Infection and Drug Resistance Dovepress
Taylor & Francis Group

REVIEW

Klebsiella pneumoniae with Two Carbapenemases:
Where Molecular Research Stands Now

Qian Yu', Gaosha Li', Qiangian Xu2, Yijun Zhu !

'Department of Clinical Laboratory, Affiliated Jinhua Hospital, Zhejiang University School of Medicine (Jinhua Municipal Central Hospital), Jinhua,
Zhejiang, People’s Republic of China; 2Jinhua Prefectural Center for Disease Control and Prevention, Jinhua, Zhejiang, People’s Republic of China

Correspondence: Yijun Zhu, Department of Clinical Laboratory, Affiliated Jinhua Hospital, Zhejiang University School of Medicine (Jinhua Municipal
Central Hospital), No. 365 Renmin East Road, Jinhua, Zhejiang Province, 321000, People’s Republic of China, Tel +8657982553839,
Email zhuyijunwz@sina.com

Abstract: Klebsiella pneumoniae is a significant pathogen causing various infections. Since the 1990s, carbapenem-resistant
Klebsiella pneumoniae (CRKP) has threatened global health. Its main resistance mechanism is producing carbapenemases like
KPC, NDM, OXA, IMP and VIM, which have different prevalent isoforms and resistance features. In China, KPC is the most
common carbapenemase in CRKP, followed by metallo-f-lactamase (MBL). Alarmingly, an increasing number of K. pneumoniae
strains carry two or more types of enzymes, making resistance more complex. This review summarizes the major carbapenemases
carried by K. pneumoniae, their global spread, and plasmids of CRKP enzyme type combinations reported in existing studies.
Common combinations such as KPC + metalloenzyme, bimetallic enzyme, and metalloenzyme + OXA-48 are discussed in detail,
including their genetic environments and transfer characteristics. Whole genome sequencing technology plays a crucial role in
studying drug resistance genes of K. pneumoniae, facilitating in - depth identification and analysis of bacteria, and being useful for
outbreak investigation and epidemiological surveillance. In conclusion, resistance genes in K. pneumoniae are often located on mobile
elements. Different resistance genes tend to be carried by specific plasmids, which have high transformation rates and little impact on
host growth. In order to prevent the emergence of Klebsiella pneumoniae carrying multiple drug-resistant genes, several measures such
as the rational use of antibiotics, earlier monitoring of the transmission trajectory of strains, and the prediction of the development
direction of drug resistance as much as possible are particularly important in the world today.
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Introduction

Klebsiella pneumoniae is a crucial pathogen causing hospital- and community-acquired infections, including pneumonia,
septicaemia, urinary tract infections, bacteraemia, meningitis and pyogenic liver abscesses.! Since the 1990s, the increasing
frequency of infections caused by carbapenem-resistant Klebsiella pneumoniae (CRKP) has posed a tremendous threat to
worldwide public health, with mortality rates as high as 37.2%.% In the United States and Europe, carbapenem-resistant
Klebsiella pneumoniae is mainly of the ST258 type, while in China, it is mainly of the ST11 type.* The primary resistance
mechanism is the synthesis of carbapenemases, which include enzymes A, B, and D. B enzymes, also known as metallo -
lactamases, catalyze the breakdown of -lactam antibiotics, whereas A and D enzymes target serine. In China, the primary
carbapenemase prevalent in CRKP is Klebsiella pneumoniae carbapenemase (KPC), which accounts for about 70% of the
total. This is followed by MBL, which accounts for around 10% of CRKP isolates.” However, an alarming trend is emerging,
with a growing number of cases of Klebsiella pneumoniae harboring two or more enzyme types, indicating that with the
introduction of new enzyme-inhibiting medicines, resistance to Klebsiella pneumoniae is becoming more complex. As
a result, there is an urgent need for further understanding and investigation of Klebsiella pneumoniae, which currently

produces two or more enzyme kinds.
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Major Carbapenemases Carried by Klebsiella Pneumoniae

The main carbapenemases carried by carbapenem-resistant Klebsiella pneumoniae include KPCase, NDMase,® OXAase,
IMPase’ and VIMase.® Through summarizing the literature, it was found that the main prevalent subtypes of these
classes of carbapenemases are KPC-2, NDM-1, OXA-48, NDM-5 and IMP-4. Also, the resistance generated by various
types of enzymes differs and can be better explored through research results from throughout the world:

KPC

Of all the carbapenemases, KPC is the most common. KPC-1 quickly spread to the east coast of the United States after
being first identified and found there in 1996. Previously, it was considered endemic to the New York region.” In 2007,
a clonal expansion of KPC-2-producing CRKP strains caused an outbreak in Crete, Greece, and these strains were
clonally related to those from New York.'*'! This strain has been referred to as the “super-popular Greek clone” and has
been the primary infecting clone in Greece ever since.'> According to data from the Centers for Disease Control and
Prevention (CDC), type ST258 accounts for about 70% of CRKP strains that produce KPC."* Additionally, there was
a high association between ST258-type strains and the emergence of antibiotic multi-drug resistance.'* However,
investigations have shown that only a tiny fraction of individuals have been colonized by the KPC-2-producing ST258
strain of CRKP and subsequently become sick, indicating that this strain is an opportunistic pathogen of low virulence.
These CRKP strains simultaneously constitute an expansion group with comparatively low rates of pathogenicity and
death."® Since 2009, Chinese researchers'® have found that Chinese strains carrying the blagpc., gene have a different
genetic environment around their resistance genes than the classical “ Tn4401” of the American isolate. A novel genetic
environment in the blagpc., gene from pKP048 contains a complete structure based on a Tn3 transposon and a partial
Tn4401 fragment in the gene order of Tn3 transposase, Tn3 catabolism enzyme, ISKpnS8, blaxpc., and ISKpn6-like
elements. Subsequent studies identified two more genetic structures containing blayxpcp: Tnl721-blaxpc.,-Tn3 and
Tnl721-blagpc-ATn3-1S26."7'® After obtaining Klebsiella pneumoniae with the complete blaxpc., gene sequence
from the NCBI database and analyzing it, it was discovered that non-Tn440/ elements contained the majority of the
blagpc.» gene of STI1CRKP."> Meanwhile, the epidemic spread of ST11-type Klebsiella pneumoniae carrying blaxpc.»
in China is mainly associated with horizontal transfer mediated by incompatible group F plasmids.® ** The Tn/721-
blaxpc.r-carrying IncFII plasmids appear to be interchangeable with several ST11-type Klebsiella pneumoniae strains.
Horizontal transfer of Tn/72/ and IncFII plasmids appears to be an important factor driving molecular diversification
among ST11CRKP strains, as inferred by Fu et al. Additionally, the ST39CRKP, which produces KPC-2, appears. This
serves as a reminder that strains of bacteria are constantly developing medication resistance mutations.*

NDM

NDM is a carbapenemase that is extremely resistant to drugs and has a high rate of dissemination.”® Studies on the
blanpm-1 gene were first found on a Swedish resident of New Delhi in late 2007, from whom the first isolation of
carbapenem-resistant Klebsiella pneumoniae carrying blaxpyv was made.”” Since then, there has been significant alarm
over its quick global spread.”® Following then, reports of blaxpy genes have come from Pakistan, India, and the UK.*%-*°
In China, the initial blanpp.; gene epidemic was caused by the transmission assistance provided by the IncX3-type
plasmid in Klebsiella pneumoniae ST11.%*! The sequence consistently occurred in the 100 bp upstream area of blanpa.1,
according to Toleman et al’s analysis of all available NDM-1-related sequences. They also showed that the blanpy.1 gene
initially emerged in Acinetobacter baumannii chimeras mediated by 1SAbal25.** Others have also identified a new gene
(blepmpL, the ble gene associated with the metallolactamase NDM-1) by analysing the direct genetic environment of
blanpm-1 in a range of NDM-1-producing Enterobacteriaceae bacteria. bleyp;. is able to encode a novel bleomycin-
resistant protein (BRP), named BRPMBL, which bears weak similarity (less than 60% amino acid identity) to known
BRPs. BRPMBL expression confers resistance to bleomycin and bleomycin-like molecules in Enterobacteriaceae and
Acinetobacter baumannii. Co-expression of blanpn.; and bleygp genes under the control of the same promoter located
upstream of the blanpn.; gene and at the end of the insertion sequence ISAbal25. Most NDM-producing strains have the
bleygL gene. This study shows that the carbapenemase NDM-1 is subject to selection by bleomycin-like molecules and
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that strains capable of producing BRPMBL are better adapted to various environments. Thus, it has been hypothesized
that the usage of antibiotics, anticancer medications, and naturally occurring bleomycin molecules in the environment
(such as in seepage samples) may all be contributing factors to the proliferation of strains that produce NDM.?*** Since
NDM-1, other mutants of various kinds have been discovered. blanpnm.s Was initially identified from Escherichia coli
type ST648 from the throat and perineum of a British patient who had been admitted to the hospital in India. Mutations in
Val3Leu at position 88 and Met3Leu at location 154 distinguish NDM-5 from NDM-1. In contrast, blaypym.7 Was
discovered in Germany in 2013, and sequencing showed that the blanpn.7 gene has two point mutations at loci 388 (GA)
and 460 (AC), corresponding to amino acid substitutions in Aspl130Asn and Metl54Leu, respectively.>

IMP

IMP was originally discovered in Japan in 1988 from an imipenem-resistant strain of Pseudomonas aeruginosa and was
named after this phenotype because of its resistance to imipenem.>® In the CRKP strain, the first MBL found was from IMP-1
in Singapore in 1996.>’ Since then, IMP-producing CRKP strains have been isolated and discovered globally, but mainly in
South and Southeast Asia.*®*° blayp.4 was isolated and reported in the mid-1990s from Acinetobacter baumannii in
Hong Kong, China, and Citrobacter yangtzeii in mainland China.*"*** Over the past 15 years, blapp_4 has been described
in at least seven different Inc-type broad-spectrum plasmids (A/C, A/C-Y, HI2, HI2-N, I1, L/M, and Nl),43 4 and it is always
present in class I integrons, but it can be found as part of single gene cassettes or cassette arrays. It is most commonly found in
a four-gene cassette array: blapp.4-qacG-aacA4-catB3, and this four-gene cassette array has been found in Australia,***

Hong Kong,*® Singapore,*” Japan®® and Malaysia.

