RESEARCH

Wild Boars as Reservoir of Highly
Virulent Clone of Hybrid Shiga
Toxigenic and Enterotoxigenic
Escherichia coli Responsible
for Edema Disease, France
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Edema disease is an often fatal enterotoxemia caused
by specific strains of Shiga toxin–producing Escherichia
coli (STEC) that affect primarily healthy, rapidly growing nursery pigs. Recently, outbreaks of edema disease
have also emerged in France in wild boars. Analysis of
STEC strains isolated from wild boars during 2013–2019
showed that they belonged to the serotype O139:H1 and
were positive for both Stx2e and F18 fimbriae. However,
in contrast to classical STEC O139:H1 strains circulating in pigs, they also possessed enterotoxin genes sta1
and stb, typical of enterotoxigenic E. coli. In addition, the
strains contained a unique accessory genome composition and did not harbor antimicrobial-resistance genes, in
contrast to domestic pig isolates. These data thus reveal
that the emergence of edema disease in wild boars was
caused by atypical hybrid of STEC and enterotoxigenic
E. coli O139:H1, which so far has been restricted to the
wildlife environment.
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F

irst described in 1938, edema disease (ED) causes
edema in various tissues of the domestic pig (Sus
scrofa domesticus), characterized by neurologic disorders (ataxia, convulsions, incoordination, and lateral
decubitus with paddling of limbs); swollen eyelids,
forehead, and ears; a peculiar squeal; and sometimes
sudden death (all usually without diarrhea or fever)
(1). More commonly affecting pigs within 2 weeks after
weaning, this disease can also occur in older pigs. The
disease is the result of infection with a subset of Shiga
toxin (Stx)–producing Escherichia coli (STEC), expressing plasmid-encoded F18 fimbriae and α-hemolysin
(hly) and prophage-encoded Stx2e subtype (2,3).
After F18-mediated STEC adhesion to the intestinal
mucosa, Stx2e reaches the bloodstream and causes
vascular damage in several target organs, commonly
the brain and gastrointestinal tract (4,5). In Europe,
ED-causing STEC strains mainly belong to the following serotypes (in order of importance): O139:K82:H1,
O141:K85:H4, and O138:K81:NM (1,6,7). Outbreaks of
ED caused by the O147 serogroup have also been reported in the United States (8).
Neonatal enteric colibacillosis and postweaning
diarrhea (PWD) are other crucial factors contributing to death in nursery pigs in global swine production. These diseases are caused by enterotoxigenic E.
coli (ETEC), which produce heat-stable toxins (STa,
STb), heat-labile toxins (LT), or both. These toxins
bind to specific receptors of the intestinal epithelial
cells and cause secretion of water and electrolytes
into the intestinal lumen. ETEC causing neonatal diarrhea typically produce F4, F5, F6, or F41 fimbriae,
whereas those causing PWD produce either F4 or
F18 fimbriae (1,9). The F4 receptors are expressed on
porcine enterocytes irrespective of age, whereas F18
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receptors are not fully expressed in pigs <3 weeks of
age (10). Most PWD F4-positive ETEC are of the serogroup O149, whereas F18-positive ETEC belong to
many serogroups, including O138, O139, O141, O147,
and O157, because the F4 or F18 fimbriae gene cluster and enterotoxin genes are encoded on conjugative
plasmids that result in their spread (1). Most of these
strains are also hemolytic because the hly operon is
frequently associated with fimbriae gene clusters
on conjugative plasmids (11–13). Some F18-positive
strains produce both enterotoxins and Stx2e (1,11)
and thus belong to a hybrid STEC–ETEC pathotype.
In 2013, a total of 109 wild boars (S. scrofa scrofa)
were suspected of being affected by ED in the southeast of France, thus corresponding to the first ED
cases reported in wild boars living in natural environmental conditions (14). Other ED outbreaks occurred later in 2014 (51 cases), 2015 (26 cases), and
2016 (5 cases), as well as in 2019 (7 cases), in the same
region. The boars were mainly 4–6 months old, corresponding to the weaning period in this species (15).
Given the increase of the wild boar population in Europe in the last decades (16), which can lead to more
frequent contact with domestic pigs and increasing
risk for disease transmission (17), we characterized
the strains responsible for the emergence of ED in
wild boars. To this aim, we sequenced the whole genome of 28 wild boar STEC O139:H1 isolates from
the different ED outbreaks and performed a genetic
and genomic comparison with STEC O139:H1 and
non-O139:H1 strains isolated from domestic pigs
and other sources worldwide.
Materials and Methods
Bacterial Strains Analyzed

We analyzed a collection of 28 STEC O139:H1
strains isolated in France from the intestinal content
or lymph nodes, after necropsy, of wild boars with
clinical signs and lesions consistent with ED, along
with 16 STEC O139:H1 and 6 STEC O141:H4 strains
isolated in France from pigs affected by ED (Appendix 1 Table 1, https://wwwnc.cdc.gov/EID/
article/28/2/21-1491-App1.xlsx). We also included
in this study an additional 168 E. coli strains isolated
from pigs or other sources, whose genome sequences were retrieved from the GenBank (18) and Enterobase (19) databases (Appendix 1 Table 2).
Whole-Genome Sequencing

For short-read sequencing, we purified genomic DNA
from 200 µL of lysogeny broth overnight cultures by
using MagNA Pure 96 DNA and Viral NA Small

volume Kit (Roche Molecular Systems Inc., https://
www.roche.com). We then sequenced genomic DNA
and generated 2 × 150 bp paired-end reads by using Illumina NextSeq500 (IntegraGen SA, https://
integragen.com) with 80× coverage from libraries
we obtained by enzymatic fragmentation by using a
5× whole-genome sequencing fragmentation mix kit
(Enzymatics Inc., https://www.enzymatics.com).
We performed long-read sequencing for 3 strains
(P13-6, P15-25, and W13-16) by using PacBio RSII
system (GenoScreen SAS, https://www.genoscreen.
fr) with 50× coverage. We extracted genomic DNA
by using Gentra Puregene Yeast/Bact Kit (QIAGEN,
https://www.qiagen.com) and prepared the libraries
according to the protocol of SMRTbell Express Template Prep Kit 2.0 (PacBio, https://www.pacb.com)
with selection of fragment size at 15–20 kb. We conducted an additional paired-end 2 × 100-bp Illumina
MiSeq sequencing (GenoScreen SAS) with 50× coverage for these 3 strains by using genomic DNA extracted
with Wizard Genomic DNA Purification Kit (Promega
Corporation, https://www.promega.com) and libraries we prepared with a Nextera XT DNA Library Preparation Kit (Illumina, https://www.illumina.com).
Genome Assembly and Phylogeny

