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Abstract

South-East Asian countries report a high prevalence of extended-spectrum cephalosporin- (ESC-) and colistin-resistant Escher-
ichia coli (Col-R-Ec). However, there are still few studies describing the molecular mechanisms and transmission dynamics of
ESC-R-Ec and, especially, Col-R-Ec. This study aimed to evaluate the prevalence and transmission dynamics of Ec containing
extended spectrum beta-lactamases (ESBL) and mobile colistin resistance (mcr) genes using a '‘One Health' design in Thailand.
The ESC-R-Ec and Col-R-Ec isolates of human stool samples (69 pig farmers, 155 chicken farmers, and 61 non-farmers), rectal
swabs from animals (269 pigs and 318 chickens), and the intestinal contents of 196 rodents were investigated. Resistance
mechanisms and transmission dynamics of Ec isolates (n=638) were studied using short and long read sequencing. We found
higher rates of ESBL-Ec isolates among pig farmers (n=36; 52.2%) than among chicken farmers (n=58; 37.4%; P<0.05) and
the control group (n=61; 31.1%; P<0.05). Ec with co-occurring ESBL and mcr genes were found in 17 (6.0%), 50 (18.6%) and 15
(4.7%) samples from humans, pigs and chickens, respectively. We also identified 39 (13.7%) human samples with non-identical
Ec containing ESBL and mcr. We found higher rates of ESBL-Ec, in particular CTX-M-55, isolates among pig farmers than among
non-pig farmers (P<0.01). 'Clonal’ animal-human transmission of ESBL-Ec and Ec with mcr genes was identified but rare as we
overall found a heterogenous population structure of Ec. The Col-R-Ec from human and animal samples often carried mcr-1.1
on conjugative IncX4 plasmids. The latter has been identified in Ec of many different clonal backgrounds.
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Impact Statement

Antimicrobial resistance (AMR) poses a great threat to human and animal health. It is therefore important that AMR is studied
with a 'One Health' concept. Among the multidrug resistant bacteria, Escherichia coli (Ec) having ESBL and/or mcr genes is
considered as a critical pathobiont.

Here, we investigated the prevalence of ESC-R-Ec and/or Col-R-Ec isolates from human (69 pig farmers, 155 chicken farmers
and 61 non-farmers), farm animal (269 pigs and 318 chickens), and rodent samples (n=196) from Thailand. A total of 638
isolates were sequenced.

Overall, we revealed that (1) the prevalence of ESBL-producing-Ec and mcr-producing-Ec was very high (>30%) in the pigs
and humans. The latter is interesting considering that the first reports of Ec with mcr genes have only been published a few
years ago. In addition, carriage of Ec with ESBL was found (2) to be associated with being a pig farmer. Therefore, programmes
aiming at reducing antimicrobial usage should include the pig farms. However, mcr-producing-Ec was not primarily found in
pig farmers anymore but all humans. Finally, there were (3) high proportions of co-occurrence of ESBL and mcr genes in Ec in
our study. This indicates that above mentioned programmes should concurrently include several rather than single antibiotics
in Thailand.

INTRODUCTION

The overuse and misuse of antimicrobial drugs in farm animals are suspected to contribute to the emergence of bacteria resistant
to antibiotics [1]. Such bacteria may reside in food animals and can be transmitted to humans via direct or indirect contact.
However, the transmission of bacteria with antimicrobial resistance (AMR) is difficult to demonstrate since its potential reservoirs
and transmission routes are so diverse [2]. Fully elucidating the transmission dynamics of AMR between livestock and humans
requires using a ‘One Health’ perspective involving looking at humans and animals simultaneously [3] and performing detailed
genetic analyses of the resistant bacterial strains isolated from them [4]. South-East Asia maintains an important food animal
production sector and is also currently considered a hot spot for AMR [5]. Among the biggest contemporary worldwide concerns
involving AMR are the increase in extended-spectrum cephalosporin-resistance (ESC-R) [6, 7] and the emergence and rapid
dissemination of plasmids carrying the mobile colistin resistance (mcr) gene in Enterobacterales [8, 9].

