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Background: In Malaysia, an increase in non-carbapenemase-producing

carbapenem-resistant Klebsiella pneumoniae (NC-CRKP) has been observed

over the years. Previously, four NC-CRKP with increased susceptibility to

ciprofloxacin in the presence of phenylalanine-arginine b-naphthylamide

(PAbN) were identified. However, no contribution of the PAbN-inhibited efflux

pump to carbapenem resistance was observed. All four NC-CRKP harboured

non-carbapenemase b-lactamase, with two also exhibiting porin loss. In this

study, we further investigated the genomic features and resistance mechanisms

of these four isolates.

Methods: All four NC-CRKP were subjected to whole-genome sequencing,

followed by comparative genomic and phylogenetic analyses.

Results: Multi-locus sequence typing (MLST) analysis divided the four NC-CRKP

into different sequence types: ST392, ST45, ST14, and ST5947. Neither major nor

rare carbapenemase genes were detected. Given the presence of non-

carbapenemase b-lactamase in all isolates, we further investigated the

potential mechanisms of resistance by identifying related chromosomal

mutations. Deletion mutation was detected in the cation efflux system protein

CusF. Insertion mutation was identified in the nickel/cobalt efflux protein RcnA.

Missense mutation of ompK36 porin was detected in two isolates, while the loss

of ompK36 porin was observed in another two isolates.

Conclusions: This study revealed that NC-CRKP may confer carbapenem

resistance through a combination of non-carbapenemase b-lactamase and

potential chromosomal mutations including missense mutation or loss of
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ompK36 porin and/or a frameshift missense mutation in efflux pump systems,

such as cation efflux system protein CusF and nickel/cobalt efflux protein RcnA.

Our findings highlighted the significance of implementing whole-genome

sequencing into clinical practice to promote the surveillance of carbapenem

resistance mechanisms among NC-CRKP.
KEYWORDS

cation efflux system protein CusF, missense mutation, NC-CRKP, nickel/cobalt efflux
protein RcnA, ompK36 porin
1 Introduction

Carbapenem-resistant Enterobacterales (CREs) have been listed

as an urgent threat to public health. CRE has emerged as a challenge

in healthcare settings due to the limited treatment options (CDC,

2019a). CREs are Enterobacterales that confer resistance to at least

one of the carbapenem antibiotics or produce a carbapenemase

enzyme (CDC, 2019b, 2015). Among CRE infections, carbapenem-

resistant Klebsiella pneumoniae (CRKP) is the most critical

pathogen which was listed in the World Health Organization

(WHO) priority list of antibiotic-resistant bacteria (Tacconelli

et al., 2018). Studies pertaining to CRKP in the past decades have

mainly focused on carbapenemase-producing CRKP (C-CRKP),

predominantly due to the rapid global dissemination of

carbapenemases (Lee et al . , 2016). Nonetheless , non-

carbapenemase-producing carbapenem-resistant Klebsiella

pneumoniae (NC-CRKP) is of huge clinical importance yet

underestimated due to a lack of relevant research.

NC-CRKP does not produce carbapenemase but can exhibit

resistance to carbapenems through a combination of chromosomal

mutations (e.g., porin gene mutation, overproduction of efflux

pump, and/or alterations in cell structure such as penicillin-

binding protein) and acquired non-carbapenemase resistance

mechanisms (acquisition or upregulation of a b-lactamase) (CDC,

2019b, 2015; Westblade, 2018). Although studies suggested that

C-CRKP was more virulent than NC-CRKP (Goodman et al., 2016;

Tamma et al., 2017; Richards et al., 2017), the mortality rate of NC-

CRKP was high (Su et al., 2018) and almost similar to C-CRKP

(Orsi et al., 2013). Therefore, the significance of the disease burden

posed by NC-CRKP should not be overlooked.

In Malaysia, studies on NC-CRKP are scarce, but the limited

evidence garnered from these studies has demonstrated great

diversity and dynamicity of local CRKP populations (Lau et al.,

2021; Kong et al., 2022; Lee et al., 2022; Zaidah et al., 2017; Zawawi

et al., 2021; Yeow, 2020; Heng et al., 2019; Mohamed et al., 2018; Low

et al., 2017). An increasing trend of NC-CRKP was observed in our

hospital setting. The number of cases of NC-CRKP increased from

one in 2013 to 17 cases in 2018, followed by a slight decline to 12

cases in 2019 (Lee et al., 2022). NC-CRKP may potentially emerge
02
through de novo mutations or genetic reassortment within

carbapenem-sensitive Enterobacterales under antimicrobial selective

pressure (Marimuthu et al., 2019). Although the prevalence of NC-

CRKP remained lower than C-CRKP in Malaysia, the increasing

trend should not be ignored since the treatment for NC-CRKP may

be different from C-CRKP infections as NC-CRKP employ different

mechanisms for carbapenem resistance. In addition, the lack of

epidemiological data and an unknown mechanism may pose

significant challenges in treating NC-CRKP.

