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Abstract

Background: Carbapenem-resistant Klebsiella pneumoniae (CR-KP), known as a significant public health threat, is the most common
causative agent of nosocomial and community-acquired infections.

Objectives: This study aimed to evaluate resistance to carbapenems and determine the prevalence of carbapenemase genes and
multilocus sequence typing (MLST) of K. pneumoniae clinical isolates.

Methods: One-hundred K. pneumoniae isolates were evaluated. The minimum inhibitory concentrations (MIC) of imipenem and
meropenem were assessed by the broth microdilution method. Multiplex-polymerase chain reaction (PCR) was applied to detect 11
carbapenemase-encoding genes belonging to different classes. The alleles and sequence types (ST) of three isolates were identified
by MLST.

Results: The MIC of carbapenems for the isolates ranged from 0.062 to 32 pg/mL. Overall, resistance rates to imipenem and
meropenem were reported 11% and 34%, respectively. The bla \p gene was the most abundant (78.4%), followed by bla oxa-4s (48.6%),
bla GIM (27%), bla KPC (27%), bla SIM (21.6%), bla BIC (21.6%), bla NDM (16.2%), bla AIM (16.2%), bla VIM (16.2%), bla DIM (8.1%), and bla SPM (8.1%).
The co-existence of carbapenemase genes was observed in 81.8% of the isolates. A positive relationship was found between the pres-
ence of bla npm and bla siv and resistance to imipenem. Multilocus sequence typing results showed three different sequence types,
including ST14, ST5188, and ST1861.

Conclusions: This study revealed a high prevalence of CR-KP isolates that suggests a high risk of horizontal gene transfer and po-
tential to spread resistance among other strains. Since STs are reported for the first time in Iran, they can be considered as emerging
strains.
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. Background

Klebsiella pneumoniae is an opportunistic pathogen
and one of the most important bacteria in hospital-
acquired infections, causing soft tissue infections, sep-
ticemia, pneumonia, and urinary tract infections in pa-
tients admitted to hospital wards (1). Beta-lactam an-
tibiotics are primarily used for the treatment of Gram-
negative infections (1). Of the beta-lactam antibiotics, car-
bapenems have the broadest spectrum of inhibitory ac-
tivity against Gram-positive and Gram-negative bacteria.
(1). Although resistance to carbapenems is still rare, it
is emerging and poses a significant threat to the man-
agement of multidrug-resistant isolates in many clinics
and hospitals. Currently, several carbapenems are used
in clinical practice, including imipenem, meropenem, er-

tapenem, doripenem, panipenem, biopenem, reopenem,
and faropenem (2, 3). However, in the last decade, the emer-
gence and spread of multidrug-resistant strains among
isolates have become a major therapeutic problem, requir-
ing microbiological and epidemiological interventions
(4).

Carbapenem resistance in K. pneumoniae isolates is me-
diated by various mechanisms such as increased produc-
tion of efflux pumps, reduced outer membrane perme-
ability, changing tendency of the proteins bound to car-
bapenems, decreased production of porins, etc. However,
in K. pneumoniae isolates, the major mechanism of ac-
quired beta-lactam resistance is the production of beta-
lactamases (3). Beta-lactamases are classified based on
both structural (Bosch method) and functional (Ambler
method) properties. The simplest classification of beta-
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lactamases is by protein sequence, whereby they are clas-
sified into the four molecular classes of A, B, C, and D.
Clinically-relevant carbapenemases belong either to Am-
bler class A, B, and D or to Bosch groups 1, 2f, 2df, 3a, and
3b. The Ambler class A and Group 2f include members of
the IMI, SME, GES, KPC, and NMC enzymes.