OXA - 48

The first discovery of OXA-48 originated from Klebsiella pneumoniae isolated and found in Turkey in 2003.*° This was
followed by reports from all over the world, including countries in Europe, the southern and eastern Mediterranean, and
Africa.’® > blagya.ag has been reported mainly on IncL-incompatible plasmids, which are characterised by their small
size (60—70kb), self-passaging, and not carrying additional resistance genes.54 blagx a-4g 1s usually present on Tn/999
transposons with two copies of 1S7999 or on Tn/999.2 transposons with one of the two IS7999 copies truncated by
ISIR.>33® At the end of 2013, the blagxa.s genes found in Klebsiella pneumoniae type ST11 in Taiwan® =
identical to those in other countries in that they were all on the IncL/M plasmid scaffold, but most of the OXA-48-

encoding genes on the Tn/999.2 composite transposon of Klebsiella pneumoniae type ST11 in Taiwan could be carried

were

by the IncA/C plasmid as well.® Also, blaoxa.ag has been occasionally detected on other incompatible plasmids such as
IncA/C2,°° IncFIIk®' and indistinguishable plasmids®® or there is also integration within Tn6237 on the Escherichia coli
chromosome (Tn6237 is a composite transposon composed of two ISIR sequences).®® In terms of transmission effects,
the blagxa-4g gene can affect not only plasmid transmission, but also transmission of ST11-type Klebsiella pneumoniae
carrying blagxa.4g in the chromosome.

VIM
In France in 2004, an outbreak caused by the production of VIM-1 CRKP occurred right after the hospitalisation of
a Greek patient.63 Since then, several more VIM subtypes have been discovered, such as VIM-12, VIM-19, VIM-4,
VIM-27, VIM-26 and VIM-39. At the same time these VIM variants are genetically interrelated, and they can be altered
by small genetic factors that cause them to appear one after the other. In March 2005, CRKP carrying the VIM-12 gene,
whose sequence differs from that of the VIM-1 gene by 18 base pairs, was isolated for the first time. Comparison with
blayy.; and blayiy.,, the nucleotide changes in blayy.;, have led to speculation that this novel variant may be
recombinant from blayiy., and blayn.2.°* And in 2008, the VIM-19 gene was found in a single CRKP isolated from
a hospital in Ceres.®® Shortly after, in 2010 at the University Hospital of Larissa, researchers isolated and described for
the first time a new MBL variant, VIM-27, from another patient treated. Through a series of experimental studies,
researchers also concluded that the blayyy gene is usually integrated in class I integrons.®®

In summary, the major carbapenemases carried by Klebsiella pneumoniae, such as KPC, NDM, IMP, OXA and VIM,
present different prevalence characteristics and transmission patterns globally (Figure 1, The figure only show the
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Figure | The picture shows the detection of five carbapenemases, KPC, NDM, IMP, OXA, and VIM, carried by Klebsiella pneumoniae worldwide based on literature and the
subsequent main diffusion areas. Purple represents NDM, yellow represents KPC, green represents IMP, blue represents OXA, and brown represents VIM. Created in
BioRender. Yu, Q. (2025) https://BioRender.com/| défhxw.

transmission routes of some countries), as well as their genetic environments and mutations. These enzymes are the key
factors of drug resistance in Klebsiella pneumoniae, which lays the foundation for the subsequent study of enzyme
combinations and drug resistance mechanisms.

Combinations of CRKP Enzyme Types Reported in Existing Studies
The major carbapenemases carried by Klebsiella pneumoniae, which play a key role in the process of bacterial drug
resistance, have been described in detail above. With further research, it has been found that multiple enzymes are
increasingly common in Klebsiella pneumoniae, and the combination of different enzyme types makes the resistance
mechanism more complex. In the next section, we will focus on the combinations of CRKP enzymes reported in existing
studies. CRKPs carrying bicarbocyanine resistance genes have been increasingly widely reported and the combinations are
becoming more diverse. A tabular summary of the combinations mentioned in the wider literature is shown in Table 1.
Literature references more often mention KPC + metalloenzyme combinations. For example, Huang et al identified
Klebsiella pneumoniae carrying blanpw.s and blagpc.,, with blaxpc.o (IncFI/IncR) and blanpw.s (IncX3) located on different
plasmids.®” Also Dong et al identified Klebsiella pneumoniae type ST852 carrying blagpc., and blapp.s with serotype KL18,
a spliced hybrid plasmid consisting of an IncHIS plasmid-like region, an IncFII(YP)/IncFIA plasmid-like region and a KPN1344
chromosome-like region.68 Whereas Klebsiella pneumoniae carrying blaypn., and blagpc, have likewise been mentioned

. 72
several times,®7>%¢

there are Klebsiella pneumoniae belonging to the ST15 phenotype with the blanpy; gene located on the
IncX3 plasmid, and the double copy of the blaypc_, gene located on IncX6 and IncFII, respectively. Others have also found that
blaxpc_ and/or blaypn. plasmids are successfully transferred by splicing, whereas blaypc., and/or blanpn.; are usually carried
on IncFII plasmids. There have also been large-scale screening studies that have identified the presence of both Klebsiella
pneumoniae carrying blaypy. and blaxpc.o, and Klebsiella pneumoniae carrying blanpw.7 and blagpc_, in a group of strains.”
Compared to the combination of KPC+metalloenzyme, bimetalloenzyme has not been as abundantly reported, with reports

mentioning Klebsiella pneumoniae carrying blanpy.; and blapp.4,”*"® which includes about the CRKP with ST20 type and
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Table 1 Summary of Common CRKP Enzyme Type Combinations

CRKP Enzyme Genotype Sequences Types of Plasmids Hosted by Carbapenemases Country
Type Combinations Type
KPC+ blanpm.s+ blakpc.a STII ColRNAI, IncFll (pHN7A8), IncHIIB, IncR, IncX3 China®”
metalloenzyme blaxpco+ blamp-4 ST852 IncHIS5, IncFll (Yp) /IncFIA, KPN1344 chromosome China®®
blanpm.1+ blakpc.a STII ColRNAI, IncFIB (pB171), IncFll (K), IncFll (Yp) IncR China®
blanpm. i+ a couple STIS IncX3, IncX6, IncFll China”®
blakpc.2
blanpm.1+ blakpc.a Not Inc FIIK, IncFlI, Egypt”'
mentioned
blanpm.1+ blakpc.2 ST3493, IncFll, IncN, IncX, IncHIIB China”?
STII, STIS
blanpm.7t blakec.a, STII Not mentioned in detail in the text Brazil”®
blanpm-1+ blakpc-»
blanom.+ blakec.s ST307 IncA/C Argentina’*
Bimetallic blaym.1+ blakpc.o ST39 Tnl25 derivatives, In-e541-like Greece””
enzyme
blanpm.1+ blaymp.4 ST20 IncFIB (K) /IncHIIB/IncX3 China’®
blanpm.1+ blaymp.4 ST273 ST7 IncN, IncHI5 China””
blanpm.1+ blaymp.a STI7 Not mentioned in detail in the text China’®
blanpm.+ blamp.ze ST290 IncHI2A China”®
blanpm.1+ blayim. STII Tnl25 derivatives, In-e54|-like Greece®
Metalloenzyme blanpm.1+ blaoxa.4s STIOI IncL/M, IncA/C Switzerland®'
+OXA-48 blanpmt blaoxa-4s STI4 Not mentioned in detail in the text United Arab
Emirates®?
blanpm.1+ blaoxa.4s Not Not mentioned in detail in the text Egypt®
mentioned
blanpm-1+ blacxa.-4s STII ColRNAIINcA/C2, IncFIB(K),IncFIB(Mar), IncFlI(K),IncFIl Greece®
(pKPXT), IncHIIB and IncR,
blanpm.+ blaoxa.ss ST307 IncL/M and IncA/C2 China®

serotype K28, which carries two resistance genes, blanpn.; and blapp.4, Which are being found to be simultaneously localised
on a 296-kb IncFIB(K)/IncHI1B/IncX3 plasmid (pAZS099NDM-IMP). Also in a strain study screening for a hospital district,
Hu et al identified Klebsiella pneumoniae carrying blanpy., and blapp.»6,”° and the strain had multiple copies of blanpn.; due
to multiple insertion sequences. For cases combining metalloenzymes and OXA-48, relatively more cases have been reported
abroad than in China, which may be related to the different levels of prevalence of resistance genes in different regions.®' ™
Overall, a variety of CRKP enzyme combinations have been reported in existing studies, with more KPC +
metalloenzyme combinations reported, relatively few dual-metalloenzyme combinations reported, and metalloenzyme
+ OXA-48 combinations reported differently in China and abroad. The emergence and spread of these combinations

reflect the complexity and severity of the drug resistance situation of Klebsiella pneumoniae.

Molecular Characterisation of Common Combinations

Having understood the CRKP enzyme-type combinations reported in existing studies, in-depth molecular characteriza-
tion of these combinations is essential to unravel the mechanisms of resistance. Based on this, this chapter will provide
a detailed molecular characterization of common enzyme-type combinations.

KPC + Metalloenzyme
Combinatorial Studies of blaypm.s and blagpc.s

Among the clinical strains in China, more and more reports have appeared on the ability of Klebsiella pneumoniae to

69,87,88

produce both KPC-2 and NDM-1 enzyme phenotypes, and Huang et al showed that Klebsiella pneumoniae
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harboured blaxpc_, (IncFII/IncR) and blanpa.s (IncX3) located in two differentplasmids. Genetic environmental studies
of the blaxpc., gene, which is located upstream of the Tn/33/ element. In addition, an ISKpn6-like element is located
downstream of the blaxpc_, gene, followed by the korC gene (a gene encoding a transcriptional repressor protein), a gene
encoding a hypothetical protein, and the klcA gene. For blaypm.s, an 1S26 element, a gene encoding a protein in the
signal sequence domain of the double arginine translocation (TAT) pathway, a gene encoding a hypothetical protein, and
a trpF gene, a gene encoding a phosphorosilicon aminobenzoic acid isomerase gene, were localised upstream of blanpps.s
and inserted between them. In addition, an IS5 element is located downstream of blanppi.s.

