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Abstract: The origin of human and calf infections by Shigatoxigenic (STEC) and enteropathogenic
(EPEC) Escherichia coli O80:H2 is still unknown. The aim of this study was to identify E. coli O80 in
healthy cattle with an emphasis on melibiose non-fermenting E. coli O80:H2. Faecal materials collected
from 149 bulls at 1 slaughterhouse and 194 cows on 9 farms were tested with O80 antigen-encoding
gene PCR after overnight growth in enrichment broths. The 53 O80 PCR-positive broths were streaked
on different (semi-)selective agar plates. Five E. coli colonies from 3 bulls and 11 from 2 cows tested
positive with the O80 PCR, but no melibiose non-fermenting E. coli was isolated. However, these
16 E. coli O80 were negative with PCR targeting the fliCyyy, eae, stx1, stx2 and hlyF genes and were
identified by WGS to serotypes and sequence types O80:H6/ST8619 and O80:H45/ST4175. They
were phylogenetically related to E. coli O80:H6 and O80:H45 isolated from different animal species in
different countries, respectively, but neither to STEC and EPEC O80:H2/ST301, nor to other serotypes
of the clonal complex 165. As a conclusion, healthy adult cattle were not identified as a source of
contamination of humans and calves by STEC or EPEC O80:H2.

Keywords: healthy cattle; Shigatoxigenic Escherichia coli; enteropathogenic Escherichia coli; O80:H2;
080:H6; 0O80:H45; CC165; phylogenomics

1. Introduction

Enterohemorrhagic Escherichia coli (EHEC) are a hybrid pathotype producing the Shiga
toxins (Stx) of Shigatoxigenic E. coli (STEC) and the attaching—effacing (A/E) lesion of
enteropathogenic E. coli (EPEC) [1]. Since the EHEC nomenclature is considered obsolete by
EFSA [2], they will be named “Attaching-Effacing STEC” (AE-STEC) [3] in this manuscript.

The most frequent and pathogenic AE-STEC in humans belong to the following
6 serotypes: 026:H11, O103:H2, O111:H-, O121:H19, O145:H- and O157:H7 [1,4]. Never-
theless, other serotypes can emerge from time to time, either causing dramatic short-lived
outbreaks, such as STEC O104:H4 in 2011 [5], or establishing themselves for longer periods,
such as AE-STEC O80:H2 in France since ca. 2010 [6,7]. AE-STEC O80:H2 have also been
reported in neighbouring countries (Belgium, Switzerland and the Netherlands), although
not at the same frequency as in France [8-10]. Today, they represent the second- or third-
leading cause of haemolytic uremic syndrome (HUS) in Europe [11,12]. In addition to
haemorrhagic colitis and HUS, AE-STEC O80:H2 are responsible for systemic infections.
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Indeed, they harbour a pS88-like ColV plasmid carrying genes encoding virulence proper-
ties of extra-intestinal E. coli [6,13-16]. AE-STEC and EPEC O80:H2 belong to the sequence
type (ST) 301 that is member of the clonal complex (CC) 165 along with other E. coli O80
and non-O80 serotypes, and different STs [17,18].

AE-STEC and EPEC O80:H2 have also been frequently identified in young diarrheic
and, more rarely, septicemic calves in Belgium since 2009 [19,20]. They are highly related to
human AE-STEC O80:H2 phylogenetically and by their virulotypes, including the presence
of a pS88-related plasmid [8,19].

Ruminants, especially cattle, are considered the most frequent source of human in-
fection by the classical AE-STEC serotypes via foodstuffs contaminated by their faecal
materials, since they can be asymptomatic carriers in their intestines [1]. However, the
European Food Safety Agency reports no detection of AE-STEC O80:H2 in food in 2019
and 2020 [11,12], although they have been sporadically isolated from healthy cattle and
dairy products in Spain and France, but not as yet in Belgium, in the past [6,13,17,21,22].
One possible reason is that AE-STEC O80:H2 were present under the detection limits of
the different methodologies applied during those surveys. The rate of isolation could
be increased using the recently described melibiose-MacConkey agar, since no human
AE-STEC O80:H2 ferment melibiose, in contrast to most other E. coli. This is due to the
deletion of the melibiose operon (mel) associated with the insertion of a 70 bp long DNA
fragment (70mel) [23].

The purpose of the present study was, therefore, to (i) isolate E. coli O80 from healthy
bulls at the slaughterhouse and healthy cows in farms, with emphasis on AE-STEC and
EPEC O80:H?2; (ii) identify the newly isolated E. coli O80 by PCR; and (iii) understand their
phylogenomic relationships within the E. coli species after whole genome sequencing (WGS).

2. Materials and Methods
2.1. Identification of O80 PCR-Positive Faecal Samples

In November and December 2020, 149 slaughterhouse faecal samples were collected
from young bulls during 3 visits to 1 slaughterhouse in the province of Liege, Belgium. The
bulls originated from 43 different herds in the provinces of Liege, Limburg, Luxemburg
and Namur, Belgium. Between October 2021 and February 2022, 194 faecal samples were
collected from the rectum of healthy cows in late pregnancy, or maximum 1 month after
calving, on 9 farms located in the provinces of Liege and Luxemburg, Belgium. One gram
of each faecal sample was added to 9 mL of lauryl sulphate broth (VWR Chemicals, Leuven,
Belgium) and incubated overnight at 37 °C with shaking, for enterobacterial enrichment.

After centrifugation of 2 mL of each enrichment broth for 2 min at 13,000 RPM, the
bacterial pellets were suspended in 100 uL of DNase free water (VWR Life Science, Leuven,
Belgium) and total DNA was extracted by boiling for 10 min. In parallel, 2 mL of the
enrichment broths was transferred into 2 CRYO tubes (Greiner Bio-One, Frickhausen,
Germany) with 2 mL of sterile 80% glycerol and stored at —20 °C and —80 °C, respectively.
The DNA samples obtained were subjected to PCR targeting the wzy gene in the O80
antigen-encoding gene cluster (referred to as O80 PCR; Table 1) using the FASTGENE2x
Optima Hotstart kit (Nippon Genetics, Filter service, Eupen, Belgium). The amplification
condition employed was as follows [24]: initial denaturation at 94 °C for 1 min, 30 cycles
of annealing at 58 °C for 30 s, extension at 72 °C for 1 min, and denaturation at 94 °C for
30 s, and final extension at 72 °C for 2 min. The 285 bp-long amplicons were detected by
electrophoresis in 1.5% agarose gel (VWR Life Science, Leuven, Belgium) in TAE buffer
(Bio-Rad, Temse, Belgium) after staining with Midori Green (Nippon Genetics Europe,
Diiren, Germany).
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Table 1. Target genes, primer sequences and amplified fragment lengths of the PCR.

