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Global spread of Escherichia coli strains carrying the mobilized colistin resistance gene
mer-1.7 (MCR1-EC) poses serious threats to public health. Colistin has been generally
prescribed for swine colibacillosis, having made swine farms as major reservoirs of
MCR1-EC. The present study aimed to understand characteristic differences of MCR1-EC,
including prevalence, antimicrobial resistance, and virulence, according to swine production
stages. In addition, genetic relatedness was evaluated between MCR1-EC isolated from
this study as well as pig-, human-, and chicken-derived strains published in the National
Center for Biotechnology Information (NCBJ), based on the multi-locus sequence types
(MLSTs) and whole-genome sequences (WGS). Individual fecal samples (n=331) were
collected from asymptomatic weaning-piglets, growers, finishers, and sows from 10
farrow-to-finishing farms in South Korea between 2017 and 2019. The weighted prevalence
of MCR1-EC was 11.6% (95% CI: 8.9%-15.0%, 55/331), with the highest prevalence at
weaning stage. The 96.2% of MCR1-EC showed multi-drug resistance. Notably, weaning
stage-derived MCR1-EC showed higher resistance rates (e.g., against extended-spectrum
B-lactams or quinolones) than those from other stages. MCR1-EC with virulence
advantages (e.g., intestinal/extraintestinal pathogenic E. coli or robust biofilm formation)
were identified from all pig stages, accounting for nearly half of the total strains. WGS-based
in-depth characterization showed that intestinal pathogenic MCR1-EC harbored multi-
drug resistance and multiple virulence factors, which were highly shared between strains
isolated from pigs of different stages. The clonal distribution of MCR1-EC was shared
within swine farms but rarely across farms. The major clonal type of MCR1-EC from swine
farms and NCBI database was ST10-A. Core genomes of MCR1-EC isolated from
individuals within closed environments (same farms or human hospitals) were highly shared
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(genetic distance <0.01), suggesting a high probability of clonal expansion of MCR1-EC
within closed environments such as livestock husbandry. To the best of our knowledge,
this is the first study to analyze the differences in the characteristics and clonal distribution
of MCR1-EC according to production stages in swine farms, an important reservoir of
MCR1-EC. Our results highlight the need to establish MCR1-EC control plans in swine
farms based on an in-depth understanding of MCR1-EC characteristics according to
swine production stages, focusing especially on the weaning stages.

Keywords: colistin, mcr-1.1, intestinal pathogenic E. coli, extra-intestinal pathogenic E. coli, extended-spectrum

p-lactamase, swine production stages

INTRODUCTION

Colistin is regarded as a last resort for the treatment of multi-
drug resistant (MDR) bacterial infections in humans and has
been classified as a critically important antimicrobial agent by
the World Health Organization (WHO, 2018). Before 2016,
colistin resistance was mainly considered to be associated with
mutational and regulatory changes in chromosomal genes,
including pmrAB and phoPQ (Liu et al., 2016). The mobilized
colistin resistance gene mcr-1 was first described in a plasmid
carried by Escherichia coli strains in 2016 (Liu et al, 2016),
and has since been found in more than 50 countries across
six continents (Wang et al., 2018b), highlighting the global
spread of colistin resistance via mcr-1.

Swine colibacillosis is a major disease in pigs that causes
huge economic losses for the global swine industry (Luppi,
2017). Colistin has been generally used for the treatment of
swine colibacillosis, leading to an increased prevalence of E. coli
strains carrying mcr-1 (MCR1-EC) in swine farms (Malhotra-
Kumar et al,, 2016; Tong et al., 2018; Liu et al., 2020; Nakano
et al., 2021). In pig production systems, pigs at different stages
of growth, referred to as weaning piglets, growers, finishers,
and pregnant pigs, are usually raised in separate barns (Kyriazakis,
2006). However, as pigs age and transition to the next growth
stage and next stage barn, bacterial transmission can occur
between animals at different swine production stages within
farms, which has been reported to be a significant risk factor
for the high prevalence of MDR bacteria in swine farms (Fromm
et al.,, 2014; Schmithausen et al., 2015). Since mecr-1 is mainly
mediated by plasmids, the important role of genetic transferability
of mcr-1 in the spread of MCRI-EC has been continuously
highlighted in various studies (Garcia et al., 2018; Wang et al,,
2018b; Wu et al., 2018b; Soliman et al., 2021). However, genetic
transfer essentially presupposes the transfer of strains and
bacteria-to-bacteria interactions under favorable conditions (e.g.,
physical distance between strains, nutrition, and environmental
conditions, etc.; Virolle et al., 2020), which suggests that bacterial
transmission also provides a crucial basis for the spread of
MCRI-EC. Understanding the genetic characteristics and
distribution of MCR1-EC considering swine production stages,
which is an important reservoir of MCRI-EC, could be a
cornerstone to establish strategies for the control of colistin
resistance in the swine industry. However, despite its importance,
the characteristics and distribution of MCRI1-EC based on

different swine production stages within farms have rarely
been studied.

Given that colistin has been considered a recommended
treatment option for swine colibacillosis and that intestinal
pathogenic E. coli (InPEC) comprises major causative pathogens
of swine colibacillosis (Malhotra-Kumar et al., 2016; Tong et al.,
2018; Liu et al, 2020; Nakano et al, 2021), the presence of
intestinal pathogenic MCR1-EC in pig husbandry represents
a severe challenge for the swine industry. Colistin administration
during the treatment of swine colibacillosis caused by intestinal
pathogenic MCR1-EC can lead to disease treatment failure, as
well as complications, resulting in serious economic losses for
pig farms (Garcia et al., 2018). To establish suitable strategies
to control intestinal pathogenic MCR1-EC in swine farms, an
in-depth characterization of intestinal pathogenic MCR1-EC
should be performed, and whole-genome sequence (WGS)-
based analysis might provide valuable insights.

The present study aimed to understand the characteristic
differences and clonal distribution of MCR1-EC in swine farms
according to production stages. For this, first, the prevalence,
antimicrobial resistance, and genetic and phenotypic virulence
characteristics of MCRI-EC isolated from swine farms were
investigated, and differences according to swine production stages
were analyzed. Second, we performed WGS for all intestinal
pathogenic MCRI1-EC isolated in this study and conducted an
in-depth genetic characterization. Finally, to understand spread
characteristics of MCR1-EC, genetic relatedness analysis based on
the clone types and WGS were conducted for MCRI-EC strains
isolated in this study, as well as MCR1-EC isolated from various
sources published in the National Center for Biotechnology
Information (NCBI) GenBank database.

MATERIALS AND METHODS

Sample Collection

We collected individual swine fecal samples from 10 “farrow-to-
finishing” swine farms located in the five provinces with the
highest number of pig farms in South Korea, specifically
Gyeonggi-do, Chungcheong-nam-do, Jeolla-nam-do, Jeolla-buk-do,
and Gyeongsang-buk-do (Figures 1, 2; Supplementary Table 1).
The number of pig farms by province in South Korea was obtained
from the 2017 demographic report of the Korean Statistical
Information Service of Statistics Korea (Korea, 2017). Each swine
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FIGURE 1 | Flow chart of the present study design.
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farm was visited once between May 2017 and July 2019, and
fecal samples were randomly collected from 26 to 34 asymptomatic
pigs for each farm, including 5-6 weaning piglets (4-7-week-old),
9-11 growing pigs (7-14-week-old), 8-11 finishing pigs (14-24-
week-old), and 3-6 sows, and immediately transported to the
lab. In total, 331 fecal samples (59 from weaners, 108 from growers,
107 from finishers, and 57 from pregnant sows) were included.

