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Abstract: The emergence and transmission of carbapenem-resistant Klebsiella pneumoniae (CRKP) 

have been recognized as a major public health concern. Here, we investigated the molecular 

epidemiology and its correlation with the mechanisms of resistance in CRKP isolates by compiling 

studies on the molecular epidemiology of CRKP strains worldwide. CRKP is increasing worldwide, 

with poorly characterized epidemiology in many parts of the world. Biofilm formation, high efflux 

pump gene expression, elevated rates of resistance, and the presence of different virulence factors in 

various clones of K. pneumoniae strains are important health concerns in clinical settings. A wide 

range of techniques has been implemented to study the global epidemiology of CRKP, such as 

conjugation assays, 16S-23S rDNA, string tests, capsular genotyping, multilocus sequence typing, 

whole-genome sequencing-based surveys, sequence-based PCR, and pulsed-field gel electrophoresis. 

There is an urgent need to conduct global epidemiological studies on multidrug-resistant infections of 

K. pneumoniae across all healthcare institutions worldwide to develop infection prevention and control 

strategies. In this review, we discuss different typing methods and resistance mechanisms to explore 

the epidemiology of K. pneumoniae pertaining to human infections. 
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1. Introduction 

Klebsiella pneumoniae is a gram-negative bacterium (GNB) responsible for a significant 

proportion (4–8%) of nosocomial infections [1]. It is intrinsically resistant to penicillin and often 

carries some elements for acquired resistance to an array of antimicrobial agents. K. pneumoniae has 

been reported in a variety of infections such as pneumonia, liver abscess, endophthalmitis, and urinary 

tract infections, even in healthy and young people with competent immune system [2]. K. pneumoniae 

carries a number of extra-chromosomal virulence factors such as salmochelin, aerobactin, heavy metal 

resistance virulence factors, and capsular polysaccharides [3]. The presence of these virulence factors, 

which are encoded mostly by plasmids, can be used to distinguish between different strains of K. 

pneumoniae [4]. Carbapenem resistance in K. pneumoniae involves manifold mechanisms, such as 

under-expression or loss of porins, alterations of permeability in the outer membrane, overexpression 

of efflux transporters along with overproduction of various β-lactamase enzymes or extended-

spectrum β-lactamases (ESBLs), or carbapenemase production [5–7]. In the United States, K. 

pneumoniae carbapenemase (KPC) is a prevalent serine carbapenemase with high clinical significance and 

has attracted global attention as a public health threat owing to its rapid international transmission [8,9]. 

Over the past two decades, several molecular techniques have been developed for characterizing 

and typing K. pneumoniae strains, including pulsed-field gel electrophoresis (PFGE), repetitive 

sequence-based PCR (rep-PCR), and multilocus sequence typing (MLST) [10], among which, MLST 

is considered the gold standard. MLST of K. pneumoniae relies on DNA sequence variations in seven 

housekeeping genes (rpoB, gapA, mdh, pgi, phoE, infB, and tonB), which together generate a specific 

allele profile that results in a sequence type (ST) for a single isolate [11]. In MLST, a specific allele 

number is generated for each distinct gene sequence, followed by the generation of an ST by arranging 

the seven different alleles in a unique pattern. eBURST (http://eburst.mlst.net/) is another tool used 

to define isolates that are closely genetically related and assign them to one or more clonal 

complexes [12,13]. 

Ribotyping (16S-23S rDNA ITS [internal transcribed spacer (ITS)] PCR) is a technique with 

elevated discriminatory power, tremendous reproducibility, and ease of analysis [14]. 16S-23S rDNA 

ITS PCR for nosocomial infections has been successfully applied to investigate the molecular 

epidemiology of K. pneumonia [15]. Nevertheless, the banding pattern variation and interpretation 

have both practical and theoretical limitations. A study from Tianjin (China) used PCR detection 

with 16S-23S rDNA ITS of K. pneumoniae to detect the pathogen on infant formula and clinical 

samples within 48 h [15].  

Rep-PCR is a quick and easy tool for investigating hospital outbreaks [16]. This technique was 

used to investigate the distribution of ESBL genes and molecular typing in Iran [17]. rep-PCR can be 

used to investigate the epidemic position of multidrug-resistant (MDR) K. pneumoniae infections; 

however, the discriminatory power of this test is absent for a few strains [18]. During an outbreak of 

sepsis in North India, MDR K. pneumoniae isolates were successfully typed by rep-PCR using 

consensus primers [16]. 

PFGE is considered the gold standard technique for studying the genetic relatedness and 

molecular epidemiology of bacterial species [19,20]. However, in case of K. pneumoniae, PFGE may 

not provide sufficient resolution because of the high clonality of the clinical isolates and the low power 

of this method to differentiate between clusters. Recently, a modified PFGE protocol was successfully 

developed to improve the typing of nosocomial isolates of K. pneumoniae [21]. 

http://eburst.mlst.net/
http://doi.org/10.1601/nm.10789
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MLST is a DNA sequence-based typing technique that provides information on the genetic 

relatedness and characterization of bacterial isolates [22,23]. MLST provides portable and 

unambiguous data, which allows multiple users to obtain information from databases and makes it 

easy to implement the technique internationally. The MLST scheme is the chief method for studying 

the evolutionary relationships and characterizing the nosocomial isolates of K. pneumoniae [11]. 

Recently, a study compared the most prevalent typing methods for K. pneumoniae, namely, cgMLST, 

PFGE, and core SNP, and discussed their efficiency in substantiating or eliminating the possibility of 

nosocomial infection spread [24]. 

In another recent study, whole-genome sequencing (WGS) has been applied to investigate 

phylogeny and genetic relatedness and identify K. pneumoniae isolates [25,26]. However, the use of 

WGS or metagenomics for tracing any local outbreak is limited because of the high cost of conducting 

the tests and the lack of access to expertise and/or resources. Consequently, conventional methods 

such as MLST, PFGE, and rep-PCR, along with other cost-effective typing methods, are still used 

more extensively [27].  

In this study, we compiled the available information on various typing techniques of K. 

pneumoniae for investigating the epidemiology, molecular characterization, and tracing of outbreaks 

in the hospital settings of clinically significant pathogens in acute-care hospitals. This review also 

discusses how molecular typing methods have enhanced our understanding of K. pneumoniae 

identification, taxonomy, evolution, and genetic relatedness and the transmission of virulence factors 

and antimicrobial resistance genes. 

2. Molecular typing of K. pneumoniae 

2.1. Ribotyping (16S-23S ITS) 

Ribotyping is a useful tool for studying the epidemiology of different types of pathogenic 

bacteria [28]. Eight highly conserved operons have been found on the chromosome of K. pneumoniae, 

which are responsible for 16S and 23S rRNA coding. These operons cut with the precise restriction 

enzyme (RE) and result in restriction pattern bands that are adequate for differentiation and facilitating 

analyses and interpretations. The greater the choice of restriction enzymes, the greater the 

discriminatory power of ribotyping [29]. For the ribotyping of various bacterial isolates, an array of 

REs have been used. Several investigators have recommended that the power of discrimination of 

ribotyping can be improved by using more than one RE. Ribotyping typeability has been shown to 

rely on the REs utilized. Epidemiological studies on K. pneumoniae are inadequate because of the 

absence of a reliable, single, and convenient epidemiological typing scheme. To investigate any K. 

pneumoniae outbreak, ribotyping has proven to be an outstanding typing method with immense 

discriminatory power [30]. Other conventional typing techniques have several limitations such as 

typeability, inadequate reproducibility, and insufficient discriminatory power [10]. To circumvent 

these limitations, more typing methods that use molecular techniques are being employed [31]. Using 

a digoxigenin-labeled rDNA probe and EcoRI RE, a ribotyping database of K. pneumoniae was created 

without the harmful effects of radioactive probes [28]. 
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2.2. PCR-based replicon typing (PBRT) 

To investigate any suspected bacterial outbreak, a swift molecular typing scheme can be an 

excellent tool. PCR-based replicon typing (PBRT) is a simple and rapid method for investigating 

outbreaks of nosocomial pathogens [16]. This technique was invented for Enterobacteriaceae plasmids 

based on the repA gene, which categorizes plasmids into different incompatible (Inc) groups [32]. One 

study investigated PCR with the following plasmid types: IncFII, IncFIA, IncFIIK, IncFIB, IncHI1B, 

IncR, IncN, IncL/M, IncA/C, and IncB/O by PBRT in India [33]. That study suggested the transfer of 

antimicrobial resistance (AMR) genes using a variety of plasmids. Some of these limitations have been 

resolved by developing a categorization scheme derived from the identification of basic replicons 

using DNA hybridization and a PBRT technique facilitating extensive plasmid typing [34]. For many 

decades, plasmid classification has been a significant spotlight for plasmid biologists because of their 

role in animal and human health, microbial evolution and adaptation, and environmental processes. 