PCR Target Genes Primer Sequences Amplified Fragments Reference
Og80-F: 5-TGGTGTTGATTCCACTAGCGT-3'
©80 wzyoso 0g80-R: 5-CGAGAGTACCTGGTTCCCAAA-3' 285bp (241
. Hg2-F: 5-TGATCCGACACTTCCTGATG-3
H2 FiCh: Hg2-R: 5-CCGTCATCACCAATCAACGC-3' 228 bp 231
Intimmin e SK2-F: 5'-CCCGGATCCGTCTCGCCAGTATTCG-3' 881 b 4]
! SK1-R: 5'-CCCGAAATCGGCACAAGCATAAGC-3' P
LP44-F: 5-CACCAGACAATGTAACCGCTG-3'
Stxl stxl LP43-R: 5'-CAGTTAATGTGGTGGCGAAGG-3' 348bp 241
LP31-F: 5-GCGTCATCGTATACACAGGAGC-3'
Stx2 st2atostx2d | p3g R. 5/- ATCCTATTCCCGGGAGTTTACG-3' 584 bp 241
Avian LE HIyF-F: 5-GGCGATTTAGGCATTCCGATACTC-3/ 599 b 6]
hemolysin Y HlyF-R: 5-ACGGGGTCGCTAGTTAAGGAG-3' P

2.2. Identification of O80 PCR-Positive E. coli

080 PCR-positive enrichment broths were streaked on 5 (semi-)selective agar plates:
Chromocult Coliform ES agar, Chromocult Coliform ES agar complemented with 2.5 mg/mL
of potassium tellurite (TeK) and Chromagar STEC agar (CHROMagar, Paris, France) for
both slaughterhouse and farm samples, and either Rapid E. coli 2/agar (Bio-Rad, Temse, Bel-
gium) for slaughterhouse samples or MacConkey agar (VWR Chemicals, Leuven, Belgium)
for farm samples. According to the manufacturers, Chromocult Coliform ES, Rapid E. coli
2/and MacConkey are selective for enterobacteria and coliforms in general, while TeK
Chromocult Coliform ES and Chromagar STEC are selective for Te**-resistant coliforms,
including a majority of STEC and EPEC.

All samples were also streaked on EnteroHemolysin (EHly) blood agar plates (Ox-
oid Deutschland, Wesel, Germany) to detect the production of enterohemolysin. After
overnight incubation at 37 °C, up to 5 E. coli-like colonies were randomly picked up from
the (semi-)selective agar plates. From the EHly blood agar plates, up to 10 colonies were
picked up: 5 enterohemolyin-non-producing and 5 enterohemolysin-producing (if detected)
colonies. In parallel, the O80 PCR-positive enrichment broths from farms were also streaked
on melibiose-MacConkey agar plates. Melibiose-non-fermenting colonies (if detected) were
picked up and subjected to species identification by API20E® (BioMérieux, Craponne,
France), following the manufacturer’s instructions.

080 PCR was performed on all picked-up colonies as described above, using the DNA
samples obtained from 2 mL of an overnight culture in Luria-Bertani (LB) broth (VWR
Chemicals, Leuven, Belgium) at 37 °C with shaking.

2.3. PCR Typing

080 PCR-positive E. coli isolates were further tested by PCR using the FASTGENE2x
Optima Hotstart kit (Nippon Genetics, Filter service, Eupen, Belgium) to detect the fliC,
gene encoding the H2 antigen and the following virulence-associated genes: eae encoding
the intimin adhesin involved in the A/E lesion, stx1 and stx2 encoding Stx1 and Stx2a
to Stx2d toxins, and pS88-located hiyF encoding the avian haemolysin (Table 1). The
amplification condition employed was as follows: initial denaturation at 95 °C for 15 min,
30 cycles of annealing at 55 °C for 90 s, extension at 72 °C for 90 s, denaturation at 94 °C
for 30 s and final extension at 72 °C for 10 min [16,24,25]. The amplicons were detected by
agarose gel electrophoresis, as described above.

2.4. Genome Analysis

The bovine O80 PCR-positive E. coli isolated during the abovementioned screening
and 1 O80 PCR-positive isolate obtained from duck faecal material in 2009 were genome
sequenced. Genomic DNA was purified from bacterial cells grown overnight in LB at
37 °C using NucleoSpin® Microbial DNA (Macherey-Nagel, Diiren, Germany). Libraries



Microorganisms 2023, 11, 230

40f13

for Illumina sequencing were prepared using NEBNext Ultrall FS DNA Library Prep Kit
for llumina (NEW ENGLAND BioLabs, Tokyo, Japan) and sequenced on the Illumina
Miseq platform (Illumina) to generate 300 bp paired-end reads. Assembly of the [llumina
sequence reads was performed using the SPAdes (v3.13.0) assembler [26]. Sequencing
statistics of each isolate are shown in Table S1. Raw read sequences obtained in this study
were deposited to GenBank/EMBL/DDBJ under the BioProject PRINA906740.

Gene annotation and in silico H antigen-genotyping were conducted by using DFAST [27]
and SeroTypeFinder 2.0 [28], respectively. The ST was determined by MLST 2.0 based
on Achtman’s scheme of multi-locus sequence typing (MLST) [29]. Plasmid replicons
were identified by using PlasmidFinder v2.1.6 [30]. Virulence-associated and antimicrobial
resistance (AMR) genes were searched by VirulenceFinder v2.0.4 and ResFinder v.4.1.11,
respectively [31,32]. pS88 plasmid-located genes were detected by BLASTN search of each
genome in the DNA sequence dataset for the pS88-located genes associated with bacteriocin
production and immunity (cia, imm, cvaABC and cvi), iron acquisition (iucABCD, iutA, shiF
and sitABCD) and virulence (iss, etsABC, ompT and hlyF) [16] (Table S2). All searches were
performed at a threshold of >90% identity and >60% coverage.

2.5. Database Search for Genomes of E. coli O80 Identified Serotypes

The NCBI and EnteroBase databases (final access: 4 October 2022) were searched
for the genome sequences of E. coli belonging to the O80 serotypes identified during the
abovementioned survey (Table 2). Their Illumina reads were downloaded and assembled
using SPAdes as described above (Table S1). Using assembled genomes, ST determination
and analyses of plasmid replicons, virulence-associated genes, AMR genes and pS88-
encoded genes were performed as described above.

2.6. Phylogenomics

To understand the phylogenetic positions of the E. coli O80 identified in healthy cattle,
closed chromosome sequences of 104 E. coli strains representing each of 104 serotypes were se-
lected and downloaded from the NCBI database and annotated by DFAST (Tables S1 and S3).
The chromosome sequence of Escherichia cryptic clade I strain TW10509 (No. AEKA00000000)
was also downloaded and annotated to be used as an outgroup. The core genes (1 = 2560)
of all those E. coli were identified, and their concatenated sequence alignments were gen-
erated by Roary [33]. Based on the 97,551 SNP sites extracted from the alignment using
SNP-sites [34], a maximum likelihood (ML) tree was constructed using RAXML [35]. Strains
were deduplicated if the core sequences were identical. The phylogroup of each strain was
determined by EzClermont [36] and the ML tree was displayed using iTOL [37].

