
1

Vol.:(0123456789)

Scientific Reports |         (2023) 13:5124  | https://doi.org/10.1038/s41598-023-32406-w

www.nature.com/scientificreports

Comparative genomic analysis 
of Colistin resistant Escherichia 
coli isolated from pigs, a human 
and wastewater on colistin 
withdrawn pig farm
Nwai Oo Khine 1, Thidathip Wongsurawat 2, Piroon Jenjaroenpun 2, David J. Hampson 3 & 
Nuvee Prapasarakul 1*

In this study, genomic and plasmid characteristics of Escherichia coli were determined with the aim 
of deducing how mcr genes may have spread on a colistin withdrawn pig farm. Whole genome hybrid 
sequencing was applied to six mcr-positive E. coli (MCRPE) strains isolated from pigs, a farmworker 
and wastewater collected between 2017 and 2019. Among these, mcr-1.1 genes were identified 
on IncI2 plasmids from a pig and wastewater, and on IncX4 from the human isolate, whereas mcr-3 
genes were found on plasmids IncFII and IncHI2 in two porcine strains. The MCRPE isolates exhibited 
genotypic and phenotypic multidrug resistance (MDR) traits as well as heavy metal and antiseptic 
resistance genes. The mcr-1.1-IncI2 and IncX4 plasmids carried only colistin resistance genes. 
Whereas, the mcr-3.5-IncHI2 plasmid presented MDR region, with several mobile genetic elements. 
Despite the MCRPE strains belonged to different E. coli lineages, mcr-carrying plasmids with high 
similarities were found in isolates from pigs and wastewater recovered in different years. This study 
highlighted that several factors, including the resistomic profile of the host bacteria, co-selection 
via adjunct antibiotic resistance genes, antiseptics, and/or disinfectants, and plasmid-host fitness 
adaptation may encourage the maintenance of plasmids carrying mcr genes in E. coli.

Colistin (polymyxin E) is a high priority antimicrobial that is a treatment of choice for infections with multi-
drug resistant Enterobacteriaceae. The extensive use of colistin in livestock has encouraged the rapid spread of 
plasmid mediated mcr genes encoding colistin resistance. Several reports have suggested that farm animals can 
be a source of mcr-1 that spreads to  humans1,2. The mcr-1 gene is the most common member of the mcr gene 
family and has been found in bacteria from many ecological  niches3. Multiple plasmid types, particularly the 
IncX4, IncI2, and IncHI2 plasmids, have been found to contain mcr-1 and mcr-3  genes4,5. Additionally, the use 
of biocides or other antibiotics may result in co-selection of mcr genes and/or cross-resistance to  colistin6,7. The 
frequent recovery of mcr-positive bacteria, particularly E. coli, from humans, animals, and the environment is 
very problematic. Despite numerous cases of colistin resistant Enterobacteriaceae being reported from livestock 
and humans in Thailand, detailed genomic characterization of mcr-positive E. coli, particularly amongst live-
stock isolates, is still limited. In this study, six mcr-positive E. coli strains with multi-drug resistance  traits8 were 
subjected to whole genome sequencing (WGS) and characterization of the plasmids for better understanding of 
mcr genes dissemination between pigs and the farm environment.
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Results
Genomic characterization of mcr positive E. coli. The six MCRPE strains submitted for whole 
genome sequencing had colistin MIC values of 4–8 mg/L and had different PFGE profiles and ST  types8. These 
MCRPE strains transferred mcr-1 and mcr-3 genes to recipient E. coli J53 at conjugative transfer frequency rate 
of 1.7–2 ×  10−4. Their genome sizes ranged from 4 to 4.8 Mb. Detailed information about the colistin resistant 
E. coli, including their serotypes detected by Serotype finder 2.0 is presented in Table 1. The mcr-1.1 gene was 
detected in three of the six strains, one each from a human (CP52E, 2017), a wastewater sample (CPWW7, 2017) 
and a pig (CPA1200, 2019), and these showed 100% identity to mcr-1 in KP347127, the first mcr-1 gene that was 
identified in  China2. Unfortunately, the mcr-1 gene and other mcr genes were not found after in silico analysis 
in the E. coli of wastewater origin from 2018 (CPWWCT), even though it had tested positive previously by PCR 
and was phenotypically resistant during screening. Seemingly, this strain had lost the mcr-1 plasmid during sub-
culturing. Analysis of the plasmids in this E. coli strain showed that the IncX1 plasmid harboured various mobile 
genetic elements together with various AMR genes (supplementary Fig. 1).

