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Abstract: Klebsiella pneumoniae is a multidrug-resistant nosocomial pathogen. Carbapenem resistance
is mediated mainly by enzymes carried on transmissible plasmids causing their dissemination among
other members of Enterobacteriaceae. This study aimed to molecularly detect carbapenem resistance
genes in K. pneumoniae clinical isolates, genotype them using ERIC-PCR, and investigate plasmid
transformation of resistant genes by using ERIC-PCR and sequencing. Methods: Antimicrobial
resistance of sixty carbapenem-resistant K. pneumoniae strains was evaluated by using the disc diffusion
method. Five carbapenemases' genes were amplified by conventional PCR. Genotyping was performed
using ERIC-PCR. Gene transformation was performed for the five genes to sensitive isolates. Wild and
transformed isolates were genetically investigated using ERIC-PCR and sequencing. Results:
Carbapenem resistance in our isolates was associated with high resistance to all tested antibiotics.
The 60 K. pneumoniae isolates were divided into 6 resistor types. The prevalence of KPC, IMP, VIM,
NDM, and OXA-48 genes were 17%, 63%, 93%, 85% and 100%, respectively. Dendrogram analysis
showed 57 distinct patterns, arranged in three clusters. The five genes were transformed successfully
into sensitive isolates. ERIC profiles of wild and transformed isolates showed cluster A contained all the
wild isolates, and cluster B contained all transformed isolates. Genetic sequences of the 5 genes reflected
high genetic similarity with the GenBank reference genes before plasmid transformation; however, a
distinguishable decrease of genetic similarity was observed after transformation. Conclusion: Plasmid-
mediated carbapenem resistance in K. pneumoniae and its dissemination among different strains is a real
threat to public health.
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1. Introduction

Klebsiella pneumoniae (K. pneumoniae) is a Gram-negative rod-shaped bacterium that is highly
virulent and is frequently associated with antibiotic resistance. In humans, K. pneumoniae can cause
serious diseases including pneumonia, liver abscesses, urinary tract infections, and life-threatening
septicemia [1-3]. In Egypt, nosocomial infections are primarily caused by K. pneumoniae [4]. It
functions as a pool for transmissible plasmids carrying different antibiotic-resistance genes. This makes
K. pneumoniae-resistant strains an alarming threat in hospitals and healthcare institutions, as these
resistance genes can spread to other members of Enterobacteriaceae. In addition, plasmids carrying
resistant genes can travel with patients to disseminate the resistance to different geographic areas [5].

Carbapenem antibiotics were used as a last resort to treat multidrug-resistant K. pneumoniae strains
until carbapeneme-resistant strains emerged all over the world [6-8]. In addition, the CDC has declared
carbapenem-resistant Enterobacteriaceae a public health emergency. In the United States in 2019 [9],
carbapenem resistance in K. pneumoniae was mediated by one of three mechanisms. The first
mechanism is the production of carbapenemases, the second is the hyperproduction of AmpC f-
lactamase accompanied by an outer membrane porin mutation, and the third is the extended-spectrum
B-lactamase (ESBL) production with a porin mutation or drug efflux. The production of
carbapenemases is the most commonly reported resistance mechanism [10].

In K. pneumoniae the main genes responsible for carbapenem resistance are K. pneumoniae
carbapenemases (blaKPC), New Delhi metallo-p-lactamases (blaNDM), Verona integron-encoded
metallo-B-lactamases (blaVIM), imipenem metallo-p-lactamases (blaIMP) and oxacillinase-48 (OXA-48)
carbapenemases. K. pneumoniae carbapenemases (KPC) belong to the Ambler Class A carbapenemases.
They have high activity against carbapenems as well as a variety of B-lactam antibiotics such as
penicillins, cephalosporins, and monobactams. Moreover, they are inhibited by the in vitro activity of -
lactamase inhibitors such as clavulanic acid and sulbactam. Furthermore, the KPC genes are located on
plasmids carrying genes for resistance to other antibiotic classes such as fluoroquinolones and
aminoglycosides. New Delhi metallo-p-lactamases (NDM), Verona integron-encoded metallo-f-
lactamases (VIM), and imipenem metallo-p-lactamases (IMP) belong to class B carbapenemases. They
have a zinc group on their active site so they are inhibited by metal-chelating agents such as
ethylenediaminetetraacetic acid (EDTA). They confer resistance to penicillins, cephalosporins,
carbapenems, and B-lactamase inhibitors. OXA-48-like carbapenemases belonging to the Ambler Class
D carbapenemases have weak activity against carbapenems and are not inhibited by EDTA or clavulanic
acid [11,12]. These carbapenemases are plasmid-mediated and can be easily disseminated in the
community as well as in hospital wards conferring a great impact on public health [13]. In Egypt, many
studies showed a high level of carbapenem resistance among hospital K. pneumoniae isolates [14,15].

Molecular typing techniques are valuable tools for revealing the genetic relationships in nosocomial
infection outbreaks, identifying the likely source of infection, and helping in the management and
treatment of infections caused by multi-drug resistant pathogens. Enterobacterial repetitive intergenic
consensus-polymerase chain reaction (ERIC-PCR) is a molecular technique that is used to gauge the
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genetic diversity among members of the Enterobacteriaceae family. The 126 bp length ERIC sequences
are noncoding, and conserved regions. The ERIC approach can be used to assess genetic variations
between bacterial isolates. ERIC sequences can be found in bacteria in a variety of locations and
quantities. The ERIC-PCR is a quick, accurate, and reliable method for examining the genetic similarity
of bacterial isolates [16-18]. This study aimed to investigate the prevalence of carbapenem resistance
among clinical K. pneumoniae isolates and their genetic relatedness which constitute an important
healthcare problem. Moreover, it aimed to detect carbapenem resistance genes abundant in K.
pneumoniae strains isolated from Damanhour Medical National Institute and investigate their
transferability to be capable of following up bacterial resistance and transmission in hospitals.

