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Abstract: Colistin, a last resort antibiotic, is important for controlling infections with
carbapenem-resistant Enterobacteriaceae. The recent emergence of mobile-colistin-resistance (mcr)
genes has threatened the effectiveness of colistin. Aquaculture is hypothesized to be a major
contributor to the evolution and dissemination of mcr. However, data on mcr in aquaculture are
limited. Here, the occurrence of mcr-1 was assessed in Rainbow Trout in Lebanon, a country with
developing antimicrobial stewardship and an established use of colistin for medical and farming
purposes. mcr-1 was detected in 5 Escherichia coli isolated from fish guts. The isolates were classified
as multidrug-resistant and their colistin minimum inhibitory concentration ranged between 16 and
32 pg/mL. Whole genome sequencing analysis showed that mcr-1 was carried on transmissible
IncX4 plasmids and that the isolates harbored more than 14 antibiotic resistance genes. The isolates
belonged to ST48 and ST101, which have been associated with mcr and can occur in humans and fish.
The mcr-1-positive E. coli persisted in 6-day biofilms, but there was a potential fitness cost. Given the
status of infrastructure in Lebanon, there is a high potential for the dissemination of mcr via aquatic
environments. Urgent actions are needed to control mcr and to enhance antimicrobial stewardship
in Lebanon.

Keywords: colistin; mcr-1; multidrug resistance; IncX4 plasmid; E. coli; aquaculture; Rainbow Trout;
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1. Introduction

Antibiotics remain a major tool in the fight against infectious diseases. However, the proliferation
of antibiotic resistance has negatively impacted the efficacy of antibiotic therapy, raising significant
public health concerns worldwide. Antibiotic resistance is predicted to result in severe mortalities and
morbidities and economic losses which would increase the cycle of poverty, especially in developing
nations [1]. Consequently, the World Health Organization (WHO) has recognized antimicrobial
resistance (AMR) as an urgent and global crisis. In recent years, there has been a notable increase
in resistance to last resort antibiotics, which poses a particular concern due to the importance of
these drugs in treating complicated human infections [2]. Notably, the emergence and proliferation
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of transmissible resistance have threatened the use of colistin, a last-resort antibiotic, in controlling
multidrug-resistant bacterial pathogens [3,4].

Colistin (polymyxin E) belongs to the polymyxins class of antibiotics and was designated by the
WHO as one of the highest priority critically important antibiotics for human medicine [5]. Colistin was
discovered in 1947 and extracted from the bacterium Paenibacillus polymyxa var. colistinus. The US
FDA approved colistin for treating human infections with Gram-negative bacteria in 1959. Due to
adverse effects, mainly nephrotoxicity and neurotoxicity, colistin was withdrawn and replaced by
safer options such as cephalosporins. Later, colistin was reintroduced to human medicine due to
limited alternatives for treating increasingly complicated infections [6] caused by carbapenem-resistant
Enterobacteriaceae (CRE), carbapenem-resistant Acinetobacter baumannii (CRAB), multidrug-resistant
Pseudomonas species, extensively drug-resistant (XDR) Pseudomonas aeruginosa, and XDR Acinetobacter
baumannii [7,8]. Until recently, resistance to colistin was largely thought to occur via chromosomal
mutations with restricted ability for lateral transmission between bacteria [9]. However, in 2016,
a laterally transmissible plasmid-borne genetic element that conferred resistance to colistin was
identified in China. The element was dubbed the mobile-colistin-resistance (mcr-1) gene and was
detected in Escherichia coli isolated from pigs [3]. Since then, mcr-1 has been reported on 5 continents
and in different bacterial species and niches. Additionally, mcr variants and other genes (e.g., mcr-2 to
mcr-10) have been described [4,10-17]. The emergence and global dissemination of mcr have severely
threatened the effectiveness of colistin, raising public health concerns globally [18]. It can be argued
that the impact would be most severe in countries with poor infrastructure, developing antimicrobial
stewardship, and an increasing prevalence of multi-drug resistance [18].

