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BTB: Bromothymol Blue
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CDC: Centers for Disease Control and Prevention
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Cif: Cycle inhibition factor

ColBM: Colicin BM
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ColV: Colicin V
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DEC: Diarrheagenic Escherichia coli

DHL: Deoxycholate hydrogen sulfide lactose

DNA: Deoxyribonucleic acid

E. coli: Escherichia coli

EAEC: Enteroaggregative Escherichia coli

EAF: EPEC adherence factor

EF1-dependent: Elongation Factor 1

Efal/lifA: EHEC Factor for adherence 1/ Lymphocyte inhibitory factor A

ECDC: European Centre for Disease Prevention and Control

EFSA: European Food Safety Authority

EHEC: Enterohemorrhagic Escherichia coli

Ehly: Enterohemolysin

EIEC: Enteroinvasive Escherichia coli

EPEC: Enteropathogenic Escherichia coli

ESBL: Extended Spectrum -Lactamase

Esc: E. coli secretion protein
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Esp: E. coli secreted protein

ETEC: Enterotoxigenic Escherichia coli

ExPEC: Extra-intestinal Escherichia coli

fliC: Flagellin encoding protein

flkA: Flagellar assembly-associated protein

fllA: Flagella-related protein

flmA: Flagellar motor-associated protein

fln: Flagellum formation or regulation-related protein

Gb3/CD77: Globotriaosylceramide/Cluster of Differentiation77 leukocyte antigen

Gb4: Globotetraosylceramide

HC: Hemorrhagic colitis

HGT: Horizontal gene transfer

Hela: Henrietta Lacks

Hly: Hemolysin

HUS: Hemolytic uremic syndrome

Iha: IrgA homologue adhesin

InVS : Institut de Veille Sanitaire

K,>TeOs: Potassium tellurite compound

KatG: Hydrogen peroxide detoxification
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Kps: Capsular polysaccharide (K-antigen) biosynthesis protein

L: Lineage

LA: Localized Adherence

LAL: Localized-Like Adherence

LdaG: The Locus of Diffuse Adherence

LEE: Locus of Enterocyte Effacement

Lpf: Long Polar Fimbriae

LPS: Lipopolysaccharide

Map: Mitochondrial associated protein

ml; milliliter
min: Minutes

MIC: Minimal Inhibitory Concentration

ML: Maximum likelithood

MLST: Multi Locus Sequence Typing

NGS: Next Generation Sequencers

Nle: Non-LEE located

NM: Nonmotility

nm: nanometer

NMEC: Neonatal meningitis Escherichia coli
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ORF: Open Reading Frame

Paa: Porcine Attaching and Effacing associated fimbriae

PAI (Pai): Pathogenicity Island

pap: Pyelonephritis-associated pili

PBP: Penicillin-Binding Protein

PCR: Polymerase Chain Reaction

PDG: Peptidoglycan

RDEC: Rabbit diarrheagenic Escherichia coli

RNA: Ribonucleic acid

ROS: Reactive Oxygen Species

RT: Real time

Saa: STEC autoagglutinating

SePEC: Septicaemic Escherichia coli

SL: Sub-Lineage

SLT: Shiga-Like Toxin

SNP: Single Nucleotide Polymorphism

SpLE1: Sakai prophage like element 1

SS: Salmonella-Shigella

ST: Sequence Type
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STEC: Shigatoxigenic Escherichia coli

Stx/STX: Shiga toxin

T3SS: Type III Secretion System

TALI: Tellurite resistance and Adherence-conferring Island

TeO3?: Tellurite ion (trioxotellurate IV)

Ter: Tellurite resistance

Tir: Translocated intimin receptor protein

TMA: Thrombotic Microangiopathy

TSI: Triple Sugar Iron

TTP: Thrombotic Thrombocytopenic Purpura

UPEC: Uropathogenic Escherichia coli

UK: United Kingdom

USA: United States of America

UTTI: Urinary Tract Infections

UV: Ultraviolet

VT: Vero Toxin

WGS: Whole Genome Sequencing

WHO: World Health Organization
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RESUME

RESUME

0O80:H2 est un sérotype émergent d’Escherichia coli productrices de toxines de
Shiga (STEC) chez I’homme depuis 2010 en Europe occidentale. STEC O80:H2 était
précédemment considéré comme un sérotype « mineur », car bien moins fréquemment
associ¢ au syndrome hémolytique-urémique (HUS) que les sérotypes « majeurs »
classiques, tels que O26:HI11 et O157:H7. Les deux principales propriétés de virulence
des STEC O80:H2 sont : (i) la production de toxines de Shiga (Stx) codées par des geénes
(par exemple stx/a, stx2a, stx2c, stx2d, ...) situés sur des prophages ; (ii) la formation de
Iésions d’attachement-effacement (A/E) via un systéme de sécrétion de type 3 (T3SS) et
I’adhésine intimine codés par des génes situés sur un ilot de pathogénicité « Locus of
Enterocyte Effacement » (LEE). Etant donné que ces souches STEC produisent la Iésion
AJ/E, elles seront dénommées souches AE-STEC dans ce travail. Le géne eae qui code
pour I’adhésine intimine appartient a un variant rare, eaeXI (eae ). Cependant, les STEC
080:H2 se distinguent des sérotypes majeurs par leur implication dans des infections
systémiques, telles que bactériémie et septicémie, en plus de la colite hémorragique (HC)
et du HUS, suite a la présence d’un plasmide pS88-like de type ColV porteurs de geénes
codant pour des propriétés invasives. De plus, non seulement des STEC O80:H2, mais
aussi des E. coli entéropathogénes (EPEC) O80:H2, productrices de 1ésions A/E, mais pas
de Stx, ont isolées plus fréquemment de puis 2009 de jeunes veaux diarrhéiques,
occasionnellement septicémiques, suggérant un réservoir animal potentiel. Cependant,
bien que les bovins et d’autres ruminants asymptomatiques soient porteurs d’AE-STEC

appartenant aux sérotypes majeurs, le réservoir des AE-STEC O80:H2 n’a pas été

1
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identifié a ce jour. Leur association avec des bovins adultes sains et des aliments d’origine

bovine n’a, en effet, été démontrée que de manicre tres limitée, quand elle a pu ’étre.

Le but général de ce travail de thése de doctorat était donc de récolter des
informations pour une meilleure compréhension structurelle et fonctionnelle sur les
populations d’E. coli O80:H2 en : (i) renouvelant les essais d’isolement de souches AE-
STEC et/ou EPEC O80:H2 a partir de bovins adultes asymptomatiques a I’abattoir et en
fermes (ETUDES 1 et 2); (ii) confirmant par des études génétiques, la structure
génomique, les virulotypes et la phylogénie des AE-STEC et EPEC O80:H2 humains et
veaux (ETUDE 3); (iii) évaluant les rdles respectifs de leurs différentes propriétés de
virulence dans un mode¢le in vivo en larves du papillon de nuit Galleria mellonella

(ETUDE 4).

Les ETUDES 1 et 2 étaient centrées sur des tentatives d'isolement d'AE-STEC ou
EPEC O80:H2 a partir de bovins sains en utilisant des méthodes non spécifiques (ETUDE
1) ou basées sur des propriétés spécifiques (ETUDE 2 : non-fermentation du mélibiose et
résistance au tellurite de potassium). Bien que plusieurs échantillons fécaux positifs a la
PCR pour le sérotype O80 aient été obtenus a partir de bovins sains dans deux abattoirs
et de vaches saines en fermes durant PETUDE 1, aucune des souches isolées a partir de
ces matieres fécales n'appartenait au sérotype O80:H2. Le séquencage du génome total a
confirmé que ces E. coli O80:nonH2 appartenaient aux sérotypes O80:H6 et O80:H45,
phylogénétiquement distants du sérotype O80:H2, et étaient non-AE-STEC non-EPEC.
Dans I'ETUDE 2, aucun des 52 AE-STEC et EPEC 080:H2 humains et de veaux analysés
ne renfermaient 1’opéron mel, ni n’étaient positifs a la fermentation du mélibiose (seules
les souches de veaux furent phénotypiquement testées). Inversement, les niveaux de

résistance au tellurite de potassium et la présence de 1'opéron fer étaient différents entre
2
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les AE-STEC et EPEC humains et de veaux. La plupart des AE-STEC O80:H2 humains
et de veaux ne renfermaient pas I'opéron ter et avaient des Concentrations Minimales
Inhibitrices faibles contrairement a la plupart des EPEC de veaux (seules les souches de
veaux furent phénotypiquement testées). L'application de ces deux propriétés sur des
¢chantillons fécaux provenant d’un abattoir n'a cependant pas permis d’identifier de

souches appartenant au sérotype O80:H2.

L’ETUDE 3 visait a clarifier : (i) les combinaisons de génes associés a la virulence
(virulotypes) et la structure phylogénétique de la population d’AE-STEC et EPEC
080:H2 humaines et de veaux isolées en Belgique, en augmentant le nombre de souches
étudiées de 52 a 129 ; et (ii) la localisation des génes de virulence dans deux AE-STEC
080:H2 de veaux stx2f+, en comparant leurs séquences génomiques totales. Sans tenir
compte de la détection du geéne stx2f dans ces deux souches AE-STEC de veaux a coté
des génes stxla, stx2a, stx2c et stx2d, les virulotypes des souches AE-STEC et EPEC
humaines et de veaux ont été confirmés par la détection : (i) du geéne eae( situé sur le LEE
et codant pour 1’adhésine intimine ; (ii) de différents génes localisés ou non sur le LEE et
codant le T3SS (espA, espB, espF, tir/nleA, nleB, nleC) ; (ii1) de génes situés sur le
plasmide pS88 (cia, cvad, etsC, iucC, hlyF, ompTp, iss, iroN, sitd) ; (iv) de différents
autres genes associés a la virulence et localisés sur d’autres plasmides ou sur le
chromosome (cia, imm, espP, ehxA, efal..). La structure de la population de souches AE-
STEC et EPEC O80:H2 humaines et de veaux isolées en Belgique a aussi été confirmée
avec I’existence de deux lignées (L) dans un arbre phylogénétique basé sur les « Single
Nucleotide Polymorphisms » (SNP). La lignée L1 comprenait toujours quatre sous-
lignées (SL), dont les SL.1.1 et SL1.2 regroupaient 96% des souches. De plus, deux profils

de génes associés a la virulence permettaient toujours de différencier les souches des

3
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SL1.1 et SL1.2 sur la base de la présence / absence de geénes situés, en théorie, sur le

plasmide pS88 (etsC, iucC) et ou non (cma, iha).

Le séquencage des génomes totaux des deux AE-STEC O80:H2 stx2f+ de veaux
(SES0057 appartenant a SL1.1 et SES0108 appartenant a SL1.2) a été effectué par la
méthode de « long-read sequencing » dans le but de clarifier les structures du LEE, des
phages Stx2f et des plasmides pS88, et de confirmer la localisation des génes efs, iuc,
cma et iha. Les LEE de ces deux souches ont été confirmés comme étant identiques. En
ce qui concerne les phages Stx2f, deux copies identiques étaient présentes dans chacune
des deux souches. Une de ces copies était insérée dans le locus ss74 tmRNA et la seconde
en amont dans un autre prophage (« prophage-in-prophage »), lui-méme inséré dans le
locus thrW tRNA. Le deux phages Stx2f de la souche SES0108 montraient >99%
d’identité avec des phages Stx2f de deux E. coli appartenant a d’autres sérotypes, tandis
que les deux phages Stx2f de la souche SES0057 étaient différents. Le plasmide de la
souche SES0057 appartenant a SL.1.1 ne portait pas les génes ets and iuc qui n’avaient
pas été détectés dans cette souche, mais de maniére surprenante le géne cma, tandis que
le plasmide pS88 de la souche SES0108 appartenant a SL.1.2 portait les geénes ets and iuc,
mais pas le géne cma qui n’avait pas été détecté dans cette souche. Enfin, le géne iha
détecté uniquement dans la souche SES0057 était présent sur un élément intégré dans le

chromosome, le “Sakai-prophage like element-1" (SpLE-1).

L'ETUDE 4 a évalué la contribution de différents facteurs a la virulence des AE-
STEC et EPEC O80:H2 dans un mode¢le in vivo en larves du papillon de nuit Galleria
mellonella. Trois souches AE-STEC stxla+, trois souches AE-STEC stx2d+ et deux
souches EPEC avec différents plasmides pS88, ainsi qu’une souche E. coli K12 DH10B

de laboratoire transfectée avec un phage Stx2d, une souche E. coli K12 DH10B de
4
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laboratoire transconjugante avec un plasmide pS88 porteur des genes ets et iuc, et trois
souches controles ont été testées. Les souches AE-STEC stx2d+ et la souche K12 DH10B
transfectée avec le phage Stx2d ont montré la 1étalité statistiquement la plus élevée de
toutes les souches, en dehors de la souche contrdle positif, suggérant que Stx2d est un
facteur de virulence majeur de O80:H2 dans ce mode¢le. En revanche, la virulence des
souches AE-STEC stx/a+ n’était pas statistiquement plus élevée que celle des souches
EPEC, laissant ouverte la question sur le réle de Stxla dans ce modéle. De méme, la
contribution des différents plasmides pS88 a la virulence des six souches AE-STEC
n’était pas statistiquement significative. Cependant, le plasmide pS88 porteur des génes
ets et iuc contribuait de maniere statistiquement significative, quoique limitée, a la
virulence de la souche EPEC et de la souche E. coli K12 DH10B transconjugante.
Inversement, le réle du plasmide pS88 non porteur des geénes ets et iuc a la virulence de
la souche EPEC n’était pas statistiquement significatif. Ces résultats suggerent que les
plasmides pS88 ne contribueraient pas de maniere importante a la virulence des AE-STEC

et EPEC dans ce modéle en larves de Galleria mellonella.

En conclusion, les ETUDES 1 et 2 soulignent que la non-fermentation du mélibiose,
mais pas la résistance au tellurite de potassium, peut aider a isoler des AE-STEC et EPEC
080:H2 de différentes sources, notamment a partir de porteurs sains chez lesquels elles
sont probablement présentes en faibles concentrations. D¢s lors, d’autres méthodologies,
non seulement conventionnelles ou spécifiques basées sur 1’utilisation de milieux de
croissance contenant différents antiseptiques ou antibiotiques, mais aussi ne reposant pas
sur I’utilisation de ces milieux de croissance, doivent étre développées et évaluées dans
des études futures. Dans 'ETUDE 3, la structure de la population des AE-STEC et EPEC

080:H2 belges humaines et de veaux, y compris la classification phylogénétique (deux
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lignées, dont une est subdivisée en quatre sous-lignées) et les virulotypes (présence d’un
LEE dans toutes les souches a une exception pres, de différents génes stx dans les STEC
et d’un plasmide pS88), a été confirmée lorsque le nombre de souches étudiées est
augmenté de 52 a 129. L’existence de deux profils génétiques selon I’appartenance a I’une
des sous-lignées, basés sur la présence / absence de génes ou groupes de genes situés, en
théorie, sur le plasmide pS88 (ets et iuc) ou non (cma et iha) a également été confirmée.
Les caractéristiques et la structure génomique dus LEE, des phages Stx2f et des plasmides
pS88, de deux AE-STEC stx2f+ de veaux appartenant aux deux sous-lignées avec profils
génétiques différents ont aussi été clarifiées aprés séquengage et analyse de leurs génomes
totaux. De manicre surprenante le géne cma est situé sur le plasmide pS88 dans la souche
positive. Enfin, 'ETUDE 4 a évalué la contribution de différentes propriétés de virulence
dans un modele in vivo en larves du papillon de nuit Galleria mellonella: Stx2d est le
facteur le plus virulent, tandis que les deux types de plasmides pS88 ne contribuent pas
de maniére importante a la virulence dans ce mod¢le en insecte. Quant a Stx1a, son role,

s’il existe n’a pas pu étre évalué a ce stade.



SUMMARY

SUMMARY

0O80:H2 is an emerging Shigatoxigenic Escherichia coli (STEC) serotype since
2010 in humans in Western Europe. STEC O80:H2 was previously considered as a
“minor” serotype, much less frequently associated with the haemolytic-uremic syndrome
(HUS) than the classical "major" serotypes, such as O26:H11 and O157:H7. The primary
virulence properties of STEC O80:H2 include (i) the production of Shiga toxins (Stx)
encoded by phage-borne stx genes (e.g., stx/a, stx2a, stx2c, and stx2d...), and (ii) the
ability to form attaching and effacing (A/E) lesions via a Type3 Secretion System (T3SS)
and the intimin adhesin encoded by genes located on a pathogenicity island called “Locus
of Enterocyte Effacement” (LEE). Since these STEC produce the A/E lesion, they will be
named AE-STEC from now on. The eae gene coding for the intimin adhesin of AE-STEC

0O80:H2 belongs to the specific eaeX! (eaell) variant. However, unlike the major

serotypes, STEC O80:H2 are distinct in their involvement not only in hemorrhagic colitis
(HC) and HUS, but also in systemic infections, such as bacteremia and septicemia, due
to additional invasiveness factors encoded by genes located on ColV pS88-like plasmids.
Furthermore, not only AE-STEC O80:H2, but also enteropathogenic E. coli (EPEC)
080:H2, producing the A/E lesion but no Stx, have been isolated more frequently since
2009 from diarrheic, and occasionally septicemic, calves in Belgium, suggesting a
possible animal reservoir. However, although asymptomatic cattle and other ruminants
are indeed carriers of the major AE-STEC serotypes, the true reservoir of STEC O80:H2
remains unidentified, due to their limited or absent association with adult healthy cattle

and with bovine-related foodstuffs.
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SUMMARY

The general purpose of this Ph.D. work was therefore to obtain more information
on the structural and functional understanding of E. coli O80:H2 population by: (i)
renewing attempts to isolate AE-STEC and/or EPEC from asymptomatic adult cattle at
slaughterhouses and in farms (STUDIES 1 and 2); (i1) confirming the genome structure,
the virulotypes and the phylogenesis of human and calf AE-STEC and EPEC O80:H2
populations (STUDY 3); and (iii) assessing the respective roles of different properties of
AE-STEC and EPEC O80:H2 in an in vivo model in larvae of Galleria mellonella moth

(STUDY 4).

STUDIES 1 and 2 focused on attempting to isolate AE-STEC or EPEC O80:H2
from healthy cattle using both non-specific (STUDY 1) and trait-based specific (STUDY
2: non-melibiose fermentation and potassium tellurite resistance) methods. Although
some O80 PCR-positive fecal samples were recovered from healthy cattle at two
slaughterhouses and from healthy cows in nine farms during STUDY 1, none of the
isolates belonged to the serotype O80:H2. Whole genome sequencing confirmed that
these E. coli O80:nonH2 belonged to serotypes O80:H6 and O80:H45, that are
phylogenetically distant from serotype O80:H2, and were non-AE-STEC non-EPEC. In
STUDY 2, all 52 human and calf AE-STEC and EPEC O80:H2 analysed did not harbour
the mel operon and were non-melibiose fermentative (only calf isolates were
phenotypically tested). Conversely, the resistance levels to potassium tellurite and the
presence of the ter operon were different among the human and calf AE-STEC and EPEC.
Most of the human and calf AE-STEC O80:H2 did not harbor the fer operon and had low
Minimal Inhibitory Concentrations (MIC) to tellurite, in contrast to most calf EPEC (only
calfisolates were phenotypically tested). Applying these two properties on faecal samples

from one slaughterhouse, none of the isolates O80 belonged to the serotype O80:H2.



SUMMARY

STUDY 3 aimed to clarify (i) the combination of virulence-associated genes
(virulotypes) and the population phylogenetic structure by expanding the set of analyzed
human and calf AE-STEC and EPEC O80:H2 from Belgium from 52 to 129 and (ii) the
virulence gene localization by generating complete genomic sequences of two stx2f-
positive calf AE-STEC O80:H2. Besides the detection of the stx2f gene in two calf AE-
STEC in addition to the stx/a, stx2a and stx2d genes, the virulotypes of calf and human
AE-STEC and EPEC were confirmed by the detection of (i) the eael LEE-located gene
coding for the intimin adhesin; (ii) different T3SS-encoding (non)-LEE-located genes
(espA, espB, espF, tir/nleA, nleB, nleC); (iii) the pS88-located (cia, cvaA, etsC, iucC, hlyF,
ompTp, iss, iroN, sitA) genes; (iv) several other plasmid- or chromosome-located
virulence-associated genes (cia, imm, espP, ehxA, efal...). The population structure was
also confirmed with the presence of two lineages (L) in a Single Nucleotide
Polymorphism (SNP) phylogenetic tree and with L1 further subdivided in four sub-
lineages (SL), whom SL1.1 and SL.1.2 grouped 96% of the human and calf AE-STEC and
EPEC 0O80:H2. Moreover, two virulence-associated gene profiles differentiated the
strains of SL1.1 and SL1.2 based on the presence / absence of genes or gene clusters

located, in theory, on the pS88 plasmids (ets, iuc) or not (cma, iha).

Complete genomic sequences of the two calf stx2f AE-STEC (SES0057 belonging
to SL1.1 and SES0108 belonging to SL1.2) was generated by long-read sequencing to
clarify the genome structures of the LEE regions, of the Stx2f phages and of the pS88
plasmids, and to confirm the localization of the efts, iuc, cma, iha genes. At first, the LEE
regions were identical. Two identical copies of the Stx2f were detected in either strain
with one copy inserted within the ssr¥4 tmRNA locus and the second one integrated into

another prophage at the height of the W tRNA locus (prophage-in-prophage). The
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Stx2f phages of strain SES0108 were >99% identical to the Stx2f phages of two E. coli
strains belonging to other serotypes while the Stx2f phages of strain SES0057 were
different. The pS88 plasmid of strain SES0057 belonging to SL.1.1 did not carry the ets
and iuc genes that had not been detected in this strain, but surprisingly carried the cma
gene, while the pS88 plasmid of strain SES0108 belonging to SL1.2 carried the ets and
iuc genes, but not the cma gene that had not been detected in this strain. Finally, the iha
gene detected only in strain SES0057 was located on the chromosome-integrated “Sakai-

prophage like element-1" (SpLE-1).