We trimmed the raw sequencing reads by using
TrimGalore 0.6.5 (http://www.bioinformatics.babraham.ac.uk/projects/trim_galore), then assembled
them with Unicycler 0.4.8.0 (20), excluding contigs
<100 bp, with a normal bridging mode. We combined
long reads with short reads during assembly. We annotated each assembly by using Prokka 1.14.5 (21)
with a similarity e-value cutoff of 1−6. We aligned the
core genomes by using Roary 3.13.0 (22), with a minimum percentage identity of 95% for blastp (https://
blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins),
a minimum percentage of 99% isolates for genes included in the core genome, and Markov clustering
inflation value of 1.5. For the O139-specific tree, we
mapped the raw reads against the E. coli K-12 MG1655
reference strain by using Bowtie2 (23) and performed
single-nucleotide polymorphism (SNP) calling by using BioNumerics 7.6.3 (bioMérieux, https://www.
biomerieux.com), removing positions with >1 unreliable or ambiguous base and a minimum absolute coverage of 5. We generated the minimum-spanning tree
with BioNumerics 7.6.3 and performed maximumlikelihood phylogenetic trees with IQ-TREE 1.5.5 (24).
We built the tree of the entire collection by using a
generalized time-reversible substitution model with
an empirical base frequency and a FreeRate model of
site heterogeneity (25,26) with 10 categories, whereas
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construction of the O139-specific tree applied a k3Pu
substitution model (27), after we used ModelFinder
(28) to identify the best-fitting model according to the
Akaike information criterion. We compared the phylogenetic tree with the resistance factors and analyzed
the phylogeography of the strains by using Microreact (29) and annotated the O139-specific tree by using
FigTree 1.4.4 (https://github.com/rambaut/figtree).
We produced chromosomal and plasmid maps by
using BIG 0.95 (30). We submitted all sequence data
generated in this study to the National Center for Biotechnology Information’s BioProject database (accession no. PRJNA741404).
Composition of the Accessory Genome,
Resistance Genes, and Virulence Genes

We detected virulence genes by using VirulenceFinder
2.0.3 (31) with a minimum percentage identity of 90%
and resistance genes by using BioNumerics 7.6.3 with
a minimum percentage identity of 85%, both with a
minimum length of 60%. We subtyped F18 fimbriae by
using amino acid sequence analysis of the major FedA
subunit, including positions 122 and 123 (glycine and
serine for F18ab, proline and alanine for F18ac) (2).
We analyzed the relationship between strains on
the basis of accessory genome composition by using a
t-distributed stochastic neighbor embedding (t-SNE)
machine learning algorithm with Panini v1 (https://
gitlab.com/cgps/panini/bhtsne), with a gradient accuracy (theta) of 0.5 and an auto perplexity (p). Using
the table of genes present or absent in the strains of
the entire collection outputted from the Roary pipeline, we conducted pan-GWAS analysis to measure
the statistical significance of the association of certain
genes with the clade of wild boar strains by using
Scoary 1.6.16 (https://github.com/AdmiralenOla/
Scoary). We retained the annotated genes with a p
value <2.21 × 10−12 by Fisher exact test.
Stx2e Phages, Plasmids, and Pairwise Comparison

We detected phages by using Phaster (32). We extracted
the sequences corresponding to the Stx2e phage and
circular contigs (plasmids) from hybrid assemblies. We
retrieved the closest similar plasmid sequence available online from the National Center for Biotechnology
Information nucleotide collection (nr/nt) database (accessed April 1, 2020). We then compared Stx2e phage
and plasmid sequences by using blastn 2.9.0 (https://
blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&
PAGE_TYPE=BlastSearch&LINK_LOC=blasthome)
with default parameters, along with GenBank annotated sequences, to create pairwise comparison in
EasyFigure 2.2.3 (33).
384

Antimicrobial-Susceptibility Testing

We determined antimicrobial drug susceptibility profiles of the 3 PacBio-sequenced strains (P13-6, P1525, and W13-16) and 3 other E. coli strains (W14-3,
W15-17, and W19-4) by using the Vitek 2 system (bioMérieux). We interpreted MIC results for ampicillin,
ticarcillin, piperacillin/tazobactam, cefalotin, cefoxitin, cefotaxime, ceftazidime, ertapenem, imipenem,
amikacin, gentamicin, tobramycin, nalidixic acid, ciprofloxacin, ofloxacin, nitrofurantoin, trimethoprim/
sulfamethoxazole, erythromycin, tetracycline, and
chloramphenicol according to the 2020 criteria of the
European Committee on Antimicrobial Susceptibility
Testing (https://www.eucast.org).
Results
Core Genome–Based Phylogenetic Analysis