The rise and spread of mcr have been linked to the use of colistin in food animals [18,19]. Certainly,
mcr was more frequently detected in food animals such as poultry and pigs and in food animal products
in multiple nations [18]. Interestingly, it was also hypothesized that aquaculture might be a main
source of dissemination of mcr [20,21]. It was proposed that aquatic systems are a significant reservoir
for colistin-resistant genes and can transmit them directly and indirectly to humans [22]. Furthermore,
seven and two mcr-1-positive E. coli were recovered from grass carp fish farms and fish in integrated
fishery operations in Guangzhou in Southern China [23,24]. In Vietnam, mcr-1 was detected in one
extended-spectrum beta-lactamase (ESBL)-producing E. coli isolated from striped catfish grown in
ponds [25,26]. A recent study from Spain reported mcr-1 in Salmonella enterica serovar Rissen isolated
from mussels [27]. However, beyond these few studies on farmed fish in China and Vietnam and on
mussels in Spain [23-27], data on the occurrence of mcr in aquaculture have been limited. Therefore,
itis important to investigate colistin resistance and mcr in aquaculture globally, especially in developing
countries with limited infrastructure and documented challenges in pollution.

Lebanon is a Mediterranean country that faces a variety of challenges in antimicrobial stewardship,
infrastructure, and pollution and is currently experiencing severe economic and political crises.
In Lebanon, colistin is readily available for medical and agricultural purposes [28]. Recently,
mcr-1 was detected on food-animal farms, with high prevalence in preharvest poultry farms [29-31].
Furthermore, mcr-1 was reported in clinical [32] and non-clinical settings [33], refugee camps [34,35],
irrigation water [36], and seawater [37] in Lebanon. Consequently, we launched a national program to
monitor the occurrence of colistin resistance and micr in a variety of matrices and niches in Lebanon.
Here, we focused on the analysis of mcr in aquaculture operations, specifically Rainbow trout farming,
which is a growing industry in the Beqaa Valley of Lebanon.

2. Materials and Methods

2.1. Sample Collection and E. coli Isolation

During a national survey of surface water and agricultural systems, six-months-old fish (n = 6)
were collected from a farm of Rainbow Trout, Oncorhynchus mykiss, on the Assi River (Beqaa, Lebanon).
The fish were transported alive in a water cooler containing pond water with proper aeration to
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the laboratory. The fish were euthanized by exposure to tricaine methanesulfonate (Sigma-Aldrich,
St. Louis, MO, USA) and degutted aseptically from the anus to the first ceca of the pyloric stomach.
The guts were then extracted, weighed, and every two guts were pooled together. Fish guts were
placed in buffered peptone water (BPW; BioRad, Hercules, CA, USA) and homogenized for 1 min
in a stomacher. An aliquot (100 uL) was spread onto RAPID’ E. coli 2 (BioRad, Hercules, CA, USA)
agar plates supplemented with colistin (4 ng/mL) (Sigma-Aldrich, St. Louis, MO, USA) [29,36],
which were incubated at 37 °C. All suspected E. coli (violet to pink colonies) were purified, suspended
in 1 mL of Luria-Bertani (LB) broth (Oxoid, Hampshire, UK) with 0.5 mL of 80% glycerol and stored at
—80 °C for further analysis [29,35,36]. The experimental protocol was approved by the Animal Care
and Use Committee of the American University of Beirut (AUB).

2.2. E. coli Identity Confirmation and Detection of mcr and Other Relevant Genes Using Polymerase Chain
Reaction (PCR)

DNA was extracted from pure bacterial cultures by boiling for 15 min at 95 °C. PCR reactions
were then prepared as follows: 3 pL of DNA, 0.5 uL of each of the forward and reverse specific
primers, 4 pL of master mix (5x FIREPoI® Master Mix Ready to Load, Solis BioDyne, Tartu, Estonia),
and 12 uL of DNase free water. The identity of the E. coli isolates was further confirmed by targeting a
species-specific 16S rRNA gene fragment. The PCR analysis also included screening for mcr-1 and
other mcr genes (mcr-2, mcr-3, mer-4, mer-5, mer-6, mcr-7, mcr-8) (Table 1). Reactions without DNA were
used as a negative control, while DNA from a previously confirmed mcr-I-positive E. coli was used as
a positive control [35]. The amplified products were analyzed by electrophoresis in 1% agarose gel
containing ethidium bromide (BioRad, Hercules, CA, USA) and visualized using a gel imaging system
(BioRad, Hercules, CA, USA). 1 Kb DNA ladder (Solis BioDyne, Tartu, Estonia) was also loaded in the
gel to determine the size of the amplicons.

