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Abstract
Fifty-four carbapenem non-susceptible Klebsiella pneumoniae (CNSKP) isolates were collected from a Tunisian hospital 
over a period of 13 consecutive months. Carbapenemase production and the prevalence of carbapenemase-encoding genes 
were investigated using combined-disk test (CDT), modified Carba NP (mCarba NP) test, and UV-spectrophotometry method 
complemented by PCR experiments and sequencing. Carbapenemase production was detected by the mCarba NP test and 
CDT in 92.59% and 96.29% of the 54 CNSKP isolates, respectively; while imipenem hydrolysis was detected using UV-
spectrophotometry in the crude extracts of 44 isolates. blaNDM, blaOXA-48-like, and blaKPC carbapenemase-encoding genes 
were found in 48, 31, and 22 isolates, respectively. Remarkably, blaNDM-9, blaKPC-20, and blaKPC-26 genes were reported. The 
co-occurrence of carbapenemase-encoding genes in a single isolate was detected in 62.96% of the isolates. The analysis of 
clonal relationships between the isolates by pulsed field gel electrophoresis revealed that the majority of them were geneti-
cally unrelated. Our investigation provides molecular data on enzymatic mechanism of carbapenem non-susceptibility among 
54 CNSKP showing the dominance of blaNDM, and comprises the first identification of blaNDM-9, blaKPC-20, and blaKPC-26 
genes in a Tunisia hospital.

Introduction

Carbapenemases represent the most potent and versatile 
family of β-lactamases, with a typical broad spectrum of 
nearly all β-lactam substrates, including carbapenems [1]. 
Three major classes of carbapenemases are currently found. 
Classes A and D possess a serine-based hydrolytic mecha-
nism, while class B enzymes are metallo-β-lactamases 
(MBLs) requiring zinc for their activity [2]. The class A car-
bapenemases, mostly inhibited by clavulanic acid and tazo-
bactam, include members of the IMI/NMC-A, SME, GES, 
and KPC-type enzymes [1, 2]. The carbapenem-hydrolyzing 
class D β-lactamases (CHDL), poorly inhibited by clavulanic 
acid and tazobactam, are oxacillinases (OXA). The majority 
of these enzymes, except OXA-48, are frequently detected in 
Acinetobacter baumannii [3]. The class B carbapenemases, 
which evade all approved β-lactamase inhibitors, are clini-
cally the most relevant. Almost twenty types of MBLs have 
been described until now [2, 4]. However, the most common 
ones are IMP, VIM, and NDM-type enzymes that have been 
found in Pseudomonas aeruginosa, A. baumannii and mem-
bers of Enterobacteriaceae [1, 2].
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Klebsiella pneumoniae is generally an opportunistic 
pathogen and the causative agent of a wide spectrum of 
serious nosocomial infections. The emergence and spread 
of carbapenem-resistant K. pneumoniae (CRKP) strains 
worldwide is increasing the scarcity of effective treatments 
resulting in high morbidity and mortality [5]. In 2017, the 
World Health Organization published its first global priority 
list of antibiotic-resistant pathogens for which innovative 
new treatments are urgently needed and ranked CRKP in the 
highest priority category (https:// www. who. int/ news/ item/ 
27- 02- 2017).

The major mechanism underlying carbapenem resistance 
in CRKP is associated with carbapenemase production. Cur-
rently, KPCs are commonly reported [1, 2]. Additional types 
of carbapenemases have been described in different geo-
graphic areas, as they are found across various K. pneumo-
niae clones [2, 3]. Thus, NDM-1 is predominantly detected 
in South Asian countries, especially in India and China, and 
is sporadically described in other countries, while K. pneu-
moniae strains harboring VIM carbapenemase are, for exam-
ple, endemic in Greece [1, 2]. OXA-48, originating from 
Turkey, is rapidly spreading into other European countries, 
North Africa, and the Middle East [3].

In Tunisia, data on molecular characterization of carbape-
nem-hydrolyzing β-lactamases have been reported since the 
second half of 2000s. Indeed, the first case of carbapenemase 
(MBL VIM-4) was described in K. pneumoniae strains iso-
lated in a Tunisian University Hospital, in 2006 [6]. Since 
then, there have been increasing reports on the emergence 
and spread of carbapenemase-producing bacteria, espe-
cially A. baumannii (such as GES- and OXA-type carbap-
enemases), and Enterobacteriaceae (such as OXA-, NDM-, 
KPC, and VIM-types) [7–13]. OXA-48-like enzymes are 
by far the most frequently reported carbapenemases in K. 
pneumoniae isolated in Tunisian hospitals [14–16].

The present study was undertaken to provide molecular 
and epidemiological data on carbapenem resistance among 
K. pneumoniae strains isolated in the Regional Hospital of 
Ben Arous (Tunisia) during a 13-month period ending in 
March 2019. Therefore, we aimed to identify the carbap-
enemase-encoding genes, to explore the enzymatic basis of 
carbapenem resistance, and to investigate the genetic related-
ness of the isolates.

Materials and Methods 

Bacterial Isolates and Susceptibility Testing

Regional Hospital of Ben Arous is one of the two larg-
est health care centers of Ben Arous governorate. The 
hospital includes a polyvalent intensive care unit, with 10 
beds. The K. pneumoniae isolates included in our study 

were recovered from different clinical specimens, and then 
identified phenotypically in the Clinical Biology Labo-
ratory of the hospital from March 2018 to March 2019. 
Standard microbiological methods (including Gram stain 
preparation and growing bacterial cultures on differential 
media) and routine biochemical tests (API 20E strip test, 
bioMérieux SA, France) were used for the identification 
of bacteria.

Antibiotic susceptibility testing was performed, in the 
Clinical Laboratory and also in the Laboratory of Bio-
chemistry (LR01ES05), by using the antibiotic-disc dif-
fusion method on Mueller–Hinton agar (MH) (Condalab, 
Madrid, Spain), following the guidelines of the Antibio-
gram Committee of the French Society of Microbiology 
and the European Committee on Antimicrobial Suscep-
tibility Testing (CA-SFM/EUCAST) (https:// www. sfm 
microbiologie.org). Eighteen β-lactam and 9 non β-lactam 
antimicrobial agents (Bio-Rad, Hercules, CA, USA) were 
tested. The isolate was considered as multidrug-resistant 
(MDR) when it was non-susceptible (resistant or inter-
mediate) to at least one agent in three or more antibiotic 
categories [17]. Among 133 K. pneumoniae isolates resist-
ant to at least one β-lactam antimicrobial agent, a total 
of 54 non-duplicate isolates non-susceptible to carbapen-
ems (imipenem, ertapenem, meropenem, and doripenem) 
were included in the present study. Samples received were 
accompanied with minimal patient’s information; gender, 
age, sampling data and isolation site. Twenty-eight isolates 
(51.85%) were collected from males. The mean age was 
46.5 years old (range: 4 days–89 years). More than half of 
the 54 CNSKP isolates were from inpatients (32 isolates, 
59.25%) being predominantly (24, 44.44%) isolated from 
intensive care unit, followed by pediatric ward (7, 12.96%) 
and internal medicine department (1, 1.85%). Among the 
54 CNSKP, isolates were mainly recovered from urine (24, 
44.44%), followed by rectal swab (17, 31.48%) and blood 
(6, 11.11%). The other isolates were from catheters (4, 
7.4%), distal protected aspirate (2, 3.7%), and bronchial 
aspiration (1, 1.85%).