Two of the porcine strains were mcr-3 positive: CPE35 (Pig, 2017) contained mcr-3.2 on the IncFII plasmid 
while CPF6 (Pig, 2018) contained mcr-3 variants mcr-3.2 and mcr-3.5 on IncHI2 and IncFII, respectively. None 
of the MCRPE strains carried mcr genes on their chromosomes. All the mcr-1.1 genes found in this study were 
located either on IncI2 or IncX4 plasmids. Several plasmids, including both phenotypically known and unnamed 
plasmids were detected in all MCRPE strains. Moreover, all the plasmid replicon types detected in the MCRPE 
strain of human origin were also found in strains from pigs and wastewater (Fig. 1).

Antibiotic resistance genes and virulence genes. A total of 31 ARGs were identified amongst the 
six strains, with those encoding resistance to aminoglycosides, beta-lactams, cephalosporins, fluoroquinolones, 
trimethoprim, macrolides, chloramphenicol, sulfonamides and tetracyclines (Table 1). Genes encoding resist-
ance to the disinfectant; hydrogen peroxide and quaternary ammonium compounds were detected in the two 
porcine E. coli strains collected from 2018 and 2019 and in both strains of wastewater origin. Apart from the 
plasmids pCPE35-IncFII (pig, 2017) and pCPF6-IncHI2 (pig, 2018), the other plasmids harbouring mcr in this 
study contained only colistin resistance genes. Moreover, the genomes of four MCRPE strains (except for CPE35 
and CPWW7) contained genes conferring resistance to the heavy metals copper, silver and zinc (supplementary 
Table 1). On the other hand, CPWW7 carried mercury resistance genes on the plasmid as well as various ami-
noglycosides resistance genes. Genes encoding a multidrug resistance efflux pump including emrD, mdtM and 
mdfA were also detected on the chromosome of MCRPE strains.

All six MCRPE carried genes encoding various virulence factors (Table 1), with the majority of these being 
present on the chromosomes. Virulence genes of different pathotypes encoding virulence factors such as adher-
ence factors, flagellar associated proteins, fimbrial adhesin proteins, hlyE, hlyF (haemolysin), type III secretion 
system related factors, toxins (astA, enteroaggregative heat-stable toxin, EAST-1), and siderophore receptors 
(fyuA) were detected. The most common virulence genes detected were associated with type III secretion systems, 
adhesion, and haemolysis (hlyE).

Genomic insights into the mcr-1 and mcr-3 positive E. coli strains. The mcr-genes were detected in 
IncX4 (n = 1), IncHI2 (n = 1), IncI2 (n = 2) and IncFII (n = 2). The ~ 33 kb pCP52E-IncX4 plasmid harboured by 
E. coli of human origin did not contain resistance genes other than mcr-1.1 on the same plasmid, and no ISApl1 
elements were found flanking the mcr-1.1 gene. Typical plasmid backbone features such as genes encoding type 
IV secretion system (T4SS) proteins and toxin-antitoxin system components (HicA-HicB) were present. A struc-
tural comparison of pCP52E-IncX4 against other reference plasmids that contained mcr-1 is shown in Fig. 2a. 
The IncX4-mcr-1 plasmid in this study shared 95% coverage and 99.95% identity with pCSZ4 (GenBank no. 
KX711706) from an E. coli isolate of porcine origin from China.

The mcr-1.1-IncI2 plasmids of pCPA1200-IncI2 (pig, 2019) and pCPWW7-IncI2 (wastewater, 2017) shared 
high similarity, including 99% coverage and 100% identity. A structural comparison of pCPA1200-IncI2 with 
pCPWW7-IncI2 and pHNSHP45 (IncI2 plasmid reported from China) is shown in Fig. 2b. Moreover, these IncI2 
plasmids contained numerous conjugation related genes such as T4SS, and pilus modification and conjugative 
transfer system protein genes. The ~ 60 kb IncI2-mcr-1.1 plasmids showed the same genetic structure as ISApl1-
mcr-1-pap2, with loss of downstream ISApl1. A comparison of the genetic environment of the mcr-1.1 cassette 
from IncI2 and IncX4 plasmids from this study and the references plasmids is presented in Fig. 3.