STUDY 4 assessed the functional contribution of different factors to the virulence
of AE-STEC and EPEC O80:H2 by testing them in the larvae of the moth Galleria
mellonella. Three stxla AE-STEC, three stx2d AE-STEC and two EPEC strains
harboring different pS88 plasmids, one K12 DH10B laboratory E. coli strain transduced
with the Stx2d phage, one K12 DH10B laboratory E. coli strain conjugated with a pS88
plasmid carrying the ets and iuc genes, and three control strains were tested in this in vivo
model. The stx2d AE-STEC and Stx2d-transduced K12 DHI10B strains had the
statistically significant highest lethality of all, but the positive control strains suggesting
that the Stx2d is a major virulence factor in this model. The virulence of the Stxla AE-
STEC was not significantly higher than the virulence of the EPEC strains, leaving open
the question of the actual role of Stxla in this model. Similarly, the contribution of the
different pS88 plasmids to the virulence of the different AE-STEC strains was statistically
not significant, while the contribution of the pS88 plasmid carrying the ets and iuc genes,
but not of the pS88 plasmid not carrying these two genes, to the virulence of the EPEC

and of the transconjugated K12 DH10B strains was slightly significant. These results
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suggest that the pS88 plasmids do not highly contribute to the virulence of AE-STEC and

EPEC 0O80:H2 in the Galleria mellonella larva model.

In conclusion, STUDIES 1 and 2 about isolation and identification highlight that
non-melibiose fermentation, but not resistance to tellurite could help to isolate AE-STEC
and EPEC O80:H2 from different sources, especially when present in low numbers like
probably in healthy cattle carriers. Therefore, several other methodologies, not only agar-
dependent conventional or specific ones testing different antibiotics and antiseptics, but
also agar-independent ones, should be developed and assessed in future surveys. In
STUDY 3, the population structure of Belgian human and calf AE-STEC and EPEC
080:H2, including the phylogenetic classification (two lineages with one of them
subdivided in four sub-lineages) and the virulotypes (presence of a LEE in all but one
strain, of different szx genes in the STEC and of a pS88 plasmid), was confirmed when
extending the number of strains studied from 52 to 129. The existence of two gene profiles
according to the belonging to one of the sub-lineages based on the presence / absence of,
in theory pS88-located (iuc and ets) or not (cma and iha) genes or gene clusters was also
confirmed. Also the features and the genome structures of the LEE regions, Stx2f phages,
and pS88 plasmids were clarified by generating and analyzing the whole genome
sequences of two calf stx2f AE-STEC belonging to the sub-lineages with different gene
profiles. Surprisingly, the cma gene was also found to be located on the pS88 plasmid in
the positive strain. Lastly, STUDY 4 assessed the contribution of several virulence
properties using larvae of the moth Galleria mellonella as an in vivo model: the Stx2d is
the most virulent property, while the two different pS88 plasmids do not highly contribute
to the virulence in this insect model. The contribution of Stx1a to virulence in this model,

if any, was not possible to assess at this stage.
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FOREWORD

Escherichia coli (E. coli) is a Gram-negative facultative anaerobe, fermentative rod
bacterium described in 1885 by the German pediatrician, Theodor Escherich, that belongs
to the intestinal microbiota of humans and warm-blooded animals (Escherich, 1885). The
history of the pathogenicity of E. coli is closely related to advances in microbiology and
infectious disease research. Although E. coli is now widely recognized as one of the main
causative agents of gastro-intestinal diseases and an ‘essential cause of diarrhea’, the
situation was totally different about 150 years ago. Hence, the discovery of the link
between diarrhea and E. coli by Lesage in 1897 was undeniably an important event for
the field (Lesage, 1897). Although at the time, the bacterial virulence criteria proposed
by Robert Koch were widely used as a framework for identifying pathogens, E. coli was
still regarded as a commensal and not as a specific pathogen (Koch, 1876 ; Koch, 1882).
Thus, Lesage's hypothesis that E. coli could cause diarrhea was questioned at the time.
Nevertheless, in 1893, the Danish veterinary surgeon Carl O. Jensen proposed that E. coli
bacterial species contains both pathogenic and symbiotic strains (Jensen, 1893). However,
the hypotheses proposed by Lesage and Jensen remained 'just hypotheses' for decades, as
no suitable method existed at that time to distinguish between the putative pathogenic and

symbiotic strains.

Various studies were conducted in the following years to establish a classification
and an identification method for E. coli and to elucidate its pathogenicity. In 1947, a
taxonomy of E. coli was proposed for the first time by Kauffmann in Denmark
(Kauffmann, 1947). This was a classification and identification method based on the
presence of three antigens at the surface of the bacterial cell: O (a part of LPS), K (a
surface polysaccharide called capsule) and H (flagella which allows bacteria to move)
antigens: The different combinations of these three antigens give the serotypes of E. coli
strains. Serotyping is still routinely used today to identify E. coli strains. At that time,
diarrhea in children was prevalent in the UK and, by using the Kauffmann classification
method, the cause of diarrhea was identified as E. coli O111, which was the first

recognition of the pathogenic potential of a specific E. coli serotype (Stock and Shuman,
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1956).

The concept of enteropathogenic E. coli (EPEC) was at first introduced in the 1950s.
All E. coli associated with diarrhea in young children were termed 'EPEC' (Neter et al.,
1955). However, the definition of the term EPEC gradually evolved as research on the
pathogenic mechanisms of E. coli progressed. In other words, EPEC was progressively
used in a much narrow meaning, rather than a broad one, and a new term was introduced
for the E. coli strains causing diarrhea: diarrheagenic E. coli or DEC. In the late 1950s
and early 1960s, studies on the classification and pathogenicity of EPEC strains in
humans and animals were intensively conducted and two types of ‘DEC’ were already
recognized: those showing Shigella-like dysentery syndrome by invading the enterocytes
(Hale et al., 1985) and those adhering to the enterocytes and producing toxins active on
the enterocytes or enterotoxins (Smith and Halls, 1967). The former were named entero-

invasive E. coli (EIEC) and the latter enterotoxigenic E. coli (ETEC).

In 1980, the WHO (World Health Organization) defined EPEC as pathogenic E.
coli that are neither EIEC, nor ETEC and whose pathogenic mechanisms were still
unknown, although they were proved to cause diarrhea in human volunteers (Levine et
al., 1987; WHO, 1980). Thereafter, different pathogenic mechanisms were still unraveled
in the 1980s and 1990s allowing to further identifying different types of pathogenic

mechanisms of DEC and narrowing even more the definition of the term EPEC.

Today, DEC comprise at least six most important types on the basis of their
pathogenic  mechanisms: enteroinvasive (EIEC), enterotoxigenic (ETEC),
enteropathogenic (EPEC), Shigatoxigenic (STEC), enterohemorrhagic (EHEC), and
enteroaggregative (EAEC) (Russo and Johnson, 2000). The term EPEC designates DEC
having a very specific pathogenic mechanism, that will be detailed in the following

sections, as will be those of STEC and EHEC that are the subject of this work.
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1. Escherichia coli

Escherichia coli is a bacterial species described in children stool and named
"Bacillus coli commune" by a German pediatrician, Theodor Escherich (1857-1911)
(Escherich, 1885). In 1919, Bacillus coli commune was re-named and the official today
well-known species name "Escherichia coli" was adopted (Castellani and Chalmers,
1919). E. coli is a representative bacterial species of the family Enterobacteriacae, a
member of the intestinal microbiota of warm-blooded animals and an indicator of fecal
contamination of foodstuffs in public health. E. coli forms shining, round shape colonies
on ordinary agar after overnight growth at the optimal temperature of 37.5°C (Basavaraju

and Gunashree, 2023).
1.1 The cellular structure

1.1.1 Membrane structure

E. coli is characterized as a “Gram-negative” bacterium with the membrane
structure composed of three main constituents from inside to outside: the inner or

cytoplasmic membrane, the peptidoglycan layer and the outer membrane (Fig. 1a).

The inner membrane is a structure that surround the cytoplasm that consists of
phospholipid bilayers and proteins. It has selective permeability and is involved in mass

transport, signal transduction and energy generation.

The peptidoglycan (PDG) layer is the major constituent of the cell wall of bacteria
and is a macromolecule composed of carbon hydrates and amino acids forming a huge
network surrounding the bacterial cells. In Gram-negative bacteria, the PDG is present in
the periplasm that is the space between the inner and outer membranes. This reticulated
structure maintains the shape of cell and is also involved in various physiological
processes, such as intracellular and extracellular interactions, e.g. material transport for

bacterial survival.

14



INTRODUCTION

The outer membrane is a specific structure for Gram-negative bacteria located at
the outer layer of bacterial cells. This membrane includes some constituents similar to the
cytoplasmic membrane, like phospholipid bilayers and proteins, and some specific
constituents, especially the lipopolysaccharide (LPS) with three constituents (Fig. 1b):
the lipid A embedded in the outer membrane, the polysaccharidic core and the
polysaccharidic enigen that is one of the three antigens forming the Kaufmann serotypes
(Dieckmann et al., 2011; Schumann et al., 2024). The outer membrane protects the
bacterial cells from external harmful stimulus, like toxic heavy metals or antibiotics, by
prohibiting them to penetrate while allowing the passage of nutrients. The LPS is the one
of the crucial molecules for Gram-negative bacteria and plays different roles: protection
of the bacteria by its intricated structure and negative charge, triggering an immune
response by the O antigen, endotoxic effect by the lipid A, and even for some of them, a

role in the bacterial virulence (Mainil and Fairbrother, 2014; Mellata et al., 2003).

Lipopolysaccharide (LPS)

Surface protein

Porine protein

O-antigen unit

Outer membrane

External core
Lipoprotein
] Core Oligo saccharide

Peptidoglycan

Internal core

Figure 1a and 1b. Membrane structure of Escherichia coli (adapted from Major
Difference, accessed on 21 May 2025; https://www.majordifferences.com/). (a) Three
main constituents from inside to outside: the inner (cytoplasmic) membrane, the
peptidoglycan layer, and the outer membrane. (b) Structure of the lipopolysaccharide
(LPS) with three constituents: the O-antigen unit, the core oligosaccharide, and lipid A
adapted from Steimle et al., 2016.

15



INTRODUCTION

1.1.2 External structures

External to the bacterial cell, three primary structures can be described: flagella, pili

and fimbriae (Fig. 2).

Figure 2. External structure of Escherichia coli: flagella, pili, and fimbriae. Based on
MICROSCOPE MASTER, “Pili and Fimbriae Types, Function, and Difference”

(https://www.microscopemaster.com/), accessed on 21 March 2025.

The flagella are also proteinaceous spiral fibers that allow E. coli to move. They
represent the H surface antigen in the Kauffmann serotype, but are not produced by all E.

coli strains. The fimbriae are short (0.1~1.5 um) and thin (4~8 nm) fibrous structure
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composed of different proteins (Barer, 2012). Fimbriae play an essential role in the
virulence of pathogenic E. coli by mediating their adherence to the host cells and extra-
cellular matrix. When produced, they represent the F surface antigen, that was added to
the O:K:H antigens in the Kauffmann serotypes (Orskov and Orskov, 1983). The pili
resemble the fimbriae, but are thicker and longer. Pili are encoded by plasmid-located
genes and are involved in plasmid conjugation, or horizontal transfer of plasmids between
bacterial cells. For this reason, they are also named sex pili. Different sex pili encoded by
different plasmid types have been described: F-pili, I-pili .... (Willetts and Paranchych,
1974).

In addition to these three external structures, amorphous layers external to the outer
membrane can be produced by E. coli. The most important one is the polysaccharide
capsule that is an additional protective layer also known as the bacterial antigen K in the
Kauffmann serotypes, but is not produced by all E. coli strains. In addition to their
protective role, some capsular antigens are involved in the virulence of extra-intestinal E.
coli, like the antigen K1 involved neonatal-meningitis in children by its anti-phagocytic

role (Peigne et al., 2009).

1.2 Biochemical properties

Like all living organisms, E. coli must find inorganic and/or organic sources of
carbon, nitrogen and other elements, and of energy, and catabolizes them using different
pathways to produce energy that is necessary for their anabolism in order to survive and
multiply. The use of inorganic and/or organic sources and of catabolic pathways can help
to identify in vitro the different bacterial species. For instance, E. coli can ferment glucose
with gas production, and lactose and production of indole by decomposing tryptophan.
These three reactions are fundamental for identifying E. coli using the so-called TSI
(Triple Sugar Iron: glucose, lactose, and white sugar) medium. Some agar plates selective
for enterobacteria (BTB lactose agar, DHL, Gassner, MacConkey, SS, etc.) also take
advantage of the lactose fermentation by E. coli and by a very few other bacterial species
(Klebsiella sp., Enterobacter sp.) to differentiate them from non-lactose fermenting
pathogenic species like Salmonella. Nevertheless, several others are also used forming

what is called a “sugar set” (Table 1).
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Biochemical properties of bacteria can be examined nowadays relatively easily
using (semi-)automated tools. One of these tools are the commercialized API sugar sets
that are still used in routine certain clinical laboratories. For E. coli and all
Enterobacteriaceae, the specific set is called API20E (BioMérieux,

https://www.biomerieux-industry.com/ja/products/api). Interestingly not all strains of E.

coli give 100% of positive or negative reactions at all tests (Table 1). This can help to
some extent to differentiate some pathogenic strains (see 1.3.1). Additional reactions
studied in vitro are the production of (per)oxidases. In that respect, E. coli produces a

catalase but does not produce any (per)oxidase.

Table 1. General API20E sugar sets reaction of Escherichia coli based on Internet-
based APIWEB™ service by BioMérieux accessed on 7th December 2024

https://www.biomerieux.com/us/en/our-offer/clinical-products/api.html

Number API20E Identification Escherichia coli Positive rate (%)
1 ONPG B-Galactosidase =+ 90
2 ADH Arginine Dihydrolase - 1
3 LDC Lysine Decarboxylase + 74
4 oDC Ornithine Decarboxylase + 70
5 CIT Citrate Utilization - 0
6 H,S Hydrogen Sulfide Production -

7 URE Urease -
8 TDA Tryptophan Deaminase -
9 IND Indole Production + 89
10 vp Voges-Proskauer Test - 1
11 GEL Gelatin Hydrolysis - (1]
(Sugar Fermentation)
12 GLN Glucose + 99
13 MAN Mannitol + 98
14 INO Inositol - 1
15 SOR Sorbitol + 91
16 RHA Rhamnose + 82
17 SAC Sucrose - 36
18 MEL Melibiose — 75
19 AMY Amygdalin + 3
20 ARA Arabinose + 29
(OX) Oxidase — 0
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1.3 Identification and classification methods of pathogenic Escherichia coli strains

Today, pathogenic Escherichia coli strains can be identified and classified by
different phenotypic and genetic methods. The following methods are detailed hereunder:
biochemical properties (or biotyping), serotyping, virulotyping, phylogrouping,
MultiLocus Sequence Typing, and Single Nucleotide Polymorphism.

1.3.1 Biotyping

Although most pathogenic E. coli gives biochemical profiles similar to all £ coli
strains (Table 1), some of them can have a relatively specific biochemical reaction that is

shared by no or by a few of the E. coli strains.

For example, some EAEC and EIEC are reported as non-lactose ferment traits, and
some ETEC is also found "atypical" because of urease production (Parreira et al., 2008;
Sharma et al., 2023). Focusing on STEC, several sugars (rhamnose, sucrose, salicin and
dulcitol) were not or delayed ferment by one of the HUS-associated serotypes O165:H25
was identified. In addition to it, like of a sort of ETEC, the urease production was also

observed in STEC serotype O5:H- (Mercado et al., 2004; Nakamura et al., 2023).

Another example of interest in the study of EHEC is the non-sorbitol fermentation
by serotype O157:H7, arguably the most notorious one worldwide while the great
majority of (ca. more than 90%) E. coli strains do. Thus, the specific MacConkey agar
"sorbitol MacConkey agar plate" containing some other selective agents was developed
and is commercialized for rapid O157 detection (Karmali et al., 1989). Other specific
biochemical properties of different EPEC and STEC will be described later (see section
2.2.5).

Today, characterization using biochemical properties is still an important first step
in the routine isolation and identification of pathogenic E. coli, and the development of
isolation agar plate is one of the most urgent tasks for researchers, but must be completed

by more specific genetic methods.
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1.3.2 Serotyping

The serotyping classification method developed by the Danish bacteriologist Philip
Kauffmann, is based on the "Kauffmann-White method" to classify Salmonella species
(Kauffmann, 1947). As already explained E. coli serotypes are determined by the
combination of three specific surface antigens: O antigen, K antigen, and H antigen.
Today a fourth one, the F antigen is also part of the serotyping of some pathogenic E. coli

strains (Orskov and Orskov, 1983).

The O antigen (or somatic antigen) after the German” Ohne Kapsel”, is the terminal
variable polysaccharide moiety of the LPS attached to the outer membrane of Gram-
negative bacteria. Today, up to 182 O antigens (O1 to 0188, except O31, 047, 067, 072,
093, and 094) have been identified (Joensen et al., 2015; Lang et al., 2019). The enzymes
involved in the O antigen synthesis are grouped in the 7fb gene cluster. Of the several
genes present in the gene clusters coding for the O antigens, the wzx (O antigen flipasse
for transporter), wzy (O antigen polymerase for polymerisation of glycans) and wzm/wzt
(for ABC-transporter) are specific. Thanks to the 7fb gene cluster, the addition, binding
and modification of specific sugars is possible leading to the diversity of O antigens

(Schnaitman and Klena, 1993).

The capsular K antigen (after either the “Kauffman” family name or the German
“Kapsel”) is a surface polysaccharide forming an amorphous layer outside the outer
membrane. Generally, the synthesis of the capsule polysaccharide is encoded by the kps
gene cluster (Meredith and Woodard, 2006). Today, more than 80 K antigens have been
identified (Orskov and Orskov, 1992; Willis and Whitfield, 2013). Nevertheless, some E.
coli strains do not produce any K antigen. When present, the K-antigens prevent the
detection of the O antigens and some also protect E. coli from host defenses, such as the
phagocytosis, like the K1 antigen. The K1 antigen-producing E. coli actually cause severe
bacterial infections, such as urinary tract infections and neonatal meningitis (Johnson,

1991).

The H antigen (after the German “Hauch) is the carried by the proteinaceous

flagellar structure that allows bacteria to move. Up today, 53 H antigens (H1 to H56,
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except H13, H22, and H50) have been identified (Joensen et al., 2015; Lang et al., 2019),
but some E. coli strains do not produce any H antigen and are therefore non-motile strains.
Five encoding genes are involved in the H antigen synthesis fliC, flkA, flIA, flmA, and fln
(Banjo et al., 2018; Wang et al., 2003).

The serotype of E. coli is identified by the combinations of these three antigens (O:
K:H) and by numerals, like O18:K1:H7. Since 182 O antigens, 80 K antigens and 53 H
antigens have been described so far, thousands of serotypes have been progressively
identified since the years 1940s (Furevi et al., 2020; Joensen et al., 2015; Orskov and
Orskov, 1992). When a strain produces no K or H antigen, it is either noted K- or H-, or
not mentioned: O157(:K-):H7, O101:K30(:H-), O80(:K-):H2, O26(:K-):H11. Serotypes
can be identified serologically and genetically (Joensen et al., 2015). Indeed, since the O,
K and H antigens are exposed at the bacterial surface, they represent molecular targets of
the immune response. Moreover, their specific encoding genes can be detected by PCR

or after whole genome sequencing (Banjo et al 2018; Iguchi et al., 2015).

Since recognized as antigen of bacterial surface, the F antigens generally indicated
'fimbriae' of E. coli (Table 2). F antigens are encoded by pap genes and often associated
with UPEC strains. Of these, 11 known serological variants: F7-1, F7-2, and F8 to F16
(Johnson et al., 2000). The main role of F antigens is resistant to phagocytosis of immune

cells, and some of them are cause hemagglutination (Orskov et al., 1982).
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Table 2. Specific virulence factors associated with various Escherichia coli pathotypes,

distinguishing between diarrhoeic E. coli (DEC) and extraintestinal pathogenic E. coli

(ExPEC). Information includes representative primary and secondary hosts and major

virulence factors, adapted from Mainil and Fairbrother, 2014.

Diarrhoeic E. coli(acronym)

Representative primay host (secondary host)

Virulence factors

Entero Toxigenic(ETEC)

Humans
Ruminants

Post weaning pigs
Dogs

.Afimbrial adhesins (AIDA)

.o haemolysin (a-Hly)

.Fimbrial adherence (F2 to F6, F17a,F18, and F41..)

.Heat stable (Sta, STb)/ Heat labile enterotoxins (L T1,L T2)

Entero Pathogenic(EPEC)

Humans
Young calves
Pigs

Rabbits

“Attaching and Effacing (A/E) lesion
.AF R1/R2 (Adhesive factor/Rabbit), Ral (Rabbits)

_Paa Fimbriae (Porcine attaching- and effacing associated)
Type IV Fimbriae (tEPEC)

Attaching-Effacing and ShigaToxigenic (AE-STEC)
Entero Hemorragic (EHEC)

Shiga Toxigenic (STEC)

Humans (Ruminants, petanimals)
Young calves
Pigs

Pet animals (dogs, cats..)

.Attaching and Effacing (A/E) lesion:AE-STEC / EHEC
_F18 Fimbriae (Pigs)

.Saa (STEC autoagglutinating adhesin)

.ShigaT oxin (No pathogenic to Adult Cattle)

Entero Invasive (EIEC) Humans Invasion and multiplication in the enterocytes
_Fimbrial adhesins (Aaf, Had..)
Entero Aggregative (EAEC) Humans .Toxins (Pet, EAST, ShET1)
.Transcriptional activator AggR
Diffsely A dh t (DAEC Humans _Afimbrial adhesins (AIDA)
Hisely erent ( ) Humans .Dr family of adhesins

Extraintestinal E. coli (acronym)

Avian Pahtogenic (APEC)
Septicaemic (SePEC)
Uro Pathogenic (UPEC)

Neonatal Meningitis (NMEC)

Chickens, ducks, turkeys(@ ler Bul try)

Ruminants (Other mamals)

Humans and pet animals (Other mamals)

Newborn babies (Other mammals)

.Adhesins (Pap/prs, Sfa/F1C, F17b/c, AFA-VIIL.)
.Anti-phagocytosis (O/K antigen)

_Iron-uptake system (Aero/Y ersiniabactins, Salmochelin )
‘Membrane protein for invasion to bloos vessels (TbeA..)
_Toxins (CNF1/2, CDT-II/VI, a-Hly..)

_Resustance to immune response (Iss , TraT..)

Iron-uptake system (Yersiniabactins,Silmochelin)

K1 capsuler

With the establishment of this serotyping classification method, E. coli belonging

to specific serotypes were beginning to be recognized as being associated with different

diseases, including gastrointestinal diseases, both in humans and in animal species

(Beutin, 1999; Ewing, 1956; Kaper et al., 2004). For this reason, phenotypic and/or

genetic serotyping still represents a first basis of pathogenic E. coli classification today.

Nevertheless, today, classification methods based on the identification of different

virulence-associated properties or on whole genome information are proposed and used.