The Ambler class B and Group 3a and 3b include IMP,
VIM, GIM, SPM, CcrA, IND-1, CphA, and Sth-1 enzymes. Fi-
nally, OXA enzymes were placed in class D and group 2df
(5). The K. pneumoniae carbapenemase (KPC) enzyme is
the most concerning Ambler class A because of its loca-
tion on self-conjugative plasmids and ability to transfer re-
sistance among Enterobacteriaceae. This enzyme is able to
hydrolyze penicillins, classical cephalosporins, monobac-
tam, and all carbapenems such as imipenem, meropenem,
ertapenem, and doripenem, and it is weakly inhibited by
clavulanic acid and tazobactam (6). The enzymes of the
VIM, IMP, and NDM groups are in Ambler class B, and their
genesare located on the plasmid. These enzymes cannotbe
physically bound to the beta-lactam substrate and there-
fore escape the action of beta-lactamase inhibitors such as
clavulanic acid and sulbactam and are able to bind to all
beta-lactam classes, except monobactam (7, 8). OXA-type
carbapenemase enzymes are also in the D class of Ambler
and are known as oxacillinases due to their accelerated hy-
drolysis of classical penicillins. These enzymes are divided
into nine groups based on amino acid similarity, and their
genes are located on chromosomes and plasmids. The bla
oxa4s €nzyme, which is in the sixth group of OXA enzymes,
is one of the most important and common enzymes in the
development of carbapenem resistance, and its gene is on
the plasmid (9).

The ability to accurately characterize the pathogenic
strains is crucial for epidemiological surveillance and the
development of public health control strategies (10). To
understand the epidemiological characterization and pre-
vent the spread of resistant strains of bacteria, researchers
classify them by molecular techniques such as multilocus
sequence typing (MLST). In the MLST technique, isolates
of bacterial species are characterized using the partial se-
quence analysis of housekeeping genes. For each house-
keeping gene, different sequences in a bacterial species
are specified as distinct alleles, and the alleles at each of
the seven loci determine the sequence type (ST) of each
isolate (11). Multilocus sequence typing possesses a num-
ber of advantages over other typing methods: 1) it utilizes
sequence data and thus can detect changes at DNA level,
which are not distinguished by other phenotypic meth-
ods such as serotyping and by multilocus enzyme elec-
trophoresis (MLEE); 2) Multilocus sequence typing does
not require live bacterial isolates and can be directly per-
formed on clinical samples of patients undergoing antimi-

crobial therapy, from which live bacteria may be difficult to
isolate; and 3) The data obtained by MLST are fully portable
between laboratories and can be easily shared all around
the world through the Internet (12).

2. Objectives

This study aimed to evaluate resistance to carbapen-
ems and determine the prevalence of carbapenemase
genes and MLST of K. pneumoniae clinical isolates.

3. Methods

3.1. Collection and Identification of Isolates

The present study was a descriptive cross-sectional
study performed on 100 clinical isolates of K. pneumoniae.
These bacteria were collected from urine samples of pa-
tients admitted to Milad Hospital in Tehran from October
2018 to August 2019 and were confirmed as K. pneumoniae
using standard microbiological tests (13).

3.2. Minimum Inhibitory Concentration and Minimum Bacteri-
cidal Concentration Determinations

All strains were cultured, and antibiotic sensitivity
tests were performed by microdilution broth methods us-
ing the Clinical and Laboratory Standards Institute (CLSI)
guidelines (14). The antimicrobial agents included in this
study were imipenem and meropenem (Sigma-Aldrich).
Dilutions of carbapenems (0.125 - 256 pg/mL) in Mueller
Hinton Broth (MHB) (Difco, Sparks, Md) and dilutions of
the bacterial suspension (OD = 0.8 to 1 at 625 nm) were
prepared. Briefly, 100 uL of the bacterial suspension and
100 pL of imipenem or meropenem at different concentra-
tions were poured into each well of microplates. Wells con-
taining 100 uL of each antibiotic (256 ug/mL)and 100 uL of
MHB were considered as a negative control.