2.3. Rep-PCR 

Rep-PCR is a typing method that distinguishes microbes by amplifying DNA fragments 

composed of sequences between repetitive elements in the presence of complementary primers that 

complement interspersed repetitive consensus sequences. Amplicons of different sizes can be 

fractioned using electrophoresis, and the resulting DNA fingerprint patterns can be compared with 

those specific to individual bacterial clones. Numerous studies have shown that rep-PCR using primers 

derived from repetitive extragenic palindromic (REP) elements (REP-PCR) or enterobacterial 

repetitive intergenic consensus (ERIC-PCR) sequences is effective in typing a wide variety of bacteria. 

In a study from Denmark, a semi-automated rep-PCR typing technique was used to reveal the 

association between the recognized outbreak strains and ESBLs produced by local K. pneumoniae 

strains [35]. 

2.4. Pulsed-field gel electrophoresis (PFGE) 

To perform epidemiological investigations and trace genetic relatedness, PFGE is considered the 

gold standard for many bacterial species [19,20]. However, this technique may not be adequate for 

discriminating between different clusters because of the high clonality of clinical isolates of K. 

pneumoniae, thus failing to discriminate the transmission dynamics. Recently, a modified PFGE 

method has been devised for improving the typeability of nosocomial isolates of K. pneumoniae [21]. 

Carbapenemase-producing K. pneumoniae strains were recently analyzed for molecular 

characterization using PFGE in Turkey, which demonstrated the presence of 24 pulse types, and 63.09% 

of isolates were represented by four main pulse types [36]. This was the first event of coproduction of 

the two genes (blaOXA-48 + KPC and blaKPC + NDM ) in carbapenem-resistant Klebsiella pneumoniae (CRKP) 

isolates from Turkey. The diversity and heterogeneity of mcr-8 were investigated in chicken-related 

K. pneumoniae in China using S1 nuclease PFGE (S1-PFGE), which showed that the mcr-8 (mobile 

colistin resistance) gene was located on a plasmid in all isolates [37]. The findings of that study 

indicated that the heterogeneous and diverse genetic context of mcr-8 is responsible for the increased 

level of colistin resistance in K. pneumoniae isolates. In a study from South India, molecular insights 

into carbapenem resistance were investigated in the clinical isolates of K. pneumoniae that targeted 

http://doi.org/10.1601/nm.10789
http://doi.org/10.1601/nm.10789
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MDR using PFGE [38]. That study reported a total of 16 diverse PFGE patterns in 18 MDR isolates 

of K. pneumoniae. Another study from North India conducted genetic characterization of CRKP 

clinical isolates using S1-PFGE and MLST and suggested massive plasticity of the genome of K. 

pneumoniae isolates, showing the potency to transmit antimicrobial resistance. In the northern region 

of Portugal, the molecular epidemiology of 106 clinical isolates of carbapenemase-producing K. 

pneumoniae was investigated using PFGE for the first time [39]. A total of 29 PFGE types were 

identified in that study. ESBL-producing K. pneumoniae colonizing the gastrointestinal tract were 

typed using PFGE and confirmed to have high genetic variation in patients in a cancer hospital in 

Poland [40]. The polyclonal spread of colistin-resistant K. pneumoniae was studied using PFGE 

in a Croatian hospital and outpatient setting, and strains belonging to six PFGE clusters were 

identified [41]. 

2.5. Multilocus sequence typing (MLST) 

MLST is a DNA sequence-based technique suitable for molecular characterization and genetic 

relatedness of many bacterial genera [22,23,42]. MLST provides unequivocal and transferable data, 

enabling the execution of evolutionary analyses by multiple users using global databases. An MLST 

scheme was developed to characterize and analyze K. pneumoniae nosocomial isolates [11]. Recently, 

homology analysis was performed using MLST for clinical isolates of enteral and extraintestinal K. 

pneumonia among neonates in China, with six sequence types [43]. A total of 74 carbapenemase-

resistant isolates of highly virulent K. pneumoniae were investigated in the Zhejiang Province of China 

using MLST to explore the clinical features of patients with diverse sequence types of infections [23]. 

A total of 17 ST types were allocated to 74 isolates, with ST 11 being the dominant one showing 

elevated resistance to 21 frequently used antimicrobial agents. In India, 290 CRKP isolates from seven 

different centers were investigated using MLST [44]. A total of 75 diverse STs were identified in the 

latter study, of which ST231 was the most common. XDR hypervirulent K. pneumoniae was typed in 

another study from India to investigate neonatal sepsis in a tertiary care hospital in India [45]. All 

isolates were typed using MLST and belonged to ST5235. A study from Taiwan showed the molecular 

epidemiology of 43 K. pneumoniae isolates using PFGE, which revealed the transmission of several 

clones [46]. Six of the 12 tested K. pneumoniae representatives of different pulsotypes belonged to 

IncA/C. KPC-2-producing K. pneumoniae isolates from bovine mastitis in Mexico were characterized 

using MLST, which showed that all isolates comprised two clones belonging to ST258 [47]. 

Phylogenetic analysis of K. pneumoniae ST340 strains using MLST revealed the presence and 

distribution of blaNDM-5 in porcine pneumonia isolates from China [48]. This study demonstrated an 

MDR profile for a broad spectrum of antibiotics, including gentamicin, meropenem, ciprofloxacin, 

various cephalosporins, azteonam, and florfenicol. The first report on the clonal relationship among 

KPC-2-producing CRKP strains was performed using MLST in the Department of Urology at Annaba 

Hospital, Algeria [49]. MLST revealed two dissimilar STs of 14 K. pneumoniae isolates, namely, 

ST101 and ST258. 

2.6.Matrix-assisted laser desorption ionization-time of flight mass spectrometry 

Currently, MLST is used for molecular characterization and epidemiological investigations, which 

is quite expensive, arduous, and time-consuming [50–52]. As an alternative, substitute typing schemes 
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such as matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) 

has been studied [52–54]. A study revealed that MALDI-TOF MS could be utilized as an alternative 

method for molecular typing of CRKP isolates that produce carbapenemases [55]. An outbreak of 

KPC-3-producing K. pneumonia that resulted in an interhospital spread in Spain was determined using 

the analytical efficiency of MALDI-TOF [56]. Additionally, quick detection of KPC-harboring K. 

pneumoniae in China and India has been performed using MALDI-TOF MS [51,57]. Recently, a web-

based tool, “Klebsiella MALDI Type R,” was developed as a user-friendly and platform-independent 

application that facilitates the uploading of MS data of MALDI-TOF, with the aim of identifying 

Klebsiella strains at the phylogroup and species levels [58]. The molecular epidemiology and clinical 

features of CRKP infections in central China were assessed using MALDI-TOF [59]. A total of 71 

isolates were observed with 11 mass spectrometry (MS) types, of which 38 (53.5%) were MS4 or MS6. 

The discriminatory power of MALDI-TOF MS, along with two other typing techniques, was assessed 

in South India to determine the genetic diversity of nosocomial isolates of K. pneumoniae from a 

tertiary hospital [60]. The MALDI-TOF system was used in Italy for the real-time identification of 

KPC production and typing of K. pneumoniae clinical isolates [12]. Using MALDI-TOF MS, rapid 

identification and clustering of K. pneumoniae isolates were performed from different restaurant sites 

in the Al-Qassim region of Saudi Arabia [61]. MALDI-TOF MS has also been used for the quick 

identification and typing of many other bacterial species [62]. 

