved surveillance systems, and the development of novel therapeutic agents. Understanding the genetic mechanisms that underlie resistance will be crucial in informing public health strategies to prevent the further spread of multidrug-resistant K. pneumoniae.
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