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Abstract 

Colistin (polymyxin E), a last-resort antibiotic for the treatment of multidrug-resistant 
Gram-negative bacterial infections, is becoming increasingly compromised by the rapid 
emergence and dissemination of resistance. The extensive use of colistin in agriculture 
and veterinary medicine has accelerated the spread of plasmid-mediated mobile colistin 
resistance (mcr) genes, facilitating transmission across human, animal, and environmental 
reservoirs. This review provides a comprehensive overview of the epidemiology, molec-
ular mechanisms, and geographical distribution of colistin resistance in the Middle East 
and North Africa (MENA) region. Analysis of the available literature indicates that Tuni-
sia reports the highest prevalence of colistin-resistant Gram-negative bacteria in North 
Africa (58.09%), followed by Egypt (24.76%), Algeria (14.29%), and Libya (2.86%). Across 
the region, mcr-1 is the predominant plasmid-mediated resistance determinant, whereas 
chromosomal alterations involving the mgrB, pmrA/pmrB, and phoP/phoQ regulatory sys-
tems are the principal non-plasmid-mediated mechanisms. Resistance has been docu-
mented in major clinical pathogens, including Escherichia coli, Klebsiella pneumoniae, Aci-
netobacter baumannii, and Pseudomonas aeruginosa, as well as in livestock, poultry, aquacul-
ture, wildlife, food products, and environmental samples, highlighting the interconnected 
nature of resistance transmission under a One Health framework. The evidence demon-
strates substantial geographical variability and significant gaps in surveillance across sev-
eral MENA countries, limiting accurate regional burden estimates. Strengthening antimi-
crobial stewardship, harmonized surveillance programs, molecular monitoring of re-
sistance determinants, and the implementation of One Health strategies are essential to 
limit the continued emergence and dissemination of colistin resistance throughout the re-
gion. 

Keywords: colistin resistance; multi-drug resistance; gram-negative bacteria-middle east; 
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1. Introduction 
Since its discovery in 1947, colistin has been a key antibiotic, especially against mul-

tidrug-resistant Gram-negative bacteria (GNB) [1]. It remains one of the few effective 
treatment options for infections caused by carbapenem-resistant isolates of Escherichia coli, 
Klebsiella pneumoniae, and Acinetobacter baumannii, underscoring its vital role in modern 
healthcare [1]. However, extensive and prolonged use of colistin, particularly in 

Academic Editor: Branka Bedenic 

Received: 14 July 2026 

Revised: 28 July 2026 

Accepted: 29 July 2026 

Published: 1 August 2026 

Copyright: © 2026 by the authors. 

Licensee MDPI, Basel, Switzerland. 

This article is an open access article 

distributed under the terms and 

conditions of the Creative Commons 

Attribution (CC BY) license. 



Microorganisms 2026, 14, 1693 2 of 33 
 

https://doi.org/10.3390/microorganisms14081693 

agricultural and veterinary practices, has contributed to a worrying global rise in re-
sistance to this last-resort antibiotic [2]. 

The increasing prevalence of colistin-resistant bacteria poses a major global public 
health challenge. These resistant strains are especially common in areas with high colistin 
use, such as in livestock farming, and in regions with limited healthcare infrastructure, 
including conflict-affected zones. International health organizations have urged swift ac-
tion in response to this escalating risk, including improved antimicrobial stewardship and 
restrictions on colistin use in non-human settings [2]. 

The MENA region has not been spared this growing crisis. In recent years, several 
studies have documented the presence of colistin-resistant bacteria in clinical, agricultural, 
and environmental settings across countries including Egypt, Tunisia, and Algeria. The 
rise in colistin resistance in these regions is closely linked to the high use of antibiotics in 
agriculture, poor regulatory enforcement, and limited access to alternative treatments [3–
5]. In refugee camps and underserved communities, where overcrowding and inadequate 
sanitation create ideal conditions for the spread of resistant bacteria, the situation is even 
more dire [6]. 

With the global surge in colistin-resistant bacteria and the widespread prevalence of 
resistance genes such as mcr-1, it is crucial to implement coordinated antimicrobial stew-
ardship programs that address problems of colistin resistance in both animal and human 
health. These initiatives must be reinforced with improved surveillance, particularly in 
regions with high antibiotic usage and limited healthcare infrastructure, to curb the fur-
ther spread of resistance. 

This review aims to provide a comprehensive overview of the epidemiology of col-
istin resistance in the MENA region, examining its prevalence across human, animal, and 
environmental sectors. By analyzing the sources and patterns of the spread of resistance, 
this review seeks to contribute to the development of targeted interventions aimed at mit-
igating this escalating threat to public health. 

2. Overview of Colistin Resistance Mechanisms 
Koyama et al. discovered colistin, a historical polypeptide antibiotic belonging to 

group E, from cultures of Paenibacillus polymyxa subspecies colistinus [1]. With its bacteri-
cidal qualities, colistin primarily affects GNB and is ineffective against anaerobic, Gram-
positive, and Mycoplasma bacteria [7]. Interaction with lipopolysaccharide (LPS), a cru-
cial part of GNB outer membrane, is its principal method of action [8]. More specifically, 
the negatively charged lipid A part of LPS interacts with divalent cations, mainly Mg2+ 
and Ca2+, to help stabilize the outer membrane [9]. Because of its net positive charge, 
colistin binds to LPS very strongly. This causes membrane disruption and the eventual 
release of LPS by electrostatically displacing cations [8]. The introduction of colistin into 
the outer membrane is made possible by its lipophilic, acid-fat chain, which also disrupts 
membrane permeability and makes the inner membrane easier to access. Leakage of cel-
lular contents and bacterial mortality are caused by disruptions in the integrity of the in-
ner membrane. Although this process is widely acknowledged to be the basic mechanism 
of the antibacterial activity of colistin, the specific pathways leading to the death of bacte-
rial cells are still not fully known [10]. 
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The understanding of the action of colistin and fundamental resistance mechanisms 
has been aided by research on strains that are naturally resistant to it. Certain Enterobacte-
riaceae species, such as Proteus and Serratia marcescens, frequently exhibit resistance to pol-
ymyxins [11]. The lipid compositions of Proteus strains that are sensitive to polymyxin B 
and those that are resistant to it are essentially identical, indicating that resistance is not 
caused by the lipids themselves but rather by the lipid composition of the cell envelope 
[11]. Research in the field of antibiotic resistance has revealed a number of enzymes that 
can block the action of colistin. Initially, the colistinase enzyme of Pseudomonas polymyxa 
was identified as a serine protease. By precisely cleaving a peptide bond between the side 
tripeptide and the heptapeptide ring of the colistin molecule, this enzyme can break down 
the protein [11]. Apr protease is another polymyxin inhibitory enzyme that has been 
found in Bacillus licheniformis. This alkaline protease breaks down colistin at two different 
sites: between the heptapeptide ring and the tripeptide side chain and between L-threo-
nine and L-diaminobutyric acid within the heptapeptide ring [12]. Furthermore, recent 
research has shown that Pseudomonas aeruginosa possesses N-acetyltransferases that are 
able to acetylate polymyxins B and E. By adding an acetyl group, these enzymes alter 
polymyxin, although it is unclear how this alteration affects colistin resistance [13]. These 
findings pave the way for future investigations into the molecular mechanisms underly-
ing the inactivation of colistin by these enzymes and the creation of novel approaches to 
creating antibiotic-resistance-fighting therapeutics. 

Two primary categories of mechanisms have emerged in the fight against colistin 
resistance. The first is the mechanism of acquired resistance, which involves the horizontal 
transfer of resistance genes. The second is the intrinsic mechanism of resistance, which 
encompasses genetic changes and cellular modifications that enable bacterial survival 
against this critical antibiotic. 

2.1. Acquisition of Resistance 

Combatting colistin resistance is a major concern, since resistance genes can be ac-
quired by horizontal gene transfer. Prominent examples include the phosphoethanola-
mine transferase (PEtN) gene (mcr-1 to mcr-10). Lipid A, the lipopolysaccharide (LPS) tar-
geted by colistin, has its structure modified by these enzymes, which reduces the binding 
affinity of the antibiotic [14]. Much of the dissemination of the mcr gene in bacterial pop-
ulations arises from its common presence on plasmids and other mobile genetic elements. 
In other words, bacteria can rapidly transform, allowing resistance to spread both within 
and between bacterial species [14,15]. 

Furthermore, the inclusion of the mcr gene on plasmids adds another layer of com-
plexity to the fight against resistance, as plasmids have the ability to contain numerous 
resistance genes that simultaneously confer resistance to multiple antibiotics. Co-re-
sistance, also known as multidrug resistance, is a phenomenon that drastically lowers the 
number of therapies that are accessible and increases the difficulty of treating illnesses 
brought on by bacteria that have developed resistance [14] (Figure 1). 
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Figure 1. Mechanisms of colistin resistance: membrane modifications, efflux systems, and lipid A 
alterations. MgrB: MgrB regulator protein (PhoP–PhoQ system regulator); PhoP: Phosphate regulon 
response regulator PhoP; PhoQ: Phosphate regulon sensor kinase PhoQ; PmrA: Polymyxin re-
sistance response regulator A; PmrB: Polymyxin resistance sensor kinase B; PmrC (EptA): Phos-
phoethanolamine transferase (EptA); PmrD: PmrD connector protein; CrrA: Colistin resistance reg-
ulator A; CrrB: Colistin resistance regulator B; CrrC: Colistin resistance regulatory protein C; arn-
BCADTEF: arnBCADTEF operon; mcr-1–mcr-10: Mobile colistin resistance genes 1–10; L-Ara4N: 4-
amino-4-deoxy-L-arabinose; pEtN: Phosphoethanolamine; AcrAB/TolC: AcrAB-TolC efflux pump; 
SoxS/R: SoxS/SoxR oxidative stress regulon; KpnEF: KpnEF efflux pump; Mg2+: Magnesium ion; Fe3+: 
Ferric iron; Al3+: Aluminum ion. 

2.2. Intrinsic Mechanisms of Resistance to Colistin 

Colistin resistance is a complex phenomenon that is frequently caused by changes in 
the composition and structure of bacterial cell membranes, namely the lipid A component 
of lipopolysaccharides (LPS) [14]. Genetic variations are often the cause of these changes, 
which can make bacteria less sensitive to the action of colistin, 

2.2.1. PhoP/PhoQ Two-Component System 

One of the most important two-component systems in colistin resistance is 
PhoP/PhoQ. This was first discovered to control the activation of many genes related to 
virulence, survival, and the accumulation of resistance of S. typhimurium to the action of 
cationic antimicrobial peptides (CAMPs), also known as pag genes (polymyxin-activated 
genes). The PhoQ protein has been proposed to function as a membrane-associated pro-
tein kinase, phosphorylating PhoP in response to external signals and thereby activating 
pag gene promoters. This system interferes with the transcription of more than 40 Salmo-
nella genes in response to polymyxin B and restricted doses of Mg2+ and other divalent 
cations, thereby inducing virulence. After an examination of these different genes regu-
lated by PhoP, it has been concluded that this PhoP/PhoQ regulator controls pathogenicity 
in a variety of bacterial species, aids in adapting to restrictive Mg2+ conditions, controls 
the alteration of many components of the cell envelope, and regulates several species-
specific genes. By including aminoarabinose and 2-hydroxy myristate via extraction of 
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lipid A and LPS from various S. typhimurium strains, the PhoP/PhoQ system further con-
trols LPS alterations [2,14] (Figure 1). 

2.2.2. The PmrAB Two-Component System 

One of the major mechanisms contributing to colistin resistance is the activation of 
the PmrAB two-component regulatory system, which induces modifications of lipid A in 
the outer membrane and reduces colistin binding. This system regulates the expression of 
genes that modify LPS and was initially discovered in polymyxin-resistant mutants. This 
process is primarily driven by the pmrCAB operon, which produces the enzymes neces-
sary for LPS modification. Changes to the pmrA gene in this system could lead to a reduc-
tion in the binding of colistin to LPS molecules, which would decrease the ability of the 
antibiotic to burst bacterial membranes. Furthermore, PmrA and PmrB form a two-com-
ponent system (TCS), and PmrC, also known as pagB, appears to be involved in LPS mod-
ification. 

The PmrAB system is known to regulate approximately 20 verified genes, with up to 
100 genes in Salmonella, based on microarray, mutagenesis, and in silico analyses. 
Orthologs of these genes can be found in various Gram-negative pathogens. While the 
PmrAB system is primarily involved in cell-surface covalent changes through the addition 
of Ara4N and pEtN to LPS, it also responds directly to unusual environmental conditions 
such as high Fe3+. PhoPQ indirectly activates the PmrAB system via the LPS protein PmrD 
[2,14,15] (Figure 1). 

2.2.3. The mgrB Gene as a Regulator of the PhoP/PhoQ Pathway 

The PhoP/PhoQ two-component system is activated under low extracellular magne-
sium conditions [16]. More research revealed that the PhoP protein directly binds to the 
mgrB promoter region in response to Mg2+ ions. Additionally, PhoP activates the mgrB 
gene, also known as yobG, as shown by transcriptional studies and microarray analysis 
used to discover the gene in Salmonella enterica [17]. According to this, mgrB is an essential 
regulator of the PhoP/PhoQ pathway, which operates during stress responses by feedback 
inhibition [18,19] (Figure 1). 

2.2.4. Coordination with crrAB Genes 

Along with the PhoP/PhoQ and PmrAB systems, the crrAB genes play a role in coor-
dinating bacterial responses to colistin and other antimicrobials. These genes modulate 
bacterial sensitivity to antibiotics by interacting with the aforementioned resistance mech-
anisms [14,20,21]. To fully grasp the range of processes underlying colistin resistance, it is 
imperative to comprehend the interactions among different regulatory pathways (Figure 
1). 

2.2.5. Various Mechanisms of Resistance 

In addition to their regulatory systems, bacteria employ a variety of techniques to 
evade the effects of colistin. These include the hyperexpression of efflux pumps (AcrAB-
TolC, SoxS/R, KpnEF), which actively extract colistin from bacterial cells to lower its in-
tracellular concentration and potency, and protective capsules, which serve as physical 
barriers to stop antibiotic penetration [7] (Figure 1). 

3. Colistin Resistance in Humans in the MENA Region 
The use of colistin is on the rise around the world, representing a potential risk to 

human health. Firstly, due to the elevated level of Gram-resistance, especially Enterobac-
teriaceae, P. aeruginosa, and A. baumannii, and secondly due to its application across several 
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domains, including fish farming and livestock nutrition, which can be transferred along 
the food chain to healthy humans. In one recently published paper, researchers reported 
that Tunisia showed the highest prevalence of colistin-resistant GNB in North Africa 
(58.09%), followed by Egypt (24.76%), Algeria (14.29%), and Libya (2.86%) [22]. According 
to a systematic review that collected available data on colistin resistance in all 54 African 
countries in 2020, Olowo-Oker et al. concluded that North Africa reported the most iso-
lates with mcr genes, primarily mcr-1, mcr-2, mcr-3, and mcr-8. Their analysis suggested 
that these findings could be attributed to increased colistin use in African agriculture and 
the proximity of North Africa to Europe, resulting in the importation of resistant bacteria, 
especially Escherichia coli and Klebsiella pneumoniae [23]. In a more recent systematic review 
that targeted carbapenem and polymyxin resistance, Venne et al. studied polymyxin re-
sistance in E. coli and Klebsiella isolates in detail, from 2010 until 2023 in each African coun-
try. Their findings indicated low rates of E. coli and Klebsiella polymyxin resistance in Al-
geria, Egypt, Morocco, and Tunisia. E. coli isolates from Sudan showed no polymyxin re-
sistance, while Klebsiella isolates exhibited low polymyxin resistance. As for Sudan, both 
isolates were insufficient, and no definitive conclusions were drawn. In the second part of 
their review, Venne et al. discussed the different genotypic determinants of polymyxin 
resistance in E. coli, describing mcr-1 in Algeria, Egypt, and Sudan, mcr-8 in Algeria, mgrB 
mutations in Egypt, Libya, and Tunisia, and phoPQ/pmrAB mutations in Algeria, Egypt, 
and Tunisia [24] (Figure 2). 

 

Figure 2. Global distribution of colistin resistance genes in humans: spotlight on the MENA region. 