2. Materials and methods
2.1. Sample collection, isolation, and identification

One hundred different samples were collected from patients at Damanhour Medical National
Institute, EI-Behira, Egypt from March to May 2019. Urine, sputum, wound swabs, and blood samples
were collected. For the detection of K. pneumoniae, samples were cultured on MacConkey agar plates.
Gram staining was performed on lactose-fermenting mucoid colonies. Several biochemical tests,
including oxidase, triple sugar iron agar, indole, methyl red, VVoges Proskauer, citrate, and catalase,
were carried out [19]. K. pneumoniae isolates were identified at the species level using the automated
VITEK 2 system (Bio-Merieux, I'Etoile, France).

2.2. Antibiotic susceptibility testing

The antibiotic resistance was determined by using the standard disc diffusion technique according
to Bauer et al. [20]. Fifteen commercially available antibiotic discs (Oxoid®-UK) representing four
different antibiotic classes were used to assess resistance to ampicillin (AMP 10 |g) [Beta-lactams class],
ampicillin/sulbactam (SAM 20 pg) [Beta-lactams class], piperacillin/tazobactam (TZP 110 pg) [Beta-
lactams class], ertapenem (ETP 10 g) [Beta-lactams class], cefazolin (CZ 30 |g) [Beta-lactams class],
cefoxitin (FOX 30 g) [Beta-lactams class], ceftazidime (CAZ 30 |g) [Beta-lactams class], ceftriaxone
(CRO 30 1g) [Beta-lactams class], cefepime (FEP 30 pg) [Beta-lactams class], gentamycin (CN 10 Lg)
[Aminoglycosides class], amikacin (AKN 30 pg) [Aminoglycosides class], ciprofloxacin (CIP 5 Lg)
[Quinolones class], cotrimoxazole (SXT 25 pg) [Sulfonamides class], tobramycin (TOB 30 o)
[Aminoglycosides class], and levofloxacin (LVX 5 pg) [Quinolones class] (Oxoid® Ltd, England)
according to CLSI 2020 guidelines [21]. Minimum inhibitory concentration (MIC) and ESBL tests were
performed by VITEK 2 (BioMerieux, L’Etoile, France).
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2.3. Total genomic DNA extraction

Pure colonies of carbapenem-resistant isolates cultured on Luria-Bertani (LB) broth were used
for chromosomal DNA and plasmid DNA extraction using PureLink Genomic DNA Mini
Kit (Thermofischer®.USA) and DNA-spin Plasmid Purification Kit (iNtRon Biotechnology®),
respectively according to the manufacturer’s protocol. A nanodrop 2000 spectrophotometer
(Thermofischer®.USA) was used to detect the concentration of DNA. DNA and plasmid lysates were
stored at 20 °C for further use.

2.4. Molecular detection of carbapenemases genes by conventional PCR technique

Plasmid DNA extracts were tested for five carbapenemases genes by using a thermal cycler
(SimpliAmp Applied Biosystems, Thermofischer®.USA), and DreamTag PCR Master Mix (Thermofisher®.
USA). Five pairs of primers were used (Table 1) [22]. PCR amplicons were then resolved on 1.5%
agarose gel stained with ethidium bromide, then visualized using ultraviolet illumination. The following
cycling parameters were used: initial denaturation at 95 °C for 7 min; followed by 30 cycles of
denaturation at 90 °C for 30 secs, annealing at 52 °C for 1 min, and extension at 65 °C for 8 min, and a
final extension at 65 °C for 16 min. This step was done for all strains, and then for the wild and
transformed strains.

Table 1. Primers used for amplifying the five carbapenemases genes?.

The gene The primers' sequence Amplicon size (bp)
IMP IMP-F: GGAATAGAGTGGCTTAAYTCTC 233 bp
IMP-R: GGTTTAAYAAAACAACCACC
VIM VIM-F: GATGGTGTTTGGTCGCATA 390 bp
VIM-R: CGAATGCGCAGCACCAG
OXA OXA-F: GCGTGGTTAAGGATGAACAC 438 bp
OXA-R: CATCAAGTTCAACCCAACCG
NDM NDM-F: GGTTTGGCGATCTGGTTTTC 621 bp
NDM-R: CGGAATGGCTCATCACGATC
KPC KPC-F: CGTCTAGTTCTGCTGTCTTG 798 bp

KPC-R: CTTGTCATCCTTGTTAGGCG

2.5. Molecular genotyping of K. pneumoniae isolates by using ERIC-PCR

ERIC-PCR typing was performed for Inter-Simple Sequence Repeat (ISSR) by using DreamTaq
PCR Master Mix (Thermofisher®. USA) and ERIC-primer-F: 5'-ATG TAA GCT CCT GGG GAT
TCAC-3" and ERIC-primer-R: 5-AAG TAA GTG ACT GGG GTG AGC G-3' (Thermofisher®, USA) [23]
according to the following cyclic conditions: initial denaturation at 95 °C for 3 min, followed by 40
cycles of denaturation at 95 °C for 30 sec, annealing at 55 °C for 30 sec. and extension at 72 °C for 1
min, and a final extension at 72 °C for 10 min. PCR products were resolved on 1.5% agarose gel stained
with ethidium bromide, then visualized using ultraviolet illumination. The TotalLab Quant Analysis
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software (Version 1.0., TotalLab Ltd. United Kingdom) was used for analysis. This step was done for all
strains, and then for the wild and transformed strains.

