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Genomic analysis of plasmid content in food isolates of E.
coli, strongly supports its role as a reservoir for the horizontal
transfer of virulence and antibiotic resistance genes

Maria G. Balbuena-Alonso?, Gerardo Cortés-CortésaP, Jay KimP, Patricia Lozano-Zarain?,
Manel CampsP”, Rosa del Carmen Rocha-Gracia®”

aPosgrado en Microbiologia, Centro de Investigaciones en Ciencias Microbioldgicas, Instituto
de Ciencias de la Benemérita Universidad Autbnoma de Puebla. Instituto de Ciencias, Ciudad
Universitaria, San Manuel, Puebla, 72570, Mexico.

bDepartment of Microbiology and Environmental Toxicology, University of California at Santa
Cruz, Santa Cruz, CA, 95064, USA.

Abstract

The link between E. coli strains contaminating foods and human disease is unclear, with some
reports supporting a direct transmission of pathogenic strains via food and others highlighting
their role as reservoirs for resistance and virulence genes. Here we take a genomics approach,
analyzing a large set of fully-assembled genomic sequences from £. coli available in GenBank.
Most of the strains isolated in food are more closely related to each other than to clinical strains,
arguing against a frequent direct transmission of pathogenic strains from food to the clinic. We
also provide strong evidence of genetic exchanges between food and clinical strains that are
facilitated by plasmids. This is based on an overlapped representation of virulence and resistance
genes in plasmids isolated from these two sources. We identify clusters of phylogenetically-related
plasmids that are largely responsible for the observed overlap and see evidence of specialization,
with some food plasmid clusters preferentially transferring virulence factors over resistance genes.
Consistent with these observations, food plasmids have a high mobilization potential based on
their plasmid taxonomic unit classification and on an analysis of mobilization gene content. We
report antibiotic resistance genes of high clinical relevance and their specific incompatibility
group associations. Finally, we report a striking enrichment for adhesins in food plasmids and
their association with specific IncF replicon subtypes. The identification of food plasmids with
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specialized PTU-Inc group markers as mediators of horizontal transfer between food and clinical
strains opens new research avenues and should assist with the design of surveillance strategies.

Keywords

Escherichia coli ; food plasmids; antimicrobial resistance; plasmid origin of replication; plasmid
taxonomic units; comparative genomics

1. Introduction

Escherichia coli (E. coli) is a bacterial species found in the environment that colonizes
the gastrointestinal tract of humans and animals. Most strains of £. coli are harmless
commensals, but there are pathogenic lineages capable of producing severe intestinal and
extraintestinal disease (sepsis, urinary tract infections, meningitis) (1).

E. coliis characterized by frequent genetic exchanges across different strains and even
with other species, a process known as horizontal gene transfer (HGT). The resulting high
genomic plasticity has allowed £. colito adapt to different selective pressures exerted in
various environments, including the rapid evolution of resistance to antibiotics frequently
used in the clinic, notably p-lactam antibiotics, fluoroquinolones, and aminoglycosides (2—
5).

E. colistrains can be classified into large groups by phylotype (according to phylogenetic
relationship) and by pathotype (according to pathogenic profile). Serotyping and Multi-
Locus Sequence Typing (MLST) are two methods used to provide a higher level of
resolution. Serotyping is based on an agglutination test performed with a panel of
reference antisera with the ability to discriminate variations in the genes responsible for
the biosynthesis of structures such as the flagellum, the lipopolysaccharide (LPS), and the
capsule (6). The MLST classification uses a genomics approach based on the presence of
unique combinations of alleles for seven housekeeping genes (7). A few sequence types
(STs) have emerged as epidemic, being present at high frequencies all over the world.
Prominent among these is ST131, a clone whose expansion has been accompanied by the
acquisition of fluoroquinolone resistance, of an adhesion virulence factor, and of a set of
plasmid-borne antibiotic resistance genes (ARGs)(8,9).

HGT is greatly facilitated by plasmids, which are autonomously replicating pieces of DNA.
In addition to the genes needed for plasmid homeostasis, plasmids frequently contain a
cargo of genes involved in adaptation to environmental challenges (10-12). Establishing
phylogenetic relationships between plasmids is a major challenge for the field given the
instability of their sequence, which is constantly shuffled by recombination. Cargo content
and individual genes involved in replication (ori) (13) or conjugation (relaxase) (14)

have been used to define genetic relatedness between plasmids with only partial success.
Recently, a method based on the fraction of sequence that perfectly aligns between two
plasmids (the alignment fraction) has been used to define Plasmid Taxonomic Units (PTUSs),
which cluster plasmids by phylogenetic relatedness more reliably than other methods (15).
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This analysis in turn has allowed the systematic tracking of plasmid exchanges across
different taxonomic boundaries (16).

Plasmid-mediated horizontal gene transfer is mediated by conjugation (transfer of sSDNA
by a process involving nicking of the donor DNA and cell-cell contact), transformation
(uptake of DNA from the environment) or transduction (genetic exchange mediated by a
phage). The conjugation ability of a given plasmid can be inferred based on the presence of a
complete complement of the machinery that is required for self-transmission, which consists
of four MOB (mobilization) modules: an origin of transfer site (or/7); a relaxase gene that
cleaves the or/T7, generating a sSDNA,; and two mating channel components: a gene encoding
type IV coupling protein (TACP) and a gene cluster for bacterial type IV secretion system
(T4SS) (11,17). Some plasmids lack some MOB genes but can still be transferred if these
factors are produced in trans by helper plasmids. These are called mobilizable plasmids
(18). Within plasmids, mobilization is further facilitated by sequence elements that facilitate
recombination such as transposons, which are generally known as mobile genetic elements
(MBES) (19). In this article, we focus on two types of cargo, namely antibiotic resistance
genes (ARGs) and virulence genes. ARGs involve a variety of mechanisms, but the most
frequent mechanism found in plasmid-borne ARGs is antibiotic inactivation. Inactivation
can be dependent on degradation (e.g., B-lactamases enzymes), on chemical modification
(e.g., aminoglycoside- and fluoroquinolone- modifying enzymes) or on the modification

of the target (e.g., gnrfor fluoroquinolone resistance, mcr-1 for colistin resistance, and
RmtA and armA 16S rRNA methylases for aminoglycoside resistance) (4,5,20). Virulence
genes encode for (among others) adhesins, invasins, toxins, hemolysins, iron homeostasis
genes, antioxidants, and other immune evasion genes, as well as secretion systems (21,22).
Given that the exchange of ARGs and virulence genes is mediated by similar MGEs, these
two categories of genes are frequently linked, which is one of the reasons why multidrug
resistant strains (MDR) also tend to be more virulent and why MDR is becoming such a
serious public health problem (23,24).