3.1. Colistin Resistance in Algeria 

The earliest data on colistin resistance in Algeria dates back to 2011, when Berrazeg 
et al. reported the first case of mcr-mediated colistin resistance in a clinical E. coli isolate 
obtained in 2011 from Algeria [25]. In a paper focusing on another GNB, A. baumannii, 
Bakour et al. studied the susceptibility of 12 different isolates to carbapenems and colistin 
from patients hospitalized between October 2013 and March 2014 in the Beni Messous 
University Hospital in Algiers. The results revealed a single colistin-resistant A. baumannii 
strain with a Minimum Inhibitory Concentration (MIC) of 16 mg/L. This was the first col-
istin-resistant carbapenemase-producing A. baumannii clinical isolate reported in Algeria. 
Further molecular analysis demonstrated the presence of a mutated pmrB gene responsi-
ble for the resistance mechanism. As previously discussed, the majority of studies 
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conducted on a global scale as well as in Algeria have indicated increased resistance to 
colistin due to its effectiveness in the treatment of infections associated with multidrug-
resistant (MDR) bacteria [26]. However, other studies have reported the presence of col-
istin resistance in people who have not been given the drug before [25]. From this point 
onwards, researchers shifted their focus to the different factors contributing to colistin 
resistance in Algeria, including veterinary medicines and agriculture [27]. In a more recent 
study, ready-to-eat (RTE) foods were considered to be a major source of resistant bacteria, 
causing many foodborne diseases. In their research, Zaatout et al. collected 204 different 
samples of RTE foods (cream-filled pastries, salads, and soups) from four provinces in 
Algeria and used simplex polymerase chain reaction (PCR) to screen for the mcr-1 gene as 
well as multiplex PCR for the ESBL/AmpC genes. For the first time, the results identified 
colistin-resistant ESBL-producing Enterobacterales strains carrying the mcr-1 gene in RTE 
foods in Algeria, with 12.5% of samples (6:48) being colistin-resistant [28]. 

3.2. Colistin Resistance in Tunisia 

According to Mezghani Maalej et al., the first colistin-resistant bacteria were reported 
in Tunisia in 2005. In a retrospective study conducted at the Habib Bourguiba and Hedi 
Chaker Teaching Hospital in Sfax, Tunisia, a total of 121 strains of colistin-resistant Enter-
obacteriaceae were collected from 93 patients. The study revealed that Enterobacter cloacae 
had the highest rate (1.5%) of colistin resistance, followed by K. pneumoniae with 1.2%, and 
E. coli with 0.09%. In addition, the study showed that 86% of the isolated strains had ho-
mogeneous colistin resistance (MIC between 4 mg/L and ≥ 1024 mg/L), while the remain-
ing 14% had heterogeneous colistin resistance (MIC ≥ 1024 mg/L), which was observed 
mainly in E. cloacae strains [29]. Furthermore, a retrospective study that was conducted 
between June 2015 and March 2016 on a total of 940 Enterobacteriaceae isolates from differ-
ent wards of the Tahar Sfar University Hospital aimed to determine the prevalence and 
mechanisms of colistin and carbapenem resistance among a collection of carbapenemase-
resistant K. pneumoniae isolates. Using S1 nuclease pulsed-field gel electrophoresis (S1- 
PFGE), Southern blotting, and PCR-based replicon typing, this study showed that 24.1% 
of the carbapenem-resistant K. pneumoniae isolates were resistant to colistin (MIC: 12 
µg/mL −24 µg/mL), which is primarily due to the inactivation of the mgrB gene by an 
insertion or mutation in its promoter or coding sequence [30]. In a separate study that 
focused on clonal spread of colistin-resistant K. pneumoniae coproducing KPC and VIM 
carbapenemases in Neonates at Rabta Teaching Hospital of Tunis (Tunisia) from 1 January 
2014 to 31 December 2014, 21 isolated samples were collected from 19 patients hospital-
ized in the neonatal unit and two patients hospitalized in the adult intensive care unit 
(ICU). Data revealed that all the K. pneumoniae isolated strains were resistant to colistin 
with MICs of between 8 mg/L and 12 mg/L. The authors concluded that in 2014, the fre-
quency of colistin-resistant K. pneumoniae was 2.96% [31]. An additional retrospective 
analysis was carried out by Tanfous et al. focusing on the resistance determinants of K. 
pneumoniae to colistin. Isolated samples from immunocompromised patients in the Na-
tional Center for Bone Marrow Transplantation in Tunisia were limited, and the mcr-1 
gene, which was negative, was the only one studied. However, reported results showed 
that 3.4% of K. pneumoniae isolates exhibited resistance to colistin [32]. In their study, Jai-
dane et al. focused on two carbapenem-resistant A. baumannii isolates, AbS1 and AbS2, 
isolated from the University Hospital of Sahloul in Sousse, Tunisia. Using disk diffusion 
antibiograms, the researchers found that AbS1 was susceptible to colistin, while AbS2 was 
resistant to it, due to a disruption of the binding site on the bacterial membrane by the 
pmrA and/or pmrB mutation or loss of LPS by lipid A biosynthesis gene mutations [33]. 
Additionally, a recent multicenter prospective study [34] on colistin-resistant Gram-neg-
ative bacilli isolated 836 GNB strains mainly from urine, blood, and sputum, from six 
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Tunisian university hospitals during a two-month period (March–April 2019). In this 
study, Ferjani et al. used a multiplex PCR assay to identify the presence of MCR genes 
(mcr-1 to mcr-9) in all colistin-resistant isolates. Of all the isolates, 5% showed resistance 
to colistin, mainly P. aeruginosa (9.3%), E. coli (7%), and K. pmeumoniae (2.7%). In addition, 
four of these E. coli isolates had the mcr-1 gene with a MIC of between 16 mg/L and 32 
mg/L [34]. 

3.3. Colistin Resistance in Morocco 

Although there is limited data available about colistin resistance in humans in Mo-
rocco, in one cohort study, Leangapichart et al. screened for the presence of the mcr-1 gene 
in pilgrims traveling to Mecca and returning to their home country between 19 September 
and 12 October 2024. Two out of the 440 rectal swab samples were from Moroccans, and 
both showed a positive PCR for mcr-1-producing E. coli, each with a unique ST/CC and 
antimicrobial resistance pattern (1. ST/CC: ST602/CC446, ATB resistance pattern: AMX-
AMC-SXT-2. ST1300c, ST1300c). Despite inadequate data about colistin resistance in hu-
mans in Morocco, this cohort study drew attention to an important issue: the contribution 
of travelers to importing the mobile colistin-resistant plasmid to different countries [35]. 

3.4. Colistin Resistance in Libya 

The first documentation of colistin resistance in Libya dates to a study that was con-
ducted between 2014 and 2015, when Kieffer et al. collected a total of 28 A. baumannii and 
33 Klebsiella spp. isolates from patients at the Tripoli Medical Center in Libya. Using the 
Rapid PolymyxinTM NP test, five out of 28 A. baumannii isolates and six out of 33 Klebsiella 
isolates showed colistin resistance with MICs of between 4 µg/mL and 128 µg/mL and 
MICs of between 64 µg/mL and 128 µg/mL, respectively [36]. Venne et al. further investi-
gated the mechanism of resistance of A. baumannii and Klebsiella isolates, and while they 
found no definitive mechanism for the colistin resistance in A. baumannii, the results for 
Klebsiella spp. revealed a modification of the mgrB gene by insertion sequence (IS): IS903B, 
inserted between nucleotide 107 and 108 for Kp65 and Kp82 isolates, and IS1R mobile 
element in the promoter region for Kp173, Kp174, Kp190, and Kp191 isolates [24]. In an-
other, more recent study, 119 samples (oral, nasal, and rectal) were collected from 43 
SARS-CoV-2 patients during the third wave of SARS-CoV-2 from May to June of 2021 at 
some SARS-CoV-2 isolation centers in the eastern part of Libya [37]. Using the Matrix-
Assisted Laser Desorption/Ionization Time-of-Flight (MALDI-TOF) technique, K. pneu-
moniae, Citrobacter Freundii, E. coli, and A. baumannii constituted the prevalent bacterial 
isolates. Simene et al. screened these isolates for mcr-1, mcr-2, mcr-3, mcr-4, mcr-5, and mcr-
8 using PCR. The results showed that four out of seven E. coli isolates were colistin-re-
sistant with an MIC of 4 mg/L, carrying the mcr-1 gene. This marked the first reported 
mcr-1 gene isolate in Libya. Colistin resistance mediated by a mgrB gene mutation was 
also noted in 3/32 K. pneumoniae isolates with MICs of between 16 mg/L and 32 mg/L using 
standard PCR and sequencing to amplify the entire mgrB gene [37]. 

3.5. Colistin Resistance in Iraq 

There is not a great deal of data available on colistin resistance in Iraq. However, one 
research paper on multidrug resistance in military wounds occurring in Iraq and Afghan-
istan, published in 2008, discussed the emergence of colistin resistance, which had not 
previously been studied, because more than 95% of infected wound isolates were suscep-
tible to colistin [38]. A literature review published in 2020 investigated the prevalence of 
colistin-resistant K. pneumoniae in the Middle East region and reported no instances of 
colistin resistance in Iraq [39]. 
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3.6. Colistin Resistance in Oman 

The first reported colistin-resistant E. coli strain (ST10) due to the mcr-1 gene in the 
Sultanate of Oman was reported in a study conducted between July 2014 and June 2016. 
In this study, 21 K. pneumoniae isolates and one E. coli isolate were collected from a tertiary 
care hospital in Muscat, the capital of the country, and were screened for mcr-1 and mcr-2 
genes using PCR. Among all the isolates, only one E. coli strain, isolated from the blood 
culture of a 58-year-old man who was treated for a nosocomial post-operative wound and 
bloodstream infections, was positive for the mcr-1 gene [40]. A retrospective study was 
conducted between 1 January 2016 and 31 December 2017 at the Suhar Hospital to inves-
tigate bacterial resistance in northern Oman; 14 733 samples were collected, and 67.76% 
were Gram-negative (E. coli, P. aeruginosa, K. pneumoniae, and A. baumannii), 29% were 
Gram-positive, and 2.63% were Candida spp. Using the Kirby-Bauer disk diffusion tech-
nique, no resistance to colistin was shown in these isolates [41]. However, in another ret-
rospective study on the prevalence and 30-day all-cause mortality of carbapenem- and 
colistin-resistant bacteremia caused by A. baumannii, P. aeruginosa, and K. pneumoniae, 
Balkhair et al. studied the resistance to both carbapenem and colistin of positive blood 
cultures for A. baumannii, P. aeruginosa, or K. pneumoniae in a 600-bed teaching and referral 
hospital in Oman. Among the 227 isolates that were found to be carbapenem-sensitive, 17 
isolates (14:17 K. pneumoniae and 3:17 P. aeruginosa) were also resistant to colistin. The 
mechanism of resistance was not studied [42]. 

3.7. Colistin Resistance in Bahrain 

In a study that focused on the Arab Peninsula, Sonnevand et al. investigated the pres-
ence of mcr-1 genes in colistin-resistant E. coli isolates. The isolates were subjected to PCR 
for mcr-1; two isolates showed positive results, collected from a bed sore (August 2015) 
and urine (September 2015), respectively [43]. In a more recent study, Sahid et al. investi-
gated the colistin resistance of carbapenem-resistant K. pneumoniae (CRKP) isolates. From 
tertiary care patients admitted to the Salmaniya Medical Complex in Bahrain between De-
cember 2020 and June 2021, 24 CRKP isolates were collected and subjected to MALDI-
TOF and VITEK-2 tests for bacterial identification and antibiotic susceptibility, respec-
tively. Sixteen of the 24 isolates exhibited resistance to colistin. For further investigation 
on the mechanism of resistance, Monoplex PCR (GeneAmp PCR System 9700) was con-
ducted on these 16 colistin-resistant CRKP isolates to screen for mcr-1, mcr-2, and mcr-3. 
However, none of the isolates gave a positive result for any of these plasmid-mediated 
genes [44]. 

3.8. Colistin Resistance in Qatar 

According to Forde et al., the first mcr-1 positive E. coli strain in Qatar was isolated 
from a respiratory secretion sample from a 58-year-old man with subarachnoid hemor-
rhage admitted to the ICU in Qatar. The strain was identified as MS8345 or HZ-QTR-
HMC-19. Using the automated broth microdilution technique (Vitek 2 card AST-N246), 
this strain was identified as being resistant to both beta-lactams and colistin [45]. Eighteen 
different samples of K. pneumoniae (n = 8), E. coli (n = 3), and P. aeruginosa (n = 2) were 
isolated from patients at the Hamad General Hospital in another study. Using the 
NMIC/ID-5 panel and the SensiTest colistin kit, the antimicrobial susceptibility of these 
isolates to colistin was determined and subsequently confirmed. Other techniques were 
used for whole genome sequencing (WGS) (BacPipe v1.2.6) and chromosomal modifica-
tions determination (CLC Genomics Workbench v.9.5.3). The results showed that two K. 
pneumoniae isolates possessed mcr-8.1 on the IncFII(K) plasmids, three K. pneumoniae iso-
lates had an insertion sequence (IS) element in the mgrB gene, one E. coli isolate possessed 
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mcr-1.1 on the IncI2 plasmid pEC12, and the other isolates showed chromosomal muta-
tions in the PhoPQ TCS [46]. 

3.9. Colistin Resistance in the United Arab Emirates 

In a study that focused on the Arab Peninsula, Sonnevend et al. studied the presence 
of the mcr-1 gene in colistin-resistant Enterobacteriaceae. The PCR results showed that one 
E. coli (ABC149) isolate from a blood sample collected in May 2013 was resistant to colistin 
due to the presence of the plasmid-encoded mcr-1 gene [43]. 

3.10. Colistin Resistance in Kuwait 

There is not much data available on colistin resistance in Kuwait. The earliest data 
goes back to 2011 when 250 Acinetobacter isolates were collected from eight different gov-
ernmental hospitals in Kuwait by Al-Suwaih et al. Using E-test, the susceptibility of these 
samples to colistin was determined. The results showed that 12% of these isolates were 
resistant to colistin [47]. Another study published in 2019 investigated the colistin re-
sistance of 58 CRE-positive rectal swabs from patients admitted to the Adan and Mubarak 
Al Kabeer Hospitals in Kuwait between April 2017 and March 2018, within 48 h of their 
admission. Although the same susceptibility test was used as in previous studies, in this 
study, the resistance rate of colistin increased to 17% [48]. 

3.11. Colistin Resistance in Egypt 

mcr-1 was first reported in Egypt in 2016, where a sputum sample from a patient was 
shown to have an E. coli isolate with the mcr-1 gene product [49]. A study conducted by 
Mai M. Zafer et al. at the National Cancer Institute at Cairo University, Egypt, between 
January 2016 and June 2017 sampled a total of 450 K. pneumoniae and E. coli strains from 
infected cancer patients. After isolation, the broth microdilution test showed that 40 iso-
lates were colistin-resistant (8.8%). A genotypic survey of the 40 colistin-resistant isolates 
(18 K. pneumoniae, 22 E. coli) for the plasmid-encoded mcr-1 and mcr-2 genes revealed that 
only two showed the presence of the mcr-1 gene. This mcr-1 gene sequence was completely 
identical to the known mcr-1 gene (GenBank: NG_050417.1). Genetic sequencing of mgrB, 
a regulator of the PhoP/PhoQ two-component system in 25 selected isolates, revealed the 
presence of a missense mutation n (GCC > GAC) replacing proline 178 with tyrosine in 
just one K. pneumoniae isolate. Two silent mutations were also present, TAA > CAA and a 
TCC > CCC, at positions 144 and 156, respectively [49]. 

Another study was conducted by Abozahra et al. where 82 K. pneumoniae isolates 
were collected from the Damanhour Medical National Institute and the Microbiology De-
partment at the El Mery Hospital. Overall, 32 isolates showed colistin resistance as tested 
by broth microdilution. The presence of the mcr-1 gene in the 32 colistin-resistant bacteria 
was searched for by PCR amplification, revealing that 27/32 isolates possessed the mcr-1 
gene. PCR assay and sequencing of the mgrB gene in 4/32 isolates not harboring the mcr-1 
gene were conducted. The assay showed that the four isolates had a premature stop codon 
that led to the premature termination of their translation during synthesis [50]. 

According to research conducted at the National Cancer Institute by Zafer et al., the 
frequency of colistin-resistant K. pneumoniae at the national level was 9.4% [49]. A study 
by Eriny T. Attalla et al. collected 17 colistin-resistant Klebsiella species (numbered K1-K17) 
which underwent WGS. The genetic modification of the mgrB locus was revealed to be the 
primary mechanism conferring colistin resistance, occurring in 82.35% of the collected iso-
lates. The authors found that insertional inactivation by ISKpn14, a member of the IS1 
family, was the predominant genetic alteration of the mgrB gene, while only two isolates 
had insertional inactivation by ISKpn26, a member of the IS5 family. Yet, the high preva-
lence of ISKpn14 contradicts previous research that found IS5 family components to be 
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the primary source of mgrB inactivation. Eriny T. Attalla et al. found only one out of the 
17 colistin-resistant isolates to possess the mcr-1.1 gene [51]. 

3.12. Colistin Resistance in Saudi Arabia 

Saudi Arabia is one of the biggest nations in the Middle East and welcomes millions 
of pilgrims every year for religious events including the Hajj [52]. Given the proposed 
correlation between hosting large religious gatherings and the increase in disease trans-
mission [53,54], Alqasim et al. inferred that Saudi Arabia may be a focal point for the dis-
semination of drug-resistant bacteria worldwide. They also raised concerns about the 
scarcity of studies in Saudi Arabia addressing colistin resistance, despite its increasing 
global prevalence [53]. 