The minimum inhibitory concentrations (MICs) of car-
bapenems were determined by E-test method according to 
the manufacturer’s guidelines (bioMérieux SA, France). 
Results were interpreted according the recommendations of 
CA-SFM/EUCAST.

The control isolates used in this study were strains car-
rying NDM-1 (A. baumannii H446), OXA-48 (K. pneumo-
niae 1193), KPC-3 (K. pneumoniae C4420), VIM-1/KPC-3 
(E. coli C7114), GES-14 (A. baumannii 8098), TEM-1 
(K. pneumoniae PEP-108), SHV-11 (K. pneumoniae PEP-
041), CTX-M-15 (Enterobacter cloacae COL20140080), 
CTX-M-1 (E. coli COL20140062), OXA-1 (E. coli CP 40), 
CMY-2 (Citrobacter freundii COL20140084), and E.coli 
ATCC 25922 strain.

https://www.who.int/news/item/27-02-2017
https://www.who.int/news/item/27-02-2017
https://www.sfm
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Modified Carba NP Test

Modified Carba NP (mCarba NP) test was performed as 
described by Kumar et al. [18] Bacterial crude extract (80 µg 
of proteins), prepared as reported previously [19], was added 
to a reaction mixture containing 3 mg/mL imipenem (Sigma 
Aldrich, St. Louis, MO, USA), 0.1 mM  ZnSO4, and 0.5% 
phenol red as pH indicator in the presence or absence of 
β-lactamase inhibitor (4 mg/mL tazobactam sodium salt or 
3 mM EDTA). Positive result interpreted as a color change 
from red to yellow or orange [18].

Combined‑disc Test

Combined-disc test (CDT) was performed as described 
previously with minor modifications [20]. Tested isolate 
was inoculated on MH agar plate. Thereafter, sets of four 
carbapenem discs each containing imipenem, meropenem, 
ertapenem, or doripenem and one disc of temocillin were 
placed onto MH agar. Immediately afterward, 20 µL of a 
β-lactamase inhibitor solution: 60 mg/mL phenylboronic 
acid (PBA) (Sigma-Aldrich, USA), 100 mg/mL dipicolonic 
acid (DPA) (Sigma-Aldrich, USA) or 75 mg/mL cloxa-
cillin were dispensed onto one of the carbapenem discs 
in each set. Then, the plates were incubated at 37 °C for 
18–24 h. The diameter of the inhibition zone (IZ) around 
each carbapenem/β-lactamase inhibitor disc was measured 
and compared to that of the carbapenem alone disc. Results 
were interpreted as described previously [20].

UV‑Spectrophotometric Assay

The enzyme extract (80 µg of proteins) was tested for its 
hydrolytic activity against 50 µM imipenem by UV-spectro-
photometry (Varian Cary 50 Bio UV/VIS spectrophotom-
eter, CA, USA) (Δε297 =− 9000  M−1  cm−1) [19]. The reac-
tion was performed at room temperature in 2 mL of 25 mM 
sodium phosphate buffer (pH 7) supplemented with 50 µM 
 ZnSO4 when testing MBLs or 50 mM  NaHCO3 when testing 
OXA enzymes [21]. Initial rate (IR) of imipenem hydrolysis 
was expressed as absorbance units/min (Au/min).

PCR Amplification and Sequencing 
of Carbapenemase‑Encoding Genes

Genes encoding carbapenemases and other β-lactamases 
were screened by polymerase chain reaction with primers 
(Eurogentec, Belgium) listed in Table S1 (available as Sup-
plementary data at Curr Microbiol Online) using a DNA 
template extracted by boiling and freeze-thawing processes 
[18]. PCR amplification was performed as reported else-
where [22–29] in a thermal cycler (Bio-Rad, CA, USA) and 
Taq Master Mix kit with Standard Buffer according to the 

supplier's instructions (BioLabs, MA, USA). PCR products 
were purified with Gel Extraction Kit and PCR Clean-up 
(NucleoSpin, Macherey–Nagel™ Germany) and sequenced 
on both strands using NovaSeq 6000 Illumina technology 
(Nextera XT DNA Library Preparation Kit, Illumina, CA, 
USA) by the GIGA-Genomics platform Uliege, Belgium. 
The nucleotide sequences were analyzed using software 
available at the National Center of Biotechnology Informa-
tion. (http:// www. ncbi. nlm. nih. gov/ Blast. cgi).

Pulsed Field Gel Electrophoresis Typing

The clonal relatedness among the 54 CNSKP isolates was 
investigated by pulse field gel electrophoresis (PFGE) of 
their XbaI-digested genomic DNA (Promega, Madison, 
USA) as described elsewhere [30]. The PFGE patterns were 
compared using the unweighted pair group method with 
arithmetic averages clustering (UPGMA) method using the 
Dice similarity coefficient and the BioNumerics software 
(version 7.6) (Applied Maths, Belgium). Salmonella enter-
ica subsp. enterica serotype Braenderup strain (ATCC® 
BAA 664™) was used as a control strain.

Results

Phenotypic Antimicrobial Resistance Profiles

Results of antibiotic susceptibility test (Fig. S1) showed 
that among 54 CNSKP isolates, identified phenotypically, 
41 (75.92%) were resistant to ertapenem, followed by dorip-
enem (18 isolates, 33.33%), imipenem (15, 27.77%), and 
meropenem (12, 22.22%), whereas 44.44% (24 isolates), 
12.96% (7), 11.11% (6), and 9.25% (5) of the isolates 
showed reduced susceptibility to doripenem, meropenem, 
imipinem, and ertapenem, respectively (Fig. 1). Twenty-
eight percent of the isolates were non-susceptible to the 
four tested carbapenems. The E-test method revealed that 
75.92% (41 isolates), 33.33% (18 isolates), 25.92% (14 iso-
lates), and 18.51% (10 isolates) of the isolates were resist-
ant to ertapenem, doripenem, imipinem, and meropenem, 
respectively (Table 1). Moreover, 9.25% (5 isolates), 44.44% 
(24 isolates), 12.96% (7 isolates), and 16.66% (9 isolates) 
of the isolates showed reduced susceptibility to ertapenem, 
doripenem, imipenem, and meropenem, respectively. Almost 
one third of the isolates (17, 31.48%) were resistant to two 
carbapenems and 11.11% (6 isolates) were resistant to three 
carbapenems, while non-susceptibility to at least two car-
bapenems was detected in more than half of the isolates 
(38, 70.37%).

