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ABST RACT
The emergence and dissemination of plasmid-mediated colistin resistance pose a serious threat to global 
public health. In this study, a total of 454 commensal Escherichia coli strains isolated from cloacal swabs 
taken from broiler flocks between 2013 and 2014 were first screened for phenotypic colistin resistance by 
the broth microdilution method. Twelve phenotypically colistin-resistant isolates were screened for mcr-1 to 
mcr-5 genes by multiplex PCR. Five of these isolates were found to carry the mcr-1 by PCR. Whole-genome 
sequencing of the mcr-1 carrying isolates revealed the presence of additional antimicrobial resistance genes and 
chromosomal gyrA and parC mutations conferring resistance to fluoroquinolones. Analysis of virulence gene 
content revealed 5-20 virulence genes in the isolates and two isolates were defined as avian enteropathogenic 
E. coli (APEC). Phylogenetic analysis based on whole-genome and multilocus sequence typing revealed that 
the strains were closely related to mcr-1 carrying isolates from chicken and human clinical isolates previously 
reported from different parts of the World. The findings further emphasize the urgent need to implement 
effective control programs to prevent the emergence and dissemination of colistin-resistant bacteria.
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INTRODUCTION
The increasing trend of antimicrobial resistance (AMR) 
among the members of the Enterobacterales has become a 
global health concern. It has been well documented that the 
widespread use of antimicrobials in food-producing animals 
has become a possible source of horizontal transfer of anti-
microbial resistance genes (ARGs) to human pathogens or 
direct transfer of AMR bacteria (1, 2). The recent discovery 
of the plasmid-mediated transferable colistin resistance 
gene mcr-1 in Escherichia coli isolates of animal and human 
origin in China in late 2015 by Liu et al. (3) caused global 
concern, as colistin is the last resort antimicrobial used for 
the treatment of serious infections caused by MDR Gram-
negative bacteria (4). Before this date, colistin resistance 

was thought to be associated with mutations in the two-
component system (pmrAB, phoPQ) and the regulatory mgrB 
gene, leading to the modification of the chemical structure 
of lipid A-moieties (3). The use of colistin for treatment 
or prophylaxis purposes in animals had been considered as 
a cause of the emergence of the plasmid-mediated colistin 
resistance, and this has led to the ban of the use of colistin 
in food-producing animals worldwide (5-7). 

Polymyxins (polymyxin E (colistin) and polymyxin B) 
belong to the family of cationic polypeptide antibiotics 
with lipophilic fatty acyl side chains (8, 9). The electrostatic 
interaction between the positively charged polymyxin and 
the negatively charged phosphate groups of lipid A of lipo-
polysaccharide (LPS) contributes to the initial binding of 
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polymyxins to the bacterial surface. Following its diffusion 
from the outer membrane across the periplasm, polymyxin 
intercalates into the cytoplasmic membrane to form pores, 
resulting in the bacteria’s lysis (9). Although they belong to 
the older generation of antibiotics, polymyxins represent the 
last treatment option for lethal infections caused by Gram-
negative pathogens with pan-drug resistant (10). 

Following the first report of mcr-1 mediated colistin 
resistance in animal and human E. coli isolates (3), various 
variants of mcr-1 (mcr-2 to mcr-10) have been detected in 
various bacterial species from different sources reported in 
the World (11-19). Hu et al. (20) suggested that the global 
spread of the mcr-1 gene and its variants may be associated 
with a food chain-based distribution pathway. Researchers 
have simultaneously observed the presence of mcr-1 in meat 
and food samples and in the healthy human microbiome. Of 
concern, the mcr-1 colistin resistance gene has been linked 
to other multidrug resistance genes namely carbapenem (21, 
22) and broad-spectrum beta-lactam resistance (23-27) and 
it has been suggested that this may result in the emergence 
of pan-drug resistant microorganisms in the future (28). The 
presence of mcr-1 gene in Türkiye was first reported in 2018 
by Kurekci et al. (29), who detected the gene in three E. coli 
isolates obtained from raw chicken meat sold in the retail 
market. In another study, Adıgüzel et al. (30) reported the 
presence of this gene in an E. coli isolate from raw chicken 
meat in the retail market. 

This study aimed to screen E. coli isolates from differ-
ent broiler flocks in southern Türkiye between 2013 and 
2014 for the existence of phenotypic and genotypic (mcr-1 
to mcr-5) colistin resistance. To better evaluate the isolates, 
whole-genome sequencing and phylogenetic analysis were 
also performed.

MATERIALS AND METHODS
Ethical Statement
Since the isolates used in the study were from author's previ-
ous studies, the study does not require ethical approval.

E. coli isolates
A total of 454 non-dublicate commensal E. coli strains, which 
were isolated from cloacal swabs from 20 different broiler 
flocks in southern Türkiye between 2013-2014, were included 
in the study. The isolates were obtained from cloacal swabs. 

Antimicrobial susceptibility testing
Minimal inhibitory concentration (MIC) for colistin (Sigma-
Aldrich, St. Louis, MO) was screened by broth microdi-
lution method according to the European Committee on 
Antimicrobial Susceptibility Testing (EUCAST) criteria 
(31). Twofold serial dilutions (128-0.125 µl/ml) of colistin 
were prepared with cation-adjusted Mueller-Hinton Broth II 
(Merck, Darmstadt, Germany). Overnight grown fresh bacte-
rial cultures in tryptic soy broth (TSB, Darmstadt, Germany) 
were diluted at a density of McFarland 0.5 standard. These 
bacterial suspensions were further diluted 1:100 with TSB 
and transferred to the wells in 50 µl volumes. To monitor the 
quality control of the experiment, the strain of E. coli NCTC 
13846 (mcr-1 positive) and susceptible strain of E. coli ATCC 
25922 were used. Following incubation at 37oC for 24 hr, the 
lowest antimicrobial concentration with no visible growth 
was defined as MIC value. A MIC value of >2 µg/ml was 
accepted as resistance to colistin.