The prevalence of ESC-R Enterobacterales, most prominently Escherichia coli (Ec), is well studied in humans and animals.
Risk factors surrounding the antimicrobial usage (AMU) for selecting intestinally carried extended-spectrum beta-lactamase
(ESBL)-producing Enterobacterales have been reported and analysed [10, 11]. During 2011-2014, the emergence of the first
plasmid-mediated polymyxin resistance mechanism in Enterobacterales, mcr-1, was reported in China [12]. However, knowledge
concerning the prevalence of Ec containing mcr genes is still largely incomplete due to a lack of recent studies, especially in South-
East Asia. A high prevalence of mcr genes has been found in Laos [13], and the prevalence of mcr-1-positive E. coli (MCRPEC)
has been reported to range from 3.7-32.7% (average 15.0%) in humans in China [14]. Thailand has been categorized as having
a low rate of colistin-resistant E. coli (Col-R-Ec) [15], but more recent human and animal data are urgently needed.

Two important necessities for ‘One Health’ studies investigating the essential dynamics of the transmission of multidrug-resistant
pathogens are a) the molecular characterization of AMR isolates and b) identifying the epidemiological links between humans,
animals, and the environment. In this ‘One Health’ study, samples from animals, humans, and rodents living around those farms
were collected in northern Thailand. Samples from rodents were considered as being representative for one aspect from the
environment.

Our objective was to determine the prevalence of Ec with ESBL and mcr genes in pig and chicken farms. In addition, we aimed
at scrutinizing the transmission dynamics of these isolates by whole genome sequencing (WGS) in very small- and small-sized
farms, and the epidemiology of circulating plasmids containing mcr-1.

METHODS
Study design and sample collection

The study’s overall design and samplingwere published previously [16]. Briefly, by using a cross-sectional design, human and
animal samples were collected from very small- and small-sized pig and poultry farms (1-20 and 20-100 animals per farm,
respectively) where animals lived in close contact with farmworkers. Up to four human faecal samples and up to 10 rectal swabs
from animals were collected from each farm visited, and rodents were trapped nearby to collect their intestinal contents. Impor-
tantly, we also included samples from a human control population with no occupational contact with animals to compare the
population structure of the E. coli isolates among different human groups. Questionnaires with metadata and AMU information
in farms were administered to the participants. The study was undertaken during 2018 and 2019. Mahidol University’s Ethics
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Committee for the Faculty of Tropical Medicine approved the collection of biological samples and data from humans (Certifica-
tion number: MUTM-2018-035-01). Kasetsart University’s Scientific Research Committee gave ethical approval for the animal
section (ACKU 62-VTN-010) of this study.

Selecting ESC-R-Ec and Col-R-Ec for molecular characterization of resistance genes

ESC-R and Col-R Enterobacterales were isolated from pig and chicken rectal swabs, small wild rodents’ intestinal contents, and
human stool samples (farmers and non-farmers) and partially characterized as described [17]. Importantly, each sample was tested
independently for both ESC-R and Col-R by inoculation onto a MacConkey agar plate supplemented with ceftriaxone (2 ugml™)
and onto a MacConkey agar plate supplemented with colistin (1 ugml™) to detect antibiotic resistant Gram-negative bacteria [17].
All isolates were also tested for carbapenemase producers but they were non-existent. For this study, we only included ESC-Ec
and Col-R-Ec which was the vast majority of received isolates and excluded K. pneumoniae, Enterobacter spp. and Citrobacter spp.
According to CLSI guidelines, we considered an isolate as ESC-R-Ec or Col-R-Ec if MIC>=4 mgl™ for ceftriaxone or MIC>=4 mg1™"
for colistin, respectively. In addition, we also found small numbers of Ec with >=2 mgl™ but <4 mgI™ for ceftriaxone (n=10;2.5%)
and for colistin (n=9; 3.0%). It was found, that, after genomic analyses (see below), all of these isolates also possessed ESBL and/or
mcr genes and, therefore, these isolates were also included in the study. We used E. coli ATCC 25922 as a control strain in order
to determine if the phenotyping test results of the tested isolates were valid.

Whole-genome sequencing (WGS) analyses and prevalence analyses of Ec with ESBL and/or mcr genes

Genomic DNA of E. coli isolates was extracted using QITAamp DNA Mini Kit with a QIAcube robot. The median quantity of DNA
sent for sequencing was 5.5 ug and the ranges were 2-25 pg. This was initially quantified by Nanodrop but subsequently remeasured
with Qubit. Additional purification after Qubit measurement was performed if deemed necessary. Isolates were sequenced with
[lumina PE150 (paired-end) the specifications were Q30=80%. For the sequencing, a 350 bp insert DNA library was used and
it was aimed at getting 100 X per sample. Quality control of the sequence data was performed with FastQC (Version 11.8). The
summary of FastQC reports was performed with MultiQC (Version 1.6) [18]. The results of quality control were consistent with
the reports of the sequencing facility.

