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Abstract: Addressing the emergence of antimicrobial resistance (AMR) poses a significant challenge
in veterinary and public health. In this study, we focused on determining the presence, phenotypic
background, and genetic epidemiology of plasmid-mediated colistin resistance (mcr) in Escherichia
coli bacteria isolated from camels farmed in the United Arab Emirates (UAE). Fecal samples were
collected from 50 camels at a Dubai-based farm in the UAE and colistin-resistant Gram-negative
bacilli were isolated using selective culture. Subsequently, a multiplex PCR targeting a range of
mcr-genes, plasmid profiling, and whole-genome sequencing (WGS) were conducted. Eleven of
fifty camel fecal samples (22%) yielded colonies positive for E. coli isolates carrying the mcr-1 gene
on mobile genetic elements. No other mcr-gene variants and no chromosomally located colistin
resistance genes were detected. Following plasmid profiling and WGS, nine E. coli isolates from
eight camels were selected for in-depth analysis. E. coli sequence types (STs) identified included
ST7, ST21, ST24, ST399, ST649, ST999, and STdaa2. Seven IncI2(delta) and two IncX4 plasmids
were found to be associated with mcr-1 carriage in these isolates. These findings represent the first
identification of mcr-1-carrying plasmids associated with camels in the Gulf region. The presence of
mcr-1 in camels from this region was previously unreported and serves as a novel finding in the field
of AMR surveillance.

Keywords: mcr-1 gene; plasmids; Escherichia coli; camels; United Arab Emirates (UAE)

1. Introduction

Antimicrobial resistance (AMR) is a pandemic that is characterized by the continuing
global spread of multidrug resistant (MDR) bacteria and accompanying AMR-carrying
mobile genetic elements, such as plasmids and transposons. This situation has arisen
mainly due to the extensive (inappropriate) overuse of antimicrobials over the last eight
decades [1]. The exhaustion of the antibiotic development pipeline, and the resulting
shortage of new antibiotics to combat MDR “superbugs” in the foreseeable future, has
sparked renewed interest in reviving previously unfavored antibiotics as being potentially
effective against MDR pathogens, particularly the previously unfavored polymyxins [1,2].
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Colistin is a polymyxin antibiotic whose relatively excessive adverse effects and
nephrotoxicity was previously deemed unfavorable for regular parenteral administration.
However, the antibiotic has been reintroduced into clinical practice in recent times in
order to provide a treatment against globally carbapenem-resistant Enterobacteriaceae,
Pseudomonas, and Acinetobacter infections [3]. However, as the prevalence of these MDR
Gram-negative bacteria increased, so did the use of colistin, resulting in the emergence
of several novel antimicrobial resistance mechanisms against colistin. Consequently, this
antimicrobial has generally lost its efficacy as a last resort for treating infections caused by
MDR Gram-negative bacteria worldwide [4]. The already concerning situation has been
exacerbated by the identification of mobile colistin resistance genes (mcr), predominantly
found on plasmids and, in some cases, on bacterial chromosomes [5,6]. In fact, prior to 2016,
colistin-resistant bacteria of humans and animals were only attributed to genetic mutations.
However, with more extensive colistin use, plasmid-mediated mobile colistin resistance
genes have emerged, which have demonstrated rapid dissemination, leading to restrictions
in the successful antibiotic therapy of MDR Gram-negative bacterial infections [7,8]. It is
now known that multiple variants of the mcr gene (mcr-1 to mcr-9) circulate globally in
humans, domesticated animals, and livestock, including poultry, pigs, and cows, with the
co-occurrence of multiple mcr genes within a single colistin-resistant bacterial isolate having
been observed [9–11]. In animals and food production, the appearance and evolution of mcr-
based colistin resistance is intricately linked to the utilization of colistin in the agricultural
sector, primarily for promoting animal growth in avian, porcine, and bovine species [12].