2.6. Plasmid transformation

Eight carbapenem-sensitive isolates (4 K. pneumoniae and 4 E. coli) obtained from the same
hospital were used as recipient cells for plasmid-carrying carbapenem resistance genes. Competent cell
preparation and transformation were done as follows: Bacterial suspensions of the sensitive isolates in
LB broth were prepared. Turbidity was adjusted to reach 5 < 10" cells/mL then pellets were collected
by centrifugation at 4 °C at 4000 rpm for 10 min. Pellets were suspended with 20 mL ice-cold 0.1M
CaClz solution and incubated on ice for 30 min. Competent cells were obtained by centrifugation again
at 4 °C at 4000 rpm for 10 min. and the supernatant layer was discarded. Competent cells were
suspended in 5 mL ice-cold 0.1M CaClz with 15% glycerol and stored at —80 °C for transformation [24].

For plasmid transformation, 5 piL of plasmid extract was added to 50 L of competent cell aliquots
and incubated on ice for 30 min., transferred to a 42 °C water bath for 30 sec., then transferred
immediately on ice for 2 min. One mL of warmed LB broth was added before incubation in a shaking
incubator at 37 °C, 200 rpm for 1 hr.

2.7. Determination of imipenem MIC using the Agar dilution method

Serial dilutions of imipenem were prepared according to CLSI guidelines [21]. One mL of each
concentration was added to 9 mL of Muller Hinton agar media and poured into sterile Petri dishes.
Bacterial suspensions with turbidity equal to 0.5 McFarland were prepared and 10 pL of each
suspension was dropped on agar plates. E. coli ATCC25922 was used as a reference strain. Plates were
incubated at 37 °C for 24 hrs.

2.8. Sequencing

The ABI PRISM® 3100 Genetic Analyzer (Micron-Corp. Korea) was used for sequencing of the 5
carbapenemases genes in wild and transformed isolates. A gel documentation system (Geldoc-it, UVP,
England) was applied for data analysis by using Totallab analysis software (ww.totallab.com, Ver.1.0.1).
Positive amplicons were eluted from agarose gel by using E.Z.N.A.® Gel Extraction Kit (V-spin, Omega
Bio-TEK ®, USA) according to the manufacturer's protocol. Aligned sequences were analyzed on the
NCBI website (http://www.ncbi.nlm.nih.gov/webcite) using BLAST for identity confirmation. The
Genetic distances and MultiAlignments were computed by the Pairwise Distance method using
ClusteralW software analysis (www.ClusteralW.com).

2.9. Statistical analysis

Correlations between the antibiotic resistance profile of the K. pneumoniae isolates, PCR pattern of
carbapenem-resistant genes, and ERIC genotypes were statistically determined by using the Chi-square
test and Monte Carlo method by using the IBM SPSS software package version 20.0 (Armonk, NY:

IBM Corp). Significance of the obtained results was adjusted at the 5% level.
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3. Ethical approval

This study adhered to the accepted principles of ethical conduct according to the approval reference
number (918PM9) given by the Research Ethics Committee of the Faculty of Pharmacy, Damanhour
University. Before testing and molecular analysis of their materials, all the available samples and patient
data were gathered with informed ethical consent.

4. Results

Based on their appearance on MacConkey agar plates and morphological and biochemical
characteristics, eighty (80%) of the 100 clinical isolates were initially identified as Klebsiella spp. Gram
staining of mucoid lactose fermenting colonies on MacConkey agar plates revealed Gram negative rods.
All isolates tested negative for oxidase, positive for catalase, negative for indole, negative for methyl red,
positive for VVoges Proskauer, and positive for citrate. All isolates produced acid butt and slant with gas
and no H2S on triple sugar iron agar slants. Using the automated VITEK 2 system, 80 samples were
identified as K. pneumoniae. Sixty (75%) of the 80 K. pneumoniae isolates were carbapenem resistant.
Thirty-nine (65%) of the 60 K. pneumoniae isolates were obtained from sputum, 13 (21%) from urine,
and 8 (14%) from wound swabs. Antibiotic sensitivity results showed that carbapenem resistance in our
isolates was associated with high resistance to all tested antibiotics. All isolates were sensitive to all
tested B-lactam antibiotics. Only 2 (3%) of the 60 carbapenem-resistant isolates were ESBL-positive.
The 60 K. pneumoniae isolates were divided according to sensitivity pattern into 6 resistor types. 22 (38%)
isolates were resistor type 1 (resistant to all tested antibiotics), 18 (30%) isolates were resistor
type 2 (sensitive to 1 or more aminoglycosides), 5 (8%) isolates were resistor type 3 (sensitive to 1 or
more aminoglycoside and trimethoprim-sulphamethoxazole), 5 (8%) isolates were resistor type 4 (sensitive
to 1 or more fluoroquinolones), 2 (3%) isolates were resistor type 5 (sensitive to 1 or more
aminoglycoside and quinolones), 8 (13%) isolates were resistor type 6 (sensitive to trimethoprim-
sulphamethoxazole only) (Figure 1).

100%
90%
80%
70%
60%
50%
40%

30%

20 I

10% -
0% - - —

reslstor type re5|stur type resmtor type reslstor type resistor type resistor type
5 6

percentage of isolates (%)

Resistor types

Figure 1. Prevalence of different resistor types among the 60 carbapenem resistant K. pneumoniae isolates.
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Molecular detection of carbapenem resistance genes using conventional PCR technique showed
that all isolates contained at least two of the carbapenem resistance genes. All isolates were positive
for the OXA gene (100%), 56 (93%) were positive for VIM gene, 51 (85%) were positive for NDM
gene, 38 (63%) were positive for IPM gene, and 10 (17%) were positive for KPC gene. Seven (12%)
isolates of the 60 K. pneumoniae isolates were positive for five resistance genes, 26 (43%) were
positive for four genes, 22 (37%) were positive for 3 genes, and 5 (8%) were only positive for two genes.
Resistant isolates were classified according to PCR results into nine groups as shown in Table 2.