For positive control, 100 ;L of bacterial suspension was
added to 100-uL MHB. The microplates were incubated at
37°C for 18 - 24 h. The minimum inhibitory concentration
(MIC) was considered as the lowest amount of the antibac-
terial agents that inhibited the visible growth of bacte-
ria, and the results were interpreted according to the MIC
Breakpoints for Enterobacteriaceae. The breakpoints as-
signed by CLSI for imipenem and meropenem MICs against
Enterobacteriaceae are < 1 ug/ mL (susceptible), 2 pg/ mL
(intermediate),and > 4 pg/ mL (resistant). Afterward, 5 pul
of the last three wells without visible growth were cultured
on tryptic soy agar (Merck, Germany) plates and incubated
at 37°C for 24 h. The minimum bactericidal concentration
(MBC)was defined as the lowest concentration at which no
bacterial growth was observed.
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3.3. Molecular Detection of Carbapenemase Genes

First, DNA extraction was performed from overnight
cultures of the isolates in tryptic soy broth (TSB) (Merck,
Germany) by the boiling method as described previously
(15). For the identification of carbapenemase genes, multi-
plex polymerase chain reaction (PCR) was run for each iso-
late to evaluate the presence of the following genetic tar-
gets: class A beta-lactamase genes (bla xpc and bla gic), class
B beta-lactamase genes (bla spy, bla v, bla np, bla viu, bla
NDM » bla siv, bla giv, and bla pyy ), and class D beta-lactamase
genes (bla oxa) (Table 1). The reaction mixture (25 pL) con-
tained 12.5 uL of the 2X Master Mix RED (Amplicon), 0.5 pL
(25 pmol) of each primer, 2.5 L (300 ng) of extracted DNA,
and 9 L of deionized water (SinaClon, Iran). Thermal cy-
cler conditions were as follows: primary denaturation at
94°C for 10 min, followed by denaturation at 94°C for 30 s,
annealing at 52°C for 40 s, extension at 72°C for 50 s (35 cy-
cles), and a final extension at 72°C for 5 min. Finally, PCR
products were analyzed by electrophoresis on 1% agarose
gel in TBE buffer containing DNA Safe Stain (5 pL[L).

3.4. Multilocus Sequence Typing

Multilocus sequence typing was carried out as de-
scribed previously (17). The internal fragments of seven
housekeeping genes (i.e., rpoB, gapA, mdh, pgi, phoE, infB,
and tonB) were amplified and sequenced using specific
primers by referring to online MLST database (Table 2). The
polymerase chain reaction was carried out in a 50-uL re-
action mixture containing 25 pL of the 2x Master Mix RED
(Amplicon), 1 L (25 pmol) of each of the forward and re-
verse primers, 5 ;1L (600 ng) of extracted DNA, and 18 pL of
nuclease free water (SinaClon, Iran). The PCR program was
as follows: initial denaturation at 94°C for 2 min followed
by 35 cycles of denaturation at 94°C for 20 s, annealing at
45 - 60°C for 30 s (based on each gene), extension at 72°C
for 30 s, and a final extension at 72°C for 5 min. The PCR
products were sequenced by CinnaGen Company in South
Korea. The nucleotide sequences of the housekeeping
genes were submitted to the K. pneumoniae MLST Database
(https:/[bigsdb.pasteur.fr/klebsiella/klebsiella.html) to de-
tect the allele numbers and STs. Also, the clonal complex
(CC)of all the three isolates was determined using the goe-
BURST algorithm, version 1.2.1.

3.5. Statistical Analysis

The association of each carbapenem-resistant gene
with resistance to imipenem or meropenem was specified
by Pearson’s correlation coefficient, chi-square test, and
Fisher’s exact test using SPSS, version 20. A P-value of less
than 0.05 was considered significant.
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4. Results

4.1. Determination of Minimum Inhibitory Concentration and
Minimum Bactericidal Concentration

Evaluation of drug susceptibility by the broth microdi-
lution method showed that the MICs of imipenem and
meropenem for respectively 83 (83%) and 60 (60 %) iso-
lates were less than 1 ug/mL, which were considered as sen-
sitive strains. Also, 11 (11%) and 34 (34%) isolates were re-
sistant to imipenem and meropenem, respectively, and 6
(6%) isolates showed intermediate susceptibility to both
antibiotics. Also, the amount of MBC of imipenem and
meropenem ranged from 0.125 to 32 ug/mL (Figure 1).