2.7.Whole-genome sequencing (WGS) 

WGS is considered the most powerful technique for monitoring and exploring the epidemiology 

of K. pneumoniae by creating an all-inclusive representation of bacterial populations in one assay. It 

facilitates instantaneous identification of all bacterial species, resistance, lineage, and virulence 

determinants [63,64]. Many blood isolates of CRKP from Israel have been explored using WGS to 

reveal the mechanisms of colistin resistance [65]. WGS is quickly gaining attention as a key method 

for surveillance and epidemiological investigations of K. pneumoniae because of its ability to reveal 

the complexity and genetic relatedness of the bacterium. WES-based typing and phylogenetic analysis 

of 39 randomly chosen geographically dissimilar MDR K. pneumoniae isolates were performed in 

nine hospitals in Egypt [66]. Notably, the data generated by WGS surveillance are used for multiple 

purposes such as studying local disease epidemiology and understanding the continuing evolution and 

transmission of clinically significant strains [67,68]. WGS of CRKP has also resulted in extensive 

detection of the function of mobile genetic elements and plasmids in hospital outbreaks, where K. 

pneumoniae receives and donates the AMR gene in a closed environment [68–70]. 

2.8. Infrared biotyping (IRBT) 

Recently, in China, K. pneumoniae isolate typing was evaluated using the IR Biotyper (IRBT) 

technique (a Fourier transform infrared [FTIR] spectroscopy system) for its potential use in hospital 

hygiene management via (i) standardizing the culture methods and describing the cutoff value limits 

and (ii) evaluation with frequently used typing methods such as MLST, WGS, and PFGE [71]. The 

typing results of IRBT were almost entirely concordant with those obtained using PFGE and WGS. 

Together with its merits such as cost-effectiveness and less time consumption, IRBT is an efficient 
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technique for typing bacterial strains, which could be used reliably for the real-time investigation of 

hospital outbreaks [71]. 

3. Resistance mechanisms in K. pneumoniae 

3.1. Acquired resistance 

Different determinants of antibiotic resistance are encoded chromosomally, which are capable of 

increasing the resistance against various antimicrobial agents in K. pneumoniae; a few of these have 

migrated to other bacterial species [72]. Fosfomycin resistance genes fosA, SHV beta-lactamase, and 

the nalidixic acid efflux transporter OqxAB are examples of such resistance determinants in K. 

pneumoniae. Therefore, tracing the genes that promote the typical resistant phenotype is a fascinating 

area to facilitate the prediction of future bacterial evolution and detect recognized AMR genes whose 

transmission gives antimicrobial resistance to different hosts. 

3.2. Intrinsic resistome 

Recently, many studies have been performed to detect genes responsible for specific 

antimicrobial susceptibility among various pathogens, known as the intrinsic resistome. The intrinsic 

resistome is defined as “the ensemble of chromosomal genes that are involved in intrinsic resistance 

and whose presence in strains of a bacterial species is independent of previous antibiotic exposure and 

is not due to horizontal gene transfer.” The investigation of transposon-tagged libraries can provide 

information on two facets of antimicrobial resistance. The activation of a few genes enables bacteria 

to become more susceptible to antimicrobial agents. Such genes play a significant role in fostering the 

true intrinsic resistome, as their existence enables bacteria to become more resistant to antibiotics and 

might be a good target for various inhibiting agents in combination with antimicrobials. Additionally, 

the transmission of these genes may contribute to the resistance phenotypes of a different host. The 

second group includes genes whose inactivation diminishes antimicrobial susceptibility. Resistance-

derived mutations could be predicted using this group of genes. In a recent study, such mutants were 

discovered in a jumping gene-tagged library in K. pneumoniae strains [73]. 

3.3. Carbapenem resistance 

Carbapenem is believed to be one of the most efficient antimicrobials for treating serious bacterial 

infections. However, resistance to this class of drugs has been reported in some cases, which is an 

alarming concern for public health [74]. Resistance to carbapenems is a global health issue that occurs 

primarily in GNB pathogens, such as Pseudomonas aeruginosa, Acinetobacter baumannii, and K. 

pneumoniae [75–77]. Acquired or intrinsic resistance mechanisms may be responsible for the failure 

of carbapenem treatment. Modifications in the porins of bacterial cell result in reduced levels of uptake 

of β-lactam drugs mainly in GNB [77,78]. This reduces the permeability of the outer membrane, which 

prevents the drug from binding to its target in the bacterial cell [79]. There are many other acquired 

mechanisms of resistance in bacteria, including efflux pumps, alteration of the target site, and 

enzymatic degradation of drugs [80,81]. A significant number of ESBL genes have the capability to 

get transmitted among different bacteria [82]. In contrast, strains with altered expression of their porins 
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characteristically do not show the capacity for transmission but only propagate in the hospital 

environment. K. pneumoniae have been observed to portray such kind of mechanisms [83]. In 

Klebsiella species, a reduction in porins and overexpression of efflux transporters are the leading 

causes or mechanisms of resistance against imipenem drugs [83,84]. 

3.3.1. Classification of carbapenemase enzymes 

3.3.1.1. Class A carbapenemases 

KPCs (KPC-2–KPC-13) are the most common carbapenemases found in K. pneumoniae [85]. 

Immediately after its identification, KPCs spread worldwide and resulted in many outbreaks in 

Africa, Asia, European countries, and North America [86–89]. Bacteria-producing KPCs have 

progressed and become resistant to multiple antimicrobials, thus limiting treatment choices for 

managing infections [90,91]. 

3.3.1.2. Class B carbapenemases 

These classes include carbapenem-hydrolyzing enzymes, which are classified as the chief class 

of β-lactamases but are inhibited by EDTA, a chelator of Zn2+ ions and additional divalent cations. β-

lactam drug interaction with zinc ions is behind the mechanism of hydrolysis in the active site of the 

β-lactamase [92]. Different types of integrons and gene cassettes harbor genes that encode 

carbapenem-hydrolyzing enzymes [93]. NDM-1 (New Delhi metallo-β-lactamase) is the most 

frequently reported metallo-β-lactamase enzymes including [94], VIM (verona integron-encoded 

metallo-β-lactamase), IMP (imipenem-resistant pseudomonas) type carbapenemase, SIM (Seoul 

imipenemase), and GIM (German imipenemase). NDM coding genes are dominant in K. 

pneumoniae isolates [95,96]. 

3.3.1.3. Class D carbapenemases 

These are serine-β-lactamases enzymes that are weakly inhibited by clavulanic acid or EDTA. 

These enzymes show poor activity against carbapenems and are often known as OXA-type 

enzymes [97]. OXA-48 is the most prevalent and widely spread class D β-lactamase in K. pneumoniae 

in Turkey, the Middle East, Europe, and North Africa [98]. This class of carbapenemases is also 

prevalent in A. baumanni clinical isolates [78]. 

3.4. Fosfomycin resistance 

Fosfomycin is a potent therapeutic agent for treating K. pneumoniae severe infections. 

The uhpT, fosA, and glpT genes play a crucial role in conferring fosfomycin resistance in K. 

pneumoniae isolates [99]. Fosfomycin causes bacterial cell death by disrupting the biosynthesis of 

peptidoglycans via inhibition of the MurA enzyme (UDP-NAG-3-enolpyruviltransferase). FosA may 

be present on either a plasmid or a chromosome, resulting in high copy-number plasmids, which give 

rise to escalated resistance to fosfomycin [100,101]. Fosfomycin enters the bacterial cell through 

membrane porins glycerol-3-phosphate transporter (GlpT) and hexose phosphate transporter (UhpT) [102]. 
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The metallo-glutathione S-transferase enzyme is encoded by fosA, which is extensively distributed in the 

genomes of K. pneumoniae and is also found in other GNB. 