The antimicrobial susceptibility profiles of the mcr-1 
carrying E. coli isolates to 21 additional antimicrobials 
were determined using the disc diffusion method as per the 
Clinical and Laboratory Standards Institute (CLSI) criteria 
(32). Ampicillin (AM), amoxicillin-clavulanic acid (AMC), 
cefepime (FEB), cefoxitin (FOX), cefotaxime (CTX), 
ceftazidime (CAZ), cefuroxime (CXM), cefotetan (CTT), 
ceftriaxone (CRO), aztreonam (ATM), ciprofloxacin (CIP), 
nalidixic acid (NA), imipenem (IPM), chloramphenicol 
(C), gentamicin (CN), tobramycin (TOB), amikacin (AK), 
streptomycin (S), kanamycin (K), tetracycline (TE), and 
sulfamethoxazole-trimethoprim (SXT) were tested for sus-
ceptibility testing. The E. coli ATCC 25922 was used as a 
quality control strain.

PCR screening for mcr genes
The presence of mcr-1 to -5 genes in phenotypically positive 
E. coli (n=5) isolates was screened by a multiplex PCR as 
previously described (33). E. coli (2012-60 for mcr-1; KP37 
for mcr-2; SQ352 for mcr-3; DH5a for mcr-4) and Salmonella 
Paratyphi B (13-SA01718 for mcr-5) were used as positive 
controls in mPCR reactions.

Whole-genome sequencing (WGS) and analysis
The genomic DNA was extracted using the DNeasy 
Blood and Tissue Kit (Qiagen, Hilden, Germany). The 
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quantity and quality of the extracted DNA were measured 
by spectrophotometric (NanodropOne, Thermo Fisher 
Scientific) and fluorometric (Qubit 3.0, Thermo Fisher 
Scientific) methods. Library preparation for short-read 
sequencing was performed with the use of the NexteraXT 
kit (Illumina) and dual-indexing system (Illumina) in 
accordance with the manufacturer's recommendation. 
Quality and quantity of libraries were confirmed by cap-
illary gel electrophoresis (DNF-473 Standard Sensitivity 
NGS Fragment Analysis Kit, Fragment Analyzer, Agilent) 
and fluorimeter (BR assay kit, Qubit 3.0, Thermo Fisher 
Scientific). The paired-end (2x150 bp) sequencing was 
performed on the NovaSeq platform (Illumina, San Diego, 
USA). 

Quality checking and de novo assembly of  
sequencing reads
After trimming of low-quality reads and removing adapter 
sequences using Trimmomatic v 0.36 (34), both raw reads 
and trimmed reads were checked for quality using FastQC v. 
0.11.9 (http://www.bioinformatics.babraham.ac.uk/projects/
fastqc/; accessed on 15 January 2021). The de novo genome 
assembly was conducted using the SPAdes algorithm (v 
3.14.1) with default parameters (35). Quality assessments 
of genome assemblies were evaluated using QUAST 4.5 
(36). Assembled genomes were analyzed to identify ac-
quired antimicrobial resistance and virulence genes, plasmid 
types using tools at the Center for Genomic Epidemiology 
(CGE) ( http://www.genomicepidemiology.org/). Serotypes 
and mutation-based resistance genes were searched by 
CGE web tools. Gene predictions and annotations of the 
de novo assembled genomes were annotated using NCBI 
Prokaryotic Genome Annotation Pipeline for annotation 
(37). Core and accessory genome comparison of the isolates 
was performed using Roary: the pan-genome pipeline 
(38). Phylogroups were determined by the ClermonTyper 
at http://clermontyping.iame-research.center (39). The 
genome assembly data were deposited at NCBI under acces-
sion numbers: JAHVAM000000000, JAHVVG000000000, 
JAHVVH000000000, JAHVVI000000000, and 
JAHVVJ000000000. 

Phylogenetic analysis
For the phylogenetic comparison of our isolates, WGS of 
45 mcr-1 positive E. coli isolates of animal and human origin 

from different countries were retrieved from PATRIC and 
NCBI databases. E. coli K12-MG1655 was also included 
in the phylogenetic analysis. The tree constructed using the 
presence and absence of accessory genes were provided in 
Roary outputs (accessory_binary_genes.fa.newick). The 
phylogenetic tree was visualized using an interactive web 
tool iTOL (40). 

RESULTS
Prevalence of mcr gene in E. coli isolates
Overall, five E. coli isolates displayed (1.1%) MIC values for 
colistin ranging from 8 µg/ml to 32 µg/ml. These isolates 
were found to carry the plasmid-mediated mcr-1 gene. The 
CGE ResFinder tool confirmed the presence of the mcr-1.1 
gene in all PCR-confirmed isolates. No mcr-2, mcr-3, mcr-4, 
or mcr-5 was detected by either PCR or genome analysis of 
mcr-1 positive isolates. 

Genome assembly and annotation
The sequence reads of five E. coli isolates were assembled 
into draft genomes using SPAdes. The median length of the 
assembly was 5.37 Mbp with an average GC% of 50.4±0.138. 
The average N50 of the assembled contigs was 1.43 Mbp. 
Annotation of the 5 draft E. coli genomes predicted a median 
number of 5256,8 coding sequences (CDs) (ranging from 
5014 to 5534). The median number of contigs per assembly 
was 152.8 with a minimum of 137 and a maximum of 169 
(Table 1). 

Core and pangenome comparison
The degree of genomic flexibility of the 5 mcr-1-positive 
E. coli strains was evaluated by comparing the core and 
pangenome structure of the isolates. The overall pangenome 
consisted of 5662 genes. Of the genes identified by Roary, 
61.3% (n=3471) and 38.7% (n=2191) were found in ≥99% 
of the isolates (referred as core genes) and between 15 and 
95% of the isolates (referred as shell genes), respectively 
(Figure. 1a). The genome comparison of mcr-1 positive E. 
coli isolates based on the presence or absence of a gene is 
shown in Figure 1b. Phylogenetic comparison based on the 
concatenate core gene alignment also showed genomic di-
versity among the mcr-1 positive E. coli isolates (Figure 1c). 
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Figure 1. Pangenome comparison of mcr-1 positive E. coli isolates. (a) Distribution of total genes: 
core genes when found in ≥99%, shell genes when found between 15 and 95% of the isolates. (b) 
Gene presence (blue) absence (white) matrix across the genome of the isolates. Each row represents 
the gene content of the respective isolate. Each column represents the possession of homologous 
gene clusters. (c) Maximum likelihood phylogenetic tree inferred from 3470 concatenated core gene 
alignment of 5 E. coli genome. The tree was constructed by RAxML with 1000 bootstrap using the 

GRT+gamma model. The data was visualized using Phandango.