We performed short-read whole-genome sequence
analysis of 28 STEC O139:H1 strains isolated from
wild boars that had clinical signs and lesions consistent with ED during multiple outbreaks that occurred in the southeast of France: in the Ardèche
Department in 2013 (n = 5), 2014 (n = 6), 2015 (n =
8), and 2016 (n = 2) and in the Drôme Department in
2019 (n = 7) (Appendix 1 Table 1). These strains were
phylogenetically close based on SNP analysis (Figure 1), most of them showing <10 SNP differences
considered as the threshold to determine strain relatedness (34). The most genetically distant isolates
corresponded to an Ardèche isolate from 2016 and
6 Drôme isolates from 2019 (Figure 1), suggesting
an increase of genetic variability over time, space,
or both. We enlarged the phylogenetic analysis to
include 35 E. coli O139:H1 isolates from domestic
pigs of worldwide origin, including France. The core
genome–based maximum-likelihood tree showed
that the 28 wild boars STEC O139:H1 strains clustered into a distinct clade (named WB1) (Figure 2).
This first level of analysis indicated that the STEC
strains isolated from the different ED outbreaks in
wild boars corresponded to a single E. coli clone of
serotype O139:H1.
Genomic Features of Wild Boar E. coli O139:H1
Compared to Porcine E. coli O139:H1 and O141:H4

We used long-read sequencing for strain W13-16 to
provide a closed genome for a representative strain
of STEC O139:H1 isolated from wild boars (chromosome and plasmid maps in Appendix 2 Figure,
https://wwwnc.cdc.gov/EID/article/28/2/211491-App2.pdf). We compared that genome with the
long-read sequenced genomes obtained for pig ED
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STEC strains P15-25 and P13-6, which belonged to the
2 serotypes most commonly reported in ED cases in
France (O139:H1 for P15-25, O141:H4 for P13-6) (6).
Strain W13-16 contained 2 plasmids of 54.7 and 83.4
kb, whereas P15-25 contained 1 plasmid of 77.5 kb
and P13-6 contained 9 plasmids with sizes ranging
from 3.1 to 226.4 kb (Table; Appendix 2 Figure).

The chromosome of the STEC W13-16 strain carried an Stx2e prophage (Table; Appendix 2 Figure)
whose sequence was highly similar to those of the 2
porcine STEC O139:H1 and O141:H4 strains, except
for 2 phage regions that were deleted in both STEC
O139:H1 isolates, in contrast to STEC O141:H4 (Figure 3). These 2 regions contained several late genes
Figure 1. Geographic location
of 28 wild boar Escherichia coli
O139:H1 strains in France (A)
and phylogeny represented as a
minimum spanning tree (B) using
BioNumerics 7.6.3 (bioMérieux,
https://www.biomerieux.com).
Sizes of the discs represent
number of isolates. Colors of the
discs represent year of isolation
(green, 2013–2016; red, 2019).
Numbers of differing singlenucleotide polymorphisms (SNPs)
are indicated on connecting lines
between the nodes.
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Figure 2. Core genome maximum-likelihood phylogenetic
tree of 63 Escherichia coli O139:H1 (ST1) isolates from
edema disease cases, including 28 from wild boars in France
and 35 from domestic pigs of worldwide origin, including
France. The clade of wild boar strains (WB1) is boxed, and
the strains from this clade are colored according to the year
of isolation (blue, 2013–2016; red, 2019). The clades of pig
strains are numbered from P2 to P6. Scale bar indicates the
number of substitutions per site.

involved in the phage lytic cycle and more precisely
in the assembly of the head, collar, fibers, and tail (region 1) and lysis (region 2) (Figure 3). Such deletions
thus probably result in deficiency of STEC O139 for
the production of Stx2e phage particles, as observed
previously for many other stx2e-positive E. coli strains
whose Stx2e phages were shown to lack >1 genes and
to be not inducible (35,36).
We identified a plasmid, pW1316-2, classically
found in STEC O139:H1 and encoding F18 fimbriae, Hly, and adhesin AidA-1, in strain W13-16 and
386

assigned it to the incompatibility (Inc) group IncFII/
IncX1 (Table). Previous reports showed that F18positive plasmids from porcine STEC or ETEC strains
possessed a replicon of the RepFIc/RepFIIa family
(37) and that IncX1, IncI1, and IncFII plasmids are
frequently encountered within F18-positive ETEC
(38). F18-positive plasmids are also known to contain
hly and aidA genes (13,39). Plasmid pW1316-2 possessed the F18ab antigenic variant, as previously observed for porcine ED STEC O139, in contrast to PWD
ETEC from other serogroups (including O141), which
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Table. Genomic characteristics of chromosomes and plasmids of wild boar Escherichia coli strain W13–16 and pig E. coli strains P1525 and P13-6, France*
Strain and support
Length, bp
Typing
Resistance inventory
Virulence inventory
W13-16
Chromosome
5,091,917
O139:H1 ST1
mdf(A)
chuA, ehaG, eilA, kps, LPF, ompT,
rhsA stx, terC, T6SS, vgrG1
pW1316-1
83,443
IncFII [F10:A-:B-]
aidA, sta1, stb, sepA
pW1316-2
54,694
IncFII/IncX1 [F14:A-:B-]
aidA-I, α-hly, F18
P15-25
Chromosome
5,029,591
O139:H1 ST1
mdf(A)
chuA, eilA, kps, LPF, ompT, rhsA,
stx, terC, T6SS, vgrG1
p1525-1
77,484
IncFII/IncX1 [F14:A-:B-]
aidA, aidA-I, α-hly, F18
P13-6
Chromosome
4,963,420
O141:H4 ST10
mdf(A)
bcs, ETT2, iss, ompT, stx, terC
pP136-1
226,437
IncHI2 DLST:ST4
mph(B), tetR
terC
pP136-2
103,673
IncI1-I(Alpha) ST26/CC2
aadA1, aadA2, cmlA1,
cib
mef(B), sul3
pP136-3
82,610
IncFII [F10:A-:B-]
aidA, sta1, stb, sepA
pP136-4
82,875
IncFII [F108:A-:B-]
F4
pP136-5
86,378
IncFII/IncX1 [F14:A-:B-]
aidA-I, α-hly, F18
pP136-6
74,646
p0111
pP136-7
48,077
pP136-8
5,125
pP136-9
3,126
*Serotype and ST are indicated for the chromosomes, whereas incompatibility group, FAB [FII, FIA, FIB] formulas, and ST or CC are indicated for
plasmids. CC, clonal complex; ST, sequence type.

