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Low prevalence of mcr-1 in Escherichia coli @
from food-producing animals and food
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Abstract

Background mcr-T1-positive Escherichia coli has emerged as a significant threat to human health, veterinary health,
and food safety in recent years. After the prohibition of colistin as a feed additive in animal husbandry in China, a
noticeable reduction in both colistin resistance and the prevalence of mcr-7 was observed in E. coli from animals and
humans.

Objectives To assess the prevalence of the colistin resistance gene mcr-1 and characterize its genetic context in £.
coli strains derived from fecal and meat samples from food-producing animals in China.

Methods A total of 1,353 fecal samples and 836 food samples were collected between 2019 and 2020 in China. E. coli
isolates were identified using matrix-assisted laser desorption/ionization time-of-flight mass spectrometry and their
susceptibility to colistin were determined using the broth microdilution method. The colistin-resistant £. coli isolates
were screened for the presence of mcr by PCR analysis and sequencing. The minimal inhibitory concentrations (MICs)
of 15 antimicrobial agents against the mcr-7-positive strains were further tested using the agar dilution method,
conjugation assays were performed, and whole genome sequencing was performed using lllumina HiSeq.

Results In total, 1,403 E. coli strains were isolated. Thirteen isolates from chicken meat (n=7), chickens (n=3), and
pigs (n=3) were resistant to colistin with MIC values of 4 to 16 mg/L, and carried mcr-1. All mcr-1-positive strains,
except for isolate AH20PE105, contained multiple resistance genes and exhibited multidrug-resistant phenotypes.
They belonged to 10 sequence types (STs), including a novel ST (ST14521). mcr-1 was located on Incl2 (n=9), IncX4
(n=2),and IncHI2 (n=2) plasmids, which were highly similar to other mcr-1-carrying plasmids sharing the same
incompatibility type. Seven mcr-1-carrying plasmids could be successfully conjugally transferred to E. coli C600.
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Conclusions While the low prevalence of mcr-1 (0.93%) identified in this study may not immediately seem alarming,
the very emergence of this gene merits attention given its implications for colistin resistance and public health.
Hence, ongoing surveillance of mcr-1in E. coli remains crucial.
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Introduction

The emergence and rapid growth of antibiotic-resistant
bacteria pose major challenges to human health, veteri-
nary health, and food safety on a global scale because of
the improper use of antibiotics in clinical application and
livestock farming [1]. A lack of novel antibacterial agents
to combat multidrug-resistant (MDR) Gram-negative
bacteria has led to the reuse of polymyxins, particularly
colistin, in treatment programs [1]. However, resistance
to colistin has been on the rise following the emergence
and widespread distribution of the plasmid-borne colis-
tin resistance gene mcr-1 [1-4]. To date, 10 mcr vari-
ants and many subvariants have been globally identified
in diverse bacterial species, particularly Escherichia coli,
Klebsiella pneumoniae, and Salmonella species, from
various sources [1, 5]. Among the 10 mcr variants, mcr-1
stands out as the predominant type [1].

E. coli are Gram-negative bacteria. Commensal vari-
ants of E. coli are harmless, whereas pathogenic variants
can trigger intestinal or parenteral infections in humans
and many animal hosts [6]. Statistically, 48 per 100,000
individuals in high-income countries are diagnosed with
E. coli bacteremia infections every year [6]. A major con-
cern is that MDR E. coli may cause treatment failures
because they are a potential reservoir of drug resistance
genes, particularly mcr-1, which confers resistance to
colistin [7]. E. coli isolates carrying micr-1 prevail signifi-
cantly among food-producing animals and exhibit wide-
spread distribution across various sources, including
humans, wildlife, companion animals, food products, and
the environment [1-4, 8]. The rapid dissemination can be
attributed to the use of colistin in veterinary medicine or
as a growth promoter, along with the capability of mcr-
1 for horizontal transfer [1, 3, 8]. The insertion sequence
ISApll, transposon Tn6330 (ISApli-mcr-1-1SApll),
and many plasmids (such as IncX4, IncI2, and IncHI2)
have been reported to be involved in mcr-1 transmission
among various sources [1, 3, 4].

