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Abstract 
Introduction: Antimicrobial resistance has become a major threat to public health, especially in developing countries, due to the uncontrolled 
consumption of antibiotics. This study aims to characterize antibiotic resistance genes in different bacteria recovered in different healthcare 
facilities in Libya. 
Methodology: 379 samples were recovered from various sources from different sites. 210 samples were able to grow on culture media. 133 
Gram-negative carbapenem-resistant strains were recovered from clinical specimens (n = 64), and hospital environments (n = 69). Antibiotic 
susceptibility tests were performed to select carbapenem-resistant strains. Colistin resistance was tested by the UMIC method to determine the 
minimum inhibitory concentration. RT-PCR was conducted to detect the incidence of carbapenemases-encoding genes.  
Results: Gram-negative bacteria showed a low susceptibility to carbapenems. Molecular investigations indicated that NDM-1 was the most 
prevalent in Enterobacteriaceae isolated from patients and hospital environment (n = 26, n = 41), followed by blaOXA-48 (n = 16, n = 15) and 
blaVIM (n = 3) from patients and blaKPC (n = 1) from hospital environment. Concerning A. baumannii, blaOXA-23 was detected in strains isolated 
from patients (n = 8) and hospital environment (n = 6), followed by blaNDM (n = 9) from patients and one from hospital environment. 
Carbapenem resistance in P. aeruginosa was encoded by modification in OprD encoding gene, such as IS (ISpa26), polymorphism, and a 
premature stop codon.  
Conclusions: Several carbapenem resistant Gram-negative bacteria were identified by the expression of different carbapenemases and the 
alteration of OprD. 
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Introduction 

Contaminated hospital environments that lack 
infection control and prevention measures have been 
found to have a role in the spread of nosocomial 
pathogens [1]. Numerous studies have demonstrated 
that the hospital environment can facilitate the 
transmission of nosocomial pathogens to patients, they 
include; methicillin-resistant Staphylococcus aureus 
(MRSA), vancomycin-resistant Enterococci (VRE), 

and Clostridium difficile, that are able to survive for 
months on dry surfaces [2]. Several Gram-negative 
species, like Acinetobacter spp, Escherichia coli, 
Klebsiella spp, Pseudomonas aeruginosa, Serratia 
marcescens, and Shigella spp. can persist on inanimate 
surfaces for months [3] and were isolated from infected 
patients [4]. These bacteria persist in a hospital 
environment, particularly in the environment 
surrounding colonized or infected patients. These 
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micro-organisms can remain in the environment for 
days and, in some cases, months, their circulation is 
facilitated by healthcare personnel (ref). Some Gram-
negative bacteria have been described to persist longer 
than Gram-positive bacteria [5]. Antibiotics are used to 
treat bacterial infections in hospitals and are considered 
a major source of antibiotic-resistance determinants [6]. 
The spread of antimicrobial-resistant bacteria (AMRB) 
is considered a worldwide issue and has become a 
global threat to public health. AMRB is identified by 
the World Health Organization (WHO), the European 
Union (EU), the United States Government (US), and 
Centre for Disease Control and Prevention (CDC) as 
one of the most significant threats to human health [7]. 
High levels of antibiotic-resistant bacteria (ARB) and 
antibiotic-resistant genes (ARG) have been reported in 
hospital wastewater, even after wastewater treatment 
[8,9]. Furthermore, the inanimate environment can 
serve as a reservoir for multi-drug-resistant bacteria 
(MDRB) [10,11]. It has been found that environmental 
contamination is responsible for 10 - 30% of MDRB 
infections in patients and is often responsible for 
increasing morbidity and mortality rates due to the 
limited availability of treatment options [12].  

Several antibiotics used to treat infections caused 
by Gram-negative bacteria are affected by enzymes 
produced by chromosomally and/or plasmid-mediated 
antibiotic resistance genes. The most spread enzymes 
include Extended Spectrum Beta-Lactamases (ESBLs), 
AmpC enzymes, Metallo- β -lactamases (MBLs), and 
carbapenem Hydrolysing class D β-lactamases 
(CHDLs). In view of the emergence of ESBLs and 
AmpC-producing Gram-negative bacteria, 
carbapenems (imipenem, meropenem, and ertapenem), 
have shown their stability for treating infections due to 
multi-drug-resistant bacteria, mainly Gram-negative 
bacterial infections [13]. Nevertheless, those bacteria 
have the strongest impact on the development and 
emergence of antimicrobial resistance, both as 
fermenters (Enterobacteriaceae) and non-fermenters of 
Gram-negative bacilli (Acinetobacter baumannii and 
Pseudomonas aeruginosa) [14].  

Two principal mechanisms are responsible for 
resistance to carbapenem antibiotics: (i) Production of 
ESBL and/or AmpC enzymes with non-significant 
carbapenemase activity, combined with a loss of porin 
or up-regulation of efflux pump (ii) Secretion of 
carbapenem-hydrolyzing β-lactamases. 
Carbapenemases are enzymes that can hydrolyze most 
β-lactam rings including carbapenems, thus conferring 
resistance to these drugs [15]. 

As a result, infections caused by carbapenem-

resistant Enterobacteriaceae (CRE) or carbapenemase-
producing Enterobacteriaceae (CPE) have become a 
major global concern due to their association with high 
(> 30%) case-fatality rates [16]. These enzymes have 
increasingly been reported as major health problems 
worldwide [17], particularly Klebsiella pneumoniae 
[18]. The most important concern regarding CPE is 
their high ability to cause outbreaks in healthcare 
settings [19]. The most predominant enzymes are New 
Delhi metallo-ß-lactamase (NDM) and OXA-48, which 
are mainly present around Mediterranean countries, it's 
worldwide distribution includes Europe, for instance; 
France, Germany, and Spain, and countries of North 
Africa namely Tunisia and Morocco [20].  

Non-lactose-fermenting Gram-negative bacilli have 
often been overlooked, and increasingly develop 
resistance to carbapenems. They have developed as a 
major threat to critically ill patients [21], often 
immunosuppressed patients with significant 
comorbidities. As intrinsic antibiotic resistance to 
multiple antibiotic classes is common with these 
organisms, carbapenems are frequently used for 
treatment, rendering limited therapeutic options 
available. Among non-fermenting Gram-negative 
bacteria (NF-GNB), the most clinically significant 
species Pseudomonas aeruginosa, Acinetobacter 
baumannii, and Stenotrophomonas maltophilia are 
known carbapenem resistant species. Recently, the 
CDC classified AMRB according to their virulence and 
resistance determinants: urgent threats, serious threats, 
concerning threats, and watching list pathogens. The 
“urgent threat” pathogens included carbapenem-
resistant Acinetobacter and carbapenem-resistant 
Enterobacteriaceae, whereas serious threat pathogens 
were ESBL-producing Enterobacteriaceae, multi-
drug-resistant Pseudomonas aeruginosa and others. 

Worldwide, the emergence of resistant Gram-
negative bacteria is a global health threat. WHO has 
declared that AMR is one of the top 10 global public 
health threats facing humanity. Till now, little 
information related to this problem is available in the 
African region. This study aims to describe the 
phenotypic and molecular characteristics of 
carbapenem-resistant Gram-negative bacilli isolates 
recovered from hospitalized patients and hospital 
environments of three different medical settings in 
Libya. 

 
Methodology 
Collection history 

This study was conducted at three hospitals located 
in different regions in Libya; Hospital 1 (Misurata 
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Medical Center (H1)), in Misurata, and swabs were 
collected from October to December 2018. Hospital 2 
(Al-Jalaa Trauma Hospital) and Hospital 3 (Benghazi 
Medical Center (BMC)), H2 and H3, respectively. H2 
and H3 hospitals are in Benghazi. Swabs were collected 
from October to November and from September to 
October 2019 for H2 and H3 respectively. H1 and H2 
have 400 hundred beds each, whereas H3 is a tertiary 
hospital with 1200 beds. These hospitals have been 
chosen due to the frequency of fatal healthcare-
associated infections in patients admitted to these 
hospitals.  

A total of 379 samples were collected from these 
hospitals from patients, healthcare workers, the hospital 
environment, and sewage. Samples were as follows: 
160 samples from H1 (24 samples from patients, 56 
from healthcare workers, and 80 from hospital 
environment).  

 
Bacterial isolates, data information, and identification 

Three hundred seventy-nine (379) swabs were 
collected from hospitalized patients, medical staff, and 
the hospital environment. The swabs collected from 
patients were from different sites (Urine, blood, wound, 
hydrocephaly/shunt, and diabetic foot) from several 
departments (pediatric, neonatal ICU, male surgery 
ward, burn surgery shock room, intensive care unit 
(ICU), neurosurgery room, and neurosurgery shock 
room). The swabs collected from the hospital 
environment were from various surfaces (dressing 
room, bathrooms, scrub area, nursing room, suction 
machines, inside the baby incubator, bed mattress, and 
floor) from different wards (ICU, neonatal ICU, 
paediatric orthopedic ward, chest surgery room, burns 
and plastic surgery ward, and emergency theatre room). 