With respect to the nations of the Arabian Peninsula, the prevalence of carbapenem-
resistant Enterobacterales (CRE) infections has emerged as a significant concern, with
reports of CRE colistin resistance rates exceeding 20% [13–16]. However, although the
prevalence and diversity of mcr-carrying bacterial isolates have previously been docu-
mented in camels from Tunisia [17,18], studies have found no presence of mcr genes in
camels from Kenya (mcr-1 or mcr-2), Nigeria (mcr-1 to mcr-8), or Qatar [19–21]. No reports
have yet been made regarding the presence of mcr genes in camels from any country in the
Gulf region.

Camels play a vital role in arid regions of Asia and Africa, serving as essential livestock
resources for milk, meat, and labor, contributing significantly to the agricultural economies
of these nations. In many Middle Eastern countries, camel racing is a prestigious and well-
organized sport with a multimillion-dollar industry. Additionally, annual camel festivals,
featuring beauty contests, offer substantial prizes exceeding USD 22 million. The medicinal
value of camel milk has led to the development of advanced camel dairy farms in various
countries, meeting the high demand for camel milk and its related products [22]. For these
reasons, camels represent an emblem of Emirati heritage occupying a significant position
in the country’s customs and cultural rituals.

The primary aim of this study was to determine the phenotypic and genetic epidemi-
ology of plasmid-mediated colistin resistance in E. coli isolated from camels at a farm in the
United Arab Emirates and to compare the genotypic and phenotypic background of these
isolates, as well as genotypic aspects of mcr-carrying plasmids, with previously published
colistin-resistant E. coli isolates.

2. Results
2.1. Detection of mcr Genes, Plasmid Profiling and Antibiotic Susceptibility Profile

Eleven of the fifty camel fecal samples collected (22%) yielded colistin-resistant E. coli
colonies that were positive for the mcr-1 gene by PCR. This analysis revealed the exclusive
presence of the mcr-1 gene, with a total of 91 mcr gene-positive colonies being identified. Af-
ter PCR, 14 of the colistin-resistant isolates were subjected to gel electrophoresis and, based
on their different plasmid profiles, were subjected to WGS. After quality and contamination
checks, a total of nine E. coli isolates, derived from eight camels, were available for inclusion,
producing sequenced assemblies that matched previously published E. coli isolates and
plasmids carrying the mcr-1 gene. Three out of the nine were isolated from “inside” camels,
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while the remaining six were isolated from “outside” camels. All isolates were resistant to
colistin with an MIC of 4 mg/L. Three out of the nine isolates were resistant to more than
three classes of antibiotics tested, which is considered multidrug-resistant (Table 1).

Table 1. Antibiotic susceptibility of colistin-resistant, mcr1-positive, E. coli isolates from camels in
the UAE.

Strains Camel ID Colistin MIC (mg/L)
Resistance Detected by Disc Diffusion

Resistant Intermediate

UAE-C1-S1 1-inside 4 AUG, TET, SXT, AP, DXT CAZ, CPD, NA

UAE-C2-S2 2-inside 4 NA CIP, AP

UAE-C3-S3 3-inside 4 - CIP, NA

UAE-C4-S4 4-outside 4 GM, TET, CIP, SXT, CHL, NA, AP,
DXT, TOB AUG

UAE-C5-S5 5-outside 4 GM, TET, CIP, SXT, CHL, NA, AP,
DXT, TOB AUG

UAE-C7-S6 7-outside 4 NA CIP, AP

UAE-C10-S7 10-outside 4 - NA

UAE-C10-S8 10-outside 4 - NA

UAE-C11-S9 11-outside 4 NA CIP, AP

MIC—Minimum Inhibitory Concentration. AUG—Augmentin. AP—Ampicillin. CAZ—Ceftazidime. CHL—
Chloramphenicol. CPD—Cefpodoxime. CIP—Ciprofloxacin. DXT—Doxycycline. GM—Gentamicin. NA—Nalidixic
acid. SXT—Sulfamethoxazole. TOB—Tobramycin. TET—Tetracycline.