In our recent study, 54 NC-CRKP isolated from 2013 to 2019 in

Malaysia have been studied (Lee et al., 2022). The study identified the

loss of porins (46.3%, 25/54) and the presence of AmpC b-lactamase

gene (blaDHA), along with other non-carbapenemase b-lactamase

genes (blaTEM, blaSHV, blaCTX-M, and blaOXA-1) in the NC-CRKP

isolates. In addition, a minimum inhibitory concentration (MIC)

reduction assay using 26.3 µg/ml phenylalanine-arginine

b-naphthylamide (PAbN), a Resistance Nodulation Division

(RND) efflux pump inhibitor (Dupont et al., 2016), was performed

to address conflicting findings from previous studies regarding

whether PAbN-inhibited efflux pumps reduce carbapenem MIC

value by 1 to 4 times (Khalid and Ghaima, 2022) or elevate

resistance to carbapenem antibiotics (Saw et al., 2016). While all

NC-CRKP isolates demonstrated the same MIC value for

ciprofloxacin, four isolates exhibited increased susceptibility to

ciprofloxacin but also showed increased resistance to carbapenem

(Lee et al., 2022). In this study, we sought to investigate the genomic

features, carbapenem resistance mechanisms, and virulence

determinants of these four NC-CRKP isolates, collected from a

tertiary teaching hospital in 2018, using whole-genome sequencing

(WGS) to shed light on the mechanisms of carbapenem resistance in

NC-CRKP isolates attributable to potential chromosomal mutations.
2 Materials and methods

2.1 Study setting and clinical isolates

NC-CRKP was classified based on the absence of the five major

carbapenemase genes, which were blaNDM, blaOXA-48, blaIMP,
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blaVIM, and blaKPC. In this study, four NC-CRKP isolated from the

Universiti Malaya Medical Centre (UMMC) patients by the

hospital’s Medical Microbiology Diagnostic Laboratory (MMDL)

in 2018, designated 1801-2, 1804-1, 1805-11, and 1805-12 were

selected and subjected to whole-genome sequencing (WGS) assays.

Their clinical and antimicrobial characteristics have been previously

described (Lee et al., 2022).

The rationale of selection was based on the presence of AmpC b-
lactamase gene (blaDHA), other non-carbapenemase b-lactamase

genes (blaTEM, blaSHV, blaCTX-M, and blaOXA-1), porins loss, and

findings from a minimum inhibitory concentration (MIC)

reduction assay conducted in a previous study (Lee et al., 2022).

All four isolates harboured non-carbapenemase b-lactamase genes:

blaSHV was present in all four isolates; blaTEM and blaCTX-M were

found in two isolates (1804-1 and 1805-11); and blaOXA-1 was

detected in one isolate (1801-2). Two NC-CRKP isolates harboured

the AmpC b-lactamase gene (blaDHA; 1804-1 and 1805-12), while

the other two exhibited ompK36 porin loss (1801-2 and 1805-11).

Two NC-CRKP isolates were mono-resistant to ertapenem (isolates

1801-2 and 1804-1), while the other two were resistant to all three

carbapenems (1805-11 and 1805-12). The MIC reduction assay

using the RND efflux pump inhibitor PAbN (26.3 µg/ml) revealed

a ≥ 4-fold decrease in the MIC of ciprofloxacin in all four isolates

(Supplementary Table S1) (Lee et al., 2022; Dupont et al., 2016).

This implied the involvement of PAbN-inhibited efflux pumps in

mediating ciprofloxacin resistance among these isolates. However,

no active efflux contribution of PAbN-inhibited efflux pumps to

carbapenem resistance was observed, suggesting diversity in the

resistance mechanisms governing different antimicrobial classes

among these four NC-CRKP isolates.
2.2 Genome sequencing, assembly,
and annotation

Whole-genomic deoxyribonucleic acid (DNA) of the isolates

was extracted using the DNeasy blood and tissue kit (Qiagen,

Hilden, Germany) according to the manufacturer’s instructions.

DNA concentrations were measured with a Qubit fluorometer to

determine DNA input from each isolate. The quality of genomic

DNA was assessed by agarose gel electrophoresis. Implen

NanoPhotometer® spectrophotometer (Implen GmbH, Munchen,

Germany) was used to quantify the purity of the DNA samples.

WGS was performed using the Miseq platform using V3 reagent

kits with paired-end 2x300 bp reads (Illumina, San Diego, CA,

USA). Libraries were prepared by following the Illumina Nextera

XT sample preparation guide. Sequences for individual isolates were

demultiplexed by a local run manager (LRM) version 3.0.0. The raw

data was pre-processed by trimming away poor-quality ends of the

reads and poor-quality reads using Trimmomatic settings (Bolger

et al., 2014) with SLIDINGWINDOW:4:20 and MINLEN:30 as

trimming parameters. Clean data obtained after trimming was

mapped to the K. pneumoniae subspecies pneumoniae HS11286

reference genome ASM24018v2 (NCBI RefSeq assembly:
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GCF_000240185.1). Variant calling was performed on the

mapped data.

The raw sequencing reads in FASTQ format were uploaded to

CLC Genomics Workbench version 7.5.1 (CLC bio, Aarhus C,

Denmark). Sequence reads were trimmed by removing ambiguous

nucleotides and those with Phred scores of < 30. De novo assembly

was performed for each isolate with scaffolding, 25 bp word size,

bubble size of 50 bp, and discarding contigs of < 250 bp. Contigs

with low coverage (< 30.0% of the average genome coverage) were

also removed from the genome assembly. Contigs with an average

genome coverage of 30.0% and above were selected to represent the

draft genome for further analysis.