Table 2. Distribution of 9 different PCR patterns among the 60 K. pneumoniae isolates.

PCR pattern Resistance genes No. of isolates (%)
1 IMP, VIM, OXA, NDM, KPC 7 (12%)

2 IMP, VIM, OXA, NDM 25(42%)

3 VIM, OXA, NDM, KPC 1 (2%)

4 VIM, OXA, NDM 16 (26%)

5 IMP, VIM, OXA 5 (8%)

6 OXA, NDM, KPC 1 (2%)

7 VIM, OXA 2 (3%)

8 OXA, NDM 2 (3%)

9 OXA+KPC 1 (2%)

All isolates were genotyped by using ERIC-PCR and analyzed using TotalLab Quant Analysis
software (Version 1.0., TotalLab Ltd. United Kingdom) to assess genetic similarity among our isolates.
In this analysis the Dice method was used for comparison and the UPGMA method was used for
clustering. Dendrogram analysis of K. pneumoniae isolates showed 59 distinct patterns, arranged in
three clusters. Cluster A contained 2 isolates. Cluster B was divided into two sub-clusters: B1 (10
isolates) and B2 (10 isolates). Cluster C was divided into two sub-clusters: C1 (27 isolates) and C2 (10
isolates) (Figures 2 and 3). The resist type, PCR pattern, and ERIC profile of all isolates are illustrated
in Table 3.

Figure 2. ERIC-PCR fingerprinting of carbapenem-resistant K. pneumoniae isolates
showing different genotypes.
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Figure 3. Dendrogram generated with Dice coefficient and the UPGMA clustering method,
demonstrating the genetic similarity among K. pneumoniae isolates by Enterobacterial
Repetitive Intergenic Consensus (ERIC) genotyping.
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Table 3. The resistor type, PCR pattern, and ERIC profile of the 60 K. pneumoniae isolates.

Isolate code Resist type PCR pattern ERIC profile
2 1 4 C1
3 2 9 C1
4 1 2 C1
7 1 2 B2
9 2 2 C1
10 1 2 B2
11 3 5 C1
12 2 2 C1
13 1 2 C1
14 2 1 C1
16 2 6 B1
17 2 5 C1
20 4 5 C1
21 1 4 C1
22 4 4 C1
25 1 4 C1
26 2 4 C1
27 1 4 C1
32 2 4 C1
34 1 4 C1
38 2 4 C1
59 2 4 C1
63 2 4 B2
64 1 2 B2
68 2 1 C1
72 2 4 A
73 6 2 B2
80 1 3 C1
82 2 1 C1
95 3 2 B1
100 1 5 Bl
111 6 2 B1
134 1 2 Cc2
140 5 7 C1l
141 5 5 Bl
142 1 1 B2
143 2 2 B1
144 6 2 B2
152 1 4 Cc2

Continued on next page
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Isolate code Resist type PCR pattern ERIC profile
153 1 2 C1
154 1 4 Cl
156 6 2 c2
160 6 2 C2
161 6 2 c2
162 6 2 Bl
165 1 1 Bl
166 1 7 B2
167 1 4 C2
168 1 1 C2
169 2 1 A
170 4 2 C2
171 2 2 Bl
172 2 2 Bl
173 1 2 B2
174 3 2 Cl
175 4 4 B2
176 3 2 Cl
177 3 2 c2
178 6 8 C2
179 4 8 Bl

Plasmid transformation occurred successfully in the 8 carbapenem-sensitive K. pneumoniae and E.
coli isolates. Both bacterial spp. succeeded to receive resistant plasmids from carbapenem resistant K.
pneumoniae isolates. This was confirmed by the significant increase in MIC of imipenem after the
transformation process using the agar dilution method (Table 4).

Table 4. Investigation of the plasmid transformation results by measuring MIC of imipenem
before and after.

Recipient organism MIC of imipenem Before MIC of imipenem After
transformation (pg/mL) transformation (pg/mL)
1 K. pneumoniae 0.125 1
2 K. pneumoniae 0.125 4
3 K. pneumoniae 0.25 4
4 E. coli 0.5 2
5 E. coli 0.25 4
6 E. coli 0.25 32
7 K. pneumoniae 0.125 2
8 E. coli 0.125 8
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Four wild carbapenem sensitive K. pneumoniae isolates were positive for the 5 genes. After plasmid
transformation, the 5 genes were also detected in the 5 transformed carbapenem resistant K. pneumoniae
isolates using conventional PCR. The 4 wild and 4 transformed K. pneumoniae isolates were genotyped by
using ERIC-PCR, followed by analysis with TotalLab Quant Analysis software (Version 1.0., TotalLab
Ltd. United Kingdom) to evaluate genetic similarity among our isolates. Dendrogram analysis showed 7
distinct patterns, arranged in two clusters. Cluster A contained all the wild (Pre-transformation) isolates,
and Cluster B contained all the transformed (Post-transformation) isolates (Figure 4).
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Figure 4. Dendrogram generated with Dice coefficient and the UPGMA clustering method,
showing the genetic similarity among wild and transformed K. pneumoniae isolates by
Enterobacterial Repetitive Intergenic Consensus (ERIC) genotyping.