Table 1. Annotation summary of 5 mcr-1 carrying E. coli isolates by Prokka

Isolate ID Contigs Largest contig Total 
length

GC 
(%) N50 N75 L50 L75 CDS tRNA rRNA

HMKU_VET3 137 243 386 5 143 592 50.41 93 494 48 204 19 38 5014 74 –
HMKU_VET4 169 338 726 5 420 389 50.46 177 972 86 712 12 22 5264 69 1
HMKU_VET5 169 338 726 5 420 389 50.46 177 972 86 712 12 22 5264 69 1
HMKU_VET6 145 373 169 5 374 676 50.15 147 917 71 351 10 22 5534 75 3
HMKU_VET7 144 288 669 5 240 238 50.48 116 561 53 118 15 33 5208 71 1

Average 152,8 316 535,2 5 319 856,8 50,4 142 783,2 69 219,4 13,6 27,4 5 256,8 71,6 1,2
Median 145 338 726 5 374 676 50,5 147 917 71 351 12 22 5 264 71 1

Standard deviation 15,1 50 792,7 123 112,8 0,138 37 482,96 18 148,2 3,5 7,6 185,9 2,8 1,1
Minimum 137 243386 5 143 592 50,2 93 494 48 204 10 22 5 014 69 1
Maximum 169 373169 5 420 389 50,5 177 972 86 712 19 38 5 534 75 3
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Virulence genes harbored by mcr-1 carrying  
E. coli isolates
All isolates harbored multiple virulence genes ranging from 
5 to 20. Two isolates carried 20 virulence genes, 2 isolates 
carried 5 virulence genes and one isolate carried 19 viru-
lence genes. Two isolates carried combinations of virulence 
genes known to be characteristic for avian pathogenic E. coli 
(APEC) pathotype with an ST88 (Table 2). 

In slico MLSTs, serotypes, phylogroup and plasmid 
genotyping
The mcr-1 carrying isolates were found to belong to four 
phylogenetic groups: E, C (two isolates), A, and B1. We 
identified four different sequence types (STs) among the 5 E. 
coli isolates. The ST88 was determined in two isolates, other 
ST types were ST1140, ST10, ST156. In silico serotyping 
also revealed three complete serotypes (O8:H4, O88:H12, 
O38:H39) and one isolate, based on the H type, was O(-): 
H51. We identified 12 plasmid replicons in the 5 isolates. 
All isolates harbored multiple plasmid replicons ranging 
from 3 to 7. The most abundant replicon types were IncHI2, 
IncHI2A, and IncFIB which were found in three isolates 
together, and some of these replicon types were also found 
individually in other isolates (Table 2). 

High prevalence of antimicrobial  
resistance determinants
We identified a total of 35 different antimicrobial resistance 
determinants in the 5 strains (Fig. 2). The most abundant an-
timicrobial resistance genes were mdf(A), qacE, and blaTEM-1, 
which were found in all isolates. All 5 isolates carried multiple 
acquired antimicrobial resistance genes with a minimum of 
13 to a maximum of 16 genes (Fig. 2a). The isolates exhibited 
at least one of four known point mutations in two-resistance 
determinants (gyrA, parC) that mediate nalidixic acid and 
quinolone resistance. No mutation was detected in the parE 
gene (Fig. 2b). No known colistin resistance associated with 
point mutations in pmrA and pmrB genes was detected 
among the 5 five mcr-1 carrying isolates. 

Phylogenetic position of mcr-1 positive E. coli  
at the global population structure
The WGS of mcr-1 positive strains identified in the current 
study were compared to a global collection originated from 
Argentina (one human isolate), Bolivia (one human isolate), 
Brazil (one human isolate), China (one chicken, two human, 
three migratory birds), Columbia (one human isolate), Egypt 
(one chicken isolate), France (one human isolate), Germany 
(one cat isolate, one chicken isolate, one dog isolate, one 

Table 2. Genomic features of commensal E. coli isolates and their antimicrobial resistance phenotype

Isolate ID MLST 
type Plasmids Virulence genes* Resistance Phenotype Serotypes Phylogroups

HMKU-VET3 ST1140 IncHI2, IncHI2A, IncY chuA, gad, hra, ompT, terC AM, S, K, CN, TOB, C, NA, 
SXT, CIP O38:H39 E

HMKU-VET4 ST88
ColpVC, IncFIB, 

IncFIC(FII), IncHI2, 
IncHI2A, IncN

astA, cea, cvaC, etsC, fyuA, gad, hlyF, 
iha, iroN, irp2, iss, iucC, iutA, lgfA, 

mchF, ompT, sitA, terC, traT, tsh
AM, SXT, TE, S, K, NA, CIP O8:H4 C

HMKU-VET5 ST88
ColpVC, IncFIB, 

IncFIC(FII), IncHI2, 
IncHI2A, IncN

astA, cea, cvaC, etsC, fyuA, gad, hlyF, 
iha, iroN, irp2, iss, iucC, iutA, lgfA, 

mchF, ompT, sitA, terC, traT, tsh
AM, SXT, TE, S, K, NA, CIP O8:H4 C

HMKU-VET6 ST10
IncFIB, IncFIC, IncHI2, 
IncHI2A, IncI-l(Alpha), 

IncQ1, IncX1
cib, hra, iss, terC, traT

AMP, CPD, AMC, CAZ, CTX, 
CRO, CTT, CXM, FOX, C, SXT, 

TE, S, K, CN, TOB, NA, CIP
O88:H12 A

HMKU-VET7 ST156 IncFIB, IncFI, IncI-
l(Alpha), IncQ1

cia, cvaC, etsC, gad, hlyF, hra, iha, 
iroN, iss, iucC, lpfA, mchB, mchC, 
mchF, ompT, papC, sitA, terC, traT