The FASTA format of the assembled genomic sequence was

uploaded to the web server of the Rapid Annotation using Subsystem

Technology (RAST) at https://rast.nmpdr.org/for genomic

annotation based on the National Center for Biotechnology

Information (NCBI) taxonomy identifier 573 (NCBI:txid573)

(Aziz et al., 2008; Overbeek et al., 2014; Brettin et al., 2015).
2.3 Whole genome sequence analyses

2.3.1 Antimicrobial resistance genes prediction
The annotated reads were submitted to the Resistance Gene

Identifier (RGI) version 6.0.1 to predict antimicrobial resistome

from protein or nucleotide data by using curated reference data

from the Comprehensive Antibiotic Resistance Database (CARD)

version 3.2.6 (Alcock et al., 2023). Stringent selection criteria of

antimicrobial resistance genes (ARG) were applied, filtering to only

perfect (100.0% identity) and strict (CARD’s curated bit-score cut-

offs) hits against the curated reference sequences in CARD.

The RGI predictions were cross-validated using ResFinder version

4.1 with a minimal threshold of 90.0% sequence identity and minimal

resistance gene length coverage of 60.0% (Zankari et al., 2012).

The resistome was defined by consolidating the antimicrobial

resistance gene predictions by both databases. All predicted ARG

were validated through comprehensive cross-examination with

RAST-annotation output and manual interrogation using NCBI

Basic Local Alignment Search Tool (BLAST: blastx).

2.3.2 Multi-locus sequence typing
The assembled genome was uploaded to Pasteur multi-locus

sequence typing (MLST) version 2.0.9 of the Center for Genomic

Epidemiology (CGE) web server (https://cge.food.dtu.dk/services/

MLST/) to identify the sequence type (ST) of the studied isolates

(Larsen et al., 2012). The PubMLST typing scheme assessing the

seven conventional housekeeping genes (gapA, infB,mdh, pgi, phoE,

rpoB, and tonB) was adopted for diversity characterization (Jolley

et al., 2018).

2.3.3 Identification of virulence genes
The draft genomes in Genbank format were uploaded to the

VFanalyzer (http://www.mgc.ac.cn/cgi-bin/VFs/v5/main.cgi?

func=VFanalyzer) for identification of virulence genes based on
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pre-analyzed reference genomes from the virulence factor

database (VFDB).

2.3.4 Identification of plasmids
The PlasmidFinder 2.1 (https://cge.food.dtu.dk/services/

PlasmidFinder/) database was used to search for potential

plasmid sequences in the draft genomes (Carattoli et al., 2014).

The mapping criteria were set at ≥ 95.0% sequence identity and ≥

60.0% mutual coverage to a reference plasmid (Carattoli

et al., 2014).

2.3.5 Prediction of carbapenem resistance
mechanism in NC-CRKP

To identify potential chromosomal mutations contributing to

carbapenem resistance, RAST-annotated gene sequences associated

with peptidoglycan biosynthesis, peptidoglycan maturation, and the

efflux pump system were compared with the corresponding NCBI

reference sequences within the BioCyc databases (Karp et al., 2019)

available at http://BioCyc.org. The pairwise comparison was

performed in MEGA11: Molecular Evolutionary Genetics

Analysis version 11 (Tamura et al., 2021). Furthermore, porin-

associated genes (ompK35 and ompK36) were amplified via

polymerase chain reaction (PCR) (Kaczmarek et al., 2006). The

PCR amplicons were sequenced and compared with curated gene

sequences in the GenBank using the NCBI BLAST. Specifically, the

ompK35 porin was aligned with the wild-type ompK35 porin

(GenBank accession number AJ011501) (Doménech-Sánchez

et al., 2003), while the ompK36 porin was aligned with the wild-

type ompK36 porin (GenBank accession number Z33506) (Albertı ́
et al., 1995).
3 Results

3.1 Genome sequences features

In 2018, a total of 65 CRKP isolates were collected from

patients’ clinical and screening samples. Of these, 26.2% were

classified as NC-CRKP, while the remaining isolates were

identified as C-CRKP because they harboured carbapenemase

genes. The colonization rate among NC-CRKP patients was

64.7% (11/17) in 2018.

Four NC-CRKP isolates, designated 1801-2, 1804-1, 1805-11,

and 1805-12, were previously isolated from rectal swabs of UMMC

patients during routine screening in 2018. All isolates were

confirmed as colonizers. Only 1 patient (1801-2) was associated

with all-cause in-hospital mortality. These four NC-CRKP isolates

were subjected to whole-genome sequencing. The sequences were

analyzed for their virulence and potential determinants of resistance

mechanisms. In brief, the size of the genomes ranged from 5.4 to 5.7

million base pairs (Mbp), with an approximate GC content of

57.0%. The draft genome was consistent with the typical

K. pneumoniae genome, which is approximately 5.5 Mbp (Wyres

et al., 2020). The genomic features of these four NC-CRKP isolates
Frontiers in Cellular and Infection Microbiology 04
are summarized in Table 1. All the draft genomes have been deposited

in the NCBI GenBank with BioSample accession of SAMN41156152

(1801-2), SAMN41156273 (1804-1), SAMN41156274 (1805-11), and

SAMN41156276 (1805-12).