PCR amplicons were eluted, sequenced, aligned, and compared with reference genes. Generally,
gene sequences of each wild isolate were more similar to the sequence of reference genes of the
GenBank than its genes' sequences after transformation. Before plasmid transformation, genetic
sequences of the 5 genes reflected high genetic similarity with the GenBank reference genes as
follows: VIM (99.23%), IMP (99.12%), OXA (99.39%), NDM (100%), and KPC (99.86 %). On the
other hand, a distinguishable decrease of genetic similarity was observed for all genes' sequences after
transformation except VIM which showed an increase of genetic similarity as follows: VIM (100%),
IMP (94.73%), OXA (96.77%), NDM (96.17%), and KPC (95.37%). The ten sequences of the wild and
transformed genes generated in this study were submitted to GenBank (Accession numbers: LC716395 |
001, LC716396 | 002, LC716397 | 003, LC716398 | 004, LC716399 | 005, LC716400 | 006, LC716401 |
007, LC716402 | 008, LC716403 | 009, LC716404 | 010).

The Correlations between the antibiotic resistance profile of the K. pneumoniae isolates, PCR
patterns of carbapenem resistant genes, and ERIC genotypes were statistically determined by using the
Chi-square test and Monte Carlo method by using the IBM SPSS software package version 20.0 (Armonk,
NY: IBM Corp). There was a significant correlation (p < 0.05) between ERIC genotypes and resistance
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patterns, as well as between resistance patterns and PCR patterns; however, there was no significant
correlation (p > 0.05) between ERIC genotypes and PCR patterns.

5. Discussion

K. pneumoniae is a highly virulent pathogen that can cause pneumonia, liver abscesses, urinary
tract infections, and life-threatening septicemia in humans. Carbapenem resistant K. pneumoniae is one
of the most threatening public health problems worldwide. It has contributed to increasing the mortality
rate by as high as 50% constituting a serious threat to public health [25].

In Egypt, previous studies revealed that carbapenem resistance in K. pneumoniae isolates is a real
problem [26-28]. Eighty percent of our collected samples were K. pneumoniae, and 75% of them were
carbapenem-resistant. In contrast, lower carbapenem resistance percentages were reported by other
Egyptian researchers. For instance, Gandor et al. and Al Baz et al. reported that carbapenem resistance
was 66% and 25.4%, respectively among their isolates [27]. Moreover, Indrajith et al. and Li et al.
reported that 58% and 48.1% of their isolates were carbapenem resistant in India and China,
respectively [29,30]. The high percentage of carbapenem resistance in our institution may be due to the
extensive use of meropenem as an empiric treatment of infections.

In this study, antimicrobial susceptibility testing for carbapenem-resistant isolates showed
multidrug resistance in all isolates. The high resistance to all antibiotic groups is common among
carbapenem-resistant isolates. Similarly, Ragheb et al. and Yu et al. [28,31] reported multidrug
resistance in all carbapenem-resistant isolates in Egypt and China, respectively. This could be attributed
to the presence of many resistance genes on plasmids carrying carbapenemases.

In the present study, the VITEK system was used to detect ESBL by the assessment of the
inhibitory effects of cefepime, cefotaxime, and ceftazidime, alone and in the presence of the beta-
lactamase inhibitor clavulanate [32]. Only 2 isolates (3.3%) of the 60 carbapenem-resistant Klebsiella
isolates were ESBL-positive. In contrast, in Turkey and Riyadh, Carrer et al. and Al Agamy et al. reported
that 94.9% and 90.5% of their carbapenem resistant isolates were ESBL positive, respectively [33,34].

Epidemiological studies of carbapenem resistance and investigating different types of
carbapenemases in hospital settings have a great influence on infection control and treatment [35].
Molecular identification of carbapenemases has the advantage of the ability to detect low-level
resistance carbapenemase producers, which are difficult to be detected by conventional techniques [36].
In this study, molecular detection of carbapenem resistance genes using conventional PCR technique
showed that all isolates contained at least two carbapenem resistance genes. All isolates were positive for the
OXA gene, 56 (93%) were positive for the VIM gene, 51 (85%) were positive for the NDM gene, 38 (63%)
were positive for the IMP gene, and 10 (17%) were positive for KPC gene. In Egypt, the OXA gene was
reported as the most predominant carbapenemase with no or low prevalence of the KPC gene in many
studies between 2020 and 2022 [37-39]. In contrast, Gandor et al. in 2022 reported that the NDM gene
was the most prevalent gene followed by OXA and KPC genes [27]. Meanwhile, many studies between
the years 2015-2018 in Egypt reported the KPC gene as the most predominant gene [40,41]. On the
other hand, Davarci et al. reported that the most prevalent carbapenemase gene in Turkey was OXA
followed by NDM and VIM genes; however, KPC and IMP genes were not detected in any of the tested
isolates [42]. In contrast, Tsilipounidaki et al. reported that the most prevalent carbapenemase gene was
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KPC, followed by VIM and NDM in Greece [43]. In Iran, Alizadeh et al. reported that the OXA gene was
the most prevalent carbapenemase among their isolates, followed by NDM, IMP, VIM, and KPC [44].

In this study, molecular detection of carbapenemases genes revealed that all isolates contained at
least two of the carbapenem resistance genes. Seven (12%) of the 60 K. pneumoniae isolates were
positive for five resistance genes, 26 (43%) were positive for four genes, 22 (37%) were positive for 3
genes, and 5 (8%) were positive for two genes. The coexistence of more than one carbapenemase
augmented the carbapenem hydrolyzing effect especially since the weak OXA-48 gene did not exist
alone in any isolate. The co-production of various types of resistant genes could be alarming and
requires more investigation. Similarly, Raheel et al. detected a combination of 2 or more carbapenemase
genes in 90.6% of their isolates. The largest number of isolates (45.3%) carried the 3 genes, VIM, OXA
and NDM [38]. In contrast, Gandor et al. reported 21% of their samples contained more than 1
carbapenemase; 41% of them contained 3 genes [27]. On the other hand, Tsilipounidaki et al. detected a
combination of 2 carbapenemases in 25% of their carbapenem-resistant isolates in Greece [43].