3. Results
3.1. Identification of E. coli O80 in Faecal Samples from Slaughterhouse

After overnight enrichment growth in lauryl sulphate broths, 35 out of the 149 faecal
samples (23%) from young bulls at 1 slaughterhouse were positive with the O80 PCR.
Using the non-specific methodology, 450 colonies were picked up, with the majority from
Chromocult Coliform ES (40%) and Chromagar STEC (30%) agar plates (Figure 1a). After
performing the O80 PCR twice, 5 isolates (1%) from 3 faecal samples (2%) were confirmed
as E. coli O80. Three of the 5 isolates were isolated from 2 bulls on the Chromocult Coliform
ES agar and the remaining 2 from another bull on EHly agar.
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Total 450 colonies

Chromocult Coliform ES agar
40%

EnteroHemolysin blood agar
16%

Chromagar STEC agar
30%

Rapid E. coli 2 / agar ‘ TeK Chromocult Coliform ES
1% 3%

(@)

Total 385 colonies

EnteroHemolysin blood agar
36%

Chromagar STEC agar
18%

Chromocult Coliform ES agar

TeK Chromocult Coliform ES
o

MacConkey agar
21%

(b)

Figure 1. Proportions of the collected colonies from the different agar plates inoculated with the
35 O80 PCR-positive enrichment broths from slaughterhouse faecal samples (a) and with the 18 O80
PCR-positive enrichment broths from farm faecal samples (b).

3.2. Identification of E. coli O80 in Faecal Samples from Farms

After overnight enrichment growth in Lauryl Sulfate broths, 18 out of the 194 faecal
samples (9%) from cows in 5 out of the 9 farms (55%) were positive with the O80-antigen
PCR. Using the non-specific methodology, 385 colonies were collected, with the majority
from EHly (36%) and Chromocult Coliform ES (24%) agar plates (Figure 1b). After perform-
ing the O80 PCR twice, 11 isolates (3%) from 2 cow faecal samples (1%) from 2 different
farms (22%) were confirmed as E. coli O80. Ten of the 11 isolates from farm samples were
isolated from 1 cow on Chromocult Coliform ES (5 isolates) and MacConkey (5 isolates)
agar, and the remaining 1 from a second cow in another farm on EHly agar.

The 18 positive enrichment broths of faecal samples from cows in farms were also
streaked on melibiose-MacConkey agar plates. Although melibiose non-fermenting colonies
could be isolated after overnight growth, none of them was identified to E. coli.

3.3. Genomic Identification and Characterization

To further identify the O80 PCR-positive isolates to AE-STEC or EPEC O80:H2, PCR and
WGS analysis were performed to detect the presence of the fliCp, eae, stx1, stx2 and hlyF genes.
However, none of these 5 genes was detected in any of the 16 O80 PCR-positive isolates.
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In silico analysis of the genome sequences of these 16 O80 PCR-positive isolates
revealed that their H-serotypes were H6 (n = 10) or H45 (n = 6) (Table 2). All 10 E. coli
080:H6 were obtained from the same cow in the screening of farm samples. Of the 6 E. coli
080:H45, 1 was obtained from the second cow in the screening of farm samples and 5 were
obtained from the 3 bulls in the screening of slaughterhouse samples. The O80:H6 and
080:H45 isolates belonged to ST8619 and ST4175, respectively (Table 2).

Table 2. E. coli O80:H6/ST8619 and O80:H45/ST4175 analysed in this study.

O:H/ST Isolation .
Genotype Source . Bl.o Sample No. Data Source
(Nr Isolates) (N Isolates) Country Year (Bioproject PRINA906740)
O80:H6/ Cows (10) Belgium 2022 SAMN32092024-SAMN32092033 This study
ST8619 (18) Turkeys (8) ! USA 2018-2021 SAMN11372876, SAMN12913176, NCBI
SAMN1299068, SAMN18586312,
SAMN20862110, SAMN23100074,
SAMN25980720, SAMN26027222
0O80:H45/ Cow (1) Belgium 2022 SAMN32092034 This study
ST4175 (15) Bulls (5) Belgium 2020 SAMN32092019-SAMN32092023 This study
Duck (1) Belgium 2009 SAMN32092035 This study
Cow (1) 2 Canada 2007 SAMN14379539 NCBI
Cow (1) France 2010 SAMEA5619080 NCBI
Cow (1) 2 Germany 2004 SAMEAS5619042 NCBI
Unknown (1) Poland 2016 ESC_TA7527AA 3 EnteroBase
Cattle (1) UK 2017 ESC_BB1134AA 3 EnteroBase
Pig (1) UK 2015 SAMEA4645274 NCBI
Pig farm soil (1) UK 2017 SAMN15488558 NCBI
Cow manure (1) USA 2020 SAMN17058957 NCBI

! One isolate belonged to ST12217, which is a single locus variant of ST8619 (Table S2). 2 These 2 isolates belonged
to ST1301, which is a single locus variant of ST4175. 3 IDs in EnteroBase.

The core gene sequence analysis also revealed that the 10 E. coli O80:H6 obtained
from the same cow in 1 farm were identical, as were the 4 E. coli O80:H45 obtained from
2 bulls at the slaughterhouse. Therefore, only 1 E. coli O80:H6 from this cow and 3 E. coli
0O80:H45 from 2 bulls and 1 cow were included in the phylogenomic and other genome
sequence-based analyses.

3.4. Genetic Features and Phylogenomics of the E. coli O80:H6 and O80:H45

The genome sequences of these 4 bovine Belgian E. coli O80:H6 and O80:H45 were
compared with the genome sequences of 8 O80:H6 and 8 O80:H45 strains obtained from
the NCBI and EnteroBase databases, and of 1 Belgian E. coli O80:H45 previously isolated
from duck faecal material (Table 2). The position of these 2 E. coli serotypes in the entire
E. coli phylogeny was compared to the position of E. coli O80:H2.

While the 9 E. coli O80:H6 were either Belgian bovine (n = 1) or US turkey (n = 8)
isolates, the E. coli O80:H45 (n = 12) were isolated from cattle, duck, pig and the environment,
in different countries (Belgium, Canada, France, Poland, UK and USA). Like the Belgian
bovine isolates, all but 1 US turkey E. coli O80:H6 belonged to ST8619, and the remaining 1
belonged to ST12217, a single locus variant (SLV) of ST8619 (Tables 2 and S2). Similarly, 7 of
the additional 9 E. coli O80:H45, including the Belgian duck isolate, belonged to ST4175, like
the 3 Belgian bovine isolates, and the remaining 2 belonged to an SLV of ST4175, ST1301
(Tables 2 and S2).