Using PCR analysis, the E. coli isolates were also screened for other genes, including blatpp.1,
blactx-m, blastiv-1, blanpm-1, blaoxa-as, blapvip, blaxpc, intl, Class 1 Integron gene, Class 2 Integron gene,
tetA, tetB, tetC, tetD, tetE, tetG, and strA (Table 1).

2.3. Confirmation of mcr-1 Detection Using Commercial Sequencing

The amplified gene fragments were purified using QIAquick® PCR Purification Kit (QIAGEN,
Germantown, MD, USA) following the manufacturer’s recommendations and sequenced commercially.
The sequences were analyzed using the BlastN program and the Genbank (NCBI) database.

2.4. Assessment of Antimicrobial Susceptibility Using the Disk Diffusion Assay

The antibiotic resistance profiles of the mcr-1-positive E. coli were determined by the disk diffusion
assay [52]. The turbidity of bacterial cultures was standardized using a 0.5 McFarland standard and a
spectrophotometer. The bacterial suspensions were then spread on Mueller-Hinton agar (MH) plates
(Oxoid, Hampshire, England). Eighteen commercially available antibiotic discs, including penicillin
(6 ng), ampicillin (10 pg), amoxicillin/clavulanic acid (20 ng/10 pg), cefixime (5 pg), cephalexin (30 pg),
cefotaxime (30 ug), cefepime (30 pg), doripenem (10 pg), meropenem (10 pg), imipenem (10 pg),
gentamicin (10 pg), kanamycin (30 pg), streptomycin (10 ug), ciprofloxacin (5 ug), norfloxacin (10 pg),
tetracycline (30 pg), chloramphenicol (30 pg), and trimethoprim/sulfamethoxazole (25 ng) were added
to the MH plates, which were incubated at 37 °C for 18-24 h. Erythromycin (15 pg) was used as a
control, because E. coli is intrinsically resistant to this antibiotic [53]. Furthermore, E. coli DH5x was
used for quality control. Antimicrobial susceptibility was interpreted by measuring the diameter of the
zone of inhibition and comparing it to the Clinical and Laboratory Standards Institute (CLSI) [52] and
the European Committee on Antimicrobial Susceptibility Testing (EUCAST) standards [54].
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Table 1. Primers and polymerase chain reaction (PCR) conditions used for screening the E. coli isolates
for mcr genes and other relevant AMR genes.

