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A B S T R A C T

Objectives: The aim of this study was to elucidate the molecular features of genes, plasmids and clones of
OXA-48-like producingKlebsiella pneumoniae isolates recovered in Sahloul Hospital (Sousse, Tunisia) in
the period 2012–2014.
Methods: In vitro antimicrobial susceptibility testing, S1 nuclease pulsed-field gel electrophoresis (S1-
PFGE), Southern blotting and PCR-based replicon typing (PBRT) were performed. Extended-spectrum β-
lactamase (ESBL) and carbapenemases genes were detected by PCR and sequencing. The clonality of
isolates was assessed by PFGE and multilocus sequence typing (MLST).
Results: Klebsiella pneumoniae accounted for 26.8% (1095/4083) of clinical Enterobacterales isolates
identified during 2012–2014, of which 21.9% (240/1095) were resistant to carbapenems, mostly
harbouring blaOXA-48-like genes (196/240; 81.7%). Plasmid analysis showed that blaOXA-204 and blaOXA-48
were mostly carried by IncA/C and IncL plasmids, respectively. The current data highlight the dominance
of two ST101 and ST147 lineages spreading OXA-48 and OXA-204, respectively, through successive clonal
spreads at this hospital. In addition, a large diversity of other K. pneumoniae lineages was also identified,
such as ST15, ST36 and ST525 spreading OXA-48 as well as ST340, ST2032, ST301, ST199 and ST1561
spreading OXA-48 or OXA-204, constituting a reservoir of possible dominant clones in the future.
Conclusion: This study reports the full molecular characterisation of carbapenem resistance in K.
pneumoniae and the predominance of a few clones responsible for the dissemination of OXA-48 and OXA-
204 enzymes in a Tunisian hospital.

© 2019 International Society for Antimicrobial Chemotherapy. Published by Elsevier Ltd. All rights
reserved.
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1. Introduction

The Enterobacterales is a large family of opportunistic
pathogens extensively involved in nosocomial infections. Due to
the emergence and spread of multidrug-resistant (MDR) Enter-
obacterales in clinics, carbapenems have become one of the last-
resort treatments for severe bacterial infections caused by these
isolates in many healthcare settings. However, carbapenem-
* Corresponding author at: Research Unit: Emergent Bacterial Resistance and
Safety of Care (UR12SP37), Laboratory of Microbiology, University Hospital Sahloul,
Sousse, Tunisia.
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resistant Enterobacterales (particularly Klebsiella pneumoniae,
Escherichia coli and Enterobacter spp.) have been emerging for
several years as a major public-health concern worldwide [1].
Resistance to carbapenems in Enterobacterales is related to two
mechanisms, the first involving overexpression of cephalospor-
inases and/or extended-spectrum β-lactamase (ESBL)-type
enzymes together with decreased permeability of the bacterial
membrane owing to porin loss or alteration [2], and the second
being related to the acquisition of one or more carbapenemase
genes encoding enzymes capable of degrading these molecules.

According to the Ambler classification, the most common
carbapenemases are KPC (class A), VIM, IMP and NDM (class B) and
the OXA-48-type oxacillinases (class D) [3]. Among the different
types of carbapenemases identified in Enterobacterales, OXA-48 is
 Elsevier Ltd. All rights reserved.
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the most predominant in Mediterranean countries, especially
France, Spain, Greece, Turkey, Tunisia and Morocco, as well as
different countries in the Middle East such as Lebanon, the
Sultanate of Oman and Kuwait [4–9]. In Europe, hospital outbreaks
due to OXA-48-producing Enterobacterales have been linked to
transfer of patients from countries where OXA-48 distribution is
considered endemic, such as Turkey and Morocco [10,11]. Since its
discovery in 2001 from a carbapenem-resistant K. pneumoniae
isolate in Istanbul, Turkey, 11 OXA-48-like variants with carbape-
nemase activity and differing by a few amino acid substitutions or
deletions have been reported from different countries [12–17]. The
blaOXA-48-like genes are mostly plasmid-borne and associated with
insertion sequence (IS) elements of the IS1999 type providing
promoter sequences responsible for their expression [18,19].