Antimicrobial susceptibility testing revealed that all 
CNSKP isolates were non-susceptible to nine or more 
antibiotics. Multidrug-resistance (MDR), defined as 

http://www.ncbi.nlm.nih.gov/Blast.cgi
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non-susceptibility to at least one agent in three or more 
antibiotic categories, was observed in 43 (79.64%) of 54 
the isolates of the isolates.

Carbapenemase Detection using Biochemical 
and Phenotypic Methods

Overall, the majority of the strains were distinctly positive 
or negative by the biochemical mCarba NP test and the 
phenotypic CDT. The mCarba NP test gave positive results 
for fifty isolates (92.59%) (Table 1). Through the addition 
of EDTA and tazobactam, the test allowed the detection of 
class B MBL and class A carbapenemases in 12 (22.22%) 
and two (3.7%) isolates, respectively. However, the lack of 
inhibition by both β-lactamase inhibitors was observed in 
36 isolates (66.66%).

Regarding the combined-disc test (Fig. 2), 52 out of 54 
isolates (96.29%) exhibited positive results (Table 1). The 
test identified 50 MBL producers (92.59%), showing an 
enhancement in inhibition zone by more than 5 mm (range 
5–32 mm) around the combined carbapenem/DPA disc com-
pared to carbapenem alone disc. Twenty-eight (51.85%) iso-
lates were picked up as class A carbapenemase-producers 
since disc containing carbapenem/PBA resulted in increased 
inhibition zone by more than 4 mm (range 4–32 mm) with-
out synergy with cloxacillin. Based on the concomitant 
absence of synergy with any inhibitor and inhibition-zone 
diameter ≤ 10 with the temocillin disc, six (11.11%) iso-
lates were presumptively OXA-48 positive. An enhance-
ment in inhibition zone ≥ 5 mm in presence of cloxacillin 
was observed with eight isolates indicating the production 
of class C extended-spectrum AmpC β-lactamase. The 

combined-disc test failed to detect carbapenemase produc-
tion in 2 out of 54 isolates (KP12 and KP16).

Imipenem hydrolysis was detected in the enzyme extracts 
of 44 isolates (81.48%) using UV-spectrophotometry 
(Table 1). Strong imipenem hydrolysis was recorded for 
three (5.55%) of the 54 isolates, while moderate imipen-
emase activity (IRs ranging from 0.01 to 0.055 Au/min) was 
observed in 34 of the 54 isolates (62.96%).

Carbapenemase Identification using PCR and Gene 
Sequencing

PCR results showed that 96.29% (52/54) of the CNSKP iso-
lates harbored at least one carbapenemase gene (Table 1). 
The Ambler class B blaNDM gene was the most frequently 
detected in our study. It was present in 88.88% of the iso-
lates. Sequence analysis of 35 randomly selected ampli-
cons indicated that the predominantly identified blaNDM 
variant was blaNDM-1 (97.14%). One isolate (KP26) har-
bored the variant blaNDM-9. blaNDM-1 and blaNDM-9 genes 
had sequence similarity of 99% to blaNDM-1 from K. 
pneumoniae KP53 strain (GenBank accession number 
OL348378.1) and 89% to blaNDM-9 from K. pneumoniae 
13–14 strain (GenBank accession number MN175386.1), 
respectively. Ambler class A blaKPC genes were detected in 
22 out of 54 isolates. Sequencing of half of them revealed 
the prevalence of blaKPC-2 (81.81%). Besides, blaKPC-20 
and blaKPC-26 were found in KP28 and KP14, respectively. 
blaKPC-2, blaKPC-20, and blaKPC-26 genes showed sequence 
similarity of 99% to blaKPC-2 in K. pneumoniae SCPM-O-
B-8919 strain (accession number CP094994.1), blaKPC-20 
in E. coli 15-50575E strain (GenBank accession number 
MF772496.1), and blaKPC-26 in K. pneumoniae BT_746 

Fig. 1  Distribution of antibiotic susceptibility among the 54 CNSKP 
as determined by disc diffusion assay and classified according to CA-
SFM/EUCAST guidelines. S susceptible, I intermediate, R resistant, 
ETP ertapenem, DOR doripenem, IMP imipenem, MEM meropenem, 
TIC ticarcillin, TCC  ticarcillin-clavulanate, PIP piperacillin, PTZ 
piperacillin-tazobactam, AMP ampicillin, AMC amoxicilin-clavula-

nate, AMX amoxicillin, FOX cefoxitin, CAZ ceftazidime, CTX cefo-
taxime, FEP cefepim, CRO ceftriaxon, CFM cefixim, ATM aztre-
onam, CIP ciprofloxacin, OFX ofloxacin, NAL nalidixicacid, NOR 
norfloxacin, AKN amikacin, GNM gentamicin, SXT trimethoprim/
sulfamethoxazole, FTN nitrofuran, FOS fosfomycin
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strain (GenBankaccession number NG_051469.1), respec-
tively. PCR experiments showed that the second most 
frequent carbapenemase-encoding gene was the presump-
tive Ambler class D blaOXA-48-like gene (57.4%). All the 54 
isolates were PCR-negative for blaIMP, blaVIM, blaGIM, and 
blaGES genes.

Considering the co-occurrence of bla genes in a single 
isolate, more than half (62.96%) of CNSKP isolates co-har-
bored more than one carbapenemase-encoding gene. Thus, 
the combination of blaNDM, blaKPC, and blaOXA-48-like genes 
showed the highest prevalence (27.77%), followed by the 
association of blaNDM and blaOXA-48-like (25.92%). The com-
bination of blaNDM and blaKPC genes was present in 9.25% 
of the isolates. However, the remaining 18 isolates showed 
the presence of only one gene per isolate.

Among the 54 CNSKP isolates, 85.18% harbored ESBL-
encoding genes blaCTX-M-15 (44/54) and blaCTX-M-1 (31/54). 
Other bla genes were also detected among the CNSKP stud-
ied, mainly blaSHV (94.44%) followed by blaTEM (74.07%). 
Additionally, the Ambler class C blaCMY-2 gene was detected 
in five isolates.

PFGE Molecular Typing

Fifty-one PFGE patterns of CNSPK were obtained, while 
three isolates were non typable (KP14, KP30, and KP48) 
(Fig. 3). Analysis of the 51 PFGE patterns revealed genetic 
diversity with 45 different pulsotypes. Three minor clus-
ters were identified. Four isolates (KP27, KP28, KP29, and 
KP32), which harbored blaOXA-48-like gene, formed the clus-
ter A with a genetic similarity of about 93%. Two (KP29 
and KP32) of them carried also blaKPC and blaNDM. The two 
other minor clusters B and C included two (KP34 and KP35) 
and three (KP40, KP41, and KP42) isolates, respectively, 

with genetic relatedness of about 82%. Isolates of cluster 
C harbored the blaKPC, blaNDM-1, blaOXA-48-like, blaCTX-M-1, 
blaCTX-M-15, blaSHV, and blaTEM genes.