The transmission of virulent £. coli strains to humans involves different routes of infection.
In this work, we investigate the risk posed by contaminated food. The role of food as

a reservoir for pathogenic E. coliinfection is still under discussion. Some studies argue
against this idea based on differences in the clonal lineage profile of food-borne and clinical
strains (25,26); however, other studies comparing £. coliisolates from humans with isolates
from food-producing animals identified genetically related plasmids that are shared between
the two pools, suggesting that plasmid-mediated HGT from food strains may contribute

to the pathogenicity and drug resistance exhibited by clinical strains (27-29). Here we
compared a dataset of fully assembled genomes from food £. coliisolates, with the genomes
of clinical isolates available from GenBank. We found that strains isolated in food are
consistently more closely related to each other than to clinical strains, arguing against a
frequent transmission of food strains to the clinic. We also show that food plasmids have

a high mobilization potential and provide strong evidence of genetic exchange between
food and clinical plasmid pools. This exchange appears to depend on a small subset of
genetically-related plasmids. We identify the PTU and Inc group markers associated with
these plasmids and reveal a degree of specialization, with some PTU-Inc group clusters
preferentially transferring virulence factors over ARGs. We also identify genes of high
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2.

clinical relevance and their incompatibility group associations. The identification plasmid
associated with HGT between food and clinic opens new avenues of research and should
assist with the design of surveillance strategies.

Methods

2.1 Selection of sequences of E. coli genomes

Completely assembled £. coli genomes deposited until December 31, 2020 in the GenBank
database were selected and checked for the presence of chimeric, contaminated, duplicated,
or misassembled sequences. The final database contains genomes that passed these quality
controls. Ninety-three sequences were excluded because they were defined as anomalous,
corresponded to partial chromosomal or plasmid DNA sequences, not available or duplicated
due to updating their assembly number or were internal control sequences of sequencing
platforms. Manual curation using NCBI Pathogens detection, and the Pathosystems
Resource Integration Center (PATRIC) databases, information deposited in each Bioproject,
Biosample or the reported associated was performed to confirm the type of sample and

the source of isolation to select those of food and human clinical origin; for each of the
strains associated with the genomes was considered uniquely from the source reported

by the authors; thus, no section showed a strain collected from both origins at the same
time. The files downloaded from each genome were fna (fasta nucleic acids), faa (fasta
protein sequence), and gbk; these files were used depending on the input needed by each
bioinformatics tool. Also, all plasmids were collected from the NCBI nucleotide database,
from the resources INSDC (which includes DDBJ, EMBL-EBI and GenBank) and RefSeq;
preferring RefSeq records over the INSDC records. The record was required to have

the assembly tag “Complete genome”. When the plasmid record was linked to multiple
assembly 1Ds only the assembly with the label “latest” was assigned to this record.

2.2 Genomic analysis

Genomes were assigned to an £. coli phylogroup using ClermonTyping 1.4 (30) (http://
clermontyping.iame-research.center). In addition, £. coli MLST profiles were predicted
using the Achtman seven gene MLST scheme at PubMLST (https://pubmlst.org/organisms/
escherichia-spp (accessed on February 26, 2021), the serotypes (O:H) were predict with
Serotype finder 2.0 (31) (https://cge.cbs.dtu.dk/services/SerotypeFinder/), and pathotypes
were assigned according to the presence of specific marker virulence genes (32) using
the BLASTN tool (85% identity and 60% minimum length, and E-value < 0.000001)
(www.ncbi.nlm.nih.gov/BLAST); those containing markers of different pathotypes were
described as hybrids and named according to the literature. Furthermore, the source of
isolation for the designation of UPEC pathotype was included. Where available, the
pathotype description was described as the original publication. To analyze phylogenetic
relationship, the chromosomes of food and clinical £. coliwere used using the default
parameters of CSI Phylogeny 1.4 (https://cge.cbs.dtu.dk/services/CSIPhylogeny) default
parameters and £. coli K-12 was used as reference (NC_000913.3) (33). Subsequently,
the dendrogram was performed by the maximum likelihood method with 1000 bootstrap
replicates using Fastree 2.1 (34). Finally, it was visualized using iTOL 6.0 (https://
itol.embl.de/) (35).
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2.3 Plasmid analysis

To identify plasmid genomes in genomic assemblies of £. coli, a manual review of the
plasmids registry in each genome in GenBank was performed and the PlasmidFinder 2.1
(https://cge.cbs.dtu.dk/services/PlasmidFinder/) (85% identity and 60% minimum length)
was used to identify the replicon present for each plasmid (36), and pMLST (http://
pubmlst.org/plasmid/) was used to determine the subtypes in those defined as IncF plasmids
(37). Plasmid Taxonomic Units (PTU) were identified by COPLA (a taxonomic classifier of
plasmids) using the recommended parameters (16) (https://castillo.dicom.unican.es/copla/).

The presence of conjugation elements in plasmids was performed by using the

tool OriTfinder 1.1 (38) (https://bioinfo-mml.sjtu.edu.cn/oriTfinder/) with modificated
parameters (Blast E-value 0.00001) and the identity of relaxases was confirmed

with MOBScan (39) (https://castillo.dicom.unican.es/mobscan) with default settings. The
classification of plasmids was established according to their MOB and MPF content:
Conjugative (presence of oriT, relaxase, TC4P and TSS4); non-mobilizable (absence of
oriTor relaxase) and mobilizable (presence of or/Tand relaxase, with variable TC4P) (40).

To analyze the phylogenetic relationship of representative plasmids, the complete nucleotide
sequences of the outstanding overrepresentation and overlapping plasmids in both data
subsets were compared using the neighbor-joining method. This method was used to
construct a phylogenetic tree with 1000 bootstrap replicates (41). Finally, it was visualized
with iTOL 6.0 (https://itol.embl.de/) (35).

Identification of antimicrobial resistant and virulence genes in plasmids

ResFinder 4.1 (https://cge.cbs.dtu.dk/services/ResFinder/) and VirulenceFinder 2.0 (https://
cge.chs.dtu.dk/services/VirulenceFinder/) were used to identify acquired antimicrobial
resistance genes as well as virulence gene content, respectively; with search parameters

at a 90% threshold for identity and 60% minimum length (42,43). Genes were considered

to overlap when the same label was identified in food and in clinical plasmids. To visualize
the genetic structure of the plasmids carrying two genes of special clinical interest (NDM-5
and mecr-1.1); sequences were initially annotated with Prokka 1.14.6(44) and, mobile genetic
elements related to antibiotic resistance were identified using Mobile Element Finder 1.0.3
from the Center of Genomic Epidemiology (45) using the default parameters. Relevant
plasmids were aligned with BRIG 0.95(46) and visualized using Proksee.ca 1.0.