AMP, CPD, AMC, CAZ, CTX, 
CRO, CTT, CXM, FOX, SXT, 

TE, S, K, NA, CIP
O(-):H51 B1

* astA: EAST-1 heat-stable toxin, cea: Colicin E1, cvaC: Microcin C, etsC: Putative type I secretion outer membrane protein, fyuA: Siderophore receptor, gad: Glutamate 
decarboxylase, hlyF: Hemolysin F, iha: Adherence protein, iroN: Enterobactin siderophore receptor protein; irp2: High molecular weight protein 2 non-ribosomal 
peptide synthetase, iss: Increased serum survival, iucC: Aerobactin synthetase, iutA:Ferric aerobactin receptor, lpfA: Long polar fimbriae, mchF: ABC transporter 
protein MchF, ompT: Outer membrane protease (protein protease 7), sitA: Iron transport protein, terC: Tellurium ion resistance protein, traT: Outer membrane 
protein complement resistance, tsh: Temperature-sensitive hemagglutinin. 
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Figure 2. Antimicrobial resistance determinants identified in the genomes of mcr-1 positive E. coli isolates. (a) Heatmap shows the presence or 
absence of antimicrobial resistance determinants of the isolates. The antimicrobial resistance genes (ARGs) are predicted from whole-genome 
sequence data using Resfinder 3.2 tool on CGE (b) Heatmap represents chromosomal known point mutation in the E. coli genome. Colors 

indicate amino acid substitution at the corresponding mutation site. Rows and columns represent isolates and mutated genes, respectively. 
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human isolate), Nigeria (one human isolate, one chicken 
isolate), Mexico (one human isolate), Japan (one isolate), 
Pakistan (one chicken), Paraguay (one chicken isolate), 
Peru (one human isolate), Poland (two chicken isolates, two 
Türkiye isolates), Portugal (one human isolate), South Africa 
(one human isolate), Spain (one human isolate), Taiwan 
(one human isolate), Thailand (two human isolates, one 
cat isolate, one human isolate) and the USA (one human 
isolate) (48). The core genome phylogenetic tree displayed 
three main clades. The tree indicated that mcr-1 carrying 
isolates from this study was genetically distinct from the 
other mcr-1 carrying E. coli strains previously isolated from 
Türkiye (Fig. 3). 

DISCUSSION
Based on the phenotypic and genotypic screening of colistin 
resistance in E. coli isolates, five (1.1%) isolates were found to 
carry the mcr-1 gene and showed 100% nucleotide identity 
with the previously annotated mcr-1.1 gene (3). However, 
mcr-1 carrying contings (average: 2547.6 bp) were short 
assemblies that could not be scaffolded to large regions of 
either plasmids or the chromosome, therefore, their plasmid 
types were not determined and did not map with any known 
plasmid available from the GenBank database. Although mcr 
genes have been detected in plasmids belonging to diverse 
incompatibility (Inc) types, IncX4, InHI2, and IncI2 have 
been reported as the most common types identified (41-43). 

Figure 3. The phylogenetic tree based on the core genome of the mcr-1 harboring 45 E. coli genomes from different regions of the world. Isolates 
from this study are highlighted with color shade. E. coli K12-MG1655 was used as a reference strain. 
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In previous studies conducted in Türkiye, Adıgüzel et al. 
(30) and Kürekci et al. (29) reported that mcr-1 were associ-
ated with IncI2 and IncX4 plasmids, respectively. Complete 
genetic characterization of mcr-1-bearing plasmids in E. 
coli isolates is needed using further studies such as bacte-
rial conjugation, transformation, complete whole-genome 
sequencing.

Worldwide dissemination of the mcr-1 gene in several 
species in Enterobacterales, mostly in E. coli, from different 
animal species and humans, has been attributed to the car-
riage of this gene on plasmids, which allows for its horizontal 
transfer (44). Moreover, mcr-1 bearing plasmids have been 
reported to have multiple resistance elements in various com-
binations, alongside mcr-1 (41, 45). Since contigs carrying 
mcr-1 were small assemblies in this study, it is not possible 
to ascertain concerning the presence of other antimicrobial 
resistance genes or not. However, the results of the current 
study revealed the presence of multiple antimicrobial resis-
tance genes. Previous studies have also demonstrated multiple 
antimicrobial resistance genes together with the mcr-1 gene 
(29, 30, 43). Cao et al. (46) suggested that the co-existence 
of mcr-1 with other antimicrobial resistance genes may be 
a contributing factor in the co-selection of mcr-1 positive 
E. coli and its spread in broiler flocks/farms. These findings 
suggest that mcr-1 positive E. coli should be considered as 
an important reservoir not only for the colistin resistance 
gene but also that of other genes conferring resistance to 
beta-lactams, cephalosporins, aminoglycosides, tetracyclines, 
sulphonamides, plasmid-mediated quinolone resistance 
(PMQR). Genomic analysis also revealed that single or 
multiple mutations present in the gyrA gene and the parC 
gene in all isolates, conferring resistance to nalidixic acid 
and fluoroquinolones. Especially double mutations, which 
were observed in four isolates, in gyrA altering serin 83 to 
leucine (S83L) and aspartic acid 87 to asparagine (D87N) 
have been reported to confer a high level of resistance to 
fluoroquinolones (47).

Pangenome analysis of 5 mcr-1 carrying E. coli isolates 
showed that the core genome comprised more than half of 
the pangenome. In contrast, in a recent study, four times 
smaller core genome than the pangenome has been reported 
in mcr-bearing E. coli isolates (48). Park et al. (49) have noted 
that the size of the core genome might change as more ge-
nomes are included in the comparison.

In previous studies, widespread prevalence of ExPEC vir-

ulence-related genes have been reported in mcr-1 carrying E. 
coli isolates (50, 51). Zhuge et al. (51) determined that almost 
half of the avian mcr-1 positive E. coli (MCPEC) isolates 
showed pathogenicity in different animal models. Based on 
the criterion to identify an ExPEC pathotype, in this study, 
two isolates were defined as APEC with serotype O8:H4 
and ST88. Apart from APEC virulence genes (iutA, iss, hlyF, 
iroN, ompT) (52), these isolates also carried several ExPEC 
related virulence genes. ColV/ColBM plasmids were reported 
to be closely related with APEC/ExPEC pathogenesis and 
encoded virulence genes (iucD, hlyF, etsC, ompTp, iroN, iutA, 
iss, and sitA). It was worth noting that these two isolates 
carried ColVC plasmid replicon type. Moreover, Zhuge et al. 
(51) suggested that the zoonotic potential of MCRPEC is 
closely related to the ColV/ColBM type virulence plasmids, 
and poultry may be an important reservoir for human clinical 
infections. The rest of the isolates, although they harbor a 
wide range of virulence genes, it was not possible to assign 
to a certain group of human ExPEC, since the criteria to 
predefine ExPEC or its pathotypes were not applicable, due 
to the absence of one or two virulence gene. 