produce F18ac (40). This plasmid displayed similarity
with the IncFII/IncX1 plasmids pP1525 (F18ab-positive) from the pig STEC O139:H1 strain and pP1365 (F18ac-positive) from the pig STEC O141:H4 strain
(Table; Figure 4). However, these 2 plasmids were
larger than pW1316-2 and contained additional regions with open reading frames of unknown function
(Figure 4). We identified no transfer region in the 3
F18-positive plasmids pW1316-2, pP1525, and pP1365 (Figure 4), suggesting that they are transfer-deficient.
Only 2 closed F18-positive plasmid sequences have
been described in the literature, both from non-O139
strains: an IncFIIA plasmid (pUMNF18_87, 87 kb)

from a diarrheic pig STEC/ETEC O147 strain, carrying F18ac, hly, aidA-1 genes and remnants of an
F transfer region (12); and an IncFII/IncX1 plasmid
(p15ODTXV, 119 kb) from a diarrheic pig STEC/
ETEC O141:H4 strain, carrying F18ac, hly, and sta/stb
genes and a conjugation transfer region (11).
Surprisingly, the second plasmid of W13-16
(pW1316-1) (Table) was not classically found in STEC
strains of serotype O139:H1. It belonged to the IncFII group and carried sta1 and stb enterotoxin genes
as well as the serine protease autotransporter SepA
toxin gene and a second aidA gene (Table; Figure 5).
The sta1/stb and sepA genes were bordered by many

Figure 3. Comparison of the Stx2e prophages of wild boar Escherichia coli O139:H1 strain W13-16 and pig E. coli O139:H1 P15-25 and
O141:H4 P13-6 strains from France. The genes are represented with arrows color coded by function. The 2 regions present in prophage
Stx2e_P136 but absent in the 2 other prophages are indicated by numbers 1 and 2. The areas between the genetic maps are shaded in
blue, with a color intensity depending on the percentage of identity between each region compared. Strain name, pathotype, sequence
type, serotype, and country of isolation are indicated at the right of each map. The GC skew (negative, blue; positive, red) is indicated at
the top. ETEC, enterotoxigenic Escherichia coli; ST, sequence type; STEC, Shiga toxin–producing Escherichia coli.
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 28, No. 2, February 2022
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Figure 4. Comparison of plasmids carrying the F18 fimbriae gene cluster of the wild boar Escherichia coli O139:H1 strain W13-16 and
pig E. coli O139:H1 P15-25 and O141:H4 P13-6 strains from France. The genes are represented with arrows color coded by function.
The areas between the genetic maps are shaded in blue or gray for regions oriented in the same or opposite direction, respectively, with
a color intensity depending on the percentage of similarity between each region compared. Strain name, pathotype, sequence type,
serotype, and country of isolation are indicated at the right of each map. The GC skew (negative, blue; positive, red) is indicated at the
top. ETEC, enterotoxigenic Escherichia coli; OriT, transfer origin; ST, sequence type; STEC, Shiga toxin–producing Escherichia coli.

transposase genes and insertion sequence (IS) elements (Figure 5). Plasmid-encoded enterotoxins are
a typical feature of porcine PWD ETEC strains, and
enterotoxin genes surrounded by IS were also reported elsewhere (12,37,41), suggesting that IS may
favor the acquisition of virulence genes. We did not
find such a plasmid in the pig STEC O139:H1 strain,
in contrast to the pig STEC O141:H4 strain, which carried a similar IncFII plasmid, pP136–3 (Table; Figure
5). A BLAST search (http://blast.ncbi.nlm.nih.gov/
Blast.cgi) led to the identification of another similar
plasmid (pCV839-15-p1) in a typical diarrheic pig
ETEC strain of serotype O9:H21 (GenBank accession

no. SAMN0804056) (Figure 5). Sequence comparison
of plasmids pW1316-1, pP136-3, and pCV839-15-p1
showed that a highly conserved conjugation region was located downstream of the transfer origin.
However, the region spanning the relaxase gene up
to the type 4 coupling protein gene was reversed in
pW1316-1 (Figure 5), resulting in truncation of the Nterminal part of the relaxase gene and the C-terminal
part of the type 4 coupling protein gene, and presumably in conjugation deficiency.
On the basis of this genomic analysis, the wild
boar W13-16 isolate should thus be considered as an
atypical hybrid STEC–ETEC of the serotype O139:H1.

Figure 5. Comparison of plasmids carrying the enterotoxin and sepA virulence genes of the wild boar Escherichia coli O139:H1 strain
W13-16 and pig E. coli O141:H4 P13-6 and O9:H21 CV839-15 strains. The genes are represented with arrows color coded by function.
The areas between the genetic maps are shaded in blue or gray for regions oriented in the same or opposite direction, respectively, with
a color intensity depending on the percentage of similarity between each region compared. Strain name, pathotype, sequence type,
serotype, and country of isolation are indicated at the right of each map. The GC skew (negative, blue; positive, red) is indicated at the
top. ETEC, enterotoxigenic Escherichia coli; ST, sequence type; STEC, Shiga toxin–producing Escherichia coli.
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We identified the sta1, stb, and sepA genes in all the
O139:H1 isolates from clade WB1, except for 1 strain
(W15-12), which was lacking these genes (Appendix
1 Table 3), presumably because of the loss of the plasmid carrying these virulence genes. In most O139:H1
isolates from pigs or other sources, the sta, stb, and
sepA genes were lacking (Appendix 1 Table 3), indicating that the plasmid pW1316-1 conferring the
hybrid STEC–ETEC status to the strains from clade
WB1 is absent from O139:H1 strains of non–wild boar
origin. By contrast, we frequently encountered the
hybrid STEC–ETEC status in other E. coli serotypes,
such as O138:H14, O141:H4, and O147:H4 (Appendix
1 Table 3).