Genomes were assembled (de novo assembly) using the default parameters of SPAdes genome assembler v3.14.0 [19]. Resistance
genes were identified using ResFinder software v3.2 [20]. The output for ESBL and/or mcr genes was then 'manually’ inspected
and their presence was defined if there was >98% sequence identity as recommended [21] and >95% gene coverage. Multilocus
sequence typing (MLST) characterizations for Ec were taken from the Centre for Genomic Epidemiology website (https://cge.
food.dtu.dk/services/MLST/ accessed in October 2021).

For the calculation of prevalence of resistance genes, each ESBL and/or mcr-gene was only counted once per sample. Prevalence
calculations were done for six different categories. This included a) samples with ESBL-Ec, b) samples with Ec with mcr genes, c)
samples with ESBL-Ec only, d) samples with Ec with mcr only, e) samples with Ec with ESBL and mcr (different isolates) and f)
samples with Ec with ESBL and mcr (same isolate).

The prevalence data from chicken and pig farms were compared using chi-square tests and a P-value less than 0.05 was considered
as being statistically significant. Accession number for the sequencing reads is PRINA707214.

Sequence analyses for investigating population heterogeneity

The subsequent analyses excluded all the isolates in which we found no ESBL or mcr genes. In addition, we also excluded non-Ec
isolates and those that were received in duplicates (i.e. identical isolates). The assembled genomes were filtered using several
parameters: number of contigs, genome coverage and contaminations. The number of contigs and genome coverage were assessed
using the Quast tool, v5.0.2 [22]. For Quast quality control, a reference E. coli genome (accession number GCA_000005845.2) was
used. Only samples with assemblies of fewer than 1200 contigs were used for core genome analysis. The fraction of coverage of the
E. coli reference genome was set to 80% to ensure that only Ec isolates were analysed (Fig. Sla, b, available in the online version
of this article). Data was also inspected using the CheckM tool, v1.1.2 [23]. Based on using a set of marker genes of reference
genomes, if the genome of our study was not assigned to the correct 'marker lineage' (i.e. Enterobacteriaceae), it was removed.

In total, 463 Ec isolates passed all the above-mentioned quality checks and were used for subsequent analyses. The concatenated
alignment of the genes shared by >99% of all the isolates (the core genome) was constructed using Roary, v3.11.0 [24]. The
phylogenetic tree was produced using FastTree v2.1.10 [25]. Core genome single nucleotide variants (cgSNVs) were extracted
from this concatenated alignment using SNP-sites software, v2.5.1 [26]. Sequence clusters (SCs) were identified using the FastBaps
algorithm [27]. A core genome tree was created using the ggtree package, v2.4.2, in R software, v4.0.5.

Long-read sequencing, hybrid assembly of short and long reads and definition of clonal transmission

We also performed Nanopore sequencing to define the genetic backgrounds of ESBL and mcr genes for a subset of isolates. To
investigate potential 'clonal’ transmission events between animal to humans, we selected all the isolates with identical sequence
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types (STs) in humans and animals. We have previously described our long-read sequencing protocol [28]. In brief, isolates’ DNA
were multiplexed, barcoded, and sequenced using a Gridlon system. We then performed a hybrid assembly (of short- and long-
read sequencing reads) using Unicycler v.0.4.8 [29]. The plasmids were received as fully closed contigs, annotated and compared
using the BLAST Ring Image Generator [30].

A concatenated alignment of the genes shared by =99% of all hybrid assemblies was constructed using Roary v3.11.0 and a
phylogenetic tree was received with FastTree v2.1.10. Subsequently, cgSNV's were extracted using SNP-sites software, v2.5.1
and the differences i.e. AcgSNV between isolates were calculated from the alignment file created by Roary. Ultimately, clonal
transmission was defined if pairwise cgSN'Vss differences were <99 as recently suggested [31] and identical plasmids containing
identical resistance genes identified.