Recently, Okdah et al. characterized 52 colistin-resistant bacterial isolates from pul-
monary samples from patients presenting at the King Fahad Medical Center. The cultured 
isolates were identified as A. baumannii (n = 37), K. pneumoniae (n = 10), and P. aeruginosa 
(n = 5). WGS of the K. pneumoniae isolates revealed several missense mutations in the 
PhoP/PhoQ regulator mgrB, pmrA, pmrB, and phoQ genes. However, in A. baumannii and P. 
aeruginosa, these mutations predominantly affected only one of the regulator genes, pmrB. 
Interestingly, the presence of the mcr-1 gene was only noted in 20% of the K. pneumoniae 
isolates [55]. Similarly, Sonnevend et al. conducted pioneering work, discovering colistin 
resistance mediated by the mcr-1 gene in extra-intestinal pathogenic E. coli (ExPEC) in 
Saudi Arabia [43]. Another study by Zaman et al. highlighted mgrB disturbances by inser-
tional sequences, namely ISKpn14, ISKpn28, and IS903. Of the 23 colistin-resistant K. pneu-
moniae collected, 18 showed mutations in their mgrB gene while none harbored the mcr-1 
gene. Fifty-five percent of these mutations were caused by ISKpn14, 22% by ISKpn28 and 
16% by IS903 [56]. 

3.13. Colistin Resistance in Jordan 

A study in Jordan by Gharaibeh et al. tested for colistin resistance in K. pneumoniae. 
One hundred and seventy-nine clinical bacterial isolates, mainly collected from urine sam-
ples, were subjected to broth microdilution to test for their colistin susceptibility. Upon 
broth microdilution, 89 K. pneumoniae were identified as being resistant to colistin. PCR 
amplification for the mcr-1, mcr-2, mcr-3, mcr-4, mcr-5, mcr-7, and mcr-8 genes was per-
formed on the 89 K. pneumoniae isolates, revealing only one bacterium harboring an mcr-1 
gene. This may indicate that the majority of resistance to colistin is mediated by chromo-
somal genes rather than plasmid-mediated genes [57]. 

3.14. Colistin Resistance in Israel 

In Israel, a study by Ben-Chetrit et al. investigated six colistin-resistant K. pneumoniae 
isolates. Upon WGS, none of the isolates were shown to possess any mobile colistin-re-
sistant genes, but mutations in the mgrB gene were evident. Insertional sequence Kpn26 
(ISKpn26) was identified in isolates 3 and 6 at the exact same position on their respective 
mgrB gene, thus disturbing the gene. WGS for isolates 4 and 5 revealed premature stop 
codons in the mgrB gene, but due to different mutations. In isolate 5, this was due to a 
single base-pair deletion at base 21, while in isolate 4 it was due to a single nucleotide 
polymorphism at base 48. Finally, isolates 1 and 2 had complete loss of mgrB, not only a 
disturbed protein [58]. 

At the Shaare Zedek Medical Center (Jerusalem, Israel), 15 K. pneumoniae isolates 
were collected mostly through rectal swabs. Broth microdilution identified three isolates 
to be colistin-resistant with MIC ≥ 32 mg/L. Real-time PCR amplification for the mcr-1 gene 
showed that none of the three isolates harbored it. After analysis of the PhoP/PhoQ 
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regulator mgrB gene, two isolates had deleterious mutations, changing the amino acid se-
quence of the gene, while one had an IS5-like insertion inactivating the gene [59]. 

3.15. Colistin Resistance in Palestine 

Between December 2018 and May 2019, 100 clinical isolates of Enterobacteriaceae were 
collected from different hospitals in the Gaza Strip. Broth microdilution was used to de-
termine the colistin-resistant status of the isolates, where an MIC > 2 mg/L was classified 
as resistant. Broth microdilution identified 41 isolates (17 E. coli, two Enterobacter, 12 Pro-
teus, four Serratia, and six Klebsiella) as being colistin-resistant [60]. 

3.16. Colistin Resistance in Lebanon 

The first report of colistin-resistant K. pneumoniae in Lebanon was declared at the Sa-
hel hospital in Beirut. Three clinical isolates, KP5, KP7, and KP106, were collected from 
cepacia medium (bioMérieux, Craponne, France), a medium selective for polymyxin-re-
sistant isolates. Sequence analysis of the KP5 isolate revealed an insertion sequence (fam-
ily ISEcp1) disturbing the associated colistin-resistant gene mgrB. However, for KP7, com-
plete deletion of the mgrB gene was revealed in addition to a nucleotide insertion in phoQ, 
leading to a premature stop codon. The analysis of the KP106 isolate also showed a non-
synonymous mutation in the pmrA gene. Furthermore, a premature stop codon due to an 
amino acid deletion was identified in the pmrB gene of the KP106 isolate [61]. 

At the Saint George Hospital in Beirut, rectal swabs were taken from 23 patients be-
ing treated with a combination therapy of colistin and carbapenems. From the 23 rectal 
swabs, 12 isolates showed colistin-resistant enterobacteria, four of which were intrinsi-
cally resistant to colistin (one Proteus mirabilis and three Morganella morganii). Among these 
isolates, eight colistin-resistant strains were identified as five E. coli, two E. cloacae, and 
one strain of K. pneumoniae. PCR amplification of these eight strains showed no bacterial 
possession of the MCR genes (mcr-1 to mcr-5). However, amplification and sequencing of 
colistin-resistance-associated genes (mgrB, pmrA, pmrB, phoP, and phoQ) showed nonsyn-
onymous and deletion mutations among the eight isolates [62]. 

In Tripoli, 84 rectal swabs were collected from bakery workers in June 2018 (t0) to 
test for colistin-resistant E. coli (CO-E). Later, in December 2018 (t6), 70 out of the 84 bakery 
workers submitted another rectal swab. Susceptibility testing by the disk diffusion 
method on Mueller–Hinton agar at t0 showed that 5/84 rectal swabs were positive for 
colistin-resistant E. coli (CO-E), while at t6 only 1/84 came back positive for CO-E. No in-
dividual harbored colistin-resistant E. coli at the two time points simultaneously. PCR as-
says showed that the six CO-E positive swabs harbored the mcr-1.1 gene [63]. Additionally, 
another study by Azour et al. investigated the presence of carbapenem- and colistin-re-
sistant bacteria in Syrian refugees in Lebanon, revealing a concerning prevalence of re-
sistance genes, including blaOXA-48, blaNDM-1, and mcr-1, highlighting the urgent need to 
adopt strategies to prevent the spread of these MDR bacteria in overcrowded and under-
served communities [6]. 

Colistin resistance in humans in the MENA region is summarized in Table 1. 

Table 1. Overview of bacterial species and colistin resistance mechanisms in human isolates by 
country. 

Country Species Resistance Mechanisms Report Date Reference 

Algeria 
E. coli mcr-1 gene 2011 [25] 
A. baumannii pmrB mutation 2014 [26] 

Tunisia 
Enterobacteriaceae mcr-1 gene 2023 [29] 
Enterobacteriaceae mgrB mutation (insertion) 2016 [30] 
K. pneumoniae N/A 2017 [31] 
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K. pneumoniae mcr-1 gene 2018 [32] 
A. baumannii pmrA and pmrB mutation 2018 [33] 
Gram-bacilli mcr-1 gene 2022 [34] 

Morocco E. coli mcr-1 gene 2014 [35] 

Libya 
A. baumannii and Klebsiella spp N/A 2018 [36] 
Klebsiella spp mgrB mutation (insertion) 2023 [24] 

 Gram-bacilli mcr-1 gene 2023 [37] 
Iraq K. pneumoniae mcr-1 gene 2023 [39] 

Bahrain K. pneumoniae No resistance 2022 [44] 
E. coli mcr-1 gene 2016 [43] 

Qatar K. pneumoniae N/A 2023 [46] 
E. coli mcr-1 gene 2018 [45] 

UAE E. coli mcr-1 gene 2016 [43] 

Kuwait 
Acinetobacter N/A 2011 [47] 
colistin-resistant Enterobacteriaceae N/A 2020 [48] 

Egypt E. coli and K. pneumoniae mcr-1 gene and mgrB missense mutation 2019 [49] 
K. pneumoniae mcr-1 gene 2023 [50] 

 K. pneumoniae mcr-1.1 gene and mgrB mutation 2023 [51] 

KSA 
E. coli mcr-1 gene 2016 [43] 

Gram-bacteria 
mcr gene and pmrA, pmrB, and phop/Q 
genes mutation 2021 [53] 

 Gram-bacteria mcr gene and pmrA, pmrB, and phop/Q 
genes mutation 

2014 [54] 

 Klebsiella, Acinetobacter and Pseudo-
monas 

pmrA, pmrB, and phop/Q genes mutation 2022 [55] 

 Klebsiella mcr gene 2018 [56] 
Jordan K. pneumoniae mcr-1 gene 2022 [57] 
Israel K. pneumoniae mgrB mutation 2021 [58] 
 K. pneumoniae mgrB mutation 2019 [59] 
Palestine K. pneumoniae mgrB mutation 2021 [60] 

Lebanon 

k. pneumoniae mgrB, pmrA, and pmrB gene mutations 2017 [61] 

Enterobacteriaceae mgrB, pmrA, pmrB, and phoQ genes muta-
tion 2020 [62] 

E. coli mcr-1.1 gene 2021 [63] 
UAE: United Arab Emirates; KSA: Kingdom of Saudi Arabia; E. coli: Escherichia coli; A. baumannii: 
Acinetobacter baumannii; K. pneumoniae: Klebsiella pneumoniae; P. aeruginosa: Pseudomonas aeruginosa; 
P. mirabilis: Proteus mirabilis; E. cloacae: Enterobacter cloacae; M. morganii: Morganella morganii; C. freun-
dii: Citrobacter freundii; N/A: Not applicable; mcr: mobile colistin resistance; pmrA/B: polymyxin re-
sistance regulator A/polymyxin resistance sensor kinase B; PhoP/PhoQ: PhoP–PhoQ two-compo-
nent regulatory system; mgrB: PhoP–PhoQ system regulator MgrB. 

4. Colistin Resistance in Animals in the MENA Region 
The extensive use of colistin in livestock, especially in poultry and aquaculture, has 

significantly contributed to the spread of resistance [64]. Studies have detected mcr-carry-
ing bacteria in farms across the MENA region, posing a direct risk to public health, par-
ticularly through the food chain [4,65–74]. This section focuses on the available data re-
garding colistin resistance in farm animals and its connection to environmental factors 
(Figure 3). 
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Figure 3. Global distribution of colistin resistance genes in animals: spotlight on the MENA region. 

4.1. Colistin Resistance in Animals in Tunisia 

The presence of colistin resistance in GNB has been widely documented in Tunisia, 
and levels appear to be among the highest in northern Africa. This resistance has emerged 
in several animals, including chickens, bovines, cockroaches, camels, wild boars, and 
lastly farmed fish. 

Colistin resistance was detected in both healthy broiler chicken samples (ST4187, 
ST3882, ST5693, and ST8932) and in chickens that had died from colibacillosis/salmonella 
spp. Further studies on these samples showed that 41.5% of the samples tested (81 out of 
195) were colistin-resistant E. coli [65]. Furthermore, another study by Benlabidi et al. con-
ducted on fecal swabs from free-range chickens reported two out of ten ESBL positive-E. 
coli isolates carrying the mcr-2 gene. This study is the first to report the occurrence of mcr-
2 of animal origin in Tunisia [75]. Lastly, several studies have highlighted the presence of 
colistin resistance in chickens in Tunisia, albeit with different percentages of resistance, 
which are highly dependent on the sampling method. 

Colistin resistance has also been detected in bovine fecal and milk samples. In a study 
conducted in 2019, it was found that four out of eight (three fecal samples ST1642 and one 
raw milk sample ST1642) ESBL positive-E. coli isolates (ST10) were colistin-resistant due 
to the presence of the mcr-1 gene [76]. Another study, conducted on cows, showed that 36 
out of 67 E. coli isolates were colistin-resistant, with bovine mastitis-associated isolates 
showing the greatest colistin resistance (18/25), and mcr-1 gene was detected in only 10 
isolates [77]. 

Moreover, in a study conducted by Landolsi et al., 144 cockroach samples from Tu-
nisian hospitals were collected and studied. After isolation, nine E. coli samples (lineage 
648) (6.25%) tested positive for colistin resistance due to the presence of the mcr-1 gene on 
the IncHI2-type plasmid [78]. 

In another study conducted in 2018, 51 fecal samples were extracted from camel 
calves in southern Tunisia, and 28 (out of 51) were identified as possibly E. coli colistin-
resistant. One sample of E. cloacae was confirmed to be resistant to colistin. The samples, 
however, showed neither the mcr-1 nor the mcr-2 genes [79]. In another study conducted 
in 2021 by Dziri et al., colistin-resistant E. coli isolates (ST162) were detected in camels on 
a farm in the south of the country. This resistance was conferred by the mcr-1 gene on the 
IncHI2 plasmid [22]. Selmi et al. conducted a study on wild boar in Tunisia and showed 
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that 3/102 enterobacterial isolates (2 K. oxytoca and 1 K. pneumoniae) were resistant to col-
istin through the spread of the mcr-1 and/or mcr-2 genes [80]. 

Lastly, in their study, Zouiten et al. collected samples from aquaculture farms con-
taminated by colistin-resistant Vibrio parahaemolyticus and Vibrio alginolyticus. This occur-
rence is increasing due to the excessive use of colistin and other antibiotics in fish farms 
[81]. 

4.2. Colistin Resistance in Animals in Morocco 

Baaboua et al. discussed the emergence of colistin resistance caused by either Cam-
pylobacter jejuni or Campylobacter coli appearing in various animals, including broiler chick-
ens and turkeys. Firstly, it was found that 7.14% of C. jejuni broiler samples were resistant 
to colistin, as well as 2.82% of C. coli broiler samples, 4.17% of turkey samples, and 40% of 
various other samples [82]. Another study highlighted the presence of colistin resistance 
in fecal samples of broiler chickens by sampling 560 isolates, of which 26 were infected by 
E. coli, including three samples that appeared to have plasmid-mediated colistin resistance 
due to the presence of the mcr-1 gene [66]. 

4.3. Colistin Resistance in Animals in Sudan 

According to a single study by Feng et al. conducted on fennec foxes imported from 
Sudan to China for testing using broth microdilution, these animals are considered the 
biological vector for colistin resistance in the Enterobacteriaceae family. Testing on 88 fen-
nec foxes imported to China revealed that 29 fecal samples were positive for E. coli, in-
cluding a single colistin-resistant sample of the ST48 lineage (EcFF273) caused by the pres-
ence of the mcr-1 gene on the plasmid IncI2 [67]. 

4.4. Colistin Resistance in Animals in Algeria 

In Algeria, colistin resistance is highly prevalent due to the mcr-1 gene and has been 
well documented in multiple animals, such as chickens, barbary macaques, and white 
storks. The mcr-1 gene was first detected in chickens, and, according to Chabou et al. [68], 
it is important to highlight the presence of resistant E. coli isolates in Algerian poultry, 
which carry the plasmid-mediated colistin resistance gene mcr-1. Based on another study 
conducted by Chaalal et al., out of 181 samples of chicken meat collected in western Alge-
ria, a total of 22 isolates (12.2%) tested positive for colistin resistance, including 17 E. coli 
(predominantly ST224) and five K. pneumoniae (ST17, ST646, and ST944). Moreover, the 
mcr-1 gene was found in only 11 E. coli isolates and was associated with the IncFV and 
IncFIIK plasmids. In contrast, a single isolate showed high colistin resistance (MIC = 96 
mg/L) with some new mutations in the chromosomal colistin-resistant genes [83]. Regard-
ing barbary macaques, Bachiri et al. collected 86 fresh stool samples in the Toudja Forest, 
and a single E. coli M076 (ST405) isolate was found to be resistant to colistin by expressing 
the mcr-1 gene. According to Bachhiri et al., this is the first description of the mcr-1 gene 
from wildlife in Algeria and, indeed, Africa as a whole [84]. Lastly, Loucif et al. isolated 
and tested 42 E. coli isolates that were taken from white stork nests, and the results showed 
that 8/42 appeared to be colistin-resistant due to the presence of the mcr-1 gene. However, 
eight distinct STs were identified by genotyping, including ST5542 (CC10), ST1286 (CC10), 
ST2973, ST58 (CC155), ST453 (CC86), ST9815, ST224, and the worldwide high-risk re-
sistance lineage ST101 [85]. 