Comparing Global Composition of Entire Accessory
Genome among E. coli O139:H1, O141:H4, O147:H4,
and O138:H14 Strains

We analyzed the presence of the E. coli virulence
genes found in the STEC O139:H1 W13-16 strain in
the other wild boar O139:H1 strains as well as in
190 additional E. coli strains originating in France or
worldwide (Appendix 1 Tables 1, 2). These belonged
to O139:H1, O141:H4, O147:H4, and O138:H14 serotypes and to various pathotypes (i.e., STEC, ETEC,
hybrid STEC–ETEC, or none of these) depending on
the presence or absence of stx and sta1/stb virulence
genes (Appendix 1 Table 3). By analyzing the global
composition of the accessory genome, we found that

Figure 6. Comparison of the accessory genome composition of wild boar Escherichia coli O139:H1 strains in France with that of E.
coli O139:H1, O141:H4, O147:H4, and O138:H14 of worldwide origin. Each sign represents a strain depending on its origin (star, wild
boar; circle, other hosts). The distance between the signs in a 2-dimensional space increases with the decrease in orthologous genes in
common between strains represented. The signs are color coded depending on the predicted pathotype. The 28 wild boar O139:H1 strains
are represented by gray stars except for 1 strain lacking sta1/stb genes, represented by a yellow star. Two additional wild boar O139:H1
strains were included in this analysis and are represented by red stars because they lacked the stx2e and sta1/stb genes (Appendix
1 Table 3, https://wwwnc.cdc.gov/EID/article/28/2/21-1491-App1.xlsx); they did not belong to clade WB1 (data not shown). ETEC,
enterotoxigenic Escherichia coli; STEC, Shiga toxin–producing Escherichia coli; /, neither STEC nor ETEC nor hybrid STEC–ETEC.
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 28, No. 2, February 2022
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Figure 7. Comparison of antimicrobial-resistance genes with the phylogeny of wild boar Escherichia coli O139:H1 strains in France
with those of E. coli O139:H1, O141:H4, O147:H4, and O138:H14 of worldwide origin. The tree is based on the phylogeny of the strains
according to their core genome. The shapes of the leaves in the tree correspond to the origin of the strains (star, wild boars; circle, other
hosts), and the colors of the leaves represent their serotype. Antimicrobial-resistance genes are grouped into different categories whose
names are indicated at the top, with a color code. Scale bar indicates number of substitutions per site.
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all these strains clustered into 4 main groups, consistent with the 4 major serotypes (Figure 6).
Among the accessory genome, certain genes were
significantly associated, although not exclusively, with
the strains of clade WB1, such as rhsA, which encodes
an effector of the type 6 secretion system (T6SS) (42)
and the gene coding for the trimeric autotransporter
adhesin EhaG (43) (Appendix 1 Table 3). As mentioned
previously, the SepA encoding gene was predominant
in strains of clade WB1 and quite rare in the other
strains of E. coli responsible for ED. SepA, originally
described in Shigella flexneri 2a and enteroaggregative
E. coli, has been identified only in F4-positive ETEC
strains isolated from pigs (38,44), where it was shown
to be also encoded on a large (85 kb) plasmid (45).
SepA, a serine protease autotransporter of the Enterobacteriaceae, could degrade intestinal mucin (46).
Antimicrobial-Resistance Genotypes and Phenotypes

The O139:H1 strains of clade WB1 did not carry any
gene involved in resistance to classical antibiotics except that of the efflux pump mdf(A), which can confer
resistance to macrolides and is found in most E. coli
strains (Figure 7). By contrast, the O139:H1 strains from
porcine origin carried a high amount of antimicrobialresistance genes, which was also the case for porcine
O138:H14, O141:H4, and O147:H4 strains. Except for
a minority of isolates, in most pig strains we identified
genes conferring resistance to various classes of antibiotics, including aminoglycosides, β-lactam, colistin,
macrolide, phenicol, quinolone, sulphonamide, tetracycline, and trimethoprim (Figure 7).
The antimicrobial-susceptibility testing of 4 wild
boar STEC O139:H1 isolates (W13-16, W14-3, W1517, and W19-4) recovered from different years confirmed the results of the in silico analysis because
they were sensitive to all antibiotics tested except for
erythromycin.We also tested the 2 pig O139:H1
(P15-25) and O141:H4 (P13-6) strains whose closed
genomes we obtained. P15-25 was sensitive to all antibiotics tested except for erythromycin, consistent
with the presence of the chromosomal mdf(A) gene
and absence of other antimicrobial-resistance gene
on its single plasmid, pP1525. By contrast, P13-6 was
resistant to erythromycin, tetracycline, and chloramphenicol, consistent with the presence of plasmid genes mef(B) and tetRACD (pP136-1) and cmlA1
(pP136-2), as mentioned previously in our description of plasmids.
Discussion
We show that the STEC O139:H1 strains that caused
ED in wild boars in France belong to a specific clade

(WB1) of E. coli O139:H1 strains that is similar, by virtue of its core genome and F18-encoding plasmid, to
clades of pathogenic E. coli O139:H1 from domestic
pigs but is distinguished from them by the presence
of an enterotoxin-encoding plasmid usually found in
other E. coli serotypes typical of PWD. Indeed, our
study rarely found enterotoxin genes in STEC O139,
in contrast to non-O139 STEC or ETEC serogroups
such as O138 or O141, as reported previously (10,40).
These findings may invite speculation that this enterotoxin-encoding plasmid was acquired by an ancestor
of clade WB1 strains from a non-O139 strain, through
horizontal gene transfer. In support of this hypothesis,
this plasmid displayed similarities with those found in
pig strains of serotypes O9:H21 and O141:H4.
Except for the efflux pump mdf(A), the strains
from clade WB1 lacked antimicrobial-resistance
genes, which contrasted drastically with the situation in pig strains overwhelmingly carrying multiple
resistance cassettes (9). This finding could indicate
that the clade WB1 was under low pressure to select
antimicrobial-resistance genes during its recent evolutionary history. This pathogenic clade appears to be
endemic to the territory of France and restricted to a
wild boar population. From the analysis of the FUT1
gene regulating the expression of the F18 receptor,
the wild boar populations in France were found genetically susceptible to ED (15). Production of various
virulence factors, including F18 adhesin, Stx2e, and
enterotoxins, may be cited to explain the emergence
of ED in wild boars because such a combination may
confer increased virulence to the strains. In addition
to the hybrid STEC–ETEC status, the possession of a
specific accessory genome could also be responsible
for the adaptation of this clade to wild boar hosts and
their environment.
In conclusion, our results argue in favor of a
new clade of ED-causing STEC that originated from
wildlife and did not result from contacts between
wild boars and domestic pigs. ED is thus not restricted to pigs, as usually described, and wild
boars are also susceptible hosts. Because the wild
boar population is growing and outdoor pig farming is rapidly developing in Europe because of animal welfare considerations, contacts between wild
boars and pigs could enable the spread of infectious
diseases, if appropriate biosecurity measures are
not implemented (47). Surveillance of this highly
pathogenic clade in the wild boar population and
in livestock animals is therefore of the highest importance and is needed to study its spread in the
wildlife reservoir and potential transmission to domestic pigs.