2.2. Clonality of the Isolates

Whole-genome sequencing analysis revealed that the nine E. coli isolates were assigned
to six known sequence types (STs). The most common sequence types (2/9 (22.2%)) among
the isolates were ST399, STdaa2, and ST21. These were followed by ST24, ST7, and ST999
as singletons. Core genome multi-locus sequence typing (cgMLST) analysis of the isolates
revealed that colistin-resistant E. coli isolates UAE-C3-S3/UAE-C10-S8 (STdaa2), UAE-C2-
S2/UAE-C7-S6 (ST399), and UAE-C4-S4/UAE-C5-S5 (ST21) possessed identical genotypes.
All remaining isolates showed allelic differences in the range of 523–2356 allelic differences
(Figure 1). Further phylogenetic analysis based on k-mer analysis of current and publicly
available E. coli isolates showed that the UAE isolates did not cluster into a single clonal
group. Instead, they were associated with several different previously published genotypic
clusters of E. coli originating from different countries and regions of the world, including
clinical, food, and environmental samples (Figure 2).

2.3. Antimicrobial Resistance Genes

Detailed examination of the nine E. coli isolates listed in Figure 3 showed the presence
of the mcr-1 colistin resistance gene with a 100% identical sequence match between all
isolates. Of note, four of these colistin-resistant E. coli isolates exhibited an MDR profile, by
carrying genes conferring resistance to aminoglycosides, beta-lactams, tetracycline, sulfon-
amide, and quinolones. Trimethoprim resistance (dfrA5) was detected in a single isolate,
while four isolates exclusively possessed the mcr-1 gene without additional resistance genes.
Additionally, a single isolate showed resistance to tetracyclines and quinolones in addition
to colistin. The results of in silico AMR gene prediction were consistent with the phenotypic
susceptibility results (Table 1).
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Figure 1. Representation of the MLST analysis of the nine E. coli genomes with the core genes 
(cgMLST scheme). The MLST (Pasteur scheme) of the isolates is also indicated. Most of the isolates 
possessed a high degree of genomic diversity. An exception was the four isolates (two pairs of iso-
lates) that, although deriving from different camels, were observed to have identical genotypes. 
Nodes represent isolates, numbers indicate allelic differences, and grey clustering indicates identical 
genotypes. The MLST (Pasteur scheme) is indicated by the colored circles. 

Figure 1. Representation of the MLST analysis of the nine E. coli genomes with the core genes
(cgMLST scheme). The MLST (Pasteur scheme) of the isolates is also indicated. Most of the isolates
possessed a high degree of genomic diversity. An exception was the four isolates (two pairs of
isolates) that, although deriving from different camels, were observed to have identical genotypes.
Nodes represent isolates, numbers indicate allelic differences, and grey clustering indicates identical
genotypes. The MLST (Pasteur scheme) is indicated by the colored circles.

2.4. Serotype of E. coli Isolates

WGS analysis revealed the presence of four different serotypes among the study
isolates (Table 2). Specifically, the serotypes identified were O81 and O49 in conjunction
with ST399 and ST21, respectively. It is notable to mention that only two out of nine isolates
were of serotype O81. The distribution of phylogroups among the isolates was primarily in
phylogroup B1 (five of nine), followed by phylogroup D (two of nine). Regarding the genes
responsible for the expression of type 1 fimbriae, an association was observed between the
STs and the FimH type.
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names from the current UAE study marked in red and larger font size; the second circle indicates 
sequence type (ST) characterization using an eight-gene comparison scheme; the third circle indi-
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Figure 2. Circular visualization of k-mer sequence comparisons (approximately 4.7–5.3 megabases)
of the nine colistin-resistant E. coli isolates investigated in this study with 184 publicly available E. coli
genomes. The maximum likelihood tree in the figure describes the SNP differences. From the inner
to the outer circle: the inner circle indicates publicly available genomes of E. coli with the names from
the current UAE study marked in red and larger font size; the second circle indicates sequence type
(ST) characterization using an eight-gene comparison scheme; the third circle indicates country of
isolation; and the outer circle shows the host from which the E. coli was isolated. Gaps in the circles
represent E. coli genomes with missing country, continent, and/or host metadata.