In Tunisia, as in other North African countries, carbapenemase-
producing Enterobacterales have been increasing remarkably in
recent years. In Tunisia, the first OXA-48-producer was reported in
2010 [20]. Since then, other studies have described the emergence
not only of OXA-48 but also of its OXA-204 derivative [19,21–25]. In
particular, two major K. pneumoniae lineages, namely of sequence
type 101 (ST101) and ST147, have been shown to disseminate OXA-
48 and OXA-204 enzymes, respectively. However, there are still
limited data on the comparative dynamics of these two K.
pneumoniae lineages with regard to the global epidemiology of
OXA-48-like in clinics in Tunisia. This study provides a molecular
characterisation of genes, plasmids and clones of OXA-48-like
producing K. pneumoniae isolates recovered in Sahloul Hospital
(Sousse, Tunisia) in the period 2012–2014.

2. Materials and methods

2.1. Bacterial isolates

From January 2012 to December 2014, a total of 240
carbapenem-resistant K. pneumoniae isolates were recovered from
clinical specimens in the microbiology laboratory from patients
admitted in different wards in Sahloul Hospital, a 629-bed
university hospital with a surgical vocation. Isolates were selected
on the basis of reduced susceptibility to at least one carbapenem
(ertapenem and/or imipenem) as assessed by the disk diffusion
method. Clinical isolates were identified using API20E test strips
(bioMérieux, Marcy-l’Étoile, France).

2.2. Antimicrobial susceptibility testing

Antimicrobial susceptibility testing was performed by the disk
diffusion method on Mueller–Hinton agar plates with β-lactam
and non-β-lactam antibiotic-containing disks (Bio-Rad, Marnes-la-
Coquette, France) according to the guidelines of the European
Committee on Antimicrobial Susceptibility testing (EUCAST 2015;
http://www.eucast.org). Susceptibility to colistin was tested by the
microdilution method as recommended by EUCAST. Escherichia coli
ATCC 25922 was used as a quality control strain.

2.3. Extended-spectrum β-lactamase and carbapenemase production

ESBL production was determined and confirmed by the double-
disk synergy test. Phenotypic screening of carbapenemases was
done using a Rosco KPC, MBL and OXA-48 Confirm Kit (Rosco
Diagnostica A/S, Taastrup, Denmark) using meropenem disks alone
and in combination with different inhibitors, i.e. dipicolinic acid
against metallo-β-lactamases (MBLs), aminophenylboronic acid
for Ambler class A β-lactamases and cloxacillin against AmpC β-
lactamases, as recommended by the manufacturer. MBL produc-
tion was tested by the Carba NP test and the ethylene diamine
tetra-acetic acid (EDTA) double-disk synergy test [26]. Temocillin
was used for presumptive detection of Ambler class D oxacillinase-
producers, which have high-level resistance to this molecule [27].

2.4. PCR and sequencing of β-lactamase-encoding genes

Whole-cell DNA was extracted using a NucleoSpin1 Tissue Kit
(Macherey-Nagel, Hoerdt, France) following the manufacturer’s
instructions. The presence of genes encoding resistance to
carbapenems (blaKPC, blaNDM, blaVIM and blaOXA-48-like) and
broad-spectrum cephalosporins (blaTEM, blaSHV, blaCTX-M and
blaCMY) was investigated by PCR [28–30]. The blaCTX-M-1 group
gene was identified with an additional PCR using external primers
ISEcp1 and P2D to detect the presence of ISEcp1 in association with
the blaCTX-M gene. All positive amplicons were sequenced by
GENEWIZ (London, UK).

2.5. Genetic environment of carbapenemase genes

The genetic environment of carbapenemase genes was assessed
by PCR to characterise the Tn1999 element in association with
blaOXA-48 [8,18]. The presence of ISEcp1 upstream of the blaOXA-204
gene was screened to assess the presence of transposon Tn2016 [8].

2.6. Clonality of the isolates

Pulsed-field gel electrophoresis (PFGE) was performed on XbaI-
digested genomic DNA. DNA fingerprints were analysed using the
Dice correlation coefficient with tolerance and optimisation set at
0.5% and 1%, respectively (BioNumerics, Ghent, Belgium). Multi-
locus sequence typing (MLST) was performed using the MLST
scheme described by Diancourt et al. [31]. Allele sequences and STs
were obtained from the MLST database at the Institut Pasteur
(http://bigsdb.pasteur.fr/klebsiella/klebsiella.html).