4.5. Colistin Resistance in Animals in Egypt 

In a recent study by Ali et al., 250 samples of lungs and tracheas from chickens suf-
fering from colisepticaemia, airsaccculitis, pericarditis, and perihepatitis were collected 
from 50 poultry farms situated in the eastern part of the Egyptian delta. Of the 250 
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diseased chickens, 140 samples (56%) tested positive for E. coli. After further antimicrobial 
susceptibility testing (AST), 115 samples exhibited colistin resistance, and 92 samples were 
ESBL-harboring E. coli. Additionally, 64 of the ESBL isolates (69.5%) were found to have 
the mcr-1 gene. Genotyping and WGS revealed that serotype O125 was the most common, 
in addition to other serotypes such as O111, O86, and O157. The authors noted, however, 
that prior research in Egypt had documented different degrees of colistin resistance in E. 
coli bacteria in the northern governorates [4]. Another study on chickens in Egypt by El-
Saeed et al. reported that 129 of the 356 investigated isolates were confirmed as Salmonella 
sp. Using PCR amplification, surprisingly, 82.2% (106/129) of these isolates were resistant 
to colistin [86]. Finally, Salem et al. tested the dissemination of the mcr-1 gene in P. aeru-
ginosa in both broiler chicks and dead-in-shell chick infections. This study resulted in the 
isolation of 55 P. aeuriginosa samples, and further testing confirmed that 18/55 samples 
(32.7%) were resistant to colistin, and 10/55 (18.2%) were found to express the mcr-1 gene 
[87]. Demerdash et al. tested 317 birds from seven distinct districts in the Sharkia gover-
norate (divided into 153 chickens, 36 quails, 38 turkeys, and 100 ducks). They were able 
to identify 30 Pasteurella multocida isolates (9.4%). Genotyping and WGS determined that 
these isolates were capsular type A, apart from one quail type D isolate. Most of these 
isolates exhibited high levels of resistance, reaching 60%, and the mcr-1 gene was only 
detected in 12 of these samples (five chicken samples, four duck samples, two quail sam-
ples, and one turkey sample) [88]. Additionally, Ahmed et al. investigated the prevalence 
of colistin resistance among birds. This study included 80 resident wild birds divided 
equally into four groups of 20 (hooded crows, cattle egrets, rock pigeons, laughing doves), 
and 60 migratory waterfowl divided into three groups of 20 (shoveler ducks, Cotte ducks, 
and green-winged teal ducks), all collected from Giza, Cairo, and Ismailia and the ports 
of these governorates in Egypt. As a result of the sample extraction, isolation, and suscep-
tibility testing, the mcr genes were detected in E. coli, K. pneumoniae, and P. aeruginosa from 
both resident and migratory birds. The prevalence of mcr-1 in resident birds and migra-
tory birds was 10.4% and 20%, while the prevalence of mcr-2 was 1.4% and 3.6%, respec-
tively [89]. Tartor et al. tested colistin resistance mcr genes in GNB isolated from bovine 
milk. They extracted milk samples from dairy cows showing mastitis, as well as from 
bulk-tank raw milk. Fifty-two percent of the 117 Gram-negative samples isolated (Entero-
bacteriaceae n = 90, P. aeruginosa n = 10, A. hydrophila n = 17) were colistin-resistant. This 
resistance was seen in 57.14% of E. coli samples, 77.78% of K. pneumoniae samples, 88.24% 
of A. hydrophila samples, and 80% of P. aeruginosa samples. After further testing including 
PCR and DNA sequencing, the mcr-1 gene was identified in 31.9%, mcr-2 in 29.8%, mcr-3 
in 34%, and both mcr-4 and mcr-7 in 2.13% of the resistant isolates [90]. According to an-
other study, the same authors reported that P. mirabilis exhibited resistance in 12.2% of the 
samples (4/33 samples). Interestingly, this study represented the first isolation of an mcr-
10-carrying K. pneumoniae isolate from a raw milk sample [91]. Sadek et al. discovered the 
presence of the mcr-9 gene and its localization in E. hormaechei ST279, which was recovered 
from a beef patty in Egypt. This mcr-9 gene, however, did not express any type of re-
sistance to colistin, and the isolate was susceptible to colistin [92]. Another study by Sabeq 
et al. described the first report of colistin resistance phenotypes in S. enterica extracted 
from minced beef and rabbit meat. Besides detecting mcr-1 in these samples, they also 
detected this gene in an egg [93]. Another study conducted in Cairo on 81 pig rectal swabs 
resulted in 47 ESBL-positive isolates (58%, 41 E. coli and six K. pneumoniae). After conduct-
ing AST, 11 E. coli isolates exhibited a colistin resistance phenotype, and all 11 isolates 
were mcr-1 gene producers. This gene was localized on different plasmids, including IncI2, 
IncX4, and IncHI2 [94]. Finally, a study on camel meat in the Beheira governorate investi-
gated 152 samples of meat taken from the hind quarter (topside region of the camel). The 
results showed that 45 of the 152 camel meat samples examined were infected with 
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Salmonella sp. and 18.8% (nine samples) of these isolates exhibited resistance against pol-
ymyxin E [95]. Lastly, another study on camels conducted by Youseef et al. extracted and 
isolated 121 fecal swabs from camels in both the Cairo and Giza governorates. As a result, 
75 E. coli isolates were identified. AST was conducted on these isolates and detected 29 
colistin-resistant isolates. Genotyping and WGS revealed the prevalence of the mcr genes, 
with mcr-1 being detected in three samples, mcr-2 in two samples, mcr-3 in 21 samples, 
and lastly mcr-4 in three samples [96]. 

4.6. Colistin Resistance in Animals in Iraq 

A single study in Iraq in 2020 by Kanaan et al. isolated 200 A. baumannii samples 
(turkey and chicken meat samples). After further testing, 12% of these samples presented 
colistin non-susceptibility due to the mcr-1 gene. They added that two colistin-susceptible 
A. baumannii isolates were found to be carrying the mcr-1 gene [69]. 

4.7. Colistin Resistance in Animals in Lebanon 

The level of resistance detected among the Lebanese poultry sector might be one of 
the highest in the region. One study conducted on broiler farms by Hmede et al. extracted 
93 samples, of which 97% (90 samples) yielded E. coli colonies. Isolation of these colonies 
showed that 88 isolates harbored the mcr-1 gene, indicating widespread resistance to col-
istin [70]. Another study conducted multiple tests on fresh chicken wings in Lebanon, in-
cluding susceptibility and genome sequencing, after collecting 180 samples of fresh 
chicken meat from 52 retail stores and 183 fecal matter samples from six broiler farms. 
Isolation of the samples led to the identification of E. coli ST58 (ST3107), and further sus-
ceptibility testing revealed colistin resistance due to the mcr-1 and mcr-1.26 genes. Fur-
thermore, WGS detected that mcr-1.26 is transmissible and is located on an IncX4 plasmid. 
According to Kassem et al., this might be the first report of mcr-1.26 in poultry meat world-
wide. The authors added that mcr-1.26 has previously been reported in bacteria isolated 
from the fecal droppings of a domesticated pigeon in Lebanon, in addition to other clinical 
samples, suggesting that it might be spreading to different hosts [97]. Another study con-
ducted in south Lebanon by Dandachi et al. on swine farms investigated 94 fecal samples 
from pigs; E. coli was detected in 22 samples, in addition to K. pneumoniae in one sample, 
and all were resistant to colistin and carried the mcr-1 gene on the plasmids [98]. Lastly, a 
publication by Hassan et al. reported the presence of the mcr-1.1 gene in farmed rainbow 
trout. However, the number of fish tested was limited, which restricts generalizing the 
findings to all farms in Lebanon. The mcr-1.1 gene was present on the transmissible IncX4 
plasmids in five MDR E. coli isolates [99]. 

4.8. Colistin Resistance in Animals in Qatar 

According to Eltai et al., and based on a study conducted on cloacal chicken samples 
collected from three different farms in Qatar, E. coli was detected in 90 samples out of 172 
(52%). After further isolation and susceptibility testing, 14 out of the 90 samples (15.6%) 
were found to be resistant to colistin, mediated by the mcr-1 gene. The mcr-2 gene was 
absent from all of the isolates [71]. Another study by Eltai et al. conducted in Qatar on 
imported retail chicken carcasses also detected the presence of colistin resistance mediated 
by the mcr-1 gene on the plasmids of 69 resistant samples out of 216 (31.9%). The preva-
lence of this resistance appears to be increasing with time, which is very worrying, since 
it is considered a last-resort antibiotic. This study also compared the prevalence between 
both locally chilled chicken E. coli isolates and imported chilled and frozen chicken. The 
locally chilled E. coli isolates presented the highest prevalence of resistance, at 81.2%, com-
pared to 13% among imported chilled isolates and 5.8% among imported frozen isolates 
[100]. Finally, in a study aiming to search for antimicrobial resistance in commensal E. coli 
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isolated from food animals in Qatar, AlHalabi et al. discovered a single E. coli isolate from 
a pigeon that was resistant to colistin due to the presence of the mcr-1 gene [101]. 

4.9. Colistin Resistance in Animals in Jordan 

In Jordan, a study conducted by Gharaibeh et al. on the presence of mcr genes in the 
animal sector was the first to prove the presence of mcr-1 in E. coli in the poultry industry 
in Jordan. This study extracted cloacal samples from 385 chickens in 125 poultry farms, 
and of these samples, 360 were positive for E. coli, of which 58% (209 samples) were col-
istin-resistant, either presenting the mcr-1 gene (83 = 39.7% were mcr-1, which was the only 
type detected) or were found to be lacking this gene (126 samples, 60.3%) [72]. Another 
study by Obaidat et al. reported that Jordan imports its fish mainly from three countries: 
Yemen, India, and Egypt. After testing imported and freshly caught fish samples, V. para-
haemolyticus, which is a leading cause of seafood-associated illness, was detected in 14.9% 
of the 330 samples, with the highest prevalence coming from Yemen. Obaidat et al. added 
that all isolates were resistant to colistin [102]. 

4.10. Colistin Resistance in Animals in Saudi Arabia 

A study by Yasir et al. collected 40 poultry meat samples from a local market in Jed-
dah, Saudi Arabia. Further research was conducted, which confirmed the presence of col-
istin resistance due to the presence of the mcr-1.1 gene in the E. coli isolate Ch7_4SAIU, 
which is classified into ST3270 [103]. 

4.11. Colistin Resistance in Animals in the United Arab Emirates 

A study by Habib et al. isolated 17 ESBL-producing E. coli strains from healthy pets 
in the UAE, which were investigated using WGS. They subsequently detected plasmids 
harboring the mobilized gene mcr-1.1 conferring E. coli resistance against colistin in these 
samples. The presence of this gene was confirmed in two isolates out of 17, which be-
longed to ST1011 within phylogroup D. This report was the first to detect mcr1.1 in pets 
in both the UAE and the Middle East more widely [104]. Another study conducted in the 
UAE by Habib et al. included 315 chicken samples. These samples were extracted from 
seven different brands of chicken, six of which are established in the UAE and one which 
imports its chicken from Saudi Arabia. The results showed that 7% (7/100) of the isolates 
were resistant to colistin due to the presence of the mcr-1 gene [105]. Another study con-
ducted on fecal samples from healthy broiler chickens in Abu Dhabi by Sonnevand et al. 
reported the collection of 219 colistin-resistant samples. They then selected 39 samples 
and conducted further studies confirming the presence of the mcr-1.1 gene. These samples 
included 34 E. coli, two Escherichia albertii, two K. pneumoniae (ST340), and one S. enterica 
(Serovar Minnesota). This mcr-1.1 gene was found to be prevalent on different plasmids 
such as incI2, IncHI2, and IncX4 [73]. Other studies also mentioned the presence of two 
mcr-1.1 genes in S. enterica (Serovar Minnesota) isolated from retail chicken meat [73]. 

4.12. Colistin Resistance in Animals in Iran 

In Iran, Nikkhahi et al. studied the prevalence of the mcr-1 gene in E. coli in livestock. 
A total of 115 samples were extracted, including 38 cow samples and 47 chicken samples. 
Subsequently, AST showed that only one cow isolate and one chicken isolate were re-
sistant to colistin. PCR was performed on these isolates and revealed that only one isolate 
from cows harbored the mcr-1 gene. No other mcr genes were detected [74]. Another study 
conducted in Iran by Dadar et al. reported that colistin resistance was present in 100% of 
the samples extracted: 40 samples divided into 23 human samples and 17 animal isolates 
(n = 17) obtained from milk samples (6 cows, 1 camel, and 1 sheep), lymph nodes (3 cows 
and 1 camel), and aborted fetuses (4 sheep and 1 goat) [106]. Further studies, including 
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PCR and WGS, identified that these samples were infected with Brucella melitensis [106]. 
In another study, 944 samples were collected from chicken farms located in the East Azer-
baijan province in Iran, including 504 samples from healthy broilers at slaughterhouses 
and 441 samples from dead poultry referred to clinics, totaling 931 isolates of enteric bac-
terial samples that were screened for colistin resistance. After further biochemical testing, 
they identified nine colistin-resistant bacteria (0.96%), all identified as K. pneumoniae. After 
further investigation, the nine samples were shown to belong to seven different strains, 
with the main domination of ST11 (22.2%) [107]. Colistin resistance in Salmonella enteritidis 
was also detected in 15 out of 63 (23.8%) poultry and egg samples. Moreover, resistance 
was also detected in 23 (100%) of poultry samples contaminated by Salmonella infantis. 
Although colistin resistance was prevalent in both Salmonella and Klebsiella, the mcr-1 and 
mcr-2 genes were never detected [108]. Kanaan et al. detected resistance caused by A. bau-
mannii among 12% of the 200 samples isolated, including 120 turkey samples and 80 
chicken samples, partly conferred by the presence of the mcr-1 gene [69]. 

Colistin resistance in animals in the MENA region is summarized in Table 2. 

Table 2. Overview of bacterial species and colistin resistance mechanisms in animal isolates by 
country. 

Country Animal Species Resistance Mechanism Reporting 
Date 

Reference 

Tunisia 

Chicken E. coli N/A 2023 [65] 
Chicken ESBL E. coli mcr-2 gene 2023 [75] 
Bovine ESBL E. coli mcr-1 gene 2019 [76] 
Cow E. coli mcr-1 gene 2023 [77] 
Cockroach E. coli mcr-1 gene 2022 [78] 
Camel calf E. cloacae N/A 2018 [79] 
Camel calf E. coli mcr-1 gene 2021 [22] 
Wild boar K. oxytoca mcr-1 and/or mcr-2 gene 2022 [80] 
Wild boar K. pneumoniae mcr-1 and/or mcr-2 gene 2022 [86] 
Farm fish V. parahaemolyticus N/A 2017 [81] 
Farm fish V. alginolyticus N/A 2017 [81] 

Morocco 

Chicken E. coli mcr-1 gene 2018 [66] 
Chicken C. jejuni N/A 2021 [82] 
Chicken C. coli N/A 2021 [82] 
Turkey C. coli N/A 2021 [82] 

Sudan Fox E. coli mcr-1 gene 2019 [67] 

Algeria 

Chicken E. coli mcr-1 gene 2021 [68] 
Chicken K. pneumoniae N/A 2021 [83] 
Barbary ma-
caques E. coli mcr-1 gene 2018 [84] 

White stork E. coli mcr-1 gene 2022 [85] 

Egypt 

Chicken E. coli mcr-1 gene 2024 [4] 
Chicken Salmonella N/A 2024 [86] 
Chicken P. aeruginosa mcr-1 gene 2024 [87] 
Birds P. multicoda mcr-1 gene 2023 [88] 

Birds 
E. coli/ K. pneumoniae/ P. 
aeruginosa mcr-1 gene 2019 [89] 

Birds 
E. coli/ K. pneumoniae/ P. 
aeruginosa mcr-2 gene 2019 [89] 

Bovine E. coli mcr-1/2/3/4/7 genes 2021 [90] 
Bovine K. pneumoniae mcr-1/2/3/4/7 genes 2021 [90] 
Bovine A. hydrophila mcr-1/2/3/4/7 genes 2021 [90] 
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Bovine P. aeruginosa mcr-1/2/3/4/7 genes 2021 [90] 
Bovine P. mirabilis mcr-10 gene 2021 [91] 
Cattle/Rabbit Salmonella mcr-1 gene 2022 [93] 
Pig E. coli mcr-1 gene 2022 [94] 
Camel Salmonella N/A 2022 [95] 
Camel E. coli mcr-1/2/3/4 genes 2024 [96] 

Iraq Chicken A. baumannii mcr-1 gene 2020 [69] 
Turkey A. baumannii mcr-1 gene 2020 [69] 

Lebanon 

Chicken E. coli mcr-1 gene 2018 [70] 
Chicken E. coli mcr-1 gene 2023 [97] 
Swine E. coli mcr-1 gene 2018 [98] 
Swine K. pneumoniae mcr-1 gene 2018 [98] 
Rainbow trout MDR E. coli mcr-1 gene 2020 [99] 

Qatar 
Chicken E. coli mcr-1 gene 2018 [71] 
Retail chicken E. coli mcr-1 gene 2020 [100] 
Pigeon E. coli mcr-1 gene 2020 [101] 

Jordan Chicken E. coli mcr-1 gene 2024 [72] 
Fish V. parahaemolyticus N/A 2017 [102] 

KSA Chicken E. coli mcr-1.1 gene 2021 [103] 

UAE 

Pets E. coli mcr-1.1 gene 2023 [104] 
Chicken N/A mcr-1 gene 2023 [105] 
Chicken S. enterica mcr-1.1 gene 2022 [73] 
Chicken E. coli mcr-1.1 gene 2022 [73] 
Chicken E. albertii mcr-1.1 gene 2022 [73] 
Chicken K. pneumoniae mcr-1.1 gene 2022 [73] 
Chicken S. enterica mcr-1.1 gene 2022 [73] 

Iran 

Cow E. coli mcr-1 gene 2021 [74] 
Chicken E. coli N/A 2021 [74] 
Bovine B. melitensis N/A 2023 [106] 
Camel B. melitensis N/A 2023 [106] 
Chicken K. pneumoniae N/A 2019 [107] 
Chicken S. infantis N/A 2021 [108] 
Chicken S. enteridis N/A 2021 [108] 
Turkey A. baumannii mcr-1 gene 2020 [69] 
Chicken A. baumannii mcr-1 gene 2020 [69] 

ESBL: Extended-Spectrum Beta-Lactamase; N/A: not applicable; MDR: Multi-Drug Resistant; UAE: 
United Arab Emirates; E. coli: Escherichia coli; E. cloacae: Enterobacter cloacae; K. oxytoca: Klebsiella oxy-
toca; K. pneumoniae: Klebsiella pneumoniae.; V. parahaemolyticus: Vibrio parahaemolyticus; V. alginolyticus: 
Vibrio alginolyticus; C. jejuni: Campylobacter jejuni; C. coli: Campylobacter coli; P. aeruginosa: Pseudomonas 
aeruginosa; KSA: Kingdom of Saudi Arabia; P. multicoda: Pasteurella multicoda; A. hydrophila: Aer-
omonas hydrophila; P. mirabilis: Proteus mirabilis; A. baumannii: Acinetobacter baumannii; S. enterica: Sal-
monella enterica; E. albertii: Escherichia albertii; B. melitensis: Brucella melitensis; S. infantis: Salmonella 
infantis; S. enteridis: Salmonella enteridis. 