2.5 Statistical analysis

The analysis was mainly descriptive, showing proportions as percentages and continuous
variables as mean and SD. The Mann-Whitney test was used to compare distributions. We
estimated the probability of overlap of virulence genes and antibiotic resistance genes using
Monte Carlo simulation with 104 iterations; the genes identified in both sets (175 resistance
genes and 72 virulence genes) were used as input data; 161 data were randomly sampled for
each group, and 104 iterations were performed, indicating the number of plasmids each time,
calculating the overlap in each iteration. Rstudio statistical software 1.4.1103 was used to
perform all analyses.
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2.6 Jaccard Index calculations

The Jaccard index (JI) measures the co-occurrence of two binary features, and ranges from 0
(mutual exclusion) to 1 (total co-occurrence). To calculate this index, we used the following
formula:

1 # strains within ST, withm,and m,
# strainsin ST,,withm,or m,

where M is the set of plasmids belonging to a given Inc or PTU, ma is the number

having resistance (JI for resistance) or virulence (JI for virulence) in food plasmids and mb
the number having resistance (J1 for resistance) or virulence (JI for virulence) in clinical
plasmids.

3. Results

3.1 E. coli genomic database

We generated a database of 1794 complete £. coli genomes deposited in GenBank at the
National Center for Biotechnology Information (NCBI) by the end of 2020. The quality
controls are described in Methods. We focused on genomes from food (n=77) and from
clinical sources (n=649); their corresponding accession numbers are available in Table S1A
and location and phylogenetic characteristics in Table S1B of the supplementary materials.

These genomes came from six different sources (Figure S1A). Human clinical samples were
the most abundant (36%). A total of 45% of these samples were recovered from feces, urine,
and blood; the rest came from samples of other body fluids, secretions, expectorations,
swabs and generically described by the authors as human clinical specimens. Strains
obtained from food sources, by contrast, represented only 4% of the isolates. The majority
of these food-associated samples such as meat (cattle, poultry, and swine) or dairy products
(cheese and milk) were linked to food-producing animals. Other food-associated samples
came from fresh produce and flours (Figure S1B). Note that the geographic distribution of
the sampling was skewed for genomes from countries that have clinical environment- and
foodborne outbreak-surveillance systems in place. Therefore, isolates from Africa, Oceania,
Latin America, and Asian countries other than China were infrequent (see Table S1B).

3.2 Lineage classification

Population studies of £. colihave mainly described eight phylogroups (A, B1, B2, C, D,

E, F, and G) (47,48). Seven of these eight phylogroups (A, B1, B2, C, D, E, F) were
represented in both populations, demonstrating that £. co/i exhibits an extremely wide
genetic diversity in both populations. The relative abundance of these phylogroups was also
similar in both populations (Figure 1), though phylogroup B2 was much more abundant in
clinical isolates (21%, compared to 1%). This striking difference is consistent with several
reports (49-51) and is likely due to the presence of UPEC isolates, which represent a
significant percentage of the identified phylogroup B2.

Plasmid. Author manuscript; available in PMC 2024 February 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Balbuena-Alonso et al. Page 7

When we go down to the level of STs, by contrast, we see a highly discordant ST profile:

of the 218 STs present in the combined dataset, only 16 STs overlapped. This observation is
in agreement with previous reports noting substantial lineage differences between food and
clinical isolates (25,26). Of the overlapping STs, ST11 is the most prevalent (23% in food
and 11% in clinical), suggesting that ST11 strains may exhibit a high level of fitness in both
ecological niches, and is thus potentially highly transmissible. The high transmissibility of
ST11 via food would be congruent with studies that report the classification ST11 with clone
EHEC 0157:H7, which is a strain linked to outbreaks of human infections caused by the
consumption of contaminated meat (52,53). Clone EHEC O157:H7 has been reported as a
pathotype adapted to cattle and disseminated to humans through direct contact with animals
or through the environment or food (81-83).

Figure 2 shows the phylogenetic relatedness between food and clinical strains in the form

of a cladogram, as well as the phylogroup and sequence type classification. An almost
complete segregation between clinical and food strains is apparent, with food strains all
clustered in two sectors (see Methods). Taken together, the discordance in STs and the
segregation seen in the cladogram between food and clinical strains, strongly argue against a
frequent transmission of food strains to the clinic, with the possible exception of some ST11
strains.

We identified four pathotypes in food genomes (EHEC, EPEC, STEC, DAEC) and three
additional ones in clinical genomes (UPEC, EIEC, and EAEC). EHEC was the most
frequent pathotype in both populations (Figure 1). The lack of EAEC strains or EAEC/
EHEC hybrid pathotypes in food strains is surprising, based on reports of strains found in
food matrices that are genetically similar to strains isolated from urinary tract infections
(54,55) and the report of EAEC/EHEC hybrid pathotypes in a large foodborne outbreak in
Europe (56). This observation is likely due to a combination of a small sample size of food
strains and the biases inherent to epidemiological surveillance programs.

3.3 Profiling of plasmids based on general structural and functional features.

A total of 161 plasmids were identified in genomes from food strains based on circular
assemblies of less than 500 kb in size linked to at least one plasmid replicon. Using the same
approach, we found 1624 plasmids in the genomes of clinical strains (see Methods).

Both plasmid populations present a comparable, very broad range of sizes (1.1 kb - 404 kb)
and a trimodal distribution (Figure S2). Food and clinical strains have a moderately different
average number of plasmids per host (2.0 and 2.5 plasmids per genome, respectively,
Figures 2, S2).

Plasmids are classified into incompatibility (Inc) groups based on the inability of two
plasmids of the same group to be stably maintained in the same cell. This functional
classification was initially proposed as a rough phylogenetic classification by identifying
redundancy in plasmid copy number regulatory elements within a replicon (57,58) although
it is known to be an imperfect marker of phylogenetic relatedness (16). When no known
replicon was assigned by PlasmidFinder, we defined plasmid as Non-Typeable (NT).

Plasmid. Author manuscript; available in PMC 2024 February 26.
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PlasmidFinder identified 27 Inc categories in E. coli-plasmids isolated from food, compared
to 40 for clinical strains. The frequency distribution of the 23 Rep categories that overlap
between the two groups is similar, shown in Figure S3. IncF plasmids were further typed
using the subtype classification described by Villa et al (37). Table 1A shows the relative
representation of replicon categories as a ratio of frequency in the clinic plasmid pool
versus frequency in the food plasmid pool. The following five Inc groups stand out for their
overrepresentation in food plasmids: IncR (10x overrepresentation), IncHI1B (6x), and Inc
X1 (3x) and two IncF subtypes: IncF(F~:A™:B1) (2.9x) and IncF23:A™:B3 (2.75x).

3.4 Plasmid profiling according to mobilization and promiscuity features.

Food and clinical plasmids were sorted into three categories corresponding to their predicted
transfer capacity: conjugative, mobilizable (/.e., can be conjugated in the presence of a
helper plasmid), and non-mobilizable (See Methods). For the food plasmid population,
27.3% of the plasmids were classified as conjugative, and 9.3% as mobilizable, compared to
30.3% and 6.3%, respectively, for clinical plasmids. Almost all conjugative plasmids were
larger than 25 kb, while mobilizable plasmids were mostly small, suggesting that in most
cases small plasmids are mobilized with the help of large conjugative plasmids (Figure 3).
This size distribution is consistent with previous reports (59). Overall, we found that over
one third of all food plasmids had the elements necessary for HGT, and that this fraction was
similar in food and clinical plasmids.