2.7. Molecular characterisation of plasmids

Plasmids were typed using a commercial PCR-based replicon
typing (PBRT) kit (Diatheva, Fano, Italy) designed according to the
scheme developed by Carattoli et al. [32,33]. Plasmid size was
determined using S1 nuclease pulsed-field gel electrophoresis (S1-
PFGE) [34]. S1-PFGE gels were further submitted to Southern blot
hybridisation with appropriate probes specific for the blaOXA-48-like
gene and for the replicon type of the plasmid carrying the
carbapenemases gene. Detection was performed using a DIG DNA
Labeling and Detection Kit (Roche Diagnostics, Indianapolis, IN,
USA) according to the manufacturer’s instructions.

3. Results

3.1. Epidemiology of carbapenem-resistant Klebsiella pneumoniae
isolates

Between January 2012 and December 2014, 4083 clinical
Enterobacterales isolates were recovered in the microbiology
laboratory of Sahloul Hospital, among which K. pneumoniae
accounted for 26.8% (1095/4083). The number of K. pneumoniae
isolates recovered per year was roughly equally distributed, with
341, 401 and 353 recovered in 2012, 2013 and 2014, respectively
(Table 1).

Among the K. pneumoniae isolates, 21.9% (240/1095) were
resistant to carbapenems (Table 1). Patients had been hospitalised
in seven different wards, most commonly in urology (37.5%) and
intensive care units (ICUs) (30.8%) (Table 1). Isolates were
recovered from various specimens, mainly from urine (138/240;
57.5%) and blood (37/240; 15.4%). All isolates were MDR according
to the definition of Magiorakos et al. [35] as they all presented a

http://www.eucast.org
http://bigsdb.pasteur.fr/klebsiella/klebsiella.html


Fig. 1. Clonal relationship of carbapenemase-producing Klebsiella pneumoniae isolates from hospitalised patients.

Table 1
Prevalence and ward distribution of carbapenem-resistant Klebsiella pneumoniae in Sahloul Hospital, Sousse, Tunisia, during the period January 2012 to December 2014.

Year No. of isolates No. (%) of carbapenem-resistant isolates No. (%) of carbapenem-resistant isolates per ward

Urology Nephrology ICUs Other wardsa

2012 341 83 (24.3) 42 0 35 6
2013 401 64 (16.0) 26 12 18 8
2014 353 93 (26.3) 22 30 21 20
Total 1095 240 (21.9) 90 (37.5) 42 (17.5) 74 (30.8) 34 (14.2)

ICU, intensive care unit.
a Pediatric unit, burns ward and surgery.
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resistant phenotype to at least three antibiotic families. All isolates
were susceptible to colistin.

3.2. Phenotyping and genotyping of carbapenem-resistant Klebsiella
pneumoniae

Among the 240 carbapenem-resistant K. pneumoniae isolates,
25 (10.4%) harboured a non-enzymatic resistance mechanism to
carbapenems as they were not affected by any carbapenemase
inhibitors tested but were susceptible to temocillin. Another 19 K.
pneumoniae isolates (7.9%) were NDM-1-producers, as recently
described [36]. The remaining carbapenem-resistant K. pneumo-
niae isolates (196/240; 81.7%) were resistant to temocillin but
remained susceptible in the boronic acid, dipicolinic acid and EDTA
assays, thereby excluding the expression of KPC-type or MBL
enzymes.

PCR screening of these 196 K. pneumoniae isolates revealed the
presence of blaOXA-48-like in all of them. Most isolates also co-
harboured blaCTX-M-type genes (183/196; 93.4%), whereas 13
isolates (6.6%) harboured blaCMY-like genes.

3.3. PFGE analysis

Among the 196 blaOXA-48-positive K. pneumoniae isolates, a
subset of 98 isolates was further subjected to PFGE analysis.
Isolates were chosen in order to provide a representative picture of
the different wards affected by OXA-48-like-producing K. pneumo-
niae according to the respective proportions of these isolates per
ward. Indeed, a significant proportion of isolates was recovered
from urology and ICUs (Table 1). In addition, particular attention
was paid to exclude duplicate isolates so that only one K.
pneumoniae isolate per patient and per year was included in this
subset.