Isolation of MCR1-EC

The isolation of MCR1-EC was conducted following previously
described protocols for the isolation of antimicrobial resistant
E. coli, with slight modifications (Bartoloni et al., 1998, 2006;
Wedley et al,, 2011, 2017). Approximately, 1g of each sample
was resuspended in 9ml of Escherichia coli broth (BD Biosciences,
New Jersey, United States) and incubated overnight at

37°C. Thereafter, 100l of culture suspension was spread on
MacConkey agar (BD Biosciences), and a colistin disk (10 pg/
ml, Oxoid, Cheshire, United Kingdom) was placed on the plate.
After overnight incubation at 37°C, 1-4 colistin-resistant E. coli
candidate isolates grown inside the colistin-resistant zone
(£10mm) were selected and streaked on Eosin Methylene Blue
agar (BD Biosciences) containing 2mg/L colistin (Sigma Aldrich,
Massachusetts, United States) for further confirmation. The
diameter (<10mm) of the candidate colistin-resistant zone was
set with reference to the disk diffusion quality control range
of E. coli reference strain ATCC 25922 described in the Clinical
Laboratory Standard Institute (CLSI) guidelines M100S 31th
Edition (2021). Then, the presence of mcr-1 and mcr-1-encoded
replicon types was determined via PCR and sequencing as
previously described (Wu et al., 2018b). The sequenced PCR
amplicons were compared with the reference sequences from
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FIGURE 2 | Escherichia coli strains carrying mer-1 (MCR1-EC) prevalence in Farms A-J and number of swine farms by South Korean province. The numbers in
parentheses show the unweighted prevalence of MCR1-EC and the number of MCR1-EC-positive samples versus that of total samples for each farm. The number
of pig farms by province in South Korea was obtained from the 2017 demographic report of the Korean Statistical Information Service of Statistics Korea.
Visualization was conducted using the QGIS geographic information system program (v3.16.15). MCR1-EC, Escherichia coli carrying the mobilized colistin
resistance gene mcr-1.1; GG, Gyeonggi-do; CN, Chungcheong-nam-do; JB, Jeolla-buk-do; JN, Jeolla-nam-do; GN, Gyeongsang-nam-do; GB, Gyeongsang-buk-

do; CB, Chungcheong-buk-do; and GW, Gangwon-do; JJ, Jeju-do.

the NCBI GenBank database using the Basic Local Alignment
Search Tool (BLAST; https://blast.ncbi.nlm.nih.gov/Blast.cgi) to
identify the replicon types, as well as mcr-1 variants from
mcr-1.1 to mcr-1.32. The PCR was performed using a SimpliAmp
Thermal Cycler (Thermo Fisher Scientific, Massachusetts,
United States), and sequencing was performed using an ABI
PRISM 3730XL DNA analyzer (Thermo Fisher Scientific).
Escherichia coli isolates carrying mcr-1 were confirmed as
MCRI1-EC, and one MCRI-EC strain per sample was randomly
selected if more than one isolates were identified from a sample.
Primer sequences and reaction conditions are summarized in
Supplementary Table 2

Antimicrobial Resistance

Antimicrobial Susceptibility Assay

Minimum inhibitory concentration (MIC) tests were conducted
to evaluate colistin resistance using the Trekstar Sensititre

KNIHCOL custom panel (colistin test range: 0.25-128 pg/ml,
Trek Diagnostic Systems, Ohio, United States) according to
the manufacturer’s instructions. Each isolate was tested in
duplicate for the MIC of colistin. Kirby-Bauer disk diffusion
susceptibility tests (KBTs) were conducted for 11 antimicrobial
classes comprising 14 antimicrobial agents using antimicrobial
disks from Oxoid (Cheshire, United Kingdom) as follows:
ampicillin (10 pg/ml), cefotaxime (30 pg/ml), ceftazidime (30 pg/
ml), ceftriaxone (30pg/ml), amoxicillin/clavulanate (20/10 pg/
ml), aztreonam (30 pg/ml), imipenem (10 pg/ml),
chloramphenicol (30 pg/ml), amikacin (30 pg/ml), gentamycin
(10pg/ml), tetracycline (30pg/ml), nalidixic acid (30pg/ml),
ciprofloxacin (5pg/ml), and sulfamethoxazole/trimethoprim
(1.25/23.75 pg/ml). The MIC tests and KBs results were interpreted
according to the CLSI guidelines M100S 31th Edition (2021),
and the E. coli reference strain ATCC 25922 was used for
quality control. When the isolate was resistant to at least one
antimicrobial agent belonging to the antimicrobial class,
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we determined that this isolate was resistant to this antimicrobial
class. Then, we calculated the average number of antimicrobial
classes to which MCRI1-EC strains were resistant. Extended-
spectrum P-lactamase (ESBL) phenotypes were determined via
a standard double-disk test according to CLSI guidelines using
four antimicrobial disks from BD Bioscience (New Jersey,
United States) as follows: cefotaxime (30pg/ml), ceftazidime
(30 pg/ml), cefotaxime/clavulanate (30/10 ug/ml), and ceftazidime/
clavulanate (30/10 pg/ml).

Antimicrobial Resistance Genes and Replicon
Typing

The presence of genes conferring resistance to p-lactams,
chloramphenicol, aminoglycoside, quinolones, and sulfonamide/
trimethoprim was determined by PCR. The ESBL genotypes
were determined by PCR and sequencing as previously described
(Jouini et al., 2007). PCR-based replicon typing was conducted
as previously described (Carattoli et al., 2005; Johnson et al.,
2012; Lv et al,, 2013). Primer sequences and reaction conditions
are summarized in Supplementary Table 2.

Classification of Pathogenic Escherichia
coli

To analyze the genotypic virulence characteristics of MCR1-EC,
we investigated the presence of virulence factors associated
with InPEC, extra-intestinal pathogenic E. coli (ExPEC), and
uro-pathogenic E. coli (UPEC). The classification of InPEC
was conducted by PCR for the following five InPEC types:
shiga toxin-producing E. coli (STEC) carrying stxI or stx2,
enteropathogenic E. coli (EPEC) carrying eaeA or bfpB,
enteroaggregative E. coli (EAEC) carrying aggR, enteroinvasive
E. coli (EIEC) carrying ipaH, and enterotoxigenic E. coli (ETEC)
carrying It, sta, or stb. The carriage of 21 ExPEC-associated
virulence factors associated with adhesion (csgA, fimH, sfa/
focDE, afa/draBC, papC, papAH, yfcV, and iha), toxins (hlyF,
astA, pic, vat, and aat), protectin/serum resistance (traT, ompT,
iss, and kpsMTII), and siderophores (fyuA, iroNE.coli, iutA,
and chuA) were investigated using PCR. The classification of
ExPEC was conducted following the previously described criteria,
specifically positive for >2 of five key markers as follows:
papA and/or papC, sfa/focDE, afa/draBC, iutA, and kpsMTII
(Johnson et al., 2003). The classification of UPEC was conducted
following previously described criteria, specifically positive for
>3 of four key markers as follows: vat, fyuA, chuA, and yfcV
(Spurbeck et al., 2012). Finally, since all pigs included in this
study were healthy, without showing any disease symptoms,
E. coli isolates that not classified as InPEC, ExPEC, or UPEC
were then classified as commensal E. coli strains. Primer
sequences and reaction conditions are summarized in
Supplementary Table 3.

Phenotypic Assay

Conjugation Assay

Conjugation assays were conducted to evaluate the horizontal
genetic transferability of mcr-1 with the E. coli J53-Azi® strain
as the recipient and 53 MCR1-EC strains as the donors. The

conjugation assay was conducted following a previously described
protocol with modifications (Kim et al., 2019). Briefly, overnight
cultures of donor and recipient strains in Luria-Bertani broth
were mixed at a ratio of 1:1, followed by incubation at 37°C
for 18h with constant shaking. Then, 100pl of the mixture
of donor and recipient cells were spread on LB agars supplemented
with  2mg/L  colistin  (Sigma  Aldrich, Massachusetts,
United States) and 100mg/L sodium azide (Sigma Aldrich),
followed by overnight incubation at 37°C. The presence of
mcr-1 in conjugants was confirmed via PCR.