Since K. pneumoniae plays an important role in nosocomial infections, genotyping of clinical
isolates is useful for identifying infection sources and thus preventing hospital-acquired infections. In
this study, the ERIC-PCR technique was used for the molecular typing of our clinical isolates because it
IS a quick, reliable, and cost-effective technique [45]. Dendrogram analysis of K. pneumoniae isolates
showed 57 individual patterns, arranged in three clusters showing the genetic diversity among our
isolates. Genetic diversity of clinical K. pneumoniae isolates were reported in other studies reflecting
high heterogenicity. Similarly, Mehr et al. reported that their 35 clinical K. pneumoniae isolates
demonstrated 32 ERIC profiles in Iran [23]. Moreover, Mohamed et al. reported that 23 carbapenem-
resistant isolates harbored 17 pulsotypes in Egypt [46].

In this study, there was a significant correlation between ERIC genotypes and resistance patterns,
and between resistance patterns and PCR patterns; however, there was no significant correlation
between ERIC genotypes and PCR patterns. This result demonstrated that plasmid-mediated
carbapenemases are not restricted to specific clones because the ERIC-PCR amplified repetitive
intergenic regions of the bacterial chromosomes only, not plasmid regions which contained most of the
resistance genes. Similar to our results, a significant correlation between K. pneumoniae ERIC profiles
and sensitivity patterns was also reported by Wasfi et al. in Egypt [18]. In addition, Sedighi et al. and
Oliveira et al. reported the absence of a significant correlation between K. pneumoniae genotypes and
PCR patterns of plasmid-mediated resistance genes in Iran and Brazil [47,48].

In this study, the five carbapenemases were successfully transformed from resistant K. pneumoniae
isolates to sensitive K. pneumoniae and E. coli isolates reflecting the high risk of horizontal resistance
transfer. The transformation of the five genes increased the MIC of imipenem in all isolates (E. coli and
K. pneumoniae). In contrast, Ragheb et al. reported that only the VIM gene was successfully transferred
in Egypt [28]. In addition, Sun et al. reported the successful transfer of KPC and IMP genes from 2 of 9
isolates of K. pneumoniae to E. coli EC600 in China [49].

In this study, ERIC-PCR was also employed separately to detect genetic diversity before and after
transformation for four K. pneumoniae isolates; a phylogenetic tree was constructed showing high
genetic similarity among the wild strains which were arranged in the same cluster, and among the
transformed isolates which were arranged in another cluster. Comparing IMP, VIM, OXA, NDM, and
KPC gene sequences before and after bacterial transformation reflected distinguishable differences.
Genetic sequences of wild isolates were more similar to reference genes in the Genebank than genetic
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sequences of transformed isolates indicating the superior influence of the transformation process on
bacterial genome.

In conclusion, plasmid-mediated carbapenem resistance in K. pneumoniae and its dissemination
among different strains is a real threat to public health. ERIC-PCR is a very effective tool for detecting
the genetic diversity among strains. To the best of our knowledge, the high prevalence of carbapenemase
genes hasn't been detected in any previous Egyptian study.

Conflict of interest
The authors declare no conflict of interest.
References

1. Abbott S (2007) Klebsiella, Enterobacter, Citrobacter, Serratia, Plesiomonas, and Other
Enterobacteriaceae. In: Murray, P.R., Baron, E.J., Jorgensen, J.H., Landry, M.L., Pfaller, M.A.,
Manual of clinical microbiology, 9 Eds., Washington: ASM Press, 698-711.

2. Vila A, Cassata A, Pagella H, et al. (2011) Appearance of Klebsiella Pneumoniae liver abscess
syndrome in Argentina: case report and review of molecular mechanisms of pathogenesis. Open
Microbiol J 5: 107-113. https://doi.org/10.2174/1874285801105010107

3. Minarini LA, Gales AC, Palazzo IC, et al. (2007) Prevalence of community-occurring extended
spectrum B-lactamase-producing Enterobacteriaceae in Brazil. Curr Microbiol 54: 335-341.
https://doi.org/10.1007/s00284-006-0307-z

4. Daef EA, Elsherbiny NM (2012) Clinical and microbiological profile of nosocomial infections in
adult intensive care units at Assiut University hospitals, Egypt. J Am Sci 8: 1239-1250.

5. Abdelwahab R, Alhammadi MM, Hassan EA, et al. (2021) Antimicrobial resistance and
comparative genome analysis of Klebsiella pneumoniae strains isolated in Egypt. Microorganisms 9:
1880. https://doi.org/10.3390/microorganisms9091880

6. El Nekidy WS, Mooty MY, Attallah N, et al. (2017) Successful treatment of multidrug resistant
Klebsiella pneumoniae using dual carbapenem regimen in immunocompromised patient. IDCases 9:
53-55. https://doi.org/10.1016/j.idcr.2017.06.005

7. McKenna M (2013) Antibiotic resistance: the last resort. Nature 499: 394-396.
https://doi.org/10.1038/499394a

8. 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

9. Centers for Disease Control and Prevention (U.S.), Antibiotic Resistance Threats in the United
States, 2019. Available from: http://dx.doi.org/10.15620/cdc:82532

10. Yang TY, Hsieh YJ, Kao LT, et al. (2020) In vitro and in vivo evaluations of B-lactam/p-lactamase
Mono- and combined therapies against carbapenem-nonsusceptible Enterobacteriaceae in Taiwan.
Microorganisms 8: 1981. https://doi.org/10.3390/microorganisms8121981

11. Elshamy AA, Aboshanab KM (2020) A review on bacterial resistance to carbapenems:
epidemiology, detection and treatment options. Futur Sci 6. https://doi.org/10.2144/fsoa-2019-0098

12. Aurilio C, Sansone P, Barbarisi M, et al. (2022) Mechanisms of action of carbapenem resistance.
Antibiotics 11: 421. https://doi.org/10.3390/antibiotics11030421

AIMS Microbiology Volume 9, Issue 2, 228-244.