4.2. Carbapenemase Resistance Genes

Atotal of 37 K. pneumoniae were resistant to carbapen-
ems (meropenem and/ or imipenem) and these isolates
were tested for the presence of carbapenem resistance
genes. In the electrophoresis of the PCR products, the ex-
pected bands for each gene were observed and recorded,
which are shown in Figure 2. Of the 11 carbapenemase
genes identified in the 37 isolates of K. pneumoniae, the
highest frequency was related to the bla jyp gene (78.4%),
followed by bla oxa.as (48.6%), bla gy (27%), bla xec (27%), bla
siv (21.6%), bla gic (21.6%), bla npm (16.2%), bla A (16.2%), bla
vim (16.2%), bla ppy (8.1%), and bla spy (8.1%). Gene frequency
analysis revealed thatall the 37 isolates carried at least one
of the studied carbapenemase genes. In general, seven iso-
lates carried at least one gene, ten isolates two genes, eight
isolates three genes, sixisolates four genes, five isolates five
genes, and one isolate carried seven genes simultaneously.

4.3. Multilocus Sequence Typing

In the present study, STs of three carbapenem-resistant
isolates were identified by the MLST method. These iso-
lates showed simultaneous resistance against imipenem
and meropenem and had the highest MIC against the an-
tibiotics tested (Table 3). After the sequencing of the seven
housekeeping genes, the alleles and STs were assigned ac-
cording to the MLST international scheme of the Institut
Pasteur, Paris, France. The rpoBallele was similarin all three
isolates, and the infB allele was identical in both isolates 4
and 11. eBURST analysis showed that all three isolates were
in different clonal complexes (Table 3).

5. Discussion

Beta-lactams, including carbapenems, are widely used
in the treatment of Gram-negative bacterial infections.
In recent years, carbapenems, including imipenem and
meropenem, have become the most effective drugs for the
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Figure 1. Minimum bactericidal concentration determination results of carbapenems by the broth microdilution method

Figure 2. Electrophoresis of the polymerase chain reaction products of carbapenemase genes. C- Negative control, M: 100 bp DNA ladder, Lane 1-13: PCR product of carbapen-
emase genes
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Table 1. Primers Used for the Amplification of Carbapenemase Genes (16)°

Gene Beta-Lactamases Primer Sequence Size (bp)

bla kpc 798
F CGTCTAGTTCTGCTGTCTITG
R CTTGTCATCCTTGTTAGGCG

Class A

bla gic 537
F TATGCAGCTCCTTTAAGGGC
R TCATTGGCGGTGCCGTACAC

bla jmp 232
F GGAATAGAGTGGCTTAAYTCTC
R GGTTTAAYAAAACAACCACC

blayy 390
F GATGGTGTTTGGTCGCATA
R CGAATGCGCAGCACCAG

blaxpy 621
F GGTTTGGCGATCTGGTTTTC
R CGGAATGGCTCATCACGATC

blaspm 271
F AAAATCTGGGTACGCAAACG
R ACATTATCCGCTGGAACAGG

Class B

blaam 322
F CTGAAGGTGTACGGAAACAC
R GTTCGGCCACCTCGAATTG

blagm 477
F TCGACACACCTTGGTCTGAA
R AACTTCCAACTTTGCCATGC

blagy 570
F TACAAGGGATTCGGCATCG
R TAATGGCCTGTTCCCATGTG

bla piy 699
F GCTTGTCTTCGCTTGCTAACG
R CGTTCGGCTGGATTGATTTG

bla oxa.4s 438
F Class D GCGTGGTTAAGGATGAACAC
R CATCAAGTTCAACCCAACCG

 Temperature for all genes was 52°C.

treatment of serious infections in hospitalized patients
(18). However, resistance to these drugs has been reported
by researchers in many cases, which has led to further
attention to this issue. Carbapenem-resistant K. pneumo-
niae, due to the narrow therapeutic options and the high
mortality rate, poses significant public health challenges
worldwide (19). In the present study, the evaluation of
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drug resistance to carbapenems by the broth microdilu-
tion method showed that resistance rates to imipenem
and meropenem were 11% and 34%, respectively. In studies
conducted in other regions of Iran, resistance to carbapen-
ems has been usually lower than our findings. In this case,
we can refer to the studies of Rahbar et al. in 2008 (20),
Mansouri and Abbasi in 2010 (21), and Sultan Dalal et al.
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Table 2. Primers Used for the Amplification of Housekeeping Genes(11)*