PFGE analysis highlighted different clusters of isolates as shown
in Fig. 1. Two clusters of isolates sharing >85% similarity appeared
dominantly represented, one comprising 18 OXA-204 isolates
Table 2
Characteristics of 27 representative OXA-48-like-producing Klebsiella pneumoniae isola

Isolate Ward Date of isolation Specimen blaOXA-48-like gene

715 Urology 06/01/2012 Urine blaOXA-48
1214 Urology 11/01/2012 Urine blaOXA-204
18139 Paediatrics 16/06/2012 Urine blaOXA-48
1724 Urology 23/01/2012 Urine blaOXA-204
11797 Urology 19/04/2012 Blood blaOXA-204
14099 Urology 10/05/2012 Peritoneal fluid blaOXA-204
15541 Urology 23/05/2012 Urine blaOXA-204
16043 Burns ward 28/05/2012 Pus blaOXA-204
16730 Urology 02/06/2012 Urine blaOXA-48
8611 Urology 19/03/2013 Urine blaOXA-204
122305 Urology 30/07/2012 Urine blaOXA-204
23138 Urology 14/08/2012 Peritoneal fluid blaOXA-204
16132 Nephrology 24/05/2013 Urine blaOXA-204
34609 Urology 04/11/2013 Blood blaOXA-48
35794 Urology 14/11/2013 Urine blaOXA-204
40183 Urology 23/12/2013 Urine blaOXA-48
548 Nephrology 07/01/2014 Urine blaOXA-204
3292 Nephrology 04/02/2014 Urine blaOXA-48
22000 Nephrology 17/07/2014 Urine blaOXA-204
22906 Nephrology 21/07/2014 Urine blaOXA-204
22915 Urology 30/07/2014 Blood blaOXA-48
23542 Urology 04/08/2014 Urine blaOXA-48
35393 Urology 29/11/2014 Urine blaOXA-204
39146 Nephrology 30/12/2014 Urine blaOXA-204
3228 Nephrology 03/02/2014 Blood blaOXA-48
7358 Surgery 08/03/2014 Blood blaOXA-48
8537 ICU 21/03/2014 Bronchial aspiration blaOXA-204

MLST, multilocus sequence typing; ICU, intensive care unit.
mostly collected in 2012, and the second comprising 27 OXA-48
isolates mostly collected in 2013–2014. Numerous minor clones
and singletons were also identified.

3.4. blaOXA-48 like gene sequencing, plasmid determination and
sequence type analysis

From the PFGE results, a subset of 27 K. pneumoniae isolates
representative of the major clones was selected for further
molecular investigations, including blaOXA-48 like gene sequencing,
plasmid determination and MLST analysis. Among these 27 K.
pneumoniae isolates,10 and 17 isolates harboured the blaOXA-48 and
blaOXA-204 genes, respectively (Table 2). Among the 17 blaOXA-204-
positive isolates, 4 also harboured the blaCMY-4 gene. In addition, all
but 3 isolates harboured the blaCTX-M-15 gene (Table 2). In all 10
blaOXA-48-positive isolates, the blaOXA-48 gene was located on an
IncL plasmid of 60 kb in size, as shown by Southern blot, and was
part of the composite transposon Tn1999.2 variant presenting an
IS1R disruption of the upstream IS1999 element, as shown by PCR
mapping. In 15 of the 17 blaOXA-204-positive isolates, the blaOXA-204
gene was located on an IncA/C plasmid. The two remaining blaOXA-
204-positive isolates harboured the blaOXA-204 gene on an IncHIB-M
and an IncR plasmid, respectively (Table 2). The blaOXA-204-bearing
plasmid sizes ranged from 60–270 kb. The genetic environment of
the blaOXA-204 gene had a backbone similar to the Tn2016
transposon with the presence of the ISEcp1 element upstream of
the blaOXA-204 gene.