Biofilm Assay

To analyze the phenotypic virulence characteristics of MCR1-EC,
biofilm production assays were performed following a previously
described protocol with modifications (Nandanwar et al., 2014).
Briefly, overnight M9 minimal medium [200 ml/L of M9 media
(5X, Sigma-Aldrich), 0.4g/L of glucose (Sigma-Aldrich), 2ml/L
of MgSO, solution (1 M, Sigma-Aldrich), and 100 pl/L of CaCl,
solution (1 M, Sigma-Aldrich)] culture was diluted in fresh
M9 minimal medium to a McFarland scale of 0.5. Approximately,
100pl of this dilution was added into a 96-well microtiter
plate and incubated for 24 h at 28°C under stationary conditions.
Each bacterial suspension was inoculated into three wells of
a microtiter plate. Growth optical densities (ODs) were measured
at 1=595nm with a multiplate reader (Bio-Rad, California,
United States). The wells were then washed once with 200 pl
of phosphate-buffered saline, dried for 20min, and stained
with 100pl of 1% crystal violet for 1h. This was followed by
gentle washing with 200l of distilled water four times and
air-drying for 1h. The absorbed dye was solubilized in 100 pl
of absolute ethanol, and ODs were read at 595nm. The extent
of biofilm formation was calculated using the following formula:
SBF=(AB—CW)/G, where SBF is the specific biofilm formation
index, AB is the OD595 of the stained bacteria, CW is the
0OD595 of the stained control wells containing absolute media
without bacteria, and G is the OD595 corresponding to cell
growth in the media. Escherichia coli ATCC 25922 was used
as the positive control, whereas the culture medium was used
as the negative control. The degree of biofilm production was
classified into three categories, weak (SBF<0.5), moderate
(0.5<SBF<1.0), and strong (SBF>1.0).

Genetic Relatedness Analysis and WGS
Clonal Distribution Analysis of MCR1-EC Based
on Multi-Locus Sequence Typing and E. coli
Phylogroup Typing

Multi-Locus Sequence Typing (MLST) was performed as
previously described (Wirth et al., 2006). A detailed scheme
describing gene amplification, allelic type, and sequence type
(ST) assignment methods is available on the pubMLST website.!
The minimum spanning tree (MST) based on allelic profiles
of seven MLST housekeeping genes was constructed using
BioNumerics software (v6.6, Applied Maths, Sint-Martens-Latem,
Belgium). The PCR-based PG typing was conducted as previously

'https://pubmlst.org/
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described (Clermont et al,, 2013), and primer sequences and
reaction conditions are summarized in Supplementary Table 3.
Further, we analyzed the clonal distribution of 1,652 MCR1-EC
strains, of which WGS was publicly available in the NCBI database
(accessed on 07 Jan 2020, https://www.ncbi.nlm.nih.gov/pathogens/
isolates/), including strains isolated from humans (n=940), chickens
(n=446), and pigs (n=226). In addition, we also analyzed the
clonal distribution of 17 South Korean-derived MCR1-EC strains,
of which WGS was available in the NCBI database, including
strains isolated from humans (n=13), chickens (n=2), a pig
(n=1),and a dog (n=1). The in silico MLST and E. coli phylogenetic
typing were performed using the MLST 2.0 (v2.0.4) program
at the CGE website and the Clermont typing program (v21.03)
provided by the website http://clermontyping.iame-research.center/
(Beghain et al., 2018). The assembly accession numbers of strains
used in this study are summarized in Supplementary File 1.

In-depth Characterization of Intestinal Pathogenic
MCR1-EC Strains Based on WGS

We conducted WGS for all intestinal pathogenic MCR1-EC
strains isolated in this study. Total genomic DNA was extracted
using the Nucleospin Microbial DNA kit (Macherey-Nagel,
North Rhine-Westphalia, Germany) following the manufacturer’s
instructions. Genomic DNA was sequenced via NextSeq® 500
technology (Illumina, California, United States). The nucleotide
sequences have been submitted to the NCBI sequence read
archive with the assigned Bioproject no. PRJNA757225. The
sequence reads were assembled into contigs using the CLC
Genomics Workbench program (Qiagen, Hilden, Germany)
with default setting. The assembled contigs were analyzed using
the bioinformatics tools of the Center for Genomic Epidemiology*
for the presence of resistance genes (ResFinder V4.1.), virulence
factors (VirulenceFinder v2.0.), and plasmid replicon types
(PlasmidFinder 2.1).

Genetic Relatedness Analysis Based on WGS

For genetic relatedness analysis based on WGS, we conducted
core genome multi-locus sequence typing (cgMLST) to focus
on the genetic relatedness between the core genomes of strains,
not the genetic difference that occurs through the acquisition
or loss of accessory genomes such as plasmids. The cgMLST
was performed using the Ridom SeqSphere+ program (v8.2.0;
Junemann et al., 2013). In this analysis, first, we conducted
cgMLST among all 12 intestinal pathogenic MCR1-EC strains
isolated from this study and 17 MCRI-EC strains isolated in
South Korea published in the NCBI database to assess the
genetic relatedness among strains isolated in South Korea.
Second, for genetic relatedness analysis of global MCR1-EC
strains, we performed cgMLST on MCRI-EC isolated from
humans, pigs, and chickens worldwide and harboring a major
clone type. Based on clonal distribution analysis, 154 strains
carrying the major clone type ST10-A were identified among
1,652 MCRI1-EC strains published in the NCBI database.
Moreover, 80 strains were selected among 154 MCRI1-EC isolates

*http://www.genomicepidemiology.org/

of clone type ST10-A using a simple random sampling procedure
with Statistical Package for the Social Sciences (SPSS) program
(v27.0, IBM SPSS Statistics for Windows, New York,
United States). Then, the genetic relationships among 82
MCRI1-EC strains harboring ST10-A (two intestinal pathogenic
MCRI-EC strains isolated in this study and 80 MCRI-EC
strains published in the NCBI database) were analyzed based
on cgMLST. Then, we clustered strains with a genetic relatedness
distance of less than 0.01 in cgMLST, and a total of eight
clusters were identified.

Statistical Analysis

All statistical analyses included in this study were conducted
using the SPSS program (IBM SPSS Statistics for Windows).
For analysis of MCR1-EC prevalence, we performed the weighted
prevalence analysis of MCRI-EC [complex samples crosstabs
(CSC) and complex samples logistic regression model (CSLRM)]
based on the unbiased Horvitz-Thompson estimator (Horvitz
and Thompson, 1952), setting farm as a cluster parameter
since sampling probabilities for each swine farm were not
equal. Weighted prevalence of MCRI-EC by stage and 95%
confidence interval (95% CI) were calculated using CSC. In
addition, differences in the prevalence of MCRI1-EC according
to swine stage were evaluated using the CSLRM setting stage
as a covariate parameter.

For comparative analyses of antimicrobial resistance and
virulence factors of MCRI-EC isolates by swine stages, the
generalized estimating equation (GEE) was used for the
calculation of odds ratios (ORs) and 95% ClIs setting weaning
stages as a reference. To adjust the farm-induced factors, farm
was set as the “subject variable” and number of MCRI1-EC
strains per each farm was set as “within subject variables” If
the zero value of the cross-tab caused a problem in the
GEE-based OR calculation, Fisher’s exact test was performed
by adding 0.5 to each cell instead of GEE (Pagano and Gauvreau,
2018). To evaluate the correlation between antimicrobial resistance
genes and the expected phenotypic resistance, Spearman’s
correlation test (SCT) was performed.