Locus Primer sequence Size (bp)  No. of Alleles

rpoB 501 8
F GGCGAAATGGCWGAGAACCA
R GAGTCTTCGAAGTTGTAACC

gapA 450 6
F TGAAATATGACTCCACTCACGG
R CTTCAGAAGCGGCTTTGATGGCTT

mdh 477 10
F CCCAACTCGCTTCAGGTTCAG
R CCGTTTTTCCCCAGCAGCAG

pgi 432 6
F GAGAAAAACCTGCCTGTACTGCTGGC
R CGCGCCACGCTTTATAGCGGTTAAT

phoE 420 14
F ACCTACCGCAACACCGACTTCTTCGG
R TGATCAGAACTGGTAGGTGAT

infB 318 10
F CTCGCTGCTGGACTATATTCG
R CGCTTTCAGCTCAAGAACTTC

tonB 414 21

F CTTTATACCTCGGTACATCAG GTIT

R ATTCGCCGGCTGRGCRGAGAG

? Temperature for all genes was 50°C.

in 2012 (22), who noted that resistance to imipenem and
meropenem was less than 2%.

In studies by Amin et al. in Pakistan (23), Ishii et al.
in Japan (24), and Al-Shara and Mohammad Abdullah in
Jordan (25), imipenem as an effective drug has been intro-
duced in the treatment of Klebsiella infection. However, in
recent years, resistance to carbapenems has increased. Gu-
rung et al. in Nepal reported that resistance to imipenem
and meropenem among clinical isolates of K. pneumoniae
was 16% (26). Soroush and Ghane (2017) reported that 25%
of K. pneumoniae isolates from ICU patients were resistant
to imipenem (27). In another study conducted by Khairy
et al. (2020), it was shown that out of 42 isolates, 57% of
the isolates were resistant to meropenem and 13% were re-
sistant to imipenem (28). In the present study, resistance
to carbapenems was moderate, but it could be a concern
due to the placement of resistance genes on the mobiliz-
able plasmids and their easy transfer between isolates.

Carbapenem resistance in K. pneumoniae is provided by
several mechanisms, but many studies have suggested the
presence of carbapenemase enzymes as one of the main

reason for resistance to these drugs (29). In the present
study, 11 carbapenemase genes from the three classes of A,
B, and D beta-lactamase were detected by the PCR method,
and the bla yyp gene was found to be more prevalent (87%).
Areview of other studies showed that the bla jp gene had
a higher frequency (30-32), which was in line with the re-
sults of this study. It should be noted that all carbapenem-
non-susceptible K. penomoniae carried at least one of the
carbapenemase genes. Furthermore, the isolates showing
resistance to both carbapenem harbored four or more car-
bapenem resistance genes simultaneously. These findings
indicate that carbapenemase enzymes play an important
role in resistance to carbapenems. However, studies have
indicated that other mechanisms might alternatively con-
tribute to carbapenem resistance, including deficiency in
porin, decreased expression of outer membrane proteins,
or production of oxacillinase (33). Carbapenemase genes
have been reported in other Enterobacteriaceae and Gram-
negative bacteria, and their placement on the plasmid in-
creases the risk of their spread.

bla xpc gene, one of the beta-lactamase group A genes,
has been reported as the most important gene involved in
the development of carbapenem resistance. In a study in
Brazil, Pavez et al. attributed the resistance of a K. pneu-
moniae isolate to imipenem to the enzyme KPC (34). Bratu
in 2007 and Nordmann in 2011 in the United States re-
ported the KPC enzyme as the cause of resistance of an
Escherichia coli isolate to carbapenems (35, 36). In the
present study, the bla ypc gene had a frequency of 27%
among the K. pneumoniae isolates, which was moderate
compared to other studies conducted in other countries
(31). In China, most CR-KP isolates developed carbapenem
resistance by producing KPCs 9-11 (37). Klebsiella pneumo-
niae carbapenemase-producing bacteria are clinically sig-
nificant due to the narrow therapeutic options available
and the high mortality rate caused by these bacterial infec-
tion (37).