Ten different STs were identified, with ST147 and ST101 being
the most predominant. ST147 was identified in 11 isolates
recovered from three wards, i.e. nephrology (n = 4), urology
(n = 6) and ICUs (n = 1). The second most predominant sequence
type (ST101) was identified in six OXA-48-producing isolates and
one OXA-204-producing isolate. ST36 was identified in two OXA-
48-producing isolates. The seven remaining sequence types
(ST340, ST2032, ST301, ST199, ST1561 for OXA-204-producers
and ST525 and ST15 for OXA-48-producers) were singleton isolates
tes.

 Associated β-lactamase(s) MLST blaOXA-48/blaOXA204-carrying plasmid

Inc group Size (kb)

CTX-M-15 ST101 L 60
CTX-M-15 ST147 A/C 200
CTX-M-15 ST101 L 60
CTX-M-15 ST340 A/C 200
CTX-M-15 ST147 A/C 200
CTX-M-15 ST147 A/C 270
CTX-M-15 ST2032 A/C 200
CMY-4 ST301 A/C 200
CTX-M-15 ST101 L 60
CTX-M-15 ST147 A/C 200
CTX-M-15 ST147 A/C 250
CTX-M-15 ST199 HIB-M 240
CTX-M-15 ST101 R 60
CTX-M-15 ST15 L 60
CMY-4 ST1561 A/C 200
CTX-M-15 ST101 L 60
CTX-M-15 ST147 A/C 90
CTX-M-15 ST36 L 60
CMY-4 ST147 A/C 150
CTX-M-15, CMY-4 ST147 A/C 200
CTX-M-15 ST525 L 60
CTX-M-15, CMY-4 ST101 L 60
CTX-M-15 ST147 A/C 200
CTX-M-15, CMY-4 ST147 A/C 150
CTX-M-15 ST101 L 60
CTX-M-15 ST36 L 60
CTX-M-15 ST147 A/C 200
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(Table 2). Of note, ST1561 is a single-locus variant of ST147, and
ST2032 differs by two alleles, whilst all other STs were not related
to ST101 or ST147.

4. Discussion

Klebsiella pneumoniae is a common cause of infections due to
Enterobacterales in Tunisian hospitals, contributing 26.8% of
Enterobacterales in Sahloul Hospital in this study in 2012–2014.
These data again emphasise the major capability of K. pneumo-
niae to cause severe infections in humans and to readily spread
between patients, thereby often leading to hospital
outbreaks. Among these K. pneumoniae isolates, 21.8% were found
to be resistant to carbapenems. Since the very first carbapenem-
resistant K. pneumoniae isolate was reported in Tunisia in 2010,
these data indicate a very rapid increase in the prevalence of
these MDR bacteria at the hospital. The proportion is even higher
than that reported from Tahar Sfar University Hospital in
Mahdia (13.2%), in the same geographical area (70 km from
Sousse) [37]. More globally, carbapenem-resistant K. pneumoniae
have become a serious burden in North African countries since
they have also been identified in Morocco [38] and Algeria [39]. No
published data are available from Libya, but OXA-48-producers
have been recovered from patients transferred from Libya to
Tunisia [40]. Also, this enzyme has been extensively reported as a
source of nosocomial and community outbreaks in many parts of
the world such as France [41], Germany [42], Greece [43] and
Russia [44].

Sahloul Hospital is a 629-bed university hospital with mainly
surgical activities where carbapenems are heavily used. Resistance
to carbapenems in this hospital has already been associated with
non-fermentative bacteria such as Acinetobacter baumannii and
Pseudomonas aeruginosa [45–47]. One K. pneumoniae isolate
resistant to carbapenems was also reported in this setting and
produced a cephalosporinase combined with porin loss [48].
Recently, we also described the emergence of NDM-1-producing K.
pneumoniae isolates harbouring the blaNDM-1 gene on an IncFIIk
plasmid, with one isolate co-harbouring blaNDM-1 and blaOXA-48
genes [36]. Here we describe a massive spread of OXA-48-like-
producing K. pneumoniae over the period 2012–2014, and it was
our objective to decipher the comparative dynamics of OXA-48-
and OXA-204-producing K. pneumoniae over time, for which
limited information is available in Northern African countries.