5. Colistin Resistance in the MENA Region in Water, Soil,  
and the Environment 

Bacterial colistin resistance has become a significant public health concern worldwide, 
including in the MENA region. This resistance is of growing concern, since human health 
is closely connected to the health of animals and our shared environment. 

Various water habitats, including wastewater, surface water, and tap water, could be 
a reservoir and route for the dissemination of mobile colistin-resistant genes (mcr). An 
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overview of the global epidemiology of mcr genes in these environments was provided 
by Cherak et al., emphasizing the need for a better understanding of the role of the water 
environment in the spread of antibiotic resistance [109]. 

Bacteria have obtained mcr genes (mcr-1 to mcr-9), transferring them into environ-
ments such as water bodies, soil, plants, wildlife habitats, animal environments, and pub-
lic areas. According to Anyawu et al., [110], these genes have been found in several bacte-
rial species, including E. coli, Enterobacter, Klebsiella, Proteus, Salmonella, Citrobacter, Pseu-
domonas, Acinetobacter, Kluyvera, Aeromonas, Providencia, and Raulotella isolates [110]. (Fig-
ure 4) 

 

Figure 4. Global distribution of colistin resistance genes in water, soil and the environment: spotlight 
on the MENA region. 

5.1. Colistin Resistance in the Environment in Algeria 

In the data collected about colistin resistance in the environment in Algeria, [3] 
demonstrating mcr gene resistance, Drali et al. reported a first case of mcr-1-carrying E. 
coli ST23 and ST115 from seawater sampled from the Algerian coast, during the summer 
of 2016. The samples, taken from 62 beaches along the Algiers coast, highlighted the global 
spread of the gene and the need for improved wastewater and sewage treatment protocols 
[3,111]. 

During September and October 2019, another study was conducted by Cherak et al., 
who reported the first detection of an mcr-5 gene in an unusual bacterial isolate, Cupriavi-
dus gilardii, recovered from well water supplying a hospital located in an urban region in 
Batna, Algeria. This study sheds light on this significant environmental reservoir of mcr 
genes [112]. 

5.2. Colistin Resistance in the Environment in Iran 

Although there is limited data available about colistin resistance in water and the 
environment in Iran, a cohort study aimed to investigate the prevalence of antibiotic re-
sistance in E. coli strains isolated from humans, animals, food, and the environment. The 
results showed that environmental isolates had the lowest percentage of colistin resistance 
[113]. 
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5.3. Colistin Resistance in the Environment in Iraq 

A first report in Iraq by Al-Kadmy et al. aimed to identify genes associated with col-
istin resistance in A. baumannii, analyzing a few environmental isolates in addition to clin-
ical isolates in Baghdad between 2016 and 2018. Their results showed a high prevalence 
(76%) of colistin resistance. Molecular analysis revealed the presence of the mcr-1, mcr-2, 
and mcr-3 genes in a significant proportion of the isolates, indicating a genetic basis for 
resistance. The findings underscore the urgency of prudent colistin use to mitigate the 
spread of resistant strains [114]. 

5.4. Colistin Resistance in the Environment in Kuwait 

One study focused on the isolation of antibiotic-resistant bacteria from the atmos-
pheric air in hospital wards and outdoor areas in Kuwait during sandstorms in 2021. This 
study, by Shamsah et al., isolated eighty-four colonies, including Staphylococcus aureus, 
coagulase-negative Staphylococcus, Bacillus spp., and Acinetobacter spp. from hospital air, and 
Pseudomonas spp. and Staphylococcus spp. from outdoor air. The results revealed that none 
of the isolates showed colistin resistance [115] 

5.5. Colistin Resistance in the Environment in Saudi Arabia 

In a study aiming to screen for antibiotic resistance genes in bacteria in the upstream 
and downstream areas of the Wadi Hanifah valley in Riyadh, Saudi Arabia, Al-Otaibi et 
al. searched for the presence of the mcr-1 gene in that area. Water samples were obtained 
from 18 distinct sites in Wadi Hanifah in September 2022. Following DNA extraction, the 
mcr-1 gene was detected but at very low prevalence [116]. 

5.6. Colistin Resistance in the Environment in Tunisia 

A study conducted by Hassen et al. in Tunisia reported the mcr-1 gene in ESBL-pro-
ducing E. coli from wastewater for the first time [5]. Between 2017 and 2019, samples were 
collected at different points along the sewage treatment process from the municipal 
wastewater treatment plant of La Charguia, which receives wastewater of various types 
such as domestic, hospital, urban, rain, and industrial waters from various areas of the 
city of greater Tunis. The results revealed that seven isolates were colistin-resistant (three 
E. coli, three K. pneumoniae, and one E. cloacae complex). Among these isolates, only one E. 
coli harbored the mcr-1 gene (COL MIC = 16 µg/mL), recovered from raw water. The 
ISApl1 genetic element and the pap2 gene were located in the upstream and the down-
stream regions of the mcr-1 gene, respectively. The remaining six colistin-resistant isolates 
were negative for the mcr-1 to mcr-8 genes. The occurrence and prevalence of the mcr-1 
gene in wastewater treatment plants and in the natural environment are still largely un-
known [5] 

5.7. Colistin Resistance in the Environment in Lebanon 

Several studies from Lebanon have revealed the detection of the plasmid-mediated 
colistin resistance gene mcr-1 and mcr-1.1 in E. coli isolates collected from irrigation water 
and from domestic and sewer waters in Syrian refugee camps in Lebanon [117–120]. 

Other studies have shown the detection of the plasmid-borne colistin resistance gene 
mcr-1 in P. mirabilis isolated from both domestic and sewage waters in Syrian refugee 
camps [121]. 

In the first study [117], irrigation water samples were collected from two major agri-
cultural areas in Lebanon, namely south Lebanon and the Beqaa Valley between April and 
September 2018. The results were positive for the mcr-1 gene, which was further con-
firmed by sequencing, although the genes mcr-2, -3, -4, -5, -6, -7 and -8 were not detected 
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in any isolate. The prevalence of mcr-1-positive E. coli detected in Lebanese irrigation wa-
ter is higher in comparison with other countries. The draft genome sequences are im-
portant for understanding the dissemination of colistin-resistant E. coli strains and plas-
mid-borne mcr-1.1 in agricultural waters, which might select for antibiotic resistance de-
terminants that persist in the food chain [119]. This highlights the need to enhance and 
implement efficient antimicrobial stewardship and surveillance programs to control the 
proliferation of resistance to colistin and other critical antibiotics via agricultural practices 
and environmental matrices, since Lebanese irrigation water might affect a variety of en-
vironments, including the Mediterranean Basin, and the widespread occurrence of mcr-1 
might be a cause for concern. 

Composite samples (1 L) of drinking-, well-, and camp-generated sewer waters were 
collected from two Syrian camps in Lebanon. Results showed a probable cross-contami-
nation that may have occurred between the different sources (drinking water, well water, 
and sewage). The selected mcr-1-positive isolates survived in autoclaved drinking- and 
well-waters for more than 30 days without losing mcr-1 and colistin resistance, suggesting 
that mcr-1 might persist in these waters. Two MDR E. coli strains with the plasmid-borne 
colistin resistance gene (mcr-1.1) were isolated from the waters used by refugees and se-
quenced to analyze antibiotic resistance determinants. It was shown that the E. coli strains 
carried 15 and 20 AMR genes, including mcr-1.1 and others that encoded resistance to 
important classes of antibiotics. Two MDR E. coli strains carrying the mcr-1.1 gene were 
isolated from water used by refugees, highlighting the urgent need for these populations 
to have access to clean water [118,120]. 

Another report highlighted the presence of the plasmid-borne colistin resistance gene 
(mcr-1) in P. mirabilis isolated from domestic and sewer waters in Syrian refugee camps 
[15]. Since P. mirabilis is essentially colistin-resistant and not normally screened for mcr-1, 
the bacterium can act as an unnoticed reservoir for the transmission of mcr-1 to colistin-
susceptible bacteria in the camps and beyond (through sewer effluents and cross-contam-
ination). 

Contaminated domestic water raises the risk of disease and complicates the treat-
ment of infections among vulnerable populations. Polluted sewage systems may contrib-
ute to the spread of MDR strains beyond refugee camps. The rising resistance to colistin 
and other critical antibiotics presents serious risks to both Syrian refugees and host com-
munities. As a result, immediate action is required to secure sustainable access to clean 
water and ensure the effective management of wastewater [118,120]. 

Previous studies have reported that the wide dissemination of mcr-1 across Lebanon 
is a major concern, especially in agricultural areas. Recently, a new mcr variant, mcr-1.26, 
was detected, which appears to be exclusive to Lebanon and has been rarely reported 
abroad. This gene-harboring bacterium appeared to simultaneously exhibit resistance to 
other clinically and agriculturally important antimicrobials [122]. 

Although data on the mcr gene in aquaculture are limited, the detection of the MCR 
gene mcr-1.1 on IncX4 plasmids in MDR E. coli isolated from farmed rainbow trout showed 
that there is a high potential for the evolution and dissemination of mcr via aquatic envi-
ronments, leading to a pressing need to control mcr and enhance antimicrobial steward-
ship in Lebanon [99]. 

Colistin resistance in water, soil, and the environment in the MENA region is sum-
marized in Table 3. 
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Table 3. Overview of bacterial species and colistin resistance mechanisms in water, soil and envi-
ronmental isolates by country. 

Country Source Species Resistance Mecha-
nism 

Report Date Reference 

Algeria Sea water E. coli ST23 and ST115 mcr-1 gene 2016 [3,111] 

 Well water supplied to 
hospital Cupriavidus gilardii  mcr-5.1 gene 2019 [112] 

Iran Water in environment MDR-ESBL E. coli — 2019 [113] 

Iraq Environment A. baumannii 
mcr-1, mcr-2, mcr-3 
genes 2020 [114] 

Kuwait Hospital air 

Staphylococcus aureus, co-
agulase-negative Staphylo-
coccus, Bacillus spp., Aci-
netobacter spp. 

N/A 2021 [115] 

 Outdoor air 
Pseudomonas spp., Staphy-
lococcus spp. N/A  [115] 

KSA Antimicrobial resistance 
genes in water bacteria 

N/A mcr-1 gene 2024 [116] 

Tunisia 

Waste water–sewage 
treatment 

E. coli mcr-1 gene 2020 [5] 

Raw water K. pneumoniae N/A  [5] 
 E. cloacae complex N/A  [5] 

Lebanon 

Irrigation/domes-
tic/sewer waters in Syr-
ian refugee camps 

E. coli mcr-1, mcr-1.1 gene 2019–2021 [117,120] 

Domestic/sewer waters 
in Syrian refugee camps 

P. mirabilis mcr-1 gene 2020 [121] 

Rainbow trout aquacul-
ture E. coli mcr-1 gene 2020 [99] 

MDR: Multi-Drug resistant; ESBL: Extended-Spectrum Beta-Lactamase; E. coli: Escherichia coli; K. 
pneumoniae: Klebsiella pneumoniae; A. baumannii: Acinetobacter baumannii; E. cloacae: Enterobacter cloa-
cae; P. mirabilis: Proteus mirabilis; ST: Sequence Type; mcr: mobile colistin resistance; N/A: Not appli-
cable; KSA: Kingdom of Saudi Arabia. 

6. Conclusions 
In conclusion, colistin resistance has emerged as a critical public health challenge in 

the MENA region. Once considered a last-resort antibiotic for treating MDR GNB, the 
efficacy of colistin has been increasingly compromised by the rise in resistance, driven by 
its widespread use in agriculture, veterinary practices, and human healthcare. The dis-
semination of mcr genes, particularly the mcr gene family, has exacerbated the situation 
by enabling the rapid transfer of resistance traits across bacterial species, further limiting 
therapeutic options. 

In the MENA region, countries such as Tunisia, Algeria, and Egypt are facing an 
alarmingly high rate of colistin-resistant bacteria, particularly within hospital settings 
where infections caused by E. coli, K. pneumoniae, and A. baumannii are prevalent. The 
prevalence of resistance in livestock and agricultural environments highlights the signifi-
cant role of animal farming in the spread of resistant strains. The presence of mcr genes in 
animals and food products, particularly poultry, underscores the risk of transmission 
along the food chain, posing a direct threat to public health. 

Environmental factors also contribute to the propagation of colistin resistance. Stud-
ies have shown that untreated wastewater, irrigation systems, and sewage can serve as 
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reservoirs for resistant bacteria, facilitating their transfer between humans, animals, and 
the environment. The “One Health” approach emphasizes the need for a unified strategy 
to address antimicrobial resistance, where interventions target not only hospital settings 
but also agricultural practices and environmental contamination. 

The current situation demands urgent action. It is crucial to strengthen antimicrobial 
stewardship programs to prevent the misuse of colistin in both healthcare and agriculture. 
Surveillance systems need to be reinforced to track resistance trends across the human, 
animal, and environmental interfaces, providing real-time data to guide policy decisions. 
Investments in research for alternative therapeutic options, such as new antibiotics, com-
bination therapies, and phage therapy, must be prioritized, as the effectiveness of existing 
drugs continues to diminish. 

Ultimately, addressing colistin resistance in the MENA region requires a collabora-
tive effort from policymakers, healthcare professionals, veterinarians, and the agricultural 
sector. By adopting a comprehensive and coordinated strategy, it may be possible to slow 
the spread of resistance and preserve the efficacy of one of the last remaining antibiotics 
effective against MDR infections.  
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ESBL Extended Spectrum Beta-Lactamase 
MCR Mobile Colistin Resistance 
PEtN Phosphoethanolamine transferase 
CAMPs Cationic antimicrobial peptides 
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Pag Polymyxin-activated genes 
TCS Two-component system 
RTE Ready-to-eat 
PFGE Pulsed-field gel electrophoresis 
ICU Intensive care unit 
CRKP Carbapenem-resistant Klebsiella pneumoniae 
ExPEC Extra-intestinal pathogenic Escherichia coli 
SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2 
MIC Minimum Inhibitory Concentration 
WGS Whole genome sequencing 
ST Sequence Type 
CC Clonal Complex 
ATB Antibiotic 
AST Antimicrobial susceptibility testing 
AMX Amoxicillin 
AMC Amoxicillin-clavulanic acid 
SXT Trimethoprim-sulfamethoxazole 

References 
1. Stansly, P.G.; Schlosser, M.E. Studies on Polymyxin: Isolation and Identification of Bacillus polymyxa and Differentiation of Pol-

ymyxin from Certain Known Antibiotics. J. Bacteriol. 1947, 54, 549. https://doi.org/10.1128/JB.54.5.549-556.1947. 
2. Mondal, A.H.; Khare, K.; Saxena, P.; Debnath, P.; Mukhopadhyay, K.; Yadav, D. A Review on Colistin Resistance: An Antibiotic 

of Last Resort. Microorganisms 2024, 12, 772. https://doi.org/10.3390/MICROORGANISMS12040772. 
3. Berrazeg, M.; Deriet, A.; De Keersmaecker, S.C.J.; Verhaegen, B.; Vanneste, K.; Botteldoorn, N.; Roosens, N.H.C.; Mouffok, F.; 

Drali, R. Whole-Genome Sequencing of Multidrug-Resistant Escherichia coli Strains Harboring the Mcr-1 Gene, Isolated from 
Seawater of the Algiers Coast in Algeria. Microbiol. Resour. Announc. 2019, 8, e00638-19. https://doi.org/10.1128/MRA.00638-19. 