For the first time, in a Turkish hospital, K. pneumoniae urine isolates showed fosfomycin 

resistance due to the co-existence of two genes, blactx-m and fosA3 [103]. A study in Azerbaijan 

conducted an epidemiological investigation of drug resistance in the clinical isolates of K. 

pneumoniae [66]. This study showed a high prevalence of fosA (40%), followed by fosX (40%) and 

fosC (20%), which confer fosfomycin resistance [104]. However, the distribution of K. pneumoniae 

phylogenetic groups and their association with antibiotic resistance patterns showed the highest 

sensitivity to fosfomycin (85%) in Tabriz, Iran [105]. A recent study from Wenzhou, China, revealed 

fosA3 as the key mechanism of fosfomycin resistance in CRKP isolates, which can spread widely in 

hospitals through plasmids. Mutations in glpT and murA have been detected in fosA3-negative 

fosfomycin-resistant CRKP isolates [106]. The rate of fosfomycin resistance in K. pneumoniae was 

found to be increased three-fold in a study conducted in 2020 on urine samples from emergency 

departments of different hospitals in France [107].  

3.5.Mechanisms of colistin (polymyxin) resistance 

Over the past few decades, colistin resistance has increased in K. pneumoniae isolates, which is 

conferred by several mechanisms. The prevalence of colistin resistance in clinical isolates of K. 

pneumoniae was recently investigated using genomic sequencing [108]. The T246A substitution of 

amino acids in PmrB is the most frequent chromosomal mutation coupled with colistin resistance, which 

was detected in the most resistant isolates of K. pneumoniae (85%) in a recent study from China [108]. 

A similar substitution was reported in a teaching hospital in Tunisia, in which most K. pneumoniae 

isolates were resistant to colistin antibiotics [109]. Gene expression in the PhoP/PhoQ system is 

upregulated by mutations in mgrB, which also leads to the augmentation of colistin resistance in K. 

pneumoniae. MgrB mutations commonly originate from insertion sequences [110]. The 

phosphorylation of lipid A in the lipopolysaccharide of K. pneumoniae is affected by mutations 

in phoPQ, pmrAB, mgrB, and crrAB through the pmr-HFIJKLM cluster, which results in polymyxin 

resistance. Polymyxin resistance is also conferred by the induced and mobile mcr gene, overexpression 

of efflux pumps, and downregulation of porins and membrane-spanning protein ecr [111]. The positive 

charge is augmented by such modifications of membrane lipopolysaccharides, which alter and reduce 

colistin binding, conferring colistin resistance [112]. In addition, the overproduction of capsular 

polysaccharides decreases the colistin activity on the surface of bacterial cells and hence imparts 

colistin resistance [112]. Additionally, mcr plays a crucial role in the distribution of colistin resistance 

among different bacteria via horizontal gene transfer [113,114]. To date, nine variants of 

novel mcr have been identified. There are still some unknown molecular mechanisms for colistin 

resistance, which necessitate further exploration. 

3.6. Extended-Spectrum Beta-Lactamase (ESBL) 

Over the last 15 years, numerous outbreaks of infections with organisms producing ESBLs have 

occurred worldwide [115]. Because of the advent of ESBL producers, many classes of antibiotics, 

most notably cephalosporins, are threatened by the emergence of ESBLs. Several studies have 

indicated that poor outcomes can occur in patients with serious infections caused by ESBL-producing 
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organisms that are treated with antibiotics to which the organism is resistant in order to treat the 

infection [116]. Several species of K. pneumoniae have been reported to produce ESBLs in the past, 

including K. pneumoniae strains first discovered in Germany in 1983; since this time, increased 

resistance to cephalosporins has been observed. Several types of ESBLs are encoded by transferable 

conjugated plasmids that usually encode antibiotic resistance [117]. ESBLs are capable of readily 

hydrolyzing penicillin and cephalosporins but have a much lower affinity for cephamycins and 

clavulanates, which are encoded by various gene variants. For the molecular detection of ESBL genes, 

a number of groups have been used, including TEM (Temoniera), CTX-M (cefotaximase-Munich), 

SHV (sulfhydryl variable), and OXA (oxacillin), all of which are categorized as major groups [118,119]. 

In recent years, intensive use of cephalosporins has been strongly associated with resistance to ESBLs 

and outbreaks [120]. Recently, ESBLs and AmpC b-lactamases have become increasingly prevalent 

in clinical settings. These ESBLs are most commonly produced by Klebsiella species but may also 

occur in other GNBs. 

4. Conclusion 

Molecular typing is important for monitoring infection control in healthcare facilities. Various 

methods are available for molecular typing and variability. However, genomics has revealed 

outstanding genetic diversity, which has considerably enhanced K. pneumoniae, perceptive 

pathogenicity, antimicrobial resistance, and diffusion in hospital settings. Molecular methods are 

crucial for obtaining important information on resistance transmission through the spread of clonal 

complexes worldwide. Molecular typing and other typing methods can also be used to determine the 

specific mechanisms of resistance against specific antimicrobial agents. Combining random 

population surveys with WGS-based genomic analyses could prove to be a dominant approach for 

detecting and authenticating further clinical genomic markers. However, cost-inclusiveness is an issue 

when utilizing WGS in survey-based studies, and small-scale investigations can be beneficial.  

Acknowledgments 

The authors extend their appreciation to the Deputyship for Research & Innovation, Ministry of 

Education in Saudi Arabia for funding this research work through project number 1089. 

Conflict of interests 

All authors declare no conflicts of interest in this paper. 

References 

1. Wang G, Zhao G, Chao X, et al. (2020) The characteristic of virulence, biofilm and antibiotic 

resistance of Klebsiella pneumoniae. Int J Environ Res Public Health 17: 6278. 

https://doi.org/10.3390/ijerph17176278 

2. Martin RM, Bachman MA (2018) Colonization, infection, and the accessory genome of 

Klebsiella pneumoniae. Front Cell Infect Microbiol 8. https://doi.org/10.3389/fcimb.2018.00004 



122 

AIMS Microbiology    Volume 9, Issue 1, 112–130. 

3. Remya PA, Shanthi M, Sekar U (2019) Characterisation of virulence genes associated with 

pathogenicity in Klebsiella pneumoniae. Indian J Med Microbiol 37: 210–218. 

https://doi.org/10.4103/ijmm.IJMM_19_157 

4. Russo TA, Olson R, Fang CT, et al. (2018) Identification of biomarkers for differentiation of 

hypervirulent Klebsiella pneumoniae from classical K. pneumoniae. J Clin Microbiol 56. 

https://doi.org/10.1128/JCM.00776-18 

5. Maurya N, Jangra M, Tambat R, et al. (2019) Alliance of efflux pumps with beta-Lactamases in 

multidrug-resistant Klebsiella pneumoniae isolates. Microb Drug Resist 25: 1155–1163. 

https://doi.org/10.1089/mdr.2018.0414 

6. Pitout JD, Nordmann P, Poirel L (2015) Carbapenemase-producing Klebsiella pneumoniae, a key 

pathogen set for global nosocomial dominance. Antimicrob Agents Chemother 59: 5873–5884. 

https://doi.org/10.1128/AAC.01019-15 

7. Iyer R, Moussa SH, Tommasi R, et al. (2019) Role of the Klebsiella pneumoniae TolC porin in 

antibiotic efflux. Res Microbiol 170: 112–116. https://doi.org/10.1016/j.resmic.2018.11.003 

8. Logan LK, Weinstein RA (2017) The epidemiology of carbapenem-resistant Enterobacteriaceae: 

the impact and evolution of a global menace. J Infect Dis 215: S28–S36. 

https://doi.org/10.1093/infdis/jiw282 

9. Kumar S, Chaudhary M, Yadav M, et al. (2020) Global surveillance programs on antimicrobial 

resistance. Sustainable Agr Rev 46: 33–58. https://doi.org/10.1007/978-3-030-53024-2_2 

10. Genovese C, La Fauci V, D'Amato S, et al. (2020) Molecular epidemiology of antimicrobial 

resistant microorganisms in the 21th century: a review of the literature. Acta Biomed 91: 256–

273. https://doi.org/10.23750/abm.v91i2.9176 

11. Diancourt L, Passet V, Verhoef J, et al. (2005) Multilocus sequence typing of Klebsiella 

pneumoniae nosocomial isolates. J Clin Microbiol 43: 4178–82. 

https://doi.org/10.1128/JCM.43.8.4178-4182.2005 

12. Gaibani P, Ambretti S, Tamburini MV, et al. (2018) Clinical application of Bruker Biotyper 

MALDI-TOF/MS system for real-time identification of KPC production in Klebsiella 

pneumoniae clinical isolates. J Glob Antimicrob Resist 12: 169–170. 