The IncX3 plasmid is often found in bacteria carrying blanpy.s in Chinese clinics.’®°° BLAST results showed that
the plasmid containing the blanpp.s gene had >99% sequence homology to the region corresponding to other plasmids
isolated from different hosts in other countries, indicating that the plasmid has been widely disseminated worldwide.
Meanwhile, many studies have also presented the genetic environment of blaypnm.s and found that various mobile genetic
elements play a key role in the rapid spread of blanpwm.5.”"*? Remarkably, such genetic environments have been found in
different plastids in China, which may indicate a common origin.**"** Furthermore, the genetic environment of blaxpw.s

is also similar to that of Klebsiella pneumoniae previously reported in India and Spain.®"**

Combinatorial Studies of blakpc., and blajmp_4

Dong et al reported in the literature that they detected a splice hybrid plasmid containing blaxpc., and blapp.4 from
a clinical isolate of Klebsiella pneumoniae-like ST852-KL18, which was composed of a plasmid region similar to IncHIS,
a plasmid region similar to IncFII(YP)/IncFIA and a chromosome-likeKPN1344 region. The paper also mentions that one
of the more important plasmids, pKP18-31-IMP, may have been derived from recombination of IncHIS with another
plasmid, and together, these findings highlight that the IncHI5 plasmid possesses a strong evolutionary capacity. This could
lead to the formation of new multi-drug resistant plasmids and further expand the range of hosts they can carry.

In their study, a novel class I integron carrying blapyp.4-4-K1pnl3 was also described. It has been previously reported
and mentioned that blapp.4-4-K1pnl3 is considered to be the most common structure in IMP-4-producing Chinese
strains.”> It was also shown that transposons such as Tn60/7and Tnl696 are important vectors mediating blapyp
transmission in Enterobacteriaceae.

Combinatorial Studies of blaypm.; and blagpc.o

A study by Sun et al reported that’® found the ST15-type CRKP which carries the blaypw.; gene is located on the 53096-
bp IncX3 plasmid, whereas the two-copy blaxpc, gene is located on the 103807-bp IncX6 plasmid and the 88164-bp
IncFII plasmid, respectively. The blaypm.; gene is preceded by two sockets, IS3000and IS5. Comparison of the genetic
environments of the two plasmids of the blaxpc, gene reveals a similar core structure flanked by ISKpni9-blaxpc.o-1S
Kpn6. The ORF-ydaA-1SKpnl19 fragment is located in the upstream region of the pKP46 2 kpc blaxpc., gene, whereas
the highly conserved ISKpn6-ORF1-KLcA-ORF2refB fragment is located in the downstream region. In pKP46 1 KPC,
three transposase genes (Tn3-tnpR-ISKpn27) were inserted upstream of blaxpc., and the ORF-ydaA-ISKpnl19 fragment
was flipped. Mohamed et al found that INCFIK and INCFII plasmids predominated in strains carrying blaxpc., and/or
blanpy.1 and their transposons, suggesting that this type of plasmid predominantly mediates the horizontal transmission
of such resistance genes.

In the study by Gao et al they observed increased morbidity due to infection with KPC-2-NDM-1-CRKP. And based
on whole genome sequencing analyses, it was proposed that KPC-2-NDM-1-CRKP was produced from a KPC-2-CRKP
precursor that was later transformed into a strain carrying blaxpc.» and blaypw.; as a result of the acquisition of another
highly transferable blaypn. plasmid. This was followed by a plasmid disaffinity study of the splicer C2974T-3 carrying
both blaxpc., and blaypn.; plasmids. It was found that both blaypc., and blanpwm. plasmids were present in 58 out of 94
single clones (61.7%, 58/94), indicating that the two plasmids are compatible. And the plasmid stability test also showed
that the plasmid was stable in transmission. The cost of adaptation test also showed that the strain carrying the dual-
resistance gene was not different from other strains, and the carrying of the dual-resistance gene did not cause a huge
growth cost to the host itself. Like previous reports, they also concluded that blaxpc., tends to be on the IncFII plasmid,
whereas blanpwm.; 1s located in a different context and can be on, for example, IncN, IncX and IncHIIB. Thus, the

4922 https: Infection and Drug Resistance 2025:18



Yu et al

restriction of a particular plasmid to a particular bacterial host may help blaxpc., and blanpn. to adapt to different ST
patterns. For example, certain plasmids favour specific host mechanisms (the relationship between IncFII and ST11-type
CRKPs is unclear). It has also been proposed that certain high-risk CRKP clones are associated with specific narrow host
range IncF plasmids.”®

Combinatorial Studies of blaym.; and blagpc.o

CRKPs producing both VIM-1 and KPC-2 are usually classified as ST147-type, implying that ST147-type CRKPs are
usually associated with VIM-1."" A flow-conditioning study by Monika et al identified the ST147 Klebsiella pneumoniae
clone that produces both KPC-2, VIM-1, and OXA48. The gene encoding the KPC carbapenemase is located on the
Tn440 transposon, which is located on plasmids with different replicon types (IncF, IncL/M, ColE1, IncR and IncX3).
These plasmids show the ability to bind the hlaxpc gene and spread it to new bacterial populations.”® Recently, however,
CRKP strains carrying both blay. and blaxpc., have been included in the ST39 phenotype, implying that the typing of
this strain is somehow linked to the hlaxpc., resistance gene.”” In a newly published study in 2024, Maria et al isolated
KPC-2 and VIM-1-producing high-risk clones of Klebsiella pneumoniae ST39 from clinical samples in Greece, from
which they identified several replicons by whole genome sequencing including CoIRNA, IncC, IncFIB(K), IncFIB(pQiL)
and IncFII(K).g9 It can be seen that the combination of blay., and blaxpc., Klebsiella pneumoniae has become
prevalent in Europe and elsewhere, and it is extraordinarily important to take precautions.

Bimetallic Enzyme Combinations
Combinatorial Studies of blaypm.; and blajmp_4
Jia et al identified a novel hybrid plasmid carrying both blanpn.; and blapp.4 in ST20-K28 carbapenem-resistant
Klebsiella pneumoniae (CRKP) AZS099. It was shown that blagpn.; and blapp.4 were simultaneously located on the
296-kb IncFIB(K)/IncHI1B/IncX3 plasmid (pAZS099NDM-IMP), a large plasmid composed of four different types of
small plasmids. The blapp_4-containing region is located in a class I integron named In0, which is located in the IS6100-
IS26 transposon-like structure and is approximately 5 kb in length. The region carrying the blanpn.; gene is located in
the Tn/25 transposon residue region. And the splicing experiments showed that pAZS099-NDM-IMP had a high
transformation rate (>95%) and good horizontal transfer ability. The growth curve assay, on the other hand, confirmed
that the presence of pAZS099-NDM-IMP was not growth stressful to the host itself. blanpp.; is derived from an IncX3-
type plasmid similar to pA575-NDM, and blapyp.4 integrates into this region. Previous studies have identified that IncX3-
type plasmids are widely distributed in a variety of species in different regions of China and the UAE and may be
associated with the spread of blanpm.1.°

A study by Liu et al identified ST273 carbapenem-resistant Klebsiella pneumoniae carrying blanpm.; and blapp_s.
The blanpn.; in this study was carried by the ST7-type IncN self-propagating plasmid, while blajyp.4 Was located on the
IncHIS-type self-propagating plasmid. Meanwhile, Liu et al learnt from the literature that in China, the ST7-type IncN
plasmid is also equipped to mediate the spread of blayp_4 in different Enterobacteriaceae bacteria from different regions.
Plasmid pNDMI1 LL34 carrying blanpym.; Wwas found to be closely related to plasmid pNDM-BTR by database
comparison (99% coverage, 99% identity). Plasmid pNDM-BTR is also a ST7-type IncN plasmid carrying blanpwm.1-
blapp_4 1s carried by a class I integron in the blapp4-qacG2-aacA4 cassette array on pIMP4 LL34. The best match to
pIMP4 LL34 by BLAST comparison was p13190-VIM. pIMP4 LL34 has a replicon that is thought to be IncHIS. Using
the 885-bp replication protein-coding gene of the IncHIS replicon, they found 15 more IncHIS5 plasmids in GenBank.
And these 15 IncHI5 plasmids were from the strains of Klebsiella pneumoniae, Klebsiella acidophilus, and Raoultia
ornithinolytica, and all of them were in China. This indicates that the IncHI5 plasmids have become popular in China.

Metalloenzyme + OXA — 48

Combinatorial Studies of blaypm.; and blagxa_4s

Seiffert et al identified a XDR Klebsiella pneumoniae during routine pathogen screening of patients in a Swiss hospital.
The bacterium also carries blanpw.1, blaox a-as, blactxm-15 and blacyvy.16 resistance genes. This causes it to be resistant
to most antibiotics, with only tigecycline, polymyxin and fosfomycin being sensitive. Examining the genetic information
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of the strains, they found that ISA5125 was found upstream of blanpw.1, but bleypr encoding bleomycin was not detected
downstream,'% and blaoxa.ag Was carried by Tn/999.2.'°" Meanwhile, they also further studied and confirmed that
blapxa-ag 18 located on IncL/M plasmid; blactx.m.15 1S located on IncR plasmid; and IncA/C plasmid carries drug-
resistant genes such as blaypwm.i and blacyy-1s. As a result of this discovery, they believe that an epidemic of this type of
Klebsiella pneumoniae is likely to occur very soon, and that the only measures that can be taken at this time are early
screening and early isolation and treatment to prevent widespread epidemics of drug-resistant bacteria.