242

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

Yan J, Pu S, Jia X, et al. (2017) Multidrug resistance mechanisms of carbapenem resistant
Klebsiella pneumoniae strains isolated in Chongging, China. Ann Lab Med 37: 398-407.
https://doi.org/10.3343/alm.2017.37.5.398

Al-baz AA, Maarouf A, Marei A, et al. (2022) Prevalence and antibiotic resistance profiles of
carbapenem-resistant Klebsiella Pneumoniae isolated from tertiary care hospital, Egypt. Egypt J
Hosp Med 88: 2883-2890. https://doi.org/10.21608/ejhm.2022.242765

Fanaki NH, Omar HM, Khalil AM, et al. (2018) Prevalence of carbapenem resistant Klebsiella and
proteus clinical isolates: a real threat to the Egyptian Health Care System. Int J Curr Microbiol App
Sci 7: 2041-2057. https://doi.org/10.20546/1JCMAS.2018.704.235

Abdelhamid SM, Abd-Elaal HM, Matareed MO, et al. (2020) Genotyping and virulence analysis of
drug resistant clinical Klebsiella pneumoniae isolates in Egypt. J Pure Appl Microbiol 14.
https://doi.org/10.22207/JPAM.14.3.36

Barus T, Hanjaya I, Sadeli J, et al. (2013) Genetic diversity of Klebsiella spp. isolated from tempe
based on enterobacterial repetitive intergenic consensus-polymerase chain reaction (ERIC-PCR).
Hayati J Biosciences 20: 171-176. https://doi.org/10.4308/hjb.20.4.171

Wasfi R, Elkhatib WF, Ashour HM (2016) Molecular typing and virulence analysis of multidrug
resistant Klebsiella pneumoniae clinical isolates recovered from Egyptian hospitals. Sci Rep 6:
38929. https://doi.org/10.1038/srep38929

Bailey WR, Scott EG (1986) Bailey and Scott's Diagnostic Microbiology, Mosby.

Bauer AW, Kirby WM, Sherris JC (1966) Antibiotic susceptibility testing by a standardized single
disk method. Am J Clin Pathol 45: 493-496. https://doi.org/10.1093/ajcp/45.4_ts.493

Clinical and Laboratory Standards Institute, Performance Standards For Antimicrobial
Susceptibility Testing, 2020. Available from: https://webstore.ansi.org/standards/clsi/clsim100ed30
Poirel L, Walsh TR, Cuvillier V, et al. (2011) Multiplex PCR for detection of acquired
carbapenemase genes. Diagn Microbiol Infect Dis 70: 119-123.
http://dx.doi.org/10.1016/j.diagmicrobio.2010.12.002

Mehr P, Shokoohizadeh L, Mzirzaee M, et al. (2017) Molecular typing of Klebsiella pneumoniae
isolates by enterobacterial repetitive intergenic consensus (ERIC)-PCR. Infect Epidemiol Microbiol
3:112-116. https://doi.org/10.18869/modares.iem.3.4.112

Chang AY, Chau VW, Landas JA, et al. (2017) Preparation of calcium competent Escherichia coli
and heat-shock transformation. J Exp Microbiol Immunol 1: 22-25.

Patel G, Huprikar S, Factor SH, et al. (2008) Outcomes of carbapenem-resistant Klebsiella
pneumoniae infection and the impact of antimicrobial and adjunctive therapies. Infect Control Hosp
Epidemiol 29: 1099-1106. https://doi.org/10.1086/592412

El-sweify MA, Gomaa NI, El-maraghy NN (2015) Phenotypic detection of carbapenem resistance
among Klebsiella pneumoniae in Suez Canal University Hospitals Ismailiya, Egypt. Int J Curr
Microbiol Appl Sci 4: 10-18.

Gandor NHM, Amr GE, Eldin Algammal SMS, et al. (2022) Characterization of carbapenem-
resistant K. pneumoniae isolated from Intensive Care Units of Zagazig University Hospitals.
Antibiotics (Basel) 11: 1108. https://doi.org/10.3390/antibiotics11081108

Ragheb SM, Tawfick MM, EI-Kholy AA, et al. (2020) Phenotypic and genotypic features of
Klebsiella pneumoniae harboring carbapenemases in Egypt: OXA-48-Like carbapenemases as an
investigated model. Antibiotics 9: 852. https://doi.org/10.3390/antibiotics9120852

AIMS Microbiology Volume 9, Issue 2, 228-244.