22



INTRODUCTION

1.3.3 Pathotyping and Virulotyping

The classification of pathogenic E. coli, at first, in ‘pathotypes’ is determined by the
location of their specific pathological interactions with the hosts and, then, in ‘virulotypes’
by the functions and modes of interactions with the host tissues of their specific virulence
factors. As briefly introduced in the foreword, pathogenic E. coli are, at first, broadly
classified into two pathotypes: intestinal or diarrheic E. coli (DEC) and extra-intestinal
pathogenic (EXPEC). The former pathotype is today further divided into enteroinvasive
(EIEC), enterotoxigenic (ETEC), enteropathogenic (EPEC), Shigatoxigenic (STEC),
enterohemorragic (EHEC), enteroaggregative (EAEC) and diffusely adherent (DAEC) E.
coli, and the latter pathotype into septicaemic (SePEC), avian pathogenic (APEC),
uropathogenic (UPEC), and neonatal meningitis-associated (NMEC) E. coli. Other
pathotypes have been described, but these 11 ones are the most frequent and important in

terms of diseases.

Within each pathotype, different virulotypes can be present whose specific
combinations of virulence factors can be identified by phenotypic (tests in animals and
on cells in culture, immune assays...) and genetic assays (DNA-DNA colony
hybridization, PCR, genome sequencing). The specific virulence factors of the different
pathotypes are presented in Table 2 and will be detailed later for enteropathogenic and

Shigatoxigenic pathotypes (see section 2).

Thus, there is a wide variety of pathogenic E. coli, which cause diseases in and
outside the intestinal tracts of humans and animals. This diversity is caused by the
acquisition and transfer of genes and mobile genetic factors between bacterial species,
and also E. coli strains by conjugation, transformation or transduction (Kaper et al., 2004;

Mainil and Fairbrother, 2014; Russo and Johnson, 2000; Tozzoli and Scheutz, 2014).

1.3.4 Phylogrouping

There are several methods of classification of E. coli based not only on their whole
genetic information. One of them is the phylogroup-based method or phylogenetic
grouping. In 1984, Ochman and Selander used polymorphic electrophoresis of 11

metabolic enzymes to classify about 2600 E. coli isolates from various countries and
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regions into the following four phylogroups: A (commensal strains, non-pathogenic), B1
(origin from environment or animals, low pathogenic), B2 (including urinary tract
infections and neonatal meningitis-causing strains, highly pathogenic), and D
( pathogenic in some cases, basically members of the intestinal microbiota) (Ochman and
Selander, 1984). Based on their classification, Goullet and Picard further added the
phylogroups C (low pathogenic, including commensal strains) and E (pathogenic in some
cases, associated to human infection strains) (Goullet and Picard, 1989) and eight
phylogenetic groups are described, A, B1, B2, C, D, E, plus F (pathogenic in some case,
resemnle to Group B2) and G (high pathogenic with antimicrobial resistance in majority,
resemble Group B2 and D) (Clermont et al., 2013 ; Clermont et al., 2019). When Ochman
and Selander reported their typing result, this method was considered phenotypic method
since it analyzed the migration patterns of products encoded by genes. However, with
advancements in molecular biology, including the emergence of Next-Generation
Sequencers (NGS), current phylogrouping methods, such as those by Clermont and
collaborators, now this method is recognized as genetic method using PCR and genome

sequencing.

E. coli evolved from a common ancestor and diverged into diverse phylogroups
during the evolutionary process and adaptation to different environments. The
phylogrouping method of classifying is of great importance not only for tracing their
evolutionary history in response to environment and host, but also for understanding their

genetic diversity and their epidemiology.

This classification scheme can indeed be very useful from an epidemiological point
of view, as the prevalence of strain groups varies according to the host species of interest.
Thus, in humans, Group A, consisting of commensal strains, is the most frequent
(approximately 40%), followed by the highly pathogenic Group B2 (approximately 25%),
which includes extra-intestinal pathogenic strains. In other mammals, the situation differs
slightly from humans, with Group B1, which is commonly identified in animals and the
environment, predominating (41%), followed by Groups A (22%) and B2 (21%) (Beghain
et al., 2018; Duriez, 2001; Touchon 2020).
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1.3.5 Sequence typing (ST)

Similar to phylogroup-based classification, the Sequence Type (ST) classification
method is based on genome information, more specifically on the sequences of seven
different housekeeping genes that are conserved in the E. coli population. Another name
of this method is MultiLocus Sequence Typing (MLST). These seven housekeeping genes
are associated with enzymes essential for bacterial survival. Their genetic mutations
accumulate gradually over long periods, making them useful for tracking bacterial
evolution. These mutations can be detected by specific PCR followed by sequencing of
the amplified DNA fragments. Today up to 16,943 E. coli strain lineages classified by
their ST achiman have been described (https://pubmlst.org/). When different STs are closely
related (differing for instance by only one mutation on one of the seven genes), they are
grouped in Clonal Complex (CC). For example, the CC32 which include the
representative STEC O145:H28, is consisting of several ST such as ST32, ST137,
ST6130, and ST8625 (Rodwell et al., 2022). In bacterial infections and epidemiological
studies, specific clonal complexes can be responsible for outbreaks and spread of
infection: the ST131 of E. coli is a known pathogenic clone that spreads worldwide
causing urinary tract infections and bloodstream infections (Ben Zakour et al., 2016; Park

et al., 2012; Petty et al., 2014).

The recent development of faster and cheaper Whole Genome Sequencing (WGS)
technology and analysis led to the introduction of the cgMLST (core-genome MLST)
approach. cgMLST uses a multigene approach that targets the entire core genome,
allowing more detailed relationships between strains to be revealed (Quainoo et al., 2017).
On the other hand, if more extensive genomic information is required, pangenome MLST,
which includes both core genome and accessory genes, such as virulence or antibiotic

resistance genes can be performed (Do et al., 2024).

1.3.6 Single Nucleotide Polymorphism (SNP)

SNP-based methods are one of the most resolution genomic methods and can be
divided into those that use a reference genome or do not (kSNP) (Gardner et al., 2015).
Since focusing on single nucleotide differences between strains, these methods are
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particularly useful for elucidating the evolutionary background of closely related lineages
and for detecting outbreaks (Den Bakker et al., 2011; Octavia and Lan, 2010). In addition,
MLST does not include intergenic regions, which prevents it from detecting host-specific
SNPs located in these regions. In contrast to MLST that does not include intergenic
regions, SNP-based methods can identify host-specific SNPs located in these intergenic
regions as well (White et al., 2011). However, unlike MLST, SNP-based methods lack an
internationally standardized database, with diverse algorithms further making them less
suitable for cross-laboratory comparisons (Pearce et al., 2018). Single reference genomes
are commonly used to detect SNPs, enabling the identification of SNPs in genes, loci, and
intergenic regions within a query genome (Harris et al., 2010; Turabelidze et al., 2013).
This approach relies on algorithms that align raw sequence reads to a reference genome,
allowing for a certain degree of variation between the reads and the reference. However,
it has inherent limitations, particularly the potential exclusion of lineage-specific regions
absent in the reference genome, which can restrict both the results and their interpretation.
As aresult, SNP-based methods are most effective when a high-quality reference genome

is available (Quainoo et al., 2017).

2. Enteropathogenic, Shigatoxigenic and Enterohemorrhagic Escherichia coli
2.1 Enteropathogenic Escherichia coli (EPEC)

2.1.1 Definitions

As explained in the foreword, the acronym EPEC was at first used in a broad
meaning, including all E. coli responsible for diarrhea and was therefore a synonym of
DEC. For instance, EPEC were reported in England in 1945 as a cause of infantile watery
diarrhea without blood in the stools, but without of course any pathotype identification
(Bray, 1945). Nevertheless, the meaning of EPEC progressively narrowed with the
description of different virulence factors and the definition of more and more pathotypes
and virulotypes. Today, EPEC is only one of the many pathotypes of DEC and includes
E. coli strains whose main pathogenicity property is the production of the histological
lesion on intestinal epithelial cells, called Attaching and effacing (A/E) lesion that can be

reproduced on epithelial cell lines in culture (Frankel, 1998). The A/E lesion is
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characterized by the disappearance of the brush border microvilli and by the intimate
attachment of the EPEC to the bare cytoplasmic membrane of the small intestine
enterocytes. The A/E lesion formation involves genes located on a Pathogenicity island
(Pai), the Locus of Enterocyte Effacement (LEE), an exogenous genomic region acquired
by horizontal-transfer and coding a.o. for a Type III Secretion System (T3SS). The LEE

will be described in more details on section 2.3.

2.1.2 EPEC infections in humans and animals

EPEC infects humans, especially infants in developing countries, and causes
clinical symptoms such as abdominal pain and non-bloody diarrhea accompanied by
vomiting, while immune-competent adults rarely show the above symptoms when
infected (Fischer Walker et al., 2012; Ochoa and Contreras, 2011). EPEC is capable of
infecting not only humans but also a variety of mammals. For example, it has been
reported to cause diarrhea in calves (< 3 months old), lambs, post-weaning piglets, poultry,
rabbits, and even pet animals such as dogs and cats, resembling infections seen in humans
(Dutta et al., 2011; Mainil and Fairbrother, 2014; Pufio-Sarmiento et al., 2013;
Renzhammer et al., 2024; Wani et al., 2004). Some EPEC strains have host specificity,
such as serotype O127:H- in humans and serotype, O15:H- and O103:H2 in rabbits,
026:H11, and O111:H- particularly in young calves (Mainil and Fairbrother, 2014;
Newton et al., 2004; Tozzoli and Scheutz, 2014). On the other hand, most other EPEC
strains are non-host specific serotypes (see next section), and some have been reported to
belong to O serotypes (H antigen is described in some cases), such as 026:H11, O103:H2,
OI111:H8, 0113, O145:H28/H34, and O157:H45/NM which are known to be frequent
serotypes of EHEC (Habets et al., 2020; Makino et al., 1999; Kinnula et al., 2018;
Rodwell et al., 2022; Téth et al., 2009; van Hoek et al., 2019). Although it might not be
possible to delineated all of them even today but represent the abundance of pathogenic

types in EPEC.
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2.1.3 Typical and atypical EPEC

In 1995, EPEC were divided into ‘typical EPEC (t EPEC)’ and ‘atypical EPEC
(aEPEC)’ on the basis of presence or absence of the ‘EPEC Adherence Factor’ plasmid
(pEAF) (Nataro et al., 1987), that is present in tEPEC, but not in aEPEC (Kaper, 1996).
pEAF carries different genes involved in the early steps of the pathogenesis of tEPEC,
including the bfp gene cluster encoding a type IV Bundle-Forming Pili (BFP) (Girén et
al., 1991). Therefore, aEPEC can be defined as EPEC that form the A/E lesion, but do not
express BFP. Several strains have been identified belonging to both typical and atypical
EPEC. The most studied EPEC belong to the following 12 O serotypes (026, O55, 086,
0111, O114, 0119, 0125, 0126, 0127, 0128, 0142, and O158) with more or less
specific associated H antigens (Campos et al., 2004; Deborah Chen and Frankel, 2005;
Trabulsi et al., 2002). (Table 3)

Table 3. Frequent O:H serotypes of Enteropathogenic Escherichia coli (EPEC) and the
presence or absence of the bfp gene cluster encoding type IV Bundle-Forming Pili
(BFP), distinguishing typical and atypical EPEC, along with primary hosts. Adapted
from Trabulsi et al., 2002.

Pathotype eaelbfp Frequent O:H serotypes Primary host
055:[H6], 086:H34, O111:[H2],

i Only Humans
Typical EPEC e 0114:H2,0119:[H6],0127:H6, O142:H6, Y
026:H[11], O55:[H7],086:H8, Humans and mammals
Atypical EPEC  +/- O111ac:[H8],0111:H25, O119:H2, o ek

0125ac:H6, O128ab:H2 Q128 Rabbits, dogs

*Bold: EPEC O serotypes recpgnized by WHO, 1987.

As far as the host range is concerned, tEPEC are mainly hosted by human, including
both adult and infants and are very rarely isolated from animal hosts (Mainil and
Fairbrother, 2014; Nataro and Kaper, 1998; Trabulsi et al., 2002). In contrast, aEPEC have
been isolated from a wide range of diseased mammals, including not only humans, but
also livestock such as cattle (calves), swine, sheep, buffaloes (including calves), rabbits,

monkeys, pets (dogs and cats) and some wildlife (Awad et al., 2020; Beraldo et al., 2023;
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Moura et al., 2009; Watson et al., 2017). The wide host range of aEPEC suggests that they
represent a potential zoonosis, with the main route of transmission to humans being fecal-
oral via water and foodstuffs contaminated with animal feces (Fairbrother and Nadeau,

2000).

Since tEPEC are not the topic of this work, EPEC will be used synonymously to
aEPEC in this manuscript for the sake of clarity.

2.2 Shigatoxigenic and Enterohemorrhagic Escherichia coli

2.2.1 Definitions

Shigatoxigenic, or Shiga-toxin producing Escherichia coli (STEC) produce a potent
and specific cytotoxin that destroys the vascular endothelium of small arteries and
capillary vessels in some organs, first identified in Shigella dysenteriae type I: the Shiga
toxin named after Dr. Kiyoshi Shiga (Lampel et al., 2018). Shiga toxins will be described
in details in section 2.3, along with the other virulence factors of EPEC and STEC.

Different virulotypes of the STEC pathotypes have been described in the course of
time. Some STEC form A/E lesions on enterocytes along with the production of a Shiga
toxin and are associated with more severe gastrointestinal diseases, such as hemorrhagic
colitis (HC), hence the term EnteroHemorrhagic Escherichia coli (EHEC), with
hemolytic uremic syndrome (HUS) and thrombotic thrombocytopenic purpura (TTP) as
sequelae. The name EHEC is, today regarded as obsolete by the European Food Safety
Agency (EFSA BIOHAZARD Panel Koutsoumanis et al., 2020). Therefore, the name
Attaching-Effacing Shigatoxigenic E. coli or AE-STEC was proposed (Piérard et al.,
2012) for these hybrid STEC and will be used in this manuscript.

2.2.2 (AE-)STEC infections in humans

While EPEC are mainly associated with diarrhea in infants in developing countries,
STEC are one of the major causes of bacterial food poisoning in humans, involving both
in infants and adults in developed countries. Actually, AE-STEC is today one of the most
serious global burden of diseases and was first identified in 1982 in a patient with

hemorrhagic enteritis (Riley et al., 1983). Estimated total infections exceeded ONE
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MILLION in the 2000s (Havelaar et al. 2015), often resulting in outbreaks in many
countries worldwide. The largest outbreaks of AE-STEC were caused by serotype
O157:H7, which spread in 1993 from undercooked beef served in hamburger restaurants
in the USA and in 1996 from school lunches at elementary schools in Sakai City, Osaka,
Japan, resulting in many patients and fatalities. Both two strains (the strain name:
'EDL933' in USA, 'O157 Sakai' in Japan, respectively) were identified by whole-genome
sequencing in 2001 and are still used in many studies as the main O157:H7 reference
strains (Hayashi et al 2001: Perna et al 2001). The latest and large outbreaks caused by
O157:H7 were reported in USA, in 2024. Epidemiologic and traceback data revealed that
resh, slivered onions served at McDonald's were the likely source of this outbreak
(https://www.cdc.gov/ecoli/outbreaks/investigation-update-e-coli-0157-2024.html). Due
to the outbreaks, total 104 people with 14 states were infected and onset HUS in 4 patients

and one died.

In European countries e.g. in Belgium and in United Kingdom, outbreaks due to
O157:H7 sometimes have been reported (Cunningham et al., 2024; Gobin et al., 2018;
Robaeys et al., 1987), as were the cases in Japan and the USA, while cases of AE-STEC
(EHEC) infections due to other O:H serotypes are reported annually (EFSA, 2022). The
most frequent seven AE-STEC serotypes detected and implicated in serious diseases
worldwide are O26:H11, O45:H2, O103:H2, O111:H-, O121:H9, O145:H-, O157:H7,
and sometimes O165:H25 (Auvray et al., 2023; Beutin and Fach, 2014; Karmali et al.,
2003; Tozzoli and Scheutz, 2014). Although their frequency of isolation varies between
countries and regions, they are known as the "Top 7 serotypes' (‘gang of seven’) and are
under worldwide vigilance (CDC, 2018; EFSA, 2021). Other AE-STEC serotypes are
qualified as minor serotypes (Beutin et al., 2004; Miko et al., 2009).

The most frequent symptoms caused by AE-STEC infections in humans are
gastrointestinal disorders with diarrhea. However, much more severe symptoms can be
often observed, such as HC characterized by abdominal pain and bloody diarrhea, as seen
in patients infected with O157:H7. Serious sequelae have of AE-STEC infections have
also been described: HUS in ca. 10 % of the patients, characterized by the triad of renal
failure, hemolytic anemia and thrombocytopenia, is particularly prevalent in groups with

incomplete or impaired immune functions, like infants, elderlies and
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immunocompromised individuals. HUS itself was first described in 1955 (Gasser et al.,
1995), but it was not until the early 1980s that Shiga toxin-producing E. coli were found
to cause HUS (Karmali et al., 1985). HUS onset is most often associated with major AE-
STEC serotypes of the 'gang of seven’, mainly O157:H7 and O26:H11.

However, vice versa, the 'gang of seven ' serotypes are certainly not the only threat.
Different minor AE-STEC serotypes (e.g. O118:H6, O128:H2, O146:H21, and
O178:H19.. ; Beutin et al., 2004; Buvens et al., 2010) and other STEC strains (i.e. non-
O157 STEC, like the O91:H21, OI113:H2 STEC serotypes; Beutin et al., 2007;
Bielaszewska et al., 2009) can also cause HUS, though less frequently (Karmali et al.,
2003).

In addition, non-AE-STEC can also produce HUS and sometimes diarrhea
depending on their actual virulotype. This was dramatically confirmed in 2011 by a major
outbreak in Germany caused by a largely unrecognized Agg-STEC serotype, O104:H4.
Since this serotype did not possess eae gene, which is the marker of EPEC, O104:H4
cannot describe as AE-STEC or EHEC (Piérard et al., 2012). In this outbreak, nearly
4,000 people were infected of whom 900 developed HUS and 54 died (Frank et al., 2011;
Ibarra et al., 2013). Still other STEC like the Saa-STEC can also cause HUS in humans.
This type of STEC has been identified several STEC serotypes, such as O91:H21,
Ol113:H21(Paton et al., 2001; Krause et al., 2018). Thus, regardless of their isolation
frequency and virulotypes, all STEC can cause HUS or other severe symptoms, and their

monitoring is of the upmost importance in world public health.

2.2.3 (AE-)STEC as a zoonosis

If EPEC human infections are potential zoonoses, (AE-)STEC infections are well
recognized zoonoses. The routes of transmission of (AE-)STEC to humans can be diverse,
with the most important being fecal-oral transmission via meat, fruit, vegetables, fresh
food and water contaminated with feces of healthy animals carrying the (AE-)STEC in
their intestines. Of all animal species, domestic ruminants, especially cattle, are well
known as the major asymptomatic carriers of (AE-)STEC (Tozzoli and Sheultz, 2014)

that are associated with the lymph follicles and squamous cells of the gastrointestinal tract,
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particularly of the colon, rectum, and recto-anal junction, but can also be found in
segments part of the small intestine, like the ileum, and occasionally in the gallbladder
(Menge, 2020b). The prevalence of (AE-)STEC serotype in each ruminant have been
studied, O157 (AE-)STEC is isolated from cattle, while non-O157 (AE-)STEC serotypes
are also associated with cattle including diarrheic calves. For example, serotype 026 and
O111 are well-known ones (Bettelheim, 2000; Girard et al., 2007; van Diemen et al.,
2005). Ruminants other than cattle, such as sheep or goat, can also excrete different
(AE-)STEC serotypes in their feces (Ndegwa et al., 2022; Vu-Khac and Cornick, 2008).
Furthermore, non-ruminants have also been reported as potential reservoirs of
(AE-)STEC. For example, (AE-)STEC serotypes including O157, non-O157 and other
emerging have been isolated from poultry and pig feces (Al-Marri et al., 2021; Elsayed
et al., 2021; Meng et al., 2014; Wieczorek and Osek, 2020)

Moreover, wildlife, more especially wild ruminants, can also be carriers of (AE)-
STEC, although the number of reports are fewer than for cattle and other domestic
animals due to differences in the study populations, difficulty to tracking, attention levels
and frequency of human contacts. These reports include terrestrial wildlife such as red
deer, red fox and wild boar, and aquatic animals such as otters (Niiesch-Inderbinen et al.,
2024; Ray and Singh, 2022). However, since deer was associated with several outbreaks
caused by both O157 and non-O157 (AE-)STEC, they are also considered as one of the
important reservoirs of (AE-)STEC (Laidler et al., 2013; Rounds et al., 2012; Singh et al.,
2015).

2.2.4. (AE-)STEC infections in animals

In addition to the carrier state in different animal species, (AE-)STEC is also a cause
of infection in some of them. For example, the edema disease in weaned pigs is caused
by non-AE F18-STEC (Garcia et al., 2020). Moreover, just like EPEC, (AE-)STEC can
cause diarrhea in young calves and lambs (Mainil and Fairbrother, 2014; Mainil and
Daube, 2005; Mokhbatly et al., 2022). Conversely, (AE-)STEC in association with
disease in other animal species have not been frequently reported, but recent study

announced the relation between dogs and acute colitis (Nagao et al., 2024). Porcine F18-
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STEC belong to host-specific O serogroup are such as 0139, O147(Helgerson et al.,
2006 ; Perrat et al., 2022), while the most frequent (AE-)STEC causing diarrhea in <three
months of age calves can belong to major serotypes like 026:H11, O111:H-, and to minor

serotypes, such as O5:H-, O118:H16 and have also been reported (Fakih et al., 2017).

2.2.5. Biochemical properties of EPEC and (AE-)STEC

EPEC and AE-STEC can of course be identified as E. coli species on the basis of
their biochemical characters. Nevertheless, as explained earlier, some of them show a
relatively specific profile in their sugar fermentation properties. For instance, the majority
of (AE-)STEC serotype O157:H7, arguably the most notorious one worldwide, are unable
to ferment sorbitol, in contrast to the other Escherichia coli strains. Thus, the specific
"Sorbitol MacConkey agar" containing sorbitol in place of lactose and two selective
agents (cefixim and tellurite; see sections 3) was developed and commercialized for their
detection (Fujisawa et al., 2000; Karmali, 1989). Other more or less specific sugar
fermentation profiles of (AE-)STEC non-O157 have been identified and specific growth
media tested although not commercialized yet are concerned (Hiramatsu et al., 2002;
Nakamura et al., 2023). Since most (AE-)STEC represent a public health hazard, the
development of specific selective isolation media is one of the most urgent tasks for

researchers.