Previously, Kürekci et al. (29) and Adıgüzel et al. (30) 
reported the detection of mcr-1 in three and one E. coli strains 
isolated from retail raw chicken meat in Türkiye, respectively. 
The isolates from these studies were genetically distinct from 
our isolates as determined by both MLST (ST3941, ST1049, 
ST6094 vs ST10, ST88, ST156, ST1140) and whole genome-
based phylogenetic tree (Fig. 3). Of these sequence types, 
mcr-1 carrying E. coli ST10 clones have been reported to have 
worldwide distribution and is a major concern for human and 
animal health and should be kept under close surveillance 
within the One Health concept (27). ST88 has been previ-
ously reported in mcr-1 positive pathogenic E. coli (53, 54), 
which carried genes related to enterotoxins such as astA, ltcA, 
and stb. Indeed, the isolates belonging to ST88 in this study 
were positive ast gene encoding EAST1 toxin. Recently, an 
mcr-1 positive E. coli having multiresistant phenotype and 
genotype belonging to ST1140 recovered from pre-harvest 
broiler flocks have been reported in Lebanon (55). ST1140 
was also shown to include two mcr-1 positive E. coli with 
serotypes O38:H39 and O-:H39 from retail poultry meat in 
the Czech Republic and those reported in retail raw turkey 
meat originating in Poland, respectively (56). ST156 was 
detected in CMY-2 producing E. coli from Romanian poultry 
(57). Interestingly, following the first report of NDM-5- and 
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MCR-1-producing E. coli of ST156 in a muscovy duck (58); 
this clone was reported from fresh vegetables (59), human 
blood infection in Brazil (60), and healthy people in China 
(45). Furthermore, as it can be seen from phylogenetic 
analysis, the four previous Türkiye isolates were placed in 
three clusters together with Asian and European isolates 
of chicken, turkey, and migratory birds while the isolates 
from the current study were placed in four clusters and were 
closer to human, chicken and migratory bird isolates from 
Asia, Europe, Africa, and South America. Moreover, the 
phylogenetic analysis also indicated a close genomic relation-
ship between mcr-1 carrying E. coli isolates of human and 
animal origin in general, suggesting a potential transmission 
of mcr-1 carrying isolates between these two settings. The 
tree also showed an overall high genetic diversity within 
mcr-1 carrying isolates, indicating the transfer of this gene 
among bacterial hosts with different genetic backgrounds. 

Following the first report of mcr-1 carrying E. coli iso-
lates from chicken and humans in 2016 in China, mcr-1 
carrying E. coli isolates have been reported throughout the 
world in various sources. mcr-1 carrying E. coli from chicken 
meat samples was first reported by Kürekci et al. (29). In a 
multicenter center study conducted in 2017 in Türkiye, the 
presence of plasmid-mediated colistin resistance genes (mcr-1 
and mcr-2) in human Enterobacterales was investigated, and 
was found that none of the isolates was positive for these 
genes. However, the first mcr-1 carrying E. coli was isolated by 
Özkaya et al. (61) from the urine culture of two patients over 
the age of 65 years who were under treatment in hospital. 
Arabaci et al. (62) detected the mcr-1 gene together with bla-
OXA-48 in 3 carbapenem-resistant Klebsiella pneumonia isolates. 
These findings also further point out the everlasting spread of 
mobilizable colistin resistance mediated by mcr genes among 
Enterobacterales isolates with zoonotic potential in Türkiye. 

In conclusion, the results of the study indicated that mcr-
1 carrying E. coli in broiler flocks in Türkiye was exist before 
the first report of mcr-1 positive E. coli in China in 2015. 
Therefore, the One-Health approach is required to manage 
mobilizable colistin resistance at different interfaces (human, 
animal, and environment). 

Availability of Data and Materials
The authors declare that data supporting the study findings 
are also available to the corresponding authors.

Funding Support
There is no funding source.

Conflict of Interest
The authors declared that there is no conflict of interest.

AU T H O R  CO N T R I B U T I O N S

ÖA designed the study, conducted the experiments, analyzed the 
data, and wrote the manuscript. KB analyzed the data and wrote 
the manuscript. The authors contributed to the critical revision 
of the manuscript and have read and approved the final version.

REFERENCES

1. Hoelzer, K., Wong, N., Thomas, J., Talkington, K., Jungman, E. 
and Coukell, A.: Antimicrobial drug use in food-producing ani-
mals and associated human health risks: what, and how strong, is 
the evidence? BMC Vet. Res. 13(1): 211, 2017. 

2. Marshall, B.M. and Levy, S.B.: Food animals and antimicrobials: 
impacts on human health. Clin Microbiol. Rev. 24(4): 718-733, 
2011. 

3. Liu, Y.Y., Wang, Y., Walsh, T.R., Yi, L.X., Zhang, R., Spencer, J., 
Doi, Y., Tian, G., Dong, B., Huang, X., Yu, L.F., Gu, D., Ren, H., 
Chen, X., Lv, L., He, D., Zhou, H., Liang, Z., Liu, J.H. and Shen, 
J.: Emergence of plasmid-mediated colistin resistance mechanism 
MCR-1 in animals and human beings in China: a microbiological 
and molecular biological study. Lancet Infect. Dis. 16: 161-168, 
2016. 

4. Mendelson, M., Brink, A., Gouws, J., Mbelle, N., Naidoo, V., 
Pople, T., Schellack, N., van Vuuren, M. and Rees, H.: The One 
Health stewardship of colistin as an antibiotic of last resort for 
human health in South Africa. Lancet Infect. Dis. 18: e288-e294, 
2018. 

5. Kempf, I., Jouy, E. and Chauvin, C.: Colistin use and colistin 
resistance in bacteria from animals. Int. J. Antimicrob. Agents. 
48: 598-606, 2016. 

6. Rhouma, M., Beaudry, F. and Letellier, A.: Resistance to colistin: 
what is the fate for this antibiotic in pig production? Int. J. Anti-
microb. Agents. 48: 119-126, 2016. 

7. Sun, J., Zeng, X., Li, X.P., Liao, X.P., Liu, Y.H. and Lin, J.: 
Plasmid-mediated colistin resistance in animals: current status 
and future directions. Anim. Health Res. Rev. 18:136-152, 2017.

8. Raetz, C.R., Guan, Z., Ingram, B.O., Six, D.A., Song, F., Wang, X. 
and Zhao, J.: Discovery of new biosynthetic pathways: the lipid A 
story. J. Lipid Res. 50 Suppl (Suppl): S103-108, 2009. 