Following the prohibition of adding colistin to animal
feed for growth promotion on April 30, 2017, significant
effects have been observed in China, notably in reducing
both colistin resistance and the prevalence of mcr-1-pos-
itive E. coli [9]. To further assess the prevalence of mcr-1,
we examined the dissemination of mcr-1 in E. coli from
food-producing animals and retail raw meats and ana-
lyzed the genetic environment of mcr-1 in this study.

Materials and methods

Detection of mcr and antimicrobial susceptibility testing
From June 2019 to November 2020, a total of 1,353
fecal samples were collected from food-producing ani-
mals including pigs (#=212), chickens (#=358), cattle
(n=752), and pigeons (n=31) from farms located in
Anhui, Henan, Liaoning, Jiangsu, Guangdong, Shandong,
and Xinjiang in China and 836 food samples including
pork (n=377), chicken meat (n=341), and beef (n=118),
were collected from a slaughterhouse, farmers’ markets,
and supermarkets in the aforementioned provinces and
Shanghai (Supplementary Table S1). The isolation of
E. coli using previously described methods with minor
modifications [10, 11]. The samples were cultured for
18-24 h in buffered peptone water (BPW) broth at 37 °C.
The positive growth was further streaked on a MacCon-
key agar plate and incubated at 37 °C for 24 h. One pink
colony from each plate was inoculated onto an eosin
methylene blue (EMB) agar plate for 24 h at 37 °C. A col-
ony with metallic sheen color (presumptive E. coli) was
inoculated onto another EMB agar plate for purification.
One E. coli isolate was randomly chosen from each plate
and identified using matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (Bruker Dal-
tonik GmbH, Bremen, Germany).

The susceptibility of all E. coli isolates to colistin was
assessed using the broth microdilution method accord-
ing to the International Standards ISO 20776-1 (https://
www.iso.org/standard/70464.html). The colistin-resistant
E. coli isolates were screened for the presence of mcr by
PCR analysis and sequencing using the primers listed
in Supplementary Table S2. The susceptibility of the
mcr-positive isolates to 15 antimicrobial agents was fur-
ther assessed using the agar dilution method following
the guidelines of the Clinical and Laboratory Standards
Institute (CLSI) MO7 [12]. The results were interpreted
according to the 30th edition of the CLSI M100 [13]. E.
coli ATCC 25,922 served as the quality control in antimi-
crobial susceptibility testing.

Whole genome sequencing and analysis

Genomic DNA was extracted from all mcr-1-positive E.
coli isolates using the TTANamp Bacteria DNA Kit (Tian-
gen, Beijing, China), according to the manufacturer’s
instructions. The Illumina HiSeq platform was used to
sequence all mcr-1-positive isolates, and SPAdes v.3.8.2
was used to assemble the sequence reads into contigs.
Multilocus sequence typing (MLST), acquired resistance
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genes, chromosomal mutations, and plasmid incompat-
ibility groups were detected using the CGE database
(http://www.genomicepidemiology.org/). PCR analy-
sis and Sanger sequencing were performed to assemble
plasmid contigs into a complete plasmid sequence (Sup-
plementary Table S3). Initial analysis and annotation
of contigs or plasmids containing mcr-1 were using the
RAST (https://rast.nmpdr.org/rast.cgi), ISfinder (https://
www-is.biotoul.fr/), BLAST (https://blast.ncbi.nlm.nih.
gov/Blast.cgi) and Gene Construction kit 4.5 (Textco
BioSoftware, Inc., Raleigh, NC). The genetic structures
of mcr-1 in plasmids were drawn using Vector NTI
11 (Thermo Fisher Scientific, Inc., Waltham, MA) and
manually adjusted. All whole genome sequences and
mcr-1-carrying plasmids have been deposited in Gen-
Bank under the accession numbers PRJNA967092 and
PRJNA974499, respectively.

Conjugation experiments

As mentioned previously, conjugation experiments
were performed using all mcr-1-positive E. coli isolates
[14]. The mcr-1-positive E. coli isolates were used as the
donors and high-level streptomycin-resistant E. coli C600
was used as the recipient; they were mixed in a ratio of
1:4. Transconjugants were selected on EMB agar contain-
ing colistin (2 pg/mL) and streptomycin (3000 pg/mL)
and were further confirmed by detecting mcr-1 using
PCR. The experiments were performed in triplicate, and
the conjugal frequency of mcr-1 was estimated as the
number of transconjugants per recipient.