2.3 Virulence properties of EPEC and AE-STEC

2.3.1 Initial Adherence

The first step in bacterial infection is a physical contact between the bacteria and
the host cells or tissues, which in the case of EPEC and AE-STEC is adherence to the
surface of the intestinal epithelial cells, the enterocytes. This requires specific or not

adherence factors.

In the case of tEPEC, adherence occurs in part via the type IV BFP (Ramboarina et
al., 2005), that are fimbriae forming typical braids. The BFP ensure not only adherence

of the bacteria to the enterocyte surface, but also between bacteria allowing tEPEC to
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form microcolonies at the gut surface. The BFPs are encoded by the bfp gene cluster,
including bfpA gene coding the fimbrial major subunit, that is located on the EAF plasmid
(Lee et al., 2022; McDougall et al., 2023). While pEAF is indeed a marker for tEPEC, it
does not roll all aspects of initial adherence. Other factors, such as intimin and Tir, might

involve in this process (Frankel et al., 1998).

Table 4. Initial adherence factors of pathogenic Escherichia coli, including
typical/atypical enteropathogenic E. coli ({(EPEC/aEPEC) and attaching—effacing Shiga
toxin-producing E. coli (AE-STEC), showing factor names, abbreviations, associated

pathotypes, and primary hosts. Adapted from Buvens et al., 2010

Adherence factors Unabbreviated name E. coli pathotype Host
Bfp Bundle forming pili tEPEC Humans
AF/R1, AF/R2 Adbhesive factor for Rabbit
aEPEC Rabbits
Ral Rabbit EPEC adherence locus
F18-Fimbriae ETEC Pigs
Saa STEC autoagglutinating adhesin STEC Humans Cattle/Pigs
Spf Sorbitol fermenting protein
Efa/lifA EHEC factor for adherence/lymphocyte inhibitory factor A
EPEC
ToxB Humans Cattle
Lpf Long polar fimbriae AFEEIS-ITE%(;
F9-Fimbriae
Paa Porcine attaching effacing associated adehesin Humans Pigs
AIDA Adhesin involved in diffused adherence

Since the lack of pEAF unlike tEPEC, the marker for initial adherence of aEPEC
and AE-STEC have not been clearly defined. Several putative adherence factors have
been proposed in previous studies, including AF/R1 and R2 (Adhesive factor/Rabbit),
Efal/lifA (the EHEC factor for adherence 1/lymphocyte inhibitory factor A), LdaG (The
locus of diffuse adherence), LpfO113 (long polar fimbriae), Paa (porcine attaching and
effacing-associated fimbriae), Saa (STEC autoagglutinating adhesin), and ToxB (Afset et
al., 2006; Bardiau et al., 2010; Hernandes et al., 2009; Paton et al., 2001; Slinger et al.,
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2017) (Table 4).

Among these factors, the Tha (IrgA Homologue Adhesin) protein is noteworthy.
This adherence factor, encoded by a chromosomal gene located on the Sakai Prophage-
Like Element-1 (SpLE-1), resembles the Iron Regulatory Gene A (IrgA) adhesin of Vibrio
cholerae. SpLE-1, an approximately 90 kbp prophage-like element initially identified in
the AE-STEC O157:H7 Sakai strain, also harbors various other genes, as described in
section 2.3.4 (Tarr et al., 2000; Hayashi et al., 2001). In addition, different adherence
patterns have also been identified in vitro, to epithelial cells in culture (Knutton et al.,
1989; Trabulsi et al., 2002). For instance, BFP confer a Localized Adherence (LA)
patterns to tEPEC (Scaletsky et al., 1984). On the other hand, aEPEC and AE-STEC likely
to show more diversed patterns, Diffuse Adherence (DA) or an LA-like (LAL) (Rodrigues
et al., 1996; Scaltsky et al., 1984; Trabulsi et al., 2002; Vieira et al., 2001).

2.3.2 The Locus of Enterocyte Effacement (LEE)

2.3.2.1 Description

As briefly introduced earlier, the genes required for the generation of the A/E lesion
by tEPEC O127:H6 E2348/69 are located on a 35.6 kbp (35,6296 bp) exogenous genomic
region, a Pathogenicity Island (Pai), known as the Locus of Enterocyte Effacement (LEE)
(Elliott et al., 1998; McDaniel et al., 1995). The LEE consists of 41 ORFs, distributed in
five functional polycistronic operons: LEE1, LEE2, LEE3, LEES, and LEE4 (Deng et al.,
2004; Ruano-Gallego et al., 2015; Schmidt and Hensel, 2004; Stevens and Frankel, 2014)
(Fig. 3).
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LEEI LEE2 LEE3 LEES LEE4

» Effector Protein |:> Regulator I:> Chaperon » Esc secretion protein » Sep secretion protein :>lntimin » Translocator

Figure 3. General organization of the Locus of Enterocyte Effacement (LEE)
pathogenicity island, showing five operons (LEE1-LEES) and their encoded
components, including regulators, chaperones, effector proteins, secretion system
proteins, intimin, and translocators. Adapted from Deng et al., 2014; Ruano-Gallego et

al., 2015; Stevens and Frankel, 2014.

LEE1, LEE2, and LEE3 contain a group of esc genes encoding key components of
the type III secretion system, and a group of sep genes encoding secretion of E. coli
protein; LEE1 also possesses the LEE regulatory gene (ler), which acts as the main
regulator of the LEE2, LEE3, LEES, and LEE4 region (Franzin and Sircili, 2015; Mellies
et al., 1999); LEE 5 contains the eae gene and a translocated intimin receptor (zir) gene,
encoding the bacterial outer membrane INTIMIN adhesin and its translocated receptor,
Tir, respectively (Jerse et al., 1990; Kenny et al., 1997). The Intimin protein is not Type3-
but Type2-secreted. Finally, LEE4 contains the espA, espB, espD, espF, and sepL genes,
encoding the translocator proteins (EspA, EspB, EspD), E. coli secreted protein (EspF),
and secretion proteins (SepL) respectively. These 'effector proteins' are involved in the
translocation of virulence factors into host cells through the Type III secretion system

(T3SS) (Deng et al., 2015; Sekiya et al., 2001; Franzin and Sircili, 2015).

Not only EPEC but also AE-STEC possess LEE, which was first detected and
sequenced in AE-STEC O157:H7 strain EDL933 (Perna et al., 2001). This LEE locus is
inserted at the same site (the se/C tRNA loci) as the LEE region of EPEC strain E2348/69,
and the 41 ORFs shown earlier are common to these two pathogenic types. Nevertheless,

the LEE region of the AE-STEC strain EDL933 contains a further 13 ORFs. Some
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proteins encoded by LEE-located genes of these two tEPEC and AE-STEC have high
sequence amino-acid identity (>90%), although others (e.g. EspB, EspD, EspA, Intimin,
Tir) have sequence identity ranging from 66% to 84%, indicating sequence diversity
between these two different strains and pathotypes (Schmidt and Hensel, 2004). Moreover,
the characteristics of the LEE regions which have been found in other EPEC and AE-
STEC strains can also be different according to the strains and pathotypes (Table 5).

Table 5. Characteristics of the Locus of Enterocyte Effacement (LEE) region identified
in representative Enteropathogenic E. coli (EPEC) and Attaching-Effacing Shiga Toxin-
producing E. coli (AE-STEC) strains, including O:H serotypes, insertion sites, and
number of predicted open reading frames (ORFs). Adapted from Ogura et al., 2009; Zhu
et al., 2001.

Strain name E. coli pathotype O:H serotype Insertion site Number of ORF
EDL933 AE-STEC O157:H7 SelC 54
E2348/69 EPEC 0126:H7 SelC 41
RDEC-1 EPEC 015:H- Between IS2 and lifA gene 40
413189-1/026-11368 026:H11 PheU
B171/0111-11128 EPEC/AE-STEC Ol111:H- PheV Unknown
RW1374/1372 0103:H2 PheV

Sequence variation is particularly notable in the Intimin protein and eae gene. As
said above, the Intimin is a bacterial outer membrane protein that interacts with the
Translocated Intimin Receptor (Tir) effector protein to promote the adherence of the
bacteria to the cytoplasmic membrane of the host intestinal epithelial cells after
destruction of the enterocyte microvilli (Paton et al., 1998). These intimin variants are
characterized by amino acid sequence variations in the C-terminal region called the D3
domain. The intimin protein and the eae gene variants are named with Greek letters. The
following eae gene variants have been described and named: a, B, v, €, &,z .0, 0, T, 1, K, A,
W, v, v, o, T, p and o, but some of these variants have nearly identical sequences (e.g. eae
o and eae &, eae B2 and eae 5, eae y2 and eae 0) and considered to be of the same type of

eae in some cases (Adu-Bobie et al., 1998; Blanco et al., 2004; Zhang et al., 2002).. To
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some extent they are associated with the pathotype (EPEC or AE-STEC) and to the
serotypes (Bibbal et al., 2014; Blanco et al., 2005; Wang et al., 2023; Yang et al., 2020).
The sequence variations in the other genes will be described in the next section about the

Type III secretion system.

2.3.2.2 The Type III Secretion System.

The Type III Secretion System (T3SS) is a needle-like secretion system that allows
Gram-negative bacteria to transfer effector proteins directly into the host eukaryotic cells.
The T3SS structure is a key element for bacteria to evade host infection defense
mechanisms and facilitate the infection process (Kubori et al., 1998). In EPEC and AE-
STEC, the T3SS itself is encoded by genes located on the LEE, while T3-secreted
effectors are encoded by genes located also on the LEE or on the non-LEE chromosomal

regions (Dean and Kenny, 2009) (Table 6).
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Table 6. Virulence genes associated with the Type III secretion system (T3SS), located

in the LEE region, non-LEE regions, or other genomic locations in Escherichia coli,

with their localization and main cellular functions adapted from Dean and Kenny, 2009;

Dziva et al., 2007.
Gene name  Unabbreviated name Localization General cellular functions
espA Signal transduction to host cell
espB Translocation of Tir
E. coli secreted protein Induced apoptosis
espD
P’ Microvilli effacement
espF Tight junction disruption
Mitochondoria dysfunction
map Mitochondria associated protein Microvilli effacement
Choromosome S )
] Tight junction disruption
LEE region
. Formation of A/E lesion, pedestal
fir Tranclocated intimin receptor o
Receptor for Intimin
o Formation of A/E lesion, pedestal
eqe Intimin
Intimin adhesin protein
espHl Cytoskeleton disruption
) Modulating actin dynamics
esp E. coli secreted protein
Preventing protein translocation
epG Micotubule disruption
nleA Inhibition of secretion pathway
nleB Non LEE-located effector o )
Inhibition of immune response
nleC
Choromosome p " 1 evel .
. P reventin rogression
dif Cycle inhibition factor Not LEE region CVEnTg Cel CYele Progressio
Induced apoptosis
espJ E. coli secreted protein Anti-phagocytosis
espC E. coli secreted protein(EPEC) Cleavin host protein
espP Serin protease plasmid(pO157) Epitherial jucation disruption
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The Esc (E. coli secretion proteins) encoded by LEE1-2-3-located genes form three
main components of the T3SS: (i) the ‘needle complex’ (EscC, EscD, EscF) located in
the outer membrane; (i) the ‘transport apparatus’ (EscR, EscS, EscT) located in the inner
membrane; and (iii) the ‘sorting platform’ (EscA, EscK, EscL) present in the cytoplasm.
These three components allow bacteria to efficiently transfer effector proteins into the

host cell (Gaytéan et al., 2016).

The Esp (E. coli secreted proteins) proteins also encoded by LEE1-2-3-located
genes are the first T3S-secreted proteins, but do not enter into the host cells. Nevertheless,
they play important complementary roles in the T3SS : (i) the EspA forms part of the
needle complex and aids the transport of effector proteins (Kenny et al., 1996); (ii) the
EspB and EspD form pores in the host cell membrane, through which the effector proteins
enter into the cell (Abe et al., 1997; Chatterjee et al., 2015); (iii) the EspB also has a role
in evading the host immune response by inhibiting macrophage phagocytosis (lizumi et

al., 2007).

LEE-encoded effector proteins injected into host cells include Tir (Translocated
intimin receptor), EspF (E. coli secreted protein), EspG and Map (Mitochondria
associated protein). The genes encoding these effectors are located within also the
different LEE region: fir is located in LEES, espF'is in LEE4 while espG (rorf2) is located
5’ of LEE1, and map (orf19) is 5’ of LEES (between LEE 3 and LEES) (Elliot et al., 1998;
Kenny and Jepson, 2000; Stevens and Frankel, 2014). Their role is to re-organise the actin
fiber network of the host cell cytoskeleton leading to the effacement of the enterocytes
microvilli and, sometimes the formation of a pedestal structure. Tir also integrates into
the host cell cytoplasmic membrane and interacts with the outer membrane bacterial
Intimin adhesin promoting bacterial to adhere tightly to the enterocytes cytoplasmic
membrane at the height of the pedestal when present. EPEC and AE-STEC can multiply
on site forming microcolonies and later allowing the infection to spread to other sites
(Devinney et al., 2001; Goosney et al., 1999).

At the molecular level, different biochemical pathways resulting from different
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interactions between bacterial effectors and host cell cytoskeleton have been described in
different serotypes of EPEC and AE-STEC, but are beyond the scope of this work.
Ultimately all pathways result in the huge reorganization of the actin fiber network of the
host cell cytoskeleton leading to the effacement of the microvilli and to the formation of

actin-rich pedestals under the intimately attached bacteria.

Finally, other effector proteins such as NleA (non-LEE-encoded), NleB, NleC, EspP
(E. coli secreted protein), EspJ and Cif (Cycle inhibiting factor), which are encoded by
non-LEE located genes also contribute to the formation of the AE lesion and spread of
infection, such as pedestal formation, actin re-arrangement, microtubule and epithelial
barrier disruption, and suppression of immune response (Gao et al., 2013 ; Sham et al.,
2011). However, they are not produced by all EPEC and AE-STEC (Loukiadis et al.,
2008).

This chain of interactions of the T3SS of EPEC and AE-STEC with enterocytes
cause intestinal inflammation and non-bloody diarrhea (Dean et al. 2006; lizumi et al.
2007). Bloody diarrhea can be observed in humans, but is the results of interactions of

Shiga toxins with the intestinal tract. Let us now describe the E. coli Shiga toxins.

2.3.3 Shiga toxins

A number of virulence factors possessed by E. coli and other pathogenic bacteria
are encoded in genes located on bacteriophages and most Shiga toxins, the main virulence

factor of STEC, are encoded by such phage-located genes (Wagner and Waldor, 2002).

2.3.3.1 Early description

In 1977, Konowalchuk and collaborators from Canada observed the production of
a cytotoxin causing death of African green monkey kidney-derived Vero cells (Vero
Toxin: VT) (Konowalchuk et al., 1977), but this did not attract much attention at the time.
In 1982, O'Brien and collaborators from the USA further analyzed the cytotoxin produced
by E. coli H30 strain (O26:H11) using HeLa cell, already studied by Konowalchuk and

collaborators: this H30 cytotoxin has structure and biological activity similar to the Shiga
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toxin produced by Shigella dysenteriae type 1. O’Bien and collaborators named this E.
coli cytotoxin, Shiga-Like Toxin (SLT) (O'Brien and Holmes, 1987). For many years,
there were disputes about how to name this cytotoxin (Verotoxin or Shiga-like toxin),
until a consensus reached to keep the name Shiga toxin (Stx) or E. coli Shiga toxin. At
the same time, Scotland and collaborators from United Kingdom reported that the stx
genes encoding the E. coli H19 strain (026:H11) Stx, but not the S. dysenteriae Stx, could
be horizontally transmitted by bacteriophages (Scotland et al., 1983).

2.3.3.2 The E. coli Stx families

A few years after the description of the E. coli H30 strain Stx, another
immunologically unrelated Stx type was described: the former was renamed Stx1, and
the latter was named Stx2 (Calderwood et al., 1996). Even later, different antigenic and
genetic subtypes were identified within these two types that are today named ‘families’

and will be described hereunder.

All four E. coli Stx1 subtypes described so far (Stxla, Stxlc-e) are genetically
almost identical to the S. dysenteriae Stx. The amino acid sequence differences between
the Stx and these four Stxl subtypes are negligible and are not thought to affect
antigenicity and cytotoxicity (Paton and Paton, 1998). Of the four Stx1 subtypes, Stxla
and Stxlc are often identified in STEC from human clinical and animal samples,
including ruminants, commonly sheep or wild deer (Boer et al., 2015; Brett et al., 2003;
Buven et al., 2012 ; Hofer et al., 2012 ; Fierz et al., 2017), while Stx1d or Stxle are rarely
reported in human diseases. If any, the symptoms would be mild (Melton-Celasa, 2014).
Stx1d have also been identified in STEC from flour and wild deer in some European
Countries (Hofer et al., 2012; Kindle et al., 2019a; Projahn et al., 2021). Apart from other
subtypes, Stxle was first detected in an Enterobacter cloacae isolated from an HUS
patient in 2014 (Probert et al., 2014) and there are still very few case reports of Stxle-

positive E. coli from any examined samples (McMahon et al., 2024).

Conversely, Stx2 are relatively highly different from Stx and from the E. coli Stx1
family. The original szx2 gene for instance has only about 60% sequence identity to the

original stx/ gene (Table 7). Another main difference between the Stx1 and Stx2 families
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is that up-to-day 14 Stx2 subtypes have been described, some quite highly genetically
related, but others much lowlier. For many years there was a lot of confusion in the names
given to these subtypes, with no actual rules. But today the consensus nomenclature
identified 15 Stx2 subtypes with latin small letters: Stx2a to Stx2o (Lindsey et al., 2023;
Scheutz et al., 2012).

Table 7. The primary molecular differences between Stx1 and Stx2: DNA sequence
identity, primary host, contanimation soure, cross-protecitve, and receptor adapted from

Melton-Celsa, 2014 and Menge, 2020a.

STX1 STX2

DNA homology vs STX of S.dysenteriae Almost identical 50~60% identity

Mammals including humans

Primary host *Stx2e subtype is specific to swine

Primary contamination source Ruminants (especially cattle)
Cross-protective Partially occur, but Not between STX1 and STX2
Receptor Gb3/CD77

*Stx2e subtype:Gb4

At the beginning, the Stx2 was recognized as the most common toxin among
(AE-)STEC with the Stx2a, Stx2c¢c and Stx2d subtypes being more frequently isolated
from STEC-infected humans especially suffering of HUS (EFSA BIOHAZARD Panel
Koutsoumanis et al., 2020: Alotaibi and Khan, 2023). In contrast, some subtypes such as
Stx2b, Stx2e, Stx2f and Stx2g are relatively rare in humans and are more frequently
associated with diseased or healthy animals (Farooq et al., 2009: Luna-Gierke et al., 2014:
Hughes et al., 2019; Schmidt et al., 2000).

Of them, the Stx2b is often isolated from animals, and sometimes found in flour,
like Stx1le subtype (Kindle et al., 2019a; Niiesch-Inderbinen et al., 2024). The Stx2e is

most well-known, since it is associated with the edema disease in pigs (Hamabata et al.,
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2021). Actually, this subtype was already described in the 1950s under the name ‘Edema
Disease Principle’ (Timoney, 1950; Dobrescu, 1983) but was rediscovered by O’Brien
and collaborators in the 1980s and renamed Stx2e (Weinstein et al., 1988). Stx2e has also
been described in a few STEC isolated from human, but the gene localization and the E.
coli serotype are different (Beutin et al., 2004; De Rauw et al., 2018; Piérard et al., 2012).
Stx2f'is often isolated from pigeons and other birds (Friesema et al., 2014: Schmidt et al.,
2000; Yang et al., 2024). Before, this Stx2f subtype was not associated with serious
diseases in humans and was therefore considered to have a less serious impact on humans.
However, recently it has been increasingly isolated from HUS patients, mainly in Europe,
alongside Stx2a, Stx2c and Stx2d, and could also become a public health concern in the
future (Friesema et al., 2015; Cointe et al., 2020b). The Stx2h, Stx2i, and Stx2j were
1dentified in STEC strains isolated from Tibetan marmots, crustaceans and also human
patient, respectively, confirming the diversity of sources of Stx2 isolates (Bai et al., 2018:
Gill et al., 2022; Lacher et al., 2016) The Stx2k in domestic animals such as goats and
pigs, or meat derived from them. Moreover, Stx2k was also reported in human patients
with diarrhea (Hughes et al., 2019). As well as Stx2k, the rest of four subtypes which
recently identified and reported: Stx21, Stx2m, Stx2n and Stx20 are also more associated
with human patients (EFSA BIOHAZARD Panel Koutsoumanis et al., 2020; Lindsey et
al., 2023; Yang et al., 2022)

Stx1 subtype-encoding genes can be identified by a generic PCR followed by
sequencing of the amplified DNA fragments, while more or less specific PCR assays have
been developed to recognized most of the different subtypes of Stx2-encoding genes
(Johnson et al., 1990; Scheutz et al., 2012). Today of course whole genome sequencing

renders this subtype identification much easier.

2.3.3.3 Molecular structure and in vitro and in vivo activity

Similarly, to the cholera toxin, Stx belong to the two-subunit A1-B5 family toxins,
and the encoding operon has a common structure consisting of a single transcription unit
of the A- and B-subunit encoding gene (stxA and stxB). The A-subunit is responsible for

N-glycosidase-type activity, hydrolyzing and releasing an adenine residue from the 28
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ribosomal RNA. As a result, binding of EF1-dependent aminoacyl-tRNA to the 60S
ribosomal sub-particles is inhibited and the cellular protein synthesis is stopped. The five

B subunits are involved in the binding of the toxin to its target receptor (Melton-Celsa,

2014; Paton and Paton,1998). (Fig. 4)

]A subunit STX toxin

B subunit

/Gb3/77 receptor

=Gy
0 ¢

Endoplasmuic Reticulum
l Depurinated:

Ribosome

Figure 4. Schematic representation of Shiga toxin internalization and retrograde
trafficking. The toxin binds to the Gb3/CD77 receptor via its B subunit, is internalized
into endosomes, and traffics retrogradely through the Golgi apparatus to the
endoplasmic reticulum. The A subunit is then translocated into the cytosol, where it
cleaves a specific adenine from the 28S rRNA of the 60S ribosomal subunit. Adapted
from Hall et al., 2017
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The receptor of Stx1 and Stx2 is Gb3/CD77 <Globotriaosylceramide (Gb3) a listed
as the CD77 leukocyte antigen>. (Melton-Celsa, 2014; Menge, 2020a), though their
binding affinity is thought to be slightly different (Chark et al., 2004; Gallegos et al.,
2012). Moreover, there is at least one exception: the Stx2e associated with the edema
disease in swine does not bind to Gb3/CD77 but to Gb4 (Steil et al., 2016). Although the
main receptors of other subtypes, such as Stx2a and Stx2c, which are associated with
human infections, are recognized as Gb3/CD77, it has been reported that Stx2a exhibits
weak interactions with Gb4 (Ching et al., 2002; Nakajima et al., 2001). However,
performing precise studies remains challenging because these Stx receptors are not
soluble (Melton-Celsa, 2014). In human body, the expression of the Gb3/CD77 receptor
concentrates in vascular endothelial cells in intestinal tract or kidney (especially in
cortical region), whereas in animals, the location of expression depends on species

(Menge, 2020a) (Table 8).