Analyses for investigating the position of mcr-1.1

By solely assembling short reads and subsequently investigating the resulting contigs, it is often difficult to define the correct
genetic background of bla and/or mcr genes. Additional long read sequencing is recommended but quite costly to do for all
isolates. We therefore followed a 'read mapping' approach which has been recently shown by Shen et al. [32] and focused on
mcr-1.1. In more detail, the position of the mobilized colistin-resistance gene (mcr-1.1) was assessed in three different ways.
First, we defined the contig on which the mcr-1.1 gene was located using the ResFinder database [20]. The contig containing
the mcr-1.1 gene was selected using SAMtools utilities, v1.10 [33] and annotated using the BLAST. If the contig was longer than
10kb and defined by BLAST as a ‘genome, then that mcr-1.1 gene was defined as chromosomal for that sample. The second way
involved annotating the contig with the mcr-1.1 gene using the PlasmidFinder, v2.1 [34], if it was longer than 10kb. The third
type of analysis was used for samples where the contig with the mcr-1.1 gene was shorter than 10kb. For this, we first defined a
set of reference plasmids from our data and retrieved some additional plasmids from a study by Shen et al. [32] (Table S2). All
the samples’ reads were then mapped to these reference plasmids using SAMtools utilities, and the best mapped plasmid was
selected [highest (maximum) coverage]. Those plasmids’ Inc-types were defined according to their sample if the coverage with
the reference plasmid was greater than 60%.

RESULTS
Prevalence of Ec with ESBL and/or mcr genes in samples from pig and chicken farms

Doing short read sequencing, we analysed the molecular mechanisms of ESC-R-Ec and/or Col-R-Ec isolates (n=638) from human
(69 pig farmers, 155 chicken farmers and 61 non-farmers), farm animal (269 pigs and 318 chickens), and rodent samples (n=196)
from a northern province of Thailand. In total, 122 and 280 ESC-Ec were sequenced from 285 human and 783 animal samples,
respectively. We found an ESBL gene in 114 (93.4%) human and 267 (88.8%) animal ESC-R-Ec. We also sequenced 298 Col-R-Ec
from the total of 1068 samples (Table S3).

The overall prevalence of samples having Ec with ESBL and/or mcr genes among human participants was generally >30% (Table 1).
We identified higher rates of ESBL-Ec isolates among pig farmers (n=36; 52.2%) than among chicken farmers (1=58; 37.4%;
X?=4.3; P<0.05) and the control group (n=61; 31.1%; X?=5.8; P<0.05) (Table 1). In contrast, we found no significant association
(difference between pig farmers, chicken farmers and non-pig farmers) for Ec with mcr. Furthermore, we found higher ESBL-Ec
and mcr-Ec rates among pigs than among chickens (n=164; 61.0% versus n=35; 11.0% for ESBL-Ec; P<0.001and n=112; 41.6%
versus n=27; 8.5% for mcr-Ec; P<0.001) (Table 1). Based on information related to AMU in farms, penicillin and streptomycin
and amoxicillin are often given to sows after the farrowing which may select for a high prevalence of ESBL-Ec in these pig farms
(Table S4).

We found no significant associations between rates of Ec with ESBL or mcr genes and different sizes of pig farms. In contrast,
significant differences in prevalences of ESBL-Ec were found between small-sized and very small-sized chicken farms (18%
versus 7.8% X?=5.6; P<0.05) (Table 1). The prevalence of Ec with ESBL or mcr genes in rodents were low (around 2%; Table 1).

Detection of strain heterogeneity in samples

We next investigated the absence or presence of strain heterogeneity in human and animal samples. For doing this, we defined
four additional categories in Table 1 (i.e. samples with Ec with ESBL and mcr found in different or same isolates). As for non-
heterogenic samples we found significantly more samples with Ec with ESBL but no mcr genes in pig farmers (31.9%) as compared
to chicken farmers (14.2%) and the control group (16.4%) (P<0.05; P<0.05). There were also significantly more samples with
isolates having co-occurring ESBL and mcr genes in pigs (n=50; 18.6%) as compared to humans (n=17; 6.0%) (P<0.05). As for
heterogenic samples, we identified 38 (13.3%) human and 33 (12.3%) pig samples with non-identical Ec containing ESBL and
mcr. This indicates a considerable Ec strain heterogeneity in human and pig samples of Thailand. However, of note, we did not
additionally conduct non-selective growth on MacConkey to gauge a systematic understanding of the full diversity of Ec-types
within the animal and/or human populations.
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Table 1. Molecular characterization of samples with ESC-R-Ec and Col-R-Ec isolates with ESBL and/or mcr genes

Sample origin Farm size N Samples with Samples with Ec Samples with Samples with Ec Samples with Ec Samples with Ec Total}