Shi et al identified five ST307-type CRKPs in a study that contained blacyy.s, blaoxa-ag and truncated blagpn.;- The
plasmid replicon types for pPNDM-1 and pOXA-48 were IncA/C2 and IncL/M, respectively. Studies have also shown that
IncL/M-type plasmids are more likely to associate with blapxa_4g than with any other ARGs.'%? In addition, blanpy.; has
been found on different types of plasmids, such as IncF in the narrow host incompatibility group and IncA/C, IncL/M, IncH
and IncN in the wide host incompatibility group.'®> And the important finding in that study was that blaxpa.was disrupted by
IS0, which belongs to the IS4family. Their experiments also coincide with the study of Vila et al. The native signal peptide is
associated with NDM-1 anchored to the outer membrane, which affects the concentration of soluble NDM-1 in the peripheral
plasma, whereas IS inserted in the blanp.; signal peptide abolishes the carbapenemase function of NDM-1.'%4

In conclusion, molecular characterization of common enzyme-type combinations has shown that different combina-
tions have different gene localization, genetic environments and transfer characteristics. These features not only affect the
transmission of drug-resistant genes, but also provide an important basis for understanding the resistance mechanism of
Klebsiella pneumoniae, which helps to target prevention and control strategies.

Whole Genome Sequencing Technology: Lighting the Way for Studying

Drug Resistance Genes

The enzyme-type combinations of Klebsiella pneumoniae and their molecular characterization have been discussed
previously, and the accurate study of these drug resistance-related information cannot be achieved without the support of
advanced technologies. Whole-genome sequencing technology has an unique advantage in the study of drug resistance
genes in Klebsiella pneumoniae, and its important role in this field is described in detail below. Whole genome
sequencing enables in-depth identification and analysis of bacteria and can also be a powerful tool for studying outbreaks

195 as well as for epidemiological surveillance.'’® Brisse et al developed a free BIGSdb-KP

of intranasal infections
database to facilitate researchers’ understanding of the virulence and prevalence of Klebsiella pneumoniae,"”’ which
helps researchers to quickly extract medical and epidemiological information from the genome sequence of Klebsiella
pneumoniae. Some researchers have also used high-throughput sequencing to access and analyse the genomes of an
endemic high virulence strain (CG23) and an almost non-virulent MDR strain (CG258). Bialek-Davenet et al found that
the CG258 strain was almost non-virulent, but had a variety of genes associated with resistance, such as mutations in the
gyrA and parc genes, the resistance-determining regions for quinolones. It was also found that most of the genes of the
MDR strain and the strongly virulent strain did not overlap with each other.'"’

Currently, areas of research in Klebsiella pneumoniae by whole genome sequencing also include the exploration of Klebsiella
pneumoniae virulence at the genomic level, the formation of the biofilm and the development of related resistance mechanisms. It
was through genome mapping that Rimoldi et al found the blaypc gene to be associated with carbapenem resistance and found an
association between Klebsiella pneumoniae type 3 bacterial hairs and iron carrier genes.'®® Meletis et al, on the other hand, found
that the coat serotype of NDM-1-producing Klebsiella pneumoniae is determined by the nucleotide sequence of the wzc gene,
while its genome includes 16 resistance genes, 12 of which are located in the plasmid and 4 on the chromosome.'® Funou et al
sequenced the whole genome of ESBL-producing Klebsiella pneumoniae using the Illumina MiSeq platform, and found that it
contained a variety of B-lactamase genes, including blagxa.1, blatem.1v, blasyy.1 and blacrx.n.15 resistance genes, and the type
of replicon plasmid it carried was also detected.''® Whole genome sequencing has been applied in various fields of bacterial
research and it is believed that it will become a major tool for bacterial research in the future.

In summary, whole genome sequencing technology plays an important role in the study of Klebsiella pneumoniae for
in-depth identification and analysis of the bacteria, outbreak investigation and epidemiological surveillance, as well as for
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exploring bacterial virulence, biofilm formation and drug resistance mechanisms. It provides a powerful tool for research
in this field and promotes a deeper knowledge of Klebsiella pneumoniae.

Discussion
Through the study of the main carbapenemases, enzyme type combinations, molecular characterization, and the
application of whole genome sequencing technology in Klebsiella pneumoniae, we have gained a more comprehensive
understanding of Klebsiella pneumoniae, which produces two carbapenemases. On this basis, this chapter will summarize
the whole study and propose strategies to deal with it. The whole genome of Klebsiella pneumoniae is about 5—-6 Mbp in
size and this contains 5,000-6,000 genes to be coded.From these codable genes, about 1700 genes are considered to be
core genes. The core genome of Klebsiella pneumoniae is relatively conserved between strains. Typically, for a species,
95% of the genes are core genes. The remainder of the genome is auxiliary genes. An auxiliary genome is a flexible,
adaptable or complementary genome.''""''? Resistance genes are generally found in mobile elements such as plasmids,
transposons and integrons. Antimicrobial resistance (AMR) has become an urgent global public health threat, and CRKP
carrying dual carbapenemases is a more intractable upgraded version in antimicrobial resistance. The article has
previously mentioned that single carbapenemases (such as KPC, NDM) have rendered CRKP resistant to carbapenem
antibiotics, and the combination of two enzymes (such as KPC+NDM, NDM+OXA-48) will further expand the
resistance spectrum. For example, strains carrying blanpw.; and blagxa_ag are resistant to the vast majority of antibiotics
and are only sensitive to a few drugs such as tigecycline and polymyxin. This “pan-drug resistance” characteristic greatly
limits clinical treatment options and may also lead to a sharp increase in the treatment failure rate. The introduction also
mentioned that the mortality rate of CRKP infections is as high as 37.2%. Due to the more complex drug resistance
mechanisms of double-enzyme strains, the mortality rate may be further increased, directly exacerbating the threat of
AMR to patients’ lives. At the same time, double carbapenemase strains are key carriers of the “co-diffusion” of drug
resistance genes and have a “multiplier effect” on the population transmission of AMR. Section 4.2.1 mentioned that
drug resistance genes are mostly located on mobile elements such as plasmids and transposons, and plasmids carrying
double enzymes (such as IncFIl/IncX3 composite plasmids) have a high conversion rate (>95%) and have minimal
impact on host growth. Section 4.1.1 also mentioned that plasmids carrying both blaxpc., and blanpy.s can be rapidly
transmitted between different strains through horizontal transfer, causing originally sensitive strains to acquire double
drug resistance in a short period. This characteristic of “transferring two drug resistance genes in one transfer” is more
efficient than the transmission of a single gene and may accelerate the outbreak of drug-resistant strains in hospitals,
communities, and even the environment, upgrading AMR from “individual drug resistance” to a “population drug
resistance crisis”. The presence of dual enzymes significantly increases the difficulty of monitoring, tracing, and
intervening in AMR, exposing the weaknesses of the existing prevention and control system. Traditional detection
methods may miss the detection of dual enzymes (for example, reagent kits relying on single - enzyme detection cannot
identify the KPC + VIM combination). This diagnostic lag may lead to the failure to isolate drug - resistant strains in
a timely manner, accelerating the spread within the hospital. In addition, the geographical distribution of different dual -
enzyme combinations varies significantly, and their transmission patterns are different from those of single - enzyme
strains. Therefore, targeted prevention and control strategies need to be adjusted (for example, for OXA - 48+NDM
strains carrying IncL/M plasmids, port monitoring needs to be strengthened). If the particularity of dual enzymes is
ignored, the existing AMR prevention and control measures may become ineffective.

Studying double-enzyme strains is at the core of understanding the “evolutionary logic” of AMR, providing
a scientific basis for addressing AMR. The combination of double enzymes is not random: the paper found that specific
enzyme combinations (such as KPC + metalloenzymes) are more common, and their genetic environment (such as the
Tn1721 transposon, IS26 insertion sequence) has characteristics of co-evolution. This “preferential combination” reveals
the interaction rules of drug-resistant genes, providing ideas for designing inhibitors that target and inhibit the synergistic
effect of double enzymes (such as small molecule drugs that simultaneously block the activities of KPC and NDM). At
the same time, research on the stability of plasmids carrying two enzymes can provide targets for the development of
“plasmid eliminators” (such as drugs that interfere with the replication of IncFII plasmids), blocking the spread of drug-
resistant genes at the source, which is an innovative direction for combating AMR.

Infection and Drug Resistance 2025:18 hetps: 4925



Yu et al

Funding
This research received the grant from Science Technology Department of Zhejiang province, China (LGC22H200018),
Jinhua Science and Technology Bureau (2021-3-026).

Disclosure
The authors report no conflicts of interest in this work.

References

1.

2.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Paczosa MK, Mecsas J. Klebsiella pneumoniae: going on the offense with a strong defense. Microbiol Mol Biol Rev. 2016;80(3):629-661.
doi:10.1128/mmbr.00078-15

Munoz-Price LS, Poirel L, Bonomo RA, et al. Clinical epidemiology of the global expansion of Klebsiella pneumoniae carbapenemases. Lancet
Infect Dis. 2013;13(9):785-796. doi:10.1016/s1473-3099(13)70190-7

. Agyeman AA, Bergen PJ, Rao GG, Nation RL, Landersdorfer CB. A systematic review and meta-analysis of treatment outcomes following

antibiotic therapy among patients with carbapenem-resistant Klebsiella pneumoniae infections. Int J Antimicrob Agents. 2020;55(1):105833.
doi:10.1016/j.ijantimicag.2019.10.014

. Wang Q, Wang X, Wang J, et al. Phenotypic and genotypic characterization of carbapenem-resistant enterobacteriaceae: data from

a longitudinal large-scale CRE study in China (2012-2016). Clin Infect Dis. 2018;67(suppl_2):S196-s205. doi:10.1093/cid/ciy660

. Han R, Shi Q, Wu S, et al. Dissemination of carbapenemases (KPC, NDM, OXA-48, IMP, and VIM) among carbapenem-resistant enterobacteriaceae

isolated from adult and children patients in China. Front Cellular Infect Microbiol. 2020;10:314. doi:10.3389/fcimb.2020.003 14