Table 8. Comparative expression patterns of the Gb3/CD77 receptor in epithelial and
endothelial cells from humans, cattle, and pigs. “+/+” indicates strong expression in
both examined areas, “+/—" partial or absent expression in one area, and “Inconclusive”
or “Unknown” indicates insufficient or unavailable data. Adapted from Menge et al.,

2020a.

Organ Epithelial Endothelial
Host Intestinal/Panet ~ Renal tubular/Glomeruli | Intestinal ~ Renal glomeruli Blood vassels Micro vascular
Humans +/+ +/+ + + + +
Cattle Inconclusive +/— — — Inconclusive
Pigs Unknown +/— Unknown + Unknown
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At first Shiga toxin is produced in the intestinal tract, passing through the intestinal
epithelium and epithelial cells, and is taken up into capillaries by transcytosis (Bauwens
et al., 2013; Sandvig and van Deurs, 1996). Subsequently, it binds to the Gb3/CD77
receptor distributed in vascular endothelial cells, and endosomal vesicles containing the
Shiga toxin are retrogradely transported to the endoplasmic reticulum via the Golgi.
Finally, translocated to the cytoplasm, they induce the cell death by stopping the protein
synthesis as described earlier (Lingwood, 1996; Obrig, 2010, Paton and Paton, 1998).
This process damages the vascular wall, triggering an inflammatory response that
promotes microvascular thrombosis (formation of small clots in the blood vessels),
leading to ischemia and organ dysfunction. In the case of hemolytic uremic syndrome
(HUS), Shiga toxins (Stx) enter the bloodstream, bind to receptors on endothelial cells,
and induce systemic thrombotic microangiopathy (TMA), which particularly affects the
kidneys (Kaname et al., 2024). While hemorrhagic colitis (HC) primarily results from
localized effects of Stx on intestinal epithelial cells. These toxins cause epithelial damage,
inflammation, and microvascular injury within the intestinal wall, leading to bloody
diarrhea and abdominal pain (Griffin et al., 1990). Ruminants, particularly cattle, are the
main reservoir of (AE)-STEC. However, clinical symptoms such as hemorrhagic colitis
(HC) and hemolytic uremic syndrome (HUS) have not been described in these animals.
Indeed, previous studies have reported that Stx receptors are absent on bovine endothelial
cells, and that Stx toxins do not perform transcytosis in enterocytes, thereby failing to
reach the bloodstream (Pruimboom-Brees et al., 2000). Nevertheless, the presence and
distribution of stx receptors in cattle have been frequently discussed, with some
suggestions of species- or tissue-specific variations in receptor distribution (Hoey et al.,
2002; Naylor et al., 2003; Van Diemen et al., 2005). For instance, Gb3/CD77 expression
in the bovine intestinal epithelium has been reported to be associated only with crypt cells
and to be lost during during their migration and differentiation towards the apical surface.
Therefore, stable Gb3/CD77 receptor presence at sites relevant for mucosal and vascular
injury is unlikely, which contributes to the absence of hemorrhagic colitis in cattle (Hoey
et al., 2002). In addition, the same authors also reported that Gb3 isoforms differing from
those found in humans are present in the bovine kidney, resulting in weaker Stx binding
and an inability of the toxin to exert its full cytotoxicity. Therefore, the presence or the

absence of Stx receptor of cattle to Shiga toxin has not been formerly concluded yet.
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2.3.3.4 The STX phages

The different Stx-converting phages (STX phages) carrying the stx genes have
similar features to lambda phage (Herold et al., 2004). Lambda phages are a type of
bacteriophage known for being lysogenic, i.e. capable of incorporating their genomes into
the chromosome and entering a temperate cycle by replicating along with the bacterial
chromosome (Van Duyne and Landy, 2024). Under stress conditions (lack of nutrients,
UV light, antibiotics, radiations...), lambda phage genome is excised from the
chromosome and enter the lytic cycle leading to phage multiplication, bacterial cell

destruction and phage release (Filipiak et al., 2020).

The expression of the genome of STX lambdoid phages can be divided into an early
and a late genome region (Kriiger and Lucchesi, 2015; Rodriguez-Rubio et al., 2021). The
early region contains genes that are first expressed after phage infection and mainly
encode proteins involved in phage self-replication in case of lytic cycle and
recombination with the host bacterium in case of temperate cycle, like the recombination
enzymes (integrase and excises) required for phage DNA integration into the host
chromosome at specific sites (attP and attB) (De Greve et al., 2002; Landy and Ross,
1977). The late region contains genes that are not expressed when the phage genome is
stably integrated into the host bacterial genome. In STX phages, the stx genes and their
promoters are located in the late region and their expression is therefore repressed

(Campbell, 1994; Kriiger and Lucchesi, 2015; Smith et al., 2012).

After excision, the genes of the late region, including the stx genes are expressed
and the production of Stx is initiated (Calderwood and Mekalanos, 1990; Wagner et al.,
2001a). Thus, the shared roles of the early and late regions of STX phages are important
for the regulation not only of phage replication, but also of stx gene expression. These
sequential gene expressions explain why Stx are rapidly produced when the host
bacterium is exposed to external stress, a.0. exposure to antibiotics used empirically to
treat the diarrhea observed (Shaikh and Tarr, 2003; Wagner et al., 2001b). The
consequence can be dramatic with possible development of an HUS syndrome in

susceptible hosts (Freedman et al., 2016).
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In 1971, Smith and Linggood reported that an enterotoxigenicity, which later
became known as 'phage H-19B', could transfer E. coli K12 from E. coli O26:H11 in vitro
(Smith and Linggood, 1971). Since then, many researches about transferring STX phage
both in vitro and in vivo have been conducted (Acheson et al., 1998; Biclaszewska et al.,
2007; Cornick et al., 2006; Habets et al., 2022), and among these studies, the hypothesis
that AE-STEC emerge from EPEC by horizontal transfer of stx genes also have been
demonstrated (Toth et al., 2003).

2.3.4 Other putative virulence factors and markers

The first main virulence factors of EPEC and of AE-STEC is the A/E lesion on
intestinal epithelial cells and a second one for AE-STEC is the Shiga cytotoxins, as
mentioned earlier. However, other putative virulence factors have been identified in
EPEC and/or AE-STEC, that can be located on mobile genetic elements (Donnenberg and
Whittam, 2001; Schmidt and Hensel, 2004).

For instance, in 2001, Hayashi and collaborators identified 18 prophages and 6
prophage-like elements in the genome of AE-STEC O157:H7 strain Sakai, which caused
a major outbreak in Sakai, Osaka, Japan, and named the latter 'Sakai prophage-Like
Elements' or SpLEs (Hayashi et al., 2001). Among these SpLEs, the SpLE-1 is
approximately 90 kbp long and carries the tellurite resistance operon (ter operon) and the
iha gene encoding the Tha adhesin (IrgA Homologue Adhesin) involved in adhesion to the
host cells (see also section 2.3.1) and is integrated on serX-tRNA. SpLE-1 is also
sometimes referred to as a Pathogenicity Island (Pai) or the Tellurite resistance and
Adherence-conferring Island (TAI), and the terms ‘TAI’, ‘Pai’ and ‘SpLE-1’ are often
treated almost synonymously (Schmidt et al., 2004). SpLE-1 is therefore an essential
prophage-like element for resistance and virulence-conferring and has been identified in
the genomes of AE-STEC of not only serotype O157:H7, but also of other major
serotypes (026, 0103, O111 for instance) (Ogura et al., 2009). In EPEC strains, no clear
studies have been reported, that SpLE-1-like element exist as in AE-STEC so far.
However, several studies have shown that EPEC possess the iha gene, one of the SpLE-

1 associated-gene, that confer adherence property similar to those of AE-STEC (Bardiau
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et al., 2009; Gomes et al., 2011).

Another putative virulence factor of especially AE-STEC and some EPEC is the
Enterohemolysin (Ehly) whose encoding genes (named ehx or sometimes still 4ly) was
first described by Schmidt and collaborators on the plasmid pO157 in AE-STEC O157:H7
strain EDL933 (Beutin et al., 1988; Magalhaes et al., 2011; Schmidt et al., 1995). The
structural enterohemolysin-encoding esx4 gene is similar to the structural hly4 gene,
which encodes the a-hemolysin (Hlya). Ehly is involved in lymphocyte and erythrocyte
cytolysis causing hemolysis on sheep blood agar after washing of the erythrocytes but is
inactive on normal sheep blood agar in opposition to Hlya. Specific blood agar for the
detection of the production of an Ehly are commercially available. This hemolytic effect
might contribute to the development of HUS (Aldick et al., 2007; Bielaszewska et al.,
2014).
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3. Resistance profile determinants in EPEC and (AE-)STEC

To survive in the host body and in the environment, pathogenic bacteria need to
develop resistance mechanisms against harmful physico-chemical conditions and
biological threats. The following sections will describe the resistance mechanisms that
are an important part of EPEC and (AE-)STEC survival strategy against antimicrobials,
like heavy metals and classical antibiotics that were and are respectively, used in bacterial

infection chemotherapy.

3.1 Heavy metals

3.1.1 Heavy metal use and bacterial resistance

In the period before the development of antibiotics, heavy metals were used in
chemotherapy to treat a variety of infectious diseases (Briffa et al., 2020; Frippiat et al.,
2021). Unfortunately, heavy metals are chemically stable elements that contaminate and
accumulate in the environment leading to pollution of soils and water. Heavy metals can
be, moreover, harmful to humans and animals, like for instance mercury and arsenic.
Therefore, the use of heavy metals is highly restricted or banned in different countries
and regions (Tchounwou et al., 2012). Nevertheless, some are still used as fertilizers,

preservatives or fungicides in others (Jaishankar et al., 2014; Balali-Mood et al., 2021).

To protect themselves from heavy metal bactericidal action, bacteria in the
environment or in the host, including of course different pathogenic species, such as E.
coli, have acquired mechanisms (e.g. efflux pumps) conferring resistance against a.o.
mercury, lead, cadmium, arsenic, silver and tellurium. The resistance encoding genes can
be located on mobile genetic elements, like bacterial plasmids that can be horizontally
transmitted (Silver and Phung, 1996; Cervantes et al., 1994). Therefore, resistance
mechanisms to heavy metals are likely to spread horizontally between bacterial strains or
even species, including pathogenic ones, as consequence of the selection pressure due to
the presence of heavy metals more especially in the environment and less in the host today,

at least in developed countries that banned their use (Seiler and Berendonk, 2012).

Heavy metals exert their antibacterial multifaceted effects on bacterial physiology.
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They indeed bind to intracellular proteins and enzymes, disrupting their function and
impairing cellular metabolism (Nies, 1999). Furthermore, heavy metals promote the
generation of reactive oxygen species (ROS), which cause damage to cellular membranes
and DNA, contributing to their antibacterial activity and toxic effects on the host (Imlay,

2003).

3.1.2 Tellurium resistance of Escherichia coli

With regard to tellurium resistance, particular attention has been paid to the
mechanism of resistance of E. coli to tellurite (TeO3?-), an oxo-anionic form of tellurium,
and to potassium tellurite compound (K,TeOs3). Tellurite has been used since the early
1930 years and is known to be highly toxic to micro-organisms, especially Gram-negative
bacteria, due to the production of ROS damaging cellular components (Molina-Quiroz et

al., 2013; Sandoval et al., 2015; Turner et al., 2001).

In the early 2000 years, the whole genomes of two AE-STEC O157:H7 were
sequenced and analyzed. In these AE-STEC O157:H7 strains, the genes encoding
resistance to tellurite (fer genes) are located on the duplicated O-Island: OI-43 and OI-48
(strain EDL933) and the SpLE-1 element (strain Sakai O157) that also harbor the iha
gene (see section 2.3.4 (Penal et al., 2001; Hayashi et al., 2001). Since then, according to
several studies, not only (AE-)STEC O157:H7 but also other (AE)-STEC serotypes, and
EPEC shown the presence of the fer resistance genes (Nakamura et al., 2023; Nguyen et

al., 2021).

The ter genes are present not only on the chromosome, but also on plasmids, e.g.
pMERG610 identified in Alcaligenes strain, and R478 from Serratia marcescens (Gilmour
et al., 2004; Jobling and Ritchie, 1987; Jobling and Ritchie, 1988; Whelan et al., 1995).
They confer high levels of resistance to E. coli and other bacterial species such as
Pseudomonas aeruginosa, and Yersinia pestis, allowing them to reach minimal inhibitory

concentration (MIC) of 1,024 pg/mL (Peng et al., 2022; Taylor, 1999).

The ter resistance gene cluster consists of seven genes (ferZABCDEF) that code for

a series of proteins, that confer resistance to tellurite by different mechanisms. These
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proteins are involved in the reduction of reactive oxygen species (ROS), minimizing the
oxidative stress caused by tellurite exposure. Nevertheless, the actual interaction between
these genes have not been cleared (Taylor, 1999; Vavrova et al., 2024). Additionally, the
terZABCDE genes have been implicated in promoting normal cell growth under stress
conditions, as terA and ferZ genes can recover cell growth inhibited by the core terC, D
genes. This operon might contribute not only to ROS reduction, but also to maintaining

cellular homeostasis during tellurite stress (Peng et al., 2022).

The ter gene cluster is considered to represent a major contribution to resistance to
tellurite, but different other mechanisms of resistance, specific or not (including co-
resistance with other heavy metals), are considered to be also involved in tellurite
resistance directly or indirectly: e.g. arsenic efflux gene (ars4,B,C..), cystine metabolism
gene (cysK, M...), nitrate reduction genes (narG,H,1,J...), superoxide dismutation genes
(sodA, sodB, and soxS), hydrogen peroxide detoxification (katG), tellurite resistant
proteins (tehA,B, KilA...) (Calderén et al., 2006; Chasteen et al., 2009; Pérez et al., 2007;

Nguyen et al., 2021). However, their actual mechanisms of action are not known yet.

Although not allowed in treatment of bacterial infections, potassium tellurite is still
widely used today in vitro for the selective growth of different EPEC and (AE-)STEC,
with the development and commercialization of different growth media, like the Cefixim-
Tellurite-Sorbitol-MacConkey (CT-SMAC) medium (Karmali, 1989; Kerangart et al.,
2016).

3.2 Antibiotics

3.2.1 Treatment of EPEC and (AE)-STEC infection

Although antibiotics are considered as a classical treatment of bacterial infections,
including EPEC infections, most antibiotics are essentially not recommended for the
treatment of AE-STEC infections. On the other hand, some studies have suggested that
certain antibiotics, such as macrolides or fosfomycin may be beneficial when
administered at an appropriate timing (Myojin et al., 2022). In Japan, fosfomycin has been

used in patients with STEC infections and several reports have indicated a potential
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protective effect of this molecule (Ikeda et al., 1999; Okubo et al., 2019; Takeda, 1998).
However, due to the methodological limitations, partly because fosfomycin is not
available in most other countries, these results are still controversial. At the present stage,
antibiotic therapy with for instance macrolides, like azithromycin, which are believed to
not induce the release of Stx, are being evaluated. This is likely related to the facts that
macrolides inhibit (i) bacterial protein synthesis without inducing DNA damage or
activation of the bacterial SOS response; (ii) the lytic cycle of Stx-converting
bacteriophages; (iii) the host inflammatory response induced by Stx, including the
production of pro-inflammatory cytokines (Ohara et al., 2002). However, azithromycin-
resistant strains of Klebsiella pneumoniae and other Gram-negative bacteria, even Shiga
toxin-producing Escherichia coli are already emerging (Bizot et al., 2022a; Hambali et
al., 2024). Beside these positive aspects, antibiotic treatment also contains negative ones.
Indeed, not only is the overuse of antibiotics fraught with the possibility of selecting new
resistant strains, but also there is a high-risk that the destruction of the bacteria by
antibiotics leads to the release of high quantity Stx which subsequently enters the
bloodstream, spreads throughout the host body, and binds to Gb3/CD77 receptors on
target cells of each organs, causing severe cellular damage (Fig. 4). This process may in

turn lead to a worsening of symptoms.

Besides possible antibiotic administration, two strategies are used in the treatment
of HUS: supportive and specific therapies aimed at protecting and restoring renal function,
normalizing blood-supplying, managing infection and preventing severe complications.
Although much time and man-power have been devoted to the development of therapeutic
or preventive treatments for AE-STEC-induced disease, few trials have progressed
beyond phase II. Several therapeutic approaches have been tested, including complement
inhibitors such as 'eculizumab' and 'avacopan', and monoclonal antibodies for antigen
neutralization. Unfortunately, however, no fully satisfactory curative solution has yet
been found to date (Ardissino et al., 2022; Duneton et al., 2024; Miihlen and Dersch,
2020).
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3.2.2 Antibiotic resistance mechanisms of EPEC and (AE-)STEC

In 1940, Howard Florey and Ernst Chain established a production method of
penicillin G, ushering in the era of antibiotic use by humans who now had a weapon to
fight infections of bacterial origin (Chhabra et al., 2024). Since the years 1940s,
antibiotics have progressively replaced heavy metals in the fight against bacterial
infections. However, today, the emergence and spread of drug-resistant bacteria that do
not respond to antibiotic administration is a major problem in medical and veterinary
practice around the world. For example, B-lactams, including penicillins, cephalosporins
and carbapenems, have long been used as one of the most effective groups of antibiotics
for treating bacterial infections and have a mechanism of action that inhibits the bacterial
cell wall synthesis pathway by binding to penicillin-binding protein (PBP) (Bush and
Bradford, 2016; Tooke et al., 2019). However, their massive use lead to the progressive
emergence of Gram-negative bacteria producing different classes of [B-lactamases,
(narrow spectrum B-lactamases, broad-spectrum B-lactamases and carbapenemases), that
hydrolyze different groups of penicillins, cephalosporins and/or carbapenems, and to the
rapid spread of their encoding genes that are present on mobile and transferable genetic

structures (Blair et al., 2015; Vasoo et al., 2015).

In some cases, the resistance profiles of EPEC and (AE-)STEC help to develop
selective growth media, like the Cefixim-Tellurite-Sorbitol-McConkey (CT-SMAC)
medium for (AE-)STEC O157:H7 (Karmali, 1989; Kerangart et al., 2016). This is not the
case yet for EPEC and for (AE-)STEC non-O157 (Hiramatsu et al., 2002; Verhaegen et
al., 2015).
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4. Enteropathogenic and Attaching-Effacing Shigatoxigenic Escherichia coli
080:H2

4.1 Emergence of AE-STEC O80:H?2 in humans

In the early 2010, a minor AE-STEC serotype, O80:H2 started to emerge in France
in humans suffering from not only (bloody) diarrhea and HUS, especially in children and

elderlies, but also from bacteremia and internal organ infections.

According to the studies conducted by a French research team, AE-STEC O80:H2
were the second most common HUS-causing STEC especially in children and often
caused life-threating HUS-associated complications (Soysal, et al., 2016: Bruyand et al.,
2019). Moreover, in the recent annual reports of the European Food Safety Agency
(EFSA), AE-STEC O80:H2 were also the second or third leading HUS-causing STEC
along with serotypes 026:H11 and O157:H7(EFSA BIOHAZARD PanelKoutsoumanis
et al., 2020; EFSA, 2021, 2022, 2023, 2024). In the latest ECDC and EFSA report about
STEC infections based on the data from 2023, the most frequent STEC serotypes
associated with HUS were the followings in decreasing frequency: O26:H11, O157:H7,
and O145:H28 followed by O80:H2 (EFSA, 2024). Besides France, AE-STEC O80:H2
have also been confirmed in human clinical cases in other Western and Southern
European countries, such as Belgium, Germany, Switzerland, the Netherlands and Italy
(Cointe et al. 2018; De Rauw et al., 2019; Fierz et al., 2017; Fruth et al., 2024; Gigliucciet
al., 2021, Habets et al., 2021; Niiesch-Inderbinen et al., 2018).

However, contrary to major AE-STEC serotypes, like O157:H7 and to the non-AE-
STEC serotype O104:H4, AE-STEC serotypes O80:H2 has gradually emerged causing
sporadic cases, but never caused any large outbreaks so far (Bruyand et al. 2019; EFSA

BIOHAZARD Panel Koutsoumanis et al., 2020; Ingelbeen et al., 2018).

4.2 AE-STEC and EPEC O80:H2 in animals and environment

The O80:H2 serotype has also been isolated from young calves (<3 months of age)

in Belgium since 2009. The majority were exclusively EPEC during the earlier years and
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are still frequent later (about 70% of the total), although AE-STEC (30%) started to be
isolated in 2016 (Thiry et al., 2017; Habets et al., 2021). These young calves suffered
from diarrhea and enteritis, but systemic infections such as septicemia were very rare
(Habets et al., 2021). Like in humans, EPEC and AE-STEC O80:H2 cause sporadic cases
in young calves in farms (Thiry et al., 2017; Habets et al., 2021).

Moreover, some EPEC and AE-STEC O80:H2 have been isolated from healthy
adult cattle, from healthy piglet and from the environment (water, pig farm environment),
although very rarely so far (Cointe et al., 2018; Cointe et al., 2021; Soleau et al., 2024;
Vu-Khac et al., 2007).

4.3 Phylogenomics

According to different publications, human and calf AE-STEC and EPEC O80:H2
belong to the MultiLocus Sequence Type 301 (ST301), a member of the clonal complex
(CC) 165 (Cointe et al., 2018; Cointe et al., 2021; Mariani-Kurkdjian et al., 2014; Rodwell
et al., 2021). Moreover, human AE-STEC and calf EPEC and AE-STEC are very closely
related and even mingle in SNP-based phylogenetic trees, forming different lineages (L)

and sub-lineages (SL) (Habets et al., 2021; Soleau et al., 2024).