We next grouped the plasmids by phylogenetic relatedness through COPLA, a recently
developed method that classifies plasmids into Plasmid Taxonomic Units (PTUs) based on
nucleotide identity alignment fractions (see Methods and 16). COPLA was only able to
assign a PTU to 124 of the 161 food plasmids (distributed in 39 different PTUSs); in the case
of clinic plasmids, 1236 out of a total of 1624 plasmids were assigned to 60 different PTU.
Three of the 39 food PTUs (PTU-E46, PTU-E54, and PTU-E79) were absent in the clinic
(Table S2). Figure 4A shows the PTU classification of all classifiable food plasmids.

Compared to Inc group representation, PTU representation across the two compartments
showed a wider range of representation bias, with a 57% increase in the standard

deviation of the representation ratios (Tables 1A-B). Three PTUs stood out for their
overrepresentation in food plasmids: PTU-HI1A, -E50, and -E52 (5-8.7-fold enrichment)
and two PTUs were overrepresented in clinical strains: PTU-E9 and -11 (2-2.9-fold) (Table
1B).

Based on promiscuity, PTUs fall into six categories or “grades”, denoted by Roman
numerals. Grade | represents promiscuity restricted to the level of species, 11 to the level

of genus, 111 to family, IV to order, and V to class. Figure 4A shows the host range for

the PTUs found in food plasmids. Note that out of the 79 plasmids, 25.3% have predicted
promiscuity up to the level of family, 7.6% to the level of order, and 2.5% going all the way
to the level class.

A seminal study published in 2020 (16), mapped the presence of PTUs across
Enterobacteriaceae. Figure 4B shows other bacterial genera identified as primary hosts for
the PTUs found in £. colifood plasmids. These include eight genera of Enterobacteriaceae,
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with Salmonellaand Klebsiella being the best represented ones (13 and 10 PTUs,
respectively). Overall, the PTU analysis confirms the very high potential for horizontal
transfer of these food-borne plasmids.

3.5 Plasmid ARG cargo

Known ARGs were identified in our plasmids using ResFinder (42). We found 175

ARGs belonging to at least 14 different antibiotic resistance families. The results are
summarized in Table 2 and listed in Table S3. All families were similarly represented

in both plasmid populations, with p-lactamases, aminoglycosides, fluoroguinolones, and
trimethoprim ranking top, in this order. Only two families were found exclusively in clinical
plasmids, namely fosfomycin resistance genes, and efflux pump encoding variants (Table 2).

The average number of ARGs per plasmid was higher in clinical than in food plasmids, but
the difference corresponded almost completely to a smaller fraction of ARG-free plasmids
(46.2%, compared to 65.9 % for food plasmids) (Figure S4). Of the 175 ARGs identified,
only 51 genes overlapped between the two plasmid populations. Eleven ARG genes were
unique to food plasmids (listed in Table 2) and 113 were exclusive to clinical plasmids.
The observed gene overlap highly deviates from what would be expected from a random
distribution between the two groups of plasmids, even taking into account the difference

in sample size between the two groups (Table S4) (p<0.5). Relative to other antibiotic
resistance families, p-lactamases and plasmid-mediated fluoroquinolone resistance genes
exhibit an even lower degree of overlap (15-18%, compared to an average overlap of 27.2%
for the four other families exhibiting an n>10).

3.6 Linkage between ARG cargo, Inc groups, and PTUs

Next, we examined the linkage between ARGs and specific Inc groups comparing food

and clinic plasmids (Supplementary figures S5 and S6). Only three Inc groups have a
resistance cargo that is overrepresented in food plasmids than expected based on their total
of plasmids: IncR, IncH1B, and IncF(F1:A™:B7). IncR and IncH1B are also overrepresented
in food plasmids, which explains this higher contribution, but not IncF(F1:A™:B7). The latter
observation implies that this IncF plasmid subtype exhibits a differentially high cargo of
ARGs relative to clinical plasmids.

We also looked at the overlap between individual ARGs found in food and clinical plasmids
for each Inc group by calculating the Jaccard index (J1) for resistance (Table 1A, see
Methods). The results for Inc types that have at least three plasmids in food and three
plasmids in the clinic are shown in Table 1A. The JI values for resistance range between

0 and 0.18, with an average of 0.07. The highest values corresponded to IncR, IncF
(F":A™:B1), and p0111 (all JI=0.18), IncX1 (JI=0.17), and Incl1-1 (JI=0.14). This seems
to suggest that the exchange of genes between the food and clinical compartments may be
channeled through a specific Inc groups.

The Inc group classification groups plasmids by distinct modes of replication that do not
necessarily reflect phylogenetic relatedness. To establish the association between ARG cargo
and phylogenetically-related clusters of plasmids, we also calculated the JI for individual
PTU types Table 1B. In this case, while the average JI stayed the same, the highest values
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went up considerably (up to 0.38). The three PTUs with the highest values were PTU-E50
(J1=0.38), PTU-HI2 (0.24), and PTU-FE (JI=0.23); note that this increase in maximal values
does not correspond to a reduction in sample size. The increase in maximal JI values for
resistance in PTUs confirms the idea that the ARG exchange between food and clinical
strains is dominated by a specific cluster of phylogenetically-related plasmids.

Some PTUs involve multiple Inc groups. To obtain additional granularity in our analysis,
we looked at all the PTU-Inc group combinations for plasmids that are represented in both
compartments; the results are shown in Figure 5. Given the large number of PTU-replicon
combinations, the average sample size went down substantially. The plasmid representation
in each compartment is shown in panel c of Figure 5, as it needs to be taken into
consideration because a very low sample size in one of the compartments reduces the
significance of the JI and inflates its value. Based on these considerations, the following
PTU-replicon combinations appear to have genuine overlap in ARG gene content: PTU-
B/O/K/Z Inc B/O/K/Z (31=0.09, with 4 plasmids for food and 43 for the clinic), PTU-HIA
IncHI1B (J1=0.12, with three plasmids in each compartment) and PTU-HI2 IncHIA (J1=0.2,
with 4 and 21 plasmids in each compartment, respectively). Within IncF plasmids, the PTU-
FE IncF(F~:A™:B1) combination stands out (J1=0.21, with 7 food plasmids and 11 clinic
plasmids) (Figure S6). Supplemental figure S7 shows the dendrograms for the plasmids
included in these PTU-Inc group combination, and in all cases, we see that plasmids

found in food are closely related to plasmids found in the clinic, supporting the idea of

a direct exchange between the two compartments. The overlapping genes found in plasmids
belonging to these PTU-Inc categories can be seen in (Table 3). The genes aph(6)-1d,
aac(3)-11d, aadA2, blaCTX-M-55, blaTEM-1, sull, sulZ, sul3and fet(A) stands out because
it is found in two of these categories.