The core gene-based phylogenetic analysis of the E. coli O80:H6 and O80:H45 and of
the 104 E. coli whose chromosome sequences were downloaded from the NCBI database
(Table S3) revealed that all 21 E. coli O80:H6 and O80:H45 belonged to phylogroup E and
formed 2 single clusters, far distantly related to the AE-STEC and EPEC O80:H2 and to the
clonal complex CC165 (Figure 2a).
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Figure 2. The phylogenetic positions and genetic features of the analysed E. coli O80:H6 and O80:H45,
including genome sizes and distribution of plasmid replicons and pS88-located genes. In the left panel
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(a), a core gene-based ML tree of 104 chromosome-closed E. coli strains with an Escherichia cryptic
clade I strain TW10509 (No. AEKAO00000000) as an outgroup is shown along with names and
serotypes of each strain. The tree was constructed based on the 97,551 SNPs identified in 2560 core
genes. Phylogroups of each strain are also indicated. The right panels show the fine phylogenetic
relationships of the 9 O80:H6 (b) or of the 12 O80:H45 (c) strains along with strain information. The
genome sizes and the results of plasmid replicon and pS88-encoded gene search are also shown. The
presence/absence of each replicon and gene is indicated by a filled /open box. The replicons found
in the same contig in each strain are indicated by orange and cyan boxes. Genes nearly identical to
those of pS88 (threshold: >99% identity and 100% coverage) are shown by daggers. Bar: the mean
number of nucleotide substitutions per site.

3.4.1. Genetic Features of E. coli O80:H6 Isolates

Phylogenetically, the Belgian bovine isolate (SES6039) formed a distinct branch from
the 8 US turkey isolates (Figure 2b). Moreover, its genome size was significantly smaller
(5033 kb vs. 5367 kb-5566 kb) and genome analysis by PlasmidFinder revealed the presence
of only 1 plasmid replicon (IncY) in the Belgian bovine isolate, whereas the US isolates
contained 3 to 5 replicons.

A search of virulence-associated genes by VirulenceFinder (Figure S1) revealed the
presence of a range of potentially virulence-related genes in all 9 E. coli O80:Hé6. In addition,
the cib gene encoding the Colicin Ib and the genes for the biosynthesis of pyelonephritis-
associated pili (PAP) were detected in 1 and 2 US isolates, respectively. Conversely, no
horizontally acquired AMR gene was detected in the Belgian bovine isolate by ResFinder
(Figure S1), while 1 to 5 AMR genes were detected in the US turkey isolates.

3.4.2. Genetic Features of E. coli O80:H45 Isolates

The 12 O80:H45 isolates (3 Belgian bovine, 1 Belgian duck and 8 other isolates) formed
3 distinct sub-clusters (Figure 2c) that are highly heterogeneous in terms of regions and
sources of isolation. Of the 3 Belgian bovine isolates, 2 belonged to the same sub-cluster,
although they are not closely related, and the third one to another sub-cluster. The duck
isolate belongs to the third sub-cluster. Notable variation in genome size was also observed,
even in the same sub-cluster (ranging from 4832 kb to 5331 kb) (Figure 2c). Plasmid
replicon search revealed that the isolates containing the largest and second largest genomes
(FDA1149481-5003-085S isolated in the US and the Belgian duck isolate, respectively)
contained more replicons (7 and 6 replicons, respectively) than the other isolates (Figure 2c).
Contigs carrying multiple replicons were present in 9 isolates (Figure 2c). In 8 of them,
including the 3 bovine, but not the duck Belgian isolates, similar sets of 2 or 3 of the IncFIA,
IncFIB(AP001918), IncFIC(FII) and/or IncFII(29) replicons were detected and, in 1 of these
8 isolates (FDA1149481-5003-085S with the largest genome), an additional contig containing
3 replicons was detected.

Search of virulence-related genes by VirulenceFinder (Figure S1) revealed that, in
addition to a set of potentially virulence-related genes in all 12 E. coli O80:H45, some
isolates contained additional virulence-related genes: afaAB (regulator and chaperone for
afimbrial adhesins) in a French isolate, cdtB (B subunit of Cytolethal distending toxin)
in a Canadian isolate, and different pS88-located genes in addition to sitA and iss (hlyF,
irtoBCDEN, cma, ompT, cvi, sitBCD and cvaC) in the Belgian duck isolate (Figures 2c and S1).
In the search of horizontally acquired AMR genes by ResFinder, AMR genes were only
detected in the UK porcine isolate, which contained 9 AMR genes (Figure S1) conferring
resistance to 8 antibiotic families.

4. Discussion

Although AE-STEC and EPEC O80:H2/ST301 emerged in humans and in calves
more than a decade ago, there is still a lack of knowledge about their epidemiology. In
comparison with several other AE-STEC serotypes, cattle are highly suspected as the source
of contamination, since they can be asymptomatic carriers in their intestines [1]. However,
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surveys to isolate AE-STEC or EPEC O80:H2 from healthy adult cattle or young calves have
been so far unfruitful, with a very few sporadic exceptions [6,13,17,21,22].

Using the same non-selective methodology as previously [22], a majority of AE-STEC
and EPEC are expected to grow on the TeK Chromocult Coliform ES and Chromagar
STEC agar media at the opposite of the majority of non-STEC non-EPEC strains that are
Te**-sensitive [38]. Surprisingly, however, very few colonies from the 53 O80 PCR-positive
enrichment broths grow on the TeK Chromocult Coliform ES agar plates compared to
Chromagar STEC plates (Figure 1). The authors have no explanation for these different
results between the 2 agar media, results that were not observed at such a scale in the
previous study [22].

A total of 16 E. coli O80 were isolated from 5 of the 53 O80 PCR-positive enrichment
broths (9%), although many more colonies from farm (36%) and slaughterhouse (16%)
samples produce an enterohemolysin on the EHly agar (Figure 1), like AE-STEC and
EPEC O80:H2 [6,15,19,20]. However, these 16 E. coli O80 belong to serotypes O80:H6 and
080:H45, and to ST8619 and ST4175, or their SLVs (Tables 2 and S2), respectively. The
most probable reason for this negative result is that E. coli O80:H2 was present, if at all,
under the detection limits of this methodology. Testing more colonies is one alternative to
increase the probability of isolating AE-STEC and EPEC O80:H2 but would be time- and
labour-consuming. Another alternative is the use of a specific agar medium.

Therefore, melibiose-MacConkey agar plates [23] were streaked with the O80 PCR-
positive enrichment broths of the faecal samples from the cows in farms, but no melibiose
non-fermenting E. coli could be isolated. The reasons for this recurring negative result can
be: (i) the human stool samples tested by Bizot and collaborators were clinical samples,
probably with high numbers of AE-STEC O80:H2, while the bovine faeces tested in this
survey were sampled from healthy animals, most probably with much lower numbers of
E. coli O80:H2, if any, and (ii) the melibiose-MacConkey agar tested with the human stool
samples also contains piperacillin, which was not used during our survey. Identifying the
antibiotic/heavy metal, including to Te**, resistance profiles of the bovine AE-STEC and
EPEC O80:H2 sequenced to date [17,19,39] will help to design more selective enrichment
broths and agar plates to increase the rate of successful isolation. The rate of isolation of E.
coli O80 could also be increased by designing an O80 antigen-specific capture method, like
for other highly pathogenic AE-STEC serotypes [40,41].