Targeted . . ' Amplicon
Gene/Fragment Primers Primer Sequences (5'-3") Size (bp) Reference
E. coli specific 165 r-RNA-F AAGAAGCTTGCTTCTTTGCTGAC ™ 381
165 r-RNA gene 165 r-RNA-R AGCCCGGGGATTTCACATCTGACTTA
; CLR5-F CGGTCAGTCCGTTTGTTC 209 -
mer- CLR5-R CTTGGTCGGTCTGTA GGG :
5 mer-2F GCGATGGCGGTCTATCCTGTAT 278
mer= mer-2R TGCGATGACATGGGGTGTCAGC
3 mer-3F TATGGGTTACTATTGCTGG 814
mer= mer-3R CTACCCTGATGCTCATCG
. mer-AF GTCATAGTGGTATAAAAGTACAG oo
mer- mer-4R CCACCGTCTATCAGAGCCAAC
5 mer-5F GCGGTTGTCTGCATTTATCAC Lot [39]
mer= mer-5R CTTTGAAAACCTGTCTTCGGCA :
. mer-6F GTCCGGTCAATCCCTATCTGT 556
mer= mcr-6R ATCACGGGATTGACATAGCTAC
5 mer-7F TGCTCAAGCCCTTCTTTTCGT 500
mer- mer-7R TTCATCTGCGCCACCTCGT
s mer-8F AACCGCCAGAGCACAGAATT 67
mer= mer-8R TTCCCCCAGCGATTCTCCAT
" blargna-F ACCAATGCTTAATCAGTGAG 963 [40]
TEM-1 blaten.-R GCGGAACCCCTATTTG
" blacxm-F ATGTGCAGYACCAGTAARGTKATGGC 593 [41]
CTXM blacTx-R TGGGTRAARTARGTSACCAGAAYCAGCGG
blagy-1-F CACTCAAGGATGTATTGTG ,
blasry blaggry-1-R TTAGCGTTGCCAGTGCTCG 822 [42]
o blanpy-1-F GGTTTGGCGATCTGGTITTC o1 [43]
NDM-1 blanpm.-R CGGAATGGCTCATCACGATC -
" blaoxas-F GCTTGATCGCCCTCGATT 238 [44]
OXa-48 blaoxa-as-R GATTTGCTCCGTGGCCGAAA
bla blapp-F TGAGCAAGTTATCTGTATTC 210 [45]
MP blapp-R TTAGTTGCTTGGTTTTGATG -
" blagpc-F CATTCAAGGGCTTTCTTGCTGC 198 [44]
KPC blagpc-R ACGACGGCATAGTCATTTGC
. int1-F CCTCCCGCACGATGATC
int1 intl-R TCCACGCATCGTCAGGC 270 [46]
Class 1 Class 1 Integron gene-F GGCATCCAAGCACAAGC Variabl [47]
Integron gene Class 1 Integron gene-R AAGCAGACTTGACTGAT ariable
Class 2 Class 2 Integron gene-F  GGGATCCCGGACGGCATGCACGATTTGTA Variabl 48]
Integron gene Class 2 Integron gene-R GATGCCATCGCAAGTACGA anable
i tetA-F GTAATTCTGAGCACTGTCGC 950
¢ tetA-R CTGCCTGGACAACATTGCTT
oiB tetB-F CTCAGTATTCCAAGCCTTTG 130
€ tetB-F ACTCCCCTGAGCTTGAGGGG
49
i tetC-F GGTTGAAGGCTCTCAAGGGC 205 [49]
¢ tetC-R CCTCTTGCGGGATATCGTCC
oD tetD-F CATCCATCCGGAAGTGATAGC 135
¢ tetD-R CATCCATCCGGAAGTGATAGC
tetE-F TGATGATGGCACTGGTCA
tetE tetE-R GCTGGCTGTTGCCATTA 262 (501
. tetG-F GCAGCGAAAGCGTATTTGCG 680 [29]
¢ tetG-R TCCGAAAGCTGTCCAAGCAT
A strA-F CCT ATC GGT TGA TCA ATG TC 250 [51]

strA-R GAAGAGTTTTAGGGTCCACC
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2.5. Determination of the Colistin Minimum Inhibitory Concentration (MIC)

The minimum inhibitory concentrations (MIC) of colistin were determined for all the mcr-1-positive
E. coli isolates using the broth microdilution assay [52]. Briefly, 96-well plates were inoculated
with 100 pL of bacterial suspension and challenged with serially diluted colistin (Sigma-Aldrich,
St. Louis, MO, USA) at concentrations ranging from 1 pg/mL to 64 ug/mL. The 96-well plates
were incubated at 37 °C for 18-24 h and analyzed using a microplate reader at A = 600 nm.
Isolates with a colistin breakpoint >2 pg/mL were considered resistant as per the CLSI/EUCAST
recommendations [54,55]. Wells containing MH broth and colistin only (no bacteria) and those with
E. coli DH5x were used for quality control.