Discussion

We report here the first study on CNSKP in the Regional 
Hospital of Ben Arous. More than half of the isolates were 
from inpatients occurring predominantly in intensive care 
unit. Remarkably, almost one third of the isolates were 
recovered from rectal swab. Although the gastrointestinal 
carriage of K. pneumoniae strains is generally asymptomatic, 
genomic studies confirmed that gut colonization is an estab-
lished risk factor for subsequent extraintestinal infections, 
especially in intensive care patients [31, 32]. Nevertheless, 
the mechanisms allowing K. pneumoniae strain to establish 
within intestinal microbiota and progress to cause disease 
remain poorly elucidated. It is noteworthy that 21.87% of 
the inpatient CNSKP isolates were isolated from pediatric 
wards. Indeed, given the limited treatment options for pedi-
atric patients, CNSKP isolated from neonates, infants, and 
children is a serious threat.

Our investigation revealed a high incidence (40.6%) of 
CNSKP among 133 β-lactam resistant K. pneumoniae iso-
lated during a 13-month period. They displayed high genetic 
diversity through PFGE. According to reports on CRKP in 
two Tunisian hospitals, 13.2% and 15.8% of the isolated K. 
pneumoniae were resistant to carbapenems [15, 16]. Qin X 
et al. [33] described a higher prevalence (54%) of CRKP 
among 68 K. pneumoniae isolated in ICU of a Chinese 
hospital.

Our study revealed that the non-susceptibility rate to 
ertapenem (85.17%) was the highest, followed by doripenem 

Fig. 2  A representative result of 
combined-disc test for carbap-
enemase differentiation in KP31 
isolate and E. coli 25922 strain 
(negative control) using discs 
of ertapenem alone, ertapenem 
with phenylboronic acid (PBA), 
ertapenem with dipicolonic acid 
(DPA), or ertapenem with clox-
acillin, and temocillin (TMO). 
An increase in inhibition zone 
by more than 4 mm around the 
combined ertapenem/PBA disc 
or more than 5 mm around the 
combined ertapenem/DPA disc, 
compared to ertapenem alone, 
indicates the production of 
classes A and B β-lactamases, 
respectively, in KP31 isolate
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(77.77%), imipenem (38.88%), and meropenem (35.18%). 
Our findings are in line with those described in previ-
ous Tunisian investigations. Thus, in a study conducted 
on Enterobacteriaceae isolated from 2014 to 2016 at the 
Military Hospital of Tunis, all 98 CRKP were resistant to 

ertapenem and 58.18% of them were imipenem resistant 
[11]. Also, another Tunisian work reported that 20.83% and 
8.33% of 24 colistin-resistant K. pneumoniae strains were 
resistant to ertapenem and imipenem, respectively [34]. In 
a Libyan study, 94% and 70% of 47 K. pneumoniae were 

Fig. 3  XbaI PFGE patterns of 51 CNSKP isolates. The dendrogram 
was generated by Dice similarity coefficient (optimization 1.0%, band 
matching tolerance 1.0%, tolerance change 1.0%) and an unweighted 
pair group method using arithmetic averages (UPGMA). A, B, and C 

represent PFGE clusters with > 80% similarity. Forty-five isolates dis-
played different pulsotypes. Three strains (KP14, KP30, and KP48) 
were untypable by XbaI
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resistant to ertapenem and meropenem, respectively [35]. 
Moreover, 100%, 93.39%, and 95.28% of 106 carbapene-
mase-producing K. pneumoniae strains, isolated at a Por-
tuguese hospital, were resistant to ertapenem, meropenem, 
and imipenem, respectively [36].

It is worrying that more than three-quarters (79.62%) of 
the 54 CNSKP isolates were MDR bacteria. In agreement 
with our findings, all the 29 ertapenem-resistant K. pneumo-
niae (100%) isolated in a university hospital in Tunisia were 
MDR strains [16]. High MDR prevalence was also described 
among ertapenem-resistant K. pneumoniae isolated in Lib-
yan, Italian, Moroccan, and Egyptian hospitals, respectively 
[35, 37–39]. Moreover, according to another study carried in 
Greece, 65% of 300 CNSKP were MDR [40].

Carbapenemase production was detected by the mCarba 
NP test and CDT in 92.59%, and 96.29% of the 54 CNSKP 
isolates, respectively. Carbepenemsase genes blaNDM, 
blaKPC, and blaOXA-48-like were identified in all CNSKP 
isolates, except two (KP12 and KP16). CDT was positive 
for 100%, 95.45% (21/22), and 19.35% (6/31) of CNSKP 
isolates harboring blaNDM, blaKPC, and blaOXA48-like genes, 
respectively, while the mCarba NP test was positive for 25% 
(12/48) and 9.09% (2/22) of the isolates carrying blaNDM 
and blaKPC genes, respectively. Imipenem hydrolysis was 
detected using UV-spectrophotometry in 81.48% of the 
isolates. Nevertheless, overall there is no clear relationship 
between imipenem hydrolysis and PCR results. Previous 
studies evaluating phenotypic and biochemical carbapen-
emase detection tests versus gold-standard PCR showed 
their high sensitivity and specificity only when one carbap-
enemase type was produced [18, 41, 42].

In the present study, 96.26% of CNSKP isolates har-
bored carbapenemase genes being predominantly blaNDM 
(88.88%), followed by blaOXA-48-like (57.4%), and blaKPC 
(40.74%). To the best of our knowledge, our results 
described for the first time in Tunisia the presence of 
blaNDM-9, blaKPC-20, and blaKPC-26. Our findings are in disa-
greement with previous Tunisian studies stating the preva-
lence of blaOXA-48-like over blaNDM-gene among K. pneumo-
niae isolates. Thus, blaOXA-48-like /blaNDM were detected in 
80.61% (79/98) / 13.6% (13/98), 78.23% (133/170)/ 8.23% 
(14/170), and 68.96% (20/29) / 24.13% (7/29) of CRPK iso-
lated in Tunsian hospitals [11, 16, 43]. However, according 
to the same studies, no blaKPC gene was detected among the 
CRKP isolates. Recently, the first clinical cases of KPC-
2-producing K. pneumoniae were described in Algeria with 
a prevalence of 21.4%, whereas 78.6% of the isolates were 
positive for blaOXA-48 [44]. Among 81clinical CRPK isolated 
in Qatar, blaNDM-1, blaOXA-48, and blaKPC-2 were detected in 
27.2%, 19.8%, and 3.7% of the isolates, respectively [45]. 
According to a Spanish study, blaOXA-48 and blaKPC were 
mainly detected among K. pneumoniae isolates [46]. Only 
blaKPC genes were identified among 18 CRKP isolated in an 

Italian hospital [37]. Moreover, moderate to high prevalence 
of blaKPC was reported in Canada [47], Iran [48], and China 
[49]. Nevertheless, no blaKPC gene was detected according 
to Moroccan and Egyptian studies [38, 39].