The phylogenetic tree constructed for the mcr-1.1-harbouring IncI2 plasmids of different origins identified 
six distinct clades (Fig. 4). The IncI2 plasmids from this study, pCPWW7-IncI2 and pCPA1200-IncI2, were in 
the same clonal lineage and related to the plasmid pSCZE4 from a pig (China), p25 from a dog (Eucador) and 
pGD16-131 from a chicken (China). Moreover, IncI2 plasmids in this study also were found to be clonally related 
to pHNSHP45 (pig, China), pMRY15-1312 (cow, Japan) and pJS021 (pig, Thailand), showing that highly related 
mcr-1-IncI2 plasmids from different sources are distributed globally.

The ~ 83 kb IncFII plasmids which carried mcr-3.2 in pCPE35-IncFII (pig, 2017) and mcr-3.5 in pCPF6-
IncFII (pig, 2018) had 92% coverage with 99% identity. These IncFII plasmids harboured conjugation related 
transfer protein genes (tra). Moreover, the pCPE35-IncFII plasmid contained genes encoding microcin pro-
ducing protein (McmM) while pCPF6-IncFII contained genes for a MDR efflux pump protein (Tap) (Fig. 5a). 
The pCPF6-IncHI2 (pig, 2018) plasmid showed high identity with the IncHI2 plasmid pWJ1 (GenBank no. 
KY924928) from a Chinese porcine E. coli isolate (Fig. 5b). Genetic arrangements in the vicinity of mcr-3.2 
comprised TnAs2–mcr-3.2–dgkA–ISKpn40. In contrast, mcr-3.5 on the pCPF6-IncFII plasmid was flanked by 
TnAs2-mcr-3.5-dgkA-IS26 (Fig. 6). The plasmid pCPF6-IncHI2 contained multiple resistance genes against 
aminoglycosides, tetracycline and extended spectrum beta lactamases (ESBL). Moreover, a disinfectant resistance 
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Table 1.  Genomic features including sequence type (ST) in MLST, serotype, resistance genes, and virulence 
gene profiles of the six E. coli strains subjected to whole genome sequencing. Significant values are in bold.

Strain Year Source ST Contig Location Serotype Resistance genes Virulence genes

CP
52E 2017 Human 515 CP52E-Chromosome Chromos-ome O128:

H12

dfrA12, mdf(A), tet(A), sul3, 
blaTEM-1B
blaCTX-M-14, cmlA1
aph(3’’)-Ib, aadA2
aph(6)-Id, aph(3’)-Ia, aac(3)-IId, 
aadA1,sul1

fyuA, gad, irp2,
terC, hlyE, T3SS

pCP52E-IncFIB Plasmid blaTEM-1B

pCP52E-IncX4 Plasmid mcr-1.1

pCP52E-ColpVC Plasmid –

CP
E35 2017 Pig 10 CPE35-chromosome Chromos-ome O101:H9 tet(A) gad, iss, terC, hlyE

pCPE35-IncFIB Plasmid blaCMY-2

pCPE35-IncX1 Plasmid
aadA1, aadA2
aph(3’)-Ia, aph(6)-Id, blaTEM-1B, 
cmlA1
dfrA12, strA, sul3

pCPE35-IncFII Plasmid erm(B),
mcr-3.20

pCPE35-ColE10 Plasmid –

pCPE35-ColPVc Plasmid –

CPWW7 2017 Wastewater 453 CPWW7- chromosome Chromos-ome O23:H16 mdf(A), sitABCD
gad, iss, fyuA
lpfA, astA, hlyE, hlyF,
terC, T3SS

pCPWW7-IncFII Plasmid erm(B), qnrS(1)

pCPWW7-IncI2 Plasmid mcr-1.1

pCPWW7-IncY Plasmid tet(A), aadA2, sul1, sul3, qacE, 
dfrA12

pCPWW7-unnamed plasmid Plasmid
blaTEM-1B, aph(6)-Id, aph(3’)-Ia, 
aph(3’’)-Ib
aadA22, aac(3)-IId, sul2, catA2