E. coli O80:non-H2 from humans and animals have already been reported and can
belong to one of the numerous E. coli pathotypes [1,17,42,43]. Like AE-STEC and EPEC
080:H2, some of them (O80:H19 and 080:H26) belong to phylogroup A and CC165 [17,18].
Nevertheless, neither the bovine E. coli O80:H6 and O80:H45 isolated during this survey,
nor the 16 E. coli O80:H6 and O80:H45 whose genome sequences were downloaded from
NCBI and EnteroBase databases, nor the additional Belgian duck E. coli O80:H45, are closely
related to CC165 and members of phylogroup A (Figure 2).

Within serotype O80:H6, the only Belgian bovine isolate is placed in a distinct branch,
but the other O80:H6 isolates were all isolated from turkeys in the USA (Figure 2). Within
serotype O80:H45, the 3 Belgian bovine isolates are present in 2 different sub-clusters, along
with other European and American bovine-related isolates (Figure 2), while the duck isolate
is located in a third sub-cluster. Regarding the differences of the genome size within either
serotype, the presence of more plasmid replicons in the isolates with the larger genomes
suggests that the differences in plasmid content are partly contributing to the differences
in genome size (Figure 2). Moreover, the presence of similar sets of replicons in 7 of the
E. coli O80:H45 suggests that similar plasmids may be distributed in these strains, even
though these 7 isolates are not related geographically, nor by their origins, nor by the year
of isolation (Figure 2; Tables 2 and S2). Clearly, more isolates of both serotypes are needed
to refine their phylogenomic analysis, including the determination of complete genome
sequences, before discussing further these results and hypotheses.

Search of virulence-associated genes by VirulenceFinder (Figure S1) revealed that no
E. coli O80:H6 or O80:H45 are either (AE-)STEC, or EPEC, or belong to any other classical
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E. coli pathotype in humans or animals, with the possible exception of the duck E. coli
080:H45. Indeed, with the exceptions of the afa and cdtB genes in 2 O80:H45 isolates, the
majority of the potentially virulence-related genes detected in the other E. coli O80:H6 and
080:H45 are widely distributed in E. coli, including in the laboratory strain K-12. Therefore,
their importance in their pathogenicity, if any of these E. coli O80:H6 and O80:H45 is unclear
at this stage, although some of them (sitA and iss) are involved in the survival of EXPEC in
blood stream and internal organs and are plasmid-located [16,43].

Conversely, the duck E. coli O80:H45 harbours several pS88-located genes, including
the hlyF gene (Figure 2) which is a marker of the virulence plasmids of ExPEC, avian
pathogenic E. coli (APEC), AE-STEC and EPEC O80:H2 [16,17,19,39,44]. A more detailed
examination of the putative pS88-located genes detected in the E. coli O80:H6 and O80:H45
of this study (Figure 2 and Table S1) was therefore performed. The sitA gene detected
in most E. coli O80:H45 (11/12) has 100% identity to the sitA gene of pS88 in the duck
isolate vs. 97.9-98.0% identity in the other isolates. Similarly, the iss gene detected in all
E. coli O80:H6 (9/9) and most E. coli O80:H45 (11/12) also possesses 100% identity to the
pS88-located iss gene in the duck isolate vs. 90.4-95.9% identity in the other isolates. In
addition, nearly half (13/27) of the pS88-located genes are present in the duck isolate, with
>99% sequence identity and 100% coverage to the pS88-located genes, and not in the other
isolates. Finally, this duck isolate contains 1 of the 2 replicons of pS88 (IncFIB(AP001918)).
These different data strongly suggest that the duck isolate, in contrast to the other E.coli
080:H6 and O80:H45, including the Belgian bovine ones, harbour a pS88-like plasmid. pS88
plasmids have already been detected in APEC O80:H26 [17], but to the authors’ knowledge,
this is the first description in E. coli O80 outside of the CC165. Nevertheless, this duck
E. coli O80:H45 was isolated from the faecal material and its actual virulence potential is
not known at this stage.

Regarding horizontally acquired AMR genes, searching by ResFinder was negative for
the Belgian bovine E. coli O80:H6 and O80:H45 (Figure S1). A few AMR genes are present
in the US turkey E. coli O80:H6, but only the porcine E. coli O80:H45 can be genetically
defined as a multidrug-resistant strain, with 9 AMR genes conferring resistance to 8 classes
of antimicrobials (Figure S1). These results do not, however, exclude the existence of other
non-horizontally acquired antimicrobial resistance mechanisms [45].

5. Conclusions

As general and specific conclusions, neither AE-STEC nor EPEC O80:H2 were isolated
during this survey, and healthy adult cattle were not identified as the source of contami-
nation of calves and humans. Moreover, the bovine E. coli O80:H6 and O80:H45 isolated
during this survey are neither AE-STEC nor EPEC and phylogenetically, are only distantly
related to the AE-STEC and EPEC O80:H2 or to the other E. coli O80 serotypes of the clonal
complex CC165. More surveys targeting other putative sources of contaminations, such
as the environment and wildlife, should be performed using selective methodologies to
identify the source of contamination of humans and calves by AE-STEC or EPEC O80:H2.
Further experiments should also be conducted to refine the (phylo)genomics and to assess
the virulence potential, if any, of the Belgian bovine E. coli O80:H6 and O80:H45, and of the
Belgian duck E. coli O80:H45.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /microorganisms11020230/s1; Figure S1: Virulence-associated and
antimicrobial resistance (AMR) genes detected in E. coli O80:H6 and O80:H45; Table S1: E. coli
080:H45 and O80:H6 strains used in WGS analyses; Table S2: The pS88-located genes used for
repertoire analysis as references; Table S3: E. coli strains used for the construction of a core gene-based
phylogenetic tree.


https://www.mdpi.com/article/10.3390/microorganisms11020230/s1
https://www.mdpi.com/article/10.3390/microorganisms11020230/s1

Microorganisms 2023, 11, 230 11 of 13

Author Contributions: Conceptualization, D.T. and ].G.M.; methodology, R.I,,].-N.D., A.-H. and K.N,;
validation, R.I. and K.N.; formal analysis, R.I. and K.N.; investigation, R.I,, K.N. and ].-N.D.; resources,
RI, J-N.D., N.K. and M.S; data curation, R.I. and K.N.; writing—original draft preparation, R.I.,
KN., TH. and ].G.M.; writing—review and editing, M.S., N.K. and D.T.; visualization, R.I. and K.N.;
supervision, T.H., ].G.M. and D.T.; project administration, ].G.M.; funding acquisition, ].G.M. and D.T.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the University of Liege, “Fonds Spéciaux de la Recherche”
2018-2020 and “Crédits sectoriels de la Recherche en Sciences de la Santé” 2020-2022. Rie Ikeda is
a 2020 DVM graduate of the Osaka Prefecture University (OPU), Osaka, Japan, benefiting from a
“Bourse d’Etudes internationales” of “Wallonie-Bruxelles International” (WBI) between November
2020 and October 2022.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors want to thank the farmers for their useful help in collecting faecal samples.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

Tozzoli, R.; Scheutz, F. Diarrheagenic Escherichia coli infections in humans. In Pathogenic Escherichia coli: Molecular and Cellular
Microbiology; Morabito, S., Ed.; Caister Academic Press: Norfolk, UK, 2014; pp. 1-18, ISBN 978-1-908230-37-9.