Remarkably, the present study pointed out the co-occur-
rence of carbapenemase genes. More than half (62.96%) 
of CNSKP isolates harbored more than one carbapene-
mase-encoding gene. The combination of blaNDM, blaKPC, 
and blaOXA-48-like showed the highest prevalence (27.77%) 
among the 54 CNSKP. No previous study described simi-
lar combination in Tunisia among clinical K. pneumoniae 
strains. Our results also revealed high prevalence (25.92%) 
of the association blaNDM-1 and blaOXA-48-like; while 9.25% 
of the CNSKP strains co-harbored blaNDM-1 and blaKPC 
genes. On the other hand, a clonal spread of colistin-resist-
ant K. pneumoniae co-harboring blaKPC and blaVIM genes 
has been reported in neonates in a Tunisian hospital [50].

Conclusion

In conclusion, our study highlights the high prevalence of 
blaNDM among 54 CNSKP isolates. To our knowledge, our 
results described for the first time in Tunisia the presence 
of blaNDM-9, blaKPC-20, and blaKPC-26. Worryingly, the co-
occurrence of blaNDM, blaKPC, and blaOXA-48-like was detected 
in nearly one-third of the isolates. Further genomic sequenc-
ing and sequence analysis of the region surrounding the 
resistance gene are necessary to perform in order to eluci-
date the regulation of resistance expression and to provide 
more details about the molecular epidemiology of blaNDM, 
blaKPC, and blaOXA-48-like in the CNSKP. Compared to the 
phenotypic CD test, the mCarba NP test had limitations to 
identify the type of carbapenemase in CNSKP isolates show-
ing a complex carbapenem resistance gene profile, whose 
identification would be challenging at the phenotypic level. 
Molecular assays offer rapidity and sensitivity to detect the 
presence of carbapenemase-encoding genes; however, their 
high cost may hamper their application in clinical laborato-
ries. Furthermore, implementation of government policies to 
reduce the overuse and misuse of antimicrobial agents, effec-
tive infection prevention and control practices, and CNSKP 
screening upon hospital admission may help to decrease the 
resistance rates of CNSKP.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00284- 023- 03268-2.

Acknowledgements We thank Pr. Achour W., from the National Center 
of Bone Marrow Transplant (Tunis), for the gift of strains carrying 
NDM-1 (A. baumannii H446), OXA-48 (K. pneumoniae 1193), KPC-3 
(K. pneumoniae C4420), VIM-1/KPC-3 (E. coli C7114), GES-14 (A. 
baumannii 8098), and E.coli ATCC 25922 strain.

https://doi.org/10.1007/s00284-023-03268-2


High Prevalence of blaNDM Among Carbapenem Non‑Susceptible Klebsiella pneumoniae in a…

1 3

Page 11 of 13   152 

Author Contributions EZ performed experiments and drafted the 
manuscript; PSM and MG supervised PCR and sequencing assays; 
AR helped with PFGE technical assistance; NB-S provided bacterial 
samples and clinical data; KB-M contributed to the manuscript revi-
sion; SR supervised the work and edited the manuscript. All authors 
read and approved the final manuscript.

Funding The authors are grateful to The Tunisian Ministry of Higher 
Education and Scientific Research for financial support for the labora-
tory LR01ES05 and fellowship awarded to Emna Zouaoui. The funder 
had no role in study design, data collection and interpretation, or the 
decision to submit the work for publication.

Data Availability All data supporting the findings of this study are 
available within the article.

Code Availability Not applicable.

Declarations 

Conflict of interest The authors declare no competing interests.

Ethical Approval This study was performed in line with the principles 
of the Declaration of Helsinki. Approval was granted by the Ethics 
Committee of the Regional Hospital of Ben Arous. Approval number 
13/2022.

Consent to Participate Applicable.

Consent for Publication Applicable.

References

 1. Logan LK, Weinstein RA (2017) The Epidemiology of carbape-
nem-resistant Enterobacteriaceae: the impact and evolution of a 
global menace. J Infect Dis. https:// doi. org/ 10. 1093/ infdis/ jiw282

 2. Hammoudi Halat D, Ayoub Moubareck C (2020) The current bur-
den of carbapenemases: review of significant properties and dis-
semination among Gram-negative bacteria. Antibiotics 9(4):186. 
https:// doi. org/ 10. 3390/ antib iotic s9040 186

 3. Pitout JDD, Peirano G, Kock MM, Strydom KA, Matsumura Y 
(2019) The global ascendency of OXA-48-type carbapenemases. 
Clin Microbiol Rev 33(1):e00102-e119. https:// doi. org/ 10. 1128/ 
CMR. 00102- 19

 4. Boyd SE, Livermore DM, Hooper DC, Hope WW (2020) Metallo-
β-lactamases: structure, function, epidemiology, treatment 
options, and the development pipeline. Antimicrob Agents Chem-
other 64(10):e00397. https:// doi. org/ 10. 1128/ AAC. 00397- 20

 5. Xu L, Sun X, Ma X (2017) Systematic review and meta-analysis 
of mortality of patients infected with carbapenem-resistant Kleb-
siella pneumoniae. Ann Clin Microbiol Antimicrob 16(1):18. 
https:// doi. org/ 10. 1186/ s12941- 017- 0191-3

 6. Ktari S, Arlet G, Mnif B, Gautier V, Mahjoubi F, Ben Jmeaa M, 
Bouaziz M, Hammami A (2006) Emergence of multidrug-resistant 
Klebsiella pneumoniae isolates producing VIM-4 metallo-beta-
lactamase, CTX-M-15 extended-spectrum beta-lactamase, and 
CMY-4 AmpC beta-lactamase in a Tunisian university hospital. 
Antimicrob Agents Chemother 50(12):4198–4201. https:// doi. org/ 
10. 1128/ AAC. 00663- 06

 7. Poirel L, Mansour W, Bouallegue O, Nordmann P (2008) Car-
bapenem-resistant Acinetobacter baumannii isolates from Tunisia 
producing the OXA-58-like carbapenem-hydrolyzing oxacillinase 

OXA-97. Antimicrob Agents Chemother 52(5):1613–1617. 
https:// doi. org/ 10. 1128/ AAC. 00978- 07

 8. Saïdani M, S. Hammami S, Kammoun A, Slim A, Boutiba-Ben 
Boubaker I, (2012) Emergence of carbapenem-resistant OXA-48 
carbapenemase-producing Enterobacteriaceae in Tunisia. J Med 
Microbiol 61(12):1746–1749. https:// doi. org/ 10. 1099/ jmm.0. 
045229-0

 9. Charfi-Kessis K, Mansour W, Ben Haj Khalifa A, Mastouri M, 
Nordmann P, Aouni M, Poirel L (2014) Multidrug-resistant 
Acinetobacter baumannii strains carrying the blaOxA-23 and the 
blaGES-11 genes in a neonatology center in Tunisia. Microb Pathog 
74:20–24. https:// doi. org/ 10. 1016/j. micpa th. 2014. 07. 003