All swabs collected from the three hospitals were 
grown on Brain Heart Infusion at 37 °C for 8 hours and 
then cultured on MacConkey agar supplemented with 2 
mg/L of cefotaxime and incubated at 37°C for 18 – 24 
hrs to select for resistant isolates. Isolates grown on 
MacConkey agar were then identified by Matrix-
Assisted Laser Desorption/Ionization Time of Flight 
Mass Spectrometry (MALDI-TOF MS). 

 
Antimicrobial susceptibility test 

Antimicrobial susceptibility tests were performed 
using the standard disc diffusion method on Mueller–
Hinton agar, as recommended by the European 
Committee for Antimicrobial Susceptibility Testing 
(EUCAST) (https: 
//www.eucast.org/fileadmin/src/media/PDFs/EUCAST
_files/Breakpoint_tables/v_13.0_Breakpoint_Tables.p

df). 
For Enterobacteriaceae, a total of 16 antimicrobial 

agents were tested, including β-lactam antibiotics: 
Amoxicillin (AMX), β-lactam/β-lactamase inhibitor 
complexes, amoxicillin-clavulanic acid (AMC), 
monocyclic β-lactam, aztreonam (ATM), 
cephalosporins, cefepime (FEP), cephalothin (KF), and 
ceftriaxone (CRO). Carbapenems were imipenem 
(IMP) and ertapenem (ETP), aminoglycosides: 
gentamicin (CN) and amikacin (AK), and doxycycline 
(DO), fluoroquinolones: ciprofloxacin; (CIP), 
fosfomycin (FF), nitrofurantoin (F), folate metabolic 
pathway inhibitors; trimethoprim-sulfamethoxazole 
(SXT), and polymyxin E (colistin) (CT).  

For non-Enterobacteriaceae, a range of 16 
antimicrobial agents was used, including β-lactam 
antibiotics; ticarcillin (TIC), β-lactam/β-lactamase 
inhibitor complexes, ticarcillin/clavulanic acid (TCC), 
piperacillin/tazobactam (TPZ), monocyclic β-lactam 
aztreonam (ATM), cephalosporins, cefepime (FEP) and 
ceftazidime (CAZ), carbapenems, imipenem (IMP), 
and meropenem (MEM), aminoglycosides, gentamicin 
(CN), amikacin (AK), fluoroquinolones, ciprofloxacin 
(CIP), folate metabolic pathway inhibitors, 
trimethoprim-sulfamethoxazole (SXT), rifampicin 
(RA), fosfomycin (FF), tetracyclines, doxycycline 
(DO), polymyxin E and colistin (CT).  

 
β-Carba test for Enterobacteriaceae-resistant strains 

Carbapenemase production was detected by the 
Carba NP test. This test was used to confirm if 
resistance was due to enzymatic or non-enzymatic 
mechanisms.  

 
Detection of carbapenemase-encoding genes 

The quantification of carbapenemase-encoding 
genes (blaKPC, blaVIM, blaNDM, blaOXA-23, blaOXA-24, 
blaOXA-48, and blaOXA-58) was performed by quantitative 
Light Cycler® real-time PCR (Roche Diagnostics, 
Meylan, France), using specific primers and probes [22] 

 
Detection of oprD porin loss in P. aeruginosa 

The amino acid changes of the protein OprD in 
imipenem-resistant P. aeruginosa isolates were 
detected using specific PCR primers, as previously 
described [23].  

 
Results 
Identification of bacterial isolates 

A total of 379 samples were recovered from 
different sources from various hospitals in Libya. Two 
hundred ten samples (55.40%) were able to grow on 
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culture media. For Misurata Medical Centre (MMC) 
(H1), 160 samples were obtained. 41 samples were 
Gram-negative (percentage). For Al-Jala Hospital (H2), 
120 samples were collected, sixty-nine samples were 
Gram-negative bacteria. For Benghazi Medical Center 
(BMC) (H3), only 23 isolates of Gram-negative 
bacteria were recovered from 99 samples collected. 

Overall, only carbapenem-resistant strains were 
included (n = 133) in this study. Sixty-four strains were 
isolated from patients, the remaining 69 strains were 
from hospital environments. 

Identification of isolates by MALDI-TOF showed 
that various Enterobacteriaceae species were found 
among the isolates (n = 84) with dominance of 
Klebsiella pneumoniae (n = 29 from patients, n = 3 from 
medical staff and n = 33 from hospital environment), 
followed by Citrobacter freundii (n = 2 from patients, n 
= 1 from medical staff and n = 1 from hospital 
environment). The results are illustrated in 
Supplementary Tables 1 and 3. 

For non-fermenting bacilli, the results of 
identification revealed different species among the 
isolates (n = 49) with a preponderance of A. baumannii 
from patients and hospital environment (n = 16 and n = 

8) followed by P. aeruginosa (n = 8 and n = 7). 
Strains isolated from patients were recovered from 

different sites (nasal cavity, hand swab, thigh wound 
swab, wound swab, and hydrocephaly/shunt 
specimens), and strains from the hospital environment 
were collected from various wards (pediatric ward, 
neonatal ICU, male surgery ward, burn and plastic 
surgery ward, and ICUs). Environmental swabs were 
from different sites (boiling machine, suction machine, 
knob of refrigerator, and dressing room). All results are 
described in Table 1 and Supplementary Tables 2 and 
4. 

 
Antimicrobial susceptibility profile 
Enterobacteriaceae isolates from patients  

Antimicrobial susceptibility results are summarized 
in Supplementary Tables 1, 2, 3, and 4. The results 
showed that the majority of Enterobacteriaceae strains 
isolated from hospitalized patients in the three hospitals 
were represented mainly by β-lactams resistant K. 
pneumoniae (n = 26), including 100% resistance to 
amoxicillin and amoxicillin-clavulanic acid (AMC) (n 
= 26), followed by piperacillin-tazobactam (TPZ) 
(97.03%). For cephalosporins; the resistance rate was 

Table 1. Molecular characteristics of Enterobacteriaceae and none Enterobacteriaceae isolated from three Libyan hospitals. 

Hospital Strain Source of 
collection MBL CHCD MBL + CHCD 

Carbapenem resistance 
due to mutation, 

insertion sequence or 
other mechanisms 

H1, H2, H3 K. pneumoniae (n = 29) Patients / 
Medical staff 

NDM-1 (n = 12); 
VIM-1 (n = 1); NDM-

1, VIM-1 (n = 2) 
OXA-48 (n = 5) NDM-1, OXA-48 (n = 8) - 

H1 E. coli (n = 2) Patients - - NDM-1, OXA-48 (n = 2) - 

H1, H2, H3 C. freundii (n = 3) Patients / 
Medical staff NDM-1 (n = 2) OXA-48 (n = 1) - - 

H2 E. xiangfangensis (n = 1) Patients NDM-1 (n = 1)  - - 

H1, H2, H3 A. baumannii (n = 16) Patients NDM-1 (n = 7) OXA-23 (n = 6) NDM-1, OXA-23 (n = 2) 

OprD (substitution, 
deletion) (n = 1); OprD 
(St’op codon) (n = 1); 
oprD (ISPa26) (n = 1) 

H2, H3 P. aeruginosa (n = 8) Patients VIM-2 (n = 4) - - - 

H2 
P. oleovorans (n = 1); P. 

mendocina (n = 1); P. putida (n 
= 1); P. otitides (n = 1) 

Patients VIM-2 (n = 4) - - - 

H1, H2, H3 K. pneumoniae (n = 33) 

Environment 

NDM-1 (n = 20) - 
NDM-1, OXA-48 (n = 8); 
NDM-1, OXA-48, VIM-1 

(n = 1) 
- 

H1, H2 E. cloacae (n = 9) NDM-1 (n = 7) OXA-48 (n = 1)  KPC-2 (n = 1) 
H1, H2 E. coli (n = 4) NDM-1 (n = 1) OXA-48 (n = 1) NDM-1, OXA-48 (n = 2)  

H1 C. freundii (n = 1) NDM-4 (n = 1 - - - 
H2 R. ornithinolytica (n = 1) NDM-1 (n = 1) - - - 
H1 S. marcescens (n = 1) - OXA-48 (n = 1) - - 

H1, H2, H3 A. baumannii (n = 7) NDM-1 (n = 1) OXA-23 (n = 6) - - 

H1, H2 P. aeruginosa VIM-2 (n = 4) - - 

OprD (substitution, 
insertion) (n = 1); OprD 

(substitution) (n = 1); 
OprD (stop codon 646 pb) 

(n = 1) 
H3 S. maltophila - OXA-23 (n = 1) - - 
H2 C. aquatica NDM-1 (n = 1) - - - 
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100% for cephalothin, cefepime, and ceftriaxone., 
93.33% showed reduced susceptibility to imipenem and 
ertapenem. Three isolates of K. pneumoniae (n = 3) 
collected from medical staff displayed a high rate of 
resistance to the β-lactam family, mainly to carbapenem 
antibiotics (imipenem and ertapenem), they also 
exhibited resistance to non-β-lactam antibiotics; 
aminoglycosides (Amikacin (n = 2)), quinolones 
(Ciprofloxacin (n = 3)), and tetracycline (Doxycycline 
(n = 3)). 