3.7 Presence of ARGs of particular interest in food plasmids

We also looked for the presence of ARG of particular clinical or epidemiological interest
in our food plasmids. Among p-lactamases, we detected several ESBL genes conferring
resistance to synthetic cephalosporins in food plasmids, notably &/acTx-m-15 55 65
blarem-135,214,215, and blacpyz, all of which were also found in clinical isolates. The ESBL
blasiyy.12 and the B-lactamases b/a ap-» and blagera.3 however, were found exclusively

in food plasmids (Tables 2, S3), in agreement with recent reports of their presence in the
food chain (60,61). Strikingly, in food plasmids, the widest variety of ESBL resistance
genes was mainly found in IncHI (A, 1B, 2A) and IncF plasmid groups (Table S5). While
plasmid-borne ESBL resistance has already been widely reported in £. coliin livestock and
food derived from it, it was previously associated with a broader range of Inc types (29).
This exclusive association with two Inc groups that we see in our food plasmids is unlike
clinical plasmids, where ESBL p-lactamases are associated found with almost all plasmid
types and most prominent in ColRNA, IncF, Incl, IncN, IncX, IncH, NT, and p0111 (Table
S5). The Inc group promiscuity for p-lactamases observed in clinical plasmids may have
facilitated the B-lactamase diversification mentioned above.

We would like to point out that aminoglycoside resistance genes were widely prevalent
in both food and clinical isolates. Approximately 70% of the genes were shared in
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both populations. In food plasmids, we found three classes of aminoglycoside-modifying
enzymes: acetyltransferases (aac), phosphoryltransferases (aph) and adenyltransferases
(aad), with aph(3”)-1b (21.8%), aadA1 (20.0%), aadA2 (18.1%), aph(6)-Ib (18.1%) and aac
(3)-1ld (16.3%) being the mainly detected genes. No nucleotidyltransferases (ant) nor the
rmitB, rmtC and armA genes were found. The following five genes: acc(3)-1/a, aac(3)-11g,
aac(6’)-1lc, aadA17, and aadA24 were present only in food (Table 2). Aminoglycoside
resistance gene cargo was carried mainly in IncF plasmids in both groups.

Carbapenems are used exclusively in the human clinic; however, there are increasing reports
of carbapenem-resistant £. coliisolates outside hospital environments. Isolates producing
the NDM-5 cabapenemase have previously been reported in food animals such as cows,
poultry, and swine but these were mainly carried by IncX3 plasmids; (62—64). Here we
report a blaypm-s gene on an IncF (F1:A™:B7) plasmid (pF070, AP023237. 1) isolated from
a pork sample; this plasmid was already reported in an isolate from a Japanese resident

(65). Figure S8 compares the genetic layout of the 26 plasmids (food and clinical) that

carry NDM-5 in our study. This includes six IncX3 plasmids of clinical origin and a

variety of IncF subtypes associated with the same PTU (PTU-FE). In terms of their genetic
environment, all our NDM-5-bearing plasmids fall into four different categories (a to d)
based on the analysis of gene structures, mainly the presence of specific ISs in the vicinity,
but also the presence or absence of the following key genes: b/eygL (bleomycin resistance
gene), trpF (phosphoribosylanthranilate isomerase), dsbD (disulfide interchange protein) and
of hypothetical proteins of different lengths (see Methods).

Colistin is a polymyxin antibiotic widely used in veterinary medicine and for which
plasmid-mediated-resistance has recently emerged (66). This development is of particular
concern, since colistin is the antibiotic currently used as a last resort (67). In our food
plasmids, we found two plasmid-mediated colistin resistance genes: mcr-1.1, and mcr-9.1
carried in IncHIA (both) and Incl plasmids (/mcr-1.1 only) (Table S5 and Figure S9). While
a greater variety of types were found associated with mcr-1.1 in clinical plasmids, IncHIA
and Incl plasmids still represented 79% of all the plasmids bearing one of these genes,
confirming the strong association between mcr-1.1, and mcr-9.1 and these two replicons.
This observation is consistent with previous reports from around the world (68-70). One of
the PTU Inc-group combinations with high resistance JI (PTU-HI2 IncHIA) was associated
with mer-1.1 in food and clinic plasmids, suggesting that group of phylogenetically-related
plasmids likely acts as facilitator of horizontal gene transfer of colistin resistance between
food and the clinic.

3.8 Plasmid virulence cargo

We identified 72 known virulence genes in our complete plasmid dataset. The average
number of virulence genes per plasmid was higher in clinical plasmids (4 virulence factors
on average, compared to 3 for food plasmids), but the overall distribution of number
virulence genes/plasmid was similar (no statistical difference, p>0.5). Of these 72 virulence
genes, 33 overlapped between the two plasmid pools and only five of them were unique to
food plasmids. Interestingly, these five genes (afaA, afaB, afaC, afaE8, and fim41a) are all
involved in adhesion; adhesins have been reported to facilitate the colonization of the small
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intestine during infection in DAEC (Diffuse-Adherent Escherichia coli) and uroepithelium
in UPEC infections (Uropathogenic Escherichia colistrains) (71,72). While most proteins
that are present on the bacterial cell surface are encoded chromosomally (typically in
genomic islands), they have also been reported on plasmid DNA (73). In our study, strain
18SC04V04-EC (CP063739.1) showed characteristics of a STEC/EXPEC heterohybrid, as
it harbors two Stx1 variants, and a plasmid (pVPS18EC0467-2; CP063740.1) carrying
virulence genes (aflaABCDE, catB, espF, iha, iucC, iutA, ompT and traT); this heterotype
has already been reported in several clinical patients and production animals (74,75) but not
in food. These findings increase the concerns of HGT of virulence factors in the food chain
and highlight the need for a more extensive analysis of plasmids in food strains with ST and
non-classical serotypes or pathotypes of human infections.

Table S6 shows the virulence genes found in food and clinical plasmids, ranked by
frequency. The most frequent virulence genes shared between the two populations are
traT, sitA, iucC, ompT, and hlyF. SitA and jucC have been reported to play a role in

iron sequestration and regulation of metabolism in EXPEC strains (73). The gene ompT
encodes a well-characterized integral membrane endopeptidase described as participating
in the adhesion to host epithelial cells in EXPEC, APEC, and DAEC strains (76—78); hlyF
is a hemolysin contributing to EXPEC virulence by regulating toxin release during the
establishment of infection (79,80). Finally, #raT is a gene encoding for an outer membrane
lipoprotein whose expression has been linked to enhanced serum resistance, although the
mechanism has not been clearly described (81). Two genes appear to be enriched in food
plasmids relative to clinical plasmids espP, and e/ixA. The gene espP (along with efpD and
katP) has been previously described in plasmid pO157 associated mainly with EHEC and
ETEC isolates (82). The enterohemolysin e/1xA has been cataloged of importance in STEC
strains (83).

3.9 Linkage between virulence cargo, Inc groups, and PTUs

We looked at the linkage of virulence cargo to specific Inc groups and their relative presence
in food plasmids (Supplementary figures S5 and S6). Virulence genes are overrepresented

in IncR, IncH1B, both of which also had an overrepresentation of ARG genes in food. To

a lesser degree, virulence factors are also overrepresented in food plasmids classified in the
following Inc groups: ColRNA, IncB/O/K/Z, IncHI2, IncY and IncF(F23:A™:B3).