The antimicrobial characteristics of the four NC-CRKP isolates,

including the susceptibility profile, resistance genes, and porin-

associated genes, were summarized in Table 2. Two of the Klebsiella

pneumoniae isolates, 1805-11 and 1805-12 exhibited resistance to

all tested carbapenems (one with porin loss and another with porin

mutation), while the other two, 1801-2 and 1804-1, were mono-

resistant to ertapenem only (one with porin loss and another with

porin mutation). The identified bacterial species and resistance

genes were concordant with laboratory data. None of the NC-CRKP

harboured the five major carbapenemase genes.
3.2 Whole genome sequence analyses

3.2.1 Antimicrobial resistance genes prediction
Antimicrobial resistance genes that confer resistance to different

classes of antimicrobial agents were determined. As a gentamicin-

resistant strain, isolate 1801-2 harboured aminoglycoside N-

acetyltransferase 3-IV (AAC(3)-IV) and aminoglycosides O-

phosphotransferases 4-Ia (APH(4)-Ia), which encodes resistant to

apramycin, gentamicin, netilmicin, and tobramycin (Hao et al.,

2020). Isolate 1805-11 harboured plasmid-encoded disinfectant

resistance gene qacE which is associated with quaternary

ammonium compound. This finding is worrying as the

quaternary ammonium compound is widely present in cleaning,

disinfecting, and personal care products.

In this study, NC-CRKP carried the non-carbapenemase

b-lactamase gene that can confer resistance to b-lactam
antibiotics, including plasmid-mediated AmpC b-lactamase gene

such as blaDHA-1; extended-spectrum b-lactamase (ESBL) genes

such as blaCTX-M-15 and blaSHV-28; narrow-spectrum class D

b-lactamase gene such as blaOXA-1; and narrow-spectrum class A

b-lactamase genes such as blaTEM-1, blaSHV-1 and blaSHV-11 (non-

ESBL) (Bush and Jacoby, 2010; Fisher et al., 2005; Jones et al., 2018).

None of the major and rare carbapenemase genes (blaNDM, blaOXA-

48, blaIMP, blaVIM, blaKPC, blaOXA-372, blaIMI, blaNMC, blaFRI, blaGES,

blaBKC, blaSFC, blaSME, blaGIM, blaTMB, blaLMB, blaKHM, blaSFH,
TABLE 1 General genome features of the NC-CRKP isolates.

Isolates 1801-2 1804-1 1805-11 1805-12

Genome size (bp) 5,536,202 5,716,583 5,542,162 5,429,419

Total genome coverage 104 x 100 x 93 x 79 x

N50 (bp) 355,343 358,427 364,263 350,629

GC content (%) 57.2 57.1 57.3 57.2

Contig count 83 86 74 74

Number of CDS 5512 5745 5432 5367

Number of RNA 89 88 84 88
fr
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blaAIM, blaCMY, blaACT, or blaBIC) were detected among four NC-

CRKP isolates. The antimicrobial resistance gene profiles were

categorized by antimicrobial class in Table 2.

The acquisition of dihydropteroate synthase (DHPS) genes

(sul1, sul2, and sul3) in integrons can contribute to sulfonamide

(e.g., sulfamethoxazole) resistance (Gündoğdu et al., 2011), while

dfrA12 and dfrA27 can confer resistance to trimethoprim (Ambrose

and Hall, 2021), both hindering the folate biosynthesis pathway and

contributing resistance against folate pathway inhibitors (Shin et al.,

2015). The aminoglycoside-modifying enzyme (AME) genes

mediate resistance to aminoglycoside antibiotics and compromise

their efficacy in protein synthesis inhibition (Krause et al., 2016).
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The presence of a transferable target protection mechanism of

quinolone resistance (QnrB1, QnrB4, QnrB6, and QnrS1) can

protect bacterial DNA gyrase and topoisomerase IV from

inhibition, thereby impeding bacterial DNA replication and

reducing the effectiveness of treatments against bacterial

infections (Ruiz, 2019). Rifampicin resistance may arise from the

horizontal acquisition of ADP-ribosyltransferases such as arr-3 that

can inactivate rifampicin and other rifamycin (Fonseca et al., 2008;

Morgado et al., 2021). The mphA and mef(B) may confer resistance

to macrolides, such as erythromycin, azithromycin, spiramycin, and

telithromycin, limiting their efficacy in inhibiting bacterial protein

synthesis (Gomes et al., 2017; Katz and Ashley, 2005).

3.2.2 Multi-locus sequence typing
The ST varied among the four NC-CRKP isolates. Isolates 1801-

2, 1804-1, 1805-11, and 1805-12 were identified as ST392, ST45,

ST14, and ST5947 respectively.

3.2.3 Identification of virulence genes
The examination of the virulence factor (VF) of the four NC-

CRKP isolates was crucial in elucidating their potential

pathogenicity. Within the VF class of adherence, specific VF

included type 1 fimbriae, type 3 fimbriae, and type IV pili. All

isolates exhibited the presence of type 3 fimbriae genes (mrkA,

mrkB, mrkC, mrkD, mrkF, mrkH, mrkI, mrkJ) and type 1 fimbriae

genes (fimA, fimB, fimC, fimD, fimE, fimF, fimG, fimH, fimI, fimK).