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 28, No. 2, February 2022

391

RESEARCH
Acknowledgments
We thank Laurent Cavalié for his assistance with high
throughput DNA extraction and antimicrobialsusceptibility testing.

11.

This work was supported by the National Research
Institute for Agriculture, Food, and Environment’s GISA
metaprogram (https://colloque.inrae.fr/metaprogramsworkshops_eng/Metaprograms/GISA) and by funding
from the Région Occitanie (grant no. ALDOCT-000610)
and Ministry of Agriculture awarded to A.P.

12.

About the Author
Mr. Perrat is a PhD student at the University of Toulouse,
France. His main research interests include genomic
analysis and molecular epidemiology.
References
1.
2.

3.

4.

5.

6.

7.

8.

9.
10.

392

Fairbrother JM, Nadeau É. Colibacillosis. In: Diseases of
swine. 11th edition. Hoboken (NJ): Wiley-Blackwell; 2019.
p. 807–34.
DebRoy C, Roberts E, Scheuchenzuber W, Kariyawasam S,
Jayarao BM. Comparison of genotypes of Escherichia coli
strains carrying F18ab and F18ac fimbriae from pigs. J Vet
Diagn Invest. 2009;21:359–64. https://doi.org/
10.1177/104063870902100310
Marques LRM, Peiris JSM, Cryz SJ, O’Brien AD. Escherichia
coli strains isolated from pigs with edema disease
produce a variant of Shiga-like toxin II. FEMS
Microbiol Lett. 1987;44:33–8. https://doi.org/10.1111/
j.1574-6968.1987.tb02237.x
Matise I, Sirinarumitr T, Bosworth BT, Moon HW. Vascular
ultrastructure and DNA fragmentation in swine infected
with Shiga toxin–producing Escherichia coli. Vet Pathol.
2000;37:318–27. https://doi.org/10.1354/vp.37-4-318
Steil D, Bonse R, Meisen I, Pohlentz G, Vallejo G,
Karch H, et al. A topographical atlas of Shiga toxin 2e
receptor distribution in the tissues of weaned piglets. Toxins
(Basel). 2016;8:357. https://doi.org/10.3390/toxins8120357
Jardin A, Leneveu P, Bayon-Auboyer M-H, Morvan H,
Moalic P-Y, Le Guennec J, et al. Diagnostic de la maladie
de l’oedème chez le porc en France: bilan des connaissances
acquises depuis 2014 par la PCR de génotypage des
Escherichia coli. Journées de la Recherche Porcine en France.
2017;49:177–82 [cited 2021 Jul 2]. http://www.journeesrecherche-porcine.com/texte/2017/santeanimale/S01.pdf
Broes A, Renault L. Nouvelle classification des souches
d’Escherichia coli responsables d’infection intestinale chez le
porcelet. Bull Acad Vet Fr. 1990;63:181–91. https://doi.org/
10.4267/2042/64341
Helgerson AF, Sharma V, Dow AM, Schroeder R, Post K,
Cornick NA. Edema disease caused by a clone of Escherichia
coli O147. J Clin Microbiol. 2006;44:3074–7. https://doi.org/
10.1128/JCM.00617-06
Luppi A. Swine enteric colibacillosis: diagnosis, therapy and
antimicrobial resistance. Porcine Health Manag. 2017;3:16.
https://doi.org/10.1186/s40813-017-0063-4
Fairbrother JM, Nadeau E, Gyles CL. Escherichia coli in
postweaning diarrhea in pigs: an update on bacterial types,
pathogenesis, and prevention strategies. Anim Health Res
Rev. 2005;6:17–39. https://doi.org/10.1079/AHR2005105

13.

14.

15.

16.

17.

18.
19.

20.

21.
22.

23.
24.