Previous studies proved the inactivation of carbapen-
ems such as imipenem, meropenem doripenem, and er-
tapenem by metallo-beta lactamase enzymes. It has been
reported that bla ypy is the main mechanism of resistance
of Gram-negative bacteria to carbapenems (38, 39). Simi-
larly, in this study, we found a significant correlation be-
tween imipenem resistance and the carriage of both bla g1y
and bla ypy genes (P = 0.001 and P = 0.016, respectively).
However, no relationship was observed between resistance
to carbapenems and other tested genes (P> 0.05). There-
fore, it can be suggested that the bla sy and bla ypy genes
were among the main factors in the development of car-
bapenem resistance among our isolates. However, other
mechanisms of resistance, such as deficiency or decreased
expression of porins, must also be investigated.
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Table 3. MIC, Resistance Genes, Allele Numbers, and ST Type of Three Isolates of Klebsiella pneumoniae

MIC( 4 L/mL) Allele Numbers
Isolates Car Genes ST cc
Imi Mer gapA infB mdh pgi phoE rpoB tonB
K4 4 8 bla \p, bla gpc, bla oxa-a8 276 1 1 20 3 1 13 5188 8
Kl 8 4 bla y\p, bla Av, bla sy, bla 2 1 166 46 9 1 12 1861 3
NDM: bla oxa-48
K13 16 8 bla jpp, bla sy, bla gpc, bla 1 6 1 1 1 1 1 14 41

OXA-48

Abbreviations: Imi, Imipenem; Mer, Meropenem; ST, sequence type; CC, clonal complex.

In this study, to identify the epidemiological char-
acteristics of strains, three isolates were classified by
the MLST method. Multilocus sequence typing results
showed that STs of isolates were different (ST5188, ST1861,
ST14) (https://bigsdb.pasteur.fr/klebsiella/klebsiella.html).
Klebsiella pneumoniae ST14, resistant to both carbapenem
and colistin, was previously described in South Korea
(40). ST 14 was also reported in hospitals from Dubai,
United Arab Emirates, which produced OXA-48-type and
NDM carbapenemases (41). Klebsiella pneumoniae sr;4 Ob-
tained in our study was highly resistant to imipenem and
meropenem. In addition to bla kpc and bla oxa.4s, OUT isO-
late harbored bla \p and bla s and belonged to the clonal
complex 41 (CC 41). However, ST 5188 and ST 1861 belonged
to the CC8 and CC3, respectively. These two STs have a
low prevalence in the world. The latter was first described
from a bacteremic liver abscess caused by a hypervirulent
K. pneumoniae in Italy (42).

Although this strain was first described as a multi sus-
ceptible strain, ST 1861 reported in this study was resistant
to both imipenem and meropenem and harbored bla yp,
bla am, bla s, bla npu, and bla oxa.4s Tesistance genes. The
occurrence of such isolates with a large number of car-
bapenemase genes could be dangerous to public health in
the future, indicating an urgent need for epidemiologic
surveillance and improved clinical awareness. Also, these
types are reported for the first time in Iran and can be con-
sidered as emerging strains. In this case, Meng et al. (2019)
reported that ST11 is the epidemic sequence type of KPC-
producing K. pneumoniae in China that contributed to the
spread of antibiotic resistance in hospitals (37).

5.1. Conclusions

Resistance of K. pneumoniae to carbapenems through
the mechanism of carbapenemase production is becom-
ing increasingly distressing. In the present study, out of
37 carbapenem-resistant isolates identified by phenotypic
method, all theisolates carried atleast one of the carbapen-
emase genes, and the bla ypy and bla gy genes played an
important role in resistance to carbapenems. The emer-
gence of new ST types of K. pneumoniae with high drug re-
sistance to carbapenems could also signal the spread of

Jundishapur | Microbiol. 2021;14(2):e112486.

such strains in the future. Therefore, the rapid identifi-
cation of metallo-beta-lactamase-producing K. pneumoniae
isolates is necessary to prevent the further spread of infec-
tion by these organisms.
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