 10. Hammami S, Dahdeh C, Mamlouk K, Ferjeni S, Maamar E, 
Hamzaoui Z, Saidani M, Ghedira S, Houissa M, Slim A, Boutiba-
Ben Boubaker I (2017) Rectal carriage of extended-spectrum 
beta-lactamase and carbapenemase producing Gram-negative 
bacilli in intensive care units in Tunisia. Microb Drug Resist 
23(6):695–702. https:// doi. org/ 10. 1089/ mdr. 2016. 0205

 11. Ben Helal R, Dziri R, Chedly M, Klibi N, Barguellil F, El Asli 
MS, Ben Moussa M (2018) Occurrence and characterization of 
carbapenemase-producing Enterobacteriaceae in a Tunisian hos-
pital. Microb Drug Resist 24(9):1361–1367. https:// doi. org/ 10. 
1089/ mdr. 2018. 0013

 12. Cheikh HB, Domingues S, Silveira E, Kadri Y, Rosário N, Mas-
touri M, Da Silva GJ (2018) Biotech 8(7):297. https:// doi. org/ 10. 
1007/ s13205- 018- 1310-3

 13. Hamzaoui Z, Ocampo-Sosa A, Maamar E, Fernandez Martinez M, 
Ferjani S, Hammami S, Harbaoui S, Genel N, Arlet G, Saidani M, 
Slim A, Boutiba-Ben Boubaker I, Martinez-Martinez L (2018) An 
outbreak of NDM-1-producing Klebsiella pneumoniae, associated 
with OmpK35 and OmpK36 porin loss in Tunisia. Microb Drug 
Resist 24(8):1137–1147. https:// doi. org/ 10. 1089/ mdr. 2017. 0165

 14. Messaoudi A, Haenni O, Bouallègue M, Saras E, Chatre P, 
Chaouch C, Boujâafar N, Mansour W, Madec JY (2020) Dynam-
ics and molecular features of OXA-48-like-producing Klebsiella 
pneumoniae lineages in a Tunisian hospital. J Glob Antimicrob 
Resist 20:87–93. https:// doi. org/ 10. 1016/j. jgar. 2019. 07. 005

 15. Messaoudi A, Mansour W, Jaidane N, Chaouch C, Boujaâfar N, 
Bouallègue O (2019) Tunisia. Afr Health Sci 19(2):2008–2020

 16. Mansour W, Haenni M, Saras E, Grami R, Mani Y, Ben Haj 
Khalifa A, El Atrouss S, Kheder M, Fekih Hassen M, Boujâafar 
N, Bouallegue O, Madec JY (2017) Outbreak of colistin-resistant 
carbapenemase-producing Klebsiella pneumoniae in Tunisia. J 
Glob Antimicrob Resist 10:88–94. https:// doi. org/ 10. 1016/j. jgar. 
2017. 03. 017

 17. Magiorakos AP, Srinivasan A, Carey RB, Carmeli Y, Falagas ME, 
Giske CG, Harbarth S, Hindler JF, Kahlmeter G, Olsson-Liljequist 
B, Paterson DL, Rice LB, Stelling J, Struelens MJ, Vatopoulos A, 
Weber JT, Monnet DL (2012) Multidrug-resistant, extensively 
drug-resistant and pandrug-resistant bacteria: an international 
expert proposal for interim standard definitions for acquired resist-
ance. Clin Microbiol Infect 18(3):268–281.

 18. Kumar N, Singh VA, Beniwal V, Pottathil S (2018) Modi-
fied Carba NP Test: Simple and rapid method to differentiate 
KPC- and MBL-producing Klebsiella species. J Clin Lab Anal 
32(7):e22448. https:// doi. org/ 10. 1002/ jcla. 22448

 19. Réjiba S, Kechrid A (2017) Patterns of resistance to beta-lac-
tams and characterization of beta-lactamases in Escherichia coli 
isolates from children in Tunisia. J Chemother 19(4):382–387. 
https:// doi. org/ 10. 1179/ joc. 2007. 19.4. 382

 20. Van Dijk K, Voets GM, Scharringa J, Voskuil S, Fluit AC, Rottier 
WC, Leverstein-Van Hall MA, Cohen Stuart JW (2014) A disc 
diffusion assay for detection of class A, B and OXA-48 carbap-
enemases in Enterobacteriaceae using phenyl boronic acid, dipi-
colinic acid and temocillin. Clin Microbiol Infect 20(4):345–349. 
https:// doi. org/ 10. 1111/ 1469- 0691. 12322

https://doi.org/10.1093/infdis/jiw282
https://doi.org/10.3390/antibiotics9040186
https://doi.org/10.1128/CMR.00102-19
https://doi.org/10.1128/CMR.00102-19
https://doi.org/10.1128/AAC.00397-20
https://doi.org/10.1186/s12941-017-0191-3
https://doi.org/10.1128/AAC.00663-06
https://doi.org/10.1128/AAC.00663-06
https://doi.org/10.1128/AAC.00978-07
https://doi.org/10.1099/jmm.0.045229-0
https://doi.org/10.1099/jmm.0.045229-0
https://doi.org/10.1016/j.micpath.2014.07.003
https://doi.org/10.1089/mdr.2016.0205
https://doi.org/10.1089/mdr.2018.0013
https://doi.org/10.1089/mdr.2018.0013
https://doi.org/10.1007/s13205-018-1310-3
https://doi.org/10.1007/s13205-018-1310-3
https://doi.org/10.1089/mdr.2017.0165
https://doi.org/10.1016/j.jgar.2019.07.005
https://doi.org/10.1016/j.jgar.2017.03.017
https://doi.org/10.1016/j.jgar.2017.03.017
https://doi.org/10.1002/jcla.22448
https://doi.org/10.1179/joc.2007.19.4.382
https://doi.org/10.1111/1469-0691.12322


 E. Zouaoui et al.

1 3

  152  Page 12 of 13

 21. Queenan AM, Shang W, Flamm R, Bush K (2009) Hydroly-
sis and inhibition profiles of beta-lactamases from molecular 
classes A to D with doripenem, imipenem, and meropenem. 
Antimicrob Agents Chemother 54(1):565–569. https:// doi. org/ 
10. 1128/ aac. 01004- 09

 22. Tada T, Miyoshi-Akiyama T, Dahal RK, Sah MK, Ohara H, 
Shimada K, Kirikae T, Pokhrel BM (2014) NDM-1 Metallo-β-
Lactamase and ArmA 16S rRNA methylase producing Provi-
dencia rettgeri clinical isolates in Nepal. BMC Infect Dis 14:56. 
https:// doi. org/ 10. 1186/ 1471- 2334- 14- 56