2.6. Assessment of the Transmissibility of mcr-1 Using Plasmid Transformation Assays

Plasmids were extracted from the mcr-1-positive E. coli using the QTAGEN® Plasmid Mini Kit
(QIAGEN, Germantown, MD, USA) [25] and stored at —20 °C. The plasmids were introduced to
recipient chemically competent E. coli J]M109 cells using the heat-shock method [35,36]. Briefly, 50 uL of
chemically competent E. coli J]M109 cells were mixed with 10 uL of the extracted plasmid and incubated
on ice for 30 min. Competent cells with 10 uL of autoclaved deionized water (no plasmids added)
were used as a control. The mixtures were then subjected to heat-shock 42 °C for 60 s in a water bath
and then incubated on ice for 2 min. Freshly prepared LB broth (940 pL) was added to the mixture
which was then placed in a shaking incubator (180 rpm) for 105 min at 37 °C. The mixture was then
centrifuged for 2 min at 14,000 rpm and 0.9 mL of the supernatant was removed. The pellet was
resuspended in the remaining 0.1 mL LB broth, and the suspension was spread onto a RAPID’ E. coli
2 agar plates supplemented with 2 pg/mL of colistin. The plates were incubated at 37 °C for 18-24 h.
The transformants were harvested and further analyzed for the acquisition of the mcr-1, colistin MIC,
and antibiotic resistance as described above [29,35].

2.7. Determining the DNA Fingerprint Profiles of the E. coli Isolates Using BOX-PCR

BOX-PCR typing of the mcr-1-positive E. coli was performed using the BOX-A1R primer
(5’-CTACGGCAAGGCGACGCTGACG-3’) [36]. All PCR reactions (25 uL) contained 3 pL of DNA,
0.5 uL Box-A1R, 4 uL master mix (5% FIREPoI® Master Mix Ready to Load, Solis BioDyne, Tartu,
Estonia) and 17.5 pL DNase free water. The PCR program was: an initial denaturation step for 2 min at
94 °C followed by 38 cycles, each consisting of 30 s at 94 °C followed by annealing at 50 °C for 1 min
and extension for 8 min at 65 °C. The final extension step was for 8 min at 65 °C. PCR products were
analyzed on 2% agarose gels containing ethidium bromide. 1 Kb DNA ladder was also loaded in the
gel to compare between the BOX-PCR profiles.

2.8. Typing of the Plasmids in the mcr-1-Positive E. coli

The PCR based replicon typing (PBRT) kit 2.0 (Diatheva, Fano, Italy) was used to determine
the plasmid types in the mcr-1-positive E. coli following the manufacturer’s recommendations [56].
The amplified PCR products were analyzed by electrophoresis for 45 min at 100 V in a 2.5% agarose
gel containing ethidium bromide.

2.9. Assessment of Persistence of the mcr-1-Positive Isolates in Biofilms

Overnight cultures of the mcr-I-positive E. coli were diluted 1:100 and incubated shaking (200 rpm)
at 37 °C for 2 h. The optical density (ODgg9) was then adjusted to 0.05. Next, 2 mL aliquots of the
cultures were transferred to 5 mL sterile borosilicate vials and incubated for three and six days at 37 °C.
Non-adherent bacterial cells were removed by washing with sterile distilled water. The vials were then
dried and stained with 2 mL of 0.1% crystal violet stain for 15 min at room temperature. The vials were
washed several times with distilled water and dried. After this, 2 mL of 30% acetic acid were added
to each vial and incubated for 1 h at room temperature. The optical density (OD) of the suspension
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was measured at A = 570 nm using a spectrophotometer. Vials containing LB broth only were used as
negative controls. Samples were tested in duplicates and the biofilm experiments were repeated on
three separate occasions.

The persistence of the mcr-1 in isolates retrieved from 3- and 6-day biofilms was also tested.
Biofilms were setup as described above. However, after non-adherent bacteria were removed by
washing with sterile distilled water, the biofilms were resuspended in 1 mL of LB broth and serially
diluted (10-fold). After this, 100 uL of the diluted aliquots were spread on RAPID’ E. coli 2 agar plates
without and with colistin (4 pg/mL). The plates were incubated at 37 °C for 18-24 h and colony forming
units (CFU) were counted. E. coli growing on colistin containing plates were tested for mcr-1 using
PCR analysis as described above. Samples were analyzed in duplicates and the experiments were
repeated on three separate occasions.