Koutsoumanis, K.; Allende, A.; Alvarez-Ordonez, A.; Bover-Cid, S.; Chemaly, M.; Davies, R.; Cesare, A.D.; Herman, L.; Hilbert, F;
Lindqvist, R.; et al. Pathogenicity assessment of Shiga toxin-producing Escherichia coli (STEC) and the public health risk posed by
contamination of food with STEC. EFSA |. 2020, 17, e05898. [CrossRef]

Piérard, D.; De Greve, H.; Haesebrouck, F.; Mainil, J. O157:H7 and O104:H4 Vero/Shiga toxin-producing Escherichia coli outbreaks:
Respective role of cattle and humans. Vet. Res. 2012, 43, 13. [CrossRef] [PubMed]

Karmali, M.A.; Mascarenhas, M.; Shen, S.; Ziebell, K.; Johnson, S.; Reid-Smith, R.; Isaac-Renton, J.; Clark, C.; Rahn, K.; Kaper, ].B.
Association of genomic O island 122 of Escherichia coli EDL 933 with verocytotoxin-producing Escherichia coli seropathotypes that
are linked to epidemic and/or serious disease. ]. Clin. Microbiol. 2003, 41, 4930-4940. [CrossRef] [PubMed]

Navarro-Garecia, F. Escherichia coli O104:H4 Pathogenesis: An enteroaggregative E. coli/Shiga toxin-producing E. coli explosive
cocktail of high virulence. Microbiol. Spectr. 2014, 2, EHEC-0008-2013. [CrossRef] [PubMed]

Soysal, N.; Mariani-Kurkdjian, P.; Smail, Y.; Liguori, S.; Gouali, M.; Loukiadis, E.; Fach, P.; Bruyand, M.; Blanco, J.; Bidet, P;
et al. Enterohemorrhagic Escherichia coli hybrid pathotype O80:H2 as a new therapeutic challenge. Emerg. Infect. Dis. 2016, 22,
1604-1612. [CrossRef]

Bruyand, M.; Mariani-Kurkdjian, P.; Le Hello, S.; King, L.-A.; Van Cauteren, D.; Lefevre, S.; Gouali, M.; Jourdan-da Silva, N.;
Mailles, A.; Donguy, M.-P; et al. Réseau Frangais Hospitalier de Surveillance du SHU Pédiatrique. Paediatric haemolytic uraemic
syndrome related to Shiga toxin-producing Escherichia coli, an overview of 10 years of surveillance in France, 2007 to 2016. Euro
Surveill. 2019, 24, 1800068. [CrossRef]

De Rauw, K,; Thiry, D.; Caljon, B.; Saulmont, M.; Mainil, J.; Piérard, D. Characteristics of Shiga toxin-producing and en-
teropathogenic Escherichia coli of the emerging serotype O80:H2 isolated from humans and diarrhoeic calves in Belgium. Clin.
Microbiol. Infect. 2019, 25, e5—e111. [CrossRef]

Niesch-Inderbinen, M.; Cernela, N.; Wiithrich, D.; Egli, A.; Stephan, R. Genetic characterization of Shiga toxin producing
Escherichia coli belonging to the emerging hybrid pathotype O80:H2 isolated from humans 2010-2017 in Switzerland. Int. J. Med.
Microbiol. 2018, 308, 534-538. [CrossRef]

Wijnsma, K.L.; Schijvens, A.M.; Rossen, ] W.A.; Kooistra-Smid, A.M.D.M.; Schreuder, M.E,; van de Kar, N.C.A.]J. Unusual severe
case of hemolytic uremic syndrome due to Shiga toxin 2d-producing E. coli O80:H2. Pediatr. Nephrol. 2017, 32, 1263-1268.
[CrossRef]

European Food Safety Authority; European Centre for Disease Prevention and Control. The European Union One Health 2019
zoonoses report. EFSA J. 2021, 19, 6406. [CrossRef]

European Food Safety Authority; European Centre for Disease Prevention and Control. The European Union One Health 2020
zoonoses report. EFSA J. 2021, 19, 6971. [CrossRef]

Blanco, M.; Blanco, J.E.; Mora, A.; Dahbi, G.; Alonso, M.P.; Gonzalez, E.A.; Bernardez, M.I1; Blanco, J. Serotypes, virulence genes,
and intimin types of Shiga toxin (verotoxin)-producing Escherichia coli isolates from cattle in Spain and identification of a new
intimin variant gene (eae-xi). J. Clin. Microbiol. 2004, 42, 645-651. [CrossRef] [PubMed]


http://doi.org/10.2903/j.efsa.2019.5898
http://doi.org/10.1186/1297-9716-43-13
http://www.ncbi.nlm.nih.gov/pubmed/22330148
http://doi.org/10.1128/JCM.41.11.4930-4940.2003
http://www.ncbi.nlm.nih.gov/pubmed/14605120
http://doi.org/10.1128/microbiolspec.EHEC-0008-2013
http://www.ncbi.nlm.nih.gov/pubmed/26104460
http://doi.org/10.3201/eid2209.160304
http://doi.org/10.2807/1560-7917.ES.2019.24.8.1800068
http://doi.org/10.1016/j.cmi.2018.07.023
http://doi.org/10.1016/j.ijmm.2018.05.007
http://doi.org/10.1007/s00467-017-3642-3
http://doi.org/10.2903/j.efsa.2021.6406
http://doi.org/10.2903/j.efsa.2021.6971
http://doi.org/10.1128/JCM.42.2.645-651.2004
http://www.ncbi.nlm.nih.gov/pubmed/14766831

Microorganisms 2023, 11, 230 12 of 13

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Cookson, A.L.; Bennett, J.; Thomson-Carter, E; Attwood, G.T. Molecular subtyping and genetic analysis of the enterohemolysin
gene (ehxA) from Shiga toxin-producing Escherichia coli and atypical enteropathogenic E. coli. Appl. Environ. Microbiol. 2007, 73,
6360-6369. [CrossRef] [PubMed]

Ingelbeen, B.; Bruyand, M.; Mariani-Kurkjian, P.; Le Hello, S.; Danis, K.; Sommen, C.; Bonacorsi, S.; de Valk, H. Emerging
Shiga-toxin-producing Escherichia coli serogroup O80 associated with hemolytic and uremic syndrome in France, 2013-2016:
Differences with other serogroups. PLoS ONE 2018, 13, €0207492. [CrossRef] [PubMed]