RESULTS

Prevalence of MCR1-EC Isolates
According to Four Swine Production
Stages

Escherichia coli strains carrying mcr-1 strains were isolated
from 55 of 331 pigs (16.6%), from four of 10 swine farms
(Figure 2; Supplementary Table 1). The weighted prevalence
of MCR1-EC was 11.6% (95% CI: 8.9%-15.0%), and weaning
piglets had the highest weighted prevalence of MCR1-EC (17.9,
95% CI: 9.9%-30.3%). The second highest weighted prevalence
MCRI1-EC was identified in growing pigs (14.7, 95% CI:
9.2%-22.7%), followed by sows (8.3, 95% CI: 3.5%-18.4%),
and finishing pigs (6.7, 95% CI: 3.4%-12.7%). There were no
significant differences in the prevalence of MCRI1-EC based
on the four swine stages (CSLSM, p>0.05).
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We included 53 MCRI-EC stains for further analysis, since
two MCRI-EC isolates were not recovered. All 53 MCRI-EC
strains were found to carry mcr-1.1 among 32 mocr-1 variants
(mcr-1.1-mcr-1.32), and mcr-1.1 was encoded on either IncI2
(94.3%, 50/53) or IncX4 (5.7%, 3/53). MCRI1-EC carrying both
mcr-1.1-carrying IncI2 and IncX4 was not identified. In the
conjugation assay of MCR1-EC strains, mcr-1.1 was transferred
from 90.6% (48/53) of donor strains to the recipient strain J53-Azi®.

Among 53 MCRI-EC isolates, 16 strains (30.2%, 16/53) were
identified as pathogenic E. coli, including InPEC (22.6%, 12/53)
or ExPEC (7.5%, 4/53; Figure 3). Among 12 InPEC strains,
10 MCRI1-EC (18.9%, 10/53) was identified as STEC and two
strains (3.8%, 2/53) were identified as EPEC. Ten STEC were
isolated from two weaning piglets, six growing pigs, and two
finishing pigs. Two EPEC were isolated from one weaning piglet
and one growing pig. Four ExPEC were isolated from one
weaning piglet, one growing pig, one finishing pig, and one sow.

Antimicrobial Resistance of MCR1-EC
Isolates From Swine Farms

All 53 MCRI-EC isolates were resistant to colistin, with MICs
of 4pg/ml (17.0%, 9/53) or 8pg/ml (83.0%, 44/53). Through
KBTs for 11 antimicrobial classes, 96.2% (51/53) of MCR1-EC
strains exhibited MDR, showing resistance to three or more
antimicrobial classes (average: 4.8 classes; Figure 3). Among
the 14 antimicrobial agents tested, the resistance rate of
tetracycline was highest (86.8%, 46/53), followed by that of
ampicillin (81.1%, 43/53) and chloramphenicol (66.0%, 35/53;
Figure 4A). Nine MCR1-EC strains (17.0%, 9/53) were resistant
to cefotaxime and had a typical phenotype of ESBL. Imipenem-
or amikacin-resistant MCRI-EC isolates were not found. In
comparison by pathogenic E. coli types, EXPEC strains showed
resistance to average 7.0 antimicrobial classes, and InPEC strains
showed resistance to average 4.0 antimicrobial classes. The
resistant rate of ExPEC strains against third generation
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FIGURE 3 | Antimicrobial resistance, genotypic/phenotypic virulence factors, and clone types of 53 MCR1-EC isolates from swine farms. Visualization was
conducted using the online visualization tool iTOL (v6, https://itol.embl.de/). MCR1-EC, Escherichia coli carrying the mobilized colistin resistance gene mcr-1.1;
EPEC, enteropathogenic E. coli; STEC, shiga toxin-producing E. coli; and ESBL-EC, extended-spectrum p-lactamase producing E. coli, Biofim, E. coli with
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FIGURE 4 | Antimicrobial susceptibility of MCR1-EC strains and prevalence of resistant MCR1-EC. Antimicrobial susceptibility of MCR1-EC from swine farms

(A) and prevalence of MCR1-EC isolates resistant to different numbers of antimicrobial classes by swine production stage (B). MCR1-EC, Escherichia coli carrying
the mobilized colistin resistance gene mcr-1.1; Pe, broad spectrum penicillin class; third Cepha, third-generation cephalosporin class; Bi, p-lactamase inhibitor class;
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chloramphenicol; AK, amikacin; CN, gentamycin; TE, tetracycline; NA, nalidixic acid; CIP, ciprofloxacin; and SXT, sulfamethoxazole/trimethoprim. *0 <0.05,
significantly different prevalence relative to that of weaning piglets, calculated via GEEs.

cephalosporins was 75.0% (3/4), whereas, all InPEC strains
were susceptible to third cephalosporins. The antimicrobial
susceptibility results of InPEC, EXPEC, and commensal E. coli
were described in Supplementary Table 4.

In the comparative analysis based on the four swine stages,
the prevalence of isolates showing resistance to seven or more
antimicrobial classes was highest in the weaning stage (42.9%,
6/14) compared to that in other stages, which was statistically
significant compared to that in finishing pigs (OR: 3.8, 95%
CL: 1.73-8.11, p<0.05, GEE) and sows (OR: 5.25, 95% CI:
2.04-13.50, p<0.05, GEE; Figure 4B). Meanwhile, the prevalence
of isolates showing resistance to three or fewer antimicrobial
classes was highest in pregnant sows (62.5%, 5/8), and it
was significantly higher than that in weaning piglets (OR:
21.7, 95% CI: 8.77-53.50, p<0.05, GEE). Compared to that
in weaning pigs, the resistance rate of aminoglycoside was
significantly lower in growing pigs (OR: 0.3, 95% CI: 0.12-0.51,
p<0.05, GEE), and the resistance rate of quinolone was
significantly lower in finishing pigs (OR: 0.1, 95% CI: 0.07-0.18,
p<0.05, GEE; Table 1). Compared to those in weaning pigs,
the resistance rate of chloramphenicol (OR: 0.1, 95% CIL
0.04-0.28, p<0.05, GEE) and tetracycline (OR: 0.03, 95% CI:
0.001-0.78, p <0.05, Fisher’s exact test) were significantly lower
in pregnant sows.

Escherichia coli strains carrying mcr-1 carried a variety of
antimicrobial resistance genes, including tetA (79.2%, 42/53,
against tetracyclines), floR (69.8%, 37/53, against phenicols),
blarey famity (58.8%, 31/53, against narrow-spectrum f-lactams),
sul2 (50.9%, 27/53, against sulfonamides), gnrS1 (41.5%, 22/53,
against quinolones), and blacrx.a.ss (17.1%, 9/53, against third
Cephalosporins; Supplementary Table 5). Resistance genes were
strongly associated with expected phenotypic resistance to all
antimicrobial classes included in this study (p<0.05, SCT),
with the exception of quinolones. Among the 14 replicon types
investigated in this study in 53 MCRI-EC isolates, the
predominant replicon types were IncI2 (94.3%, 50/53), IncFIB
(84.9%, 45/53), IncFII (67.9%, 36/53), and IncFIC (43.4%,
23/53; Supplementary Table 6).