2.10. Whole Genome Sequencing (WGS) Analysis of mcr-1-Positive E. coli

Based on the BOX-PCR profiles and the antibiotic resistance properties, DNA was extracted from
two representative mcr-1-positive isolates using the QiaAmp DNA Mini kit (Qiagen, Germantown,
MD, USA) following the manufacturer’s recommendations. DNA concentrations were determined
by the Qubit BR dsDNA assay kit (Invitrogen, Waltham, MA, USA) and diluted to 0.2 ng/uL.
Libraries were prepared using the Illumina Nextera XT DNA Library preparation kit (Illumina,
San Diego, CA, USA) [57]. The Qubit dsDNA HS assay kit (Invitrogen, Waltham, MA, USA) was
used to determine the concentration of the sample libraries, which were then diluted to 2 nM and
combined in equal volumes to form a pooled library. Six hundred pL of the denatured pooled library
(10 pM) were loaded into the MiSeq reagent cartridge (MiSeq reagent kit v2, 300 cycles) and sequenced
using a MiSeq sequencer (Illumina, San Diego, CA, USA) [57]. The sequence reads were trimmed
to remove low-quality reads using Trimmomatic v0.36 [58]. Spades v3.9.0 was used to assemble the
filtered and trimmed reads using the “—careful” option [59]. Evaluation of the genome quality and
the N50 values were determined by QUAST v4.5. The ResFinder database (v3.0) [60] was used to
identify the antimicrobial resistance genes in the isolates. The PlasmidFinder database (v1.3) [61] was
used to determine the plasmid type that carried the mcr-1. Sequence types (STs) were determined
using the assembled genomes and the PubMLST database (https://pubmlst.org/) with MLST software
(https://github.com/tseemann/mlst) [62].

2.11. Data Availability

Whole-genome sequences for F1 and F2 strains were deposited in GenBank under accession
numbers: SRX7741078 and SRX7741079, respectively.

3. Results and Discussion

Five typical (violet to pink color) E. coli colonies were detected in the sample that contained the
pooled guts of fish #1 and #4. The identity of the isolates was further confirmed using PCR analysis
that targeted an E. coli-species-specific 165-rRNA gene fragment [29,35,36] (Table 1). The E. coli were
positive for mcr-1 and negative for other mcr genes (mcr-2 to 8), which was confirmed by commercial
sequencing of the PCR amplicons. The colistin minimum inhibitory concentration (MIC) of the isolates
ranged between 16 and 32 pg/mL (Table 2), indicating further that the strains were colistin resistant.
Additional analysis showed that the mcr-1 was successfully introduced to chemically competent
E. coli JM-109 (a colistin-susceptible and mcr-1-negative strain), which revealed that the gene was
plasmid-born [29,35,36]. Specifically, the transformants were colistin-resistant (MIC = 4-8 pug/mL) and
were found to carry mcr-1 using PCR analysis.