Peigne, C.; Bidet, P.; Mahjoub-Messai, F.; Plainvert, C.; Barbe, V.; Médigue, C.; Frapy, E.; Nassif, X.; Denamur, E.; Bingen, E.; et al.
The plasmid of Escherichia coli strain S88 (O45:K1:H7) that causes neonatal meningitis is closely related to avian pathogenic E.
coli plasmids and is associated with high-level bacteremia in a neonatal rat meningitis model. Infect Immun. 2009, 77, 2272-2284.
[CrossRef] [PubMed]

Cointe, A.; Birgy, A.; Mariani-Kurkdjian, P.; Liguori, S.; Courroux, C.; Blanco, J.; Delannoy, S.; Fach, P.; Loukiadis, E.; Bidet, P;
et al. Emerging multidrug-resistant hybrid pathotype Shiga toxin-producing Escherichia coli O80 and related strains of Clonal
Complex 165, Europe. Emerg. Infect. Dis. 2018, 24, 2262-2269. [CrossRef]

Zhou, Z.; Alikhan, N.-F,; Mohamed, K.; Fan, Y.; the Agama Study Group; Achtman, M. The EnteroBase user’s guide, with case
studies on Salmonella transmissions, Yersinia pestis phylogeny, and Escherichia core genomic diversity. Genome Res. 2020, 30, 138-152.
[CrossRef]

Habets, A.; Crombé, F.; Nakamura, K.; Guérin, V.; De Rauw, K,; Piérard, D.; Saulmont, M.; Hayashi, T.; Mainil, J.G.; Thiry, D.
Genetic characterization of Shigatoxigenic and enteropathogenic Escherichia coli O80:H2 from diarrhoeic and septicaemic calves
and relatedness to human Shigatoxigenic E. coli O80:H2. . Appl. Microbiol. 2021, 130, 258-264. [CrossRef]

Thiry, D.; Saulmont, M.; Takaki, S.; De Rauw, K.; Duprez, J.-N.; Iguchi, A.; Piérard, D.; Mainil, ].G. Enteropathogenic Escherichia
coli O80:H2 in young calves with diarrhea, Belgium. Emerg. Infect. Dis. 2017, 23, 2093-2095. [CrossRef]

Habets, A.; Engelen, E; Duprez, J.-N.; Devleesschauwer, B.; Heyndrickx, M.; De Zutter, L.; Thiry, D.; Cox, E.; Mainil, J.
Identification of Shigatoxigenic and enteropathogenic Escherichia coli serotypes in healthy young dairy calves in Belgium by
recto-anal mucosal swabbing. Vet. Sci. 2020, 7, 167. [CrossRef]

Thiry, D.; De Rauw, K.; Takaki, S.; Duprez, J.-N.; Iguchi, A.; Piérard, D.; Korsak, N.; Mainil, ].G. Low prevalence of the “gang of
seven” and absence of the O80:H2 serotypes among Shigatoxigenic and enteropathogenic Escherichia coli (STEC and EPEC) in
intestinal contents of healthy cattle at two slaughterhouses in Belgium in 2014. ]. Appl. Microbiol. 2018, 124, 867-873. [CrossRef]
[PubMed]

Bizot, E.; Cointe, A.; Smadja, N.; Sergentet, D.; Lefévre, S.; Weill, E-X.; Levy, C.; Cohen, R.; Mariani-Kurkdjian, P.; Bonacorsi, S.
Improved molecular diagnosis and culture of the emerging heteropathotype enterohemorrhagic Escherichia coli O80:H2 using its
non-melibiose-fermenting and antibiotic-resistance properties. J. Clin. Microbiol. 2022, 60, €0153021. [CrossRef] [PubMed]
Iguchi, A.; Iyoda, S.; Seto, K.; Morita-Ishihara, T.; Scheutz, F.; Ohnishi, M. Pathogenic E. coli Working Group in Japan. Escherichia
coli O-genotyping PCR: A comprehensive and practical platform for molecular O serogrouping. J. Clin. Microbiol. 2015, 53,
2427-2432. [CrossRef] [PubMed]

Banjo, M.; Iguchi, A.; Seto, K,; Kikuchi, T.; Harada, T.; Scheutz, F; Iyoda, S. Escherichia coli H-genotyping PCR: A complete and
practical platform for molecular H typing. J. Clin. Microbiol. 2018, 56, €00190-18. [CrossRef]

Prjibelski, A.; Antipov, D.; Meleshko, D.; Lapidus, A.; Korobeynikov, A. Using SPAdes de novo assembler. Curr. Protoc. Bioinform.
2020, 70, e102. [CrossRef] [PubMed]

Tanizawa, Y.; Fujisawa, T.; Nakamura, Y. DFAST: A flexible prokaryotic genome annotation pipeline for faster genome publication.
Bioinformatics 2018, 34, 1037-1039. [CrossRef] [PubMed]

Joensen, K.G.; Tetzschner, A.M.; Iguchi, A.; Aarestrup, EM.; Scheutz, F. Rapid and easy in silico serotyping of Escherichia coli
using whole genome sequencing (WGS) data. J. Clin. Microbiol. 2015, 53, 2410-2426. [CrossRef]

Wirth, T.; Falush, D.; Lan, R.; Colles, F.; Mensa, P.; Wieler, L.H.; Karch, H.; Reeves, PR.; Maiden, M.C.J.; Ochman, H.; et al. Sex and
virulence in Escherichia coli: An evolutionary perspective. Mol. Microbiol. 2006, 60, 1136-1151. [CrossRef]

Carattoli, A.; Zankari, E.; Garcia-Fernandez, A.; Voldby Larsen, M.; Lund, O.; Villa, L.; Aarestrup, EM.; Hasman, H. In silico
detection and typing of plasmids using PlasmidFinder and plasmid multilocus sequence typing. Antimicrob. Agents Chemother.
2014, 58, 3895-3903. [CrossRef]

Joensen, K.G.; Scheutz, F.; Lund, O.; Hasman, H.; Kaas, R.S.; Nielsen, E.M.; Aarestrup, EM. Real-time whole-genome sequencing
for routine typing, surveillance, and outbreak detection of verotoxigenic Escherichia coli. . Clin. Microbiol. 2014, 52, 1501-1510.
[CrossRef]

Bortolaia, V.; Kaas, R.E; Ruppe, E.; Roberts, M.C.; Schwarz, S.; Cattoir, V.; Philippon, A.; Allesoe, R.L.; Rebelo, A.R.; Florensa, A.R,;
et al. ResFinder 4.0 for predictions of phenotypes from genotypes. J. Antimicrob. Chemother. 2020, 75, 3491-3500. [CrossRef]
[PubMed]

Page, A.J.; Cummins, C.A.; Hunt, M.; Wong, V.K.; Reuter, S.; Holden, M.T.G.; Fookes, M.; Falush, D.; Keane, J.A.; Parkhill, J.
Roary: Rapid large-scale prokaryote pan genome analysis. Bioinformatics 2015, 31, 3691-3693. [CrossRef] [PubMed]

Page, A.J.; Taylor, B.; Delaney, A.].; Soares, J.; Seemann, T.; Keane, J.A.; Harris, S.R. SNP-sites: Rapid efficient extraction of SNPs
from multi-FASTA alignments. Microb. Genom. 2016, 2, e000056. [CrossRef]