https://doi.org/10.1016/j.jgar.2018.01.016 

13. Wang Q, Li B, Tsang AK, et al. (2013) Genotypic analysis of Klebsiella pneumoniae isolates in 

a Beijing hospital reveals high genetic diversity and clonal population structure of drug-resistant 

isolates. PLoS One 8: e57091. https://doi.org/10.1371/journal.pone.0057091 

14. Boom R, Sol CJ, Salimans MM, et al. (1990) Rapid and simple method for purification of nucleic 

acids. J Clin Microbiol 28: 495–503. https://doi.org/10.1128/jcm.28.3.495-503.1990 

15. Liu Y, Liu C, Zheng W, et al. (2008) PCR detection of Klebsiella pneumoniae in infant formula 

based on 16S-23S internal transcribed spacer. Int J Food Microbiol 125: 230–235. 

https://doi.org/10.1016/j.ijfoodmicro.2008.03.005 

16. Singh G, Biswal M, Hallur V, et al. (2015) Utility of whole-cell repetitive extragenic palindromic 

sequence-based PCR (REP-PCR) for the rapid detection of nosocomial outbreaks of multidrug 

resistant organisms: experience at a tertiary care center in North India. Indian J Med Microbiol 

33: 221–224. https://doi.org/10.4103/0255-0857.154857 

17. Ghalavand Z, Heidary Rouchi A, Bahraminasab H, et al. (2018) Molecular testing of Klebsiella 

pneumoniae contaminating tissue allografts recovered from deceased donors. Cell Tissue Bank 

19: 391–398. https://doi.org/10.1007/s10561-018-9684-3 



123 

AIMS Microbiology    Volume 9, Issue 1, 112–130. 

18. Hou XH, Song XY, Ma XB, et al. (2015) Molecular characterization of multidrug-resistant 

Klebsiella pneumoniae isolates. Braz J Microbiol 46: 759–768. https://doi.org/10.1590/S1517-

838246320140138 

19. Gao Y, Zhang L, Li MC, et al. (2010) Molecular typing of Klebsiella pneumonia by pulse-field 

gel electrophoresis in combination with multilocus sequence typing. Zhonghua Liu Xing Bing Xue 

Za Zhi 31: 786–790.  

20. Han H, Zhou H, Li H, et al. (2013) Optimization of pulse-field gel electrophoresis for subtyping 

of Klebsiella pneumoniae. Int J Environ Res Public Health 10: 2720–2731. 

https://doi.org/10.3390/ijerph10072720 

21. Zakaria AM, Hassuna NA (2019) Modified PFGE protocol for improving typeability of DNA 

degradation susceptible nosocomial Klebsiella pneumoniae. J Med Microbiol 68: 1787–1792. 

https://doi.org/10.1099/jmm.0.001093 

22. Cheng F, Li Z, Lan S, et al. (2018) Characterization of Klebsiella pneumoniae associated with 

cattle infections in southwest China using multi-locus sequence typing (MLST), antibiotic 

resistance and virulence-associated gene profile analysis. Braz J Microbiol 49: 93–100. 

https://doi.org/10.1016/j.bjm.2018.06.004 

23. Liu S, Wang X, Ge J, et al. (2021) Analysis of carbapenemase-resistant genotypes of highly 

virulent Klebsiella pneumoniae and clinical infection characteristics of different MLST types. 

Evid Based Complement Alternat Med 2021: 3455121. https://doi.org/10.1155/2021/3455121 

24. Gona F, Comandatore F, Battaglia S, et al. (2020) Comparison of core-genome MLST, coreSNP 

and PFGE methods for Klebsiella pneumoniae cluster analysis. Microb Genom 6. 

https://doi.org/10.1099/mgen.0.000347 

25. Snitkin ES, Zelazny AM, Thomas PJ, et al. (2012) Tracking a hospital outbreak of carbapenem-

resistant Klebsiella pneumoniae with whole-genome sequencing. Sci Transl Med 4: 148ra116. 

https://doi.org/10.1126/scitranslmed.3004129 

26. Founou RC, Founou LL, Allam M, et al. (2019) Whole genome sequencing of extended spectrum 

beta-lactamase (ESBL)-producing Klebsiella pneumoniae isolated from hospitalized patients in 

KwaZulu-Natal, South Africa. Sci Rep 9: 6266. https://doi.org/10.1038/s41598-019-42672-2 

27. Nutman A, Marchaim D (2019) How to: molecular investigation of a hospital outbreak. Clin 

Microbiol Infect 25: 688–695. https://doi.org/10.1016/j.cmi.2018.09.017 

28. Ahmad S, Abulhamd A (2015) Phenotypic and molecular characterization of nosocomial K. 

pneumoniae isolates by ribotyping. Adv Med Sci 60: 69–75. 

https://doi.org/10.1016/j.advms.2014.10.003 

29. Schumann P, Pukall R (2013) The discriminatory power of ribotyping as automatable technique 

for differentiation of bacteria. Syst Appl Microbiol 36: 369–375. 

https://doi.org/10.1016/j.syapm.2013.05.003 

30. Manchanda V, Singh NP, Shamweel A, et al. (2006) Molecular epidemiology of clinical isolates 

of ampc producing Klebsiella pneumoniae. Indian J Med Microbiol 24: 177–181.  

31. Aboulela A, El-Sherbini E, Abu-Sheasha G, et al. (2020) Molecular strain typing of multidrug-

resistant Klebsiella pneumoniae: capsular wzi gene sequencing versus multiple locus variable 

number tandem repeat analysis. Diagn Microbiol Infect Dis 98: 115139. 

https://doi.org/10.1016/j.diagmicrobio.2020.115139 

32. Carattoli A, Bertini A, Villa L, et al. (2005) Identification of plasmids by PCR-based replicon 

typing. J Microbiol Methods 63: 219–228. https://doi.org/10.1016/j.mimet.2005.03.018 



124 

AIMS Microbiology    Volume 9, Issue 1, 112–130. 

33. Shankar C, Muthuirulandi Sethuvel DP, Neeravi AR, et al. (2020) Identification of plasmids by 

PCR based replicon typing in bacteremic Klebsiella pneumoniae. Microb Pathog 148: 104429. 

https://doi.org/10.1016/j.micpath.2020.104429 

34. Johnson TJ, Nolan LK (2009) Plasmid replicon typing. Methods Mol Biol 551: 27–35. 

https://doi.org/10.1007/978-1-60327-999-4_3 

35. Nielsen JB, Skov MN, Jorgensen RL, et al. (2011) Identification of CTX-M15-, SHV-28-

producing Klebsiella pneumoniae ST15 as an epidemic clone in the Copenhagen area using a 

semi-automated Rep-PCR typing assay. Eur J Clin Microbiol Infect Dis 30: 773–778. 

https://doi.org/10.1007/s10096-011-1153-x 

36. Genc S, Kolayli F, Ozcelik EY (2021) Molecular characterization of carbapenemase producing 

Klebsiella pneumoniae strains by multiplex PCR and PFGE methods: the first K.pneumoniae 

isolates co-producing OXA-48/KPC and KPC/NDM in Turkey. J Infect Chemother 28: 192–198. 

https://doi.org/10.1016/j.jiac.2021.10.009 

37. Wu B, Wang Y, Ling Z, et al. (2020) Heterogeneity and diversity of mcr-8 genetic context in 

chicken-associated Klebsiella pneumoniae. Antimicrob Agents Chemother 65. 

https://doi.org/10.1128/AAC.01872-20 

38. Indrajith S, Mukhopadhyay AK, Chowdhury G, et al. (2021) Molecular insights of carbapenem 

resistance Klebsiella pneumoniae isolates with focus on multidrug resistance from clinical 

samples. J Infect Public Health 14: 131–138. https://doi.org/10.1016/j.jiph.2020.09.018 

39. Lopes E, Saavedra MJ, Costa E, et al. (2020) Epidemiology of carbapenemase-producing 

Klebsiella pneumoniae in northern Portugal: Predominance of KPC-2 and OXA-48. J Glob 