Preliminary typing using BOX-PCR analysis divided the isolates (at 100% similarity) into two
genotypes that were designated F1 (n =2) and F2 (n = 3) (Figure 1). The disk diffusion assay showed that
F1 and F2 isolates were multidrug-resistant (resistance >3 antibiotic classes) (Table 2). All F1 (F1I1 and
F112) isolates exhibited resistance to penicillin (PEN), ampicillin (AMP), amoxicillin/clavulanate
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(AMC), cephalexin (LEX), gentamicin (GEN), kanamycin (KAN), streptomycin (STR), tetracycline (Tet),
trimethoprim/sulfamethoxazole (SXT), and chloramphenicol (CHL), while all F2 (F2I1, F2I2, and F2I3)
isolates were resistant to PEN, AMP, AMC, LEX, KAN, STR, TET, ciprofloxacin (CIP), norfloxacin (NOR),
SXT, and CHL (Table 2). Subsequently, the AMR profile analysis confirmed that the isolates can be
divided into two groups, because isolates in each group had identical AMR phenotypes. Furthermore,
PCR analysis showed that all the isolates were positive to class I integron genes and the int1
(integrase encoding gene) but not class 2 integron genes. This is important, because class I integrons
provide the ability to acquire, express and laterally transfer different antibiotic resistance genes [63],
which highlighted the ability of the mcr-1- positive E. coli isolated from fish to be multidrug resistant
and supported the aforementioned AMR phenotype analysis. PCR analysis also showed that the
isolates were negative for blactx-m, blasiv-1, blanpm-1, Plaoxa-as, blanvip, blaxpc, tetB, tetC, tetD, tetE, tetG
and positive for blatpyp.1 and tetA, while strA was only detected in the F2 isolates (Table 2). This again
corroborated the AMR phenotypes of the isolates.

[ DNA Ladder

,
<

Figure 1. BOX-PCR analysis of the mcr-1-positive E. coli. The analysis revealed that the 5 isolates
belonged to two distinct fingerprint profiles that were classified as F1 and F2. Isolates are designated
by the letter I.

MLST analysis of the sequenced genomes showed that F1 and F2 belonged to sequence types,
ST48 and ST101, respectively. These STs have been associated with mcr and multidrug resistant
strains and occur in a variety of niches and hosts, including humans, avian hosts, and fish [23,64-66].
This highlighted the ability of mcr-1 to spread to important matrices and hosts and suggested that F1
and F2 isolates can be transmitted beyond the trout farm and/or can be acquired by the fish from other
polluted sources [64].

Using the ResFinder database (v3.0) [60], WGS revealed that the isolates carried mcr-1.1 specifically.
Additionally, F1 and F2 harbored more than 14 antibiotic resistance genes (Table 2). The genes
encoded resistance to aminoglycosides, diaminopyrimidines, macrolides, streptogramins, lincosamides,
phenicols, fosfomycin, tetracyclines, macrolides, fluoroquinolones, and sulfonamides, highlighting the
multidrug resistant properties of these isolates (Table 2). Using PlasmidFinder (v1.3) [61], mcr-1.1 was
shown to be carried on IncX4 plasmids, which have been associated with the global spread of
this gene [4,65]. Additionally, IncX4 plasmids are known to be prevalent in E. coli, occur in other
Enterobacteriaceae, and exhibit high transmission frequency [65,67]. This plasmid type and the AMR
genes detected by WGS were corroborated using PBRT typing [56] and PCR analysis that targeted a
subset of the genes.
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Table 2. Antibiotic resistance phenotypes and antimicrobial resistance (AMR) genes of the mcr-1-positive and colistin-resistant E. coli isolated from Rainbow Trout in
Lebanon. Penicillin (PEN), ampicillin (AMP), amoxicillin + clavulanic acid (AMC), cephalexin (LEX), gentamicin (GEN), kanamycin (KAN), streptomycin (STR),
tetracycline (TET), ciprofloxacin (CIP), norfloxacin (NOR), trimethoprim-sulfamethoxazole (SXT), chloramphenicol (CHL), (MIC) minimum inhibitory concentration.

Location E. coli ID Antibiotic Resistance Profiles of Colistin Colistin MIC AMR Genes Detected by Sequence
Codes Resistant E. coli (ug/mL) WGS and PCR Analysis ! Types
F1I1 PEN-AMP-AMC-LEX-GEN-KAN-STR-TET-SXT-CHL 16 mcr-1.1, aac(3)-11d, aad A2,
ant(3”)-Ia, aph(3’)-1a, blappp1p,
dfrA12, erm42, floR, mdf(A), ST48
mph(A), sull, sul2, tetA,
F112 PEN-AMP-AMC-LEX-GEN-KAN-STR-TET-SXT-CHL 16
Beqaa Valley (Hermel) , Fa2I1 PEN-AMP-AMC-LEX-KAN-STR-TET-CIP-NOR-SXT-CHL ~ 32
(Oncorhynchus mykiss)
mer-1.1, aph(3”)-1b, aph(3')-1a,
PR PEN-AMP-AMC-LEX-KAN-STR-TET-CIP-NOR-SXT-CHL 32 aph(6)-1d, blarey-1, dfrA14, floR,
fosA3, mdf(A), mph(A), qnrS1, ST101
strA, sul2, tetA, tetM,
F2I3 PEN-AMP-AMC-LEX-KAN-STR-TET-CIP-NOR-SXT-CHL = 32