Brilhante M, Perreten V, Donà V. Multidrug resistance
and multivirulence plasmids in enterotoxigenic and
hybrid Shiga toxin–producing/enterotoxigenic
Escherichia coli isolated from diarrheic pigs in Switzerland.
Vet J. 2019;244:60–8. https://doi.org/10.1016/
j.tvjl.2018.12.015
Shepard SM, Danzeisen JL, Isaacson RE, Seemann T,
Achtman M, Johnson TJ. Genome sequences and
phylogenetic analysis of K88- and F18-positive porcine
enterotoxigenic Escherichia coli. J Bacteriol. 2012;194:395–405.
https://doi.org/10.1128/JB.06225-11
Wittig W, Prager R, Stamm M, Streckel W, Tschäpe H.
Expression and plasmid transfer of genes coding for the
fimbrial antigen F107 in porcine Escherichia coli strains.
Zentralbl Bakteriol. 1994;281:130–9. https://doi.org/10.1016/
S0934-8840(11)80563-3
Decors A, Richomme C, Morvan H, Botteron C, Nicolier A,
Rambaud F, et al. Diagnostiquer un problème de santé
dans la faune sauvage: exemple de la maladie de l’oedème
chez le sanglier sauvage (Sus scrofa) en Ardèche. Bulletin
Épidémiologique, Santé Animale et Alimentation. 2015;69:
2–7 [cited 2021 Jul 2]. https://be.anses.fr/sites/default/
files/BEP-mg-BE69-art1.pdf
Petit G, Grosbois V, Chalvet-Monfray K, Ducos A,
Desmecht D, Martineau GP, et al. Polymorphism of the
alpha-1-fucosyltransferase (FUT1) gene in several wild boar
(Sus scrofa) populations in France and link to edema disease.
Res Vet Sci. 2020;131:78–86. https://doi.org/10.1016/
j.rvsc.2020.03.025
Massei G, Kindberg J, Licoppe A, Gačić D, Šprem N,
Kamler J, et al. Wild boar populations up, numbers of
hunters down? A review of trends and implications for
Europe. Pest Manag Sci. 2015;71:492–500. https://doi.org/
10.1002/ps.3965
Miller RS, Sweeney SJ, Slootmaker C, Grear DA, Di Salvo PA,
Kiser D, et al. Cross-species transmission potential between
wild pigs, livestock, poultry, wildlife, and humans:
implications for disease risk management in North
America. Sci Rep. 2017;7:7821. https://doi.org/10.1038/
s41598-017-07336-z
Clark K, Karsch-Mizrachi I, Lipman DJ, Ostell J, Sayers EW.
GenBank. Nucleic Acids Res. 2016;44(D1):D67–72.
https://doi.org/10.1093/nar/gkv1276
Zhou Z, Alikhan NF, Mohamed K, Fan Y, Achtman M; Agama
Study Group. The EnteroBase user’s guide, with case studies
on Salmonella transmissions, Yersinia pestis phylogeny,
and Escherichia core genomic diversity. Genome Res.
2020;30:138–52. https://doi.org/10.1101/gr.251678.119
Wick RR, Judd LM, Gorrie CL, Holt KE. Unicycler: resolving
bacterial genome assemblies from short and long
sequencing reads. PLoS Comput Biol. 2017;13:e1005595.
https://doi.org/10.1371/journal.pcbi.1005595
Seemann T. Prokka: rapid prokaryotic genome annotation.
Bioinformatics. 2014;30:2068–9. https://doi.org/10.1093/
bioinformatics/btu153
Page AJ, Taylor B, Delaney AJ, Soares J, Seemann T,
Keane JA, et al. SNP-sites: rapid efficient extraction of
SNPs from multi-FASTA alignments. Microb Genom.
2016;2:e000056. https://doi.org/10.1099/mgen.0.000056
Langmead B, Salzberg SL. Fast gapped-read alignment with
Bowtie 2. Nat Methods. 2012;9:357–9. https://doi.org/
10.1038/nmeth.1923
Nguyen LT, Schmidt HA, von Haeseler A, Minh BQ.
IQ-TREE: a fast and effective stochastic algorithm for
estimating maximum-likelihood phylogenies. Mol Biol Evol.
2015;32:268–74. https://doi.org/10.1093/molbev/msu300

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 28, No. 2, February 2022

Wild Boars as Reservoir of Toxigenic E. coli
25.

26.
27.
28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

Soubrier J, Steel M, Lee MS, Der Sarkissian C, Guindon S,
Ho SY, et al. The influence of rate heterogeneity among sites
on the time dependence of molecular rates. Mol Biol Evol.
2012;29:3345–58. https://doi.org/10.1093/molbev/mss140
Yang Z. A space-time process model for the evolution of DNA
sequences. Genetics. 1995;139:993–1005. https://doi.org/
10.1093/genetics/139.2.993
Kimura M. Estimation of evolutionary distances between
homologous nucleotide sequences. Proc Natl Acad Sci U S A.
1981;78:454–8. https://doi.org/10.1073/pnas.78.1.454
Kalyaanamoorthy S, Minh BQ, Wong TKF, von Haeseler A,
Jermiin LS. ModelFinder: fast model selection for accurate
phylogenetic estimates. Nat Methods. 2017;14:587–9.
https://doi.org/10.1038/nmeth.4285
Argimón S, Abudahab K, Goater RJE, Fedosejev A, Bhai J,
Glasner C, et al. Microreact: visualizing and sharing data for
genomic epidemiology and phylogeography. Microb Genom.
2016;2:e000093. https://doi.org/10.1099/mgen.0.000093
Alikhan NF, Petty NK, Ben Zakour NL, Beatson SA. BLAST
ring image generator (BRIG): simple prokaryote genome
comparisons. BMC Genomics. 2011;12:402. https://doi.org/
10.1186/1471-2164-12-402
Malberg Tetzschner AM, Johnson JR, Johnston BD, Lund O,
Scheutz F. In silico genotyping of Escherichia coli isolates for
extraintestinal virulence genes by use of whole-genome
sequencing data. J Clin Microbiol. 2020;58:e01269-20.
https://doi.org/10.1128/JCM.01269-20
Arndt D, Grant JR, Marcu A, Sajed T, Pon A, Liang Y,
et al. PHASTER: a better, faster version of the PHAST phage
search tool. Nucleic Acids Res. 2016;44(W1):W16-21.
https://doi.org/10.1093/nar/gkw387
Sullivan MJ, Petty NK, Beatson SA. Easyfig: a genome
comparison visualizer. Bioinformatics. 2011;27:1009–10.
https://doi.org/10.1093/bioinformatics/btr039
Schürch AC, Arredondo-Alonso S, Willems RJL, Goering RV.
Whole genome sequencing options for bacterial strain
typing and epidemiologic analysis based on single
nucleotide polymorphism versus gene-by-gene-based
approaches. Clin Microbiol Infect. 2018;24:350–4.
https://doi.org/10.1016/j.cmi.2017.12.016
Beutin L, Krüger U, Krause G, Miko A, Martin A, Strauch E.
Evaluation of major types of Shiga toxin 2E–producing
Escherichia coli bacteria present in food, pigs, and the
environment as potential pathogens for humans. Appl
Environ Microbiol. 2008;74:4806–16. https://doi.org/10.1128/
AEM.00623-08
Muniesa M, Recktenwald J, Bielaszewska M, Karch H,
Schmidt H. Characterization of a Shiga toxin 2e–converting
bacteriophage from an Escherichia coli strain of human origin.
Infect Immun. 2000;68:4850–5. https://doi.org/10.1128/
IAI.68.9.4850-4855.2000
Fekete PZ, Gerardin J, Jacquemin E, Mainil JG, Nagy B.
Replicon typing of F18 fimbriae encoding plasmids of
enterotoxigenic and verotoxigenic Escherichia coli strains from
porcine postweaning diarrhoea and oedema disease. Vet
Microbiol. 2002;85:275–84. https://doi.org/10.1016/
S0378-1135(01)00515-6