Antimicrob Resist 22: 349–353. https://doi.org/10.1016/j.jgar.2020.04.007 

40. Szymankiewicz M, Nowikiewicz T, Stefaniuk E, et al. (2021) Characteristics of ESBL-producing 

enterobacterales colonizing the gastrointestinal tract in patients admitted to the oncological 

hospital. Curr Microbiol 78: 642–648. https://doi.org/10.1007/s00284-020-02334-3 

41. Tot T, Kibel S, Sardelic S, et al. (2021) Polyclonal spread of colistin resistant Klebsiella 

pneumoniae in Croatian hospitals and outpatient setting. Germs 11: 163–178. 

https://doi.org/10.18683/germs.2021.1254 

42. Kumar S, Patil PP, Singhal L, et al. (2019) Molecular epidemiology of carbapenem-resistant 

Acinetobacter baumannii isolates reveals the emergence of blaOXA-23 and blaNDM-1 encoding 

international clones in India. Infect Genet Evol 75: 103986. 

https://doi.org/10.1016/j.meegid.2019.103986 

43. Chen CM, Wang M, Li XP, et al. (2021) Homology analysis between clinically isolated 

extraintestinal and enteral Klebsiella pneumoniae among neonates. BMC Microbiol 21: 25. 

https://doi.org/10.1186/s12866-020-02073-2 

44. Shankar C, Jacob JJ, Sugumar SG, et al. (2021) Distinctive mobile genetic elements observed in 

the clonal expansion of carbapenem-resistant Klebsiella pneumoniae in India. Microb Drug Resist 

27: 1096–1104. https://doi.org/10.1089/mdr.2020.0316 

45. Banerjee T, Wangkheimayum J, Sharma S, et al. (2021) Extensively drug-resistant hypervirulent 

Klebsiella pneumoniae from a series of neonatal sepsis in a tertiary care hospital, India. Front 

Med (Lausanne) 8: 645955. https://doi.org/10.3389/fmed.2021.645955 

46. Wang CH, Ma L, Huang LY, et al. (2021) Molecular epidemiology and resistance patterns of 

blaOXA-48 Klebsiella pneumoniae and Escherichia coli: a nationwide multicenter study in 

Taiwan. J Microbiol Immunol Infect 54: 665–672. https://doi.org/10.1016/j.jmii.2020.04.006 



125 

AIMS Microbiology    Volume 9, Issue 1, 112–130. 

47. Silva-Sanchez J, Barrios-Camacho H, Hernandez-Rodriguez E, et al. (2021) Molecular 

characterization of KPC-2-producing Klebsiella pneumoniae ST258 isolated from bovine mastitis. 

Braz J Microbiol 52: 1029–1036. https://doi.org/10.1007/s42770-021-00445-y 

48. Zhao W, Li S, Schwarz S, et al. (2021) Detection of a NDM-5-producing Klebsiella pneumoniae 

sequence type 340 (CG258) high-risk clone in swine. Vet Microbiol 262: 109218. 

https://doi.org/10.1016/j.vetmic.2021.109218 

49. Brahmia S, Lalaoui R, Nedjai S, et al. (2021) First clinical cases of KPC-2-Producing Klebsiella 

pneumoniae ST258 in Algeria and outbreak of Klebsiella pneumoniae ST101 harboring blaOXA-

48 gene in the urology department of Annaba Hospital. Microb Drug Resist 27: 652–659. 

https://doi.org/10.1089/mdr.2020.0080 

50. Kumar S, Anwer R, Yadav M, et al. (2021) Molecular typing and global epidemiology of 

Staphylococcus aureus. Curr Pharmacol Rep 7: 179–186. https://doi.org/10.1007/s40495-021-

00264-7 

51. Kumar S, Saifi Z, Sharma A, et al. (2020) Rapid identification of clinical isolates of Klebsiella 

pneumoniae using MALDI-TOF MS from North India. Bull Pure Appl Sci (Zoology). 39: 194–

199. https://doi.org/10.5958/2320-3188.2020.00022.4 

52. Gautam V, Sharma M, Singhal L, et al. (2017) MALDI-TOF mass spectrometry: an emerging 

tool for unequivocal identification of non-fermenting Gram-negative bacilli. Indian J Med Res 

145: 665–672. https://doi.org/10.4103/ijmr.IJMR_1105_15 

53. Kumar S, Anwer R, Sehrawat A, et al. (2021) Assessment of bacterial pathogens in drinking water: 

a serious safety concern. Curr Pharmacol Rep 7: 206–212. https://doi.org/10.1007/s40495-021-

00263-8 

54. Kumar S, Anwer R, Yadav M, et al. (2021) MALDI-TOF MS and molecular methods for 

identifying multidrug resistant clinical isolates of Acinetobacter baumannii. Res J Biotechnol 

16: 47–52.  

55. Pena I, Pena-Vina E, Rodriguez-Avial I, et al. (2022) Comparison of performance of MALDI-

TOF MS and MLST for biotyping carbapenemase-producing Klebsiella pneumoniae sequence 

types ST11 and ST101 isolates. Enferm Infecc Microbiol Clin (Engl Ed) 40: 172–178. 

https://doi.org/10.1016/j.eimc.2020.10.018 

56. Asencio-Egea MA, Gaitan-Pitera J, Huertas-Vaquero M, et al. (2021) Interhospital dissemination 

of KPC-3 producing-Klebsiella pneumoniae ST512. Detection by MALDI-TOF. Enferm Infecc 

Microbiol Clin (Engl Ed) 39: 83–86. https://doi.org/10.1016/j.eimc.2019.12.014 

57. Huang Y, Li J, Wang Q, et al. (2021) Rapid detection of KPC-producing Klebsiella pneumoniae 

in China based on MALDI-TOF MS. J Microbiol Methods 192: 106385. 

https://doi.org/10.1016/j.mimet.2021.106385 

58. Bridel S, Watts SC, Judd LM, et al. (2021) Klebsiella MALDI TypeR: a web-based tool for 

Klebsiella identification based on MALDI-TOF mass spectrometry. Res Microbiol 172: 103835. 

https://doi.org/10.1016/j.resmic.2021.103835 

59. Meng X, Yang J, Duan J, et al. (2019) Assessing molecular epidemiology of carbapenem-resistant 

Klebsiella pneumoniae (CR-KP) with MLST and MALDI-TOF in Central China. Sci Rep 9: 2271. 

https://doi.org/10.1038/s41598-018-38295-8 

 

 



126 

AIMS Microbiology    Volume 9, Issue 1, 112–130. 

60. Purighalla S, Esakimuthu S, Reddy M, et al. (2017) Discriminatory power of three typing 

techniques in determining relatedness of nosocomial Klebsiella pneumoniae isolates from a 

tertiary hospital in India. Indian J Med Microbiol 35: 361–368. 

https://doi.org/10.4103/ijmm.IJMM_16_308 

61. Elbehiry A, Marzouk E, Hamada M, et al. (2017) Application of MALDI-TOF MS fingerprinting 

as a quick tool for identification and clustering of foodborne pathogens isolated from food 

products. New Microbiol 40: 269–278. 

62. Anwer R, Darami H, Almarri FK, et al. (2022) MALDI-TOF MS for rapid analysis of bacterial 

pathogens causing urinary tract infections in the Riyadh region. Diseases 10: 78. https:// 

doi.org/10.3390/diseases10040078 

63. Kumar S, Patil PP, Midha S, et al. (2015) Genome sequence of Acinetobacter baumannii Strain 

5021_13, isolated from cerebrospinal fluid. Genome Announc. 3. 

https://doi.org/10.1128/genomeA.01213-15 

64. Kumar S, Patil PP, Midha S, et al. (2015) Genome sequence of Acinetobacter baumannii Strain 

10441_14 belonging to ST451, isolated from India. Genome Announc 3. 

https://doi.org/10.1128/genomeA.01322-15 

65. Ben-Chetrit E, Mc Gann P, Maybank R, et al. (2021) Colistin-resistant Klebsiella pneumoniae 

bloodstream infection: old drug, bad bug. Arch Microbiol 203: 2999–3006. 

https://doi.org/10.1007/s00203-021-02289-4 

66. Sherif M, Palmieri M, Mirande C, et al. (2021) Whole-genome sequencing of Egyptian multidrug-

resistant Klebsiella pneumoniae isolates: a multi-center pilot study. Eur J Clin Microbiol Infect 