Two C. freundii were isolated from patients and one 
from medical staff, the results showed that they 
exhibited variable antibiotic resistance profile, mainly 
to carbapenem antibiotics with resistance to imipenem 
and ertapenem. Only two strains of E. coli and one 
strain of E. xiangfangensis were recovered and were 
resistant to the β-lactam family, including carbapenem 
antibiotics (imipenem and ertapenem), a. The isolates 
also displayed resistance to β-lactam antimicrobial 
agents; fosfomycin, ciprofloxacin, and 
sulfamethoxazole. 

The antibiotic susceptibility profile was further 
confirmed using E-test for imipenem and ertapenem. 
The MICs for imipenem and ertapenem were > 2 and > 
0.5 ug/mL, respectively. The results presented in 
Supplementary Tables 1 and 3 showed that MICs of 
CR-Enterobacteriaceae ranged from > 2 to > 32 ug/mL 
for imipenem, while for ertapenem the level of 
resistance was between 0.5 to > 32 ug/mL. 

The majority of carbapenem-resistant Klebsiella 
pneumoniae (CRKP) were from ICU patients (n = 9), 
other patients were treated in general wards; surgery (n 
= 6), orthopedic (n = 6), pediatric (n = 2) and other 
different wards. CRKP were isolated from the nasal 
cavity of patients (n = 9), wound swabs (n = 7), diabetic 
foot (n = 3), armpit (n = 2), hydrocephaly (n = 1), and 
urine (n = 1). The results of antibiotic susceptibility 
testing for all isolated strains are shown in 
Supplementary Table 1. 

 
Isolates from the hospital environment  

Antibiotic susceptibility testing of 
Enterobacteriaceae isolates from the hospital 
environment is summarized in Supplementary Table 3. 
The results showed that K. pneumoniae (n = 33), were 
100% resistant to amoxicillin, amoxicillin/ clavulanic 
acid, piperacillin/tazobactam and ceftriaxone, followed 
by cefepime and cephalothin (96.96%). K. pneumoniae 
isolates were 100% resistant to carbapenem antibiotics 
(ertapenem and imipenem). The remaining strains: E. 
cloacae (n = 9) displayed 100% resistance to imipenem 
and ertapenem, followed by E. coli (n = 4), C. freundii 

(n = 1), M. ornithinolytica, and S. marcescens (n = 1). 
 

Non-Enterobacteriaceae 
Concerning non-fermenting bacteria, clinical 

isolates were isolated from wounds (n = 7), nasal swabs 
(n = 3), Tip of Foley's catheters (n = 3), 
hydrocephaly/sore (n = 1), blood (n = 1), and urine (n = 
1). These strains showed a high level of resistance 
against many antimicrobial agents. For A. baumannii 
isolates (n = 16), the results demonstrated a high level 
of resistance to β-lactams; ticarcillin, 
ticarcillin/clavulanate, cefepime, and ceftazidime 
(100%). They were 100% resistant to imipenem and 
meropenem (Supplementary Table 2). 

Our findings showed that strains of P. aeruginosa 
(n = 8) exhibited 100% carbapenem resistance 
(imipenem and meropenem) for specimens recovered 
from patients. P. mandocina, P. putida, and P. 
oleovorans were resistant to carbapenems (imipenem 
and meropenem), they were isolated from the head 
wound and nasal swabs from patients in the 
neurosurgery shock room, burn surgery shock room and 
ICU wards. P. otitides was resistant to meropenem, it 
was recovered from a nasal swab from a patient in the 
burn surgery shock room. 

The carbapenem resistance profile of all isolates 
was confirmed by determining the MIC value of 
imipenem by the E-test method (BioMérieux, Marcy-
l’Etoile, France). All resistant strains exhibited MIC 
values of > 32 µg/mL for imipenem. In addition, > 90% 
A. baumannii and > 60%, P. aeruginosa isolates were 
resistant to aminoglycosides, macrolides, tetracycline, 
and cotrimoxazole. Polymyxin E (colistin) was the most 
effective. 

The results of antimicrobial susceptibility testing of 
Acinetobacter and Pseudomonas spp. (Supplementary 
Table 4) isolated from the hospital environment showed 
that A. baumannii isolates (n = 8), had a high level of 
resistance (100%) to all β-lactam family drugs, 
including ticarcillin, ticarcillin/clavulanic acid, 
piperacillin/tazobactam, cephalosporins, carbapenem 
antibiotics (imipenem and meropenem). Furthermore. 
For Pseudomonas spp strains, P. aeruginosa (n = 7), P. 
putida (n = 1), P. otitidis (n = 1), were 100% resistant 
to carbapenems. The carbapenem resistance profile of 
all isolates was confirmed by measuring the MIC value 
of imipenem using the E-test method (BioMérieux, 
Marcy-l’Etoile, France). Almost all resistant strains 
exhibited MIC value > 32 µg/mL. 

 
Carba NP test results 

In this study, four strains of Enterobacteriaceae (K. 
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pneumoniae) with reduced susceptibility to ertapenem 
and intermediate to imipenem, recovered from clinical 
and environmental settings, were unable to express 
studied carbapenemase genes. Test results showed that 
strains remained yellow, which might explain that 
resistance was due to a non-enzymatic mechanism. 

 
Molecular characterization of carbapenemase-
encoding genes 
Enterobactereales 

A total of 84 Enterobacteriaceae strains (n = 31 
clinical isolates, n = 49 hospital environmental isolates, 
and n = 4 from medical staff) were screened for 
carbapenemase-encoding genes by PCR and 
subsequent sequencing. The isolates yielded positive 
PCR products for carbapenemase-encoding genes: 
blaKPC, blaOXA-23, blaOXA-48, and blaNDM. All molecular 
findings are illustrated in Table 1 and Supplementary 
Tables 1 and 3. 

blaNDM was the most prevalent carbapenemase 
detected among CRKP strains in 22 and 29 of the 
clinical and hospital environmental samples, 
respectively. Clinical strains were from nasal swabs (n 
= 9), wounds (n = 8), armpits (n = 2); and diabetic foot 
(n = 3), less extent, from hydrocephaly/shunts, and tips 
of Foley's catheter (n = 1), hospital environmental 
strains were mainly from bathrooms (n = 10), suction 
machine (n = 3), floor surface (n = 3), sewage (n = 3), 
from different wards, children orthopaedic ward, male 
orthopaedic ward, male surgery ward, and neurosurgery 
shock room.  

Furthermore, blaNDM was detected in E. coli (n = 2, 
n = 3), in C. freundii (n = 2, n = 1) from clinical and 
hospital environmental samples, respectively, and from 
seven E. cloacae strains recovered from the hospital 
environment. To a lesser extent, this enzyme was 
detected in E. xiangfangensis and R. ornithinolytica 
isolated from Foley's catheter from a patient admitted 
to the surgery shock room, and from the bathroom in 
the female surgery ward. 

Investigation of class D oxacillinase among our 
CRKP strains showed that blaOXA-48 was the most 
prevalent enzyme in 12 clinical strains recovered from 
various sites, mainly from thigh and foot wounds (n = 
6), nasal swabs (n = 3) and other sites. OXA-48 enzyme 
was identified in E. coli (n = 2), and C. freundii (n = 1) 
isolated from the armpit and nasal cavity of patients in 
the ICU ward. It was surprising that a hand swab of 
medical staff was positive for blaOXA-48. 

Furthermore, blaOXA-48 was detected in the hospital 
environment from sewage, suction machine, floor, and 
refrigerator knob, in K. pneumoniae (n = 10), E. coli (n 

= 3), E. cloacae (n = 1) and S. marcescens (n = 1). 
Ertapenem MICs for all isolates with OXA-48 varied 
from (0.5 –32 ug/mL), and MICs for imipenem ranged 
from 0.38 - > 32 ug/mL. Ertapenem is known to be 
mostly affected by OXA-48 carbapenemase. BlaKPC was 
detected only in one strain of E. cloacae isolated from 
the floor of the ICU, Misurata Medical Center. 

While blaVIM was detected in two K. pneumoniae, 
these strains were recovered from the armpit of the 
patient admitted to ICU and from the hand swab of 
medical staff from the same ICU.  

 
Non-Enterobacteriaceae 

A total of 49 non-Enterobacteriaceae strains (n = 28 
from clinical isolates, n = 20 from hospital 
environment, and n = 1 from medical staff) were 
screened for carbapenemase-encoding genes by PCR 
and subsequent sequencing. The isolates yielded 
positive PCR for carbapenemase-encoding genes; 
blaOXA-23, blaVIM, and blaNDM for strains isolated from 
clinical samples and hospital environments. All 
molecular findings are illustrated in Table 1 and 
Supplementary Tables 2 and 4.  

 
A. baumannii 

PCR results showed that all CR-A. baumannii 
isolates harbored at least one of the genes under 
investigation; 14 strains (58.33%) were positive for 
blaOXA-23 (n = 8 from clinical samples, n = 6 from 
hospital environment swabs). In addition, 10 isolates 
(40.9%) tested positive for the metallo β-lactamase 
blaNDM, in which (n = 9) were from patients (Tip of 
Foley's catheter, hydrocephaly/sore, wounds, and nasal 
swabs) and only one strain was from inside baby 
incubator in neonatal ICU. In this study, the isolates 
were negative for blaKPC, blaIMP, blaVIM, blaOXA-24, and 
blaOXA-58. Additionally, two strains co-harbored 
blaOXA23 and blaNDM were from the tip of the 
endotracheal tube, and wound in the pediatric ward, of 
the same hospital. E-test showed that all meropenem 
and imipenem MIC values were ≥ 32 µg/mL (i.e., the 
maximum value on the meropenem strip). All these 
isolates were colistin-sensitive by disc diffusion, in 
contrast, colistin MIC values ranged from 0.5 - to 2 
µg/mL. 