Results

Characterization of mcr-1-positive E. coli isolates

In total, 1,403 E. coli strains were isolated from food-pro-
ducing animals and retail meat products (Supplementary
Table S1). Of these, 13 isolates (0.93%) from chicken meat
(n=7), chickens (n=3), and pigs (n=3) exhibited resis-
tance to colistin with minimum inhibitory concentration
(MIC) values of 4 to 16 mg/L. No other mcr variants were
detected, except for mcr-1 (Table 1). A low detection rate
of mcr-1 among E. coli isolates originating from food-
producing animals (0.62%, 6/974) and animal-derived
food (1.63%, 7/429) was observed in this study.

As shown in Table 1, all colistin-resistant E. coli iso-
lates, except for isolate AH20PE105, were also resistant
to multiple antibiotics. Eleven isolates were resistant
to ampicillin, tetracycline, and chloramphenicol. Addi-
tionally, among the 13 mcr-1-positive isolates, resis-
tance to streptomycin, sulfamethoxazole/trimethoprim,
and gentamicin was observed in 10, 10, and nine cases,
respectively. Nine isolates contained bla-x_p, includ-
ing blacyx_y_s5 (1=6), blacrx_y_14 (1=3), blacrx_yi_es
(n=1), and blacry_p_123 (n=1), and were resistant to
cefazolin and cefotaxime. Two isolates, SD20MCE26 and
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LN19MCE?7, carried both blacry_y_ss and blacrx_ 14
Furthermore, nine MCR-1-producing E. coli strains
exhibited resistance to florfenicol, a common veterinary
antimicrobial agent, and carried the florfenicol resistance
gene floR. The fosfomycin resistance gene fosA3 and 16S
rRNA methylase gene rmtB were identified in six fosfo-
mycin-resistant strains and one amikacin-resistant strain,
respectively. In addition, gyrA (S83L and D87N/Y) and
parC (S80I) mutations were observed in 10 E. coli strains,
thereby explaining their nalidixic acid- and ciprofloxa-
cin-resistant phenotypes. The presence of the multidrug
efflux pump genes ogxAB and quinolone resistance gene
gqnrS2 and the existence of a single mutation in parC
(A56T) in isolate SD20MCE26 were responsible for its
resistance to nalidixic acid.

MLST analysis based on whole genome sequencing
revealed that 13 mcr-1-positive E. coli isolates belonged
to 10 sequence types (STs), including ST10 (n=2), ST101
(n=2), ST156 (n=2), ST155, ST48, ST6388, ST1011,
ST3871, ST1589, and a new ST (ST14521) (Table 1).
Three to seven plasmid replicons were identified in mcr-
1-positive E. coli strains (Table 1). By analyzing mcr-
1-carrying contigs or plasmids, we found that mcr-1 was
located on plasmids in all isolates and that IncI2 was pre-
dominant (n=9), followed by IncX4 (n=2) and IncHI2
(n=2) (Table 1).

Characterization of mcr-1-carrying Incl2 plasmids in nine E.
coliisolates

The mcr-1-carrying IncI2 plasmids in this study were
similar to the first reported mcr-I-carrying plasmid
pHNSHP45 (E. coli, pig, China, KP347127) (Fig. 1). The
transposable element ISAplI observed upstream of mcr-
1 in pHNSHP45 was not present in eight mcr-1-carrying
plasmids. Moreover, only one plasmid (pYUYZMC13-
MCR) from the isolate YZ19MCE13 contained an
incomplete ISApll upstream of mcr-1 (Fig. 1). In addi-
tion to mcr-1, the plasmids pYUAHC37-MCR, pYU-
AHC39-MCR, and pYUSDMC15-MCR from the isolates
AH20CE37, AH20CE39, and SD20MCEL15, respectively,
carried blacrx_p_ss. It was located in a typical transposi-
tion unit (ISEcpl-blacry_y_ss—0rf477) with 5-bp direct
repeats (DRs, 5'-GAAAA-3’), while ISEcpl was inter-
rupted by IS1294 in pYUAHC37-MCR and pYUAHC39-
MCR (Fig. 1).