The gene pilW, associated with type IV pili, was not detected in

isolate 1804-1, but it was identified in the remaining three isolates.

The absence of pilW may indicate alternative type IV pili-related

adhesion strategies or variations in pathogenicity.

In terms of antiphagocytosis, all isolates exhibited the presence

of capsule-associated genes, and they were varied in the

components essential to produce protective capsules or the

structure of antiphagocytic barriers. While for the efflux pump,

the presence of the AcrAB efflux pump system (acrA and acrB

genes) was detected in all isolates.

Within the VF class of iron uptake mechanism, specific VF such

as aerobactin, enterobactin (ent) siderophore, salmochelin, and

yersiniabactin were detected. These VF are essential for acquiring

iron, a vital nutrient for bacterial growth and survival (Foley and

Simeonov, 2012). All isolates showed the presence of iutA, which is

responsible for the expression of a specific outer membrane

receptor protein for ferric aerobactin (Ferreira et al., 2016). The

fepA, fepB, fepC, fepD, fepG, and fes (cytoplasmic ent esterase)

required for the import of enterobactin were identified in all

isolates. For the export of enterobactin, the entA, entB, entC,

entD, entE, and entS (ent exporter gene) were identified in all

isolates. The entF was identified in three isolates, except for isolate

1805-11. To produce salmochelin, the synthesis of enterobactin and

the iroBCDEN gene cluster are essential (Zhu et al., 2005). The iroE

(periplasmic esterase) and iroN (outer membrane receptor for

salmochelin) were identified in all isolates, whereas the iroB

(C-glucosyltransferase), iroC (an ABC-transporter for the uptake

of salmochelin), and iroD (cytoplasmic esterase) were not found. In

addition, the yersiniabactin peptide synthetase (e.g., irp1, irp2),
TABLE 2 Antimicrobial characteristics by isolate.

Isolates
Antimicrobial
class

Antimicrobial
resistance
genes (ARG)

1801-2*,a b-lactam: blaSHV-11, blaOXA-1

Folate
pathway antagonist:

sul3, dfrA12

Aminoglycosides:
aadA2, AAC(3)-IV, APH
(4)-Ia

Quinolone: QnrB1

1804-1†,b
b-lactam:

blaSHV-1, blaTEM-1, blaCTX-
M-15, blaDHA-1

Folate
pathway antagonist:

sul1, sul2, sul3, dfrA12

Aminoglycosides: aadA2

Quinolone: QnrB4, QnrS1

1805-11*,b,c
b-lactam:

blaSHV-28, blaTEM-1, blaCTX-
M-15

Folate
pathway antagonist:

sul1, dfrA27

Quinolone: QnrB6

Rifamycin: arr-3

Macrolide: mphA

Quaternary
ammonium
compound:

qacE

1805-12†,b,c b-lactam: blaSHV-1, blaDHA-1

Folate
pathway antagonist:

sul1, sul3, dfrA12

Aminoglycosides: aadA2

Quinolone: QnrB4, QnrS1

Macrolide: mphA, mef(B)
*Loss of ompK36 gene.
†Missense mutation in ompK36 porin.
aIsolate resistant to gentamicin (aminoglycosides).
bIsolate resistant to ceftazidime and ceftriaxone.
cIsolate resistant to imipenem and meropenem.
All four NC-CRKP isolates were found to possess ompK35 and ompK37 porins. All isolates
were resistant to amoxicillin/clavulanate, ampicillin, cefuroxime, cefotaxime, ciprofloxacin
(fluoroquinolones), and ertapenem.
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salicyl-AMP ligase (ybtE), salicylate synthesis (ybtS), outer

membrane protein (fyuA), transcriptional regulator (ybtA),

reductase (ybtU), inner membrane permease for yersiniabactin

uptake (e.g., ybtP, ybtQ), thioesterase (ybtT), and inner membrane

transporter (ybtX) were identified in 1804-1 and 1805-11 isolates.

Within the VF class of regulation, the presence of rcsA and rcsB

in RcsAB (regulator of capsule synthesis) system was detected in all

isolates. For the VF class of secretion system, the genes in type VI

secretion system cluster 1 (T6SS-I) and 3 (T6SS-III) were identified

in all isolates. For instance, the genes found in T6SS-I were clpV/

tssH, dotU/tssL, hcp/tssD, icmF/tssM, ompA, sciN/tssJ, tssF, tssG,

vasE/tssK, vgrG/tssI, vipA/tssB, vipB/tssC, and clpV, while the genes

in T6SS-III such as dotU, impA, impF, impG, impH, impJ, ompA,

sciN, and vgrG were detected.

In the VF class of serum resistance, the VF-associated gene of

lipopolysaccharide (LPS) biosynthetic (rfb) locus was detected in

1804-1, 1805-11, and 1805-12 isolates. In terms of autotransporter,

the isolates 1805-11 and 1805-12 were also detected with the cah

gene of calcium-binding antigen homologue (cah), which is

involved in autoaggregation and biofilm formation.

3.2.4 Identification of plasmids
Based on the analysis, only isolates 1801-2 and 1805-12

harboured plasmid of the incompatibility (Inc) R group, i.e., IncR

type plasmid (GenBank accession number DQ449578), with 100.0%

identity and coverage. Isolate 1804-1 harboured IncR plasmid with

an identity of 99.2% and 100.0% coverage. No IncR plasmid was

detected in isolate 1805-11.