 
Pseudomonas spp. 

CR-P. aeruginosa isolates harbored at least one of 
the tested genes, and 8 isolates tested negative for the 
studied genes. The other eight CR-P. aeruginosa strains 
were positive by PCR for blaVIM. Four isolates (n = 4) 
were from clinical samples, and the others (n = 4), were 
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swabbed from environmental settings (bathrooms and 
suction machines) in neurosurgery shock room and ICU 
wards. No other carbapenemase genes were detected. 

E-test showed that all imipenem, and meropenem 
MIC values were ≥ 32 µg/mL. All strains were sensitive 
to colistin, the MIC ranged from 0.5 to 2 µg/mL. 
Furthermore, carbapenemase genes were investigated 
in species other than P. aeruginosa, VIM-2 gene was 
detected in P. putida (n = 1; n = 1) from one patient and 
hospital environment, P. otitidis (n = 1), P. oleovorans 
(n = 1), P. mandocina (n = 1) harvested from, burn and 
plastic, burn surgery shock room, and ICU wards. 

For strains of Pseudomonas resistant to imipenem 
with no carbapenemase-producing genes, PCR, and 
sequencing of oprD gene were conducted. Insertion 
sequence ISPa26 was detected in one strain from a urine 
sample of a 67-year-old male. Modification of OprD 
with substitution/deletion was detected in three strains, 
and stop codon was detected in one strain. 

 
Discussion 

The occurrence and dissemination of antimicrobial-
resistant bacteria (AMR) responsible for severe 
infections is currently a major concern. Infections 
caused by carbapenemase-producing 
Enterobacteriaceae (CPE) lead to increased mortality 
[24]. CPE infections are constantly increasing 
worldwide and spreading to several countries.  

In our study, blaNDM was the most prevalent enzyme 
produced by CR-Enterobacteriaceae (n = 84). NDM 
was first detected in 2008 [25] from K. pneumoniae, and 
one year later from E. coli [26]. NDM-1 appeared to be 
endemic in the Indian subcontinent [27]. Since then, 
blaNDM-1 Enterobacteriaceae have been identified and 
reported all over the world, Mediterranean area; Tunisia 
[28], Morocco [29], and Egypt [24]. NDM was mostly 
from CRKP where 49 strains displayed this enzyme. 
Our findings suggest that the North African region 
could be a significant source of propagation and 
dissemination of blaNDM isolates, due to a high 
movement between Libya and neighbour countries. 
Most CRKPs were isolated from ICUs, which is in line 
with other findings [24,28]. Moreover, E. cloacae 
became of clinical importance as an opportunistic 
bacteria and emerged as a nosocomial pathogen in ICU 
patients on mechanical ventilation [29]. To the best of 
our knowledge, this is the first report of the occurrence 
of NDM-1-producing C. freundii in Libya. 

Moreover, a total of 41 NDM-producing strains 
were detected in the hospital environment, a high 
incidence by CRKP (n = 29). The remaining species 
were E. cloacae (n = 7), E. coli (n = 3), C. freundii (n = 

1), and R. ornithinolytica (n = 1). The majority of 
blaNDM was identified from sewage (n = 15) from 
various surgical, orthopaedic, and ICUs. Our results are 
in line with previous findings, suggesting that hospital 
wastewater is an important source of NDM-1-
producing bacteria.  

OXA-48 is an emerging resistance mechanism in 
Enterobacteriaceae, which may complicate the 
problem of HAIs and hospital contamination [30]. Our 
results showed that blaOXA-48 (n = 16), found in the three 
hospital settings, was mainly reported from K. 
pneumoniae (n = 12), E. coli (n = 2), and C. freundii 
isolated from medical staff. These strains were mostly 
from nasal cavity (n = 4), wounds, and diabetic foot 
swabs (n = 3). This is the second study of the emergence 
of OXA-48 in Libyan hospitals. The first study was 
performed by Mathlouthi et al., in 2016, in which seven 
K. pneumoniae isolated from tracheal swabs from 
patients admitted to the ICU in Libya exhibited blaOXA-

48 [31]. Nevertheless, this is the first finding describing 
the occurrence of blaOXA-48 in a C. freundii strain. 

The most significant occurrence of OXA-48-
producing isolates of K. pneumoniae in the 
Mediterranean basin was reported from Italy [32]. The 
occurrence of OXA-48-producing isolates has been 
reported in many countries in the Mediterranean area, 
including Greece, Lebanon, Egypt, Libya, Tunisia, 
Algeria, and Morocco [33].  

In this study, BlaOXA-48 was detected in the hospital 
environment, in K. pneumoniae (n = 9), E. coli (n = 3), 
E. cloacae (n = 1), C. freundii (n = 1), and S. 
marcescens (n = 1). To the best of our knowledge, this 
is the first time blaOXA-48 and blaNDM genes have been 
detected from bathrooms in hospitals, mainly in CRKP 
in Libya.  

In Tunisia, a neighbour country, a study conducted 
by Nasri et al. in 2017 highlighted the emergence of 
blaOXA-48 in effluent water from seven hospitals, which 
reinforces our findings [34]. North Africa has been 
considered one of the main reservoirs of OXA-48-
producing isolates [35]. blaKPC was detected only in one 
strain of E. cloacae harvested from the floor of the ICU. 
In 1996 KPC producers were reported from in the 
United States, and Mediterranean countries, 
particularly Italy, Greece, and Israel. They are now 
endemic for the blaKPC gene [36]. 

In this work, for clinical strains, blaOXA-48 was 
associated with blaNDM in eight K. pneumoniae strains, 
mainly from wounds (n = 3), nasal cavity (n = 1), 
diabetic foot (n = 2), hydrocephaly/shunt (n = 1) and 
baby hand (n = 1), most of them were from surgery and 
ICU wards. Several studies reported the occurrence of 
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more than one carbapenemase-encoding gene in the 
same isolate [28]. Such association was described in 
various studies, including Italy [37], Brazil [38], and 
North Africa [39]. 

Concerning hospital environments, blaNDM was co-
expressed with blaOXA-48 in eight strains of K. 
pneumoniae and two strains of E. coli from various 
sites, mainly sewage from different wards (ICU, 
neonatal ICU, and surgery ward). It is worth mentioning 
that blaNDM was combined with blaOXA-48 and blaVIM in 
one strain of K. pneumoniae harvested from sewage in 
the neonatal ICU. Such co-occurrence was detected in 
several studies in different areas, demonstrating that 
hospitals can be a reservoir of CRE, harbouring 
clinically relevant carbapenemases [40]. 

MDR A. baumannii outbreaks were reported in 
hospitals worldwide, including the Middle East [41] 
and North Africa [42]. OXA-type β-lactamases played 
a role in the emergence of CRAB isolates and are the 
most prevalent carbapenemases in A. baumannii [43]. 
Production of blaOXA-23 by an A. baumannii strain is 
enough to confer resistance to carbapenems. In this 
study, carbapenem resistance was mainly attributed to 
the carriage of OXA-23 gene that was present in most 
clinical isolates (n = 8). It was recovered from various 
sites; wound (n = 2), nasal cavity (n = 2), Tip of Foley's 
catheter (n = 2), Tip of endotracheal tube (n = 1), 
hydrocephaly/sores (n = 1), from ICU and surgical 
wards. This gene is plasmid-borne, suggesting that the 
mobility of this genetic element facilitates horizontal 
gene transfer [44]. This finding reinforces a previous 
study performed by Mathlouthi et al. (2016) that 
highlighted the occurrence of blaOXA-23 in various sites 
and wards [45].  

About 56.25% (n = 9) of our A. baumannii isolates 
tested positive for class B β-carbapenemase (blaNDM-1). 
CP-AB were recovered from different sites (blood, 
diabetic foot, wound, and endotracheal tube), mainly 
from the ICU. This is in line with the finding of 
Mathlouthi et al., 2016, where strains of A. baumannii 
harbouring blaNDM recovered from different sites. 
Identification of several clinical A. baumannii isolates 
harbouring blaNDM-1 gene and originating from North 
Africa, with no obvious link to the Indian subcontinent, 
strongly suggests that NDM-1-producing A. baumannii 
clones probably widespread in North Africa and might 
act as a reservoir for blaNDM-1.These results are 
consistent with regional and global findings; reports 
from Israel, India, China, United Kingdom, Canada, 
France, Sweden, Morocco, South Africa, United Arab 
Emirates, and Iran [46].  