A multiple inversion system called shufflon was first
identified in the IncI1 plasmid R64 and later discovered
in other Inc types, including Incly, IncI2, IncK, and IncZ
plasmids [15]. The rearrangement of shufflon regions
results in the generation of different C-terminal ends of
the PilV protein, which is involved in bacterial conjuga-
tion [15]. The shufflon region of nine IncI2 plasmids was
distinct and included eight arrangements, and it was
interrupted by ISEc8 in pYUYZMC28-MCR (Fig. 1). A
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Table 1 (continued)
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5 AMP, ampicillin; CFZ, cefazolin; CTX, cefotaxime; GEN, gentamicin; AMI, amikacin; TET, tetracycline; CHL, chloramphenicol; FFC, florfenicol; NAL, nalidixic acid; CIP, ciprofloxacin; FOS, fosfomycin; SXT, sulfamethoxazole/

trimethoprim; STR, streptomycin
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similar ISEc8 insertion was observed in the recombinase
gene rci in pYUYZMC34-MCR (Fig. 1). In pYUYZMC13-
MCR, the mok-parA fragment (2007 bp) was absent
because of the insertion of IS1294 and the type IV pilus
transmembrane gene pilR was interrupted by IS2, gen-
erating 5-bp DRs (5'-CCGCG-3’) (Fig. 1). The insertion
of mobile elements into the conjugal region may explain
the failure of conjugation of the three abovementioned
mcr-1-carrying plasmids. Three plasmids in this study
(pYUYZMC6-MCR, pYUSDMCI15-MCR, and pYU-
AHP105-MCR) could be successfully transferred to E.
coli C600 at a frequency of 5.79x107%, 8.99x1073, and
1.9x10™* transconjugants per recipient, respectively.

Characterization of mcr-1-carrying IncX4 plasmids in two E.
coliisolates

Two mcr-1-carrying IncX4 plasmids, pYUAHP7-MCR
and pYUYZP15-MCR, were obtained from isolates
AH20PE7 and YZI19PE15, respectively, with a size of
34,541-36,021 bp. Both plasmids had typical IncX4
plasmid backbones, including genes encoding replica-
tion proteins and conjugal transfer proteins and those
responsible for maintenance and stability (Fig. 2). More-
over, their organization was similar to that of other
mcr-1-carrying IncX4 plasmids from animals or food
products in China, such as pHNSHP10 (pig, MF774182)
and pPY1 (pork, KX711708) from E. coli (Fig. 2). How-
ever, ISApll was inserted downstream of mcr-1-pap2 in
pY1, which was not present in our plasmids. Moreover,
the mcr-1-pap2 segment was inserted in pPY1 in reverse
orientation. Instead, one copy of IS26 was inserted into
the backbone of the two plasmids at the same site, gen-
erating 8-bp DRs (5'-CTGTGTGA-3’) (Fig. 2). In addi-
tion to 1S26, one copy of 1S679-like was inserted into hns
with 8-bp DRs in pYUAHP7-MCR. Moreover, topB was
interrupted by the insertion of ISKpn40 in pYUYZP15-
MCR (Fig. 2). As described previously [4, 16, 17], the
IncX4 plasmids pYUAHP7-MCR and pYUYZP15-MCR
did not carry any drug resistance genes, except for mcr-1.
They were transferable at a frequency of 3.75x10™* and
2.03x 1072 transconjugants per recipient, respectively.

Characterization of mcr-1-carrying contigs associated with
IncHI2 plasmids in two E. coli isolates

In strains SD20MCE26 and AH20CE15, mcr-1-carrying
contigs (101,306 bp and 106,757 bp, respectively) were
highly similar to the IncHI2 plasmids pHN6DS2 (E. coli,
MH459020), pSI-16E242 (Salmonella, ON960347), and
pEC15-MCR-50 (E. coli, MG656414) (Fig. 3). The micr-
1-positive contigs in SD20MCE26 and AH20CE15 har-
bored tellurium resistance genes (terYXWZABCDEF)
and genes responsible for conjugal transfer (¢rhINUW-
FOZCVBKELA and htdKFATVO). The insert sequence
ISAplI observed upstream of mcr-1 in pHN6DS2 was
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present in SD20MCE26 but absent in AH20CE15
(Fig. 3). As IncHI2 plasmid replicons were identified in
SD20MCE26 and AH20CE15 (Table 1) and mcr-1 from
SD20MCE26 and AH20CE15 could be transferred to E.
coli C600 at a frequency of 3.24x107° and 1.94x107°
transconjugants per recipient, respectively, mcr-1 in
SD20MCE26 and AH20CE15 may be associated with
IncHI2 plasmids.