1 A subset of the genes was also detected by PCR analysis as described in the text.
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Notably, mcr-1.1 persisted in colony forming units retrieved from 3- and 6-day-old biofilms under
aerobic conditions. However, there was ~2-3 log and up to 5 log reduction in colistin resistant CFUs
retrieved from day 3 and 6 biofilms, respectively (Figure 2). The reduction differed between isolates
and was most pronounced in day 6 biofilms for all isolates except F212 (Figure 2). This suggested that
mcr-1.1 can persist in biofilms at least till day 6. However, a population of the E. coli in the biofilms
lost colistin resistance, perhaps highlighting a previously undescribed fitness cost associated with
mcr-1.1-carrying IncX4 plasmids.

CFUs Retrieved from Day 3 Biofilms CFUs Retrieved from Day 6 Biofilms
1x10° 1x108
1x108 1x107
v 7
E 1x10 E 1x10¢
2 1x10° 2 1x10°
X105
g 1 S 1x100
= 1x104 = X
S 1x10° S 1x10
e Ro1x10°
1x10! - ---+-I----3-------1-1-- 1x10' e o -—------1-
1x10° 1x10°
F1I1 FII2 F211 212 F213 F1I1 FII2 F211 F212 F213

OWithout Colistin ~ mWith Colistin OWithout Colistin  ® With Colistin

Figure 2. The persistence of mcr-1- positive E. coli in 3- and 6 days old biofilms. The grey and black
colors designate CFUs retrieved on RAPID’ E. coli 2 agar plates without and with colistin (4 pg/mL),
respectively. The dashed line designates the detection limit of the assay.

In a study conducted on integrated fish-duck farming, it was suggested that E. coli harboring
the mcr-1 can spread from aquatic animals to affect the supply chain and humans [24]. Therefore,
the detection of mcr-1.1 in fish poses a significant public health concern, because resistance can be
potentially transmitted to pathogens that affect humans and other animals [23,24]. Additionally,
international trade with farmed fish can act as a route for the dissemination of mcr between
countries [18,68]. Here, we report the detection of transmissible mcr-1.1 in multidrug resistant
E. coli isolated from farmed Rainbow Trout. To our knowledge, this report is one of a few studies on
mcr-1.1 in aquaculture and the first to document this gene in farmed Rainbow Trout worldwide and in
aquaculture in the Middle East and North Africa (MENA) region. It should be noted that the number
of tested fish samples was limited, which restricts the extrapolation of the findings to all aquaculture
farms in Lebanon. Furthermore, the source of the mcr-1-positive E. coli in the Trout is currently unclear.
However, there is ample evidence to suggest that aquatic environments in Lebanon are affected
by anthropogenic waste, including sewage and agricultural and industrial contaminants. Indeed,
previous studies have detected mcr-1-positive E. coli in Lebanese poultry, irrigation water, and other
niches, while colistin is widely available in medical and agricultural practices in this country [29-37].
Therefore, there is opportunity for the spread of mcr-1.1 to different matrices and hosts in Lebanon via
cross-contamination. This jeopardizes the control of infectious diseases and can potentially result in the
proliferation of resistance to colistin in vital resources locally and beyond [37]. Therefore, we emphasize
an urgent need for investment in antimicrobial stewardship and AMR surveillance and outreach in
Lebanon and other countries with similar challenges. Given that Lebanon is currently experiencing the
worst economic crisis in its recent history, we call for global action to address the spread of AMR in
Lebanon, which will benefit the region as well as the global fight against AMR.
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