ESBL-Ec with mcr genes ESBL-Ec only with mcr only with ESBL and mcr  with ESBL and mcr

(different isolates)*  (identical isolate)

Human
Farmers
Pig farmers 69 36 (52.2%) 22 (31.9%) 21 (30.4%) 7(10.1%) 8 (11.6%) 7(10.1%) 43 (62.3%)
Chicken farmers 155 58 (37.4%) 48 (31.0%) 26 (16.8%) 16 (10.3%) 24 (15.5%) 8(5.1%) 74 (47.7%)
Control group 61 19 (31.1%) 15 (24.6%) 10 (16.4%) 6(9.8%) 7 (11.5%) 2(3.3%) 25 (41.0%)
Total 285 113 (42.0%) 75 (26.3%) 57 (20.0%) 29 (10.25) 39 (13.7%) 17 (6.0%) 142 (49.8%)
Animals
Pigs Very small 169 99 (58.6%) 71 (42.0%) 46 (27.2%) 18 (10.7%) 18 (10.7%) 35 (20.7%) 117 (69.2%)
Pigs Small 100 65 (65%) 41 (41%) 35 (35%) 11 (11%) 15 (15%) 15 (15%) 76 (76%)
Total 269 164 (61.0% 112 (41.6%) 81 (30.1%) 29 (10.8%) 33(12.3%) 50 (18.6%) 193 (71.7%)
Chickens Very small 218 17 (7.8%) 23 (10.6%) 2(0.9%) 8 (3.7%) 1(0.5%) 14 (6.4%) 25 (11.4%)
Chickens Small 100 18 (18%) 4 (4%) 17 (17%) 3(3%) 0 1(1%) 21 (21%)
Total 318 35 (11.0%) 27 (8.5%) 19 (6.0%) 11 (3.5%) 1(0.3%) 15 (4.7%) 46 (14.4%)
Rodents None 196 4(2.0%) 4(2.0%) 3 (1.5%) 3 (1.5%) 0 1(0.5%) 7 (3.6%)

*Each sample was screened independently for Col-R-Ec and ESC-R-Ec. Therefore, the detection of multiple isolates in samples was feasible. Each isolate has been sequenced
1This could be as the genes are a) on the same plasmid, b) one on the chromosome and one on a plasmid or c) on two different plasmids.
f'Total' includes all samples with Ec with mcr and/or ESBL genes

Characterization of ESBL and mcr genes in samples from pig and chicken farms

As for the in-depth characterization of ESBL genes, we exclusively found bla ., , butno bla_, and/or blay, . Overall, we identi-
fied a significantly higher rate of bla ., , .. among pig farmer (n=21; 30.4%) than among non-pig farmer samples (n=34; 15.7%,
X?=6.3, P=0.01; Fig. 1a). In addition, bla . , .. was the most frequent ESBL gene in pigs’ rectal swabs (Fig. 1b). As for the
mcr-genes, the mcr-1.1 gene was the most frequent mcr gene in all three human groups with no significant differences among
the groups (Fig. 1¢). As expected, mcr-1.1 was also highly prevalent in pig but not chicken rectal swabs, but other mcr genes were

also detected (Fig. 1d).

Population structure of Ec with ESBL and/or mcr genes using whole-genome sequencing

We then discarded Ec which had no ESBL or mcr genes and isolates with low quality sequencing data for population structure
analyses. In total, we used 463 (72.6%) assembled genomes of sufficiently high quality to perform core genome phylogenetic
analyses. We identified 146 distinct STs, with ST10 (n=37), ST515 (n=21), and ST48 (n=18) being the most prevalent, detected in
both humans and animals. We then investigated the core genome population structure across all the isolates. We obtained 2359
core genes for >99% of the isolates. We also obtained 256713 cgSNVs, which we clustered into eight major sequence clusters
(Fig. 2). We found that the majority of isolates only possessed one resistance gene (ESBL or mcr), but there were also isolates
having two or more of the resistance genes coding for the identical resistance phenotypes. To illustrate the latter, we found that
mcr-3-variant genes were not found as a single resistance gene but rather jointly with a mcr or bla gene in their isolates and that
this is independent of the STs (Fig. 2). Short read sequencing data is not able to resolve if the genes are a) on the same plasmid,
b) one on the chromosome and one on a plasmid or c) on two different plasmids. However, for at least one isolate, co-occurrence
of mcr 3.5 and CTX-M-55 have been found on an IncP1 plasmid as data from short (Illumina) and long (Nanopore) sequencing
technologies were available (see results below). Sequence clusters were neither host-specific nor correlated with farm size (very
small versus small-sized farms) (Fig. S2).