Genotypic and Phenotypic Virulence of
MCR1-EC Isolates From Swine Farms
Among the four investigated virulence factor classes, all 53
MCRI1-EC strains carried one or more adhesion-associated virulence
factors, including fimH (90.6%, 48/53) and csgA (84.9%, 45/53)
(Table 2). Toxin virulence factors were identified in 54.7% of
MCRI-EC (29/53), with hlyF (26.4%, 14/53) and astA (7.5%,
4/53) present. Protectin virulence factors were identified in 90.6%
of MCRI1-EC (48/53), with traT (88.7%, 47/53), ompT (26.4%,
14/53), and iss (13.2%, 7/53) present. Siderophore virulence factors
were identified in 35.8% of MCRI1-EC (19/53), with iutA (26.4%,
14/53) and iroNE.coli (9.4%, 5/53) present. In addition, four (7.5%,
4/53) MCR1-EC were identified as having two UPEC-associated
virulence factors, although this did not satisfy the criteria of UPEC
(>3 UPEC virulence factors). In the comparison based on the
four swine stages, no significant differences were identified in
the prevalence of the four virulence factor classes between stages
(p>0.05, GEE; Supplementary Table 7). In the biofilm assay,
eight MCR1-EC strains (15.1%, 8/53) showed medium-to-strong
biofilm formation (Figure 3), including four strains with strong
biofilm formation and four strains with moderate biofilm formation.
In contrast, 84.9% (45/53) of MCRI-EC showed weak
biofilm formation.

WGS-Based In-depth Characterization of
Intestinal Pathogenic MCR1-EC Strains
All 10 STEC isolates harbored stx2e, and two EPEC strains
harbored the locus of enterocyte effacement (LEE), including
eae, tir, esp, and nle (Figure 5). Intestinal pathogenic MCR1-EC
carried a variety of InPEC-associated virulence factors, including
terC (100.0%, 12/12), gad (33.3%, 4/12), and katP (16.7%, 2/12).
In addition, ExPEC-associated virulence factors, including traT
(91.7%, 11/12), ompT (16.7%, 2/12), iss, (16.7%, 2/12), sepA
(167%, 2/12), and cia (8.3%, 1/12), were also identified.

In the analysis of antimicrobial resistance genes, all 12
intestinal pathogenic MCRI-EC strains carried resistance genes
to five or more antimicrobial classes, including tetA/B (100%,

Frontiers in Microbiology | www.frontiersin.org

May 2022 | Volume 13 | Article 873856


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Leeetal

MCR1-EC Derived From Swine Farms

g *
- N S OO MW —
E | ~aK=Co
a OOOOO%}
®» —
32 | = =
3 o - ¥ . o0 ®
a ° O ¥ AT
2 R TYdTT?
[s0)
WA mox
g 218228853
2 £ csSoccgo
£19 qaftoa-
oco~o~o
<
=
~ | cocoowuwuw
2 o wo A AN
© 0 N - ™
o
o
2 OO T AN —
T ~ooLoN
> [N eNeNeNeNe]
Q
» ) —
S = | 2 _Qooa
20| g353%c0can
x O ~ O
-
= Yo} (e}
K= %o}
52 252585
s E || 2c2cc9o
g L0  badnany
Io] ~NO+— O+~ O
<
w
[2)
C _—
S S
5 S  omommo
S Q o o ‘o)
8 ® o N
©
1 o
2
[oR
° o
< 2 ™S OON T
5 § | —oosSY
bt o O O o oo
)] Q
<
©
o
(e}
8 —
—_ o) [§N)
S e | = KDQEAC"J_,-\
- =
Q g_’ O S ook
; 3 NP o-©
o |
- o | B UL |
o c kS NG = A=
S 5 2| ©5256=5
S| 8| x| sSsecS3sg
-6 9 onokaunon
L ¥ oo o m®mo
&
D
£ -
> X
& = ~wo -«
o ° ¥ OO0 Wwr— M
@ T o - o ©
£ o
®©
=
w
3 o
3 E
© © [ R R
S| @ >
9 Q Q
= <
2 [
5 8
3 =
4| 9® | O
- | & 2
s} e 3
o & [ R R
© 2 (<)
= =)
o) - 29
Q o
< o
g £
K S| =
o o I
— = < © © O < =~
8 o 00O~ NG
_8 "a ~ QA [aV) [¢0)
ks o
£
£ 3
= S o o
= O <
- S g
w E® O 4
= T 5 o
s £° LEff. ¢
O — O
= < o FO=Zm0O

0.12(0.003-1.59) 0.10

0.0
50.0

0.05

0.5" (0.002-1.06)
0.9% (0.02-46.71)

0.1 (0.07-0.18)

0.0
100.0

0.3 (0.12-0.51) <0.01*
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100.0
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The odds ratio (OR), including 95% of confidential interval (95% Cl) and p value, was calculated by generalized estimating equations (GEE).

2Where zeros cause problems in calculating OR or 95% ClI, Fisher’s exact test was used in the calculations instead of GEE.

#*p<0.05, statistically significant based on GEE.

"0 <0.05, statistically significant based on Fisher’s exact test.

Pe, broad spectrum penicillin class; third Cepha, third cephalosporin class; Carba, carbapenem class; Mono, monobactam class; Bi, -lactamase inhibitor class; Phe, phenicol class;, Ami, aminoglycoside class; Te, tetracycline class;

Qui, quinolone class; S/T, sulfonamide/trimethoprim; and class Poly, polymyaxin class.

12/12, against tetracyclines), mdf(A) (100%, 12/12, against
macrolides), dfrAl (83.3%, 10/12, trimethoprims), ant(3”)-la
(75.0%, 9/12, aminoglycosides), sul2 (66.7%, 8/12, sulfonamides),
floR (25.0%, 3/12, phenicols), and blarpy famiy (25.0%, 3/12,
narrow-spectrum f-lactams). All carried Incl2, accompanying
by a variety of replicon types, including IncFIB (83.3%, 10/12),
IncFII (83.3%, 10/12), IncR (66.7%, 8/12), ColE10 (66.7%,
8/12), and IncIl-Iy (33.3%, 4/12).

In the comparative genomic analysis based on swine
production stages, intestinal pathogenic MCRI1-EC showed
highly shared virulence factor characteristics between strains
with the same clone type. In addition, the patterns of replicon
types and antimicrobial resistance genes were also identical
with slight differences between strains with the same clone types.

Genetic Relatedness Analysis of MCR1-EC
Strains Based on Clone Types and WGS
Clonal Distribution Analysis of MCR1-EC From
This Study and the NCBI Database

Among 53 MCRI-EC strains, 38 strains were identified as
E. coli phylogenetic group A (71.7%, 38/53), 11 strains (20.8%)
were identified as group Bl, and four strains (7.5%) were
identified as group D (Figure 6). In total, 17 clone types were
identified among 53 MCRI1-EC strains isolated in this study,
and the major clone types were ST10-A (28.3%, 15/53), ST1112-A
(15.1%, 8/53), ST744-A (7.5%, 4/53), ST101-B1 (5.7%, 3/53),
and ST457-D (5.7%, 3/53). The other clone types included
only one or two MCR1-EC strains. In a comparison by swine
farm, all clone types were not shared between pig farms with
the exception of ST101-B1, which was isolated from three pig
farms. In a comparison by swine production stage, the clone
types were shared between pigs of different stages within farms
(Figure 3).

In the clonal distribution analysis of MCR1-EC published
in the NCBI database, 17 MCRI1-EC strains derived from South
Korea harbored 15 clone types, including ST10-A (11.8%, 2/17)
and ST11124-A (11.8%, 2/17; Supplementary File 1). In the
clonal distribution analysis of human-, pig-, and chicken-derived
1,652 MCRI-EC, 248 clone types were identified among 940
human-derived MCR1-EC, and major clone types were ST10-A
(9.6%, 90/940), ST152-A (3.5%, 33/940), ST206-A (3.0%, 28/940),
and ST101-B1 (2.9%, 27/940). Among 266 pig-derived MCR1-EC
strains, 101 clone types were identified, and major types were
ST10-A (11.3%, 30/268), ST206-A (4.1%, 11/266), and ST101-B1
(3.8%, 10/266). Among 446 chicken-derived MCR1-EC isolates,
118 clone types were identified and major types were ST10-A
(7.6%, 34/446), ST156-B1 (6.7%, 30/446), and ST93-A (4.7%,
21/446).