2.5. Virulence Profiles of mcr-1 Producing E. coli Isolates

All genomes were aligned against an E. coli-specific virulence gene database and
recorded as positive or negative. A total of 44 genes were screened representing different
categories (Figure 4). There was a slight difference in the presence of virulence genes based
on the ST types. The highest values were recorded in UAE-C1-S1 (ST24), while the lowest
were recorded in UAE-C11-S9 (ST 999). The most common genes carried by over 50% of
the isolates were genes responsible for long polar fimbriae (lpfA), E. coli hemolysin (hlyE),
outer membrane protease (protein protease 7) (ompT), tellurium ion resistance protein
(terC), curlin major subunit (csgA), and lipoprotein NlpI precursor (nlpl). The aerobactin
siderophore genes iutA and iucC were present only in UAE-C1-S1 (ST24).
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Figure 3. Presence of AMR genes as predicted by WGS in mcr-1-producing E. coli isolates from
camels in the UAE. The green squares indicate the presence with >95 and <100 hits with the reference
sequence of the CARD database, while the blank squares indicate the absence of the AMR gene.
Yellow squares indicate 100% hits with the reference sequence of the CARD database. The clustering
of isolates is based on the presence of AMR genes in the respective E. coli genomes.
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Table 2. WGS serotype and phylogroup prediction of mcr1 E. coli from the UAE.

Strains Sequence Type Phylogroup Serotype FimH Type CH Type: 4-31

UAE-C1-S1 24 B1 H25, O9 fimH27 fumC4-fimH24: 4-27

UAE-C2-S2 399 B1 H14, O81 fimH24 fumC6-fimH24: 6-24

UAE-C3-S3 daa2 D H48, O56 fimH577 fumC26-fimH577: 26-577

UAE-C4-S4 21 B1 H9, O49 fimH32 fumC4-fimH32: 4-32

UAE-C5-S5 21 B1 H9, O49 fimH32 fumC4-fimH32: 4-32

UAE-C7-S6 399 B1 H14, O81 fimH24 fumC6-fimH24: 6-24

UAE-C10-S7 7 C H9, O21 fimH35 fumC4-fimH35: 4-35

UAE-C10-S8 daa2 D H48, O56 fimH577 fumC26-fimH577: 26-577

UAE-C11-S9 999 A H5 fimH41 fumC7-fimH41: 7-41

2.6. Characterization of mcr-1 Plasmids

Nine plasmids carrying the mcr-1 gene were positively detected in fecal samples
from eight different camels. Three of these camels were kept in an indoor enclosure
while the remaining five were taken outside for various activities. All of the plasmids
detected were found to match publicly available plasmid sequences from around the globe.
Public plasmids similar to plasmids in this study were hosted in the majority of E. coli
and Salmonella sp. In particular, the E. coli isolates UAE-C1-S1, UAE-C2-S2, UAE-C3-S3,
UAE-C7-S6, UAE-C10-S7, UAE-C10-S8, and UAE-C11-S9 contain IncI2(delta) plasmids,
whereas E. coli isolates UAE-C4-S4 and UAE-C5-S5 carried IncX4 plasmids. The IncI2(delta)
plasmids had identical genetic backgrounds, with the exception of UAE-C10-S8, which had
an additional gene, repA. Both IncX4 plasmids had identical genetic backgrounds (Figure 5).
When mcr-1 genome synteny was examined, no integrons were present, although mcr-
1 genome synteny was different between the two different incompatibility types (Inc)
(Figure 6).
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the gene. The clustering of isolates is based on the presence of virulence genes in their genomes.