Dis 40: 1451–1460. https://doi.org/10.1007/s10096-021-04177-7 

67. Gentile B, Grottola A, Orlando G, et al. (2020) A retrospective whole-genome sequencing 

analysis of carbapenem and colistin-resistant Klebsiella Pneumoniae nosocomial strains isolated 

during an MDR surveillance program. Antibiotics (Basel) 9: 246. 

https://doi.org/10.3390/antibiotics9050246 

68. Saavedra SY, Bernal JF, Montilla-Escudero E, et al. (2021) Complexity of genomic epidemiology 

of carbapenem-resistant Klebsiella pneumoniae isolates in Colombia urges the reinforcement of 

whole genome sequencing-based surveillance programs. Clin Infect Dis 73: S290–S299. 

https://doi.org/10.1093/cid/ciab777 

69. Fu P, Tang Y, Li G, et al. (2019) Pandemic spread of blaKPC-2 among Klebsiella pneumoniae 

ST11 in China is associated with horizontal transfer mediated by IncFII-like plasmids. Int J 

Antimicrob Agents 54: 117–124. https://doi.org/10.1016/j.ijantimicag.2019.03.014 

70. Yan Z, Zhou Y, Du M, et al. (2019) Prospective investigation of carbapenem-resistant Klebsiella 

pneumonia transmission among the staff, environment and patients in five major intensive care 

units, Beijing. J Hosp Infect 101: 150–157. https://doi.org/10.1016/j.jhin.2018.11.019 

71. Hu Y, Zhou H, Lu J, et al. (2021) Evaluation of the IR Biotyper for Klebsiella pneumoniae typing 

and its potentials in hospital hygiene management. Microb Biotechnol 14: 1343–1352. 

https://doi.org/10.1111/1751-7915.13709 

72. Kumar S, Anwer R, Yadav M, et al. (2022) An update on advancements in treatment options for 

managing Klebsiella pneumoniae infections. Curr Pharmacol Rep 8: 439–449. 

https://doi.org/10.1007/s40495-022-00302-y 

73. Bernardini A, Cuesta T, Tomas A, et al. (2019) The intrinsic resistome of Klebsiella pneumoniae. 

Int J Antimicrob Agents 53: 29–33. https://doi.org/10.1016/j.ijantimicag.2018.09.012 



127 

AIMS Microbiology    Volume 9, Issue 1, 112–130. 

74. Wattal C, Goel N, Oberoi JK, et al. (2010) Surveillance of multidrug resistant organisms in 

tertiary care hospital in Delhi, India. J Assoc Physicians India 58: 32–36. 

75. Codjoe FS, Donkor ES (2017) Carbapenem resistance: a review. Med Sci (Basel) 6. 

https://doi.org/10.3390/medsci6010001 

76. Kumar S, Anwer R, Azzi A (2021) Virulence potential and treatment options of multidrug-

resistant (MDR) Acinetobacter baumannii. Microorganisms 9. 

https://doi.org/10.3390/microorganisms9102104 

77. AlQumaizi KI, Kumar S, Anwer R, et al. (2022) Differential gene expression of efflux pumps 

and porins in clinical isolates of MDR Acinetobacter baumannii. Life (Basel). 12. 

https://doi.org/10.3390/life12030419 

78. Gautam V, Kumar S, Patil PP, et al. (2020) Exploring the interplay of resistance nodulation 

division efflux pumps, Ampc and Oprd in antimicrobial resistance of Burkholderia cepacia 

complex in clinical isolates. Microb Drug Resist 26: 1144–1152. 

https://doi.org/10.1089/mdr.2019.0102 

79. Kumar S, Singhal L, Ray P, et al. (2020) Over-expression of RND and MATE efflux pumps 

contribute to decreased susceptibility in clinical isolates of carbapenem resistant Acinetobacter 

baumannii. Int J Pharm Res 12: 342–349. 

80. Turkel I, Yildirim T, Yazgan B, et al. (2017) Relationship between antibiotic resistance, efflux 

pumps, and biofilm formation in extended-spectrum beta-lactamase producing Klebsiella 

pneumoniae. J Chemother 30: 354–363. https://doi.org/10.1080/1120009X.2018.1521773 

81. Schaenzer AJ, Wright GD (2020) Antibiotic resistance by enzymatic modification of antibiotic 

targets. Trends Mol Med 26: 768–782. https://doi.org/10.1016/j.molmed.2020.05.001 

82. McDanel J, Schweizer M, Crabb V, et al. (2017) Incidence of extended-spectrum beta-lactamase 

(ESBL)-Producing Escherichia coli and Klebsiella infections in the United States: a systematic 

literature review. Infect Control Hosp Epidemiol 38: 1209–1215. 

https://doi.org/10.1017/ice.2017.156 

83. Pulzova L, Navratilova L, Comor L (2017) Alterations in outer membrane permeability favor 

drug-resistant phenotype of Klebsiella pneumoniae. Microb Drug Resist 23: 413–420. 

https://doi.org/10.1089/mdr.2016.0017 

84. Lv F, Cai J, He Q, et al. (2021) Overexpression of efflux pumps mediate pan resistance of 

Klebsiella pneumoniae Sequence Type 11. Microb Drug Resist 27: 1405–1411. 

https://doi.org/10.1089/mdr.2020.0395 

85. Gao H, Liu Y, Wang R, et al. (2020) The transferability and evolution of NDM-1 and KPC-2 co-

producing Klebsiella pneumoniae from clinical settings. EBioMedicine 51: 102599. 

https://doi.org/10.1016/j.ebiom.2019.102599 

86. Tsioutis C, Eichel VM, Mutters NT (2021) Transmission of Klebsiella pneumoniae 

carbapenemase (KPC)-producing Klebsiella pneumoniae: the role of infection control. J 

Antimicrob Chemother 76: i4–i11. https://doi.org/10.1093/jac/dkaa492 

87. Shields RK, Chen L, Cheng S, et al. (2017) Emergence of ceftazidime-avibactam resistance due to 

plasmid-borne blaKPC-3 mutations during treatment of carbapenem-resistant Klebsiella 

pneumoniae infections. Antimicrob Agents Chemother 61. https://doi.org/10.1128/AAC.02097-16 

88. Shankar C, Karunasree S, Manesh A, et al. (2019) First report of whole-genome sequence of 

colistin-resistant Klebsiella quasipneumoniae subsp. similipneumoniae Producing KPC-9 in India. 

Microb Drug Resist 25: 489–493. https://doi.org/10.1089/mdr.2018.0116 



128 

AIMS Microbiology    Volume 9, Issue 1, 112–130. 

89. Yang Y, Ahmed M, Qin M, et al. (2022) Carriage of distinct blaKPC-2 and blaOXA-48 plasmids 

in a single ST11 hypervirulent Klebsiella pneumoniae isolate in Egypt. BMC Genomics 23: 20. 

https://doi.org/10.1186/s12864-021-08214-9 

90. Paul M (2021) Management of KPC-producing Klebsiella pneumoniae in clinical practice: 

introduction. J Antimicrob Chemother 76: i2–i3. https://doi.org/10.1093/jac/dkaa491 

91. Cano A, Gutierrez-Gutierrez B, Machuca I, et al. (2018) Risks of infection and mortality among 

patients colonized with Klebsiella pneumoniae carbapenemase-producing K. pneumoniae: 

validation of scores and proposal for management. Clin Infect Dis 66: 1204–1210. 

https://doi.org/10.1093/cid/cix991 

92. Bedenic B, Sardelic S, Luxner J, et al. (2016) Molecular characterization of class b 

carbapenemases in advanced stage of dissemination and emergence of class d carbapenemases in 

Enterobacteriaceae from Croatia. Infect Genet Evol 43: 74–82. 

https://doi.org/10.1016/j.meegid.2016.05.011 

93. Al-Agamy MH, Aljallal A, Radwan HH, et al. (2018) Characterization of carbapenemases, 

ESBLs, and plasmid-mediated quinolone determinants in carbapenem-insensitive Escherichia 

coli and Klebsiella pneumoniae in Riyadh hospitals. J Infect Public Health 11: 64–68. 