‘Clonal’ transmission of Ec isolates with ESBL and/or mcr genes

We then more thoroughly investigated the isolates with identical STs originating from humans and animals from the same farm
to investigate transmission. The core genome analysis of these isolates is illustrated as a phylogenetic tree in Fig. 3. We identified
seven potential animal-to-human (or vice versa) transmission clusters, with three of them occurring in the same farm (PMF2).
However, we additionally performed long-read sequencing with subsequent hybrid assembly for all these isolates in order to study
in-depth the 'clonal' transmission and the genetic background of the ESBL and mcr genes. We found a single plasmid containing
bla among all the isolates within cluster two. The resistance gene in cluster five, bla . . .., was found on the identical IncFI

CTX-M-
plasmid in two pigs and one pig farm worker (Fig. 4a). bla was also identified in the large (228400 bp) IncHI1 plasmid in

CTX-M-55
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Fig. 1. Prevalence of Ec with ESBL and mcr genes in humans and animals. The prevalence of samples with Ec with the three most frequent bla..,
genes (CTX-M-14, CTX-M-55, and CTX-M-15) are shown in pig farmers, chicken farmers, and non-farmers (control) (Fig. 1a). The numbers for animal
samples are illustrated for small- (SF) and very small-sized farms (VSF) (Fig. 1b). The prevalence of samples with Ec with mcr genes (MCR-1.1, MCR-
3.5, and other mcr) are also shown for humans (Fig. 1c) and animals (Fig. 1d). The 95% confidence intervals are indicated. Statistical significances were
determined using a chi-square test.

one pig and one pig farm worker from cluster four (Fig. S3A). However, despite using long-read sequencing, we were unable to
locate the mcr-1 gene in pig P188_1R. Finally, clusters 3, 6, and 7 were all found in the small-sized pig farm two (PMF02; Fig. 3).
We revealed that the mcr-1 gene for cluster seven’s isolates was located on the chromosome (Fig. S3B), whereas bla_.., ., was
found on the IncF plasmid (Fig. 4b). Considering AcgSNV's of <99to define clonal transmission [31], this has been recovered
in clusters 2, 3, 5 and 7. We did not find transmission in cluster six but identified one isolate with mcr 3.5 and CTX-M-55 being

located on a single IncP1 plasmid.

Defining the genetic background of mcr-1.1

As mcr 1.1 was the most frequent mcr-gene and in order to investigate if this gene is primarily located on well-known conjugative
plasmids, we subsequently inspected the genetic background of 194 Ec isolates with mcr-1.1 by a mapping approach. The plasmid
or chromosomal location of mcr-1.1 was identified in 162 Ec isolates (83.5%) (Fig. 5a and Table S2). A chromosomal location
was revealed in 15 (7.7%) of 194 isolates containing mcr-1.1. The proportions of Ec with mcr-1.1 isolates located in the IncX4
(465 59.9%), IncHI1 (13; 17.9%), and IncI2 (5; 6.4%) plasmids in human samples were comparable to those in animal samples,
with IncX4 (50; 59.5%), IncHI1 (13; 15.5%), and IncI2 (5; 6.0%) (Fig. 5b). The sequence clusters were not associated to specific
plasmids containing the mcr-1.1 gene. Taken together, neither sequence clusters nor plasmids containing mcr-1.1 were associated
to a distinct host or source in this study.

DISCUSSION

The present study investigated the prevalence of Ec with ESBL and/or mcr genes in pigs, chickens, rodents, pig farmers, chicken
farmers, and non-farmers in Thailand. In addition, we reported on clonal transmission events between animals and humans
by co-analysing epidemiological links and WGS data. However, we speculate that horizontal transmission is more frequent as
indicated by the found heterogenous population structure of Ec in our study.
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Similarly to our study which found that ESBL-Ec carriage was associated with being a pig farmer, human ESBL carriage was found
to be associated with average number of hours working on the farm per week and presence of ESBLs in pigs in the Netherlands
[35]. The increase of the latter was due to the enhanced prevalence of bla .., , .., which was also the most frequent ESBL gene
in pigs and pig farmers in our study. In contrast, an analysis of Ec in Vietnam showed different bla ., ,, genes in humans and
pigs and, therefore, the authors concluded that ESBL-Ec from pigs or their ESBL/AmpC encoding plasmids were not commonly
spread to workers in close contact with the animals [36]. In 2013, it was hypothesized that the same STs of ESC-R-Ec were being
transmitted between humans and food animals and that there was also parallel, independent evolution in the two host populations
of E. coli strains [1]. Considering the high heterogeneity of the STs in the E. coli strains observed in our study and that certain
STs, like ST10, were being found in both humans and animals, the above hypothesis may also be plausible for our setting.