 23. Poirel L, Walsh TR, Cuvillier V, Nordmann P (2011) Multiplex 
PCR for detection of acquired carbapenemase genes. Diagn 
Microbiol Infect Dis 70(1):119–123. https:// doi. org/ 10. 1016/j. 
diagm icrob io. 2010. 12. 002

 24. Hong SS, Kim K, Huh JY, Jung B, Kang MS, Hong SG (2012) 
Multiplex PCR for rapid detection of genes encoding class A 
carbapenemases. Ann Lab Med 32(5):359–361. https:// doi. org/ 
10. 3343/ alm. 2012. 32.5. 359

 25. Tansawai U, Walsh TR, Niumsup PR (2019) Extended spec-
trum ß-lactamase-producing Escherichia coli among backyard 
poultry farms, farmers, and environments in Thailand. Poult Sci 
98(6):2622–2631. https:// doi. org/ 10. 3382/ ps/ pez009

 26. Tabar MM, Mirkalantari S, Amoli RI (2016) Detection of 
CTX-M gene in ESBL-producing Escherichia coli strains iso-
lated from urinary tract infection in Semnan, Iran. Electron 
Physician 8(7):2686–2690

 27. Colom K, Pérez J, Alonso R, Fernández-Aranguiz A, Lariño E, 
Cisterna R (2003) Simple and reliable multiplex PCR assay for 
detection of blaTEM, blaSHV and blaOXA-1 genes in Enterobacte-
riaceae. FEMS Microbiol Lett 223(2):147–151. https:// doi. org/ 
10. 1016/ s0378- 1097(03) 00306-9

 28. Neyestanaki DK, Mirsalehian A, Rezagholizadeh F, Jabala-
meli F, Taherikalani M, Emaneini M (2014) Determination of 
extended spectrum beta-lactamases, metallo-beta-lactamases 
and AmpC-beta-lactamases among carbapenem resistant 
Pseudomonas aeruginosa isolated from burn patients. Burns 
40(8):1556–1561. https:// doi. org/ 10. 1016/j. burns. 2014. 02. 010

 29. Cejas D, Vignoli R, Quinteros M, Marino R, Callejo R, Betan-
cor L, Gutkind GO, Radice MA (2014) First detection of 
CMY-2 plasmid mediated β-lactamase in Salmonella heidelberg 
in South America. Rev Argent Microbiol 46(1):30–33. https:// 
doi. org/ 10. 1016/ s0325- 7541(14) 70044-6

 30. Gautom RK (1997) Rapid pulsed-field gel electrophoresis proto-
col for typing of Escherichia coli O157:H7 and other gram-neg-
ative organisms in 1 day. J Clin Microbiol 35(11):2977–2980. 
https:// doi. org/ 10. 1128/ jcm. 35. 11. 2977- 2980. 1997

 31. Gorrie CL, Mirceta M, Wick RR, Edwards DJ, Thomson NR, 
Strugnell RA, Pratt NF, Garlick JS, Watson KM, Pilcher DV, 
McGloughlin SA, Spelman DW, Jenney AWJ, Holt KE (2017) 
Gastrointestinal carriage is a major reservoir of Klebsiella 
pneumoniae infection in intensive care patients. Clin Infect Dis 
65(2):208–215

 32. Sun QL, Gu D, Wang Q, Hu Y, Shu L, Hu J, Zhang R, Chen GX 
(2019) Front Microbiol 10:230

 33. Qin X, Wu S, Hao M, Zhu J, Ding B, Yang Y, Xu X, Wang M, 
Yang F, Hu F (2020) The colonization of carbapenem-resistant 
Klebsiella pneumoniae: epidemiology, resistance mechanisms, 
and risk factors in patients admitted to intensive care units in 
China. J Infect Dis 221(Suppl 2):S206–S214. https:// doi. org/ 10. 
1093/ infdis/ jiz622

 34. Tanfous FB, Raddaoui A, Chebbi Y, Achour W (2018) Epidemi-
ology and molecular characterisation of colistin-resistant Kleb-
siella pneumoniae isolates from immunocompromised patients 
in Tunisia. Int J Antimicrob Agents 52(6):861–865. https:// doi. 
org/ 10. 1016/j. ijant imicag. 2018. 08. 022

 35. Elramalli A, Almshawt N, Ahmed MO (2017) Current problem-
atic and emergence of carbapenemase-producing bacteria: a brief 
report from a Libyan hospital. Pan Afr Med J 26:180. https:// doi. 
org/ 10. 11604/ pamj. 2017. 26. 180. 9637

 36. Lopes E, Saavedra MJ, Costa E, de Lencastre H, Poirel L, Aires-
de-Sousa M (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

 37. Magi G, Tontarelli F, Caucci S, Sante LD, Brenciani A, Morroni 
G, Giovanetti E, Menzo S, Mingoia M (2021) High prevalence 
of carbapenem-resistant Klebsiella pneumoniae ST307 recov-
ered from fecal samples in an Italian hospital. Future Microbiol 
16:703–711. https:// doi. org/ 10. 2217/ fmb- 2020- 0246

 38. Barguigua A, Zerouali K, Katfy K, El Otmani F, Timinouni M, 
Elmdaghri N (2015) Occurrence of OXA-48 and NDM-1 car-
bapenemase-producing Klebsiella pneumoniae in a Moroccan 
university hospital in Casablanca, Morocco. Infect Genet Evol 
31:142–148. https:// doi. org/ 10. 1016/j. meegid. 2015. 01. 010

 39. El-Badawy MF, El-Far SW, Althobaiti SS, Abou-Elazm FI, 
Shohayeb MM (2020) The first Egyptian report showing the co-
existence of blaNDM-25, blaOXA-23, blaOXA-181, and blaGES-1 among 
carbapenem-resistant Klebsiella pneumoniae clinical isolates gen-
otyped by BOX-PCR. Infect Drug Resist 13:1237–1250. https:// 
doi. org/ 10. 2147/ idr. s2440 64

 40. Galani I, Nafplioti K, Adamou P, Karaiskos I, Giamarellou H, 
Souli M, Study Collaborators (2019) Nationwide epidemiology 
of carbapenem resistant Klebsiella pneumoniae isolates from 
Greek hospitals, with regards to plazomicin and aminoglycoside 
resistance. BMC Infect Dis 19(1):167. https:// doi. org/ 10. 1186/ 
s12879- 019- 3801-1

 41. Osterblad M, Hakanen AJ, Jalava J (2014) Evaluation of the Carba 
NP test for carbapenemase detection. Antimicrob Agents Chem-
other 58(12):7553–7556. https:// doi. org/ 10. 1128/ aac. 02761- 13

 42. Hojabri Z, Arab M, Darabi N, Kia NS, Lopes BS, Pajand O (2019) 
Evaluation of the commercial combined disk test and minimum 
inhibitory concentration (MIC) determination for detection of car-
bapenemase producers among Gram-negative bacilli isolated in a 
region with high prevalence of blaOXA-48 and blaNDM. Int Micro-
biol 22(1):81–89. https:// doi. org/ 10. 1007/ s10123- 018- 0030-1