. Qu H, Wang X, Ni Y, et al. NDM-1-producing enterobacteriaceae in a teaching hospital in Shanghai, China: incX3-type plasmids may

contribute to the dissemination of blaNDM-1. Int J Infect Dis. 2015;34:8—13. doi:10.1016/.ijid.2015.02.020

. Chiu SK, Ma L, Chan MC, et al. Carbapenem nonsusceptible Klebsiella pneumoniae in Taiwan: dissemination and increasing resistance of

carbapenemase producers during 2012-2015. Sci Rep. 2018;8(1):8468. doi:10.1038/s41598-018-26691-z

. Zhang Y, Jiang X, Wang Y, et al. Contribution of B-lactamases and porin proteins OmpK35 and OmpK36 to carbapenem resistance in clinical

isolates of KPC-2-producing Klebsiella pneumoniae. Antimicrob Agents Chemother. 2014;58(2):1214-1217. doi:10.1128/aac.02045-12

. Landman D, Bratu S, Kochar S, et al. Evolution of antimicrobial resistance among pseudomonas aeruginosa, acinetobacter baumannii and

Klebsiella pneumoniae in Brooklyn, NY. J Antimicrob Chemother. 2007;60(1):78—82. doi:10.1093/jac/dkm129

. Maltezou HC, Giakkoupi P, Maragos A, et al. Outbreak of infections due to KPC-2-producing Klebsiella pneumoniae in a hospital in Crete

(Greece). J Infect. 2009;58(3):213-219. doi:10.1016/}.jinf.2009.01.010

. Pournaras S, Protonotariou E, Voulgari E, et al. Clonal spread of KPC-2 carbapenemase-producing Klebsiella pneumoniae strains in Greece.

J Antimicrob Chemother. 2009;64(2):348-352. doi:10.1093/jac/dkp207

Giakoupi P, Maltezou H, Polemis M, Pappa O, Saroglou G, Vatopoulos A. KPC-2-producing Klebsiella pneumoniae infections in Greek hospitals are
mainly due to a hyperepidemic clone. Euro Surveillance Bulletin Europeen Sur Les Maladies. 2009;14(21). doi:10.2807/ese.14.21.19218-en
Kitchel B, Rasheed JK, Patel JB, et al. Molecular epidemiology of KPC-producing Klebsiella pneumoniae isolates in the United States: clonal
expansion of multilocus sequence type 258. Antimicrob Agents Chemother. 2009;53(8):3365-3370. doi:10.1128/aac.00126-09

Giakkoupi P, Papagiannitsis CC, Miriagou V, et al. An update of the evolving epidemic of blaKPC-2-carrying Klebsiella pneumoniae in Greece
(2009-10). J Antimicrob Chemother. 2011;66(7):1510-1513. doi:10.1093/jac/dkr166

Tzouvelekis LS, Miriagou V, Kotsakis SD, et al. KPC-producing, multidrug-resistant Klebsiella pneumoniae sequence type 258 as a typical
opportunistic pathogen. Antimicrob Agents Chemother. 2013;57(10):5144-5146. doi:10.1128/aac.01052-13

Shen P, Wei Z, Jiang Y, et al. Novel genetic environment of the carbapenem-hydrolyzing beta-lactamase KPC-2 among enterobacteriaceae in
China. Antimicrob Agents Chemother. 2009;53(10):4333-4338. doi:10.1128/aac.00260-09

Liu J, Yu J, Chen F, et al. Emergence and establishment of KPC-2-producing ST11 Klebsiella pneumoniae in a general hospital in Shanghai,
China. Eur J Clin Microbiol Infect Dis. 2018;37(2):293-299. doi:10.1007/s10096-017-3131-4

Shen P, Zhang Y, Li G, Jiang X. Characterization of the genetic environment of the blaKPC-2 gene among Klebsiella pneumoniae isolates from
a Chinese Hospital. Brazilian J Infect Dis. 2016;20(4):384-388. doi:10.1016/j.bjid.2016.04.003

Yang X, Dong N, Chan EW-C, Zhang R, Chen S. Carbapenem resistance-encoding and virulence-encoding conjugative plasmids in Klebsiella
pneumoniae. Trends Microbiol. 2021;29(1):65-83. doi:10.1016/j.tim.2020.04.012

Chi X, Hu G, Xu H, et al. Genomic analysis of A KPC-2-producing Klebsiella pneumoniae ST11 outbreak from a teaching hospital in
Shandong Province, China. Infect Drug Resist. 2019;12:2961-2969. doi:10.2147/idr.S221788

Fu P, Tang Y, Li G, Yu L, Wang Y, Jiang X. Pandemic spread of bla((KPC-2)) among Klebsiella pneumoniae ST11 in China is associated with
horizontal transfer mediated by IncFII-like plasmids. Int J Antimicrob Agents. 2019;54(2):117—124. doi:10.1016/j.ijjantimicag.2019.03.014

Yu X, Zhang W, Zhao Z, et al. Molecular characterization of carbapenem-resistant Klebsiella pneumoniae isolates with focus on antimicrobial
resistance. BMC Genomics. 2019;20(1):822. doi:10.1186/s12864-019-6225-9

Bi W, Liu H, Dunstan RA, et al. Extensively drug-resistant Klebsiella pneumoniae causing nosocomial bloodstream infections in China:
molecular investigation of antibiotic resistance determinants, informing therapy, and clinical outcomes. Front Microbiol. 2017;8:1230.
doi:10.3389/fmicb.2017.01230

Zhou H, Zhang K, Chen W, et al. Epidemiological characteristics of carbapenem-resistant enterobacteriaceae collected from 17 hospitals in
Nanjing district of China. Antimicrob Resist Infect Control. 2020;9(1):15. doi:10.1186/s13756-019-0674-4

Raisdnen K, Koivula I, Ilmavirta H, et al. Emergence of ceftazidime-avibactam-resistant Klebsiella pneumoniae during treatment, Finland,
December 2018. Euro Surveill. 2019;24(19). doi:10.2807/1560-7917.Es.2019.24.19.1900256

Voulgari E, Gartzonika C, Vrioni G, et al. The Balkan region: NDM-1-producing Klebsiella pneumoniae ST11 clonal strain causing outbreaks in
Greece. J Antimicrob Chemother. 2014;69(8):2091-2097. doi:10.1093/jac/dkul05

4926

https: Infection and Drug Resistance 2025:18


https://doi.org/10.1128/mmbr.00078-15
https://doi.org/10.1016/s1473-3099(13)70190-7
https://doi.org/10.1016/j.ijantimicag.2019.10.014
https://doi.org/10.1093/cid/ciy660
https://doi.org/10.3389/fcimb.2020.00314
https://doi.org/10.1016/j.ijid.2015.02.020
https://doi.org/10.1038/s41598-018-26691-z
https://doi.org/10.1128/aac.02045-12
https://doi.org/10.1093/jac/dkm129
https://doi.org/10.1016/j.jinf.2009.01.010
https://doi.org/10.1093/jac/dkp207
https://doi.org/10.2807/ese.14.21.19218-en
https://doi.org/10.1128/aac.00126-09
https://doi.org/10.1093/jac/dkr166
https://doi.org/10.1128/aac.01052-13
https://doi.org/10.1128/aac.00260-09
https://doi.org/10.1007/s10096-017-3131-4
https://doi.org/10.1016/j.bjid.2016.04.003
https://doi.org/10.1016/j.tim.2020.04.012
https://doi.org/10.2147/idr.S221788
https://doi.org/10.1016/j.ijantimicag.2019.03.014
https://doi.org/10.1186/s12864-019-6225-9
https://doi.org/10.3389/fmicb.2017.01230
https://doi.org/10.1186/s13756-019-0674-4
https://doi.org/10.2807/1560-7917.Es.2019.24.19.1900256
https://doi.org/10.1093/jac/dku105

Yu et al

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

Yong D, Toleman MA, Giske CG, et al. Characterization of a new metallo-beta-lactamase gene, bla(NDM-1), and a novel erythromycin esterase
gene carried on a unique genetic structure in Klebsiella pneumoniae sequence type 14 from India. Antimicrob Agents Chemother. 2009;53
(12):5046-5054. doi:10.1128/aac.00774-09

Moellering RC Jr. NDM-1--a cause for worldwide concern. New Engl J Med. 2010;363(25):2377-2379. doi:10.1056/NEJMp1011715
Kumarasamy KK, Toleman MA, Walsh TR, et al. Emergence of a new antibiotic resistance mechanism in India, Pakistan, and the UK:
a molecular, biological, and epidemiological study. Lancet Infect Dis. 2010;10(9):597-602. doi:10.1016/s1473-3099(10)70143-2

Cornaglia G, Giamarellou H, Rossolini GM. Metallo-B-lactamases: a last frontier for B-lactams?. Lancet Infect Dis. 2011;11(5):381-393.
doi:10.1016/s1473-3099(11)70056-1

Sonnevend A, Al baloushi A, Ghazawi A, et al. Emergence and spread of NDM-1 producer enterobacteriaceae with contribution of IncX3
plasmids in the United Arab Emirates. J Med Microbiol. 2013;62(Pt 7):1044—-1050. doi:10.1099/jmm.0.059014-0

Toleman MA, Bugert JJ, Nizam SA. Extensively drug-resistant New Delhi metallo-f-lactamase-encoding bacteria in the environment, Dhaka,
Bangladesh, 2012. Emerg Infect Dis. 2015;21(6):1027-1030. doi:10.3201/eid2106.141578

Dortet L, Nordmann P, Poirel L. Association of the emerging carbapenemase NDM-1 with a bleomycin resistance protein in enterobacteriaceae
and acinetobacter baumannii. Antimicrob Agents Chemother. 2012;56(4):1693—-1697. doi:10.1128/aac.05583-11

Johnson AP, Woodford N. Global spread of antibiotic resistance: the example of New Delhi metallo-B-lactamase (NDM)-mediated carbapenem
resistance. J Med Microbiol. 2013;62(Pt 4):499-513. doi:10.1099/jmm.0.052555-0