CPF6 2018 Pig 3944 CPF6-chromosome Chromos-ome O8:H2 mdf(A) fyuA, gad, terC
traT, hlyE T3SS

pCPF6-IncHI2 Plasmid

aac(3)-IId, aadA1
aadA2, aph(3’’)-Ib
aph(3’)-Ia, aph(6)-Id
blaCTX-M-55, cmlA1
dfrA12, mcr-3.2, qacC, qnrS1, 
sul3, tet(A)

pCPF6-IncFII Plasmid mcr-3.5

pCPF6-IncFIB Plasmid –

pCPF6-
IncI1 Plasmid –

pCPF6-IncX1 Plasmid –

CPWWCT 2018 Waste
water 453 CPWWCT-chromosome Chromosome O70:H10

sul2, sul1, mdf(A),
blaCTX-M-63, dfrA12, aadA2, 
qnrS1, qacE

gad, iss, terC, hlyE,
T3SS

pCPWWCT-unnamed plasmid Plasmid sul1, aph(3’)-Ia, aadA2, qacE

pCPWWCTp0111 Plasmid blaTEM-1C

pCPWWCT-IncI1 Plasmid –

pCPWWCT-IncQ1 Plasmid –

pCPWWCT-ColpVC Plasmid –

pCPWWCT-IncX1 Plasmid tet(M), tet(A), erm(B), qnrS1

CP
A1200 2019 Pig New ST CPA1200-chromosome Chromosome 08:H2 mdf(A) iss, ompT, terC, hlyE, hlyF

pCPA1200-IncFIB-FIC Plasmid aph(6)-Id, aph(3’’)-Ib,
blaTEM-1B, tet(A), sul2, sitABCD

iss, iucC, iutA, ompT, sitA, traT
tsh

pCPA1200-IncI2 Plasmid mcr-1.1

pCPA1200-IncI1 Plasmid –

pCPA1200-IncQ1 Plasmid –

pCPA1200-IncFII(pCoo) Plasmid –
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gene (qacC) and an integron (Intl1) were also detected downstream of the mcr-3.2 gene on the same plasmid. 
A comparison of the genetic environment surrounding the mcr-3 cassette in the IncFII and IncHI2 plasmids 
from this study and the reference plasmids are shown in Fig. 6. A phylogenetic tree constructed based on core 
genome sequences of mcr-3 carrying IncFII plasmids from this study and from 15 IncFII plasmids deposited in 
the GenBank database identified two distinct subclades, as shown in Fig. 7. Interestingly, the IncFII plasmids 
from this study together with IncFII plasmids from Asian countries (China, Hong Kong, Vietnam, Thailand) 
were found to be closely related and branched as a group in the phylogenetic tree. On the other hand, IncFII 
plasmids from Europe and the USA were different and were found in distinct subclades from the pCPF6-IncFII 
and pCPE35-IncFII plasmids of this study. The accession numbers and detailed information for the references 
plasmids is provided in (supplementary Table 2).

Figure 1.  Chord diagram showing the various plasmid replicon types detected from the six colistin resistant E. 
coli strains.

Figure 2.  Sequence alignment and circular comparison of mcr-1 plasmids. Panel (a): Sequence alignment of 
pCP52E-IncX4 (human, 2017) plasmid with pCSZ4 (GenBank no. KX711706) and pHNSHP45 (GenBank 
no. KP347127). The outer circle with red arrows denotes annotation of the plasmid pCP52E-IncX4. Panel (b): 
Sequence alignment of pCPA1200-IncI2 (pig, 2019) plasmid with pCPWW7-IncI2 (wastewater, 2017) and 
pHNSHP45 (GenBank no. KP347127) and pmcr1_IncI2 (GenBank no. KU761326). The outer circle with red 
arrows denotes annotation of the plasmid pCPA1200-IncI2.
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Discussion
The six E. coli strains selected for WGS in this study were found to have resistance genes against various antibiotic 
classes in both their chromosomes and plasmids. Genes conferring resistance to disinfectants and biocides were 
also detected in the MCRPE strains. Biocides are often present in agricultural products and feed additives, and 
their stability in the environment acts to prolong exposure and selective pressure on  bacteria9. Notably, bacterial 