Genetic Relatedness Analysis Based on cgMLST
Between MCR1-EC Strains From This Study and
the NCBI Database

In the cgMLST-based genetic relatedness analysis of intestinal
pathogenic MCR1-EC isolated from this study and South Korea-
derived MCR1-EC published on the NCBI database, the genetic
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FIGURE 5 | Whole-genome sequence (WGS)-based in-depth genetic characterization of 12 intestinal pathogenic MCR1-EC strains. The phylogenetic tree was
constructed based on allele profiles of multi-locus sequence types (MLSTs) of 12 intestinal pathogenic MCR1-EC strains via the Unweighted Pair Group Method with
Arithmetic means (UPGMA) method, calculating dice coefficients in the Bionumerics program (v6.6). Visualization was conducted using the online visualization tool
iTOL (v6, https://itol.embl.de/). MCR1-EC, Escherichia coli carrying the mobilized colistin resistance gene mcr-1.7; Stage 1, weaning piglets; Stage 2, growing pigs;
Stage 3, finishing pigs; Stage 4, pregnant sows; INPEC type, intestinal pathogenic E. coli type; EPEC, enteropathogenic E. coli; STEC, shiga toxin-producing E. coli;

INPEC VFs, intestinal pathogenic E. coli-associated virulence factors; LEE effectors, locus of enterocyte effacement (LEE)-encoded effectors; non-LEE effectors,
non-LEE-encoded effectors; and EXPEC VFs, extra-intestinal pathogenic E. coli-associated virulence factors.

relatedness distances between strains ranged from 0.000 to
0.961 (average 0.720, 95% CI: 0.694-0.746; Figure 7).
We clustered strains with a genetic relatedness distance of less
than 0.01 in cgMLST, and a total of four clusters (clusters
1-1V) were identified. Cluster I included two ST20-A MCR1-EC
strains (MCR1-A03 and MCR1-A10) isolated from one weaning
piglet and one growing pig in Farm A. Cluster II included
eight ST1112-A MCR1-EC strains (MCR1-B07, B08, B14, Bl6,
B17, B18, B20, and B22) isolated from six growing and two
finishing pigs in Farm B. Cluster III included two ST10-A
MCRI1-EC strains (MCR1-A04 and MCR1-A36) isolated from
two weaning piglets in Farm A. Cluster IV included two
ST11124-A MCRI1-EC strains (GCA_013390695.1 and
GCA_013391045.1) published in the NCBI database. All strains
of four clusters were identified as being isolated from individuals
from the same farm or hospital. According to the metadata
in the original report, two South Korean-derived ST11124-A
MCRI-EC strains in cluster IV were reported to be isolated
from two patients in the same hospital but at different collection
times for each strain (Kim et al., 2021). Except for MCR1-EC
strains belonging to four clusters, the genetic relatedness distance
was confirmed to have an average value of 0.771 (95% CI:
0.752-0.790), and the average value was 0.397 (95% CI: 0.317-
0.477) even among six MCRI1-EC isolates carrying the same
clone type, ST10-A.

In the genetic relatedness analysis of 82 ST10-A MCR1-EC
strains from humans, chickens, and pigs worldwide, the genetic
relatedness distance between strains ranged from 0.000 to
0.525 (average 0.309, 95% CI: 0.305-0.312; Figure 8).
We clustered strains with a genetic relatedness distance of
less than 0.01 in ¢gMLST, and a total of five clusters (cluster
III, V, VI, VII, and VIII) were identified. Cluster III included
two MCRI1-EC strains (MCR1-A04 and MCR1-A36) isolated
from Farm A in this study. Cluster V included two chicken-
derived strains (GCA_013072745.1 and GCA_013072725.1)

from China. Cluster VI included two human-derived strains
(GCA_003290855.1 and GCA_003290875.1) from China. Cluster
VII included two human-derived strains (GCA_003291515.1
and GCA_003290695.1) from China. Cluster VIII included
two  chicken-derived strains (GCA_014900955.1 and
GCA_014900935.1) from China. According to the metadata
in the original report, MCR1-EC, belonging to the four clusters
V, VI, VII, and VIII, was isolated from individuals in the
same hospital or farm, with strains in the same cluster (Shen
etal, 2018; Soliman et al., 2021). Except for MCRI1-EC isolates
belonging to four clusters, the genetic relatedness distance
between the other MCR1-EC isolates was confirmed to have
an average value of 0.309 (95% CI: 0.305-0.313).

DISCUSSION

The global emergence and spread of MCRI-EC represent a
serious threat for public health (WHO, 2018). Although the
use of colistin for the prevention of swine colibacillosis has
been banned from multiple countries worldwide since 2016,
colistin has been generally used for the treatment of swine
diseases, leading to an increased prevalence of MCRI1-EC in
swine farms worldwide including South Korea (Malhotra-Kumar
et al,, 2016; Tong et al, 2018; Kyung-Hyo et al., 2020; Liu
et al, 2020; Mechesso et al., 2020; Nakano et al., 2021). In
this study, the weighted prevalence of MCRI-EC was 11.6%
(95% CI: 8.9%-15.0%) and it was comparable with that in
previous reports conducted from Belgium (13.2%; Malhotra-
Kumar et al., 2016), Japan (20.4%; Nakano et al., 2021), Taiwan
(29.2%; Liu et al., 2020), and China (76.2%; Tong et al., 2018).
Comparison of the four swine production stages showed that
weaning piglets exhibited the highest prevalence of MCR1-EC
compared with pigs at other stages. This result was consistent
with that of previous studies conducted worldwide, in which
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MCRI1-EC was isolated mainly from weaning piglets (Malhotra-
Kumar et al., 2016; Tong et al, 2018; Wang et al., 2018b;
Kyung-Hyo et al,, 2020; Liu et al., 2020; Mechesso et al., 2020;
Nakano et al, 2021). Recent studies on the occurrence of
MCRI1-EC in pigs following the cessation of colistin use have
proposed a positive correlation between colistin administration
and prevalence of MCRI-EC in swine farms (Randall et al.,
2018; Shen et al, 2020). Considering that colistin has been
reported to be mainly prescribed in weaning stages for the
treatment of swine colibacillosis, which exhibits higher incidence
during the weaning stage (Callens et al., 2012; Sjolund et al.,
2016; Korsgaard et al., 2020), high colistin at weaning stage
could be one of the important causes for the high prevalence
of MCRI-EC at this stage.

Notably, 96.2% of MCR1-EC exhibited MDR, with resistance
against average 4.8 antimicrobial classes. Furthermore, all
MCR1-EC showed intermediate-to-resistance to ciprofloxacin
and 17.0% of strains showed an ESBL phenotype as well
as carried blacrxass. The blacrxvss gene has been globally
reported as an ESBL genotype that confers resistance to
third-generation cephalosporins, and it has been found in
various hosts including humans and food-animals (Lv et al.,
2013). In the comparative analysis based on the four swine

stages, it was found that the weaning piglets exhibited
significantly higher resistance rates to various antimicrobial
agents than other stages, especially sow. This result suggests
that the antimicrobial resistance found in weaning piglets
may not be inherited from sow. According to studies on
the use of antibiotics throughout the swine production cycle,
over than 70% of the total antimicrobial agents used in the
swine industry have been prescribed between birth and
10 weeks of age (Callens et al., 2012; Sjolund et al., 2016;
Korsgaard et al, 2020). Antibiotic selective pressure has
been reported to play significant role in the increasing
prevalence of resistant bacteria (Randall et al., 2018). Wu
et al. (2018a) suggested that colistin and p-lactam antibiotics
have been commonly prescribed together in food-animal
husbandry, and resistance to colistin and third generation
cephalosporins emerged and increased together under the
heavy selection pressure of antibiotics over the last few
decades. In our previous study, we investigated the prevalence
of ESBL-producing E. coli (ESBL-EC) in pig farms, which
revealed that the prevalence of ESBL-EC was significantly
higher in weaning piglets compared with that in other stages
and sow showed the lowest prevalence of ESBL-EC (Lee
et al., 2021). In addition, interestingly, the prevalence of
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FIGURE 7 | Core genome MLST (cgMLST)-based genetic relatedness between 29 MCR1-EC isolates from South Korea. Data comprise 12 intestinal
pathogenic MCR1-EC strains isolated in this study and 17 MCR1-EC strains isolated from South Korea, published in the National Center for Biotechnology
Information (NCBI) GenBank database. The phylogenetic tree based on cgMLST was constructed using the neighbor-joining algorithm with default
parameters implemented in the Ridom SeqSphere+ program (v8.2.0). The color of shades corresponds to each clone type. The contents of shades include,
from left to right, the assembly accession number, host, isolation date, clone type, and data source (this study or NCBI database) for each strain. Four
clusters consist of MCR1-EC strains with a relatedness distance value less than 0.01. MCR1-EC, Escherichia coli carrying the mobilized colistin resistance