Discussion

Since its identification in 2015 in a porcine E. coli strain
in China, the plasmid-mediated colistin resistance gene
mcr-1 has rapidly disseminated worldwide, being identi-
fied in diverse bacterial species across various sources,
predominantly hosted by E. coli [1-4, 8]. In our study,
a low prevalence of mcr-1 was observed among E. coli

isolates from food-producing animals and animal-
derived food. It might be attributed to the random iso-
lation of E. coli strains without employing a medium
supplemented with colistin for selection. Furthermore,
we identified colistin-resistant E. coli isolates from
chickens (1.29%, 3/275) and pigs (1.09%, 3/232), while
none were found in cattle (0/507) or pigeons (0/27). The
absence in pigeons might be due to the limited numbers
of E. coli isolates, and notably, colistin has never been
approved for use in cattle in China. On the other hand,
our findings align with the substantial decrease in colis-
tin resistance and mcr prevalence following the ban of
colistin-positive additives in China [9]. This underscores
the critical significance and consequential effects of pro-
hibiting colistin as an animal growth promoter in China.
Although a low detection rate of E. coli isolates carrying
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mcr-1 gene was noted in this study, its presence in ani-
mals and food remains a considerable threat to public
health, given the potential risk of zoonotic transmis-
sion to humans through the food chain and contact with
backyard animals [1, 7]. In addition to mcr-1, 12 isolates
investigated in this study contained multiple antimi-
crobial resistance genes, such as blacry_y flOR, 0gxAB,
gnrS, and mutations in gyrA and parC, consistent with
their antibiotic-resistant phenotype. The emergence and
spread of these MDR E. coli strains present a heightened
risk, potentially resulting in difficult-to-treat infections
and limiting therapeutic options against infections they
cause [7]. More importantly, they serve as a significant
reservoir of resistance determinants to most families of
antimicrobial agents for animals and humans [7].

A high diversity of E. coli isolates with different STs
carrying mcr-1 has been identified in animals, food prod-
ucts, and humans [4, 9, 16]. The STs identified in this
study, such as ST10, ST48, ST101, ST155, ST156, ST1011
and ST1589, were also previously reported as common
mcr-1 carriers in food-producing animals and humans in
China [9, 16, 18]. These STs have also been recognized as

mcr-1 carriers beyond China. For example, mcr-1-posi-
tive E. coli ST10, ST1011, and ST156 were identified in
poultry samples from Poland [19]. In Egypt, two E. coli
ST155 strains encoding Tet(X7) and MCR-1 were iso-
lated from chicken meat, while three mcr-1-positive E.
coli ST101 strains were recovered from pigs in Europe
[20, 21]. The diversity observed in E. coli STs in our study
and prior research suggests that horizontal transmission
serves as the primary route for mcr-1 dissemination in
animals and their food products. Nonetheless, it is note-
worthy that the clonal spread of specific ST-type E. coli
strains, such as E. coli ST93 among companion animals,
and E. coli ST10 in swine farms, may also contribute to
the spread of mcr-1 [22, 23].

Plasmids play an essential role in the global dissemi-
nation of resistance genes including mcr-1 in Entero-
bacteriaceae [1, 3, 4, 24]. While various plasmids, such
as IncFIL, IncY, IncP, and IncK2, have been described
as vectors of mcr-1, the majority of identified plasmids
were affiliated with three incompatibility groups: Incl2,
IncX4, and IncHI2 [3, 4, 8, 17, 25]. These three preva-
lent plasmid types have served as the principal vehicles
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for disseminating mcr-1 globally, frequently detected in
Enterobacteriaceae, particularly E. coli, across diverse
origins [3, 4, 8]. Consistent with this trend, our study
also detected the presence of mcr-1 on Incl2, IncX4, or
IncHI2 plasmids, with high similarity to each other and
previously reported micr-1-carrying plasmids within the
same incompatibility group. Furthermore, a diverse array
of IS elements was found integrated into the plasmid
backbone, leading to the loss or acquisition of genetic
fragments and driving plasmid evolution among different
lineages of E. coli strains. Seven mcr-1-carrying plasmids
identified in our study possess conjugative capabili-
ties, representing an increased risk of spreading mcr-1
between bacteria, even across different species. This con-
jugal transferability significantly contributes to the dis-
semination of both mcr-1 and colistin resistance among
bacterial populations [8].