3.2.5 Prediction of carbapenem resistance
mechanism in NC-CRKP

NC-CRKP confers carbapenem resistance through a

combination of chromosomal mutations (e.g., alteration
Frontiers in Cellular and Infection Microbiology 06
in cell structure, efflux pump, and/or porin) and acquired non-

carbapenemase resistance mechanisms (acquisition or upregulation

of a b-lactamase) (CDC, 2015, 2019; Westblade, 2018; Lee et al.,

2022, 2020). Given the presence of multiple non-carbapenemase b-
lactamase genes in all four NC-CRKP isolates, our study focused on

elucidating the potential mechanisms of resistance by identifying

related chromosomal mutations. Based on the limited cases

identified, it has been suggested that NC-CRKP emerges due to

reduced outer membrane permeability and/or increased drug efflux

(Rosas et al., 2023; Goodman et al., 2016). Therefore, detailed

analyses of all three aspects, including cell structure, efflux pump,

and porin, revealed potential chromosomal mutations that could

lead to carbapenem resistance in NC-CRKP.

A thorough analysis of both the peptidoglycan biosynthesis I

pathway and the peptidoglycan maturation pathway of Klebsiella

pneumoniae was conducted to discern alterations in cell structure

(Supplementary Table S2). All 12 enzymes required for the

peptidoglycan biosynthesis I pathway and all 17 enzymes required

for the peptidoglycan maturation pathway were identified in all

isolates. No alteration in the biosynthesis of cell structure was

observed in isolate 1805-11. For the remaining isolates, amino

acid substitutions or polymorphisms were identified in 58.3%

(7/12) and 58.8% (10/17) of the enzymes required for the

peptidoglycan biosynthesis I pathway and the peptidoglycan

maturation pathway respectively.

On the other hand, a comprehensive examination of efflux genes,

encompassing both polypeptide and transporter components, was

performed among four NC-CRKP isolates to ascertain modifications

in the efflux pump system. There were 78 efflux proteins examined in

this study. Of the 71 efflux proteins detected in all isolates, 25 showed

100.0% identity, while 46 exhibited amino acid substitutions or

polymorphisms. The presence of the remaining seven efflux

proteins was accentuated in Table 3.
TABLE 3 Efflux proteins of Klebsiella pneumoniae.

Gene Enzyme Accession
number

1801-2 1804-1 1805-11 1805-12

A8C11_RS00185/
A8C11_RS00810

Quaternary ammonium compound efflux SMR
transporter QacE delta 1

WP_000679427.1 Yes† Yes† – Yes†

A8C11_RS25050 DHA2 family efflux MFS transporter permease subunit WP_004179966.1 Yes† – Yes –

rfbB O-antigen export ABC transporter ATP-binding
protein RfbB

WP_002912371.1 Yes* – Yes Yes†

rfbA O-antigen export ABC transporter permease RfbA WP_002912373.1 Yes* Yes* Yes Yes

A8C11_RS18380 efflux RND transporter periplasmic adaptor subunit WP_004178902.1 Yes† Yes*,a Yes Yes†

A8C11_RS17640 nickel/cobalt efflux protein RcnA WP_043906842.1 Yes† Yes*,b Yes*,c Yes*,d

cusF cation efflux system protein CusF WP_004197273.1 Yes*,e Yes† Yes Yes†
fr
*Isolate exhibited missense mutations in efflux proteins.
†Isolate exhibited amino acid substitutions or polymorphisms in efflux proteins.
aIsolate exhibited an insertion mutation of QQQ between positions 327 and 328.
bIsolate exhibited an insertion mutation of RHDHDH between positions 145 and 146.
cIsolate exhibited an insertion mutation of HYHEHD between positions 138 and 139.
dIsolate exhibited an insertion mutation of PEHDHHPEHDHH between positions 146 and 147.
eIsolate exhibited a deletion mutation of HAGMAMHEEPAAA between positions 26 and 38.
The symbol “-” denotes the absence of an enzyme.
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A pairwise comparison of porin-associated genes with the wild-

type porin was performed to identify and characterize any potential

mutations in the porin genes. All four NC-CRKP isolates were

found to possess a wild-type ompK35 porin, as previously

documented (GenBank accession number AJ011501). However,

these isolates exhibited silent mutations in ompK35 (Table 4).

Isolates 1801-2 and 1805-11 exhibited ompK36 porin loss.