Gottig S, Hamprecht AG, Christ S, Kempf VA, Wichelhaus TA. Detection of NDM-7 in Germany, a new variant of the New Delhi metallo-f3-
lactamase with increased carbapenemase activity. J Antimicrob Chemother. 2013;68(8):1737—1740. doi:10.1093/jac/dkt088

Watanabe M, Iyobe S, Inoue M, Mitsuhashi S. Transferable imipenem resistance in Pseudomonas aeruginosa. Antimicrob Agents Chemother.
1991;35(1):147-151. doi:10.1128/aac.35.1.147

Koh TH, Babini GS, Woodford N, Sng LH, Hall LM, Livermore DM. Carbapenem-hydrolysing IMP-1 beta-lactamase in Klebsiella pneumoniae
from Singapore. Lancet. 1999;353(9170):2162. doi:10.1016/s0140-6736(05)75604-x

Nordmann P, Naas T, Poirel L. Global spread of carbapenemase-producing enterobacteriaceac. Emerging Infectious Diseases. 2011;17
(10):1791-1798. doi:10.3201/eid1710.110655

Li B, Xu XH, Zhao ZC, Wang MH, Cao YP. High prevalence of metallo-f-lactamase among carbapenem-resistant Klebsiella pneumoniae in
a teaching hospital in China. Can J Microbiol. 2014;60(10):691-695. doi:10.1139/cjm-2014-0291

Limbago BM, Rasheed JK, Anderson KF, et al. IMP-producing carbapenem-resistant Klebsiella pneumoniae in the United States. J Clin
Microbiol. 2011;49(12):4239-4245. doi:10.1128/jcm.05297-11

Hawkey PM, Xiong J, Ye H, Li H, M’Zali FH. Occurrence of a new metallo-beta-lactamase IMP-4 carried on a conjugative plasmid in
citrobacter youngae from the People’s Republic of China. FEMS Microbiol Lett. 2001;194(1):53-57. doi:10.1111/j.1574-6968.2001.tb09445.x
Chu YW, Afzal-Shah M, Houang ET, et al. IMP-4, a novel metallo-beta-lactamase from nosocomial Acinetobacter spp. collected in Hong Kong
between 1994 and 1998. Antimicrob Agents Chemother. 2001;45(3):710-714. doi:10.1128/aac.45.3.710-714.2001

Dolejska M, Masarikova M, Dobiasova H, et al. High prevalence of Salmonella and IMP-4-producing enterobacteriaceae in the silver gull on
five Islands, Australia. J Antimicrob Chemother. 2016;71(1):63—70. doi:10.1093/jac/dkv306

Feng W, Zhou D, Wang Q, et al. Dissemination of IMP-4-encoding pIMP-HZ1-related plasmids among Klebsiella pneumoniae and pseudo-
monas aeruginosa in a Chinese teaching hospital. Sci Rep. 2016;6(1):33419. doi:10.1038/srep33419

Betteridge T, Merlino J, Natoli J, Cheong EY, Gottlieb T, Stokes HW. Plasmids and bacterial strains mediating multidrug-resistant
hospital-acquired infections are coresidents of the hospital environment. Microb Drug Resist. 2013;19(2):104—109. doi:10.1089/mdr.2012.0104
Ho PL, Lo WU, Chan J, et al. pIMP-PH114 carrying bla IMP-4 in a Klebsiella pneumoniae strain is closely related to other multidrug-resistant
IncA/C2 plasmids. Curr Microbiol. 2014;68(2):227-232. doi:10.1007/s00284-013-0471-x

Koh TH, Sng LH, Wang GC, Hsu LY, Zhao Y. IMP-4 and OXA beta-lactamases in acinetobacter baumannii from Singapore. J Antimicrob
Chemother. 2007;59(4):627-632. doi:10.1093/jac/dk1544

Zhao WH, Hu ZQ. IMP-type metallo-B-lactamases in Gram-negative bacilli: distribution, phylogeny, and association with integrons. Critical
reviews in microbiology. Criti Rev Microbiol. 2011;37(3):214-226. doi:10.3109/1040841x.2011.559944

Poirel L, Heritier C, Toliin V, Nordmann P. Emergence of oxacillinase-mediated resistance to imipenem in Klebsiella pneumoniae. Antimicrob
Agents Chemother. 2004;48(1):15-22. doi:10.1128/aac.48.1.15-22.2004

Carrér A, Poirel L, Yilmaz M, et al. Spread of OXA-48-encoding plasmid in Turkey and beyond. Antimicrob Agents Chemother. 2010;54
(3):1369-1373. doi:10.1128/aac.01312-09

Cuzon G, Ouanich J, Gondret R, Naas T, Nordmann P. Outbreak of OXA-48-positive carbapenem-resistant Klebsiella pneumoniae isolates in
France. Antimicrob Agents Chemother. 2011;55(5):2420-2423. doi:10.1128/aac.01452-10

Moquet O, Bouchiat C, Kinana A, et al. Class D OXA-48 carbapenemase in multidrug-resistant enterobacteria, Senegal. Emerg Infect Dis.
2011;17(1):143—-144. doi:10.3201/eid1701.100244

Benouda A, Touzani O, Khairallah MT, Araj GF, Matar GM. First detection of oxacillinase-mediated resistance to carbapenems in Klebsiella
pneumoniae from Morocco. Ann Trop Med Parasitol. 2010;104(4):327-330. doi:10.1179/136485910x12743554760108

Poirel L, Potron A, Nordmann P. OXA-48-like carbapenemases: the phantom menace. J Antimicrob Chemother. 2012;67(7):1597-1606.
doi:10.1093/jac/dks121

Carrér A, Poirel L, Eraksoy H, Cagatay AA, Badur S, Nordmann P. Spread of OXA-48-positive carbapenem-resistant Klebsiella pneumoniae
isolates in Istanbul, Turkey. Antimicrob Agents Chemother. 2008;52(8):2950-2954. doi:10.1128/aac.01672-07

Berger S, Alauzet C, Aissa N, et al. Characterization of a new blaOXA-48-carrying plasmid in Enterobacteriaceae. Antimicrob Agents
Chemother. 2013;57(8):4064-4067. doi:10.1128/aac.02550-12

Chen CM, Guo MK, Ke SC, et al. Emergence and nosocomial spread of ST11 carbapenem-resistant Klebsiella pneumoniae co-producing
OXA-48 and KPC-2 in a regional hospital in Taiwan. J Med Microbiol. 2018;67(7):957-964. doi:10.1099/jmm.0.000771

Ma L, Wang J-T, Wu T-L, et al. Emergence of OXA-48-producing Klebsiella pneumoniae in Taiwan. PLoS One. 2015;10(9):e0139152.
doi:10.2807/ese.14.21.19218-en

Poirel L, Bonnin RA, Nordmann P. Genetic features of the widespread plasmid coding for the carbapenemase OXA-48. Antimicrob Agents
Chemother. 2012;56(1):559-562. doi:10.1128/aac.05289-11

Infection and Drug Resistance 2025:18 hetps: 4927


https://doi.org/10.1128/aac.00774-09
https://doi.org/10.1056/NEJMp1011715
https://doi.org/10.1016/s1473-3099(10)70143-2
https://doi.org/10.1016/s1473-3099(11)70056-1
https://doi.org/10.1099/jmm.0.059014-0
https://doi.org/10.3201/eid2106.141578
https://doi.org/10.1128/aac.05583-11
https://doi.org/10.1099/jmm.0.052555-0
https://doi.org/10.1093/jac/dkt088
https://doi.org/10.1128/aac.35.1.147
https://doi.org/10.1016/s0140-6736(05)75604-x
https://doi.org/10.3201/eid1710.110655
https://doi.org/10.1139/cjm-2014-0291
https://doi.org/10.1128/jcm.05297-11
https://doi.org/10.1111/j.1574-6968.2001.tb09445.x
https://doi.org/10.1128/aac.45.3.710-714.2001
https://doi.org/10.1093/jac/dkv306
https://doi.org/10.1038/srep33419
https://doi.org/10.1089/mdr.2012.0104
https://doi.org/10.1007/s00284-013-0471-x
https://doi.org/10.1093/jac/dkl544
https://doi.org/10.3109/1040841x.2011.559944
https://doi.org/10.1128/aac.48.1.15-22.2004
https://doi.org/10.1128/aac.01312-09
https://doi.org/10.1128/aac.01452-10
https://doi.org/10.3201/eid1701.100244
https://doi.org/10.1179/136485910x12743554760108
https://doi.org/10.1093/jac/dks121
https://doi.org/10.1128/aac.01672-07
https://doi.org/10.1128/aac.02550-12
https://doi.org/10.1099/jmm.0.000771
https://doi.org/10.2807/ese.14.21.19218-en
https://doi.org/10.1128/aac.05289-11

Yu et

al

60

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

. Zautner AE, Bunk B, Pfeifer Y, et al. Monitoring microevolution of OXA-48-producing Klebsiella pneumoniae ST147 in a hospital setting by
SMRT sequencing. J Antimicrob Chemother. 2017;72(10):2737-2744. doi:10.1093/jac/dkx216

Erdem F, Oncul O, Aktas Z. Characterization of resistance genes and polymerase chain reaction-based replicon typing in carbapenem-resistant
Klebsiella pneumoniae. Microb Drug Resist. 2019;25(4):551-557. doi:10.1089/mdr.2018.0231

Beyrouthy R, Robin F, Delmas J, et al. ISIR-mediated plasticity of IncL/M plasmids leads to the insertion of bla OXA-48 into the escherichia
coli chromosome. Antimicrob Agents Chemother. 2014;58(7):3785-3790. doi:10.1128/aac.02669-14

Kassis-Chikhani N, Decré D, Gautier V, et al. First outbreak of multidrug-resistant Klebsiella pneumoniae carrying blaVIM-1 and blaSHV-5 in
a French university hospital. J Antimicrob Chemother. 2006;57(1):142—145. do0i:10.3201/eid1710.110655

Pournaras S, Ikonomidis A, Tzouvelekis LS, et al. VIM-12, a novel plasmid-mediated metallo-beta-lactamase from Klebsiella pneumoniae that
resembles a VIM-1/VIM-2 hybrid. Antimicrob Agents Chemother. 2005;49(12):5153-5156. doi:10.1128/aac.49.12.5153-5156.2005