Antibiotics 2024, 13, 227 9 of 16

Antibiotics 2024, 13, 227 9 of 17 
 

sp. In particular, the E. coli isolates UAE-C1-S1, UAE-C2-S2, UAE-C3-S3, UAE-C7-S6, 
UAE-C10-S7, UAE-C10-S8, and UAE-C11-S9 contain IncI2(delta) plasmids, whereas E. coli 
isolates UAE-C4-S4 and UAE-C5-S5 carried IncX4 plasmids. The IncI2(delta) plasmids 
had identical genetic backgrounds, with the exception of UAE-C10-S8, which had an ad-
ditional gene, repA. Both IncX4 plasmids had identical genetic backgrounds (Figure 5). When 
mcr-1 genome synteny was examined, no integrons were present, although mcr-1 genome 
synteny was different between the two different incompatibility types (Inc) (Figure 6). 

 

 
Figure 5. Circular representation of mcr plasmids based on sequence alignment and gene visualiza-
tion. Seven IncI2(delta) plasmids with identical genetic backgrounds were identified, except for 
UAE-C10-S8, which possessed an additional repA gene. Additionally, two IncX4 plasmids with 
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Figure 5. Circular representation of mcr plasmids based on sequence alignment and gene visualization.
Seven IncI2(delta) plasmids with identical genetic backgrounds were identified, except for UAE-C10-
S8, which possessed an additional repA gene. Additionally, two IncX4 plasmids with identical genetic
backgrounds were identified. The inner circle represents the GC skew of the plasmids and the middle
circles represent each of the plasmids. The outer circle with the arrows represents nucleotide bases
and CDS (genes) of the plasmid that the graph was based upon (for IncI2(delta)—sample UAE-C10-S8
and for IncX4—sample UAE-C4-S4). Annotations of important CDS are included in the Figure.
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Figure 6. Representation of the genomic background of the IncI2(delta) (a) and IncX4 (b) plasmids
carrying the mcr-1 gene. IncI2(delta) and IncX4 plasmids carrying mcr-1, in this study, are observed to
have a similar genetic backbone in terms of sequence and gene content. Additionally, the mcr-1 gene
is included in all plasmids in the same region. The mcr-1 is surrounded by hypothetical proteins and
repeat sequences; integron-related genes are absent. Orange arrows indicate genes, the mcr-1 gene
is indicated with a black arrow, and the black dotted line tracks the position among plasmids. The
direction of the arrow indicates the direction of the gene. Grey shading among plasmid sequences
indicates the sequence identity between them (which was 97–100%). Red shading among them
indicates reverse regions in the sequences.

3. Discussion

The current publication describes a comprehensive genomic analysis of mcr-1-carrying
plasmids and their corresponding E. coli isolates obtained from camels in the United
Arab Emirates (UAE). The study is the first in-depth genomic investigation into colistin
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resistance and its mechanisms in camels within the UAE and the Gulf region. The results
were obtained from a single farm in the UAE using a limited number of samples. Further
research is required to determine if more camels in the UAE and Gulf region carry colistin-
resistant mcr gene-carrying bacteria.

Resistance to polymyxins, including colistin, in Gram-negative enteric bacteria, has
historically been rare. The primary mechanism originally involved mutations in bacterial
chromosomal genes such as mgrB, phoP/phoQ, and pmrA/pmrB, leading to modifications
in bacterial lipopolysaccharides (LPSs) that conferred protection against the polymyxin
cationic peptide [23]. This situation has now been complicated by the identification and
recognition of the global dissemination of the plasmid-mediated colistin resistance gene
mcr-1 [24]. Additionally, there is a growing appreciation of the problem of polymyxin
resistance relating to a “ONE Health” perspective [25]. For example, in veterinary medicine,
colistin has been used extensively and in large quantities for decades for the prevention and
therapy of infectious diseases in all continents, as well as for growth promotion in some
Asian countries, such as China, Japan, India, and Vietnam [26]. The identification of four
colistin-resistant E. coli isolates with a multidrug-resistant (MDR) profile underscores the
complex nature of antimicrobial resistance in this context. The presence of genes conferring
resistance to aminoglycosides, beta-lactams, tetracycline, sulfonamide, and quinolones
within these isolates highlights the potential for widespread resistance to multiple classes
of antibiotics among camel-derived E. coli strains. Such MDR phenotypes pose significant
challenges for the effective treatment of bacterial infections in both veterinary and public
health settings.