4.4 Virulence properties

AE-STEC and EPEC O80:H2 are characterized by harboring the eael gene,
regardless of pathotype and host (human, diarrheic calf, health cattle, piglets,
environment..), and about 80% of AE-STEC strains have the stx2d gene. Apart from stx2d,
the stx subtypes stx/a, stx2a or stx2c have also been identified so far (Cointe et al., 2018:
De Rauw, et al., 2019; EFSA Koutsoumanis et al., 2020; Habets et al., 2021; Mariani-
Kurkdjian et al., 2014; Soysal et al., 2016)

EPEC and AE-STEC O80:H2 also possess a specific plasmid called pS88-like
which is commonly found in extra-intestinal pathogenic E. coli (EXPEC) strains, such as
avian pathogenic E. coli (APEC) and neonatal meningitis E. coli (NMEC) and is

associated with severe systemic infections (Mariani-Kurkdjian et al . , 2014; Peigne et al.,
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2009; Soysal et al., 2021; Habets et al., 2021). For these reasons, AE-STEC O80:H2 is a
triple hybrid and could be named AE-STEC-EXPEC, while EPEC O80:H2 are a double
hybrid and could be named EPEC-ExPEC.

The plasmid pS88, including those of EPEC and AE-STEC OS80:H2 carries
(putative) extra-intestinal virulence-associated genes for entry and survival of the bacteria
in the bloodstream and internal organs, including the following genes (Peigne et al. 2009;

Cointe et al 2018; Habets et al., 2021):

(1) Iron uptake systems: aerobactin siderophore (iucABCD, iutA), salmochelin

siderophore (iroN), putative iron acquisition system (sit4ABCD);

(i1) Resistance to the bactericidal activity of the complement: “increased serum

resistance” (iss) gene and an “outer membrane protein” (ompTp)-encoding gene;
(ii1) Presumptive type I secretion system: etsABC genes;

(iv) Avian hemolysin: 4lyF gene;

(v) Colicin-encoding genes: cvad,B,C, cia, cvi... genes.

However, not all pS88 plasmids of EPEC and AE-STEC O80:H2 possess the
complete set of all genes (Cointe et al., 2021; Rodwell et al., 2021; Soysal et al., 2016)
and, in addition, some can also carry antibiotic resistance genes, like the pR444 A
plasmid : tetracycline (tetd), trimethoprim (dfr45), sulfonamide (sul/2), B-lactam
(blaTEM-IB), kanamycin (aph/3]-1a), and streptomycin (str4 and strB). (Cointe et al.,
2018; Cointe et al., 2020a). Furthermore, a number of other non-pS88-located putative
virulence genes have been detected in all or several EPEC and AE-STEC O80:H2, like
for instance the Ehly- and the Tha-encoding genes (see section 2.3.4) (other references if

they exist; Habets et al., 2021).

Actually, the majority of EPEC and AE-STEC O80:H2 have different gene profiles
with regard to not only two pS88-located genes (iuc/iut and ets genes), but also two genes
located either on the SpLE-1 (i4a) and on another plasmid (cma coding for colicin M).
Habets and collaborators observed that the majority of stx2d AE-STEC harbor the former
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(iuc/iut and ets) but not the latter (i4a and cma) genes, whereas the majority of EPEC and

of stxla or stx2a AE-STEC have the opposite gene profile (Habets et al., 2021).

4.5 Source of contamination

Different epidemiological surveys of pediatric HUS cases caused by AE-STEC
080:H2 in France failed to identify any common exposures, like consumption of ground
beef or of raw dairy products and to confirm that cattle is at the origin of human
contamination (ANSES, 2023; Bruyand et al., 2019; Ingelbeen et al., 2018). Moreover,
until very recently, the few surveys performed failed to isolate AE-STEC or EPEC
080:H2 from healthy cattle at slaughterhouse or in farms in which they had been isolated
from diarrheic calves in Belgium (Habets et al., 2020; Thiry et al., 2018). Nevertheless, a
recent survey was successful, but in only one of the farms sampled during a longitudinal
survey investigating the “top 57 STEC serotypes in cattle, emphasizing the low

prevalence of STEC O80:H2 in healthy cattle (Soleau et al., 2024).

One of the reasons to explain the failure of more frequently isolating AE-STEC and
EPEC O80:H2 from healthy cattle is the absence of a specific selective isolation
procedure (Gally et al., 2003; Naylor et al., 2003). Recently however, a specific selective
methodology based on non-melibiose fermentation (a very uncommon trait of E. coli) by
and piperacillin antibiotic resistance of AE-STEC O80:H2 was successfully applied to
isolate AE-STEC O80:H2 from human patients (Bizot et al., 2022b), but has not been
tested to isolate AE-STEC or EPEC from diarrheic calves. This methodology should also
be tested on fecal materials of healthy cattle with much lower concentration of AE-STEC

and/or EPEC O80:H2.

The applicability of selective media for human (AE-)STEC diagnostics, including
those containing antibiotics such as CT-SMAC, to fecal samples from healthy animals
deserves careful consideration. Generally, feces from healthy cattle are characterized by
a complex and dense intestinal microbiota. Under these conditions, the antibiotic
resistance profiles of fecal E. coli are more difficult to predict (Garcia-Graells, 2024;
Soleau et al., 2024), compared to human and calf isolates (Cointe et al., 2018; Cointe et

al.,2020a; Fruth et al., 2024; Lang et al., 2019). Therefore, the addition of broad-spectrum
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antibiotics, such as cefixim or piperacillin, may impose an unforeseen selective pressure
on enteric bacterial populations (Minnig et al., 2025; Steinberger et al., 2025). Hence,
alternative selective approaches that limit excessive antibiotic-driven effects should be

considered when adapting (AE-)STEC screening to feces from healthy cettle.

5. Insect models for in vivo experiments: the Galleria mellonella larva model

In the field of biomedical sciences and public health, including veterinary medicine
and medicine, conducting experiments not only in vitro but also in vivo is necessary and
even essential when studying bacterial pathogens and their putative virulence-associated
properties, to fulfill the Koch’ and molecular Koch’s postulates (Koch, 1876; Koch, 1882;
Falkow et al., 1988). The use of mammals and birds for disease modelling, especially
infection modelling with bacterial pathogens, is always fraught with problems of
obtaining statistically reliable data, cost issues such as animal breeding and maintenance,
and, above all, ethical issues. British scientists William Russell and Rex Birch considered
these problems associated with the use of laboratory animals and proposed the basic
principle of the 3Rs (Replacement, Reduction, and Refinement) to protect them as much

as possible (Lewis, 2019).

In the Replacement part of the 3Rs, insects are increasingly being used as a useful
model to study infectious diseases (Ahlawat and Sharma, 2023). Indeed, because of easy
handling, low cost, short life cycle, potential to test multiple larvae in groups in a short
time, relative ease of determining death and, last but not least, absence of ethical issues,
in vivo experiments using insect larvae have recently attracted attention as an alternative
to mammalian and avian models. Among others, larvae of the Galleria (G.) mellonella
moth (Fig.5) are frequently used to study bacterial pathogens, including different
pathogenic strains of E. coli and the respective role of their putative virulence properties
(Cutuli et al., 2019: Pereira et al., 2020: Antoine et al., 2021). In addition, G. mellonella
larvae have an innate immune system similar to that of mammals and can be maintained

at 37°C similarly to the growth temperature range of mammalian bacterial pathogens.
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The bacterial culture is injected in the pseudopods of the larvae (Fig. 5). Progress
of the infection is followed by a scoring system based on the reduction of the activity and
the change in body color, with progressive blackening, or melanization of the larvae,
signing the progress of the infection with the larvae (Fig. 6). Melanization consists in the
synthesis and deposit of melanin to encapsulate the pathogen at the infection site,
followed by hemolymph coagulation and opsonization. Complete blackening signs the

death of the larvae (Tsai et al., 2016).

Galleria mellonella

Larvae Mdth .

Pseudopods

Figure 5. Larvae and adult forms of the Galleria mellonella moth and schematic
overview of the experimental infection method, showing injection of bacterial culture
into the larval proleg region. Larvae and moth images adapted from British Lepidoptera
(https://britishlepidoptera.weebly.com/), accessed on 21st March 2025. Schematic
illustration of larvae injection method created by Mare ADACHI, internship student in

our laboratory.
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No melanization Spots Dark spots Complete melanization

Figure 6. Scoring system based on the reduction of the activity and the change in body
color, with progressive blackening, or melanization of the larvae, signing the progress of

the infection with the larvae adapted from Tsai et al., 2016.
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Of all Shigatoxigenic E. coli (STEC) serotypes, the seven major Attaching-
Effacing-STEC (AE-STEC) serotypes (O157:H7, 0O26:H11, O103:H2, OI111:H-,
O121:H19, O145:H-), which are known to be highly pathogenic to humans, are one of
the most common causes of food-borne infections (Karmali et al., 2003 ; Tozzoli and
Scheutz, 2014. However, scores of other “minor” serotypes also exist and emerge from
time to time either “explosively” causing short-live sporadic outbreaks, like Aggregative-
STEC (Agg-STEC) serotype O104:H4 or gradually causing long-lasting clinical cases,
like AE-STEC serotype O80:H2.

AE-STEC serotype O80:H2 has gradually emerged in Western European countries,
particularly in France since ca. year 2010 and has been linked not only to (bloody)
diarrhea and Hemolytic-Uremic Syndrome (HUS), but also to invasive infections
(bacteremia and internal organ infection). Today AE-STEC O80:H2 represent the top
cause of HUS in children and elderlies in Europe along with serotypes: these serotypes
are O157:H7, O026:H11, and O145:H28 (EFSA, 2024). This serotype is indeed
characterized by its peculiar virulotype. Besides the Locus of Enterocyte Effacement
(LEE) pathogenicity island carrying a.o. the eae gene coding for the intimin adhesin and
the Shiga toxin (Stx)-encoding genes (stx), AE-STEC O80:H2 harbor a specific plasmid
called pS88-like carrying genes coding for putative virulence properties of extra-intestinal
E. coli (ExPEC) (Mariani-Kurkdjian et al., 2014; Soysal et al., 2016). Furthermore, AE-
STEC and, more especially enteropathogenic E. coli (EPEC) have been associated with
diarrhea and enteritis, and though very rarely septicemia in young calves (<3 months of
age) in farms (Thiry et al., 2017; Habets et al., 2021). Human and calf AE-STEC and
EPEC are highly related by their virulotypes and phylogenetically (Thiry et al., 2017;
Habets et al., 2021).

Although AE-STEC O80:H2 is considered a public health hazard, there still exist
relatively few studies on AE-STEC and EPEC O80:H2 compared to the major AE-STEC
serotypes. Therefore, different problems and questions still remain unresolved and

unanswered, such as the identification of the actual source of infection, the way of
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transmission, the host specificity if any, and the respective roles of the LEE, the Stx and
the pS88-plasmids in their pathogenicity. In conclusion, more epidemiological,
bacteriological, molecular and (phylo)-genetic studies are needed in order to more

efficiently prevent and handle human infections.

Therefore, the general objective of this thesis work on AE-STEC and EPEC O80:H2
from both bovine and human origin was three-fold: (i) Attempt to isolation AE-STEC and
EPEC 0O80:H2 (ii) Population structure including (Phylo)genetic analysis of O80:H2
isolates, and complete genome study (iii) Assessment the role of virulence factors of AE-

STEC and EPEC O80:H2 in vivo.
To meet these three general objectives, five specific objectives were defined:

Specific objective #1: To identify healthy adult cattle at slaughterhouses and in farms as
the contamination source of AE-STEC and EPEC O80:H2 using different non-specific

and specific methodologies of isolation and identification;

Specific objective #2: To confirm virulotype: the identity and distribution of virulence-
associated genes and the differences in pS88-located gene profiles in all those same

human and calf AE-STEC and EPEC O80:H2;

Specific objective #3: To confirm the SNP-based (phylo)genomic structure by genomic
analysis the distribution and intermixing of extended dataset of human and calf AE-

STEC and EPEC O80:H2 than previously (Habets et al., 2021)

Specific objective #4: To study the genome structure of virulence properties: LEE
region, Stx-converting phage, plasmids and localization of different genes identified in
two calf stx2f AE-STEC O80:H2 belonging to two different sub-lineages after
completed by long-reads;

Specific objective #5: To assess the respective roles of Stx-encoding genes and pS88
plasmids in the pathogenicity of AE-STEC and EPEC O80:H2 in G. mellonella larvae

model.
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PART 1: Identification of healthy adult cattle at slaughterhouses and in farms as
the source of AE-STEC and EPEC O80:H2 using different non-selective and

alternative selective methodologies of isolation.

FOREWORD

Ruminants, especially cattle, are the most frequent asymptomatic carriers of
(AE-)STEC or EPEC, thus their feces are considered as main contamination source for
humans. Serious clinical diseases in humans including HC and HUS, are associated with
not only the frequent-major AE-STEC serotypes, but also the less-frequent-minor
serotypes. The emerging AE-STEC serotype O80:H2 is one of the latter. This AE-STEC
serotype is involved not only in HC and HUS, but also in bacteremia and internal organ
infections in humans. Moreover, AE-STEC and EPEC are associated with diarrhea and
sometimes septicemia in young calves (EFSA BIOHAZARD Panel Koutsoumanis et al.,
2020; Habets et al., 2021; Soysal et al., 2016).

Identification of the contamination source of humans and of the way of transmission
is of the upmost importance to prevent human infection. However, so far, there is no
evidence that ruminants and cattle are the actual source of O80:H2 (ANSES, 2023;
Bruyand et al., 2019; Ingelbeen et al., 2018; Habets et al., 2020; Thiry et al., 2018). One

of the reasons is the lack of serotype-specific and selective medium.

Therefore, the objective of this study was to attempt to isolate AE-STEC or EPEC
080:H2 from healthy adult cattle using either a conventional non-selective methodology
or a selective methodology based on putative specific biochemical and resistance
properties: (i) non-melibiose fermentation like previously reported for human AE-STEC
080:H2, as the consequence of a deletion of the mel operon (Bizot et al., 2022b); (ii)
resistance to potassium tellurite that is widely used, as a mean to isolate different major

AE-STEC, including O157:H7 (Kerangart et al., 2016).

In the first approach, 53 of 343 fecal samples from one slaughterhouse and nine
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farms tested positive with a PCR for the O80 serogroup after overnight growth in
enrichment broths. Sixteen of a total of 835 colonies from these 53 fecal samples were
identified as E. coli O80 with the same PCR, but genome sequencing identified them as
belonging to serotypes O80:H45 and O80:H6. Moreover, they were phylogenetically
distant from AE-STEC and EPEC O80:H2 and were non-AE-STEC non-EPEC.

In the second approach, all 52 human and calf AE-STEC and EPEC O80:H2
analyzed by Habets and collaborators (Habets et al., 2021) were non-melibiose
fermentative and did not harbor the mel operon. Conversely, the resistance levels to
potassium tellurite and the presence of the ter operon were different among the humans
and calves strains. Most of the human and calf AE-STEC O80:H2 had lower MIC values
and did not harbor the zer operon, in contrast to most calf EPEC. During this latter study,
96 fecal samples from one slaughterhouse were subjected to isolation testing again after
overnight growth in enrichment broths containing or not tellurite. A total of 42 colonies
were recovered from 11 O80-positive fecal samples of which 13 were non-melibiose

fermentative. However, none of them was identified as belonging to serotype O80:H2.

Since AE-STEC and EPEC O80:H2 were not isolated from cattle fecal samples via
the two methodologies, the contamination source remains unidentified even if some were
isolated from dairy products years ago (InV'S, 2007) or more recently from cattle feces in
one farm (Soleau et al., 2024). Hence, this study highlights the need for establishment of
more reliable, serotype-specific isolation methods for AE-STEC and EPEC O80:H2.
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STUDY 1. Non-specific method for isolation of AE-STEC and EPEC
080:H2 from healthy adult cattle.
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Escherichia coli O80 in Cattle: Absence of Shigatoxigenic and Enteropathogenic E.
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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 fliCpy,, 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;
0O80:H6; 080: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, 0103: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 0104: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:H2; (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 Liége, 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 Liége 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'
080 wzyoso 0g80-R: 5-CGAGAGTACCTGGTTCCCAAA-3' 285bp [24]
) Hg2-F: 5-TGATCCGACACTTCCTGATG-3
H2 JiChz Hg2-R: 5'-CCGTCATCACCAATCAACGC-3' 228bp 251
- SK2-F: 5/-CCCGGATCCGTCTCGCCAGTATTCG-3
Intimin eae SK1-R: 5-CCCGAAATCGGCACAAGCATAAGC-3' 881bp (241
LP44-F: 5-CACCAGACAATGTAACCGCTG-3/
St stxl LP43-R: 5/-CAGTTAATGTGGTGGCGAAGG-3' 348 bp (241
LP31-F: 5-GCGTCATCGTATACACAGGAGC-3/
st sta2atostx2d | p3g R: 5 ATCCTATICCCGGGAGTTTACG-3' 584 bp (241
Avian WIVE HlyF-F: 5'-GGCGATTTAGGCATTCCGATACTC-3' 599 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 fliCp,
gene encoding the H2 antigen and the following virulence-associated genes: eze encoding
the intimin adhesin involved in the A/E lesion, stx1 and stx2 encoding Stx1 and Stx2a
to Stx2d toxins, and pS88-located hlyF 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
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for Illumina sequencing were prepared using NEBNext Ultrall FS DNA Library Prep Kit
for Illumina (NEW ENGLAND BioLabs, Tokyo, Japan) and sequenced on the Illumina
Miseq platform (Illumina) to generate 300 bp paired-end reads. Assembly of the Illumina
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 (n = 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

EnteroHemolysin blood agar
16%

Chromagar STEC agar
30%

Chromocult Coliform ES agar
40%

Rapid E. coli 2/ agar
1

TeK Chromocult Coliform ES
1% 3%

(@)

Total 385 colonies

Chromocult Coliform ES agar
EnteroHemolysin blood agar 2%
36%
TeK Chromocult Coliform ES
1%

MacConkey agar
21%

Chromagar STEC agar
18%

(b)

Figure 1. Proportions of the collected colonies from the different agar plates inoculated with the
35 080 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 fliCy,, 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
0O80: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
0O80: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) (Nr Isolates) Country Year (Bioproject PRJNA906740)
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
080: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 SAMEA5619042 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

1 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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(a), a core gene-based ML tree of 104 chromosome-closed E. coli strains with an Escherichia cryptic
clade I strain TW10509 (No. AEKA00000000) 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:H6. 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-S003-085S 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,
iroBCDEN, 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 (080:H19 and O80: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 ufu 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
0O80: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 ExXPEC 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
0O80: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
0O80: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.
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Simple Summary: Although healthy cattle is the main reservoir of Attaching-Effacing
Shigatoxigenic Escherichia coli (AE-STEC), the source of contamination of humans by AE-
STEC O80:H2 remains unidentified, due in part to the absence of specific selective growth
methodology. The aim of this study was to assess a procedure based on non-melibiose
fermentation and resistance to tellurite to isolate AE-STEC and enteropathogenic (EPEC)
080:H2 from healthy cattle. If the 40 calf and human AE-STEC and EPEC O80:H2 did not
harbor the mel operon, only 16 stxla/stx2a AE-STEC and EPEC O80:H harbored one ter-type
1 operon. The 21 calf strains were further tested phenotypically: none fermented meli-
biose while 10 of the 11 ter-type 1-positive strains had Minimal Inhibitory Concentrations
(MIC) > 128 ug/mL. In contrast, the 10 ter-negative strains had MIC of 2 ug/mL. Accord-
ingly, enrichment broths containing two pg/mL of potassium tellurite and inoculated with
one high MIC (>256 ug/mL) AE-STEC tested positive with the O80 PCR after overnight
growth, but not the enrichment broths inoculated with one low MIC (two ug/mL) EPEC.
As a conclusion, this procedure may help to isolate most stxla/stx2a AE-STEC and EPEC
O80:H2, but not stx2d AE-STEC that are not resistant to tellurite.

Abstract: Despite their prevalence in Europe, the source of contamination of humans by
Attaching-Effacing Shigatoxigenic Escherichia coli (AE-STEC) O80:H2 remains unidentified.
This study aimed to assess a procedure based on non-melibiose fermentation and resistance
to tellurite to isolate AE-STEC and enteropathogenic (EPEC) O80:H2 from healthy cattle.
The genome sequences of 40 calf and human AE-STEC and EPEC O80:H2 were analyzed:
(i) none harbored the mel operon, but the 70mel DNA sequence instead; (ii) the ter-type
1 operon was detected in 16 EPEC and stx1a or stx2a AE-STEC, while no ter-type 1 operon
was detected in the remaining 24 EPEC and stx2d AE-STEC. The 21 calf AE-STEC and
EPEC O80:H2 were tested phenotypically: (i) none fermented melibiose on melibiose-
MacConkey agar plates; (ii) ten of the 11 ter-type 1-positive strains had Minimal Inhibitory
Concentrations (MIC) > 128 ug/mL to potassium tellurite; (iii) conversely, the ten ter-
negative strains had MIC of two ug/mL. Accordingly, enrichment broths containing
two ug/mL of potassium tellurite and inoculated with one high MIC (>256 pug/mL) stxla
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AE-STEC O80:H2 tested positive with the O80 PCR after overnight growth, but not the
enrichment broths inoculated with one low MIC (two pg/mL) EPEC. Nevertheless, neither
AE-STEC nor EPEC O80:H2 were recovered from 96 rectal fecal samples collected from
healthy cattle at one slaughterhouse after overnight growth under the same conditions.
In conclusion, this procedure may help to isolate stxla and stx2a AE-STEC and EPEC
080:H2, but not stx2d AE-STEC that are tellurite sensitive, and new surveys using different
procedures are necessary to identify their animal source, if any.

Keywords: Shigatoxigenic E. coli; enteropathogenic E. coli; serotype O80:H2; melibiose
fermentation; tellurite resistance; healthy cattle; zoonosis

1. Introduction

Enterohemorrhagic Escherichia (E.) coli (EHEC) are a major cause of hemorrhagic colitis
(HC) and hemolytic uremic syndrome (HUS) in humans and are also associated with
diarrhea in young calves [1,2]. Since EHEC produce Shiga toxins (Stx1 and/or Stx2) and
the Attaching and Effacing (A /E) lesion of enteropathogenic E. coli (EPEC), they are named
“Attaching-Effacing Shigatoxigenic E. coli” or “AE-STEC” in this manuscript after these
two pathogenic traits, as previously proposed [3].

The most frequent and pathogenic AE-STEC in humans belong to the following major
O:H serotypes: 026:H11, 0103:H2, O111:H-, O121:H19, O145:H-, and O157:H7 [1,4]. The
main source of infection in humans are foodstuffs contaminated by intestinal contents of
ruminants, such as cattle, that can be asymptomatic carriers in their intestines [1]. Serotypes
026:H11 and O111:H- are also most frequent amongst calf AE-STEC [2,5]. Besides these
major AE-STEC O:H serotypes, minor ones can emerge from time to time and cause
short-lived dramatic outbreaks [6] or long-lasting clinical rates [7].