In this study, IncI2 plasmids emerged as the primary
vehicle for mcr-1 transmission, sharing a similar back-
bone yet distinct shufflon regions. Intriguingly, a strik-
ing rise in the occurrence of Incl2-type plasmids was
noticed among mcr-1-positive E. coli strains from ani-
mals and humans following the cessation of colistin as an
animal growth promoter in China [9]. The precise reason
behind this observation remains unclear. However, IncI2
plasmids often carry additional resistance genes such as
blac1x_y_ss in this study, besides mcr-1, potentially con-
tributing to the preferential selection of these plasmids
due to the extensive use of B-lactam antibiotics such
as amoxicillin in animals and cephalosprins in human
clinical settings [9]. Furthermore, the enhanced fitness
conferred by mcr-1-carrying IncI2 and IncX4 plasmids
supports their dissemination and persistence in bacte-
rial populations even without antibiotic selection pres-
sures [17]. Conversely, the acquisition of mcr-1-carrying
IncHI2 plasmids imposes a competitive disadvantage
[17, 26]. Nonetheless, these plasmids often carry diverse
resistance genes (e.g., floR, blac-ry_\» and fosA3), co-
selection by other antimicrobials might augment the fur-
ther dissemination of IncHI2 plasmids carrying mcr-1 [8,
17, 22, 27].

The insertion sequence ISAplI is involved in mobiliz-
ing mcr-1 among DNA molecules, such as plasmid or
chromosomes [3, 4, 25, 28]. However, in this study, the
presence of ISApl1, intact or incomplete, was observed
upstream of mcr-1 in only two plasmids, while the mcr-
1-pap?2 structure (n=11) was more prevalent. This obser-
vation aligns with a prior study indicating that ISAp/1
upstream of the mcr-1 gene was present in 77.8% of
IncHI2 plasmids, 37.9% of IncI2 plasmids, and absent in
IncX4 plasmids [4]. The proposed hypothesis suggests
that mcr-1 initially mobilizes through the mobile trans-
poson unit Tn6330 (ISApll-mcr-1-pap2-ISApll), sub-
sequently undergoing a gradual loss of ISApl/1 at both
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ends, potentially ensuring the stability of mcr-1 before
plasmid-mediated transmission [3, 29]. Consequently,
this results in the formation of diverse genetic structures
harboring mcr-1, with the mcr-1-pap2 structure being
predominant, followed by the ISAplI-mcr-1-pap2 struc-
ture [3, 29].

However, our study has several limitations. We col-
lected samples from only seven regions in China, how-
ever, certain sources (e.g., pigeons and beef) were limited
in sample quantity and location. The uneven distribution
of samples across different regions and types led to con-
siderable variation in the number of strains isolated from
different areas. For instance, there were notably fewer pig
and pork samples and isolated strains from Guangdong
province. Additionally, we exclusively detected mcr genes
in colistin-resistant E. coli isolates. Notably, mcr-4.3 dem-
onstrated a silent phenotype due to mutations (V179G
and V236F), and silent transmission of inactivated micr-
1 and mcr-9 with inducible colistin resistance have been
previously reported [30—33]. Hence, there remains a pos-
sibility that the colistin-susceptible E. coli strains yet to
be identified in our study may carry mcr.

Conclusion

This study unveils a low detection rate (0.93%) of mcr-1
among E. coli isolates originating from food-producing
animals and animal-derived food products, associated
with the previously identified IncI2, IncX4 and IncHI2
epidemic plasmids. While the low prevalence of micr-1
might not immediately appear threatening, its emer-
gence merits attention given its implication for colistin
resistance and public health. Considering the potential
dissemination of mcr-1 facilitated by plasmids among
bacteria, and the risk of co-selection with other com-
monly used antibiotics in animal husbandry, continu-
ous surveillance of mcr-1 is imperative. This surveillance
needs to monitor not only its prevalence and dissemi-
nation in E. coli but also in other Enterobacteriaceae
species.
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