Notably, isolates 1804-1 and 1805-12 exhibited missense

mutations in ompK36 porin, establishing a closer genetic

relationship to JX310551.1 and JX310550.1, respectively, which

belong to the ST11 lineage of blaKPC-2-producing K. pneumoniae

from China (Figure 1) (Zhang et al., 2014).
4 Discussion

The emergence of NC-CRKP has posed a significant challenge

in healthcare settings (Hovan et al., 2021). The absence of major

carbapenemase genes, such as blaNDM, blaOXA-48, blaIMP, blaVIM,

and blaKPC, in NC-CRKP emphasized the importance of exploring

the other resistance mechanisms acquired by non-carbapenemase-

producing carbapenem-resistant isolates. Efflux pumps or porins in

combination with b-lactamase genes, have been identified as

potential contributors to carbapenem resistance in Klebsiella

pneumoniae (Nicolas-Chanoine et al., 2018). Nicolas-Chanoine

et al. (2018) reported that blaDHA-1-producing isolates conferred

resistance to ertapenem when there was an increase in efflux or

porin loss, and to imipenem when both mechanisms were

associated. In our study, both isolates 1804-1 (mono-resistant to

ertapenem) and 1805-12 (resistant to all three carbapenems)

harbouring blaDHA-1 did not have porin loss but exhibited a

missense mutation in the ompK36 porin and a frameshift

insertion mutation in efflux protein. Furthermore, Nicolas-

Chanoine et al. (2018) also found that blaCTX-M-15-producing

isolates developed resistance to ertapenem in the absence of

porins. In our study, isolates 1804-1 and 1805-11 harbouring

blaCTX-M-15 also exhibited a frameshift insertion mutation in

efflux protein. Only isolate 1805-11 (resistant to all three

carbapenems) exhibited ompK36 porin loss, whereas isolate 1804-

1 (mono-resistant to ertapenem) exhibited a missense mutation in

ompK36 porin but no porin loss. Additionally, previous studies
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have presented conflicting results on whether PAbN-inhibited
efflux pumps reduce carbapenem MIC value by 1 to 4 times

(Khalid and Ghaima, 2022) or elevate resistance to carbapenem

antibiotics (Saw et al., 2016). To address this controversy, a MIC

reduction assay was conducted using the RND efflux pump

inhibitor PAbN on 54 NC-CRKP isolates (Lee et al., 2022). Our

results concurred with Saw et al. (2016), indicating that the PAbN-
inhibited efflux pump did not contribute to carbapenem resistance

although increased susceptibility to ciprofloxacin.

Throughout the years, ST101 has been identified as the

predominant sequence type among C-CRKP in Malaysia (Low

et al., 2017). This is in concordance with other countries such as

Italy (Mammina et al., 2012) and Spain (Fuster et al., 2020).

However, none of the isolates in this study were of ST101. This

suggested the genetic heterogeneity among the NC-CRKP isolates.

Besides the loss of porins as previously reported by Lee et al.

(2022), this study further revealed the silent mutations of ompK35

porin in all isolates and the missense mutations in ompK36 porin.

The loss or alteration of ompK36 porin has been associated with

carbapenem resistance (Kaczmarek et al., 2006; Clancy et al., 2013).

This study has raised a few concerns. Firstly, the identification

of IncR plasmids suggested the potential for horizontal gene transfer

and dissemination of resistance determinants. The IncR plasmids

detected in this study were identical to the plasmid pK245

(GenBank accession number DQ449578) that confers quinolone

resistance and ESBL activity (Chen et al., 2006). IncR plasmids carry

various antimicrobial resistance genes that mediate resistance to

b-lactam, aminoglycoside, phenicol, tetracycline, sulfonamide, and

trimethoprim (Schwanbeck et al., 2021).

Secondly, the presence of plasmid-encoded disinfectant

resistance gene qacE identified in the isolate 1805-11 could reduce

the disinfectant susceptibility and confer quaternary ammonium

compound protection in K. pneumoniae isolates (Liu et al., 2024;

Paulsen et al., 1993). A wide distribution of disinfectant resistance

genes resulting from the widespread use of disinfectants could

impose selective pressure on antimicrobial resistance isolates (Liu

et al., 2024; Abuzaid et al., 2012). This was in accordance with a

previous study that suggested that NC-CRKP was confined to

individuals and settings with very high levels of antimicrobial

selection pressure (Richards et al., 2017).

Thirdly, the examination of virulence determinants according

to the VF class highlighted potential pathogenicity in NC-CRKP,

including adherence, antiphagocytosis, efflux pumps, iron uptake

mechanisms, regulation, secretion system, serum resistance, and

autotransporter. The presence of these VF suggested the ability of

NC-CRKP to evade host defenses and establish infections. In this

study, all NC-CRKP isolates were resistant to ciprofloxacin and

carried the AcrAB efflux pump. As AcrAB multidrug efflux system

is crucial for expelling harmful substances from the bacterial cellular

environment, it may also influence the isolates’ resistance to

antimicrobial agents and other toxic compounds (Padilla

et al., 2010).

In this study, a few mutations identified could play important

roles in resistance mechanisms. A frameshift deletion mutation was

identified in the cation efflux system protein CusF (cusF) in isolate

1801-2. The cation efflux system protein CusF, also known as
TABLE 4 Silent mutations in ompK35 of NC-CRKP.