Since its first report in Tunisia, the epidemiology of OXA-48-
producing K. pneumoniae has been dominated by wide spread of
the ST101 lineage, also producing CTX-M-15 in most cases [49–51].
Recently, the K. pneumoniae ST147 lineage has also been identified
as an emerging vector of the blaOXA-48 gene [52]. More globally,
ST147 was repeatedly reported to spread ESBL or carbapenemase
genes, such as in Greece where it has been responsible for the
dissemination of VIM-1 and KPC-2 already since 2011 [53,54].
Finally, a limited number of reports also identified the K.
pneumoniae ST147 lineage as a vector of the blaOXA-204 gene
[21,23,37]. The data in the current study strongly prove that ST147
K. pneumoniae is mainly responsible for a surge in the blaOXA-204
gene in Sahloul Hospital, Tunisia.

In our setting, two major clonal groups have been identified
over the period 2012–2014. A surge of OXA-204 was first identified
in ST147 K. pneumoniae isolates, especially in 2012 in urology
before emerging in other wards, whilst a second surge of OXA-48
was identified in 2013–2014. Plasmid analysis showed that the
blaOXA-204 gene was carried on IncA/C plasmids, which might also
have contributed to the spread of blaOXA-204 across different K.
pneumoniae isolates. None the less, the success of ST147 K.
pneumoniae in 2012 did not preclude the successful epidemiology
of ST101 K. pneumoniae, mostly harbouring the blaOXA-48 gene in
2013 and 2014.

Beside these two dominant K. pneumoniae lineage/OXA-48-
type combinations (ST101/OXA-48 and ST147/OXA-204), OXA-48
was identified in other sequence types such as ST15, ST36 and
ST525 in a few isolates. ST15 K. pneumoniae was previously
reported as an NDM-1-producer in North African patients [55] and
as an OXA-48-producer in Spain [56], whereas ST36 was identified
in MBL-producing K. pneumoniae isolates from Greece [57]. Finally,
the ST525 OXA-48-producing K. pneumoniae lineage is a new
sequence type identified in this study. In addition, OXA-204 was
identified for the first time in the ST2032, ST301, ST199 and ST1561
K. pneumoniae lineages. On the other hand, one OXA-204-producer
was found in the ST101 lineage and in a few other sequence types,
i.e. ST340, ST2032, ST301, ST199 and ST1561. Finally, ST340 K.
pneumoniae had already been associated with the production of
NDM and KPC carbapenemases, but not OXA-48, and was detected
from clinical and environmental sources [58,59].

Finally,14/17 OXA-204 isolates additionally carried the blaCTX-M-

15 gene and 5 presented blaCMY-4. In 2/17 cases, we noted the
presence of the combination of three β-lactamases (CTX-M-15,
OXA-204 and CMY-4), highlighting the common combination of
several β-lactamases in a single isolate. Since oxacillinases
produced alone possess weak activity against carbapenems, the
co-existence of two or more β-lactamases has become a common
bacterial strategy to increase antimicrobial resistance [60].

5. Conclusion

In this study, we have explored the dynamics of the global
epidemiology of OXA-48-like-producing K. pneumoniae in
Sahloul Hospital over the period 2012–2014 and identified the
successive dominance of two K. pneumoniae lineage/OXA-48-type
combinations (ST101/OXA-48 and ST147/OXA-204). Although the
ST101 and ST147 lineages were both identified in 2012–2014,
the respective proportion of isolates over this period indicated that
OXA-204-producing ST147 K. pneumoniae has spread as an
epidemic clone in 2012, followed by a second epidemic spread
of the OXA-48-producing ST101 K. pneumoniae in 2013 and 2014.
This suggests that OXA-204-producing ST147 K. pneumoniae,
although reported as an emerging clone in Tunisia, should not be
considered as replacing the OXA-48-producing ST101 K. pneumo-
niae lineage globally. On the contrary, ST101 and ST147 may
rather equally co-exist in the global epidemiology of OXA-48-like-
producing K. pneumoniae in Tunisia through successive
clonal spreads at hospitals depending on local factors. In addition,
we also highlighted a large diversity of minor K. pneumoniae
lineages disseminating OXA-204 or OXA-48, which may
constitute possible emerging dominant clones in the future. In
all, these data underline the urgent need to control the
diversification of OXA-48-like-producing K. pneumoniae lineages
in clinics in Tunisia through reinforced preventive strategies in
healthcare settings.
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