Regarding the hospital environment, data showed 

that blaOXA-23 was detected in six A. baumannii from 
suction machines, bathrooms, and mechanical 
ventilators. blaNDM was detected in only one isolate of 
A. baumannii from inside a baby incubator in the 
neonatal ICU. Our results are consistent with the recent 
finding by Bonin et al. (2019) in a French hospital, 
which highlighted the occurrence mainly of OXA-23 
and a lesser extent of NDM in carbapenem-resistant A. 
baumannii in a hospital environment [47]. Our findings 
are lower than a study performed by Zenati et al., 2016 
in Algeria, which described blaOXA-23 and blaNDM-1 genes 
in 29 and 32 strains of carbapenem-resistant A. 
baumannii isolates, respectively [48]. 

P. aeruginosa is an environmental species and one 
of the most frequent nosocomial pathogens [49]. Its 
ability to develop multi-drug resistance renders 
infections very difficult to treat resulting in a high 
mortality rate, ranging from 18% to 61% [50]. 
Carbapenems (including imipenem, meropenem, and 
doripenem) are often used as the drug of choice against 
multidrug-resistant P. aeruginosa for the treatment of 
serious infections such as nosocomial pneumonia, 
serious nosocomial intra-abdominal infection, and 
septicemia caused by this pathogen. In the present 
work, a total of 15 P. aeruginosa recovered from 
clinical specimens (n = 8) and various hospital 
environment swabs (n = 7), from three medical settings 
in Libya were studied. Most clinical strains harboured 
VIM-2 carbapenemase-encoding gene (n = 4), mainly 
from wounds. blaVIM was detected in four strains of 
CRPA harvested from suction machines and 
bathrooms. These findings showed a higher occurrence 
of blaVIM than the findings of Maroui et al. (2016) in 
Morocco and Safraoui et al. (2014) in Algeria, in which 
only two strains displayed VIM-2 were detected 
[51,52]. 

Carbapenem resistance in P. aeruginosa strains 
may result from multiple mechanisms with or without 
the production of carbapenemases. Permeability 
changes in the outer membrane and the occurrence of 
protein loss (oprD), play a crucial role in resistance to 
carbapenem antibiotics in P. aeruginosa. Our results 
showed that CRPA displayed a modified OprD (n = 3 
from clinical isolates, n = 3 from hospital environment), 
in which one strain with an IS by sequencing and Blast 
with PAO1 gene showed identity with ISPa26, and the 
other strains harboured a polymorphism (stop codon, 
insertion, deletion, and substitution). Our results are in 
line with many findings all over the world, highlighting 
that an IS in the oprD gene plays a role in the resistance 
of P. aeruginosa to carbapenems [53].  
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Conclusions 
In the current study, it can be confirmed that the 

hospital environment including toilet, sink, and drain 
removal, provides a rich niche for propagation of 
bacteria and especially a source of carbapenem-
producing bacteria. Inside the hospital, water access 
and drainage systems could facilitate MDRB 
transmission through direct or indirect contact with 
water, or from droplets produced during water-related 
activities, underlining the importance of water 
distribution and wastewater design to reduce such risk. 
Ensuring effective infection prevention and control 
(IPC) measures is important to eradicate reservoirs of 
pathogens and prevent MDRB cross-transmission 
between patients, healthcare workers, and the 
environment, which may minimize potentially lethal 
outbreaks, knowing the predominant site for each 
organism may help guide surveillance strategies. 
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Annex – Supplementary Items 
 
Supplementary Table 1. Phenotypic and genotypic features of Enterobacteriaceae strains isolated from patients and medical staff of three 
Libyan hospitals. 

Strain ID Age Gender Site Ward Hospital Antibiotic susceptibility profile 
E-Test 
IMP 

(µg/mL) 

E-Test 
ETP 

(µg/mL) 

Carbapenemase-
producing gene 

138 NF1 K. pneumoniae 75Y F NS ICU H1 AX, AMC, TZP, FEP, KF, CRO, 
IMP, ETP, CN, AK, F, CIP, DO > 32 24 NDM-1 

33 T K. pneumoniae 61Y F NS ICU H1 
AX, AMC, TZP, FEP, KF, CRO, 
IMP, ETP, CN, AK, F, SXT, CIP 

DO 
> 32 1.5 OXA-48 

165 K. pneumoniae 58Y F NS ICU H1 AX, AMC, TZP, FEP, KF, CRO, 
IMP, ETP, AK, F, CIP, DO > 32 16 OXA-48, NDM-1 

166 F2 K. pneumoniae 58Y F Armpite ICU H1 AX, AMC, TZP, FEP, KF, CRO, 
IMP, ETP, AK, F, CIP, DO > 32 > 32 NDM-1, VIM 

106 K. pneumoniae 70Y F NS ICU H1 AX, AMC, TZP, FEP, KF, CRO, 
IMP(I), ETP, AK, F, CIP 6 1 NDM-1 

82 K. pneumoniae (-) F NS ICU H1 AX, AMC, TZP, FEP, KF, CRO, 
IMP(I), ETP, CIP 0.38 0.5 OXA-48 

139 K. pneumoniae (-) (-) Armpite ICU H1 AX, AMC, TZP, FEP, KF, CRO, 
IMP, ETP, FF, F, SXT, CIP, DO 8 > 32 VIM 

37 K. pneumoniae (-) F MS HS ICU H1 AX, AMC, TZP, FEP, KF, CRO 
IMP(I), ETP, F, SXT, CIP, DO > 32 1.5 OXA-48 

42 K. pneumoniae (-) FMS NS ICU H1 AX, AMC, TZP, FEP, KF, CRO 
IMP, ETP, AK, FF, F, CIP, DO > 32 2 NDM-1 

32 K. pneumoniae (-) FMS HS ICU H1 
AX, AMC, TZP, FEP, KF, CRO 

IMP (I), ETP, AK (I), F, SXT, CIP, 
DO 

> 32 2 NDM-1, VIM 

16B K. pneumoniae 70Y M NS ICU H1 AX, AMC, TZP, FEP, KF, CRO 
IMP(I), ETP, AK(I) 1.5 > 32 Carba test (-) 

G39’1’ K. pneumoniae 17Y F NS MOW H2 AX, AMC, TZP, FEP, KF, CRO 
IMP, ETP, AK, FF, F, CIP, DO 8 8 NDM-1 

G48’1’ K. pneumoniae 6Y M NS BSSR H2 AX, AMC, TZP, FEP, KF, CRO 
IMP, ETP, FF, F, CIP, DO 8 8 NDM-1 

G60 K. pneumoniae 28Y F TWS FOW H2 AX, AMC, TZP, FEP, KF, CRO, 
IMP, ETP, AK, FF, F, SXT, CIP 8 16 NDM-1 

G78 K. pneumoniae 30Y M NS BSSR H2 AX, AMC, TZP, FEP, KF, CRO, 
IMP, ETP, AK, F, SXT, CIP, DO 8 16 NDM-1 

G89 K. pneumoniae 33Y M WS MOW H2 AX, AMC, TZP, FEP, KF, CRO, 
IMP, ETP, AK, F, SXT, CIP, DO 8 24 NDM-1 

G95 K. pneumoniae 29Y M TFC NSR H2 AX, AMC, TZP, FEP, KF, CRO, 
IMP, ETP, AK, F, SXT, CIP, DO 24 32 NDM-1 

G97 K. pneumoniae 28Y F TWS COW H2 
AX, AMC, TZP, FEP, KF, CRO, 
IMP, ETP, AK, FF, F, SXT, CIP, 

DO 
24 32 NDM-1 

G98 K. pneumoniae 24Y M FWS BBSR H2 AX, AMC, TZP, FEP, KF, CRO, 
IMP, ETP, AK, FF, F, SXT, CIP 6 16 OXA-48, NDM-1 

G99 K. pneumoniae 74Y F WS OPD H2 AX, AMC, TZP, FEP, IMP, ETP, 
AK, CIP, DO 8 24 NDM-1 

G100 K. pneumoniae 28Y F TWS COW H2 AX, AMC, TZP, FEP, KF, CRO, 
IMP, ETP, AK, FF, F, CIP, DO 16 > 32 OXA-48, NDM-1 

G101 K. pneumoniae 28Y F TWS COW H2 
AX, AMC, TZP, FEP, KF, CRO, 
IMP, ETP, AK, FF, F, SXT, CIP, 

DO 
24 > 32 NDM-1 

G102 K. pneumoniae 24Y M TWS BSSR H2 AX, AMC, TZP, FEP, KF, CRO, 
IMP, ETP, FF, F, CIP, DO 24 > 32 OXA-48, NDM-1 

BMC 
ICU1’1’ K. pneumoniae 3M F H/S PW H3 

AX, AMC, TZP, FEP, KF, CRO, 
IMP, ETP, AK, CN, FF, F, SXT, 

CIP, DO 
24 > 32 OXA-48, NDM 

BMC S8 K. pneumoniae 40Y F DF FSW H3 
AX, AMC, TZP, FEP, KF, CRO, 
IMP, ETP, AK, CN, F, SXT, CIP, 

DO 
24 > 32 OXA-48, NDM-1 

BMC S12 K. pneumoniae 68Y M DF MSW H3 
AX, AMC, TZP, FEP, KF, CRO, 
IMP, ETP, AK, CN(I), F, SXT, 

CIP, DO 
4 8 OXA-48 

BMC 16 
GR’3’ K. pneumoniae 35Y F DF FSW H3 

AX, AMC, TZP, FEP, KF, CRO, 
IMP, ETP, AK, CN, FF, F, SXT, 

CIP, DO 
> 32 > 32 OXA-48, NDM-1 

BMC 48 K. pneumoniae 12D F BH/C NICU H3 AX, AMC, TZP, FEP, KF, CRO, 
IMP, ETP, AK, F, SXT, CIP, DO > 32 > 32 OXA-48, NDM-1 
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Slem 
7894 K. pneumoniae 15D F Urine PW H3 