ESBL-EC in the four farms, where MCRI-EC was found
in the present study, was significantly higher (76.4%; OR:
3.8, 95% CI: 1.73-8.14, p<0.05, GEE) than in farms where
MCR1-EC was not identified (46.2%). Hence, these findings
were consistent with the conclusion of Wu et al. (2018a).
Our study suggests that weaning piglets could act as an
important reservoir for MDR bacteria, including ESBL-EC
and MCRI1-EC. The potential of MDR bacterial transmission
from food-animal husbandry to humans and vice versa has
been continuously proposed by various studies (Liu et al,
2016; Hadjadj et al., 2017; Wu et al.,, 2018a). Considering
that both third generation cephalosporins and colistin are
classified as critically important antimicrobial agents for

livestock and humans (WHO, 2018), the high prevalence
of MDR bacteria carrying both mcr-1.1 and blacrx .55 implies
the potential for the emergence of MDR pathogens, which
can hardly be treated, even by last resort antimicrobials.
Collectively, we suggest that pig farms, which are important
reservoirs of MDR bacteria, require special attention at the
weaning stage to control crucial bacteria, such as MCR1-EC
and ESBL-EC.

Swine colibacillosis is one of the major swine diseases
impacting the global swine industry and is associated with
huge economic losses; edema disease (ED) and post-weaning
diarrhea (PWD) belong to the classification of swine
colibacillosis (Luppi, 2017). Given that colistin has been
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FIGURE 8 | Core genome multi-locus sequence typing-based genetic relatedness of 82 ST10-A MCR1-EC strains isolated from humans, pigs, and chickens
worldwide. Strains were derived from the NCBI GenBank database. The phylogenetic tree based on cgMLST was constructed using the neighbor-joining algorithm
with default parameters implemented in the Ridom SegSphere+ program (v8.2.0). The shaded color corresponds to the country where the strain was isolated. The
contents of shades include, from left to right, the assembly accession number, host, isolation date, isolation country, and data source (this study or NCBI database)
for each strain. Five clusters consist of MCR1-EC isolates with a relatedness distance value of less than 0.01. MCR1-EC, Escherichia coli carrying the mobilized
colistin resistance gene mcr-1.7; cgMLST, core genome multi-locus sequence typing.
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considered a recommended treatment for swine colibacillosis
and InPECs are major causative bacteria of swine colibacillosis
(Luppi, 2017), the presence of intestinal pathogenic MCR1-EC
in pig husbandry could represent a major challenge for the
swine industry. In this study, 22.6% of MCRI1-EC strains
were identified as InPECs including STEC carrying stx2e
and EPEC carrying LEE-encoded virulence factors. The stx2e
gene is key virulence factor causing damage to arterioles
and edema at various sites, eventually leading to death
associated with ED (Casanova et al., 2018). The LEE-encoded
VEFs are responsible for the characteristic histopathological
lesion of PWD, termed attaching/effacing lesions (Rhouma
et al, 2017). Among various identified virulence factors

from intestinal pathogenic MCR1-EC strains, the presence
of katP might especially increase the risk presented by the
strains, since it has been reported to promote the virulence
of InPECs by supporting their colonization of the host
intestine (Brunder et al., 1996). In addition to virulence
factors, all intestinal pathogenic MCRI1-EC strains were
identified as MDR bacteria harboring five or more
antimicrobial class resistance genes. Comparative genomic
analysis according to the stage of pig development revealed
that the genetic characteristics of the intestinal pathogenic
MCRI1-EC strains were highly shared among pigs at different
stages, suggesting that there is a high potential for the
transmission of intestinal pathogenic MCR1-EC within farms.
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TABLE 2 | Analysis of pathogenic E. coli-associated virulence factors in MCR1-
EC from swine farms.

No. of positive

‘c’;;‘;f::e factor ;’;::z:ce Prevalence (%) MCR1-EC/No. of
total MCR1-EC

Intestinal pathogenic  stx2 18.9 10/53

E. coli (InPEC) eaeA 3.8 2/53
Stx2 or eaeA 22.6 12/563

Extra-intestinal kpsMTI® 9.4 5/53

pathogenic E. coli papC? 7.5 4/53

(EXPEC) papAH?* 7.5 4/53
sfa/focDE? 1.9 1/53
afa/draBC? 0.0 0/53
Two and more 7.5 4/53
ExXPEC VFs

Uropathogenic E. coli  fyuA® 7.5 4/53

(UPEC) chuA® 7.5 4/53
yfe\® 5.7 3/53
vat® 3.8 2/53
Two and more 7.5 4/53
UPEC VFs

Adhesion fimH 90.6 48/53
CSgA 84.9 45/53
papC? 7.5 4/53
papAH? 7.5 4/53
yfe\® 5.7 3/53
sfa/focDE? 1.9 1/53
afa/draBC® 0.0 0/53
iha 0.0 0/53
Total adhesion 100.0 53/53
(at least one)

Toxin hlyF 26.4 14/53
astA 7.5 4/53
vat® 3.8 2/53
pic 0.0 0/53
aat 0.0 0/53
Total toxin (at 32.1 17/563
least one)

Protectin traT 88.7 47/53
ompT 26.4 14/53
iss 13.2 7/53
kpsMTI? 9.4 5/53
Total protectin 90.6 48/53
(at least one)

Siderophore jutA® 26.4 14/53
iroNE.coli 9.4 5/53
fyuA® 7.5 4/53
chuA® 7.5 4/53
Total 35.8 19/53
siderophore (at
least one)

aVirulence factors used for criteria of EXPEC; if positive for >2 of five key markers,
including papA and/or papC, sfa/focDE, afa/draBC, iutA, and kpsMTII.
bVirulence factors used for criteria of UPEC; if positive for >3 of four key markers,
including vat, fyuA, chuA, and yfcV.

Although E. coli is a major organism carrying mcr genes,
other Enterobacterales species have also been reported to
carry the mcr genes and inhabit the intestinal tract of pigs
(Lima et al., 2019; Phetburom et al.,, 2021). In addition,
mcr genes have been reported to be highly transferred from
E. coli to other pathogens, causing swine diseases, such as
Salmonella, Klebsiella, and Pseudomonas (Kim et al., 2019).

Thus, in cases of swine diseases caused by pathogens harboring
these multiple virulence factors and MDR, the prescription
of colistin may simply impose selection pressure, leading
to disease treatment failure and the spread of colistin resistance
in swine farms. To the control these highly virulent and
MDR pathogens, it may be necessary to establish a strategy
based on in-depth characterization, such as WGS analysis,
rather than blindly using antibiotics for the treatment of
swine diseases.