https://doi.org/10.1016/j.jiph.2017.03.010 

94. Amarsy R, Jacquier H, Munier AL, et al. (2021) Outbreak of NDM-1-producing Klebsiella 

pneumoniae in the intensive care unit during the COVID-19 pandemic: another nightmare. Am J 

Infect Control 49: 1324–1326. https://doi.org/10.1016/j.ajic.2021.07.004 

95. Han R, Shi Q, Wu S, et al. (2020) Dissemination of carbapenemases (KPC, NDM, OXA-48, IMP, 

and VIM) among carbapenem-resistant Enterobacteriaceae isolated from adult and children 

patients in China. Front Cell Infect Microbiol 10. https://doi.org/10.3389/fcimb.2020.00314 

96. Bayoumi MA, Hamid OM (2022) The emergence of carbapenem resistant Enterobacteriaceae 

producing GIM-1 and SIM-1 clinical isolates in Khartoum-Sudan. Infect Drug Resist 15: 2679–

2684. https://doi.org/10.2147/IDR.S365983 

97. Poirel L, Castanheira M, Carrer A, et al. (2011) OXA-163, an OXA-48-related class D beta-

lactamase with extended activity toward expanded-spectrum cephalosporins. Antimicrob Agents 

Chemother 55: 2546–2551. https://doi.org/10.1128/AAC.00022-11 

98. Ma L, Wang JT, Wu TL, et al. (2015) Emergence of OXA-48-Producing Klebsiella pneumoniae 

in Taiwan. PLoS One 10: e0139152. https://doi.org/10.1371/journal.pone.0139152 

99. Ortiz-Padilla M, Portillo-Calderon I, de Gregorio-Iaria B, et al. (2021) Interplay among different 

fosfomycin resistance mechanisms in Klebsiella pneumoniae. Antimicrob Agents Chemother 65. 

https://doi.org/10.1128/AAC.01911-20 

100. Ito R, Mustapha MM, Tomich AD, et al. (2017) Widespread fosfomycin resistance in Gram-

negative bacteria attributable to the chromosomal fosA gene. mBio 8. 

https://doi.org/10.1128/mBio.00749-17 

101. Li Y, Zheng B, Zhu S, et al. (2015) Antimicrobial susceptibility and molecular mechanisms of 

fosfomycin resistance in clinical Escherichia coli isolates in Mainland China. PLoS One 10: 

e0135269. https://doi.org/10.1371/journal.pone.0135269 

102. Castaneda-Garcia A, Blazquez J, Rodriguez-Rojas A (2013) Molecular mechanisms and clinical 

impact of acquired and intrinsic fosfomycin resistance. Antibiotics (Basel) 2: 217–236. 

https://doi.org/10.3390/antibiotics2020217 



129 

AIMS Microbiology    Volume 9, Issue 1, 112–130. 

103. Nigiz S, Hazirolan G, Koseoglu Eser O, et al. (2021) First detection of Klebsiella pneumoniae 

isolate co-harboring fosfomycin resistance gene fosA3 and blactx-m among Gram negative urine 

isolates in a Turkish hospital. Microb Drug Resist 28. https://doi.org/10.1089/mdr.2021.0114 

104. Kashefieh M, Hosainzadegan H, Baghbanijavid S, et al. (2021) The molecular epidemiology of 

resistance to antibiotics among Klebsiella pneumoniae isolates in Azerbaijan, Iran. J Trop Med 

2021. https://doi.org/10.1155/2021/9195184 

105. Baghbanijavid S, Kafil HS, Farajniya S, et al. (2021) The association of the phylogenetic typing 

of the Klebsiella pneumoniae isolates with antibiotic resistance. Emerg Med Int 2021. 

https://doi.org/10.1155/2021/1316992 

106. Liu P, Chen S, Wu ZY, et al. (2020) Mechanisms of fosfomycin resistance in clinical isolates of 

carbapenem-resistant Klebsiella pneumoniae. J Glob Antimicrob Resist. 22: 238–243. 

https://doi.org/10.1016/j.jgar.2019.12.019 

107. Farfour E, Degand N, Riverain E, et al. (2020) Fosfomycin, from susceptibility to resistance: 

impact of the new guidelines on breakpoints. Med Mal Infect 50: 611–616. 

https://doi.org/10.1016/j.medmal.2020.07.003 

108. Liu Y, Lin Y, Wang Z, et al. (2021) Molecular mechanisms of colistin resistance in Klebsiella 

pneumoniae in a tertiary care teaching hospital. Front Cell Infect Microbiol 11: 673503. 

https://doi.org/10.3389/fcimb.2021.673503 

109. Jaidane N, Bonnin RA, Mansour W, et al. (2018) Genomic insights into colistin-resistant 

Klebsiella pneumoniae from a Tunisian teaching hospital. Antimicrob Agents Chemother 62. 

https://doi.org/10.1128/AAC.01601-17 

110. Cannatelli A, Giani T, D'Andrea MM, et al. (2014) MgrB inactivation is a common mechanism 

of colistin resistance in KPC-producing Klebsiella pneumoniae of clinical origin. Antimicrob 

Agents Chemother 58: 5696–5703. https://doi.org/10.1128/AAC.03110-14 

111. Mmatli M, Mbelle NM, Maningi NE, et al. (2020) Emerging transcriptional and genomic 

mechanisms mediating carbapenem and polymyxin resistance in Enterobacteriaceae: a 

systematic review of current reports. mSystems 5. https://doi.org/10.1128/mSystems.00783-20 

112. Poirel L, Jayol A, Nordmann P (2017) Polymyxins: antibacterial activity, susceptibility testing, 

and resistance mechanisms encoded by plasmids or chromosomes. Clin Microbiol Rev 30: 557–

596. https://doi.org/10.1128/CMR.00064-16 

113. Liu YY, Wang Y, Walsh TR, et al. (2016) Emergence of plasmid-mediated colistin resistance 

mechanism MCR-1 in animals and human beings in China: a microbiological and molecular 

biological study. Lancet Infect Dis 16: 161–168. https://doi.org/10.1016/S1473-3099(15)00424-7 

114.  Li B, Yin F, Zhao X, et al. (2019) Colistin resistance gene mcr-1 mediates cell permeability and 

resistance to hydrophobic antibiotics. Front Microbiol 10: 3015. 

https://doi.org/10.3389/fmicb.2019.03015 

115. Palucha A, Mikiewicz B, Hryniewicz W, et al. (1999) Concurrent outbreaks of extended-

spectrum beta-lactamase-producing organisms of the family Enterobacteriaceae in a Warsaw 

hospital. J Antimicrob Chemother 44: 489–499. 

116. Paterson DL, Ko WC, Von Gottberg A, et al. (2001) Outcome of cephalosporin treatment for 

serious infections due to apparently susceptible organisms producing extended-spectrum beta-

lactamases: implications for the clinical microbiology laboratory. J Clin Microbiol 39: 2206–2212. 

117. Bauernfeind A, Chong Y, Schweighart S (1989) Extended broad spectrum beta-lactamase in 

Klebsiella pneumoniae including resistance to cephamycins. Infection 17: 316–321. 



130 

AIMS Microbiology    Volume 9, Issue 1, 112–130. 

118. Tangden T, Cars O, Melhus A, et al. (2010) Foreign travel is a major risk factor for colonization 

with Escherichia coli producing CTX-M-type extended-spectrum beta-lactamases: a prospective 

study with Swedish volunteers. Antimicrob Agents Chemother 54: 3564–3568. 

https://doi.org/10.1128/AAC.00220-10 

119. Ur Rahman S, Ali T, Ali I, et al. (2018) The growing genetic and functional diversity of extended 

Spectrum Beta-lactamases. Biomed Res Int 2018: 9519718. https://doi.org/10.1155/2018/9519718 

120. Paterson DL, Bonomo RA (2005) Extended-spectrum beta-lactamases: a clinical update. Clin 

Microbiol Rev. 18: 657–686. https://doi.org/10.1128/CMR.18.4.657-686.2005 

 

© 2023 the Author(s), licensee AIMS Press. This is an open access 

article distributed under the terms of the Creative Commons 

Attribution License (http://creativecommons.org/licenses/by/4.0) 

 

View publication stats

https://www.researchgate.net/publication/368852698