AX, AMC, TZP, FEP, KF, CRO, 
IMP, ETP, AK (I), FF, F, SXT, 

CIP, DO 
16 > 32 OXA-48 

166 F1 E. coli 58Y F Armpit ICU H1 AX, AMC, TZP, FEP, KF, CRO, 
IMP(I), ETP, AK, CN, CIP, DO 4 6 NDM-1, OXA-48 

138 F1 E. coli 75Y F NS ICU H1 AX, AMC, TZP, FEP, KF, CRO, 
IMP, ETP, AK, F, CIP, DO 2 6 OXA-48, NDM-1 

BMC 
28\27 GR 

3 
C. freundii 39Y F Wound MSW H3 AX, AMC, TPZ, FEP, KF, CRO, 

IMP (I), ETP, CN, SXT, DO 2 1.5 NDM-1 

G32’1’ C. freundii 5Y M HWS NNSR H2 AX, AMC, TZP, FEP, KF, CRO, 
IMP, ETP, FF, F, CIP 2 1 NDM-1 

32 C. freundii - F MS HS ICU H1 AX, AMC, TZP, FEP, KF, IMP (I), 
ETP 0.25 2 OXA-48 

G56 E. 
xiangfangensis 45Y M FC BSSR H2 AX, AMC, TZP, FEP, KF, CRO, 

IMP, ETP, FF, SXT, CIP, DO 8 > 32 NDM-1 

*BH/C: baby hand\cannula; BSSR: burn surgery shock room; COW: children orthopedic ward DF: diabetic foot; F: female; F MS; female medical staff; FC: 
Foley's catheter; FOW: female orthopedic ward; FSW: female surgical ward; FMS: female medical staff; H/S: hydrocephaly/sore; HS: hand swab; HWS: head 
wound; M: male; MOW: male orthopedic ward; MSW: male surgical ward; NICU: neonatal ICU; NS: nasal swab; NSSR: neurosurgical shock room; OPD: 
outpatient department; PW: peadiatric:; TFC: Tips of foley's catheter; TWS: thigh wound swab; WS: wound swab; antibiotics; AX: amoxicillin; AMC: 
amoxicillin/clavulanic acid; TPZ: ticarcillin/tazobactam; FEP: cefepime; KF: cephalothin; CRO: ceftriaxone; IMP: imipenem; ETP: ertapenem; AK: amikacin; 
CN: gentamycin; FF: fosofomycin; F: nitrofurantoin; SXT: trimethoprim/sulfamethoxazole; CIP: ciprofloxacin; DO: doxycycline. 
 
 
 
Supplementary Table 2. Phenotypic and genotypic features of non-Enterobacteriaceae strains isolated from patients and medical staff of 
three Libyan hospitals. 
Strain code Strain ID Age Gender Site Ward Hospital Antibiotic susceptibility profile E-test 

IMP 
Carbapenemase 
gene and porin 

16A A. baumannii 70Y M NS ICU H1 TIC, TIM, TPZ, ATM, CAZ, FEP, IMP, MEM, 
RA(I), FF, F, SXT, CN, AK, CIP, DO > 32 OXA-23 

137 A. baumannii 75Y F HS ICU H1 TIC, TIM, TPZ, ATM, CAZ, FEP, IMP, MEM, 
RA(I), FF, F, SXT, CN, AK, CIP, DO > 32 OXA-23 

138 NF3 A. baumannii 75Y F NS ICU H1 TIC, TIM, TPZ, ATM, CAZ, FEP, IMP, MEM, 
RA(I), F, CN, AK, CIP, DO > 32 NDM-1 

G35 A. baumannii 20Y M NS ICU H2 TIC, TIM, TPZ, ATM, CAZ, FEP, IMP, MEM, 
RA, FF, AK, CIP > 32 OXA-23 

G55 A. baumannii 35Y M TWS ICU H2 TIC, TIM, TPZ, ATM, CAZ, FEP, IMP, MEM, 
CN, AK, RA(I), FF, SXT, CIP > 32 NDM-1 

G88 A. baumannii 17Y F FC BSSR H2 TIC, TIM, TPZ, ATM, CAZ, FEP, IMP, MEM, 
CN, AK, RA(I), FF, SXT(I), CIP, DO > 32 NDM-1 

G90 A. baumannii 27Y M TETT ICU H2 TIC, TIM, TPZ, ATM, CAZ, FEP, IMP, MEM, 
RA, FF, SXT, CIP > 32 NDM-1 

G91 A. baumannii 27Y M HWS ICU H2 TIC, TIM, TPZ, ATM, CAZ, FEP, IMP, MEM, 
CN, AK, RA(I), FF, CIP > 32 NDM-1 

G92 A. baumannii 20Y M TFC ICU H2 TIC, TIM, TPZ, ATM, CAZ, FEP, IMP, MEM, 
RA, FF, AK, CIP > 32 OXA-23 

G93 A. baumannii 28Y M BS BSSR H2 TIC, TIM, TPZ, ATM, CAZ, FEP, IMP, MEM, 
RA, FF, AK, CN, SXT, CIP > 32 NDM-1 

G94 A. baumannii 29Y M TFC NSR H2 TIC, TIM, TPZ, ATM, CAZ, FEP, IMP, MEM, 
RA, FF, SXT, AK, CN, CIP > 32 OXA-23 

G96 A. baumannii 30Y M TETT ICU H2 TIC, TIM, TPZ, ATM, CAZ, FEP, IMP, MEM, 
RA, FF, AK, CN, SXT, CIP > 32 OXA-23, NDM-1 

BMC ICU 
6’2’ A. baumannii 9M F H/S PW H3 TIC, TIM, TPZ, ATM, CAZ, FEP, IMP, MEM, 

CN, RA(I), FF, F, CIP > 32 OXA-23 

BMC S21 A. baumannii 58Y M Wound MSW H3 TIC, TPZ, ATM, CAZ, FEP, IMP, MEM, RA, 
FF, CN, SXT, DO > 32 OXA-23, NDM-1 

BMC 16 
GR 3’3’ A. baumannii 35Y F DF FSW H3 TIC, TIM, TPZ, ATM, CAZ, FEP, IMP, MEM, 

RA(I), FF, F, AK(I), SXT, CIP, DO > 32 NDM-1 

BMC ICU 5 A. baumannii 14D M H/W NICU H3 TIC, TIM, TPZ, ATM, CAZ, FEP, IMP, MEM, 
RA(I), FF, CN, AK, CIP > 32 (-) 

G103 P. aeruginosa 32Y M AWS BSSR H2 TIC, TIM, TPZ, ATM, CAZ, FEP, IMP, MEM, 
FF, AK, CIP, DO > 32 

OprD 
(substitution, 

deletion) 

G104 P. aeruginosa 28Y F TWS COW H2 TIC, TIM, TPZ, ATM, CAZ, FEP, IMP, MEM, 
RA, FF, AK, CN, SXT, CIP, DO > 32 VIM-2 

G31 P. aeruginosa 5Y M HWS NSSR H2 TIC, TIM, TPZ, ATM, CAZ, IMP, MEM, RA, 
AK, CN, SXT, CIP, DO > 32 (-) 

G42’2’ P. aeruginosa 12Y F NS BSSR H2 TIC, TIM, TPZ, CAZ, FEP, IMP, MEM, FF, 
SXT, AK, CN, CIP, DO > 32 OprD (St’op 

codon) 
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G57 P. aeruginosa 6Y M AWS BSSR H2 TIC, TIM, TPZ, ATM, CAZ, FEP, IMP, MEM, 
FF, AK, CN, SXT, CIP, DO > 32 VIM-2 

G58 P. aeruginosa 28Y M LWS BSSR H2 TIC, TIM, TPZ, ATM, CAZ, FEP, IMP, MEM, 
RA, FF, AK, SXT, CIP, DO > 32 VIM-2 

slem74650 P. aeruginosa 67Y M Urine MSW H3 TIC, TIM, TPZ, ATM(I), CAZ, FEP, IMP, 
MEM, RA, F, CN, AK, RA, SXT, CIP, DO > 32 oprD (ISPa26) 

BMC 98 P. aeruginosa 4D M Armpit NICU H3 TIC, TIM, TPZ, ATM, CAZ, FEP, IMP, MEM, 
RA, F, FF, AK, CN, SXT, CIP, DO > 32 VIM-2 