Isolate Position

303 420 474 537 648 786

AJ011501.1 A C T C C C

1801-2 – T C T – T

1804-1 – – – T G –

1805-11 G – C – – T

1805-12 G T C – – T
All isolates exhibited silent mutations in ompK35 compared to the wild-type ompK35 porin
(AJ011501). The silent mutations occurred at different positions in each isolate. The symbol
“-” denotes no mutation occurred at that position.
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copper-binding periplasmic protein CusF, is present in the

periplasm. It binds and transports periplasmic metal cations such

as copper (Cu; Cuprum) or silver (Ag; Argentum) to the Cus (Cu

sensing) system for efflux (Loftin et al., 2005; Kim et al., 2011;

Franke et al., 2003; Lee and Choi, 2020). In previous studies, the

periplasmic metallochaperone CusF demonstrated upregulated

expression under the induction of silver cation (Imran et al.,

2024) and copper cation in both aerobic and anaerobic conditions

(Zulfiqar and Shakoori, 2012; Egler et al., 2005). The protein CusF

utilizes cation and methionine interactions to bind Cu+ or Ag+ for

delivery to the Cus system, as determined by the site-directed

mutagenesis of methionine residue to isoleucine (substitution of

methionine residue) or NMR chemical shift analysis (Loftin et al.,

2005; Franke et al., 2003; Randall et al., 2015). We deduced that the

frameshift deletion mutation in the cation efflux system protein

CusF, which particularly affects the methionine residues, as shown

in our study, could lead to a conformational change in protein

CusF, thus leading to the accumulation of copper ions in bacteria.

Previous studies reported that copper ions may form complexes

with meropenem, leading to meropenem structure degradation and

thereby contributing to carbapenem resistance (Božić et al., 2018;

Božić Cvijan et al., 2023). Metal ions may diminish the efficiency of

antimicrobial activity through respective efflux pumps by forming

complexes, that eventually may lead to the degradation of

antimicrobial agents. Further investigation can be performed to

explore the potential interaction between metal ions and

antimicrobial agents with their impact on the efficiency of

antimicrobial therapy.

Previously, Perron et al. (2004) reported that a co-increase in

resistance to heavy metals and imipenem, along with the

suppression of OprD porin, was associated with the

overexpression of a mutated czc efflux system in Pseudomonas

aeruginosa (Perron et al., 2004). This czc (cobalt/zinc/cadmium)

efflux system is similar to the nickel/cobalt efflux protein RcnA in

terms of the function where both efflux protein/system can export

cobalt cations out of the cytosol when excessive toxicity is detected.

In the present study, frameshift insertion mutations in the nickel/

cobalt efflux protein RcnA (A8C11_RS17640) were identified in

NC-CRKP (isolates 1804-1, 1805-11 and 1805-12). This mutation

may potentially contribute to the carbapenem resistance, which is

similar to the mechanism found in Pseudomonas aeruginosa.

Additionally, the inactivation of RcnA (yohM), a nickel and cobalt

resistance gene in Escherichia coli, conferred sensitivity to nickel
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and cobalt (Rodrigue et al., 2005). The yohM gene possesses a

remarkable histidine-rich region composed of histidines, aspartate,

and glutamate residues, which may function as nickel storage

(Rodrigue et al., 2005). Rodrigue et al. (2005) reported that a

mutant transformed with a high number of copies of vector

harbouring yohM greatly enhanced the wild-type resistant levels

by 100-fold (Rodrigue et al., 2005). In our study, a frameshift

insertion mutation in the nickel/cobalt efflux protein RcnA

(A8C11_RS17640) introduced additional histidine (H), aspartate

(D), and glutamate (E) residues. This modification likely enhances

the binding of metal ions by the histidine-rich region, potentially

leading to an enhanced resistance level. This could enhance

resistance towards imipenem, as described in the mechanism

found in Pseudomonas aeruginosa. Nevertheless, future studies

are warranted to confirm our hypothesis.

Based on the analysis, the potential mechanisms of carbapenem

resistance in the four isolates were postulated: 1) Isolate 1801-2 may

confer carbapenem resistance through ompK36 porin loss and efflux

pump mutation (cusF) combined with the acquisition of non-ESBL

(blaSHV-11 and blaOXA-1) genes. 2) The resistance of carbapenem in

isolate 1805-11 may be due to the chromosomal mutations such as

ompK36 porin loss and efflux pump mutation (A8C11_RS17640) in

combination with the acquisition of non-ESBL (blaTEM-1) and ESBL

(blaCTX-M-15 and blaSHV-28) genes. 3) A diverse combination of b-
lactamase genes has been identified in isolate 1804-1 and could be

coupled with ompK36 porin mutation and efflux pump mutation

(A8C11_RS17640) for carbapenem resistance. 4) Isolate 1805-12 may

confer carbapenem resistance through ompK36 porin mutation and

efflux pump mutation (A8C11_RS17640) in combination with the

acquisition of non-ESBL (blaSHV-1) and AmpC b-lactamase (blaDHA-

1) genes. However, future studies are warranted in order to validate

the genomic findings.

Based on theWGS data, we have identified potential contributing

factors to carbapenem resistance mechanisms and elucidated the

genomic characteristics as well as the virulence determinants of NC-

CRKP isolates. Despite the small number of NC-CRKP isolates in this

study, the relevance of our findings sheds light on this issue. To

enhance the robustness of future studies, a larger sample size should

be included to better assess the mechanisms of carbapenem

resistance. Moreover, experimental confirmation through functional

validation of the identified resistance genes and mutations is

quintessential to confirm the roles of these genetic changes in

resistance. Unraveling these potential mechanisms of carbapenem
FIGURE 1

Missense mutation in ompK36 porin of NC-CRKP. The identities and similarities were shaded in the alignment window.
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resistance and understanding the genetic heterogeneity within NC-

CRKP isolates are imperative for devising effective strategies to

control their dissemination and combat antimicrobial resistance in

healthcare settings.
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