243

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Indrajith S, Kumar A, 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

Li Y, Shen H, Zhu C, et al. (2019) Carbapenem-resistant Klebsiella pneumoniae infections among
ICU admission patients in Central China: prevalence and prediction model. Biomed Res Int 27.
https://doi.org/10.1155/2019/9767313

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

Spanu T, Sanguinetti M, Tumbarello M, et al. (2006) Evaluation of the new VITEK 2 extended-
spectrum beta-lactamase (ESBL) test for rapid detection of ESBL production in Enterobacteriaceae
isolates. J Clin Microbiol 44: 3257-3262. https://doi.org/10.1128/JCM.00433-06

Carré& A, Poirel L, Eraksoy H, et al. (2008) Spread of OXA-48-positive carbapenem-resistant
Klebsiella pneumoniae isolates in Istanbul, Turkey. Antimicrob Agents Chemother 52: 2950-2954.
https://doi.org/10.1128/AAC.01672-07

Al-Agamy MH, Aljallal A, Radwan HH, et al. (2017) 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.
http://dx.doi.org/10.1016/}.jiph.2017.03.010.

Stuart JC, Leverstein-Van Hall MA (2010) Guideline for phenotypic screening and confirmation of
carbapenemases in  Enterobacteriaceae. Int J Antimicrob Agents 36: 205-210.
https://doi.org/10.1016/j.ijantimicag.2010.05.014

Del Bianco F, Morotti M, Zannoli S, et al. (2019) Comparison of four commercial screening assays
for the detection of blakPC, blaNDM, blalMP, blaVIM, and blaOXAA48 in rectal secretion collected
by swabs. Microorganisms 7: 704. https://doi.org/10.3390/microorganisms7120704

Elshamy AA, Saleh SE, Alshahrani MY, et al. (2021) OXA-48 carbapenemase-encoding
transferable plasmids of Klebsiella pneumoniae recovered from Egyptian patients suffering from
complicated urinary tract infections. Biology (Basel) 10: 8809.
https://doi.org/10.3390/biology10090889

Raheel A, Azab H, Hessam W, et al. (2020). Detection of carbapenemase enzymes and genes
among carbapenem-resistant Enterobacteriaceae isolates in Suez Canal University Hospitals in
Ismailia, Egypt. Microbes Infect Dis 1: 24-33. https://doi.org/10.21608/mid.2020.25702.1007
Osama D, El-Mahallawy H, Mansour MT, et al. (2021) Molecular characterization of
carbapenemase-producing Klebsiella pneumoniae isolated from Egyptian pediatric cancer patients
including a strain with a rare gene-combination of B-Lactamases. Infect Drug Resist 14: 335-348.
https://doi.org/10.2147/IDR.S284455

Amer WH, Khalil HS, Abd EL Wahab MA (2016) Risk factors, phenotypic and genotypic
characterization of carpabenem resistant Enterobacteriaceae in Tanta University Hospitals, Egypt.
Int J Infect Control 12: 1-11. https://doi.org/10.3396/1J1C.v12i2.012.16

Abdulall AK, Tawfick MM, ElI Manakhly AR, et al. (2018) Carbapenem-resistant gram-negative
bacteria associated with catheter-related bloodstream infections in three intensive care units in
Egypt. Eur J Clin Microbiol Infect Dis 37: 1647-1652. https://doi.org/10.1007/s10096-018-3294-7

AIMS Microbiology Volume 9, Issue 2, 228-244.



244

42.

43.

44,

45.

46.

47.

48.

49.

Davarci I, Senbayrak S, Aksaray S, et al. (2019) Molecular epidemiology of carbapenem-resistant
Klebsiella pneumoniae isolates. Anadolu Klinigi Tip Bilimleri Dergisi 24:. 1-7.
https://doi.org/10.21673/anadoluklin.423081

Tsilipounidaki K, Athanasakopoulou Z, Muler E, et al. (2022) Plethora of resistance genes in
carbapenem-resistant gram-negative bacteria in Greece: no end to a continuous genetic evolution.
Microorganisms 10: 159. https://doi.org/10.3390/microorganisms10010159

Alizadeh N, Ahangarzadeh Rezaee M, Samadi Kafil H, et al. (2020) Evaluation of resistance
mechanisms in carbapenem-resistant Enterobacteriaceae. Infect Drug Resist 13: 1377-1385.
https://doi.org/10.2147/IDR.S244357

Podschun R, Ullmann U (1998) Klebsiella spp. as nosocomial pathogens: epidemiology, taxonomy,
typing methods, and pathogenicity factors. Clin Microbiol Rev 11: 589-603.
https://doi.org/10.1128/CMR.11.4.589

Mohamed ER, Aly SA, Halby HM, et al. (2017) Epidemiological typing of multidrug-resistant
klebsiella pneumoniae, which causes paediatric ventilator-associated pneumonia in Egypt. J Med
Microbiol 66: 628—634. https://doi.org/10.1099/jmm.0.000473

Sedighi P, Zarei O, Karimi K, et al. (2020) Molecular typing of Klebsiella pneumoniae clinical
isolates by enterobacterial repetitive intergenic consensus polymerase chain reaction. Int J
Microbiol. https://doi.org/10.1155/2020/8894727

Oliveira EM, Beltr& EMB, Scavuzzi AML, et al. (2020) High plasmid variability, and the presence
of IncFIB, IncQ, IncA/C, IncHI1B, and IncL/M in clinical isolates of Klebsiella pneumoniae with
bla KPC and bla NDM from patients at a public hospital in Brazil. Rev Soc Bras Med Trop 53:
€20200397. https://doi.org/10.1590/0037-8682-0397-2020

Sun Y, Li M, Chen L, et al. (2019) Prevalence and molecular characterization of carbapenemase-
producing gram-negative bacteria from a university hospital in China. Infect Dis 48: 138-146.
https://doi.org/10.3109/23744235.2015.1094822

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

M S AIMS Press distributed under the terms of the Creative Commons Attribution License

@ (http://creativecommons.org/licenses/by/4.0)

AIMS Microbiology Volume 9, Issue 2, 228-244.