9. Wanty, C., Anandan, A., Piek, S., Walshe, J., Ganguly, J., Carlson, 
R.W., Stubbs, K.A., Kahler, C.M. and Vrielink, A.: The structure 
of the neisserial lipooligosaccharide phosphoethanolamine trans-
ferase A (LptA) required for resistance to polymyxin. J. Mol. Biol. 
425: 3389-3402, 2013. 

10. Paterson, D.L. and Harris, P.N.: Colistin resistance: a major breach 
in our last line of defence. Lancet Infect. Dis. 16: 132-133, 2016. 

11. AbuOun, M., Stubberfield, E.J., Duggett, N.A., Kirch-



Israel Journal of Veterinary Medicine  Vol. 78 (3)  September 2023Aslantaş, Ö.34

Research Articles

ner, M., Dormer, L., Nunez-Garcia, J., Randall, L.P., Lemma, 
F., Crook, D.W., Teale, C., Smith, R.P. and Anjum, M.F.: mcr-1 
and mcr-2 variant genes identified in Moraxella species isolated 
from pigs in Great Britain from 2014 to 2015. J. Antimicrob. 
Chemother. 72: 2745-2749, 2017. 

12. Borowiak, M., Fischer, J., Hammerl, J.A., Hendriksen, R.S., Szabo, 
I. and Malorny, B.: Identification of a novel transposon-associ-
ated phosphoethanolamine transferase gene, mcr-5, conferring 
colistin resistance in d-tartrate fermenting Salmonella enterica 
subsp. enterica serovar Paratyphi B. J. Antimicrob. Chemother. 
72: 3317-3324, 2017. 

13. Carattoli, A., Villa, L., Feudi, C., Curcio, L., Orsini, S., Luppi, A., 
Pezzotti, G. and Magistrali, C.F.: Novel plasmid-mediated colistin 
resistance mcr-4 gene in Salmonella and Escherichia coli, Italy 2013, 
Spain and Belgium, 2015 to 2016. Euro. Surveill. 22, 2017. 

14. Carroll, L.M., Gaballa, A., Guldimann, C., Sullivan, G., Hender-
son, L.O. and Wiedmann, M.: Identification of novel mobilized 
colistin resistance gene mcr-9 in a multidrug-resistant, colistin-
susceptible Salmonella enterica Serotype Typhimurium Isolate. 
mBio. 10, 2019. 

15. Wang, C., Feng, Y., Liu, L., Wei, L., Kang, M. and Zong, Z.: 
Identification of novel mobile colistin resistance gene mcr-10. 
Emerg. Microbes. Infect. 9: 508-516, 2020. 

16. Wang, X., Wang, Y., Zhou, Y., Wang, Z., Wang, Y., Zhang, S. and 
Shen, Z.: Emergence of colistin resistance gene mcr-8 and its vari-
ant in Raoultella ornithinolytica. Front. Microbiol. 10: 228, 2019. 

17. Xavier, B.B., Lammens, C., Ruhal, R., Kumar-Singh, S., Butaye, 
P., Goossens, H. and Malhotra-Kumar, S.: Identification of a novel 
plasmid-mediated colistin-resistance gene, mcr-2, in Escherichia 
coli, Belgium, June 2016. Euro. Surveill. 21(27), 2016. 

18. Yang, Y.Q., Li, Y.X., Lei, C.W., Zhang, A.Y. and Wang, H.N.: 
Novel plasmid-mediated colistin resistance gene mcr-7.1 in 
Klebsiella pneumoniae. J. Antimicrob. Chemother. 73: 1791-1795,  
2018. 

19. Yin, W., Li, H., Shen, Y., Liu, Z., Wang, S., Shen, Z., Zhang, 
R., Walsh, T.R., Shen, J. and Wang, Y.: Novel Plasmid-mediated 
colistin resistance gene mcr-3 in Escherichia coli. mBio. 8 (3), 2017. 

20. Hu, Y., Liu, F., Lin, I.Y., Gao, G.F. and Zhu, B.: Dissemination of 
the mcr-1 colistin resistance gene. Lancet Infect. Dis. 16: 146-147, 
2016. 

21. Poirel, L., Kieffer, N., Liassine, N., Thanh, D. and Nordmann, P.: 
Plasmid-mediated carbapenem and colistin resistance in a clinical 
isolate of Escherichia coli. Lancet Infect. Dis. 16: 281, 2016. 

22. Yao, X., Doi, Y., Zeng, L., Lv, L. and Liu, J.H.: Carbapenem-
resistant and colistin-resistant Escherichia coli co-producing NDM-
9 and MCR-1. Lancet Infect. Dis. 16: 288-289, 2016. 

23. Falgenhauer, L., Waezsada, S.E., Yao, Y., Imirzalioglu, C., Käs-
bohrer, A., Roesler, U., Michael, G.B., Schwarz, S., Werner, G., 
Kreienbrock, L. and Chakraborty, T.: Colistin resistance gene 
mcr-1 in extended-spectrum β-lactamase-producing and carbap-
enemase-producing Gram-negative bacteria in Germany. Lancet 
Infect. Dis. 16: 282-283, 2016. 

24. Haenni, M., Métayer, V., Gay, E. and Madec, J.Y.: Increasing trends 
in mcr-1 prevalence among extended-spectrum-β-lactamase-
producing Escherichia coli isolates from French Calves despite 
decreasing exposure to colistin. Antimicrob. Agents Chemother. 
60: 6433-6434, 2016. 

25. Haenni, M., Poirel, L., Kieffer, N., Châtre, P., Saras, E., Métayer, 
V., Dumoulin, R., Nordmann, P. and Madec, J.Y.: Co-occurrence 
of extended spectrum β lactamase and MCR-1 encoding genes 
on plasmids. Lancet Infect. Dis. 16:281-282, 2016. 

26. Zhang, H., Seward, C.H., Wu, Z., Ye, H. and Feng, Y.: Genomic 
insights into the ESBL and MCR-1-producing ST648 Escherichia 
coli with multi-drug resistance. Sci. Bull. (Beijing). 61: 875-878, 
2016. 

27. Zhang, S., Abbas, M., Rehman, M.U., Wang, M., Jia, R., Chen, 
S., Liu, M., Zhu, D., Zhao, X., Gao, Q., Tian, B. and Cheng, A.: 
Updates on the global dissemination of colistin-resistant Escheri-
chia coli: An emerging threat to public health. Sci. Total Environ. 
799: 149280, 2021. 