Figure 3.  Comparison of the genetic environment of the mcr-1.1 gene from MCRPE in this study with 
references plasmids. The grey area indicates the blast identities, and the percentage of identity is indicated in the 
legend. Open arrows represent coding sequences (green for mcr-1.1, blue for PAP2, purple for ISApl1 and yellow 
for other genes). The arrow size is proportional to the gene length. The image was generated using EasyFig with 
default parameters.

Figure 4.  Phylogenetic analysis of 22 mcr-1-harbouring IncI2 plasmids. The mcr-1-carrying IncI2 plasmids 
from this study (red colour) pCPWW7-IncI2 from wastewater and pCPA1200-IncI2 from a pig and other mcr-
1-carrying IncI2 plasmids of E. coli deposited in the GenBank database. Sequences were aligned using MAFFT 
with default values and the phylogenetic tree was constructed by using the neighbour-joining method with the 
MEGA 10 software.
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resistance to the above compounds could favour co-selection and co-expression of various antibiotic resistance 
genes that also may be  present10.

The MCRPE in this study also possessed various virulence genes. Notably, strain CPE35 from a pig belonged 
to ST10 with serotype O101: H9, which has been reported to be associated with animal and human  disease11. 
This serotype has been reported in Shiga toxin-producing E. coli (STEC) from humans and in enterotoxigenic 

Figure 5.  Sequence alignment and circular comparison of mcr-3 plasmids. Panel (a): Sequence alignment of 
pCPE35-IncFII (pig, 2017) mcr-3.2 plasmid with pCPF6-IncFII (pig, 2018) mcr-3.5 plasmid (this study) and 
the reference plasmids pECQ4552 (GenBank no. CP077064.1) and pBJ114-141 (GenBank no. MF679146). The 
outer circle with red arrows denotes annotation of the plasmid pCPE35-IncFII. The black bar represents the 
multidrug efflux pump (Tap) from pCPF6. Panel (b): Sequence alignment of pCPF6-IncHI2 (pig, 2018) mcr-
3.2 plasmid with pWJ1 (GenBank no. KY924928). The outer circle with red arrows denotes annotation of the 
plasmid pCPF6-IncHI2.

Figure 6.  Comparison of the genetic environment of mcr-3 genes from MCRPE isolates from this study with 
references plasmids. The grey area indicates the blast identities, and the percentage of identity is indicated in 
the legend. Open arrows represent coding sequences (green for antimicrobial resistance genes, blue for dgkA 
(orf), purple for mobile genetic elements and yellow for other genes). The arrow size is proportional to the gene 
length. The image was generated using EasyFig with default parameters.
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E. coli (ETEC) from calves with diarrhoea in  Europe12,13. Serotype O128: H12, which was identified in the 
MCRPE from a human (CP52E) in this study, has been associated with ETEC as well as in enteropathogenic E. 
coli (EPEC)12. These findings support the likelihood that healthy pigs may be carriers for MDR bacteria which 
also may harbour various virulence genes, and which may be disseminated to humans.

The epidemic plasmids IncI2 and IncX4 were the source of the mcr-1.1 genes identified in this study. IncI2 
plasmids largely have been detected in various mcr-1 cases from different hosts around the  world14. On the other 
hand, the IncX4 plasmid type has been reported as the dominant mcr-1-carrier in isolates from healthy humans in 
 China3 and in carbapenem and mcr-1 co-carrying Enterobacteriaceae from clinical patients across  Thailand15. The 
IncX4 plasmids have been reported to be genetically less variable and relatively smaller than IncI2  plasmids16,17. 
IncI2 replicon type plasmids are known to have the strongest competitive and fitness advantage in the host 
bacterium when compared to other plasmid types such as IncHI2 or IncX4  plasmids14,18. These considerations 
also applied in the current study where the mcr-1-IncI2 plasmid was still found in E. coli isolates recovered long 
after the colistin ban was implemented at the start of 2017. A previous study also found that mcr-1 bearing IncI2 
plasmids were present in E. coli from fattening pigs that had no exposure to  colistin14. It was noteworthy that 
the IncI2 plasmids contained more conjugation transfer system genes than genes associated with replication, 
which suggests that they are more adapted to spread from host to host than to undergo  replication19. Therefore, 
the absence of antibiotic selective pressure might have a neglectable effect on the persistence or conjugative rate 
of such plasmids that have low fitness cost.