G32 P. oleovorans 5Y M HWS NSSR H2 TIC, TIM, TPZ, FEP, IMP, MEM, RA, FF, SXT, 
CIP, DO > 32 VIM-2 

G48’2’ P. mandocina 6Y M NS BSSR H2 TIC, TIM, TPZ, CAZ, FEP, IMP, MEM, RA, FF, 
AK, DO > 32 VIM-2 

G37 P. putida 32Y M NS ICU H2 TIC, TIM, TPZ, ATM, IMP, MEM, RA, FF, 
SXT, CIP, DO > 32 VIM-2 

G40 P. otitides 18Y F NS BSSR H2 TIC, TIM, ATM, MEM, RA, FF, DO > 32 VIM-2 

156 S.malthophila - MS NS ICU H1 TIC, TIM, TPZ, ATM, CAZ, FEP, IMP, MEM, 
CN, RA (I), FF, F > 32 - 

*AWS: abdominal wound swab; BS: blood sample; BSSR: burns surgery shock room; COW: children orthopaedic ward; D: day; DF: diabetic foot: F: female; 
FSW: female surgery ward; FC: Foley's catheter; HS: hand swab;  H/S: hydrocephaly/sore: H/W: hydrocephaly/wound; HWS: head wound swab; LWS: leg 
wound swab; M: male; MSW: Male surgery ward; NSR: neurosurgery room; NICU: Neonatal ICU; NS: nasal swab; PW: Peadiatric ward; TFC: Tip of Foleys 
catheter; TETT: Tip of endotracheal tube; TWS: thigh wound swab; Y: year; antibiotics; TIC: Ticarcillin; TIM: Ticarcillin/clavulanic acid; TPZ: 
Piperacillin/tazobactam; ATM: Aztreonam; CAZ: Ceftazidime; FEP: Cefepime; IMP: Imipenem; MEM: Meropenem; RA: Rifampicin; FF: Fosofomycin; F: 
Nitrofurantoin; SXT: Trimethoprim/sulfamethoxazole; CN: Gentamycin; AK: Amikacin; CIP: Ciprofloxacin; DO: Doxycyclin. 
 
 
 
 
Supplementary Table 3. Phenotypic and genotypic features of Enterobacteriaceae isolated from three Libyan hospital environmental 
settings. 

Strain 
code Strain ID Site Ward Hospital Antibiotic susceptibility profile 

E-test 
IMP 

(µg/mL) 

E-test 
ETP 

(µg/mL) 

Carbapenemase
-encoding gene 

66 K. pneumoniae Floor ICU H1 AX, AMC, TPZ, FEP, KF, CRO, IMP(I), ETP, AK, 
SXT, CIP, DO 3 > 32 OXA-48, NDM-1 

97 K. pneumoniae ICU 
Table ICU H1 AX, AMC, TPZ, FEP, KF(I), CRO, IMP, ETP, AK, 

F, CIP 3 4 OXA-48 

145 F K. pneumoniae SM ICU H1 AX, AMC, TPZ, FEP, KF, CRO, IMP, ETP, CN, AK, 
F, CIP, DO 4 6 OXA-48, NDM-1 

160 A1 K. pneumoniae Suction 
machine ICU H1 AX, AMC, TPZ, FEP, KF, CRO, IMP(I), ETP, AK, 

FF, F, SXT, CIP 2 > 32 NDM-1 

124 A I K. pneumoniae WA ICU H1 AX, AMC, TPZ, FEP, KF, CRO, IMP, ETP, AK, FF, 
F, CIP, DO 24 > 32 NDM-1 

169 F K. pneumoniae BW ICU H1 AX, AMC, TPZ, FEP, KF, CRO, IMP, ETP, AK, FF, 
F, SXT, CIP, DO 6 > 32 NDM-1 

62 K. pneumoniae PT ICU H1 AX, AMC, TPZ, FEP, KF, CRO, IMP(I), ETP, AK, 
F, CIP 1 6 NDM-1 

126NF K. pneumoniae Floor ICU H1 AX, AMC, TPZ, FEP, KF, CRO, IMP(I), ETP, SXT, 
CIP, DO 24 32 NDM-1 

127FA K. pneumoniae Floor ICU H1 AX, AMC, TPZ, FEP, KF, CRO, IMP(I), ETP, FF, F, 
AK, CIP, DO 4 4 NDM -1 

48 F K. pneumoniae WT ICU H1 AX, AMC, TPZ, FEP, KF, CRO, IMP(I), ETP, AK, 
FF, F, SXT, CIP, DO 3 > 32 carba test (-) 

159 NF3 K. pneumoniae SM ICU H1 AX, AMC, TPZ, FEP, KF, CRO, IMP(I), ETP, FF, F, 
SXT, CIP, DO 6 12 carba test (-) 

140 K. pneumoniae PP ICU H1 AX, TPZ(I), CRO, IMP(I), ETP, CN, AK, F, SXT, 
CIP, DO 0.19 S carba test (-) 

G1 K. pneumoniae WC COW H2 AX, AMC, TPZ, FEP, KF, CRO, IMP, ETP, FF, F, 
SXT, CIP, DO 24 > 32 NDM-1 

G2’2’ K. pneumoniae DR BSSR H2 AX, AMC, TPZ, FEP, KF, CRO, IMP, ETP, FF, F, 
SXT, CIP, DO > 32 > 32 OXA-48, NDM-1 

G3 K. pneumoniae WC FOW H2 AX, AMC, TPZ, FEP, KF, CRO, IMP, ETP, CIP 3 4 NDM-1 

G4 K. pneumoniae WC MOW H2 AX, AMC, TPZ, FEP, KF, CRO, IMP, ETP, F, SXT, 
CIP, DO 4 > 32 NDM-1 

G5’2’ K. pneumoniae ER CSR H2 AX, AMC, TPZ, FEP, KF, CRO, IMP, ETP, FF, F, 
SXT, CIP, DO 4 6 NDM-1 

G8’2’ K. pneumoniae WC MOW H2 AX, AMC, TPZ, FEP, KF, CRO, IMP(I), ETP, FF, F, 
AK, CN, CIP 2 24 NDM-1 

G9 K. pneumoniae WC MSW H2 AX, AMC, TPZ, FEP, KF, CRO, IMP, ETP, AK, CN, 
FF, F, CIP, DO 24 > 32 NDM-1 

G11 ‘2’ K. pneumoniae Bathroom NSSR H2 AX, AMC, TPZ, FEP, KF, CRO, IMP(I), ETP, AK, 
FF, F, SXT, CIP, DO 12 > 32 OXA-48, NDM-1 
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G14’2’ K. pneumoniae WC CSR H2 AX, AMC, TPZ, FEP, KF, CRO, IMP, ETP, AK, FF, 
F, SXT, CIP, DO > 32 > 32 NDM-1 

G17 K. pneumoniae NR FSW H2 AX, AMC, TPZ, FEP, KF, CRO, IMP, ETP, AK, FF, 
F, SXT, CIP, DO 4 > 32 NDM-1 

G18’2’ K. pneumoniae WC ICU H2 AX, AMC, TPZ, FEP, KF, CRO, IMP, ETP, FF, F, 
CIP, DO 4 12 NDM-1 

G19 K. pneumoniae WC FSW H2 AX, AMC, TPZ, FEP, KF, CRO, IMP, ETP, AK, FF, 
F, SXT, CIP, DO 24 > 32 NDM-1 

G29’2’ K. pneumoniae ER COW H2 AX, AMC, TPZ, FEP, KF, CRO, IMP, ETP, FF, F, 
SXT, CIP, DO > 32 > 32 NDM-1 

G15 v K. pneumoniae WC NSSR H2 AX, AMC, TPZ, FEP, KF, CRO, IMP, ETP, CIP 16 32 NDM-1 

BMC 5 K. pneumoniae Laryngscop
e NICU H3 AX, AMC, TPZ, FEP, KF, CRO, IMP, ETP, AK, 

CN(I), FF, F, SXT, CIP, DO > 32 > 32 OXA-48, NDM-1 

BMC 11 K. pneumoniae IBI NICU H3 AX, AMC, TPZ, FEP, KF, CRO, IMP, ETP, FF, F, 
SXT, CIP, DO > 32 > 32 NDM-1 

BMC 13 K. pneumoniae HR NICU H3 AX, AMC, TPZ, FEP, KF, CRO, IMP, ETP, FF, F, 
AK, CN, SXT, CIP, DO > 32 > 32 OXA-48, NDM-1 

BMC 16 K. pneumoniae BM NICU H3 AX, AMC, TPZ, FEP, KF, CRO, IMP, ETP, FF, F, 
AK, CN(I), SXT, CIP, DO > 32 > 32 NDM-1, OXA-48 

BMC B 
36 K. pneumoniae Sewage NICU H3 AX, AMC, TPZ, FEP; KF, CRO, IMP, ETP, F, AK, 

F, SXT, CIP, DO - >  32 OXA-48, VIM, 
NDM-1 

BMC 35 K. pneumoniae Sewage NICU H3 AX, AMC, TPZ, FEP; KF, CRO, IMP, ETP, FF, F, 
AK, CN(I), SXT, CIP, DO > 32 > 32 NDM-1 

BMC 47 K. pneumoniae Sewage UGF H3 AX, AMC, TPZ, FEP, KF, CRO, IMP, ETP, AK, CN, 
FF, F, SXT, CIP, DO > 32 > 32 OXA-48, NDM-1 

G5’2’ E. cloacae ER CSR H2 AX, AMC, TPZ, FEP, KF, CRO, IMP, ETP, AK, CN, 
FF, F, SXT, CIP, DO 32 32 NDM-1 

G6 rose E. cloacae DR FOW H2 AX, AMC, TPZ, FEP, KF, CRO, IMP, ETP, CN, FF, 
CIP 16 > 32 NDM-1 