 43. Kollenda H, Frickmann H, Ben Helal R, Wiemer DF, Naija H, 
El Asli MS, Egold M, Bugert JJ, Handrick S, Wölfel R, Barguel-
lil F, Ben Moussa M (2019) Screening for carbapenemases in 
ertapenem-resistant Enterobacteriaceae collected at a Tunisian 
hospital between 2014 and 2018. Eur J Microbiol Immunol (Bp) 
9(1):9–13. https:// doi. org/ 10. 1556/ 1886. 2018. 00033

 44. Brahmia S, Lalaoui R, Nedjai S, Djahmi N, Chettibi S, Rolain 
JM, Bakour S (2021) First clinical cases of KPC-2-Producing 
Klebsiella pneumoniae ST258 in Algeria and outbreak of Kleb-
siella pneumoniae ST101 harboring blaOXA-48 gene in the urology 
department of Annaba Hospital. Microb Drug Resist 27(5):652–
659. https:// doi. org/ 10. 1089/ mdr. 2020. 0080

 45. Abid FB, Tsui CKM, Doi Y, Deshmukh A, McElheny CL, Bach-
man WC, Fowler EL, Albishawi A, Mushtaq K, Ibrahim EB, 
Doiphode SH, Hamed MM, Almaslmani MA, Alkhal A, Butt 
AA, Omrani AS (2021) Molecular characterization of clinical 
carbapenem-resistant Enterobacterales from Qatar. Eur J Clin 
Microbiol Infect Dis 40(8):1779–1785. https:// doi. org/ 10. 1007/ 
s10096- 021- 04185-7

 46. López-González L, Viñuela-Prieto JM, Rodriguez-Avial I, Man-
zano R, Candel FJ (2019) Description of carbapenemase-produc-
ing Enterobacteriaceae isolates in a Spanish tertiary hospital. 
Epidemiological analysis and clinical impact. Rev Esp Quimioter 
32(3):254–262.

 47. Lefebvre B, Lévesque S, Bourgault AM, Mulvey MR, Mataseje 
L, Boyd D, Doualla-Bell F, Tremblay C (2015) Carbapenem 

https://doi.org/10.1128/aac.01004-09
https://doi.org/10.1128/aac.01004-09
https://doi.org/10.1186/1471-2334-14-56
https://doi.org/10.1016/j.diagmicrobio.2010.12.002
https://doi.org/10.1016/j.diagmicrobio.2010.12.002
https://doi.org/10.3343/alm.2012.32.5.359
https://doi.org/10.3343/alm.2012.32.5.359
https://doi.org/10.3382/ps/pez009
https://doi.org/10.1016/s0378-1097(03)00306-9
https://doi.org/10.1016/s0378-1097(03)00306-9
https://doi.org/10.1016/j.burns.2014.02.010
https://doi.org/10.1016/s0325-7541(14)70044-6
https://doi.org/10.1016/s0325-7541(14)70044-6
https://doi.org/10.1128/jcm.35.11.2977-2980.1997
https://doi.org/10.1093/infdis/jiz622
https://doi.org/10.1093/infdis/jiz622
https://doi.org/10.1016/j.ijantimicag.2018.08.022
https://doi.org/10.1016/j.ijantimicag.2018.08.022
https://doi.org/10.11604/pamj.2017.26.180.9637
https://doi.org/10.11604/pamj.2017.26.180.9637
https://doi.org/10.1016/j.jgar.2020.04.007
https://doi.org/10.2217/fmb-2020-0246
https://doi.org/10.1016/j.meegid.2015.01.010
https://doi.org/10.2147/idr.s244064
https://doi.org/10.2147/idr.s244064
https://doi.org/10.1186/s12879-019-3801-1
https://doi.org/10.1186/s12879-019-3801-1
https://doi.org/10.1128/aac.02761-13
https://doi.org/10.1007/s10123-018-0030-1
https://doi.org/10.1556/1886.2018.00033
https://doi.org/10.1089/mdr.2020.0080
https://doi.org/10.1007/s10096-021-04185-7
https://doi.org/10.1007/s10096-021-04185-7


High Prevalence of blaNDM Among Carbapenem Non‑Susceptible Klebsiella pneumoniae in a…

1 3

Page 13 of 13   152 

non-susceptible Enterobacteriaceae in Quebec, Canada: results 
of a laboratory surveillance program (2010–2012). PLoS One 
10(4):e0125076. https:// doi. org/ 10. 1371/ journ al.

 48. Farhadi M, Ahanjan M, Goli HR, Haghshenas MR, Gholami 
M (2021) High frequency of multidrug-resistant (MDR) Kleb-
siella pneumoniae harboring several β-lactamase and integron 
genes collected from several hospitals in the north of Iran. Ann 
Clin Microbiol Antimicrob 20(1):70. https:// doi. org/ 10. 1186/ 
s12941- 021- 00476-1

 49. Yan WJ, Jing N, Wang SM, Xu JH, Yuan YH, Zhang Q, Li AL, 
Chen LH, Zhang JF, Ma B, Ma Q, Li Y (2021) Molecular charac-
terization of carbapenem-resistant Enterobacteriaceae and emer-
gence of tigecycline non-susceptible strains in the Henan province 
in China: a multicentrer study. J Med Microbiol 70(3):001325. 
https:// doi. org/ 10. 1099/ jmm.0. 001325

 50. Battikh H, Harchay C, Dekhili A, Khazar K, Kechrid F, Zribi M, 
Masmoudi A, Fendri C (2017) Clonal spread of Colistin-Resistant 
Klebsiella pneumoniae coproducing KPC and VIM carbapene-
mases in neonates at a Tunisian University Hospital. Microb Drug 
Resist 23(4):468–472. https:// doi. org/ 10. 1089/ mdr. 2016. 0175

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.1371/journal
https://doi.org/10.1186/s12941-021-00476-1
https://doi.org/10.1186/s12941-021-00476-1
https://doi.org/10.1099/jmm.0.001325
https://doi.org/10.1089/mdr.2016.0175

	High Prevalence of blaNDM Among Carbapenem Non-Susceptible Klebsiella pneumoniae in a Tunisian Hospital First Report of blaNDM-9, blaKPC-20, and blaKPC-26 Genes
	Abstract
	Introduction
	Materials and Methods 
	Bacterial Isolates and Susceptibility Testing
	Modified Carba NP Test
	Combined-disc Test
	UV-Spectrophotometric Assay
	PCR Amplification and Sequencing of Carbapenemase-Encoding Genes
	Pulsed Field Gel Electrophoresis Typing

	Results
	Phenotypic Antimicrobial Resistance Profiles
	Carbapenemase Detection using Biochemical and Phenotypic Methods
	Carbapenemase Identification using PCR and Gene Sequencing
	PFGE Molecular Typing

	Discussion
	Conclusion
	Anchor 18
	Acknowledgements 
	References