In comparison, mcr-3 genes were detected on IncFII and IncHI2 plasmids. The mcr-3 gene was first identified 
in a IncHI2 plasmid in  China5, and mcr-3 mediated IncP and IncFII plasmids previously have been reported in 
E. coli in  Thailand20. The MDR plasmid pCPF6-IncHI2-mcr-3.2 (pig, 2018) from this study contained resistance 
genes against tetracycline, aminoglycosides, chloramphenicol, cephalosporin, disinfectant, as well as colistin. 
Various antimicrobial resistance genes located on the same plasmid could enhance the persistence and co-
selection of mcr  genes21. Therefore, aside from colistin withdraw, continual monitoring of other antimicrobial 
use during the pig production cycle is needed to improve control of colistin resistance in pig farms.

The occurrence of highly similar plasmids in different lineages of MCRPE isolates collected from different 
sources and at different times implies that the associated plasmids have been widely disseminated through the 
farm. It is concerning that colistin resistance plasmids could persist with relative ease among genotypically 
distinct E. coli strains from different niches, and it implies that the transmission of these plasmids might be 
extremely hard to control. Moreover, mcr-1 is mobilized by a composite transposon called Tn6330, where the 
mcr-1 with a putative open reading frame (PAP2 like protein) is flanked by two ISApl1 insertion  sequences22. In 
the IS30 family, ISApl1 performs a ‘copy-out, paste-in’ mechanism and is highly  active23. Therefore, the mcr-1 
genes from E. coli recovered from pigs and wastewater in this study were mobilizable and able to be persisted even 
after 2 years without colistin exposure. In agreement with our results, significantly more mcr-1 cases with attached 
insertion sequence ISApl1 have been found amongst animal isolates than in human  isolates24. These findings 
are consistent with animals being a primary source for mcr-1 bearing bacteria that are transmitted to humans.

In this study, there were too few isolates examined to determine which of the mcr genes were most likely 
to persist after colistin withdrawal. A previous in vitro experiment showed that plasmids carrying mcr-3 have 
greater stability than mcr-1 plasmids in the absence of colistin, with mcr-3 having a lower fitness  cost25. On the 

Figure 7.  Phylogenetic analysis of mcr-3 IncFII plasmids from this study with 15 IncFII plasmids of E. coli 
deposited in the GenBank database. The mcr-3-carrying IncFII plasmids from this study pCPE35-IncFII and 
pCPF6-IncFII from pigs are shown in red. Sequences were aligned using MAFFT with default values and the 
phylogenetic tree was constructed by using the neighbour-joining method with the MEGA 10 software.
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other hand, another study found that certain E. coli strains were more likely to eliminate mcr-3 genes than mcr-1 
genes in vitro, with or without exposure to  colistin16. Therefore, the persistence and fitness cost of the mcr-1 and 
mcr-3 genes in bacteria might differ depending upon the plasmid as well as on the host genetic background. In 
previous studies, mcr-3.2 positive E. coli of bovine  origin26 and mcr-3.1 bearing isolates of porcine  origin5 were 
found to have genetic environment TnAs2-mcr-3.2-dgkA-ISKpn40, which occurred on both IncFII and IncHI2 
plasmids in this study. ISKpn40 belongs to the IS3 family and was first identified in an E. coli strain from a pig, 
whereas the IS6 family of IS26 which was detected on the mcr-3.5-pCPF6-IncFII plasmid facilitates mobiliza-
tion of resistance genes in Gram-negative  bacteria27. Although the genetic environments of mcr-3 determinants 
are variable, the core structure of TnAs2-mcr-3-dgkA, accompanied with other mobile elements or resistance 
genes, is highly  conserved16.