4. Ali, R.I.; Abdelaziz, E.S.A.; Kamel, M.A.; Murad, S.K.; Abdallah, H.M.; Salem, G.A. Phenotypic and Genotypic Characterization 
of Extended Spectrum Beta-Lactamase Producing E. coli Harboring Carbapenem and Colistin-Resistant Genes from Poultry 
Farms in Egypt. Open Vet. J. 2024, 14, 459–469. https://doi.org/10.5455/OVJ.2024.V14.I1.42. 

5. Hassen, B.; Abbassi, M.S.; Ruiz-Ripa, L.; Mama, O.M.; Ibrahim, C.; Benlabidi, S.; Hassen, A.; Torres, C.; Hammami, S. Genetic 
Characterization of Extended-Spectrum β-Lactamase-Producing Enterobacteriaceae from a Biological Industrial Wastewater 
Treatment Plant in Tunisia with Detection of the Colistin-Resistance Mcr-1 Gene. FEMS Microbiol. Ecol. 2021, 97, fiaa231. 
https://doi.org/10.1093/FEMSEC/FIAA231. 

6. Azour, A.; Al-Bayssari, C.; Dagher, T.N.; Fajloun, F.; Fajloun, M.; Rolain, J.M. Clonal Dissemination of Plasmid-Mediated Car-
bapenem and Colistin Resistance in Refugees Living in Overcrowded Camps in North Lebanon. Antibiotics 2021, 10, 1478. 
https://doi.org/10.3390/ANTIBIOTICS10121478. 

7. Poirel, L.; Jayol, A.; Nordmanna, P. Polymyxins: Antibacterial Activity, Susceptibility Testing, and Resistance Mechanisms En-
coded by Plasmids or Chromosomes. Clin. Microbiol. Rev. 2017, 30, 557–596. https://doi.org/10.1128/CMR.00064-16. 

8. Baron, S.; Hadjadj, L.; Rolain, J.M.; Olaitan, A.O. Molecular Mechanisms of Polymyxin Resistance: Knowns and Unknowns. Int. 
J. Antimicrob. Agents 2016, 48, 583–591. https://doi.org/10.1016/j.ijantimicag.2016.06.023. 

9. Olaitan, A.O.; Morand, S.; Rolain, J.M. Mechanisms of Polymyxin Resistance: Acquired and Intrinsic Resistance in Bacteria. 
Front. Microbiol. 2014, 5, 643. https://doi.org/10.3389/FMICB.2014.00643. 

10. El-Sayed Ahmed, M.A.E.G.; Zhong, L.-L.; Shen, C.; Yang, Y.; Doi, Y.; Tian, G.-B. Colistin and Its Role in the Era of Antibiotic 
Resistance: An Extended Review (2000–2019). Emerg. Microbes Infect. 2020, 9, 868–885. 
https://doi.org/10.1080/22221751.2020.1754133. 

11. Sud, I.J.; Feingold, D.S. Mechanism of Polymyxin B Resistance in Proteus mirabilis. J. Bacteriol. 1970, 104, 289–294. 
https://doi.org/10.1128/JB.104.1.289-294.1970. 

12. Yin, J.; Wang, G.; Cheng, D.; Fu, J.; Qiu, J.; Yu, Z. Inactivation of Polymyxin by Hydrolytic Mechanism. Antimicrob. Agents 
Chemother. 2019, 63, e02378-18. https://doi.org/10.1128/AAC.02378-18. 

13. Czub, M.P.; Zhang, B.; Chiarelli, M.P.; Majorek, K.A.; Joe, L.; Porebski, P.J.; Revilla, A.; Wu, W.; Becker, D.P.; Minor, W.; et al. 
A Gcn5-Related N-Acetyltransferase (GNAT) Capable of Acetylating Polymyxin B and Colistin Antibiotics in Vitro. Biochemistry 
2018, 57, 7011–7020. https://doi.org/10.1021/ACS.BIOCHEM.8B00946. 



Microorganisms 2026, 14, 1693 27 of 33 
 

https://doi.org/10.3390/microorganisms14081693 

14. Gogry, F.A.; Siddiqui, M.T.; Sultan, I.; Haq, Q.M.R. Current Update on Intrinsic and Acquired Colistin Resistance Mechanisms 
in Bacteria. Front. Med. 2021, 8, 677720. https://doi.org/10.3389/FMED.2021.677720. 

15. Andrade, F.F.; Silva, D.; Rodrigues, A.; Pina-Vaz, C. Colistin Update on Its Mechanism of Action and Resistance, Present and 
Future Challenges. Microorganisms 2020, 8, 1716. https://doi.org/10.3390/MICROORGANISMS8111716. 

16. Kato, A.; Tanabe, H.; Utsumi, R. Molecular Characterization of the PhoP-PhoQ Two-Component System in Escherichia coli K-12: 
Identification of Extracellular Mg2+-Responsive Promoters. J. Bacteriol. 1999, 181, 5516–5520. 
https://doi.org/10.1128/JB.181.17.5516-5520.1999. 

17. Lippa, A.M.; Goulian, M. Feedback Inhibition in the PhoQ/PhoP Signaling System by a Membrane Peptide. PLoS Genet. 2009, 5, 
e1000788. https://doi.org/10.1371/JOURNAL.PGEN.1000788. 

18. Osei Sekyere, J.; Govinden, U.; Bester, L.A.; Essack, S.Y. Colistin and Tigecycline Resistance in Carbapenemase-Producing 
Gram-Negative Bacteria: Emerging Resistance Mechanisms and Detection Methods. J. Appl. Microbiol. 2016, 121, 601–617. 
https://doi.org/10.1111/JAM.13169. 

19. Mouna, H.; Stylianos, C.; Linda, H.; Efthimia, P.; Sophia, P.; Nikoletta, C.; Sophia, T.; Vassiliki, P.; Nikoletta, S.; Iris, S.; et al. 
Inactivation of MgrB Gene Regulator and Resistance to Colistin Is Becoming Endemic in Carbapenem-Resistant Klebsiella pneu-
moniae in Greece: A Nationwide Study from 2014 to 2017. Int. J. Antimicrob. Agents 2020, 55, 105930. 
https://doi.org/10.1016/J.IJANTIMICAG.2020.105930. 

20. Wright, M.S.; Suzuki, Y.; Jones, M.B.; Marshall, S.H.; Rudin, S.D.; Van Duin, D.; Kaye, K.; Jacobs, M.R.; Bonomo, R.A.; Adamsa, 
M.D. Genomic and Transcriptomic Analyses of Colistin-Resistant Clinical Isolates of Klebsiella pneumoniae Reveal Multiple Path-
ways of Resistance. Antimicrob. Agents Chemother. 2015, 59, 536–543. https://doi.org/10.1128/AAC.04037-14. 

21. Cheng, Y.H.; Lin, T.L.; Lin, Y.T.; Wang, J.T. Amino Acid Substitutions of Crrb Responsible for Resistance to Colistin through 
Crrc in Klebsiella pneumoniae. Antimicrob. Agents Chemother. 2016, 60, 3709–3716. https://doi.org/10.1128/AAC.00009-16. 

22. Dziri, O.; Dziri, R.; Salabi, A.A.E.; Alawami, A.A.; Ksouri, R.; Chouchani, C. Polymyxin E–Resistant Gram-Negative Bacteria in 
Tunisia and Neighboring Countries: Are There Commonalities? Infect. Drug Resist. 2021, 14, 4821–4832. 
https://doi.org/10.2147/IDR.S327718. 

23. Olowo-Okere, A.; Yacouba, A. Review Molecular Mechanisms of Colistin Resistance in Africa: A Systematic Review of Litera-
ture. Germs 2020, 10, 367–379. 

24. Venne, D.M.; Hartley, D.M.; Malchione, M.D.; Koch, M.; Britto, A.Y.; Goodman, J.L. Review and Analysis of the Overlapping 
Threats of Carbapenem and Polymyxin Resistant E. coli and Klebsiella in Africa. Antimicrob. Resist. Infect. Control 2023, 12, 29. 
https://doi.org/10.1186/s13756-023-01220-4. 

25. Berrazeg, M.; Hadjadj, L.; Ayad, A.; Drissi, M.; Rolain, J.M. First Detected Human Case in Algeria of Mcr-1 Plasmid-Mediated 
Colistin Resistance in a 2011 Escherichia coli Isolate. Antimicrob. Agents Chemother. 2016, 60, 6996–6997. 

26. Bakour, S.; Olaitan, A.O.; Ammari, H.; Touati, A.; Saoudi, S.; Saoudi, K.; Rolain, J.M. Emergence of Colistin- and Carbapenem-
Resistant Acinetobacter baumannii ST2 Clinical Isolate in Algeria: First Case Report. Microb. Drug Resist. 2015, 21, 279–285. 
https://doi.org/10.1089/mdr.2014.0214. 

27. Olaitan, A.O.; Morand, S.; Rolain, J.M. Emergence of Colistin-Resistant Bacteria in Humans without Colistin Usage: A New 
Worry and Cause for Vigilance. Int. J. Antimicrob. Agents 2016, 47, 1–3. https://doi.org/10.1016/J.IJANTIMICAG.2015.11.009. 

28. Zaatout, N.; Al-Mustapha, A.I.; Bouaziz, A.; Ouchene, R.; Heikinheimo, A. Prevalence of AmpC, ESBL, and Colistin Resistance 
Genes in Enterobacterales Isolated from Ready-to-Eat Food in Algeria. Braz. J. Microbiol. 2023, 54, 2205–2218. 
https://doi.org/10.1007/s42770-023-01082-3. 

29. Mezghani Maalej, S.; Rekik Meziou, M.; Mahjoubi, F.; Hammami, A. Epidemiological Study of Enterobacteriaceae Resistance 
to Colistin in Sfax (Tunisia). Med. Mal. Infect. 2012, 42, 256–263. https://doi.org/10.1016/j.medmal.2012.04.008. 

30. Grami, R.; Mansour, W.; Mehri, W.; Bouallègue, O.; Boujaâfar, N.; Madec, J.; Haenni, M. Impact of Food Animal Trade on the 
Spread of Mcr-1-Mediated Colistin Resistance, Tunisia, July 2015. Eurosurveillance 2016, 21, 30144. https://doi.org/10.2807/1560-
7917.ES.2016.21.8.30144. 

31. Battikh, H.; Harchay, C.; Dekhili, A.; Khazar, K.; Kechrid, F.; Zribi, M.; Masmoudi, A.; Fendri, C. Clonal Spread of Colistin-
Resistant Klebsiella pneumoniae Coproducing KPC and VIM Carbapenemases in Neonates at a Tunisian University Hospital. 
Microb. Drug Resist. 2017, 23, 468–472. https://doi.org/10.1089/mdr.2016.0175. 

32. Ben Tanfous, F.; Raddaoui, A.; Chebbi, Y.; Achour, W. Epidemiology and Molecular Characterisation of Colistin-Resistant 
Klebsiella pneumoniae Isolates from Immunocompromised Patients in Tunisia. Int. J. Antimicrob. Agents 2018, 52, 861–865. 
https://doi.org/10.1016/j.ijantimicag.2018.08.022. 



Microorganisms 2026, 14, 1693 28 of 33 
 

https://doi.org/10.3390/microorganisms14081693 

33. Jaidane, N.; Naas, T.; Mansour, W.; Ben Radhia, B.; Jerbi, S.; Boujaafar, N.; Bouallegue, O.; Bonnin, R.A. Genomic Analysis of in 
Vivo Acquired Resistance to Colistin and Rifampicin in Acinetobacter baumannii. Int. J. Antimicrob. Agents 2018, 51, 266–269. 
https://doi.org/10.1016/j.ijantimicag.2017.10.016. 

34. Ferjani, S.; Maamar, E.; Ferjani, A.; Meftah, K.; Battikh, H.; Mnif, B.; Hamdoun, M.; Chebbi, Y.; Kanzari, L.; Achour, W.; et al. 
Tunisian Multicenter Study on the Prevalence of Colistin Resistance in Clinical Isolates of Gram Negative Bacilli: Emergence of 
Escherichia coli Harbouring the Mcr-1 Gene. Antibiotics 2022, 11, 1390. https://doi.org/10.3390/antibiotics11101390. 

35. Leangapichart, T.; Gautret, P.; Brouqui, P.; Mimish, Z.; Raoult, D.; Rolain, J.M. Acquisition of Mcr-1 Plasmid-Mediated Colistin 
Resistance in Escherichia coli and Klebsiella pneumoniae during Hajj 2013 and 2014. Antimicrob. Agents Chemother. 2016, 60, 6998–
6999. 

36. Kieffer, N.; Ahmed, M.O.; Elramalli, A.K.; Daw, M.A.; Poirel, L.; Álvarez, R.; Nordmann, P. Colistin-Resistant Carbapenemase-
Producing Isolates among Klebsiella spp. and Acinetobacter baumannii in Tripoli, Libya. J. Glob. Antimicrob. Resist. 2018, 13, 37–39. 

37. Slimene, K.; Ali, A.A.; Mohamed, E.A.; El Salabi, A.; Suliman, F.S.; Elbadri, A.A.; El-fertas, F.F.; El-awjly, A.; Shokri, S.A.; Rolain, 
J.-M.; et al. Isolation of Carbapenem and Colistin Resistant Gram-Negative Bacteria Colonizing Immunocompromised SARS-
CoV-2 Patients Admitted to Some Libyan Hospitals. Microbiol. Spectr. 2023, 11, e0297222. https://doi.org/10.1128/spec-
trum.02972-22. 

38. Calhoun, J.H.; Murray, C.K.; Manring, M.M. Multidrug-Resistant Organisms in Military Wounds from Iraq and Afghanistan. 
In Proceedings of the Clinical Orthopaedics and Related Research; Springer: New York, NY, USA, 2008; Volume 466, pp. 1356–1362. 

39. Aris, P.; Robatjazi, S.; Nikkhahi, F.; Amin Marashi, S.M. Molecular Mechanisms and Prevalence of Colistin Resistance of 
Klebsiella pneumoniae in the Middle East Region: A Review over the Last 5 Years. J. Glob. Antimicrob. Resist. 2020, 22, 625–630. 

40. Mohsin, J.; Pál, T.; Petersen, J.E.; Darwish, D.; Ghazawi, A.; Ashraf, T.; Sonnevend, A. Plasmid-Mediated Colistin Resistance 
Gene Mcr-1 in an Escherichia coli ST10 Bloodstream Isolate in the Sultanate of Oman. Microb. Drug Resist. 2018, 24, 278–282. 
https://doi.org/10.1089/mdr.2017.0131. 

41. Al Rahmany, D.; Albeloushi, A.; Alreesi, I.; Alzaabi, A.; Alreesi, M.; Pontiggia, L.; Ghazi, I.M. Exploring Bacterial Resistance in 
Northern Oman, a Foundation for Implementing Evidence-Based Antimicrobial Stewardship Program. Int. J. Infect. Dis. 2019, 
83, 77–82. https://doi.org/10.1016/j.ijid.2019.04.004. 

42. Balkhair, A.; Al-Muharrmi, Z.; Al’Adawi, B.; Al Busaidi, I.; Taher, H.B.; Al-Siyabi, T.; Al Amin, M.; Hassan, K.S. Prevalence and 
30-Day All-Cause Mortality of Carbapenem-and Colistin-Resistant Bacteraemia Caused by Acinetobacter Baumannii, Pseudo-
monas aeruginosa, and Klebsiella pneumoniae: Description of a Decade-Long Trend. Int. J. Infect. Dis. 2019, 85, 10–15. 
https://doi.org/10.1016/j.ijid.2019.05.004. 

43. Sonnevend, Á.; Ghazawi, A.; Alqahtani, M.; Shibl, A.; Jamal, W.; Hashmey, R.; Pal, T. Plasmid-Mediated Colistin Resistance in 
Escherichia coli from the Arabian Peninsula. Int. J. Infect. Dis. 2016, 50, 85–90. https://doi.org/10.1016/j.ijid.2016.07.007. 

44. Shahid, M.; Ahmad, N.; Saeed, N.K.; Shadab, M.; Joji, R.M.; Al-Mahmeed, A.; Bindayna, K.M.; Tabbara, K.S.; Dar, F.K. Clinical 
Carbapenem-Resistant Klebsiella pneumoniae Isolates Simultaneously Harboring Bla NDM-1, Bla OXA Types and QnrS Genes 
from the Kingdom of Bahrain: Resistance Profile and Genetic Environment. Front. Cell Infect. Microbiol. 2022, 12, 1033305. 
https://doi.org/10.3389/fcimb.2022.1033305. 