Pournaras S, Poulou A, Voulgari E, Vrioni G, Kristo I, Tsakris A. Detection of the new metallo-beta-lactamase VIM-19 along with KPC-2,
CMY-2 and CTX-M-15 in Klebsiella pneumoniae. J Antimicrob Chemother. 2010;65(8):1604—1607. doi:10.1093/jac/dkq190

Karampatakis T, Antachopoulos C, losifidis E, Tsakris A, Roilides E. Molecular epidemiology of carbapenem-resistan Klebsiella pneumoniae in
Greece. Future Microbiol. 2016;11(6):809-823. doi:10.2217/fmb-2016-0042

Huang J, Zhang S, Zhao Z, Chen M, Cao Y, Li B. Acquisition of a stable and transferable bla NDM-5-positive plasmid with low fitness cost
leading to ceftazidime/avibactam resistance in KPC-2-producing Klebsiella pneumoniae during treatment. Front Cell Infect Microbiol.
2021;11:658070. doi:10.3389/fcimb.2021.658070

Dong H, Liu Z, Wu Z, et al. Characterization of a conjugative hybrid plasmid coharboring bla(KPC-2) and bla(IMP-4) in a Klebsiella
quasipneumoniae clinical isolate. Microbiol Spec. 2023;11(1):€0261622. doi:10.1128/spectrum.02616-22

Xu J, Zhao Z, Ge Y, He F. Unravelling the genome sequence of NDM-1 and KPC-2 co-producing Klebsiella pneumoniae ST11 isolated from
a bloodstream infection. J Glob Antimicrob Resist. 2020;20:339-341. doi:10.1016/j.jgar.2020.01.021

Sun Q, Dai Y, Chen J, et al. Coexistence of two blaKPC-2 genes in a blaNDM-1-carrying multidrug-resistant ST15 Klebsiella pneumoniae
isolate recovered from cerebrospinal fluid in China. J Global Antimicrob Resist. 2022;29:232-235. doi:10.1016/j.jgar.2022.04.006

Mohamed ER, Ali MY, Waly N, Halby HM, El-Baky RMA. The Inc FII plasmid and its contribution in the transmission of bla(NDM-1) and bla
(KPC-2) in Klebsiella pneumoniae in Egypt. Antibiotics. 2019;8(4). doi:10.3390/antibiotics8040266

Gao H, Liu Y, Wang R, Wang Q, Jin L, Wang H. The transferability and evolution of NDM-1 and KPC-2 co-producing Klebsiella pneumoniae
from clinical settings. EBioMedicine. 2020;51:102599. doi:10.1016/j.ebiom.2019.102599

Rodrigues YC, Lobato ARF, Quaresma A, Guerra L, Brasiliense DM. The Spread of NDM-1 and NDM-7-producing klebsiella pneumoniae is
driven by multiclonal expansion of high-risk clones in healthcare institutions in the state of para, Brazilian amazon region. Antibiotics. 2021;10
(12):1527. doi:10.3390/antibiotics 10121527

Cejas D, Magariflos F, Elena A, et al. Emergence and clonal expansion of Klebsiella pneumoniae ST307, simultaneously producing KPC-3 and
NDM-1. Revista Argentina de Microbiologia. 2022;54(4):288-292. doi:10.1016/j.ram.2022.04.002

Karampatakis T, Zarras C, Pappa S, et al. Emergence of ST39 carbapenem-resistant Klebsiella pneumoniae producing VIM-1 and KPC-2.
Microb Pathog. 2022;162:105373. doi:10.1016/j.micpath.2021.105373

Jia X, Jia P, Zhu Y, et al. Coexistence of blaNDM-1 and blaIMP-4 in one novel hybrid plasmid confers transferable carbapenem resistance in an
ST20-K28 Klebsiella pneumoniae. Front Microbiol. 2022:13. doi:10.3389/fmicb.2022.891807.

Liu L, Feng Y, Long H, McNally A, Zong Z. Sequence Type 273 Carbapenem-Resistant Klebsiella pneumoniae Carrying bla(NDM-1) and bla
(IMP-4). Antimicrob Agents Chemother. 2018;62(6). doi:10.1128/aac.00160-18

Zhang Q, Jin Y, Shao C, et al. Outbreak of multidrug resistant NDM-1-producing Klebsiella pneumoniae from a neonatal unit in Shandong
Province, China. PLoS One. 2015;10(3). doi:10.1371/journal.pone.0119571

Hu Y, Zhang W, Shen X, et al. Tandem repeat of blaNDM-1 and clonal dissemination of a fosA3 and blaKPC-2 Co-carrying IncR-F33: a—: b—
plasmid in Klebsiella pneumoniae isolates collected in a Southwest hospital in China, 2010-2013. Infect Drug Resist. 2022;15:7431-7447.
doi:10.2147/idr.S391144

Papagiannitsis CC, Malli E, Florou Z, et al. Emergence of sequence type 11 Klebsiella pneumoniae coproducing NDM-1 and VIM-1 metallo-§3-
lactamases in a Greek hospital. Diagnos Microbiol Infect Dis. 2017;87(3):295-297. doi:10.1016/j.diagmicrobio.2016.12.008

Seiffert SN, Marschall J, Perreten V, Carattoli A, Furrer H, Endimiani A. Emergence of Klebsiella pneumoniae co-producing NDM-1, OXA-48,
CTX-M-15, CMY-16, QnrA and ArmA in Switzerland. Int J Antimicrob Agents. 2014;44(3):260-262. doi:10.1016/j.ijjantimicag.2014.05.008
Moubareck CA, Mouftah SF, Pal T, et al. Clonal emergence of Klebsiella pneumoniae ST14 co-producing OXA-48-type and NDM
carbapenemases with high rate of colistin resistance in Dubai, United Arab Emirates. Int J Antimicrob Agents. 2018;52(1):90-95.
doi:10.1016/j.ijjantimicag.2018.03.003

Ahmed El-Domany R, El-Banna T, Sonbol F, Hamed Abu-Sayedahmed S. Co-existence of NDM-1 and OXA-48 genes in carbapenem resistant
Klebsiella pneumoniae clinical isolates in Kafrelsheikh, Egypt. Afi Health Sci. 2021;21(2):489-496. doi:10.4314/ahs.v21i2.2

Protonotariou E, Meletis G, Chatzopoulou F, Malousi A, Chatzidimitriou D, Skoura L. Emergence of Klebsiella pneumoniae ST11
co-producing NDM-1 and OXA-48 carbapenemases in Greece. J Global Antimicrob Resist. 2019;19:81-82. doi:10.1016/j.jgar.2019.08.020
Shi Q, Han X, Huang Q, et al. The genetic characteristics and carbapenem resistance mechanism of ST307 Klebsiella pneumoniae coharbouring
blaCMY-6, blaOXA-48, and a truncated blaNDM-1. Antibiotics. 2022;11(11):1616. doi:10.3390/antibiotics11111616

Vasquez-Ponce F, Dantas K, Becerra J, et al. Detecting KPC-2 and NDM-1 coexpression in Klebsiella pneumoniae complex from human and
animal hosts in South America. Microbiol Spec. 2022;10(5):¢0115922. doi:10.1128/spectrum.01159-22

HuL, Liu Y, Deng L, et al. Outbreak by ventilator-associated ST11 K. pneumoniae with Co-production of CTX-M-24 and KPC-2 in a SICU of
a tertiary teaching hospital in central China. Front Microbiol. 2016;7:1190. doi:10.3389/fmicb.2016.01190

Fu L, Wang S, Zhang Z, et al. Whole genome sequence of bla(NDM) and bla(KPC) co-producing Klebsiella pneumoniae isolate KSH203 with
capsular serotype K25 belonging to ST11 from China. J Glob Antimicrob Resist. 2020;20:272—274. doi:10.1016/j.jgar.2020.01.006

Cao T, Liu Y, Li Y, et al. A public health concern: emergence of carbapenem-resistant Klebsiella pneumoniae in a public transportation
environment. J Antimicrob Chemother. 2020;75(10):2769-2772. doi:10.1093/jac/dkaa260

Gao Y, Wen J, Wang S, et al. Plasmid-encoded bla(NDM-5) gene that confers high-level carbapenem resistance in salmonella typhimurium of
pork origin. Infect Drug Resist. 2020;13:1485-1490. doi:10.2147/idr.S249357

4928 https: Infection and Drug Resistance 2025:18


https://doi.org/10.1093/jac/dkx216
https://doi.org/10.1089/mdr.2018.0231
https://doi.org/10.1128/aac.02669-14
https://doi.org/10.3201/eid1710.110655
https://doi.org/10.1128/aac.49.12.5153-5156.2005
https://doi.org/10.1093/jac/dkq190
https://doi.org/10.2217/fmb-2016-0042
https://doi.org/10.3389/fcimb.2021.658070
https://doi.org/10.1128/spectrum.02616-22
https://doi.org/10.1016/j.jgar.2020.01.021
https://doi.org/10.1016/j.jgar.2022.04.006
https://doi.org/10.3390/antibiotics8040266
https://doi.org/10.1016/j.ebiom.2019.102599
https://doi.org/10.3390/antibiotics10121527
https://doi.org/10.1016/j.ram.2022.04.002
https://doi.org/10.1016/j.micpath.2021.105373
https://doi.org/10.3389/fmicb.2022.891807
https://doi.org/10.1128/aac.00160-18
https://doi.org/10.1371/journal.pone.0119571
https://doi.org/10.2147/idr.S391144
https://doi.org/10.1016/j.diagmicrobio.2016.12.008
https://doi.org/10.1016/j.ijantimicag.2014.05.008
https://doi.org/10.1016/j.ijantimicag.2018.03.003
https://doi.org/10.4314/ahs.v21i2.2
https://doi.org/10.1016/j.jgar.2019.08.020
https://doi.org/10.3390/antibiotics11111616
https://doi.org/10.1128/spectrum.01159-22
https://doi.org/10.3389/fmicb.2016.01190
https://doi.org/10.1016/j.jgar.2020.01.006
https://doi.org/10.1093/jac/dkaa260
https://doi.org/10.2147/idr.S249357