In the investigation of genotypic and phenotypic virulent
characteristics, MCR1-EC isolates carried multiple ExPEC-
associated virulence factors, including traT, hlyF, and kpsMTII,
and four MCRI1-EC isolates were identified as ExPEC. A
high rate of ExPEC-associated virulence factors has been
reported to correspond with high potential for survival in
the harsh environments and pathogenicity of the bacteria
against the host immune system (Pitout, 2012). The expression
of TraT protein, an outer membrane lipoprotein, has been
linked to improved serum resistance (Nilius and Savage,
1984). The hemolysin production regulator hlyF create pores
in the membrane of host cells, which increasing the
permeability of host cells and ending cell lysis (Bhakdi et al.,
1988). The kpsMTII has been reported to encoding capsular
polysaccharides acting protect the bacteria from environment
by covering bacteria and helping to form biofilm (Antao
et al., 2009). In addition to genotypic virulence, eight
MCRI1-EC strains showed moderate-to-strong biofilm
formation capacity. Biofilm formation has been reported to
confer a fitness advantage to bacteria by enhancing their
survivability, increasing their virulence, and facilitating their
ability to acquire virulence and antibiotic resistance genes
during horizontal gene transmission owing to their high
microbial density (Donlan and Costerton, 2002; Schroeder
et al, 2017) Based on fitness advantages, such as strong
biofilm formation or harboring multiple ExPEC virulence
factors, MCR1-EC could survive better in an environment
of swine farm husbandry and continuously exist through a
repeated cycle, which involves the shedding from swine
through feces, survival in the farm environment, and
reintroduction to swine. In addition, although MCRI-EC
might not be directly transmitted from pig farms to humans
through the food-chain, these fitness advantages could provide
MCRI1-EC strains possibility to survive better in the food-
chain and serve as an important source of mcr-1.1 for various
other bacteria in food-chains through genetic transmission
mechanisms, such as conjugation.

In the analysis of clonal distribution of MCR1-EC, ST10-A
was the most prevalent clone type of MCR1-EC strains in
this study, as well as in the human, pig, and chicken-derived
MCRI1-EC strains described on the NCBI database. However,
ST10-A represented only 28.3% of the MCRI1-EC samples
isolated in this study and 9.8% of 1,562 MCR1-EC samples
described in the NCBI database. Other clone types, such
as ST101-B1, ST744-A, and ST206-A, also accounted for a
significant proportion of total strains. Consistently, the
epidemiological analyses of MCRI1-EC global clonal
distribution revealed that ST10-A was the most prevalent
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clone type of MCR1-EC in humans and food-animals, whereas
the other clone types also accounted for a significant
proportion among total strains (Malhotra-Kumar et al., 2016;
Matamoros et al.,, 2017; Garcia et al, 2018; Tong et al.,
2018; Liu et al.,, 2020; Nakano et al.,, 2021). Furthermore,
one recent study in Thailand showed that the dominant
clone type of MCR1-EC in swine farms was ST101, followed
by ST10 (Khanawapee et al., 2021). Interestingly, the results
of clonal distribution analysis of MCRI-EC isolated from
pig farms in this study revealed that the clone types were
highly shared among MCRI-EC strains isolated from the
same farm, but not between farms. Comparison by swine
farms showed that all clone types, including the most
predominant clone type ST10-A, were not shared between
pig farms with the exception of ST101-B1, which was identified
in three pig farms. Collectively, our study suggests that
clonal types of MCR1-EC may vary widely between studies,
and that it may be shared within closed environments such
as a pig farm, but not between environments such as different
pig farms or food-chains. Hence, this suggestion may imply
that that clonal expansion alone may not have a direct role
in MCR1-EC propagation between environments.

The cgMLST-based genetic relatedness analysis of intestinal
pathogenic MCRI1-EC strains isolated in this study, as well
as those published in the NCBI database, revealed that
MCRI1-EC strains isolated from individuals within closed
environment (such as hospitals or farms) were highly clustered,
showing a genetic distance lower than 0.01. Noteworthy,
clustered strains were isolated within the same hospitals or
farms, but in separate spaces or at different time points.
According to the original metadata of the two strains in
cluster IV, they were isolated from patients in the same
hospital but with a time interval of 2months (Kim et al,
2021). In addition, two strains in cluster I and eight strains
in cluster II, isolated in the present study, were isolated
from different swine stages, which mean that they were
isolated from pigs living in separate barns, including weaning,
growing, and finishing barns. These results suggest that the
clonal expansion may have a relatively high contribution
to the propagation of MCRI-EC between individuals in
closed environments. Since mcr-1 is mainly transmitted by
plasmids, the important role of genetic transferability of
mcr-1 in the spread of MCRI-EC has been continuously
highlighted in various studies. However, genetic transfer
essentially presupposes the transfer of strains and bacteria-
to-bacteria interactions under favorable conditions, such as
physical distance between strains, nutrition, and environmental
conditions, among others (Virolle et al., 2020), which suggests
that bacterial transmission also provides a crucial basis for
the spread of MCRI-EC. It was previously reported that
bacterial transmission between swine production stages within
farms may probably occur through farm worker/veterinarian
handling, equipment contamination, and transference of
manure excretions between different stage barns (Fromm
et al.,, 2014; Schmithausen et al., 2015). Our results suggest
that bacterial cross-infection between different stages, pigs
may act as an important risk factor for the prevalence of

MCRI1-EC. Swine farms have been continuously reported
as an important reservoir of MCR1-EC (Malhotra-Kumar
et al., 2016; Tong et al, 2018; Liu et al, 2020; Nakano
et al., 2021). Our findings highlight that efforts to reduce
bacterial cross-infection between stages are imperative to
control MCR1-EC prevalence in swine farms, one of major
reservoir of MCR1-EC.

Among reported mcr variants, the present study focused
on the most predominant variant type, mcr-1. Recent studies
have shown that the mobile genetic elements associated with
the mcr genes may differ between variant types, which may
lead to different genotypic and phenotypic traits in bacteria
(Yin et al, 2017; Wang et al., 2018a,b,c; Lu et al.,, 2019;
Yang et al., 2021). In this study, we conducted the comparative
analysis of prevalence, characteristics, and clonal distribution
of MCRI-EC according to swine production stages by
excluding other mcr variants, which could be potential
confounding factors. For further study, it would be interesting
to analyze the characteristic differences of the other major
mcr variants, such as mcr-3 or mcr-9, according to food-
animal production stages in livestock husbandry. Based on
the 2017 demographic report of the Korean Statistical
Information Service of Statistics, we analyzed the prevalence,
characteristics, and clonal distribution of MCR1-EC according
to four swine production stages in 10 swine farms, which
were located in the provinces with the largest number of
farms in South Korea. Overall, MCR1-EC was identified in
four farms among the 10 swine farms investigated, of which
three farms with MCRI1-EC incidence were located in
Gyeonggi-do. This result suggests that this study may not
reflect the national prevalence of MCR1-EC, but regional
characteristics. Further studies based on the national
antimicrobial monitoring system by expanding the target
farms and sampling size may help further describe the
nationwide characteristics of MCRI-EC incidence and
prevalence according to swine production stages.

CONCLUSION

In conclusion, our study results showed that MCRI1-EC
isolates having MDR (e.g., against quinolones and ESBLs)
were distributed throughout swine production stages in farms,
with the highest prevalence at the weaning stage. Weaning
stage-derived MCRI1-EC showed a significantly higher
resistance rate than those from other stages. MCR1-EC with
pathogenic  advantages (e.g., InPEC/ExPEC-associated
virulence factors or robust biofilm formation) were identified
from all pig stages and accounted for nearly half of the
total strains. Genetic relatedness analysis based on MLST
and cgMLST proposed a high potential for cross-infection
of MCR1-EC within closed environment such as livestock
farms as well as human hospitals. Our results highlight the
need to establish MCR1-EC control plans in swine farms
based on an in-depth understanding of MCRI-EC
characteristics according to swine production stages, focusing
especially on the weaning stages.
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