45. Forde, B.M.; Zowawi, H.M.; Harris, P.N.A.; Roberts, L.; Ibrahim, E.; Shaikh, N.; Deshmukh, A.; Sid Ahmed, M.A.; Al Maslamani, 
M.; Cottrell, K.; et al. Discovery of Mcr-1 -Mediated Colistin Resistance in a Highly Virulent Escherichia coli Lineage . mSphere 
2018, 3, e00486-18. https://doi.org/10.1128/msphere.00486-18. 

46. Eltai, N.O.; Kelly, B.; Al-Mana, H.A.; Ibrahim, E.B.; Yassine, H.M.; Al Thani, A.; Al Maslmani, M.; Lammens, C.; Xavier, B.B.; 
Malhotra-Kumar, S. Identification of Mcr-8 in Clinical Isolates From Qatar and Evaluation of Their Antimicrobial Profiles. Front. 
Microbiol. 2020, 11, 1954. https://doi.org/10.3389/fmicb.2020.01954. 

47. Al-Sweih, N.A.; Al-Hubail, M.A.; Rotimi, V.O. Emergence of Tigecycline and Colistin Resistance in Acinetobacter Species Isolated 
from Patients in Kuwait Hospitals. J. Chemother. 2011, 23, 13–16. https://doi.org/10.1179/joc.2011.23.1.13. 

48. Al Fadhli, A.H.; Jamal, W.Y.; Rotimi, V.O. Prevalence of Carbapenem-Resistant Enterobacteriaceae and Emergence of High Rectal 
Colonization Rates of BlaOXA-181-Positive Isolates in Patients Admitted to Two Major Hospital Intensive Care Units in Kuwait. 
PLoS ONE 2020, 15, e0241971. https://doi.org/10.1371/journal.pone.0241971. 

49. Zafer, M.M.; El-Mahallawy, H.A.; Abdulhak, A.; Amin, M.A.; Al-Agamy, M.H.; Radwan, H.H. Emergence of Colistin Resistance 
in Multidrug-Resistant Klebsiella pneumoniae and Escherichia coli Strains Isolated from Cancer Patients. Ann. Clin. Microbiol. An-
timicrob. 2019, 18, 40. https://doi.org/10.1186/s12941-019-0339-4. 

50. Abozahra, R.; Gaballah, A.; Abdelhamid, S.M. Prevalence of the Colistin Resistance Gene MCR-1 in Colistin-Resistant Klebsiella 
pneumoniae in Egypt. AIMS Microbiol. 2023, 9, 177–194. https://doi.org/10.3934/microbiol.2023011. 



Microorganisms 2026, 14, 1693 29 of 33 
 

https://doi.org/10.3390/microorganisms14081693 

51. Attalla, E.T.; Khalil, A.M.; Zakaria, A.S.; Baker, D.J.; Mohamed, N.M. Genomic Characterization of Colistin-Resistant Klebsiella 
pneumoniae Isolated from Intensive Care Unit Patients in Egypt. Ann. Clin. Microbiol. Antimicrob. 2023, 22, 82. 
https://doi.org/10.1186/s12941-023-00632-9. 

52. Memish, Z.A.; Stephens, G.M.; Steffen, R.; Ahmed, Q.A. Emergence of Medicine for Mass Gatherings: Lessons from the Hajj. 
Lancet Infect. Dis. 2012, 12, 56–65. https://doi.org/10.1016/S1473-3099(11)70337-1. 

53. Alqasim, A. Colistin-Resistant Gram-Negative Bacteria in Saudi Arabia: A Literature Review. J. King Saud. Univ. Sci. 2021, 33, 
101610. https://doi.org/10.1016/J.JKSUS.2021.101610. 

54. Yezli, S.; Shibl, A.M.; Livermore, D.M.; Memish, Z.A. Prevalence and Antimicrobial Resistance among Gram-Negative Patho-
gens in Saudi Arabia. J. Chemother. 2014, 26, 257–272. https://doi.org/10.1179/1973947814Y.0000000185. 

55. Okdah, L.; AlDosary, M.S.; AlMazyed, A.; Alkhurayb, H.M.; Almossallam, M.; Al Obaisi, Y.S.; Marie, M.A.; Abdelrahman, T.; 
Diene, S.M. Genomic Characterization of Colistin-Resistant Isolates from the King Fahad Medical City, Kingdom of Saudi Ara-
bia. Antibiotics 2022, 11, 1597. https://doi.org/10.3390/antibiotics11111597. 

56. Zaman, T.U.; Albladi, M.; Siddique, M.I.; Aljohani, S.M.; Balkhy, H.H. Insertion Element Mediated MgrB Disruption and Pres-
ence of ISKpn28 in Colistin-Resistant Klebsiella pneumoniae Isolates from Saudi Arabia. Infect. Drug Resist. 2018, 11, 1183–1187. 
https://doi.org/10.2147/IDR.S161146. 

57. Gharaibeh, M.H.; Alyafawi, D.A.; Elnasser, Z.A.; Lafi, S.Q.; Obeidat, H.M. Emergence of Mcr-1 Gene and Carbapenemase-En-
coding Genes among Colistin-Resistant Klebsiella pneumoniae Clinical Isolates in Jordan. J. Infect. Public Health 2022, 15, 922–929. 
https://doi.org/10.1016/j.jiph.2022.07.005. 

58. Ben-Chetrit, E.; Mc Gann, P.; Maybank, R.; Stam, J.; Assous, M.V.; Katz, D.E. Colistin-Resistant Klebsiella pneumoniae Bloodstream 
Infection: Old Drug, Bad Bug. Arch. Microbiol. 2021, 203, 2999–3006. https://doi.org/10.1007/s00203-021-02289-4. 

59. Lalaoui, R.; Bakour, S.; Livnat, K.; Assous, M.V.; Diene, S.M.; Rolain, J.M. Spread of Carbapenem and Colistin-Resistant Klebsiella 
pneumoniae ST512 Clinical Isolates in Israel: A Cause for Vigilance. Microb. Drug Resist. 2019, 25, 63–71. 
https://doi.org/10.1089/mdr.2018.0014. 

60. Qadi, M.; Alhato, S.; Khayyat, R.; Elmanama, A.A. Colistin Resistance among Enterobacteriaceae Isolated from Clinical Samples 
in Gaza Strip. Can. J. Infect. Dis. Med. Microbiol. 2021, 2021, 6634684. https://doi.org/10.1155/2021/6634684. 

61. Okdah, L.; Leangapichart, T.; Hadjadj, L.; Olaitan, A.O.; Al-Bayssari, C.; Rizk, R.; Hammoud, M.; Diene, S.M.; Rolain, J.M. First 
Report of Colistin-Resistant Klebsiella pneumoniae Clinical Isolates in Lebanon. J. Glob. Antimicrob. Resist. 2017, 9, 15–16. 

62. Nawfal Dagher, T.; Al-Bayssari, C.; Chabou, S.; Baron, S.; Hadjadj, L.; Diene, S.M.; Azar, E.; Rolain, J.M. Intestinal Carriage of 
Colistin-Resistant Enterobacteriaceae at Saint Georges Hospital in Lebanon. J. Glob. Antimicrob. Resist. 2020, 21, 386–390. 
https://doi.org/10.1016/j.jgar.2019.12.001. 

63. Al-Mir, H.; Osman, M.; Drapeau, A.; Hamze, M.; Madec, J.Y.; Haenni, M. Spread of ESC-, Carbapenem-and Colistin-Resistant 
Escherichia coli Clones and Plasmids within and between Food Workers in Lebanon. J. Antimicrob. Chemother. 2021, 76, 3135–
3143. https://doi.org/10.1093/jac/dkab327. 

64. Shen, Y.; Zhang, R.; Schwarz, S.; Wu, C.; Shen, J.; Walsh, T.R.; Wang, Y. Farm Animals and Aquaculture: Significant Reservoirs 
of Mobile Colistin Resistance Genes. Environ. Microbiol. 2020, 22, 2469–2484. https://doi.org/10.1111/1462-2920.14961. 

65. Di Francesco, A.; Salvatore, D.; Sakhria, S.; Bertelloni, F.; Catelli, E.; Ben Yahia, S.; Tlatli, A. Colistin Resistance Genes in Broiler 
Chickens in Tunisia. Animals 2023, 13, 1409. https://doi.org/10.3390/ANI13081409. 

66. Rahmatallah, N.; El Rhaffouli, H.; Lahlou Amine, I.; Sekhsokh, Y.; Fassi Fihri, O.; El Houadfi, M. Consumption of Antibacterial 
Molecules in Broiler Production in Morocco. Vet. Med. Sci. 2018, 4, 80–90. https://doi.org/10.1002/VMS3.89. 

67. Feng, C.; Wen, P.; Xu, H.; Chi, X.; Li, S.; Yu, X.; Lin, X.; Wu, S.; Zheng, B. Emergence and Comparative Genomics Analysis of 
Extended-Spectrum-β-Lactamase-Producing Escherichia coli Carrying Mcr-1 in Fennec Fox Imported from Sudan to China. 
mSphere 2019, 4, e00732-19. https://doi.org/10.1128/MSPHERE.00732-19. 

68. Chabou, S.; Leulmi, H.; Rolain, J.M. Emergence of Mcr-1-Mediated Colistin Resistance in Escherichia coli Isolates from Poultry 
in Algeria. J. Glob. Antimicrob. Resist. 2019, 16, 115–116. https://doi.org/10.1016/J.JGAR.2018.12.012. 

69. Ghaffoori Kanaan, M.H.; Al-Shadeedi, S.M.J.; Al-Massody, A.J.; Ghasemian, A. Drug Resistance and Virulence Traits of Acineto-
bacter baumannii from Turkey and Chicken Raw Meat. Comp. Immunol. Microbiol. Infect. Dis. 2020, 70, 101451. 
https://doi.org/10.1016/J.CIMID.2020.101451. 

70. Hmede, Z.; Kassem, I.I. The Colistin Resistance Gene Mcr-1 Is Prevalent in Commensal Escherichia coli Isolated from Preharvest 
Poultry in Lebanon. Antimicrob. Agents Chemother. 2018, 62, e01304-18. https://doi.org/10.1128/AAC.01304-18. 



Microorganisms 2026, 14, 1693 30 of 33 
 

https://doi.org/10.3390/microorganisms14081693 

71. Eltai, N.O.; Abdfarag, E.A.; Al-Romaihi, H.; Wehedy, E.; Mahmoud, M.H.; Alawad, O.K.; Al-Hajri, M.M.; Thani, A.A.A.L.; 
Yassine, H.M. Antibiotic Resistance Profile of Commensal Escherichia coli Isolated from Broiler Chickens in Qatar. J. Food Prot. 
2018, 81, 302–307. https://doi.org/10.4315/0362-028X.JFP-17-191. 

72. Gharaibeh, M.H.; Sheyab, S.Y.A.; Lafi, S.Q.; Etoom, E.M. Risk Factors Associated with Mcr-1 Colistin-Resistance Gene in Esche-
richia coli Broiler Samples in Northern Jordan. J. Glob. Antimicrob. Resist. 2024, 36, 284–292. 
https://doi.org/10.1016/J.JGAR.2024.01.003. 

73. Sonnevend, Á.; Alali, W.Q.; Mahmoud, S.A.; Ghazawi, A.; Bharathan, G.; Melegh, S.; Rizvi, T.A.; Pál, T. Molecular Characteri-
zation of MCR-1 Producing Enterobacterales Isolated in Poultry Farms in the United Arab Emirates. Antibiotics 2022, 11, 305. 
https://doi.org/10.3390/ANTIBIOTICS11030305. 

74. Nikkhahi, F.; Robatjazi, S.; Niazadeh, M.; Javadi, A.; Shahbazi, G.H.; Aris, P.; Marashi, S.M.A.; Emam, N. First Detection of 
Mobilized Colistin Resistance Mcr-1 Gene in Escherichia coli Isolated from Livestock and Sewage in Iran. New Microbes New 
Infect. 2021, 41, 100862. https://doi.org/10.1016/J.NMNI.2021.100862. 

75. Benlabidi, S.; Raddaoui, A.; Lengliz, S.; Cheriet, S.; Hynds, P.; Achour, W.; Ghrairi, T.; Abbassi, M.S. Occurrence of High-Risk 
Clonal Lineages ST58, ST69, ST224, and ST410 among Extended-Spectrum β-Lactamase-Producing Escherichia coli Isolated from 
Healthy Free-Range Chickens (Gallus Gallus Domesticus) in a Rural Region in Tunisia. Genes 2023, 14, 875. 
https://doi.org/10.3390/GENES14040875. 

76. Hassen, B.; Saloua, B.; Abbassi, M.S.; Ruiz-Ripa, L.; Mama, O.M.; Hassen, A.; Hammami, S.; Torres, C. Mcr-1 Encoding Colistin 
Resistance in CTX-M-1/CTX-M-15- Producing Escherichia coli Isolates of Bovine and Caprine Origins in Tunisia. First Report of 
CTX-M-15-ST394/D E. coli from Goats. Comp. Immunol. Microbiol. Infect. Dis. 2019, 67, 101366. 
https://doi.org/10.1016/J.CIMID.2019.101366. 

77. Dhaouadi, S.; Romdhani, A.; Bouglita, W.; Chedli, S.; Chaari, S.; Soufi, L.; Cherif, A.; Mnif, W.; Abbassi, M.S.; Elandoulsi, R.B. 
High Biofilm-Forming Ability and Clonal Dissemination among Colistin-Resistant Escherichia coli Isolates Recovered from Cows 
with Mastitis, Diarrheic Calves, and Chickens with Colibacillosis in Tunisia. Life 2023, 13, 299. 
https://doi.org/10.3390/LIFE13020299. 

78. Landolsi, S.; Selmi, R.; Hadjadj, L.; Ben Haj Yahia, A.; Ben Romdhane, K.; Messadi, L.; Rolain, J.M. First Report of Extended-
Spectrum β-Lactamase (BlaCTX-M1) and Colistin Resistance Gene Mcr-1 in E. coli of Lineage ST648 from Cockroaches in Tuni-
sia. Microbiol. Spectr. 2022, 10, e0003621. https://doi.org/10.1128/SPECTRUM.00036-21. 

79. Rhouma, M.; Bessalah, S.; Salhi, I.; Thériault, W.; Fairbrother, J.M.; Fravalo, P. Screening for Fecal Presence of Colistin-Resistant 
Escherichia coli and Mcr-1 and Mcr-2 Genes in Camel-Calves in Southern Tunisia. Acta Vet. Scand. 2018, 60, 35. 
https://doi.org/10.1186/S13028-018-0389-1. 

80. Selmi, R.; Tayh, G.; Srairi, S.; Mamlouk, A.; Ben Chehida, F.; Lahmar, S.; Bouslama, M.; Daaloul-Jedidi, M.; Messadi, L. Preva-
lence, Risk Factors and Emergence of Extended-Spectrum β-Lactamase Producing-, Carbapenem- and Colistin-Resistant Enter-
obacterales Isolated from Wild Boar (Sus Scrofa) in Tunisia. Microb. Pathog. 2022, 163, 105385. 
https://doi.org/10.1016/J.MICPATH.2021.105385. 

81. Zouiten, A.; Mehri, I.; Beltifa, A.; Ghorbel, A.; Sire, O.; Van Loco, J.; Abdenaceur, H.; Reyns, T.; Ben Mansour, H. Designation of 
Pathogenic Resistant Bacteria in the Sparusaurata Sea Collected in Tunisia Coastlines: Correlation with High Performance Liq-
uid Chromatography-Tandem Mass Spectrometry Analysis of Antibiotics. Microb. Pathog. 2017, 106, 3–8. 
https://doi.org/10.1016/J.MICPATH.2017.01.004. 

82. El Baaboua, A.; El Maadoudi, M.; Bouyahya, A.; Kounnoun, A.; Bougtaib, H.; Belmehdi, O.; Senhaji, N.S.; Abrini, J. Prevalence 
and Antimicrobial Profiling of Campylobacter spp. Isolated from Meats, Animal, and Human Feces in Northern of Morocco. Int. 
J. Food Microbiol. 2021, 349, 109202. https://doi.org/10.1016/J.IJFOODMICRO.2021.109202. 

83. Chaalal, N.; Touati, A.; Yahiaoui-Martinez, A.; Aissa, M.A.; Sotto, A.; Lavigne, J.P.; Pantel, A. Colistin-Resistant Enterobacterales 
Isolated from Chicken Meat in Western Algeria. Microb. Drug Resist. 2021, 27, 991–1002. https://doi.org/10.1089/MDR.2020.0109. 

84. Bachiri, T.; Lalaoui, R.; Bakour, S.; Allouache, M.; Belkebla, N.; Rolain, J.M.; Touati, A. First Report of the Plasmid-Mediated 
Colistin Resistance Gene Mcr-1 in Escherichia coli ST405 Isolated from Wildlife in Bejaia, Algeria. Microb. Drug Resist. 2018, 24, 
890–895. https://doi.org/10.1089/MDR.2017.0026. 