Since 2010, AE-STEC serotype O80:H2 has been emerging in France in humans suffer-
ing not only from HC and HUS, but also from systemic infection [8-10]. In 2022, AE-STEC
0O80:H2 was the third leading cause of HUS in Europe, especially in young children and
the elderly, behind AE-STEC O157:H7 and O26:H11 [11]. In parallel, AE-STEC and EPEC
080:H2 have also been increasingly isolated in Belgium from young calves (<3 months of
age) with diarrhea or sepsis [12,13]. Calf AE-STEC and EPEC O80:H2 are related to human
AE-STEC O80:H2 not only by their Sequence Type (ST301) and virulotypes but also in
whole genome sequence-based phylogenetic analysis [13,14], showing the importance of
this serotype as a putative agent of a serious zoonosis.

Although AE-STEC and EPEC O80:H2 have been sporadically isolated from healthy
cattle and dairy products in some European countries [8,9,14], the actual source of contami-
nation of humans is yet to be identified [10]. The lack of appropriate selective growth media
is among the possible reasons. Recently, a piperacillin-supplemented melibiose-MacConkey
(mel-MAC) agar was developed to isolate AE-STEC O80:H2 from diseased humans, as
they do not ferment melibiose following the deletion of the mel operon, along with the
insertion of a 70 bp DNA fragment (70mel) of unknown origin and function [15]. Since urei-
dopenicillins are not permitted in veterinary medicine in European Union (Implementing
regulation—2022 /1255—EN—EUR-Lex (europa.eu)) and the antibiotic resistance profile
of E. coli from healthy cattle is difficult to predict, the general aim of this study was to
assess non-melibiose fermentation (non-MF), as published by others [15], and tellurite
resistance (TeR) to increase the isolation rate of AE-STEC and EPEC O80:H2 from healthy
cattle. Although the resistance of AE-STEC and EPEC O80:H2 to tellurite is unknown, sev-
eral other STEC and EPEC serotypes are indeed highly resistant to tellurite with Minimal
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Inhibitory Concentrations (MIC) > 16 ug/mL [16,17]. Therefore, different Te-supplemented
growth media exist to specifically isolate the major O:H serotypes, like the cefixime-tellurite
sorbitol MacConkey (CT-SMAC) agar for AE-STEC O157:H7 [18]. High levels of TeR of
AE-STEC is linked to the presence of a ter operon that comprises six genes (terA, terB, terC,
terD, terE, and terZ) and whose four variants (type 14) have been described [18,19].

The specific aims of this study were to: (i) detect the presence of the 70mel frag-
ment and of an intact ter operon in Belgian calf and human AE-STEC and EPEC O80:H2;
(ii) confirm the non-MF by calf AE-STEC and EPEC O80:H2 and identify their MIC to tellu-
rite; and (iii) perform a preliminary survey to assess these two properties to isolate AE-STEC
and/or EPEC O80:H2 from feces collected from healthy cattle in one slaughterhouse.

2. Materials and Methods
2.1. Escherichia coli O80 Strains

A total of 44 E. coli O80 isolated in Belgium were studied for MF and TeR: 10 AE-STEC
and 11 EPEC O80:H2 isolated from diarrheic < 3 month-old calves, 19 AE-STEC O80:H2
isolated from humans with (bloody) diarrhea and sometimes HUS, and four non-EPEC
non-STEC E. coli O80:H6 and O80:H45 isolated from healthy adult cattle in slaughterhouses
and in farms. All genome sequences are already available on the National Centre for
Biotechnology Information (NCBI), BioProjects PRINA606200 and PRJNA906740 [13,20,21].

The 40 calf and human AE-STEC and EPEC O80:H2 studied are classified into two
main lineages (L) in a Single Nucleotide Polymorphism (SNP)-based phylogenetic tree [13].
The L1 lineage is subdivided into four sub-lineages (SL): SL1.1 with eight calf EPEC and
five calf and human stx1a or stx2a AE-STEC, SL1.2 with 22 calf and human stx2d AE-STEC
and three calf EPEC, SL1.3 with one human stx2a AE-STEC, and SL1.4 with 2 calf stx2d
AE-STEC. The L2 lineage comprises two stxla AE-STEC isolated from the same calf in 1987.
The four E. coli O80:non-H2 are genetically not related to E. coli O80:H2 [21].

2.2. Genetic Studies
2.2.1. MF-Encoding mel Operon and the 70mel DNA Sequence

The DNA sequences of the three genes of the mel operon (melA, melB, and melR)
and of the 70mel fragment were obtained from the genome sequences of the E. coli K-
12 MG1655 laboratory strain (BioProject accession number SAMN13412807) and of the
AE-STEC O80:H2 RDEx444 strain (BioProject accession number SAMNO08915508), respec-
tively [15]. The detection of the mel operon and of the 70mel DNA fragment in the
44 E. coli O80 strains was performed using the Basic Local Alignment Search tool for DNA
comparison (BLASTN). The cut-off values were >90%, as much for the query coverage
rate than for the percentage identity (https:/ /blast.ncbi.nlm.nih.gov /Blast.cgi; accessed on
25 January 2023).

2.2.2. Tellurite Resistance-Encoding ter Operon

The original DNA sequences of the six genes of the ter operon (terA, terB, terC, terD,
terE, and terZ) were obtained from the genome sequence of the AE-STEC O157:H7 Sakai
strain (Bioproject accession number SAMNO01911278) [19] and of the six genes of each of the
four types of the ter operon from the BioProject PRJDB10561 [22]: NZ_CP02355.1 (ter-typel);
MH208235.1 (ter-type2); NZ_CP027591 (ter-type3); CP0232000.1 (ter-type4). The detection
of the ter operon and of the four ter-types in the 44 E. coli O80 strains was also performed
using BLASTN with the same query coverage rate and percentage identity (>90%) as
for the mel operon and 70mel DNA sequence (https://blast.ncbi.nlm.nih.gov/Blast.cgi;
accessed on 31 October 2023).
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2.3. Phenotypic Assays

The 21 calf E. coli O80:H2 and the four bovine E. coli O80:non-H2, but not the 19 human
AE-STEC O80:H2 were phenotypically studied.

2.3.1. Melibiose Fermentation

The 25 calf and bovine E. coli O80 strains were streaked on MacConkey agar (Fisher
Scientific, Bruxelles, Belgium) plates containing 10% D(+)-melibiose monohydrate (Thermo
Scientific, Geel, Belgium), as described elsewhere [15]. MF was read after overnight growth
at 37 °C.

2.3.2. Potassium Tellurite Minimal Inhibitory Concentrations

The MIC of the 25 calf and bovine E. coli O80 strains to tellurite were determined
by the two-fold dilution method in 96-well micro-titre plates (VWR International, Leu-
ven, Belgium) in Mueller-Hinton broth (VWR International, Leuven, Belgium) in pres-
ence of potassium tellurite (K,TeO3) (SIGMA-ALDRICH Chemistry, Overijse, Belgium)
(256 pg/mL to 0.5 ug/mL) and of bromocresol purple as pH indicator (SIGMA-ALDRICH
Chemistry, Oversijse, Belgium). After overnight incubation at 37 °C with shaking, the
MIC of each strain was determined by observation of color change in the wells containing
potassium tellurite (Figure 1). One E. coli O157:H7 strain of the Bacteriology laboratory
collection harboring the six ter genes (terA, terB, terC, terD, terE, and terZ) and the E. coli
K-12 DH10B laboratory strain lacking those genes, as determined by specific PCR, were the
positive and negative controls, respectively [16,17,23].

2562 128 64 32 16 8 4 2 1 0.5

Figure 1. Minimal Inhibitory Concentration (MIC) determination to potassium tellurite in presence
of bromocresol purple as a pH indicator. The change of color from yellow-orange to dark purple
marks bacterial growth and by deduction the MIC (one strain per row). ! C+: positive growth control
(column 1); C-: negative growth control (column 2). 2 Potassium tellurite concentrations (ug/mL) in
columns 3 to 12.
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2.4. Detection Limit of E. coli O80:H2 in Fecal Material in Presence of Potassium Tellurite

Two EPEC and AE-STEC O80:H2 with different MIC to potassium tellurite were grown
overnight in lauryl-sulfate enrichment (LSE) broth for enterobacteria (VWR Life Science,
Leuven, Belgium). Ten-fold dilutions were performed to obtain bacterial concentrations
ranging from 108 to 102 CFU per mL, as previously described [24]. One mL of each ten-
fold dilution was added to eight mL of LSE broth containing two ug/mL of potassium
tellurite along with one g of an O80 PCR-negative fecal sample. One g of the same fecal
sample was added to nine mL of un-inoculated LSE broth containing two pg/mL of
potassium tellurite, as a negative control. After overnight growth at 37 °C with shaking,
total DNA was extracted from two mL of each LSE broth and tested with the O80 PCR, as
previously described [21].

2.5. Attempts to Isolate of AE-STEC and EPEC O80:H2 from Bovine Fecal Samples

One g of 96 fecal samples collected in July 2023 from the rectum of healthy adult cattle
at one slaughterhouse in the province of Liege, Belgium were distributed in nine mL of
two LSE broths, one containing two pug/mL of potassium tellurite, as in Section 2.4. O80
PCR-positive LSE broths and colonies were identified as previously described, except that
only mel-MAC agar plates were used to streak the O80 PCR-positive LSE broths. O80
PCR-positive colonies were PCR tested for the fliCp, gene encoding the H2 antigen and
080:H2-positive colonies, if any were genome sequenced for additional typing [21].

3. Results
3.1. Genetic Analysis

All 40 calf and human AE-STEC and EPEC O80:H2 strains harbored the 70mel DNA
sequence, but not the mel operon, while the mel operon, but not the 70mel DNA sequence
was detected in the four bovine E. coli O80:non-H2 strains (Table 1).

The six genes of the ter operon were detected and identified to ter-type 1 in the
three calf stxIa AE-STEC, in the five human stxIa or stx2a AE-STEC and in eight of the
11 calf EPEC O80:H2 belonging to L1/SL1.1, L1/SL1.3 and L2 (Table 1). A ter operon
was also detected and identified to ter-type 3 in three of the 14 human stx2d AE-STEC
belonging to L1/SL1.2. Conversely, no ter operon could be detected in any of the remaining
seven calf stx2d AE-STEC, 11 human stx2d AE-STEC and three calf EPEC, belonging to
L1/SL1.2 and L1/SL1.4 (Table 1). The ter operon was not detected in the four bovine E. coli
080:non-H2 strains.
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Table 1. Melibiose fermentation and tellurite resistance of the 44 calf and human E. coli O80 according to their classification in (sub-)lineages in a Single Nucleotide
Polymorphism (SNP)-based phylogenetic tree, and detection of the iha gene.

X Melibiose Fermentation Tellurite Resistance "
S, . (Sub-)Lineage No. iha Gene
Serotype ! ource © Virulotype ! mel Operon 70mel DNA Melibiose ter Type Operon Te** MIC 1 & o 12
(No. Strains) 2 2 3 24 s (L/SL) Strains (WGS)
(WGS) Sequence (WGS) McConkey (WGS) ~ (ug/mL)
>256 1
256 4
+ (t1) ——-——— L1/SL1.1 +
eaed - + - 128 2
8 1
Calves (21) - 2 L1/SL1.2 3 -
L1/SL1.1 1
eaed stxla - + - + (t1) >256 3 +
080:H2 L2 2
L1/SL1.2 5 -
eaed stx2d - + - - 2
L1/SL1.4 2
eaeC stxla - + ND + (1) ND L1/SL1.1 3
L1/SL1.1 1
eae stx2a - + ND + (t1 ND +
Humans (19) ¢ ) L1/SL1.3 1
+ (t3) 3 -
eaeC stx2d - + ND — X ND L1/SL1.2 1
0O80:non-H2  Bovines - + - + - 2-4 - 4 -

1 from reference [13]. 2 operon/DNA sequence/gene detected (+) or not (-) after Whole Genome Sequencing (WGS). 3 melibiose fermentation (+) or not (-) after overnight growth at
37 °C on mel-MAC agar plates; ND: not done. 4 + (t1): the ter-type 1 operon was detected with >99.9% homology; + (t3): the ter-type 3 operon was detected with >99.9% homology.
5 Te** MIC: Minimal Inhibitory Concentration of potassium tellurite; ND: not done.® stxla AE-STEC EH2282 strain was erroneously referred to as stx2a in Figure 1 of reference [13].
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3.2. Phenotypic Assays

None of the 21 calf AE-STEC and EPEC O80:H2 studied fermented melibiose on
mel-MAC agar plates after overnight incubation at 37 °C (Table 1), in contrast to the
four E. coli O80:non-H2 strains.

Regarding the MIC to potassium tellurite, the E. coli O157:H7 strain (positive control)
had a MIC > 256 pg/mL, while the E. coli K-12 DH10B laboratory strain (negative control)
had a MIC of one ug/mL. Of the 11 calf ter-type 1-positive stxla AE-STEC and EPEC,
10 had a very high MIC (>128 ug/mL), while one EPEC had an intermediate MIC
(eight pg/mL) (Table 1). Conversely, the 10 calf ter-negative stx2d AE-STEC and EPEC had
low MIC (one-two pg/mL), like the four ter-negative E. coli O80:non-H2 (two-four ug/mL)
and the negative control.

3.3. Detection Limit of E. coli O80:H2 in Bovine Fecal Material

One high MIC stx1a AE-STEC (MIC > 256 pg/mL) and one low MIC EPEC O80:H2
(MIC = two ug/mL) were chosen for this study. After overnight growth at 37 °C, the
six enrichment broths inoculated with the highest concentrations of the stxla AE-STEC
tested positive with the O80 PCR. On the other hand, no positive amplification results were
obtained with the seven enrichment broths inoculated with the EPEC and the negative
control enrichment broth.

3.4. Attempts to Isolate AE-STEC and EPEC O80:H2 from Bovine Fecal Samples

After overnight growth at 37 °C in the presence or not of two ug/mL of potassium
tellurite, 11 of the 96 (11.5%) enrichment broths (six with and five without tellurite) tested
positive with the O80 PCR and were streaked on mel-MAC agar plates. After overnight
growth at 37 °C, 13 of the 42 non-MF colonies picked-up (10 from tellurite-containing
broths and three from tellurite-non-containing broths) tested positive with the O80 PCR,
but none with the H2 PCR.

4. Discussion

Healthy cattle are the main reservoir of the major and several minor AE-STEC
serotypes worldwide [1,25]. Nevertheless, the majority of the attempts using non-selective
procedures to isolate AE-STEC O80:H2 from healthy cattle at slaughterhouses and from
healthy cows and calves in farms have failed [8,9,14,21,26-28].

Even if E. coli O80 were identified like previously [21], no AE-STEC or EPEC O80:H2
could be recovered during this preliminary survey using a selective procedure based on
non-MF and TeR. The reasons for these unsuccessful results can be several: (i) bovine AE-
STEC and/or EPEC O80:H2 ferment melibiose and/or are sensitive to potassium tellurite;
(ii) AE-STEC and/or EPEC O80:H2 are present in (very) low numbers in feces from healthy
cattle; (iii) healthy cattle are not the primary reservoir of AE-STEC and/or EPEC O80:H2;
(iv) the sizes of the samples during the different surveys are too small.

MF is not one of the reasons since the results of the genetic and phenotypic studies are
straightforward and identical to those previously obtained on French human AE-STEC [15]:
all tested Belgian calf and human EPEC and AE-STEC O80:H2 harbor the 70mel DNA
fragment, but not the mel operon and no calf AE-STEC or EPEC ferment melibiose on
mel-MAC agar plates.

In contrast, tellurite sensitivity is one reason, at least in part. Indeed, if all but
one calf and human AE-STEC and EPEC belonging to L1/SL1.1, L1/SL1.3, and L2
(16 strains) harbor a ter-typel operon, none of the calf and human AE-STEC and EPEC
belonging to L1/SL1.2 and L1/SL1.4 (24 strains) do and only three human stx2d AE-STEC
harbor a ter-type3 operon (Table 1). In agreement with the genetic results, all but one of the
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11 ter-type 1-positive calf AE-STEC and EPEC tested have MIC > 128 pg/mL, while the
10 ter-negative calf AE-STEC and EPEC tested have low MIC (one-two pug/mL) (Table 1).
Lower MIC of ter-positive E. coli, like of the calf EPEC (MIC = eight ug/mL) have already
been observed with some AE-STEC strains within the same serotype [16].

A second reason to explain the failure of isolating AE-STEC and EPEC O80:H2 from
healthy cattle is that their numbers in feces do not reach the detection limit even after
overnight growth, because their ecological niche would not be, in contrast to AE-STEC
0157:H7, the recto-anal junction, but small or large intestinal segments, similarly to some
other major serotypes, like O26:H- [25,29,30].

A third possible reason is that healthy cattle are not the primary reservoir of AE-STEC
and/or EPEC O80:H2, in contrast to the major AE-STEC serotypes [1,25]. Not only other
domestic and wild ruminants like sheep, goat, or deer, but also non-ruminants (pigs, wild
boars), or even humans may represent their actual primary reservoir, like for some other
AE-STEC serotypes [9,31].

Finally, the limited sizes of the fecal samples taken at slaughterhouses and farms,
including in this study, could also explain the scarcity of positive isolation of AE-STEC and
EPEC O80:H2 [8,9,14,21,26-28], especially since infections in humans and in calves tend to
be sporadic [8,9,12,13].

Whatever the actual reason, these results imply that potassium tellurite cannot be
used as a selective agent for the isolation of the great majority of AE-STEC O80:H2. This
assumption is supported by the observation that two pg/mL potassium tellurite-containing
enrichment broths inoculated with all but the lowest CFU concentration of the high MIC
(>256 pug/mL) stxla AE-STEC test positive with the O80 PCR after overnight growth, while
all enrichment broths inoculated with the low MIC (two ug/mL) EPEC do not.

Besides those results, an interesting parallel observation is the simultaneous pres-
ence/absence of the ter-typel operon (this study) and of the iha gene [13] in all but two calf
and human AE-STEC and EPEC (Table 1). The two exceptions are the calf stx2d AE-STEC
of L1/SL1.4 harboring the iha gene but no ter operon. Conversely, the iha gene was not
detected in the three human stx2d AE-STEC of L1/SL1.2 harboring a ter-type 3 operon. The
Tha (after IrgA Homologue Adhesin) adhesin protein is homologous of the Iron Regulatory
Gene A (IrgA) adhesin of Vibrio cholera and may play a role in the intestinal colonization by
AE-STEC O157:H7, although this has not been definitely demonstrated yet [32,33]. This
simultaneous presence/absence of the ter-type 1 operon and of the iha gene is probably
linked to their association with the prophage-like SpLE-1-like element (SpLE-1), one ap-
proximately 90 kbp prophage-like element initially identified in the AE-STEC O157:H7
Sakai strain [19,22,34-37]. Future genomic and phenotypic studies would help to confirm
this hypothesis and, hopefully, to understand actual reasons, such an association between
genes coding for heavy metal resistance and putative virulence factor.

5. Conclusions

As far as AE-STEC and EPEC O80:H2 are concerned, the selective isolation procedure
based on non-MF and TeR may help to isolate most stx1a and stx2a AE-STEC and EPEC,
but not stx2d AE-STEC that are not TeR.

Nevertheless, future surveys will be worth performing using either selective with
different antibiotics, or non-selective procedures with fecal samples and /or samples taken
from different intestinal segments (when possible) not only of healthy cattle in slaughter-
houses and farms but also of other domestic and wild animal species in European countries
and even of healthy humans [31,38,39].
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Finally, future genome and phylogenetic analysis of more AE-STEC and EPEC O80:H2
from calves, humans and other sources should help to decipher and understand the
molecular evolution of the different (sub-)lineages of this still emerging serotype.
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PART 2: Confirmation by whole genome sequencing analysis of the distribution
and intermixing of human and calf AE-STEC and EPEC O80:H2 in a Single
Nucleotide Polymorphism (SNP)-based phylogenetic classification, of the identity
and distribution of the virulence-associated genes, including the differences in
pS88 plasmid gene profiles, and of the localization of different virulence-associated

genes in two calf sex2f AE-STEC O80:H2.

FOREWORD

In Europe, AE-STEC O80:H2 has been reported as the second or third leading cause
of HUS, alongside O157 and 026 (EFSA, 2021, 2022, 2023). Due to their specific pS88
plasmid encoding putative virulence genes of EXPEC, AE-STEC O80:H2 also contribute
to systemic infections such as septicaemia and bacteraemia (Peigne et al., 2009; Soysal
etal., 2016; Wijnsma et al., 2017). In Belgium, AE-STEC and EPEC O80:H2 strains from
humans and calves are genetically close at the SNP level, with a specific gene profile
particularly involving the presence/absence of two pS88 plasmid virulence-associated

genes (etsC and iucC) and of two other genes (cma and iha) (Habets et al., 2021).

The aim of this study was to confirm the phylogenetic classification of the
population of AE-STEC and EPEC O80:H2 by analysing more strains isolated from
humans and calves in Belgium and to analyse the complete genomes of two calf stx2f AE-
STEC with different virulotypes, to characterize the localization of several virulence-
associated genes, including stx2f, and other genes, including cma and iha, after long read

sequencing.

The re-constructed maximum likelihood tree showed that 96% of the total 129 AE-
STEC and EPEC O80:H2 strains were distributed into two major sub-lineages, as
previously reported by Habets and collaborators (Habets et al., 2021): L1/SL1.1 (“EPEC
lineage”) and L1/SL1.2 (“AE-STEC lineage”). All but one strains consistently harbored
T3SS-encoding genes (non)-LEE and (eael, espA, espB, espF, tir/nleA, nleB, nleC) and
pS88-associated genes (hlyF, ompTp, iss, iroN, and sitA). However, the etsC and iucC
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genes were predominantly found in LI1/SL1.2 strains, while they were almost
undetectable in L1/SL1.1 strains. Conversely, the cma and iha genes were frequently
observed in L1/SL1.1 strains and not in L1/ SL1.2 strains. The fer resistance operon was
also much more frequently identified in L1/SL1.1 strains and not in L1/SL1.2 strains. The
simultaneous presence/absence of the iha gene and ter operon is probably linked with
their association on the Sakai Prophage-like element 1 (SpLE1) (Bielaszewska et al.,

2011; Hayashi et al., 2000).

The complete genome sequences of the two calf stx2f AE-STEC strains belonging
to L1/SL1.1 and SL1.2 respectively showed both similarities and differences; one of the
duplicated Stx2f phage was integrated into another prophage genome, which itself was
integrated into the chromosome. The LEE were identical, and both strains harboured one
pS88 plasmid. Nevertheless, the etsC and iucC, but not the cma genes were detected and
located on the pS88 plasmid in the stx2f AE-STEC O80:H2 belonging to L1/SL1.2, while
only the cma genes was detected and also located on the pS88-like plasmid in the stx2f
AE-STEC O80:H2 belonging to L1/SL1.1. The iha gene and fer operon were also
detected in the stx2f AE-STEC O80:H2 belonging to L1/SL1.1, but not in the stx2f AE-
STEC O80:H2 belonging to L1/SL1.2.