28. Malhotra-Kumar, S., Xavier, B.B., Das, A.J., Lammens, C., Butaye, 
P. and Goossens, H.: Colistin resistance gene mcr-1 harboured on a 
multidrug resistant plasmid. Lancet Infect. Dis. 16: 283-284, 2016. 

29. Kurekci, C., Aydin, M., Nalbantoglu, O.U. and Gundogdu, A.: 
First report of Escherichia coli carrying the mobile colistin re-
sistance gene mcr-1 in Turkey. J. Glob. Antimicrob. Resist. 15: 
169-170, 2018. 

30. Adiguzel, M.C., Baran, A., Wu, Z., Cengiz, S., Dai, L., Oz, C., 
Ozmenli, E., Goulart, D.B. and Sahin, O.: Prevalence of colistin 
resistance in Escherichia coli in Eastern Turkey and genomic char-
acterization of an mcr-1 positive strain from retail chicken meat. 
Microb. Drug Resist. 27: 424-432, 2021. 

31. EUCAST: European Committee on Antimicrobial Susceptibility 
Testing. Breakpoint Tables for Interpretation of MICs and Zone 
Diameters, EUCAST, Basel, Switzerland, pp. 15-20, 2022.

32. CLSI: Performance standards for antimicrobial susceptibility test-
ing. CLSI document: M100-32. Clinical and Laboratory Stand-
ards Institute. Wayne, PA. 2022.

33. Rebelo, A.R., Bortolaia, V., Kjeldgaard, J.S., Pedersen, S.K., 
Leekitcharoenphon, P., Hansen, I.M., Guerra, B., Malorny, B., 
Borowiak, M., Hammerl, J.A., Battisti, A., Franco, A., Alba, P., 
Perrin-Guyomard, A., Granier, S.A., De Frutos Escobar, C., 
Malhotra-Kumar, S., Villa, L., Carattoli, A. and Hendriksen, 
R.S.: Multiplex PCR for detection of plasmid-mediated colistin 
resistance determinants, mcr-1, mcr-2, mcr-3, mcr-4 and mcr-5 for 
surveillance purposes. Euro. Surveill. 23, 2018. 

34. Bolger, A.M., Lohse, M. and Usadel, B.: Trimmomatic: a flex-
ible trimmer for Illumina sequence data. Bioinformatics. 30: 
2114-2120, 2014. 

35. Bankevich, A., Nurk, S., Antipov, D., Gurevich, A.A., Dvorkin, 
M., Kulikov, A.S., Lesin, V.M., Nikolenko, S.I., Pham, S., Prji-
belski, A.D., Pyshkin, A.V., Sirotkin, A.V., Vyahhi, N., Tesler, 
G., Alekseyev, M.A. and Pevzner, P.A.: SPAdes: a new genome 
assembly algorithm and its applications to single-cell sequencing. 
J. Comput. Biol. 19: 455-477, 2012. 

36. Gurevich, A., Saveliev, V., Vyahhi, N. and Tesler, G.: QUAST: 
quality assessment tool for genome assemblies. Bioinformatics. 
29: 1072-1075, 2013. 

37. Tatusova, T., DiCuccio, M., Badretdin, A., Chetvernin, V., Naw-
rocki, E.P., Zaslavsky, L., Lomsadze, A., Pruitt, K.D., Borodovsky, 
M. and Ostell, J.: NCBI prokaryotic genome annotation pipeline. 
Nucleic Acids Res. 44: 6614-6624, 2016. 

38. Page, A.J., Cummins, C.A., Hunt, M., Wong, V.K., Reuter, S., 
Holden, M.T., Fookes, M., Falush, D., Keane, J.A. and Parkhill, 



Israel Journal of Veterinary Medicine  Vol. 78 (3)  September 2023 35 Detection of mcr-1 in Escherichia coli from broiler flocks

Research Articles

J.: Roary: rapid large-scale prokaryote pan genome analysis. Bio-
informatics. 31: 3691-3693, 2015. 

39. Beghain, J., Bridier-Nahmias, A., Le Nagard, H., Denamur, E. 
and Clermont, O.: Clermon Typing: an easy-to-use and accurate 
in silico method for Escherichia genus strain phylotyping. Microb. 
Genom. 4, 2018. 

40. Letunic, I., Bork, P.: Interactive tree of life (iTOL) v3: an online 
tool for the display and annotation of phylogenetic and other trees. 
Nucleic Acids Res. 44(W1): W242-245, 2016. 

41. Li, R., Xie, M., Zhang, J., Yang, Z., Liu, L., Liu, X., Zheng, 
Z., Chan, E.W. and Chen, S.: Genetic characterization of mcr-
1-bearing plasmids to depict molecular mechanisms underlying 
dissemination of the colistin resistance determinant. J. Antimicrob. 
Chemother. 72: 393-401, 2017. 

42. Shen, Y., Wu, Z., Wang, Y., Zhang, R., Zhou, H.W., Wang, S., 
Lei, L., Li, M., Cai, J., Tyrrell, J., Tian, G.B., Wu, C., Zhang, Q., 
Shen, J., Walsh, T.R. and Shen, Z.: Heterogeneous and flexible 
transmission of mcr-1 in hospital-associated Escherichia coli. mBio. 
9(4), 2018. 

43. Zając, M., Sztromwasser, P., Bortolaia, V., Leekitcharoenphon, P., 
Cavaco, L.M., Ziȩtek-Barszcz, A., Hendriksen, R.S. and Wasyl, 
D.: Occurrence and characterization of mcr-1-positive Escherichia 
coli isolated from food-producing animals in Poland, 2011-2016. 
Front. Microbiol. 10: 1753, 2019. 

44. Fan, J., Zhang, L., He, J., Zhao, M., Loh, B., Leptihn, S., Yu, Y. and 
Hua, X.: Plasmid Dynamics of mcr-1-Positive Salmonella spp. in 
a general hospital in China. Front. Microbiol. 11: 604710, 2020. 

45. Shen, Z., Hu, Y., Sun, Q., Hu, F., Zhou, H., Shu, L., Ma, T., 
Shen, Y., Wang, Y., Li, J., Walsh, T.R., Zhang, R. and Wang, S.: 
Emerging carriage of NDM-5 and MCR-1 in Escherichia coli from 
healthy people in multiple regions in China: A Cross Sectional 
Observational Study. EClinicalMedicine. 6: 11-20, 2018. 