It is noteworthy that mcr-1-positive Enterobacterales isolates have been previously
reported in the UAE; however, these were specifically associated with poultry [27–29],
whereas the current study focused on colistin-resistant E. coli from camels, indicating a
relatively high frequency of mcr-1-positive E. coli (22%) within a farm camel population
in the UAE. In fact, more than seventy-five genotypic sequence types (STs) of E. coli have
been reported to carry mcr-1 [25]. Phylogenetic analysis of the nine colistin-resistant E.
coli isolates investigated in the current study revealed that these nine isolates were not
clonally related to each other or to other reported global ST genotypes, with UAE-similar ST
genotypes having previously been isolated from several different countries and continents,
as well as from animal, clinical, food, and environmental sources (Figure 2). The detection
of a higher proportion of mcr-1-positive E. coli strains from “outside” camels compared
to “inside” camels suggests a potential scenario of introduction from external sources.
It is conceivable that outside camels, through environmental exposure or contact with
other herds, serve as reservoirs or carriers of antibiotic-resistant strains, subsequently
introducing them to the farm environment. Furthermore, the identification of resistant
strains originating from external sources highlights the importance of stringent biosecurity
measures and surveillance protocols to mitigate the risk of introduction and dissemination
of antibiotic resistance within animal populations. This collective evidence underscores the
need for a ONE Health approach to combatting colistin resistance, specifically in identifying
the global dissemination of E. coli ST genotypes with the potential to spread mcr-1-carrying
plasmids across different continents, origins, and environments.

To date, 10 variants of the mcr gene have been described in bacteria isolated from
human, animal, and environmental sources [30]. These mcr genes, particularly mcr-1, are
carried by various plasmid types in Enterobacterales, including IncI2 (with a size range
of 50–250 kb), IncX (30–50 kb), IncHI (75–400 kb), IncY (90–100 kb), IncP (70–275 kb), IncF
(45–200 kb), IncN (30–70 kb), and IncQ (8–14 kb) [30]. Over the past decade, IncI2, HI2, and
X4 have predominantly served as carriers for mcr-1 in both human and animal populations,
contributing to the escalation of antimicrobial resistance (AMR) in Asia, Europe, and the
Middle East. This underscores the significance of the zoonotic transmission of colistin
resistance [31].

In the current study, mcr-1-positive IncI2 and IncX4 plasmids were isolated. These two
plasmid types were closely associated with mcr-1-related AMR associated with non-camel
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livestock in the UAE, as documented in several studies over the past 4 years [27–29]. IncI2
plasmids have been identified in several mcr-1 cases on various hosts worldwide [32], while
the IncX4 plasmid type has been recognized as the primary carrier of the mcr-1 gene in
isolates from healthy individuals in China [33], as well as in Enterobacteriaceae isolates
carrying carbapenem and mcr-1 resistance genes simultaneously from clinical patients in
Thailand [34]. Our study identified the presence of mcr-1 genes on both IncI2 and IncX4
plasmids, which have been recently observed in E. coli isolates from food, livestock, and
humans across various countries [35,36].

Additionally, IncX4 plasmids are characterized by their genetic stability and their
relatively smaller size compared to IncI2 plasmids [37,38]. Further, IncI2 replicon type
plasmids are known for their robust competitive and fitness advantage within the host
bacterium compared to other plasmid types such as IncHI2 or IncX4 plasmids [32,39].
With respect to the mcr-1 gene, its presence has been noted to provide fitness advantages
to its bacterial host when present on both IncI2 and IncX4 plasmids. This observation
suggests that the impact on host strain fitness can vary depending on the combination of
host strain and plasmid. This variability could potentially clarify why IncI2 and IncX4 are
the predominant carriers of mcr-1 on a global scale [32]. When compared, the individual
mcr-1-carrying IncI2(delta) and IncX4 plasmids from this study (Figure 2) were found
to have differences in mcr-1 genome synteny between the two different incompatibility
types. However, no integrons were detected, suggesting potential plasmid transmission
among the camels themselves, or alternatively, through animal food or exposure to common
environments that were shared by the camels on the farm tested.