A previous in vitro study found that in the absence of antibiotic selective pressure, IncFII plasmids were 
unstable and outcompeted by plasmid-free  cells14. Notably, the cost of the plasmid is increased according to its 
metabolic load, such as expression of biomolecules or energy-rich compounds, as well as introduction of an 
efflux  pump28. This is consistent with our results where IncFII plasmids encoded either bacteriocin producing 
proteins or efflux pump proteins. On the other hand, the IncHI2 plasmid found in this study was a MDR plasmid 
accompanied by several mobile genetic elements. Such kinds of MDR plasmid may present a fitness burden and 
may be prone to deletion of the mcr-3 gene or the whole plasmid from the bacteria.

The metabolic cost of a plasmid increases relatively with increasing levels of resistance genes on the plasmid 
and the level of their phenotypic expression rather than on the size of the plasmid  itself29–31. This phenomenon 
could be related to our finding that the mcr-1 bearing plasmids were colistin mono-resistant plasmids with 
high stability traits. Moreover, the moderate MICs (4–8 mg/L) for colistin, and the fitness benefit expressed by 
mcr-1-bearing IncI2 and IncX4 plasmids further helps to explain their long-term persistence in the farm after 
colistin withdrawal. Hence, not only cessation of colistin selective pressure, but also the characteristics of mcr 
bearing plasmids and co-selection by other antibiotic usage and farm management need to be considered when 
attempting to control colistin resistant bacteria in the population.

In conclusion, the mcr bearing plasmids could still be transmitted between hosts on the farm for some time 
after colistin selective pressure was removed. According to our findings, even without antibiotic selective pres-
sure, resistance plasmids with little or no fitness burden on the bacterial hosts could persist in the population. 
Moreover, the presence of resistance genes against various antimicrobials and disinfectants could help to co-select 
for colistin resistant bacteria. Undoubtedly, the need to minimize the use of antibiotics as well as continuous 
monitoring of the antimicrobial resistance profiles of bacteria in livestock farms are essential for AMR control.

Materials and methods
Sampling and strain selection. The strains studied were obtained in a previously reported investigation 
conducted in the central region of  Thailand8. In that study MCRPE isolates (n = 170) from pigs, wastewater, 
and workers on a pig farm where routine prophylactic colistin use had been withdrawn at the start of 2017 
were obtained over a three-year period and longitudinally monitored. Six of these multi-drug resistant MCRPE 
strains with different clonal types based on pulsed field gel electrophoresis and similar plasmid replicon types 
found by PCR were selected for the current molecular study. The strains comprised three from pigs, two from 
wastewater and one from a farm worker. The strains were isolated in mid-2017 (n = 3), 2018 (n = 2) and 2019 
(n = 1). A more detailed description of the origin of the six strains is presented in Table 1.

Bacterial identification and antimicrobial susceptibility testing. The MCRPE strains were identi-
fied as E. coli using IMViC biochemical tests and MALDI-TOF  MS32. The mcr-1-5 genes were detected by mul-
tiplex PCR, as previously  reported33. The minimum inhibitory concentration (MIC) for colistin was determined 
by using the broth microdilution technique, and an MIC value of ≥ 4 mg/L was considered to indicate colistin 
resistance (CLSI, 2021). Antimicrobial susceptibility testing for mcr positive E. coli strains was performed by 
using the AST-GN 38 test kit in a Vitek2 apparatus (BioMérieux, France)34.

Plasmid conjugation. Conjugation was performed by broth mating technique to confirm mcr genes were 
located on conjugative plasmids, and their transferability  rate35. The E. coli J53 strain which is resistant to sodium 
azide (MIC > 512 mg/L) and susceptible to colistin (MIC < 2 mg/L) were applied as recipient strain. Transconju-
gants were cultured on LB agar (Oxoid) plates containing colistin (2 mg/L) and sodium azide (100 mg/L). The 
presence of mcr genes in transconjugants were determined by PCR as described above.