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

García V, Gambino M, Pedersen K, Haugegaard S, Olsen JE,
Herrero-Fresno A. F4- and F18-positive enterotoxigenic
Escherichia coli isolates from diarrhea of postweaning
pigs: genomic characterization. Appl Environ Microbiol.
2020;86:e01913. https://doi.org/10.1128/AEM.01913-20
Mainil JG, Jacquemin E, Pohl P, Kaeckenbeeck A, Benz I.
DNA sequences coding for the F18 fimbriae and AIDA
adhesin are localised on the same plasmid in Escherichia coli
isolates from piglets. Vet Microbiol. 2002;86:303–11.
https://doi.org/10.1016/S0378-1135(02)00019-6
Nagy B, Whipp SC, Imberechts H, Bertschinger HU,
Dean-Nystrom EA, Casey TA, et al. Biological relationship
between F18ab and F18ac fimbriae of enterotoxigenic and
verotoxigenic Escherichia coli from weaned pigs with oedema
disease or diarrhoea. Microb Pathog. 1997;22:1–11.
https://doi.org/10.1006/mpat.1996.0085
Leonard SR, Mammel MK, Rasko DA, Lacher DW. Hybrid
Shiga toxin–producing and enterotoxigenic Escherichia sp.
cryptic lineage 1 strain 7v harbors a hybrid plasmid. Appl
Environ Microbiol. 2016;82:4309–19. https://doi.org/
10.1128/AEM.01129-16
Whitney JC, Beck CM, Goo YA, Russell AB, Harding BN, De
Leon JA, et al. Genetically distinct pathways guide effector
export through the type VI secretion system. Mol Microbiol.
2014;92:529–42. https://doi.org/10.1111/mmi.12571
Totsika M, Wells TJ, Beloin C, Valle J, Allsopp LP, King NP,
et al. Molecular characterization of the EhaG and UpaG
trimeric autotransporter proteins from pathogenic
Escherichia coli. Appl Environ Microbiol. 2012;78:2179–89.
https://doi.org/10.1128/AEM.06680-11
Boerlin P, Travis R, Gyles CL, Reid-Smith R, Janecko N,
Lim H, et al. Antimicrobial resistance and virulence genes
of Escherichia coli isolates from swine in Ontario. Appl
Environ Microbiol. 2005;71:6753–61. https://doi.org/
10.1128/AEM.71.11.6753-6761.2005
Goswami PS, Gyles CL, Friendship RM, Poppe C, Kozak GK,
Boerlin P. Effect of plasmid pTENT2 on severity of porcine
post-weaning diarrhoea induced by an O149 enterotoxigenic
Escherichia coli. Vet Microbiol. 2008;131:400–5. https://doi.org/
10.1016/j.vetmic.2008.04.007
Kumar P, Luo Q, Vickers TJ, Sheikh A, Lewis WG,
Fleckenstein JM. EatA, an immunogenic protective antigen
of enterotoxigenic Escherichia coli, degrades intestinal mucin.
Infect Immun. 2014;82:500–8. https://doi.org/10.1128/
IAI.01078-13
Jurado C, Martínez-Avilés M, De La Torre A, Štukelj M,
de Carvalho Ferreira HC, Cerioli M, et al. Relevant measures
to prevent the spread of African swine fever in the European
Union domestic pig sector. Front Vet Sci. 2018;5:77.
https://doi.org/10.3389/fvets.2018.00077

Address for correspondence: Eric Oswald or Frédéric Auvray,
Institut de Recherche en Santé Digestive, INSERM U1220,
CHU Purpan, Place du Docteur Baylac, CS60039, 31024
Toulouse CEDEX 3, France; email: eric.oswald@inserm.fr or
frederic.auvray@envt.fr

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 28, No. 2, February 2022

393

Article DOI: https://doi.org/10.3201/eid2802.211491

Wild Boars as Reservoir of Highly Virulent
Clone of Hybrid Shiga Toxigenic and
Enterotoxigenic Escherichia coli
Responsible for Edema Disease, France
Appendix 2
Appendix 2 Figure (following pages). Circular chromosomal (A and B) and plasmid (C–F) maps of wild
boar E. coli O139:H1 W13-16, pig E. coli O139:H1 P15-25 and pig E. coli O141:H4 P13-6. Color key
codes for virulence genes, housekeeping genes, genes cluster and G+C content are indicated in the
insets. For each map, the circles show, from the inside out, the nucleotide sequence positions (in kb), the
GC skew (negative, green; positive, purple) and the location of genes and gene clusters of interest.
Besides the two plasmids encoding F18 fimbriae and enterotoxins, seven additional plasmids (Table in
main text, https://wwwnc.cdc.gov/EID/article/28/2/21-1491-T1.htm) were identified in the pig E. coli
O141:H4 strain. These included the two large plasmids pP136-1 (IncHI2) and pP136-2 (IncI1-I Alpha),
carrying resistance genes to antibiotics such as mph(B) (macrolides) in the case of pP136-1, and mef(B)
(macrolides), cmlA1 (chloramphenicol), sul3 (sulfamethoxazole) and aadA1 and aadA2b (streptomycinspectinomycin) in the case of pP136-2 (Table in main text).
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