We also looked at the association of virulence factors with Inc groups, grouped by functional
categories (Figure 6). We noted a stronger association of virulence factors with specific
replicons in food plasmids, compared with clinical plasmids. The majority of adhesins,
which as we mentioned above are exclusive to the food plasmids in our database, exhibit

a striking association with IncF (subtypes F-:A-:B- and F74:A-:B-) replicons. Virulence
factors involved in iron metabolism, by contrast, are associated with a wide range of
replicons.

To determine the overlap between virulence factors found in food and clinical plasmids for
individual Inc groups, we calculated a JI for virulence (see Methods). The results for Inc
types that have at least three plasmids in food and three plasmids in the clinic are shown in
Table 1A. JI values range between 0 and 0.45, with an average of 0.133. Three Inc types
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stand out: IncF(F23:A™:B3)(J1=0.45), IncF(F:A™:B™) (JI=0.40), and IncB/O/K/Z (J1=0.33).
Note that, compared to ARGs, virulence factors produce much higher JI values. This is at
least partially due to the reduced genetic pool involved (72 genes, compared to 175).

We also calculated the JI for virulence cargo for individual PTU types Table 1B and the
highest values went up even further (up to 0.5). The PTUs that stand out for their high values
were PTU-HI2 (J1=0.5), PTU-E5 (0.45), PTU-FE (JI=0.41) and PTU-B/O/K/Z (J1=0.36). As
in the case of ARGs, this result suggests that certain PTUs dominate the genetic exchange

of virulence factors between food and clinic strains although the fact that only two of

the PTUs overlap between the ARG and virulence (PTU-FE and PTU-HI2) suggests some
specialization for the HGT of virulence factors.

To increase granularity in our analysis, we determined the virulence JI for Inc groups within
individual PTUs, the results are shown in Figure 5. The plasmid representation in each
compartment is shown in panel ¢ of Figure 5 to give a sense of the significance of the

JI. Based on these considerations, the following PTU-replicon combinations appear to have
genuine overlap in gene content between food and clinical plasmids: PTU-HI2 IncHIA
(J1=0.5, with 4 plasmids for food and 21 for the clinic), PTU-E69 Inc B/O/K/Z (JI=0.44,
with 2 plasmids for food and 22 for the clinic), PTU-B/O/K/Z Inc B/O/K/Z (J1=0.36,

with 4 plasmids for food and 43 for the clinic), and non-PTU ColRNAI (JI=0.33, with 3
and 12 plasmids in each compartment, respectively). Within IncF plasmids, the following
PTU-Inc combinations stand out: PTU-E41 IncF(F-:A-:B15) (J1=0.5, with 2 food plasmids
and 9 clinical plasmid), PTU-E5 IncF(F23: A™:B3) (JI=0.45, with 15 food plasmids and

56 clinical plasmids), and PTU-FE IncF(F™:A™:B1) (J1=0.44, with 7 food plasmids and 11
clinic plasmids). Supplemental figure S7 shows the dendrograms for plasmids belonging to
five of these PTU-Inc group combinations, and in all cases we see that plasmids found in
food are more closely related to plasmids found in the clinic than to each other, strongly
supporting a direct plasmid exchange between the two compartments.

The specific virulence factors that are found to be overlapping in these PTU-Inc categories
exhibiting high JI indexes are listed in (Table 3). The enterohemolysin gene e/1xA stands out
because it is found in five out of the 8 categories, and it is one of the virulence genes that

is overrepresented in food plasmids. This observation suggests that the enrichment for this
virulence factor in food is likely facilitated by horizontal transfer via plasmids.

Note that if there is plasmid-mediated HGT between food and clinical strains, some of the
vectors (particularly large ones) would be expected to transfer resistance and virulence genes
in the same HGT event. Indeed, if we look at our PTU-Inc group analysis, three of the eight
PTU-Inc combinations of interest overlap, notably: PTU-B/O/K/Z Inc B/O/K/Z (J1=0.09 for
resistance, 0.36 for virulence), PTU-HI2 IncHIA (JI=0.2 for resistance, 0.5 for virulence),
and PTU-FE IncF(F~:A™:B1) (JI=0.21 for resistance and 0.44 for virulence). Other PTU-

Inc combinations with substantial JI for both resistance and virulence include: PTU-HI1A
IncHI1B (J1=0.11 for resistance, 0.25 for virulence, 3 plasmids in each compartment) and
PTU-I1 IncC 11-1 (JI=0.11 and 0.125, with 4 food plasmids and 100 clinical plasmids)
(Figure 5, Table 4).
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4. Discussion

This article analyzes the genomic sequence of 77 food £. coliisolates (with 161 plasmids);
for comparison, we also included 649 clinical isolates (with 1624 plasmids) in our analysis.
Admittedly, the two groups of genomes that are being were not matched for geographic
location or timing so we cannot rule out that the differences origin of the samples. The
ten-fold difference in sample size between food and clinical strains is not ideal either. It
means that the degree to which features from food samples do not overlap with clinical
samples is likely an underestimate, whereas the features from clinical samples that do not
overlap with food samples are likely overestimated. Having said that, observed overlaps are
still informative and so are the genetic associations between genes and Inc groups and/or
PTUs because these represent intrinsic, genetically-based properties of the plasmids. Most of
our observations fit well with and extend previous reports from the literature.

The main goal of this study was to shed light on the role that £. co/i strains contaminating
foods play in human disease. This is a topic that is actively being debated, with some reports
supporting the idea of a direct transmission of pathogenic strains via food (84,85)and other
reports highlighting the role of food strains as reservoirs for resistance and virulence genes
(86,87) and demonstrating the presence of plasmids harboring resistance and virulence
genes in food strains worldwide (69,88).

This article takes a rigorous genomic approach to address this question. We found that the
vast majority of the strains isolated in food are more closely related to each other than

to clinical strains, and that there is very little overlap in sequence types between the two
compartments (exception of ST11). We also provide very strong evidence of gene exchange
between plasmids found in the food and the clinic. Taken together, these two observations
strongly suggest that plasmids found in strains of £. coli contaminating food represent
reservoirs of resistance and virulence genes and facilitate their genetic exchange with
clinical strains via HGT. These genetic information findings complement studies comparing
antibiotic-resistant clinical strains, their mobile genetic elements isolated in the clinic versus
strains from food(89,90) and support literature highlighting niche specificity (91) and the
critical role of horizontal transfer for the spread and maintenance of antibiotic resistance and
virulence more generally (92,93).