During our visits to the farms, we collected information on AMU in animals but it was difficult to obtain accurate and detailed
data as farmers usually don't want to disclose that information. However, the use of a drug containing both penicillin and
streptomycin and/or a drug containing amoxicillin has been reported in almost all very-small pig farms. These drugs are used to
prevent postpartum infections in sows and may act as selective pressure for the emergence of Ec with ESBL genes in pig farms.
In contrast, the use of penicillin and streptomycin were reported in only one chicken farm while the use of erythromycin seemed
to be very frequent in very small chicken farms but certainly without acting on the selection of Ec with ESBL genes.

As for colistin, Thailand approved a ban on using this antibiotic medication as a feed additive and for the prevention and control
of infection in food animals in 2017 [37]. However, there are strong suggestions that farmers do not comply with these regulations,
as a recent study revealed that 94% of 51 small-sized pig farms in Thailand still used antibiotics like colistin [38]. Interestingly,
we found that the prevalence of Ec with mcr genes was comparable in pig farmers, chicken farmers, and non-farmers. This was
remarkable considering that the prevalence of Ec with mcr genes was significantly higher in pigs than in chickens. The high
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Cl. MLST AcgSNVs  FarmID Host CTX-M (G. bgrd) MCR (G. bgrd)
P165_1R 5229 1921 PMFO7 Pig NA NA
PMF7HO1_1R 1 5000  Rer PMFO7 Pig farmer  CTX-M-55 (Chrom.) NA
63_1R 2973 13 GMFO02 Chicken CTX-M-14 (IncF) NA
68_1R 2973 13 GMF02 Chicken CTX-M-14 (IncF) N
64_1R 2 2073 2 GMF02 Chicken CTX-M-14 (IncF) NA
69_1R 2973 3 GMF02 Chicken CTX-M-14 (IncF) NA
MF2HO04_1R 2973 Ref. GMF02 Ch. farmer  CTX-M-14 (IncF) NA
P1251T 701 1 PMFO02 Pig NA MCR-1 (IncX4)
p127_2T 3 701 0 PMF02 Pig NA MCR-1 (IncX4)
PMF2H02_1T 701 Ref. PMF02 Pig farmer __NA MCR-1 (IncX4)
4 3% 104 PMFO06 Pig CTX-M-55 (IncHl)  MCR-1 (unclear)
PMFBHO1_1R 398 Ref. PMFO06 Pigfarmer  CTX-M-55 (IncHl)  NA
1421 20 PMFO1 Pig CTX-M-55 (IncFl) __NA
¥ 5 1421 41 PMFO1 Pig CTX-M-55 (IncFl) ~ NA
PMF1HO1_2R 1421 Ref. PMFO1 Pig farmer  CTX-M-55 (IncFl) _ NA
131_1R 165 1979 PMFO02 Pig CTX-M-55 (IncP1)  MCR-3.5 (IncP1)
PMF2HO1_1T 6 165 Ref. PMF02 Pig farmer  NA MCR-1 (IncX4)
7122 2 PMF02 Pig CTX-M-14 (IncF) MCR-1 (Chrom.)
PMF2H03_1R 7 7122 2 PMF02 Pig CTX-M-14 (IncF) MCR-1 (Chrom.)
PMF2HO1_1R 7122 Ref. PMF02 Pig CTX-M-14 (IncF) MCR-1 (Chrom.)