This study represents the first screening and detailed analysis of mcr-1-positive E. coli
and corresponding plasmids isolated from camels in the United Arab Emirates. Although
we were unable to obtain data on antimicrobial use on the farm from which the samples
were obtained, this prevalence may indicate the frequent use of colistin and possibly other
antimicrobials in the camel industry of this region. The significance of camels in the UAE
and the Gulf region is immense, permeating various economic and recreational activities
and holding a central place as a cultural heritage. Camels play an indispensable role in
daily life, providing essential resources such as meat and milk. Despite this fact (and with
the exception of research studying the feces of camel/calves in Tunisia, Kenya, and Nigeria,
where colistin-resistant bacteria were found to be devoid of the mcr gene), to the best of our
knowledge no other studies have reported the existence of bacterial isolates carrying mcr-1
genes in camels from the Gulf region [17,19,20]. This finding indicates the absence of such
research in camels in the Gulf region. This oversight is unfortunate given the critical role
camels play in the Gulf region, and highlights the need for more attention and investigation
into the antimicrobial resistance patterns associated with these animals.

Based on our findings, further investigations are required to elucidate the precise
dynamics behind the dissemination of mcr-1-carrying plasmids among international camel
populations, including their co-occurrence with, and role in, MDR strains possessing
resistance to aminoglycosides, beta-lactams, tetracycline, sulfonamide, and quinolones.

4. Materials and Methods
4.1. Sample Collection

Samples were collected from a government-owned camel farm located in Dubai, UAE,
which could accommodate approximately 300 camels. Camels were divided into two
main groups: inside camels—which have resided at the farm for a minimum of five years,
and outside camels—which are imported into the farm annually for breeding purposes.
These outside camels remained at the farm for the duration of the breeding season or until
pregnancy was confirmed, after which time they were returned to their original locations
or sent to a larger farm.

During the study period, the farm housed approximately 150 inside camels and 50
outside camels, and to ensure comprehensive representation, we collected 25 fecal samples
from each group. Samples were obtained directly from the rectum of each camel using
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sterile techniques and containers. Collection procedures were performed meticulously to
avoid cross-contamination and ensure sample integrity. Given the practical constraints and
funding limitations, the sample size was determined to balance feasibility and the need
for meaningful insights into the prevalence of the mcr-1 gene among adult camels at this
farm in the UAE. All samples were promptly transported to the microbiology laboratory
for processing on the day of collection.

4.2. Detection of mcr Genes and Plasmid Profiling

For detection of colistin resistance, one gram of fecal sample was added to 4 mL
Tryptic Soy Broth (TSB) containing 1 µg/mL colistin sulphate and 8 µg/mL vancomycin.
Following overnight incubation at 37 ◦C, two McConkey agar plates containing 1µg/mL
colistin sulphate were inoculated with 10 µL and 100 µL of the TSB culture and incubated
overnight at 37 ◦C. If there were more than 10 colonies in a sample, then 10 colonies with
varying morphologies were chosen for sub-culture [27]. In cases where mcr-positive isolates
displayed distinctive colony characteristics, one representative of each type was chosen
for further investigation for the presence of known mobile colistin resistance determinants
using a multiplex PCR targeting mcr-1, mcr-2, mcr-3, mcr-4, mcr-5 [40], and mcr-6 to mcr-
9 [41]. To establish the plasmid profiles of the sub-cultured colonies, plasmids were
extracted using the alkaline lysis method and plasmids profiled using gel electrophoresis,
including reference E. coli V517 and E. coli 39R861 as plasmid size controls [42]. Plasmid
patterns were subsequently compared, and a selection of isolates with different plasmid
profiles were used for further analysis.