Stamatakis, A. RAXML-VI-HPC: Maximum likelihood-based phylogenetic analyses with thousands of taxa and mixed models.
Bioinformatics 2006, 22, 2688-2690. [CrossRef]


http://doi.org/10.1128/AEM.00316-07
http://www.ncbi.nlm.nih.gov/pubmed/17720842
http://doi.org/10.1371/journal.pone.0207492
http://www.ncbi.nlm.nih.gov/pubmed/30419067
http://doi.org/10.1128/IAI.01333-08
http://www.ncbi.nlm.nih.gov/pubmed/19307211
http://doi.org/10.3201/eid2412.180272
http://doi.org/10.1101/gr.251678.119
http://doi.org/10.1111/jam.14759
http://doi.org/10.3201/eid2312.170450
http://doi.org/10.3390/vetsci7040167
http://doi.org/10.1111/jam.13677
http://www.ncbi.nlm.nih.gov/pubmed/29280544
http://doi.org/10.1128/JCM.01530-21
http://www.ncbi.nlm.nih.gov/pubmed/34586892
http://doi.org/10.1128/JCM.00321-15
http://www.ncbi.nlm.nih.gov/pubmed/25926488
http://doi.org/10.1128/JCM.00190-18
http://doi.org/10.1002/cpbi.102
http://www.ncbi.nlm.nih.gov/pubmed/32559359
http://doi.org/10.1093/bioinformatics/btx713
http://www.ncbi.nlm.nih.gov/pubmed/29106469
http://doi.org/10.1128/JCM.00008-15
http://doi.org/10.1111/j.1365-2958.2006.05172.x
http://doi.org/10.1128/AAC.02412-14
http://doi.org/10.1128/JCM.03617-13
http://doi.org/10.1093/jac/dkaa345
http://www.ncbi.nlm.nih.gov/pubmed/32780112
http://doi.org/10.1093/bioinformatics/btv421
http://www.ncbi.nlm.nih.gov/pubmed/26198102
http://doi.org/10.1099/mgen.0.000056
http://doi.org/10.1093/bioinformatics/btl446

Microorganisms 2023, 11, 230 13 of 13

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Waters, N.R.; Abram, F; Brennan, F.; Holmes, A.; Pritchard, L. Easy phylotyping of Escherichia coli via the EzClermont web app
and command-line tool. Access Microbiol. 2020, 2, acmi000143. [CrossRef]

Letunic, I.; Bork, P. Interactive Tree Of Life (iTOL) v5: An online tool for phylogenetic tree display and annotation. Nucleic Acids
Res. 2021, 49, W293-W296. [CrossRef]

Verhaegen, B.; De Reu, K.; Heyndrickx, M.; De Zutter, L. Comparison of six chromogenic agar media for the isolation of a boroa
variety of non-O157 Shigatoxin-producing Escherichia coli (STEC) serogroups. Int. J. Environ. Res. Public Health 2015, 12, 6965-6978.
[CrossRef] [PubMed]

Gigliucci, F; van Hoek, A.H.A.M.; Chiani, P.; Knijn, A.; Minelli, F; Scavia, G.; Franz, E.; Morabito, S.; Michelacci, V. Genomic
characterization of hlyF-positive Shiga toxin-producing Escherichia coli, Italy and the Netherlands, 2000-2019. Emerg. Infect. Dis.
2021, 27, 853-861. [CrossRef]

Zhu, F; Rogelj, S.; Kieft, T. Rapid detection of Escherichia coli O157:H7 by immunomagnetic separation and real-time PCR. Int. ].
Food Microbiol. 2005, 99, 47-57. [CrossRef]

Fratamico, PM.; Bagi, LK.; Cray, WJ., Jr.; Narang, N.; Yan, X.; Medina, M.; Liu, Y. Detection by multiplex real-time polymerase
chain reaction assays and isolation of Shiga toxin-producing Escherichia coli serogroups 026, 045, 0103, 0111, 0121, and O145
in ground beef. Foodb. Pathog. Dis. 2011, 8, 601-607. [CrossRef]

Penaranda, M.E.; Evans, D.G.; Murray, B.E.; Evans, D.J., Jr. ST:LT:CFA/II plasmids in enterotoxigenic Escherichia coli belonging to
serogroups 06, 08, 080, 085, and 0139. ]. Bacteriol. 1983, 154, 980-983. [CrossRef] [PubMed]

Mainil, J.G.; Fairbrother, ].M. Pathogenic Escherichia coli in domestic mammals and birds. In Pathogenic Escherichia coli: Molecular
and Cellular Microbiology; Morabito, S., Ed.; Caister Academic Press: Norfolk, UK, 2014; pp. 19-43, ISBN 978-1-908230-37-9.
Murase, K.; Martin, P; Porcheron, G.; Houle, S.; Helloin, E.; Pénary, M.; Nougayrede, J.-P.; Dozois, C.M.; Hayashi, T.; Oswald, E.
HIyF produced by extraintestinal pathogenic Escherichia coli is a virulence factor that regulates outer membrane vesicle biogenesis.
J. Infect. Dis. 2016, 213, 856-865. [CrossRef] [PubMed]

Kakoullis, L.; Papachristodoulou, E.; Chra, P.; Panos, G. Mechanisms of antibiotic resistance in important Gram-positive and
Gram-negative pathogens and novel antibiotic solutions. Antibiotics 2021, 10, 415. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1099/acmi.0.000143
http://doi.org/10.1093/nar/gkab301
http://doi.org/10.3390/ijerph120606965
http://www.ncbi.nlm.nih.gov/pubmed/26090610
http://doi.org/10.3201/eid2703.203110
http://doi.org/10.1016/j.ijfoodmicro.2004.07.013
http://doi.org/10.1089/fpd.2010.0773
http://doi.org/10.1128/jb.154.2.980-983.1983
http://www.ncbi.nlm.nih.gov/pubmed/6341367
http://doi.org/10.1093/infdis/jiv506
http://www.ncbi.nlm.nih.gov/pubmed/26494774
http://doi.org/10.3390/antibiotics10040415
http://www.ncbi.nlm.nih.gov/pubmed/33920199

	Introduction 
	Materials and Methods 
	Identification of O80 PCR-Positive Faecal Samples 
	Identification of O80 PCR-Positive E. coli 
	PCR Typing 
	Genome Analysis 
	Database Search for Genomes of E. coli O80 Identified Serotypes 
	Phylogenomics 

	Results 
	Identification of E. coli O80 in Faecal Samples from Slaughterhouse 
	Identification of E. coli O80 in Faecal Samples from Farms 
	Genomic Identification and Characterization 
	Genetic Features and Phylogenomics of the E. coli O80:H6 and O80:H45 
	Genetic Features of E. coli O80:H6 Isolates 
	Genetic Features of E. coli O80:H45 Isolates 


	Discussion 
	Conclusions 
	References