We report a large number of resistance and virulence genes in food plasmids. Selective
pressures to retain resistance genes in food likely reflects the use of antibiotics as
prophylactics, metaphylactics and growth enhancers for food production animals and the
subsequent use of manure as a fertilizer for crops (94) or contamination during meat
processing (95). We found the two resistance genes of high clinical relevance in food
plasmids: mcr 1.1 and mcr 9.1 (colistin resistance) and b/aNDM5 (carbapenem resistance).
Pressures to retain virulence genes are likely linked to survival in the host animal (in case of
meat and dairy products) or to remaining attached to food surfaces, which could be involved
in the adaptation to the food environment. The high number of virulence genes found in food
plasmids and the great enrichment for adhesion factors in food plasmids that we found, are
remarkable.
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Here we also report a general landscape for overlaps in the representation of virulence and
resistance genes across food and clinical plasmids. The observed overlap suggests that some
of the selective pressures operating are shared in both food and the clinic. The overlap is
larger for virulence factors, possibly because of more rapid acquisition of resistance genes
in the clinic, which increases the number of resistance genes found in clinic plasmids and
not in food plasmids. This is likely the result from the more consistent selective pressures
that these strains are undergoing in the clinic, where antibiotics are routinely administered
for prophylaxis and therapy.

The observed overlap in resistance and virulence genes is enriched in specific Inc groups,
further enriched when we look at PTUs, which represent bona fide phylogenetically-related
units, and even further enriched when we look at specific PTU-Inc group combinations
(Figures 5, S5 and S6). In addition, food plasmids cluster with clinical plasmids within the
PTU-Inc group combinations exhibiting overlaps in resistance and virulence genes (Figure
S7). These observations strongly suggest plasmid-based genetic exchange of resistance
and/or virulence cargo across the two ecological compartments (food and clinic). Given
that we showed a clear segregation of host strains by source, we have to conclude that the
apparent genetic exchange between food and the clinic is the result of HGT.

The observed overlap in resistance and virulence genes is enriched in specific Inc groups,
further enriched when we look at PTUs, which represent bona fide phylogenetically-related
units, and even further enriched when we look at specific PTU-Inc group combinations
(Figures 5, S5 and S6). Consistent with these conclusions, we also showed that food
plasmids have a high mobilization potential (Figure S7). This conclusion is based on the
presence of complete sets of conjugation genes (over 1/3 of food plasmids are predicted

to be competent for conjugation or mobilization) and on their PTU classification, with

25% of food plasmids having a predicted promiscuity at least at the level of family. Most
conjugative plasmids are large (25-200 kb) in both plasmid populations. The upper size
limit could be related to the energetic cost of megaplasmid transfer (96). By contrast, a
substantial fraction (26.6%) of mobilizable plasmids is made up of small very plasmids
(<20 kb). Note that small plasmids tend to have a high copy humber. The trade-off

would involve two different types of access to genetic diversity, namely mutagenesis

(in multicopy plasmids), which allow genetic drift by retaining copies with a wild-type
sequence (97) or access to the larger gene pool provided by other strains/genus/family/order/
class/phyla (conjugation), producing repositories of genes captured from diverse clinical and
environmental sources. Indeed, the pool of ARGs in clinical £. coliis known to derive from
the environmental resistome (89,90).

The specific associations with Inc groups and PTUs are summarized in Table 4. Four

Inc groups stand out for their overrepresentation in plasmids, namely IncR, IncHI1B,
IncF(F:A™:B1), and IncF(F23:A™:B3). Plasmids associated with these Inc groups carry
a high cargo of resistance and virulence genes (IncR, IncHI1B, IncF(F~:A™:B1)) or only
virulence genes (IncF(F23:A™:B3)). IncR and IncF(F~:A™:B1) plasmids also carry a high
proportion of resistance genes that overlap between food and clinic plasmids (Table 4).
An IncF (FT:A™:B7) plasmid has previously been described as one of the most frequent
BLEE-producing £. colifrom community-acquired urinary tract infections and sewage
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(98,99), while, IncR plasmid is increasingly described as a multidrug resistance reservoir

in different locations of the world (100,101). In the case of IncHI1B and IncF(F23:A™:B3),
the overlap is restricted to virulence. In this case, IncHIB, not only has been reported in

E. coli, but also in other enterobacteria such as K/lebsiella pneumoniae and Salmonella
enterica from patients and animals, mainly carrying resistance genes against beta-lactams
(92,102,103). Other Inc groups with high levels of overlap include Col156 (virulence),
IncB/O/K/Z (resistance and virulence), IncC (resistance and virulence) Inc 11-1 (resistance
and virulence), IncX1 (resistance), and p0111 (resistance). These associations are congruent
with previous analyses performed showing associations between Inc groups and replicons
harboring clinically important resistance genes (104-106).

The present work, through the use of COPLA, goes much further in establishing the
phylogenetic relatedness between the plasmids involved and their potential for mobilization
beyond E. coli.

We find three PTUs that are exclusively found in food plasmids (PTU-E46, PTU-E54,
PTU-E79). This is remarkable given the almost 10-fold difference in plasmid size going
against food plasmids. Three additional PTUs are also substantially overrepresented in food
plasmids: PTU-HI1A, PTU-E50, and PTU-E52. Note that PTU-E50 is associated with a
broad host range (Order), which could confer an adaptive advantage.

IncHI1B is associated with PTU HIA and with virulence and resistance cargo,
IncF(F:A™:B1) with PTU-FE (resistance and virulence), IncF(F23:A™:B3) with PTU-E5
(virulence), Col156 with PTU-E7 (virulence), IncB/O/K/Z with PTU- B/O/K/Z (resistance
and virulence) and with PTU-E69 (virulence), Inc 11-1 with PTU-I1 (resistance) (Table 4).
Other PTU-combinations with significant JI indexes and therefore candidates to mediate
horizontal transfer between food and clinical strains are: PTU-FE with IncF(F2:A™:B7)
(resistance and virulence) and with IncF(F~:A™:B7) (virulence), PTU-HI2 Inc HIA
(resistance and virulence), PTU-E41 IncF(F~:A™:B15) (virulence) (Table 4). There are also a
few Inc groups associated with Non-PTU plasmids (Figure S10). While there is a substantial
overlap between the PTU-Inc group combinations showing a substantial overlap for both
resistance and virulence genes, often we see only overlap for one type of cargo. This is
particularly true for virulence factors, with five PTU-Inc group combinations showing a
strong preference for virulence genes (Figure S10). Note that two of these combinations
(the ones with PTU-E7 Col156 and Non-PTU ColRNA) represent very small plasmids

of generally less than 10,000 bp. In this case, size limitations may have driven their
specialization for virulence factors.

Our observations highlight the importance of collecting genomic sequences of food

isolates from all over the world for epidemiological surveillance and have both basic and
translational relevance. The biological significance of Inc groups is still unclear. Given the
clear phylogenetic segregation of food and clinical strains, the preferential association of
specific Inc groups with food plasmids suggests some niche-dependent host preference. The
same is true for the even stronger preference seen for PTUs, which suggests that PTU
evolution is linked to the evolution of the host strain.
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The high density of virulence genes found in food plasmids (75% that of clinical plasmids),
and the high representation of adhesion factors are also of biological relevance and begs the
question of what their role is for the maintenance of the host strains in the food chain. Also,
one would like to know whether these observations are exclusive to £. coli or whether they
also apply to other Gram-negatives that frequently contaminate foods such as Sa/monella.
On the translational side, the identification of specific PTU-Inc group combinations that
concentrate the majority of the cargo overlap between food and clinic plasmids should
facilitate the design of strategies for epidemiological surveillance of £. coli contaminating
foods. It is important to acknowledge, though, that the movement of genes facilitated by
MGE and recombination will diminish the specificity of any association between resistance
and virulence genes and specific replicons or PTUs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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PTU Plasmid Taxonomic Unit

PSK Post-Segregational Killing
HUS Hemorrhagic Uremic Syndrome
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Figure 1. Phylogroup, serotype and pathotype classification.