DNA preparation and whole genome sequencing. The genomic DNA of the E. coli strains was 
extracted by using the ZymoBIOMICS DNA Miniprep Kit (Zymo Research, USA) according to the manufac-
turer’s instructions. The extracted DNA was subjected to quantity checking using a Qubit Fluorometer. The 
samples then were submitted for sequencing using the Illumina NovaSeq PE150 platform and MinION (Oxford 
Nanopore Technologies for long read sequencing).

Sequence analysis. The paired-end reads were quality filtered to remove adapters and low-quality 
sequences with quality scores < 30 by using Trimmomatic v.0.36.536. The related bioinformatic analyses were 
performed on the European Galaxy server (https:// usega laxy. eu). Reads assembly were perform by using the 
Unicycler hybrid assembly (Galaxy Version 0.4.8.0) with default  settings37. Sequences were analyzed for species 
identification (KmerFinder 2.1), Multilocus Sequence Type (MLST 1.6), virulence factors (VirulenceFinder 1.2), 
antimicrobial resistance (ResFinder 2.1), plasmids (PlasmidFinder 1.2) and mobile elements finders (v1.0.3) 
using the Center for Genomic Epidemiology (CGE)  pipeline26. Acquired antimicrobial resistance genes (ARGs), 

https://usegalaxy.eu
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and E. coli virulence factors were also identified using ABRicate on the Galaxy server (Galaxy Version 1.0.1). The 
databases used in this platform were CARD Resistance Gene  Identifier38 and ARG-ANNOT (Antibiotic Resist-
ance Gene-ANNOTation)39 databases, while for virulence genes the VFDB databases were  used40. The genomes 
of MCRPE isolates were annotated by the NCBI Prokaryotic Genomes Annotation Pipeline (PGAP) and Prokka 
(Prokaryotic genome annotation) (Galaxy Version 1.14.6)41. Screening for biocide resistance genes was car-
ried out on the BacAnt  server42 using the antibacterial biocide and metal resistance gene databases ResDB and 
 BacMet43.

Plasmid sequences were obtained using plasmid finder and annotated by Prokka (Galaxy Version 1.14.6)41. 
The contigs of mcr variants were compared with reference sequences using BLAST. The annotated plasmids car-
rying mcr genes were compared with reference plasmids belonging to the same Inc groups using BLAST ring 
image generator (BRIG)44, and the genetic context of mcr-1 and mcr-3 contigs were visualized by using Easyfig 
(http:// mjsull. github. io/ Easyfi g/)45. All the reference plasmids and sequences used in the study were recovered 
from the NCBI database.

Since highly similar mcr bearing plasmids of the IncI2 and IncFII plasmids were detected in isolates from 
pigs and wastewater recovered in different isolation years, a phylogenetic comparison was performed on the 
IncI2 and IncFII plasmids from this study with reference plasmid sequences from GenBank. A phylogenetic tree 
of the mcr-1.1-carrying IncI2 plasmids from this study was constructed by comparing with 20 mcr-1-carrying 
IncI2 plasmids deposited in the GenBank database. The sequences were aligned using MAFFT (Galaxy Version 
7.505 + galaxy0)46 and a phylogenetic tree was obtained by using the neighbour-joining method in MEGA 10 
software using1000 times bootstrap values. Likewise, phylogenetic trees of the two mcr-3 carrying IncFII plasmids 
were generated by comparing with 15 E. coli IncFII plasmids deposited in the GenBank database.

Nucleotide sequence accession numbers. The complete nucleotide sequences of the six MCRPE strains 
CP52E, CPE35, CPWW7, CPF6, CPWWCT and CPA1200 were deposited in GenBank under the accession 
numbers CP075731, CP075722, CP075716, CP075737, CP076575 and JAHKSR000000000, respectively. The 
plasmids containing mcr genes were: pCP52E-IncX4 (accession number-NZ_CP075733.1), pCPA1200-IncI2 
(accession number- JAHKSR010000004.1), pCPWW7-IncI2 (accession number- NZ_CP075719.1), pCPE35-
IncFII (accession number- NZ_CP075741.1), pCPF6-IncFII (accession number- CP075741.1) and pCPF6-
IncHI2 (accession number- CP075738.1).

Data availability
The datasets generated and/or analysed during the current study are available in the National Library of Medicine 
repository BioProject: PRJNA735516 and PRJNA731849.
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