46. Cao, Y.P., Lin, Q.Q., He, W.Y., Wang, J., Yi, M.Y., Lv, L.C., Yang, 
J., Liu, J.H. and Guo, J.Y.: Co-selection may explain the unexpect-
edly high prevalence of plasmid-mediated colistin resistance gene 
mcr-1 in a Chinese broiler farm. Zool. Res. 41: 569-575, 2020. 

47. Belotindos, L., Villanueva, M., Miguel, J, Jr., Bwalya, P., Harada, 
T., Kawahara, R., Nakajima, C., Mingala, C. and Suzuki, Y.: Preva-
lence and characterization of quinolone-resistance determinants in 
Escherichia coli isolated from food-producing animals and animal-
derived food in the Philippines. Antibiotics (Basel). 10, 2021. 

48. Ahmed, S., Das, T., Islam, M.Z., Herrero-Fresno, A., Biswas, 
P.K. and Olsen, J.E.: High prevalence of mcr-1-encoded colistin 
resistance in commensal Escherichia coli from broiler chicken in 
Bangladesh. Sci. Rep. 10: 18637, 2020. 

49. Park, S.C., Lee, K., Kim, Y.O., Won, S. and Chun, J.: Large-scale 
genomics reveals the genetic characteristics of seven species and 
importance of phylogenetic distance for estimating pan-genome 
size. Front. Microbiol. 10: 834, 2019. 

50. Kubelová, M., Koláčková, I., Gelbíčová, T., Florianová, M., Kal-
ová, A. and Karpíšková, R.: Virulence properties of mcr-1-positive 
Escherichia coli isolated from retail poultry meat. Microorganisms. 
9, 2021. 

51. Zhuge, X., Ji, Y., Tang, F., Sun, Y., Jiang, M., Hu, W., Wu, Y., Xue, 
F., Ren, J., Zhu, W. and Dai, J.: Population structure and antimi-

crobial resistance traits of avian-origin mcr-1-positive Escherichia 
coli in Eastern China, 2015 to 2017. Transbound. Emerg. Dis. 66: 
1920-1929, 2019. 

52. Johnson, T.J., Wannemuehler, Y., Doetkott, C., Johnson, S.J., 
Rosenberger, S.C. and Nolan, L.K.: Identification of minimal 
predictors of avian pathogenic Escherichia coli virulence for use 
as a rapid diagnostic tool. J. Clin. Microbiol. 46: 3987-3996,  
2008. 

53. Maluta, R.P., Logue, C.M., Casas, M.R., Meng, T., Guastalli, 
E.A., Rojas, T.C., Montelli, A.C., Sadatsune, T., de Carvalho Ra-
mos, M., Nolan, L.K. and da Silveira, W.D.: Overlapped sequence 
types (STs) and serogroups of avian pathogenic (APEC) and hu-
man extra-intestinal pathogenic (ExPEC) Escherichia coli isolated 
in Brazil. PLoS One. 9: e105016, 2014. 

54. Manges, A.R., Harel, J., Masson, L., Edens, T.J., Portt, A., Reid-
Smith, R.J., Zhanel, G.G., Kropinski, A.M. and Boerlin, P.: 
Multilocus sequence typing and virulence gene profiles associated 
with Escherichia coli from human and animal sources. Foodborne 
Pathog. Dis. 12 (4): 302-310, 2015. 

55. Kassem, II., Mann, D., Li, S. and Deng, X.: Draft genome 
sequences and resistome analysis of multidrug-resistant mcr-
1-harbouring Escherichia coli isolated from pre-harvest poultry in 
Lebanon. J. Glob. Antimicrob. Resist. 25: 114-116, 2021. 

56. Gelbíčová, T., Baráková, A., Florianová, M., Jamborová, I., 
Zelendová, M., Pospíšilová, L., Koláčková, I. and Karpíšková, R.: 
Dissemination and comparison of genetic determinants of mcr-
mediated colistin resistance in Enterobacteriaceae via retailed raw 
meat products. Front. Microbiol. 10: 2824, 2019. 

57. Maciuca, I.E., Cummins, M.L., Cozma, A.P., Rimbu, C.M., 
Guguianu, E., Panzaru, C., Licker, M., Szekely, E., Flonta, M., 
Djordjevic, S.P. and Timofte, D.: Genetic Features of mcr-1 Medi-
ated Colistin resistance in CMY-2-producing Escherichia coli from 
Romanian poultry. Front. Microbiol. 10: 2267, 2019. 

58. Yang, R.S., Feng, Y., Lv, X.Y., Duan, J.H., Chen, J., Fang, L.X., Xia, 
J., Liao, X.P., Sun, J. and Liu Y.H.: Emergence of NDM-5- and 
MCR-1-producing Escherichia coli Clones ST648 and ST156 from 
a single muscovy duck (Cairina moschata). Antimicrob. Agents 
Chemother. 60: 6899-6902, 2016. 

59. Liu, B.T. and Song, F.J.: Emergence of two Escherichia coli strains 
co-harboring mcr-1 and bla (NDM) in fresh vegetables from 
China. Infect. Drug. Resist. 12: 2627-2635, 2019. 

60. Rossi, F., Girardello, R., Morais, C., Cury, A.P., Martins, L.F., da 
Silva, A.M., Abdala, E., Setubal, J.C. and da Silva Duarte, A.J.: 
Plasmid-mediated mcr-1 in carbapenem-susceptible Escherichia 
coli ST156 causing a blood infection: an unnoticeable spread of 
colistin resistance in Brazil? Clinics (Sao Paulo). 72: 642-644, 
2017. 

61. Özkaya, E., Buruk, C.K., Tosun, İ., Toraman, B., Kaklıkkaya, N. 
and Aydın, F.: Investigation of Plasmid mediated mcr colistin 
resistance gene in clinical Enterobacterales isolates. Mikrobiyol. 
Bul. 54: 191-202, 2020. 

62. Arabacı, Ç., Dal, T., Başyiğit, T., Genişel, N. and Durmaz, R.: 
Investigation of carbapenemase and mcr-1 genes in carbapenem-
resistant Klebsiella pneumoniae isolates. J. Infect. Dev. Ctries. 13: 
504-509, 2019. 