Fig. 3. Analyses of Col-R-Ec and ESBL-Ec transmission events in Thailand. All isolates from small chicken (GMF) and pig (PMF) farms for which identical
STs were found in both humans and animals were selected. Seven clusters (CL) of isolates with identical STs were found. The core genome phylogeny
of the isolates’ fully closed genomes is plotted (left side) as are the bla., and mcr genes. Pair wise core genome Single Nucleotide Variant (cgSNV)
differences are shown as compared to the ‘reference’ (Ref.) strain in each cluster. The genomic backgrounds (G. bgrd) of the bla.., and mcr genes
were identified thanks to additional long-read sequencing and subsequent hybrid assembly. Hybrid assembly analyses combined with epidemiological
linkage enabled the definition of transmission from humans to animals (or vice versa).

carriage of Ec with mcr genes in our control group (24%) indicated that sources other than pig farming could be relevant for
acquiring Ec with mcr genes. Alternatively, humans may acquire such AMR bacteria by consuming contaminated meat or food
animal products or from direct contact with live animals, although contamination rates from fresh food with Col-R bacteria in
Thailand have been found to be low [39].

The predominant STs containing mcr-1 belonged to clonal complex 10 (i.e. ST10, ST48, and ST7122). Generally, the observed
population structure is comparable to that seen in China [32]. As for the plasmids, we frequently identified IncX4, but we also
found IncI2, IncP1, and IncH1 plasmids containing mcr-1 which have been found to be conjugative [40]. It was recently hypoth-
esized that the efficient transfer of the IncX4 plasmid at different temperatures might indicate its ability to be an important vehicle
for disseminating AMR bacteria [41] and that IncX4 is relevant for the dissemination of the mcr-1 gene along the food chain and
in humans [42, 43]. Unfortunately, due to the low genetic heterogeneity of circulating IncX4 [13], it is difficult to undoubtedly
prove horizontal transmission of IncX4 plasmids from animals to humans even if WGS and epidemiological linkage data of
isolates are available like in our study.

Data from China have shown that the withdrawal of colistin reduced the incidence of Col-R-Ec, more specifically, the IncX4-
type plasmids harbouring mcr-1 [32] which have been reported to have little genetic variability [43]. Considering the striking
similarities between Col-R-Ec epidemiology in Thailand and that reported in China before the ban on colistin use in animal
feed, we speculate that full compliance with regulations on the veterinary use of colistin in Thailand would also lead to a rapid,
ecosystem-wide decline in Col-R-Eg, especially Ec with mcr genes. However, we also observed a high proportion of co-occurrence
of ESBL and mcr genes in Ec in our study, and, therefore, it could be possible that a ban of colistin alone may not be as effective as
in China. Co-occurrence has also been reported in pig samples from Egypt [44]. Interestingly, studies reporting co-occurrence
mainly mention ESBL and mcr-1 [40, 45, 46] while we detected a particular high co-occurrence of ESBL with mcr-3.5 genes.

One strength of our study is the reporting of detailed molecular mechanisms and epidemiological links of ESC-R-Ec and/or
Col-R-Ec.s. Importantly, the samples were collected from animals from different sizes of farms, farmers, non-farmers, and rodents
in the same northern province in Thailand. One limitation of our study was that we did not fully explore all the possibilities of
'clonal' animal to human transmission of strains. Indeed, with few exceptions, we selected only one or two colonies per plate for
ESC-R-Ec and/or Col-R-Ec. Due to the high workload involved, we also decided to focus on the epidemiologically important Ec
with ESBL and/or mcr genes and, therefore, we did not investigate other resistance mechanisms. In addition, our study design
has not been longitudinal. It is known that carriage duration of e.g. ESC-R-Ec is limited within both people and pigs [28, 47].
Therefore, detection of clonal transmission might be missed if the transmitted Ec isolates have been lost at the time of the visit
or the relevant plasmid has been transferred to another Ec isolate in the human gut.

In conclusion, we found that the prevalences of ESBL-producing-Ec and mcr-producing-Ec were very high in the animals and
humans and that ESBL-Ec carriage was associated with the occupation of pig farmer in northern Thailand. We also detected clonal
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transmission from animals to humans but this has probably happened infrequently as indicated by the heterogenous population
structure of Ec isolates. Therefore, horizontal' transmission of highly prevalent plasmids like IncX4 is more likely. We identified
compelling similarities in the epidemiology and prevalence of the circulating plasmids containing mcr-1 in Ec isolated from
animals and humans in Thailand and China, especially when compared to the situation before colistin’s withdrawal in China and
the latter should probably also be more encouraged in Thailand. However, the high proportions of co-occurrence of ESBL and
mcr genes, especially mcr-3.5, in human and animal samples are of great concern and may more and more jeopardize the success
of AMU reduction programmes, especially if exclusively focused on colistin.
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