4.3. Antimicrobial Susceptibility Test

The disk diffusion method on Mueller–Hinton agar (Oxoid, Manchester, UK) was
employed to perform antimicrobial susceptibility testing (AST) on isolated E. coli. The
resistant profile of the isolates was assessed against 21 antibiotic discs, including Aztreonam
(30 µg), Cefotaxime (30 µg), Amoxicillin-clavulanic acid (30 µg), Ceftazidime (30 µg), Cef-
podoxime (10 µg), Trimethoprim-sulfamethoxazole (25 µg), Chloramphenicol (30 µg), Tetra-
cycline (30 µg), Ertapenem (10 µg), Ciprofloxacin (5 µg), Gentamicin (10 µg), Fosfomycin
(200 µg), Ampicillin (10 µg), Tobramycin (10 µg), Doxycycline (30 µg), Nalidixic acid (30 µg),
Imipenem (10 µg), Meropenem (10 µg), Amikacin (30 µg), and Piperacillin/tazobactam
(110 µg). All the antibiotics were purchased from MAST, Liverpool, UK. The zone of
inhibition was interpreted based on CLSI guidelines [43]. For colistin, minimum inhibitory
concentration (MIC) was determined by broth microdilution (BMD) using Cation-Adjusted
Mueller–Hinton Broth (CAMHB) (MAST, Liverpool, UK) and E. coli ATCC 25922 as a
control strain [43].

4.4. Whole-Genome Sequencing

Total DNA extraction was conducted using the Wizard® Genomic DNA Purifica-
tion Kit (Promega, Madison, WI, USA), in adherence to the manufacturer’s instructions.
Subsequent sequencing was carried out on the Illumina NovaSeq platform (150 bp paired-
end) through a commercial service provided by Novogene (Cambridge, UK). Genome
assemblies were generated from the sequencing reads of the isolates using Unicycler
v0.48 (https://github.com/rrwick/Unicycler; accessed on 15 November 2023) with de-
fault parameters [44]. Quality control of assemblies was assessed based on quast v5.2.0
(https://github.com/ablab/quast; accessed on 20 November 2023) [45]. A contamination
check of samples was performed based on Kraken2 (https://github.com/DerrickWood/
kraken2; accessed on 20 November 2023) [46]. The identification of antimicrobial resistance
(AMR) genes was performed using RGI v6.03 (https://card.mcmaster.ca/analyze/rgi; ac-
cessed on 25 November 2023) with default parameters based on the CARD database
v3.28 (https://card.mcmaster.ca/analyze/rgi; accessed on 25 November 2023). Plas-
mid Incompatibility types (Inc types) were identified based on PlasmidFinder v2.10
(https://cge.food.dtu.dk/services/PlasmidFinder/; accessed on 28 November 2023) with
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an ID threshold of 60%, Enterobacterales database, and default coverage threshold [47].
The virulence genes were detected using VFDB (http://www.mgc.ac.cn/VFs/; accessed
on 20 December 2023). The presence of integrons was assessed using IntegronFinder 2.0
(https://github.com/gem-pasteur/Integron_Finder; accessed on 5 December 2023) [48].
Ridom SeqSphere+ v9.00 (https://www.ridom.de/seqsphere/index.shtml; accessed on 28
December 2023) was used for performing cgMLST and MLST typing (scheme Pasteur) for
E. coli isolates. Public isolates with identical sequence types to those found in this study
were obtained from PubMLST [49]. A k-mer analysis was performed for isolates retrieved
from PubMLST and this study using kSNP v3.10 [50] with default parameters, and k-mer
size of 19 and maximum likelihood tree generation. The generated tree was uploaded
to iTOL [51]. Plasmid sequence comparisons and visualizations were performed using
Mummer2circos (https://github.com/metagenlab/mummer2circos; accessed on 3 January,
2024) and Geneious (https://www.geneious.com; accessed on 3 January, 2024).
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