85. Loucif, L.; Chelaghma, W.; Cherak, Z.; Bendjama, E.; Beroual, F.; Rolain, J.M. Detection of NDM-5 and MCR-1 Antibiotic Re-
sistance Encoding Genes in Enterobacterales in Long-Distance Migratory Bird Species Ciconia Ciconia, Algeria. Sci. Total Environ. 
2022, 814, 152861. https://doi.org/10.1016/J.SCITOTENV.2021.152861. 



Microorganisms 2026, 14, 1693 31 of 33 
 

https://doi.org/10.3390/microorganisms14081693 

86. El-Saeed, B.A.; Elshebrawy, H.A.; Zakaria, A.I.; Abdelkhalek, A.; Sallam, K.I. Colistin-, Cefepime-, and Levofloxacin-Resistant 
Salmonella enterica Serovars Isolated from Egyptian Chicken Carcasses. Ann. Clin. Microbiol. Antimicrob. 2024, 23, 61. 
https://doi.org/10.1186/S12941-024-00713-3. 

87. Salem, M.; Younis, G.; Sadat, A.; Nouh, N.A.T.; Binjawhar, D.N.; Abdel-Daim, M.M.; Elbadawy, M.; Awad, A. Dissemination 
of Mcr-1 and β-Lactamase Genes among Pseudomonas aeruginosa: Molecular Characterization of MDR Strains in Broiler Chicks 
and Dead-in-Shell Chicks Infections. Ann. Clin. Microbiol. Antimicrob. 2024, 23, 9. https://doi.org/10.1186/S12941-024-00669-4 

88. El-Demerdash, A.S.; Mowafy, R.E.; Fahmy, H.A.; Matter, A.A.; Samir, M. Pathognomonic Features of Pasteurella multocida Iso-
lates among Various Avian Species in Sharkia Governorate, Egypt. World J. Microbiol. Biotechnol. 2023, 39, 335. 
https://doi.org/10.1007/S11274-023-03774-2. 

89. Ahmed, Z.S.; Elshafiee, E.A.; Khalefa, H.S.; Kadry, M.; Hamza, D.A. Evidence of Colistin Resistance Genes (Mcr-1 and Mcr-2) 
in Wild Birds and Its Public Health Implication in Egypt. Antimicrob. Resist. Infect. Control 2019, 8, 197. 
https://doi.org/10.1186/S13756-019-0657-5. 

90. Tartor, Y.H.; Gharieb, R.M.A.; Abd El-Aziz, N.K.; El Damaty, H.M.; Enany, S.; Khalifa, E.; Attia, A.S.A.; Abdellatif, S.S.; Rama-
dan, H. Virulence Determinants and Plasmid-Mediated Colistin Resistance Mcr Genes in Gram-Negative Bacteria Isolated From 
Bovine Milk. Front. Cell Infect. Microbiol. 2021, 11, 761417. https://doi.org/10.3389/FCIMB.2021.761417. 

91. Tartor, Y.H.; Abd El-Aziz, N.K.; Gharieb, R.M.A.; El Damaty, H.M.; Enany, S.; Soliman, E.A.; Abdellatif, S.S.; Attia, A.S.A.; 
Bahnass, M.M.; El-Shazly, Y.A.; et al. Whole-Genome Sequencing of Gram-Negative Bacteria Isolated From Bovine Mastitis and 
Raw Milk: The First Emergence of Colistin Mcr- 10 and Fosfomycin FosA5 Resistance Genes in Klebsiella pneumoniae in Middle 
East. Front. Microbiol. 2021, 12, 770813. https://doi.org/10.3389/FMICB.2021.770813. 

92. Sadek, M.; Nariya, H.; Shimamoto, T.; Kayama, S.; Yu, L.; Hisatsune, J.; Sugai, M.; Nordmann, P.; Poirel, L.; Shimamoto, T. First 
Genomic Characterization of BlaVIM-1 and Mcr-9- Coharbouring Enterobacter hormaechei Isolated from Food of Animal Origin. 
Pathogens 2020, 9, 687. https://doi.org/10.3390/PATHOGENS9090687. 

93. Sabeq, I.; Awad, D.; Hamad, A.; Nabil, M.; Aboubakr, M.; Abaza, M.; Fouad, M.; Hussein, A.; Shama, S.; Ramadan, H.; et al. 
Prevalence and Molecular Characterization of Foodborne and Human-Derived Salmonella Strains for Resistance to Critically 
Important Antibiotics. Transbound. Emerg. Dis. 2022, 69, e2153–e2163. https://doi.org/10.1111/TBED.14553. 

94. Sadek, M.; Ortiz de la Rosa, J.M.; Ramadan, M.; Nordmann, P.; Poirel, L. Molecular Characterization of Extended-Spectrum ß-
Lactamase Producers, Carbapenemase Producers, Polymyxin-Resistant, and Fosfomycin-Resistant Enterobacterales among Pigs 
from Egypt. J. Glob. Antimicrob. Resist. 2022, 30, 81–87. https://doi.org/10.1016/J.JGAR.2022.05.022. 

95. Sallam, K.I.; Kasem, N.G.; Abdelkhalek, A.; Elshebrawy, H.A. Extensively Drug-, Ciprofloxacin-, Cefotaxime-, and Azithromy-
cin-Resistant Salmonella enterica Serovars Isolated from Camel Meat in Egypt. Int. J. Food Microbiol. 2024, 411, 110538. 
https://doi.org/10.1016/J.IJFOODMICRO.2023.110538. 

96. Youseef, M.; Karam, F.; Kadry, M.; Elhariri, M.; Elhelw, R. Escherichia coli and Their Potential Transmission of Carbapenem and 
Colistin-Resistant Genes in Camels. BMC Microbiol. 2024, 24, 65. https://doi.org/10.1186/S12866-024-03215-6. 

97. Kassem, I.I.; Osman, M.; Hassan, J.; Sulaiman, A.A.; Mann, D.; Esseili, M.A.; Naas, T.; Deng, X. First Report of the Mobile Colistin 
Resistance Gene, Mcr-1.26, in Multidrug-Resistant Escherichia coli Isolated from Retail Chicken Meat. J. Glob. Antimicrob. Resist. 
2023, 34, 176–178. https://doi.org/10.1016/J.JGAR.2023.07.005. 

98. Dandachi, I.; Fayad, E.; El-Bazzal, B.; Sleiman, A.; Rolain, J.M.; Daoud, Z. Epidemiology of Multi Drug Resistant Organisms in 
Pigs in Lebanon. J. Infect. Dev. Ctries. 2018, 12, 5S. https://doi.org/10.3855/JIDC.10024. 

99. Hassan, J.; Eddine, R.Z.; Mann, D.; Li, S.; Deng, X.; Saoud, I.P.; Kassem, I.I. The Mobile Colistin Resistance Gene, Mcr-1.1, Is 
Carried on IncX4 Plasmids in Multidrug Resistant E. coli Isolated from Rainbow Trout Aquaculture. Microorganisms 2020, 8, 
1636. https://doi.org/10.3390/MICROORGANISMS8111636. 

100. Eltai, N.O.; Yassine, H.M.; El-Obeid, T.; Al-Hadidi, S.H.; Al Thani, A.A.; Alali, W.Q. Prevalence of Antibiotic-Resistant Esche-
richia coli Isolates from Local and Imported Retail Chicken Carcasses. J. Food Prot. 2020, 83, 2200–2208. 
https://doi.org/10.4315/JFP-20-113. 

101. Alhababi, D.A.; Eltai, N.O.; Nasrallah, G.K.; Farg, E.A.; Al Thani, A.A.; Yassine, H.M. Antimicrobial Resistance of Commensal 
Escherichia coli Isolated from Food Animals in Qatar. Microb. Drug Resist. 2020, 26, 420–427. 
https://doi.org/10.1089/MDR.2019.0402. 

102. Obaidat, M.M.; Salman, A.E.B.; Roess, A.A. Virulence and Antibiotic Resistance of Vibrio parahaemolyticus Isolates from Seafood 
from Three Developing Countries and of Worldwide Environmental, Seafood, and Clinical Isolates from 2000 to 2017. J. Food 
Prot. 2017, 80, 2060–2067. https://doi.org/10.4315/0362-028X.JFP-17-156. 



Microorganisms 2026, 14, 1693 32 of 33 
 

https://doi.org/10.3390/microorganisms14081693 

103. Yasir, M.; Qureshi, A.K.; Kensarah, E.A.; Bibi, F.; Al-Zahrani, I.A.; Abd El Ghany, M.; Azhar, E.I. Draft Genome Sequence of 
Colistin-Resistant and Extended-Spectrum β-Lactamase (ESBL)-Producing Multidrug-Resistant Escherichia coli Isolated from 
Poultry Meat. J. Glob. Antimicrob. Resist. 2021, 27, 112–114. https://doi.org/10.1016/J.JGAR.2021.08.014. 

104. Habib, I.; Elbediwi, M.; Mohteshamuddin, K.; Mohamed, M.Y.I.; Lakshmi, G.B.; Abdalla, A.; Anes, F.; Ghazawi, A.; Khan, M.; 
Khalifa, H. Genomic Profiling of Extended-Spectrum β-Lactamase-Producing Escherichia coli from Pets in the United Arab Emir-
ates: Unveiling Colistin Resistance Mediated by Mcr-1.1 and Its Probable Transmission from Chicken Meat—A One Health 
Perspective. J. Infect. Public Health 2023, 16, 163–171. https://doi.org/10.1016/J.JIPH.2023.10.034. 

105. Habib, I.; Elbediwi, M.; Mohamed, M.Y.I.; Ghazawi, A.; Abdalla, A.; Khalifa, H.O.; Khan, M. Enumeration, Antimicrobial Re-
sistance and Genomic Characterization of Extended-Spectrum β-Lactamases Producing Escherichia coli from Supermarket 
Chicken Meat in the United Arab Emirates. Int. J. Food Microbiol. 2023, 398, 110224. https://doi.org/10.1016/J.IJFOODMI-
CRO.2023.110224. 

106. Dadar, M.; Alamian, S.; Brangsch, H.; Elbadawy, M.; Elkharsawi, A.R.; Neubauer, H.; Wareth, G. Determination of Virulence-
Associated Genes and Antimicrobial Resistance Profiles in Brucella Isolates Recovered from Humans and Animals in Iran Using 
NGS Technology. Pathogens 2023, 12, 82. https://doi.org/10.3390/PATHOGENS12010082. 

107. Pishnian, Z.; Haeili, M.; Feizi, A. Prevalence and Molecular Determinants of Colistin Resistance among Commensal Enterobac-
teriaceae Isolated from Poultry in Northwest of Iran. Gut Pathog. 2019, 11, 2. https://doi.org/10.1186/S13099-019-0282-0. 

108. Bahramianfard, H.; Derakhshandeh, A.; Naziri, Z.; Khaltabadi Farahani, R. Prevalence, Virulence Factor and Antimicrobial 
Resistance Analysis of Salmonella enteritidis from Poultry and Egg Samples in Iran. BMC Vet. Res. 2021, 17, 196. 
https://doi.org/10.1186/S12917-021-02900-2. 

109. Cherak, Z.; Loucif, L.; Moussi, A.; Rolain, J.M. Epidemiology of Mobile Colistin Resistance (Mcr) Genes in Aquatic Environ-
ments. J. Glob. Antimicrob. Resist. 2021, 27, 51–62. https://doi.org/10.1016/J.JGAR.2021.07.021. 

110. Anyanwu, M.U.; Jaja, I.F.; Nwobi, O.C. Occurrence and Characteristics of Mobile Colistin Resistance (Mcr) Gene-Containing 
Isolates from the Environment: A Review. Int. J. Environ. Res. Public Health 2020, 17, 1028. 
https://doi.org/10.3390/IJERPH17031028. 

111. Drali, R.; Berrazeg, M.; Zidouni, L.L.; Hamitouche, F.; Abbas, A.A.; Deriet, A.; Mouffok, F. Emergence of Mcr-1 Plasmid-Medi-
ated Colistin-Resistant Escherichia coli Isolates from Seawater. Sci. Total Environ. 2018, 642, 90–94. https://doi.org/10.1016/J.SCI-
TOTENV.2018.05.387. 

112. Cherak, Z.; Loucif, L.; Ben Khedher, M.; Moussi, A.; Benbouza, A.; Baron, S.A.; Rolain, J.-M. MCR-5-Producing Colistin-Re-
sistant Cupriavidus gilardii Strain from Well Water in Batna, Algeria. mSphere 2021, 6, e0057521. 
https://doi.org/10.1128/MSPHERE.00575-21. 

113. Pormohammad, A.; Nasiri, M.J.; Azimi, T. Prevalence of Antibiotic Resistance in Escherichia coli Strains Simultaneously Isolated 
from Humans, Animals, Food, and the Environment: A Systematic Review and Meta-Analysis. Infect. Drug Resist. 2019, 12, 
1181–1197. https://doi.org/10.2147/IDR.S201324. 

114. Al-Kadmy, I.M.S.; Ibrahim, S.A.; Al-Saryi, N.; Aziz, S.N.; Besinis, A.; Hetta, H.F. Prevalence of Genes Involved in Colistin Re-
sistance in Acinetobacter baumannii: First Report from Iraq. Microb. Drug Resist. 2020, 26, 616–622. 
https://doi.org/10.1089/MDR.2019.0243. 

115. Isolation of Antibiotic-Resistant Bacteria from the Atmospheric Air in Hospital Wards and Outdoor Areas in Kuwait During 
Sandstorms | Semantic Scholar. Available online: https://www.semanticscholar.org/paper/Isolation-of-Antibiotic-Resistant-
Bacteria-From-The-Shamsah-Vali/9f524b20b025c283d01f89f9e74897eae3fc1021 (accessed on 12 September 2024). 

116. Al-Otaibi, N.M.; Alsulaiman, B.; Alreshoodi, F.M.; Mukhtar, L.E.; Alajel, S.M.; Binsaeedan, N.M.; Alshabrmi, F.M. Screening for 
Antibiotic Resistance Genes in Bacteria and the Presence of Heavy Metals in the Upstream and Downstream Areas of the Wadi 
Hanifah Valley in Riyadh, Saudi Arabia. Antibiotics 2024, 13, 426. https://doi.org/10.3390/ANTIBIOTICS13050426. 

117. Hmede, Z.; Sulaiman, A.A.A.; Jaafar, H.; Kassem, I.I. Emergence of Plasmid-Borne Colistin Resistance Gene Mcr-1 in Multidrug-
Resistant Escherichia coli Isolated from Irrigation Water in Lebanon. Int. J. Antimicrob. Agents 2019, 54, 102–104. 
https://doi.org/10.1016/J.IJANTIMICAG.2019.05.005. 

118. Sulaiman, A.A.A.; Kassem, I.I. First Report on the Detection of the Plasmid-Borne Colistin Resistance Gene Mcr-1 in Multi-Drug 
Resistant E. coli Isolated from Domestic and Sewer Waters in Syrian Refugee Camps in Lebanon. Travel. Med. Infect. Dis. 2019, 
30, 117–120. https://doi.org/10.1016/J.TMAID.2019.06.014. 

119. Nasser, N.A.; Mann, D.; Li, S.; Deng, X.; Kassem, I.I. Draft Genome Sequences of Colistin-Resistant and Mcr-1.1- Carrying Esch-
erichia coli Strains Isolated from Irrigation Water. Microbiol. Resour. Announc. 2021, 10, e00120-21. 
https://doi.org/10.1128/MRA.00120-21. 



Microorganisms 2026, 14, 1693 33 of 33 
 

https://doi.org/10.3390/microorganisms14081693 

120. Nasser, N.A.; Alhaj Sulaiman, A.; Mann, D.; Li, S.; Deng, X.; Kassem, I.I. Draft Genome Sequences of Multidrug-Resistant and 
Mcr-1.1-Harboring Escherichia coli Isolated from Drinking and Well Waters Used in Syrian Refugee Camps. Microbiol. Resour. 
Announc. 2021, 10, e01252-20. https://doi.org/10.1128/MRA.01252-20. 

121. Alhaj Sulaiman, A.A.; Kassem, I.I. First Report of the Plasmid-Borne Colistin Resistance Gene (Mcr-1) in Proteus mirabilis Isolated 
from Domestic and Sewer Waters in Syrian Refugee Camps. Travel. Med. Infect. Dis. 2020, 33, 101482. 
https://doi.org/10.1016/J.TMAID.2019.101482. 

122. Daaboul, D.; Kassem, I.I.; El Omari, K.; Eltai, N.O.; Hassan, J.; Al Jamal, H.; Fayad, S.; Salma, R.; Tajani, A.G.; Bisha, B.; et al. 
Genomic Characterization of Plasmid-Borne Colistin Resistance Variants, Mcr-1.1 and Mcr-1.26, in Multidrug-Resistant Esche-
richia coli Isolated from Backyard Farm Animals. J. Glob. Antimicrob. Resist. 2024, 38, 194–197. 
https://doi.org/10.1016/J.JGAR.2024.06.009. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 
people or property resulting from any ideas, methods, instructions or products referred to in the content. 