A Food strains. B Clinical strains. Different pathotypes are highlighted using the following

color code; yellow (EAEC), orange (EAED/EHEC), blue (UPEC), pink (DAEC), purple
(EPEC), cyan (STEC), red (EHEC) and gray (NPA, non-pathotype associated). Only STs

with at least three genomes from clinical source are shown. The asterisks indicate the STs in
which more than three different serotypes are found. The complete information can be found

in Table S1A and Table S1B of supplementary materials.
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Circle legends (inner to Outer)
1. Source (Food or Clinic)
2. Phylogroup
3. Sequence type
4.STN
5.8T10
6. ST410
7. Plasmid copy number

Figure 2. Phylogenetic analysis.
The phylogenetic relationships between the strains included in this study (726 sequenced

strains, 77 from food and 649 from clinical sources genomes) are shown as a cladogram.
This graphic representation was generated using the CSI Phylogeny platform, with
Escherichia coli K-12 (NC_000913.3) as a reference genome. From inner to outer, the
circles represent the following: Circle 1: Source. Food (green) or Clinic (purple). Circle 2:
Phylogroup. A (light yellow), B1(light blue), B2 (pink), C (light orange), D (violet), E (sky
blue) and F (orange). Circle 3: Sequence type assigned using MLST platform (see Methods).
Circle 4-6 (Top 3 ST in clinic and food): ST11 (Circle 4), ST10 (Circle 5), ST410 (Circle 6).
Circle 7: Plasmid copy number, 7.e. the number of plasmids per host strain (dark blue) with
lines as references for: 1, 4, 8 and 12 plasmids.
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Figure 3. Plasmid size distribution and mobilization profile.
The plasmid size is shown in bins of 1kb. The fraction of conjugative (brown), mobilizable

(blue) and non-mobilizable (yellow) plasmids is also shown as area under the curve along
the X axis, 7.e. across increasing plasmid size. A. Food plasmids. Plasmid size shows a
trimodal distribution with the following median peak sizes: 3.2, 7.3 and 93.2 kb. B. Clinical
plasmids. Plasmid size shows a trimodal distribution with the following median peak sizes:
1.5, 6.6 and 109.5 kb.
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A Relaxase Plasmid
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A. PTU classification of food plasmids. The PTU classification of our 161 plasmids as
determined by COPLA (16) is shown. The program was able to ascribe a PTU to 92 of
them, for a total of 39 different PTUs. A. PTU classification. The 39 different PTUs found
are listed, and their correspondence to relaxase families (MOB) is shown to the left of the
column listing PTU classification. The number of plasmids ascribed to each of the PTUs

is listed to the right, inside the orange square. Their general Rep (replicon identified by
PlasmidFinder) correspondence and host range are indicated next to the corresponding boxes
with roman numerals. The predicted promiscuity (7.e., host range) is indicated as one of six
categories or “grades”. Grade | represents a predicted promiscuity restricted to the level of
species, Il to the level of genus, 111 to family, 1V to order, and V to the level of class (see
inset at the bottom). B. Chord diagram showing potential plasmid exchanges between
genera. This diagram shows shared PTU presence across different genera of enterobacteria.

These are listed at the periphery of the outer circle using the following color code: £.

coli (orange), Enterobacter (yellow), Klebsiella (green), Proteus (aquamarine), Salmonella
(light blue), Serratia (dark blue), Shigella (purple), Yersinia (pink) and Citrobacter (red). The
genera sharing a given PTU are shown joined by a curved edge, the thickness of which is
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proportional to the number of shared plasmids. The color indicative of the genus where the
plasmid is thought to have originated.
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Figure 5. Resistance and virulence factor overlap, broken down by specific PTU-Inc group
combinations.

The X axis lists PTU-Inc group combinations with representation in both food and clinical
sources. Panedl a. Jaccard Index (JI) of resistance (blue bars) and of virulence (orange bars)
as an indicator of genetic overlap between food and clinical plasmids. Values range between
0 (no overlap) and 1 (complete overlap). Note that the large difference in sample size
between the two groups of plasmids, biases the index against overlap. Panel b. Shows the
average size (bp) of plasmids assigned to each of the PTU-Inc group combination listed on
the X axis (light gray dots). Panel c. The number of plasmids identified in for each PTU-Inc
group combination broken down by source, food (green dots), and clinical (purple dots).
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Figure 6. Association between virulence gene content and Inc type.
A. Food plasmids. B. Clinical plasmids. The association between virul

ence genes listed

on the X-axis (grouped by categories) and plasmids carrying specific replicons as defined
by PlasmidFinder listed on the Y-axis is shown as a heatmap, with the intensity of the pink
color is proportional to the prevalence of the gene-Inc type association. A. Food plasmids

(n=76). B. Clinical plasmids (n=724).
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Table 2.
Representation of ARGs, grouped by families and overlap between food and clinical plasmid datasets.
Plasmid ARG Families Food | Clinic | Total Uniqueto food plasmids
Beta-lactamases 14 58 72 blasinv. | blaveras | Olaiap-
Aminog'VCOSidetfgﬁggr'agggsr’ho" adenylyl- 17 33 50 | aac(3)-1a | aac(3)-1lg | aac(6)-lic | aacgA17 | aadAz4
Fluoroquinolone resistance 6 16 22 qnrB19 qgnrS11
Trimethoprim resistance 5 14 19
Phenol resistance 3 9 12
Tetracycline resistance 4 8 12
Macrolide resistance 1 5 6
Sulfonamide resistance 3 3 6
Lincosamide resistance 3 3 6
Colistin resistance 2 3 5 mer-9.1

Rifamycin resistance 1 2 3
Fosfomycin resistance 0 3 3
RNA methylases 1 2 3
Eflux pumps 0 3 3
Glycopeptide resistance 1 1 2
Nucleoside resistance 1 1 2

Plasmid ARG Families: lists all ARGs represented in our plasmid database, grouped by families. Food/Clinic: number of individual ARGs found
in food plasmids/clinical plasmids, including multiple hits of the same ARG. Total: adds up the combined number of ARGs. Overlap: tallies the
genes overlapping between the two plasmid sources, in absolute number.

*
Expresses overlap as % of combined ARGs.

*ok

lists the ARGs that are unique to food plasmids. Fosfomycin resistance genes and efflux pumps were exclusively found in clinical plasmids.
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