G12 E. cloacae WC MOW H2 AX, AMC, TPZ, FEP, KF, CRO, IMP, ETP, AK, CN, 
F, SXT, CIP, DO 24 > 32 NDM-1 

G14’1’ E. cloacae WC CSR H2 AX, AMC, TPZ, FEP; KF, CRO, IMP, ETP, FF, F, 
AK, CN, SXT, CIP, DO 8 32 NDM-1 

G18’1 E. cloacae WC ICU H2 AX, AMC, TPZ, FEP; KF, CRO, IMP, ETP, FF, F, 
AK, CN, SXT, CIP, DO 8 > 32 NDM-1 

G20 E. cloacae DR BPSW H2 AX, AMC, TPZ, FEP; KF, CRO, IMP, ETP, FF, F, 
AK, CN, SXT, CIP, DO 6 32 NDM-1 

G21 E. cloacae UR EOT H2 AX, AMC, TPZ, FEP; KF, CRO, IMP, ETP, FF, F, 
AK, CN, SXT, CIP, DO 6 > 32 NDM-1 

99 E.cloacae Floor ICU H1 AX, AMC, TPZ, FEP, KF, CRO, IMP, ETP, FF, F, 
SXT, CIP, DO 6 4 KPC-2 

127 B E.cloacae Floor ICU H1 AX, AMC, TPZ, FEP, KF, CRO, IMP, ETP, CIP, DO 2 2 OXA-48 

124AT E. coli WA ICU H1 AX, AMC, TPZ, FEP, KF, CRO, IMP, ETP, AK, CN, 
CIP 1 4 NDM-1, OXA-48 

158NF2 E. coli Suction ICU H1 AX, AMC, TPZ, FEP, KF, CRO, IMP(I), ETP, CN, 
AK, CIP 1 3 NDM-1, OXA-48 

G16’1’ E. coli WC FSW H2 AX, AMC, TPZ, FEP, KF, CRO, IMP, ETP, CIP, DO 1.5 4 NDM-1 

G54 E. coli SA plastic 
O. T H2 AX, AMC, TPZ, FEP, KF, CRO, IMP, ETP, CIP, DO 4 4 OXA-48 

127FA C. freundii Floor ICU H1 AX, AMC, TPZ, FEP, KF, CRO, IMP, ETP, SXT, 
CIP, DO 12 32 NDM-4 

G22’2’ R. 
ornithinolytica WC FSW H2 AX, AMC, TPZ, FEP, KF, CRO, IMP, ETP, FF, 

AK(I), CIP 8 16 NDM-1 

161 S S. marcescens SM ICU H1 AX, AMC, TPZ, FEP, KF, CRO, IMP, ETP, AK, F, 
CIP, DO 16 > 32 OXA-48 

*BM: boiler machine; BPSW: burn and plastic surgery ward; BSSR: burn surgery shock room; BW: bathroom wall; COW: children orthopedic ward; CSR: 
Chest surgical room; DR: dressing room; EOT: emergency operation theatre; ER: examination room: HR: refrigerator handle; IBI: inside baby incubator; ICU: 
intensive care unit; FOW: female orthopedic ward; FSW: female surgical ward; MOW: male orthopedic ward; MSW: male surgical ward; NR: nursing room; 
NSSR: neurosurgical shock room; NICU: neonatal ICU; PP: patient pillow; PT: patient table; SA: scrub area; SM: suction machine; UGF: underground floor; 
UR: utility room; WT: water tap; WA: water aerator; WC: water closet; antibiotics; AX: amoxicillin; AMC: amoxicillin/clavulanic acid; TZP: 
ticarcillin/tazobactam; FEP: cefepime; KF: cephalothin; CRO: ceftriaxone; IMP: imipenem; ETP: ertapenem; AK: amikacin; CN: gentamycin; FF: Fosfomycin; 
F: nitrofurantoin; SXT: trimethoprim/sulfamethoxazole; CIP: ciprofloxacin; DO: doxycycline. 
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Supplementary Table 4. Phenotypic and genotypic characteristics of non-fermenting strains isolated from three Libyan hospital 
environmental settings. 

Strain 
code Strain ID Site Ward Hospital Antibiotic susceptibility profile 

E-test 
IMP 

(µg/mL) 

Carbapenemase-
encoding genes 

and porins 

159 NF4 A. baumannii SE ICU H1 TIC, TCC, TPZ, ATM, CAZ, FEP, IMP, MEM, AK, CN, RA (I), FF, 
F, SXT, CIP, DO > 32 OXA-23 

107 A. baumannii MV ICU H1 TIC, TCC, TPZ, ATM, CAZ, FEP, IMP, MEM, AK, CN, RA (I), FF, 
F, SXT, CIP, DO > 32 OXA-23 

143 A. baumannii BM ICU H1 TIC, TCC, TZP, ATM, CAZ, FEP, IMP, MEM, AK, CN, RA (I), FF, 
F, CIP, DO > 32 - 

G11 A. baumannii WC NSSR H2 TIC, TCC, TPZ, ATM, CAZ, FEP, IMP, MEM, AK, RA, FF, SXT, 
CIP > 32 OXA-23 

G80 A. baumannii DT ICU H2 TIC, TCC, TPZ, ATM, CAZ, FEP, IMP, MEM, AK, CN, SXT, CIP, 
DO > 32 OXA-23 

G22’1’ A.baumannii WC FSW H2 TIC, TIM, TPZ, ATM, CAZ, FEP, IMP, MEM, SXT, CN, AK, CIP, 
DO > 32 OXA-23 

BMC 45 A. baumannii ST NICU H3 TIC, TIM, TPZ, ATM, CAZ, FEP, IMP, MEM, SXT, CN, AK, CIP, 
DO > 32 OXA-23 

BMC 46 A. baumannii IBI NICU H3 TIC, TIM, TPZ, ATM, CAZ, FEP, IMP, MEM, FF, RA, CIP > 32 NDM-1 

160A2 P. aeruginosa SE ICU H1 TIC, TCC, TPZ, ATM, CAZ, FEP, IMP, MEM, AK, RA, F, SXT, 
CIP, DO > 32 VIM-2 

158 NF2 P. aeruginosa SE ICU H1 TIC, TCC, TPZ, ATM, CAZ, FEP, IMP, MEM, AK, CN, RA, F, 
SXT, CIP, DO > 32 VIM-2 

G15J P. aeruginosa WC NSSR H2 TIC, TCC, TPZ, ATM, CAZ, IMP, MEM, AK, SXT, DO 32 VIM-2 

G16’2’ P. aeruginosa WC FSW H2 TIC, TCC, ATM, CAZ, FEP, IMP, MEM, AK, CN, FF, SXT, CIP, 
DO > 32 

OprD 
(substitution, 

insertion) 

G13 P. aeruginosa WC NSSR H2 TIC, TCC, TPZ, CAZ, FEP, IMP, MEM, AK, CN, FF, SXT, CIP, 
DO > 32 oprD (substitution) 

G29’1’ P. aeruginosa ER COW H2 TIC, TCC, TPZ, CAZ, FEP, IMP, MEM, AK, CN, FF, SXT, CIP, 
DO > 32 OprD (stop codon 

646 pb) 
G30 P. aeruginosa WC Dr. R H2 TCC, TPZ, ATM, FEP, IMP, MEM, RA, FF, SXT > 32 VIM-2 
G53 P. putida SA EOT H2 TIC, TCC, ATM (I), CAZ, IMP, MEM, CN, RA (I), FF, SXT, DO > 32 VIM-2 
G23 P. otitides WC BPSW H2 TIC, MEM, AK, FF, DO - - 

G16'3' S. maltophila WC FSW H2 TIC, TCC, ATM, IMP, MEM, CN, RA > 32 - 
BMC A 

36 S. maltophila Sewage NICU H3 TIC, TIM, ATM, IMP, MEM, AK, FF > 32 OXA-23 

G7 C. aquatica NR FOW H2 TIC, TCC, TPZ, ATM, CAZ, FEP, MEM, AK, FF, SXT, CIP 32 NDM-1 
*BM: bed mattress; BPSW: burns and plastic surgery ward; COW: children orthopedic ward; DT: dressing trolley; Dr. R: doctors room; ER: examination room; 
EOT: emergency operation theater; FOW: female orthopedic ward; FSW: female surgical ward; IBI: inside baby incubator; ICU: intensive care unit; MV: 
mechanical ventilator; NICU: neonatal ICU; NR: nursing room; NSSR: neuro-surgical shock room; SA: scrubs area; SE: suction equipment; ST: suction table; 
WC: Water circle; antibiotics; TIC: ticarcillin; TCC: ticarcillin/ clavulanic acid; TPZ: piperacillin/ tazobactam; ATM: aztreonam; CAZ: ceftazidime; FEP: 
cefepime; IMP: imipenem; MEM: meropenem; AK: amikacin; CN: gentamycin; RA: rifampicin; FF: Fosfomycin; SXT: trimethoprim/ sulfamethoxazole; CIP: 
ciprofloxacin; DO: doxycycline. 
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