Yu et al

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Pitart C, Solé M, Roca I, et al. Molecular characterization of blaNDM-5 carried on an IncFII plasmid in an Escherichia coli isolate from
a nontraveler patient in Spain. Antimicrob Agents Chemother. 2015;59(1):659-662. doi:10.1128/aac.04040-14

Reynolds ME, Phan HTT, George S, et al. Occurrence and characterization of escherichia coli ST410 co-harbouring blaNDM-5, blaCMY-42
and blaTEM-190 in a dog from the UK. J Antimicrob Chemother. 2019;74(5):1207-1211. doi:10.1093/jac/dkz017

Liu Z, Xiao X, Li Y, Liu Y, Li R, Wang Z. Emergence of IncX3 plasmid-harboring bla (NDM-) (5) dominated by escherichia coli ST48 in
a goose farm in Jiangsu, China. Front Microbiol. 2019;10:2002. doi:10.3389/fmicb.2019.02002

Krishnaraju M, Kamatchi C, Jha AK, et al. Complete sequencing of an IncX3 plasmid carrying blaNDM-5 allele reveals an early stage in the
dissemination of the blaNDM gene. Indian J Med Microbiol. 2015;33(1):30-38. doi:10.4103/0255-0857.148373

Zhu Y, Zhang W, Schwarz S, et al. Characterization of a blaIMP-4-carrying plasmid from enterobacter cloacae of swine origin. J Antimicrob
Chemother. 2019;74(7):1799-1806. doi:10.1093/jac/dkz107

Peirano G, Bradford PA, Kazmierczak KM, Chen L, Kreiswirth BN, Pitout JD. Importance of clonal complex 258 and IncF(K2-like Plasmids
Among a Global Collection of Klebsiella Pneumoniae With Bla(KPC). Antimicrob Agents Chemother. 2017;61(4). doi:10.1128/aac.02610-16
Papagiannitsis CC, Giakkoupi P, Kotsakis SD, et al. OmpK35 and OmpK36 porin variants associated with specific sequence types of Klebsiella
pneumoniae. J Chemotherap. 2013;25(4):250-254. doi:10.1179/1973947813y.0000000075

OchoNSka D, KlamiNSka-Cebula H, Dobrut A, Bulanda M, Brzychczy-WEOch M. Clonal dissemination of KPC-2, VIM-1, OXA-48-
producing Klebsiella pneumoniae ST147 in Katowice, Poland. Polish J Microbiol. 2021;70(1):107-116. doi:10.33073/pjm-2021-010
Chatzidimitriou M, Tsolakidou P, Panagiota C, Mylona E, Mitka S. KPC-2 and VIM-1 producing Klebsiella pneumoniae ST39 high-risk clone
isolated from a clinical sample in Volos, Greece. Acta Microbiol Immunol Hung. 2024;71(1):43-51. doi:10.1556/030.2024.02226

Poirel L, Dortet L, Bernabeu S, Nordmann P. Genetic features of blaNDM-1-positive Enterobacteriaceae. Antimicrob Agents Chemother.
2011;55(11):5403-5407. doi:10.1128/aac.00585-11

Potron A, Poirel L, Rondinaud E, Nordmann P. Intercontinental spread of OXA-48 beta-lactamase-producing enterobacteriaceae over a 11-year
period, 2001 to 2011. Euro Surve. 2013;18(31). doi:10.2807/1560-7917.es2013.18.31.20549

Carattoli A, Seiffert SN, Schwendener S, Perreten V, Endimiani A. Differentiation of IncL and IncM plasmids associated with the spread of
clinically relevant antimicrobial resistance. PLoS One. 2015;10(5):e0123063. doi:10.1371/journal.pone.0123063

Boyd SE, Livermore DM, Hooper DC, Hope WW. Metallo-B-lactamases: structure, function, epidemiology, treatment options, and the
development pipeline. Antimicrob Agents Chemother. 2020;64(10). doi:10.1128/aac.00397-20

Gonzalez LJ, Bahr G, Nakashige TG, Nolan EM, Bonomo RA, Vila AJ. Membrane anchoring stabilizes and favors secretion of New Delhi
metallo-B-lactamase. Nat Chem Biolog. 2016;12(7):516-522. doi:10.1038/nchembio.2083

Wang X, Xie Y, Li G, et al. Whole-Genome-Sequencing characterization of bloodstream infection-causing hypervirulent Klebsiella pneumoniae
of capsular serotype K2 and ST374. Virulence. 2018;9(1):510-521. doi:10.1080/21505594.2017.1421894

Lepuschitz S, Schill S, Stoeger A, et al. Whole genome sequencing reveals resemblance between ESBL-producing and carbapenem resistant
Klebsiella pneumoniae isolates from Austrian rivers and clinical isolates from hospitals. Sci Total Environ. 2019;662:227-235. doi:10.1016/j.
scitotenv.2019.01.179

Bialek-Davenet S, Criscuolo A, Ailloud F, et al. Genomic definition of hypervirulent and multidrug-resistant Klebsiella pneumoniae clonal
groups. Emerg Infect Dis. 2014;20(11):1812—-1820. doi:10.3201/eid2011.140206

Rimoldi SG, Gentile B, Pagani C, et al. Whole genome sequencing for the molecular characterization of carbapenem-resistant Klebsiella
pneumoniae strains isolated at the Italian ASST Fatebenefratelli Sacco Hospital, 2012-2014. BMC infectious diseases. BMC Infect Dis. 2017;17
(1):666. doi:10.1186/s12879-017-2760-7

Meletis G, Chatzopoulou F, Chatzidimitriou D, et al. Whole genome sequencing of NDM-1-producing ST11 Klebsiella pneumoniae isolated in
a private laboratory in Greece. Microb Drug Resist. 2019;25(1):80-86. doi:10.1089/mdr.2017.0411

Founou RC, Founou LL, Allam M, Ismail A, Essack SY. Whole genome sequencing of extended spectrum f-lactamase (ESBL)-producing
Klebsiella pneumoniae isolated from hospitalized patients in KwaZulu-Natal, South Africa. Sci Rep. 2019;9(1):6266. doi:10.1038/s41598-019-
42672-2

Holt KE, Wertheim H, Zadoks RN, et al. Genomic analysis of diversity, population structure, virulence, and antimicrobial resistance in
Klebsiella pneumoniae, an urgent threat to public health. Proc Natl Acad Sci USA. 2015;112(27):E3574-3581. doi:10.1073/pnas.1501049112
Wyres KL, Lam MMC, Holt KE. Population genomics of Klebsiella pneumoniae. Nat Rev Microbiol. 2020;18(6):344-359. doi:10.1038/
541579-019-0315-1

Infection and Drug Resistance Dovepress

Taylor & Francis Group

Publish your work in this journal

Infection and Drug Resistance is an international, peer-reviewed open-access journal that focuses on the optimal treatment of infection (bacterial,
fungal and viral) and the development and institution of preventive strategies to minimize the development and spread of resistance. The journal is
specifically concerned with the epidemiology of antibiotic resistance and the mechanisms of resistance development and diffusion in both hospitals and
the community. The manuscript management system is completely online and includes a very quick and fair peer-review system, which is all easy to use.
Visit http://www.dovepress.com/testimonials.php to read real quotes from published authors.

Submit your manuscript here: https://www.dovepress.com/infection-and-drug-resistance-journal

Infection and Drug Resistance 2025:18 E X in & 4929


https://doi.org/10.1128/aac.04040-14
https://doi.org/10.1093/jac/dkz017
https://doi.org/10.3389/fmicb.2019.02002
https://doi.org/10.4103/0255-0857.148373
https://doi.org/10.1093/jac/dkz107
https://doi.org/10.1128/aac.02610-16
https://doi.org/10.1179/1973947813y.0000000075
https://doi.org/10.33073/pjm-2021-010
https://doi.org/10.1556/030.2024.02226
https://doi.org/10.1128/aac.00585-11
https://doi.org/10.2807/1560-7917.es2013.18.31.20549
https://doi.org/10.1371/journal.pone.0123063
https://doi.org/10.1128/aac.00397-20
https://doi.org/10.1038/nchembio.2083
https://doi.org/10.1080/21505594.2017.1421894
https://doi.org/10.1016/j.scitotenv.2019.01.179
https://doi.org/10.1016/j.scitotenv.2019.01.179
https://doi.org/10.3201/eid2011.140206
https://doi.org/10.1186/s12879-017-2760-7
https://doi.org/10.1089/mdr.2017.0411
https://doi.org/10.1038/s41598-019-42672-2
https://doi.org/10.1038/s41598-019-42672-2
https://doi.org/10.1073/pnas.1501049112
https://doi.org/10.1038/s41579-019-0315-1
https://doi.org/10.1038/s41579-019-0315-1
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	Major Carbapenemases Carried by Klebsiella Pneumoniae
	KPC
	NDM
	IMP
	OXA - 48
	VIM

	Combinations of CRKP Enzyme Types Reported in Existing Studies
	Molecular Characterisation of Common Combinations
	KPC + Metalloenzyme
	Combinatorial Studies of bla<sub>NDM-5</sub> and bla<sub>KPC-2</sub>
	Combinatorial Studies of bla<sub>KPC-2</sub> and bla<sub>IMP-4</sub>
	Combinatorial Studies of bla<sub>NDM-1</sub> and bla<sub>KPC-2</sub>
	Combinatorial Studies of bla<sub>VIM-1</sub> and bla<sub>KPC-2</sub>

	Bimetallic Enzyme Combinations
	Combinatorial Studies of bla<sub>NDM-1</sub> and bla<sub>IMP-4</sub>

	Metalloenzyme + OXA– 48
	Combinatorial Studies of bla<sub>NDM-1</sub> and bla<sub>OXA-48</sub>


	Whole Genome Sequencing Technology: Lighting the Way for Studying Drug Resistance Genes
	Discussion
	Funding
	Disclosure