These findings confirm population structure and the genetic characteristics of
Belgian human and calf AE-STEC and EPEC O80:H2. It suggests that the differences in
the gene profiles between AE-STEC and EPEC O80:H2 were influenced by their
chromosomal and plasmid localization. Moreover, the analysis of STX2f phage
emphasizes the need for further studies to elucidate the evolutionary dynamics and

clinical implications of AE-STEC and EPEC O80:H2 strains.
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Abstract

Attaching-effacing and Shiga toxin-producing Escherichia coli (AE-STEC)
serotype O80:H2 has emerged as a significant public health concern in Europe, ranking
as the second or third leading cause of hemolytic uremic syndrome (HUS) alongside O157
and 026 (EFSA, 2023). These strains possess the pS88 plasmid, which encodes putative
virulence genes also associated with extraintestinal pathogenic E. coli (ExPEC),
contributing to severe systemic infections such as sepsis and bacteremia. In Belgium, AE-
STEC and Enteropathogenic E. coli (EPEC) O80:H2 from humans and calves exhibit
high genetic similarity at the SNP level, with specific virulence gene profiles involving

etsC, iucC, cma, and iha genes.

This study aimed to perform the phylogenetic classification of AE-STEC and EPEC
0O80:H2 from humans and calves in Belgium by analyzing additional isolates and
investigating the complete genomes of two calf s&x2f AE-STEC using long-read
sequencing. Phylogenetic analysis confirmed the division of 96% of AE-STEC and EPEC
080:H2 strains into two primary sub-lineages: L1/SL1.1 and SL1.2. Genes encoding type
III secretion system (eaeé, espA, espB, and tir) and pS88-associated virulence genes (hlyF,
iroN, iss, ompTp, and sitA) were widely conserved across both sub-lineages. However,
the differences in virulence gene distribution were noted: L1/SL1.2 strains predominantly
carried etsC and iucC genes, while L1/SL1.1 strains frequently harbored cma and iha

genes.

Comparative genomic analysis revealed that the two stx2f AE-STEC O80:H2
carried STX2f phages, pS88-like plasmid respectively, and Sakai prophage-like element
(SpLE) 1 in SES0057 strain belonging SL1.1. Duplicated phages within other prophage
elements were found in both strains, suggest a unique prophage structure which may play
a role in promoting the diversity and evolution of virulence factors in AE-STEC and
EPEC strains. Subsequently, the pS88-like plasmid with distinct virulence gene profiles
was confirmed. In L1/SL1.2, the etsC and iucC genes were plasmid-localized, while in
L1/SL1.1, only the cma gene was pS88 plasmid-associated. Finally, the simultaneous
presence of the iha gene and fer operon were linked to the SpLE1 in L1/SL1.1, which

suggested that sub-lineage-specific gene loss or acquisition may have occurred. These
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findings confirm the distinct phylogenetic population structure and genetic characteristics
of Belgian AE-STEC and EPEC O80:H2, which emphasize the impact of chromosomal
and plasmid localization on virulence gene profiles. Further study of more comprehensive
genome study, including the pathogenicity and host adaptation would be needed, and
important for public health risk assessment not only in European countries but also

worldwide.
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1. Introduction

Enterohemorrhagic Escherichia coli (EHEC) is one of the most important
pathogenic bacteria causing life-threatening human diseases, like Hemorrhagic Colitis
(HC) and Hemolytic-Uremic Syndrome (HUS) worldwide. Although the abbreviated
name EHEC has been prevalent for many years, it can today be referred to as 'AE-STEC’,
because EHEC produce both the Shiga toxins (Stx) of Shigatoxigenic E. coli (STEC) and
the Attaching-Effacing lesion (A/E lesion) of enteropathogenic E. coli (EPEC), as major
pathogenic factors (Piérard et al., 2012). Among these AE-STEC, seven serotypes are
recognized as highly pathogenic (026:H11, O103:H2, O111:H-, O121:H19, O145:H28,
0165:H25, and O157:H7), known as the ‘gang of seven’, and are given priority in routine
diagnostic procedures in many countries due to their impact on human health (Karmali,

1989; Tozzoli and Scheutz et al., 2014).

In the early 2010s, the serotype AE-STEC O80:H2 began to emerge in France and
is today, recognized as a frequent HUS-associated serotype in Western European
countries (EFSA, 2023; Soysal et al., 2016). AE-STEC O80:H2 have indeed also been
isolated and reported in Switzerland, Italy, the Netherlands and Belgium (De Rauw et al.,
2019; Gigliucci et al., 2021; Niiesch-Inderbinen et al., 2018; Rodwell et al., 2021). In
Europe, AE-STEC O80:H2 has become one of the top five causative organism of HUS,
indicating its increasing frequency (EFSA, 2023). In addition to HC and HUS, AE-STEC
O80:H2 are also responsible for invasive infection and internal organ colonization
(Mariani-Kurkdjian et al., 2014; Soysal et al., 2016). In addition, AE-STEC and EPEC
080:H2 have also emerged in young diarrheic calves in Belgium since 2016 and 2009
respectively, although invasion has only very rarely been reported (Thiry et al., 2017;
Habets et al., 2021).

Genomic analyses have been conducted on human and calf AE-STEC and EPEC
080:H2 in those different countries (Bruyand et al., 2019; Cointe et al., 2018; De Rauw
et al., 2019; Gigliucci et al., 2021; Habets et al., 2021; Niiesch-Inderbinen et al., 2018).
All AE-STEC and EPEC O80:H2 studied belong to the MultiLocus Sequence Type 301
(ST301), a member of the Clonal Complex 165 (CC165) and contains the rare eae gene

encoding the intimin adhesin involved in the production of the A/E lesion and located on
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the LEE (after Locus of Enterocyte Effacement) pathogenicicity island. AE-STEC
080:H2 also harbor different stx genes (stx/a, stx2a, stx2d, and stx2c) encoding Shiga
toxins that are located on bacteriophages (Cointe et al., 2018; Mariani-Kurkdjian et al.,
2014). Moreover, their great majority harbor one virulence-associated plasmid, the pS88
plasmid, previously identified in Neonatal Meningitis E. coli (NMEC) and Avian
pathogenic E. coli (APEC) (Peigne et al., 2009). This plasmid indeed carries genes
associated with invasiveness properties (Blanco et al., 2004; Peigne et al., 2009; Soysal
et al., 2016) coding for: iron uptake systems including aerobactin and salmochelin
siderophores (iutd, iucA,B,C, D; sitdA, B,C, D; iroB,C,D,E,N; etc), increased serum
survival (iss), an outer membrane protein (ompTp), the avian hemolysin (hlyF), colicins
V and la (cva 4,B,C and cia ..), and presumptive type | secretion system (ets4,B,C). A
pS88-like plasmid was also identified in the human AE-STEC O80:H2 RDEx444 strain
under the name of pR444 A plasmid that not only encodes the invasiveness properties of
the pS88 plasmid, but also carries antibiotic and antiseptic resistance genes grouped on

one integrated resistance cassette.

Human and calf AE-STEC and EPEC are also similar regarding the presence of
LEE-located and non-LEE-located genes coding for a Type I1I Secretion System and Type
IMI-secreted effectors also involved in the production of the A/E lesion, and of several
chromosome and other plasmid-located genes coding for putative virulence factors, like
the enterohemolysin (Ehly) and different adhesins, and for bacteriocins (Habets et al.,

2021).

In addition to having very similar virulotypes and gene profiles, the 52 Belgian
human and calf AE-STEC and EPEC studied by Habets and collaborators (Habets et al.,
2021) are very closely related and even mingle in Single Nucleotide Polymorphism
(SNP)-based phylogenetic trees forming two main lineages (L1 and L2). Most isolates
belong to L1, which comprises four sub-lineages (SL). L1/SL1.1 and L1/SL1.2 account
for the majority of strains with difference in the distribution of pathotypes: L1/SL1.1 was
defined as 'EPEC', while L1/SL1.2 was as 'stx2d AE-STEC' lineage (Habets et al., 2021).
Such a classification was recently confirmed for French and Belgian human and calf AE-
STEC by Soleau and collaborators who, however, did not include calf EPEC in their

phylogenetic tree (Soleau et al., 2024).
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Nevertheless, the AE-STEC and EPEC O80:H2 have different gene profiles
dpending on their place in L1/SL1.1 or L1/SL1.2, with regard to not only two pS88-
located genes (iuc/iut and ets genes), but also two genes located either on the Sakai
prophage-Like Element 1 (SpLE1) in AE-STEC O157:H7 Sakai strain (iha gene coding
for an Iron regulated gene <irg> Homologue Adhesin, subtype ika epro33 ; Colello et al.,
2019) or on another plasmid (cma gene coding for the colicin M ; Kock et al., 1987). The
majority of stx2d AE-STEC and of EPEC belonging to L1/SL1.2 harbor the former
(iuc/iut and ets) but not the latter (i4a and cma) genes, whereas the majority of EPEC and
of stxla or stx2a AE-STEC belonging to L1/SL1.1 have the opposite gene profile (Habets
etal., 2021).

Bacterial species interact with each other to acquire virulence factors via horizontal
gene transfers, like the pS88 plasmids and the Stx phages, respectively. Plasmid transfer
by cell-to-cell contact is called conjugation, while phage trasnfer is called transduction
(Landy and Ross, 1977; Schmidt et al., 1999; Virolle et al., 2020). Recently, thanks to
long read sequencing technology, the genome structures of plasmids and bacteriophages
can today be visualized. However, since few study reports using long read sequencing
technology have been published yet, the complete genome structure of AE-STEC and
EPEC 080:H2, including the pathogenicity islands like the LEE, the phages like the Stx
and the prophage-like elements like SpLE-1, and the different virulence-associated
plasmids like the pS88 and pO157 plasmids are poorly understood, compared to different
major AE-STEC and EPEC serotypes (Cointe et al., 2018; Habets et al., 2022).

Therefore, the purpose of this study was two-fold: 1) extending the number of
Belgian human and calf AE-STEC and EPEC O80:H2 sequenced to confirm, or not the
results published by Habets and collaborators (Habets et al., 2021) regarding not only the
distribution and profiles of the virulence-associated genes (virulotypes) but also the
population structure and genetic relationship in a Single Nucleotide Polymorphism
(SNP)-based phylogenetic tree; and ii) identifying and comparing the actual distribution
of several identified genes on pathogenicity islands, plasmids and prophages(-like
elements) in two newly identified calf stx2f AE-STEC O80:H2 belonging to L1/SL1.1
and L1/SL1.2, respectively, after long read sequencing.
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2. Materials and methods
2.1 E. coli Strains

A total of 129 Belgian E. coli O80:H2 isolates were analyzed, comprising 88 calf
and 41 human isolates. Of them, 50 isolated between 2008 and 2019, and two isolated in
1987 (33 AE-STEC and EPEC from diarrheic calves and 19 AE-STEC from humans)
were previously sequenced and published (De Rauw et al., 2019; Habets et al., 2021) with
the BioProject PRINA606200. The remaining 77 (55 from diarrheic calves and 22 from
humans) strains were new isolates from 2018 to 2024, as well as previously
uncharacterized isolates between 2009 and 2014, but still un-sequenced and unpublished,
with the exceptions of two AE-STEC isolated from diarrheic calves in 2019 (see study 4)
with BioSample accession numbers, SAMN35130764; SAMN35130765, respectively.
The calf AE-STEC and EPEC were isolated from fecal and/or internal organ samples
from diarrheic and/or septicemic calves (< three months old) after overnight growth on
Entero-Haemolysin (EHly) blood agar plates at the Association Régionale de Santé et
d’ldentification Animale (ARSIA, Ciney, Belgium) following the methodology already
described (Habets et al., 2021). Three colonies were subsequently tested with PCR for the
wzyO80 and fliCH2, for the eael gene and for the presence of stx/ or stx2 genes. O80 and
H2 antigen PCR-positive colonies were subsequently genome sequenced by using two
[llumina instruments (MiSeq and NovaSeq) to confirm the PCR results, identify the other

genes present and perform the single nucleotide polymorphism (SNP) analysis.

Five E. coli non-O80:H2, one O80:H19 and four O80:H26, were used to root the

phylogenetic tree.

All Accession number of Belgian O80:H2 and O80:nonH2 strains used for this
study are listed in Table 2 (see STUDY 3 Annexe)

2.2 Virulotyping and Phylogenetic analysis

The virulence(-associated) genes of the remaining 77 new isolates were detected
101



RESULTS

as previously (Habets et al., 2021), by VirulenceFinder 2.0 (%ID threshold 85%,
minimum length 60%) available from the Center for Genomic Epidemiology
(https://cge.food.dtu.dk/). The phylogenetic analysis was conducted to investigate the
evolutionary relationships among the 129 Belgian calf and human AE-STEC and EPEC
080:H2 strains. A total of 4,165 SNP sites were identified from the PP/IE-free and
recombination-free chromosome conserved core genome sequence (3,677,600 bp) by
Gubbins (v3.3.0) and the Nucmer program part of the MUMmer package (v3)
(Croucher et al., 2015; Kurtz et al., 2004) using two human stx2d AE-STEC O80:H2
strains from USA (strain 2013C-4991) and France (strain RDEx444) for comparison
(Cointe et al., 2018; Patel et al., 2018). The GenBank accession numbers for these two
strains are CP027355 to CP027358 and QBDM01000001.1to QBDMO01000004.1,

respectively.

Maximum Likelihood (ML) tree was constructed using RAXML (v8.2.12) based
on the identified Single Nucleotide Polymorphism (SNP) sites (Stamatakis et al., 2006).
The tree was rooted by the five non-O80:H2 strains, one O80:H19 and four O80:H26.
Finally, MLtree was displayed by FigTree (v1.4.4,
http://tree.bio.ed.ac.uk/software/figtree/) and iTOL (https://itol.embl.de/ ; Letunic and
Bork, 2021)

2.3 Genome assembly and annotation of two calf stx2f AE-STEC

The workflow was performed to achieve high-quality genome assembly for the
two stx2f AE-STEC O80:H2 strains. DNA purification was performed by Genomic-tip
100/G (Qiagen) and subsequently sequenced on a MinlON platform (Oxford Nanopore
Technologies) with R9.4.1 flow cells over a 24-48 h runtime (Nishida et al., 2021; Wick
etal., 2017). Base calling was performed by GUpPY (v6.5.7: Oxford Nanopore
Technologies, https://nanoporetech.com/). After FASTQ file generated, raw long reads
were trimmed using Porechop (https://github.com/rrwick/Porechop) with default
parameters and filtered with NEHOREM (v2.8.0), with a threshold of >3 kb and a quality
score of >10 (De Coster et al., 2018). The previous short reads obtained from Illumina

sequencers for these two strains were trimmed by @@ (v3.2.2-1) (Chuan et al., 2021).

Filtered long reads and trimmed short reads were assembled using the microPIPE
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pipeline (Murigneux et al., 2021) resulting in circularized genomes for strain SES0108,
including small plasmids. Since the chromosome of strain SES0057 was split into two
contigs, CiEGIAION (v1.5.5) was used for gap closure with long reads followed by
sequence correction with NEXEPONSH (v1.4.0) utilizing [llumina short reads (Hu et al.,
2020; Hunt et al., 2015). After complete genome sequences were obtained, gene
annotation was performed by DEBS (https://dfast.ddbj.nig.ac.jp/dfc/; Tanizawa et al.,
2016). Genome comparison was performed using GenomeMatcher (v3.10, with cut off

value > 70%), the software which graphically displays the results (Ohtsubo et al., 2008).

3. Results
3.1 SNP-Based Phylogenetic Analysis

Of the 129 isolates analyzed (excluding the SNP-reference USA strain 2013C-
4991 and comparison French strain RDEx444), 124 strains (96%) were classified in the
major sub-lineages L1/SL.1.1 (53 from calves and 7 from humans) and L1/SL1.2 (31
from calves and 33 from humans), previously defined (Habets et al., 2021). No
additional isolate was assigned to the minor (sub-)lineages (L1/SL1.3, L1/SL1.4) and to
L2. Of the 60 strains in L1/SL1.1, 46 (77%) were identified as EPEC. Similarly, of the
64 strains in L1/SL1.2, 51 strains (80%) were classified as AE-STEC. Of these, 41
strains (80%) carried the stx2d genes (Fig.1). The distribution trend of pathotype
between the two sub-lineages was maintained through the study period from 2008 to

2024 (Fig. 2).
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Figure 1. Distribution trends by (sub)-lineage of AE-STEC and EPEC O80:H2 isolated

from calf and human in Belgium. Bars indicate the total frequency of strains per
(sub-)lineage (L1/SL1.1, L1/SL1.2, L1/SL1.3, L1/SL1.4, L2), with colors representing
the source and stx profile: calf EPEC, calf AE-STEC, calf stx2d AE-STEC, human AE-
STEC, and human stx2d AE-STEC. Symbols denote specific cases: * indicates stx2f

strains; § indicates one eae-negative STEC; e indicates two foreign AE-STEC strains

(one stx2d 2013C-4991 from the USA and one stx2d RDEx444 from France).
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Figure 2. Maximum-likelihood (ML) tree consists of all Belgian AE-STEC and EPEC strains isolated from calf and humans, isolated in
1987 (L2), and from 2008 to 2024 (L1). Tree branches are colored by (sub-)lineage. Panels below the tree show information on country
of isolation, host origin (human or calf), eael and stx1/stx2 gene subtypes, presence or absence of etsC, iucC, cma, and iha, and
sequence type (ST301). Filled and open circles indicate complete genomes generated in this study (black) and from public databases

(clear), respectively.
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3.2 Genomic Ildentification and Prevalence of Virulence(-associated) Genes

All 129 calf and human AE-STEC and EPEC O80:H2 of this study belonged to
ST301. The presence or absence of the different virulence genes are described in Table 2

(see STUDY 3 Annexes).

3.2.1. Distribution of stx Gene Subtypes

The chronological distribution of the stx2 gene subtypes was as follows. The stx2d
gene was by far the most frequent and was consistently detected in 13 calf AE-STEC
strains from 2016 to 2020 and in human AE-STEC since 2008, demonstrating its
predominant presence over the study period. Conversely, the stx2a gene was detected
more sporadically: five calf strains in 2021 (3 strains) and 2023 (2 strains) and also five
human strains in 2013, 2016, and 2021 (1 strain each year), and in 2024 (2 strains). The
other stx2 gene detected was the stx2f gene, only in two calf strains isolated in 2010 and
2011. Regarding the stx/ gene subtypes, only the stx/a gene was identified in calf strains
isolated in 1987 (2 strains), 2018 (1 strain), 2019 (5 strains), and also in human strains,
one strain for each of the following years: 2011, 2015, 2018, 2019, and 2022 (Figs. 3a,
3b).
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Figure 3a. Frequency of stx subtypes among Belgian calf AE-STEC strains (n = 29)
isolated in 1987 and 2010-2023. The bar chart (left) shows yearly distribution by stx
subtype, color-coded as: blue (stx/a), red (stx2a), green (stx2d), yellow (stx2f), and gray
(sx2?). The pie chart (right) displays the proportion of each subtype, with numbers and

percentages indicated.

Belgian Human AE-STEC (n=41)

stxla (n=5)

stx2a (n=5)

Frequency

stx2d (n=31)

Figure 3b. Frequency of stx subtypes among Belgian human AE-STEC strains (n = 41)
isolated in 2008-2024. The bar chart (left) shows yearly distribution by stx subtype,
using the same color scheme as in Figure 3a. The pie chart (right) displays the

proportion of each subtype, with numbers and percentages indicated.
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3.2.2. Distribution of (Non)-LEE-Located T3SS- and T3-Secreted Effector-Encoding

Genes

Apart from the one human LEE-negative STEC isolated in 2024 (human stx2d
EHA4328), all calf and human AE-STEC and EPEC O80:H2 strains harbored the eael
gene and different LEE-located T3SS-encoding genes, including espA, espB, espF and
tir. Non-LEE-located genes nleA, nleB, nleC and espP genes were also detected in all or
most of the isolates (the human stx2a EH3661 lacked nleC gene). The espl, a T3SS
effector-encoding gene outside the LEE region, was identified in one calf EPEC
(EH3305) and 34% of human AE-STEC strains, but was not detected in any calf AE-
STEC strains. The cif and espJ genes were not detected in any of the 129 strains (Fig.
4a).

3.2.3. pS88 Plasmid-Associated Genes

Of the nine pS88 plasmid-associated genes, hlyF, iroN, iss, ompTp, and sitA were
present in over 90% of both calf and human AE-STEC and EPEC O80:H2 strains. Of the
colicin-encoding genes associated with the pS88 plasmid, the cia gene was detected in
the great majority of calf (83 % of EPEC and 97% of AE-STEC) and human AE-STEC
(98%) strains. Although the cvad gene was also detected in the great majority of calf
strains (93% of EPEC and 83% of AE-STEC), it was present in only in 46% of human
AE-STEC strains, indicating a slightly different distribution tendency between calf and
human strains (Fig. 4b).

The analysis of the distribution of the etsC and iucC genes between AE-STEC and
EPEC confirmed the gene profiling reported in the previous study (Habets et al., 2021).
The etsC and iucC genes were detected in 76% of calf AE-STEC and 83% of human AE-
STEC strains with the majority belonging to L1/SL1.2, whereas their detection rate in
EPEC strains belonging to L1/SL1.1 was lower at 20%. In addition, 78% of AE-STEC

strains with the etsC and iucC genes carried the stx2d gene.
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3.2.4. Other Putative Virulence- and Bacteriocin-Encoding Genes

In contrast to the etsC and iucC genes, the cma and iha genes were detected in 76%
of calf EPEC strains while their prevalence was much lower in calf (28%) and human
(12%) AE-STEC strains. Interestingly, the detection rate of the iha gene was different
between calf and human AE-STEC strains: approximately 40% in calf AE-STEC and
20% in human isolates (Fig. 4¢). The majority of AE-STEC strains in which the iha gene
was detected belonged to L1/SL1.1., like the EPEC strains. Moreover, the stx subtype of
iha-detected AE-STEC strains were stxla, stx2a, or stx2f, and the only stx2d strain
(EH3307) which belonged to L1/SL1.1 (Figs. 1 and 2; Table 2; see Annexes).

Finally, of the other putative virulence genes searched for, the ehx4 gene was
detected in all but one (EH2883) calf EPEC and AE-STEC strains and in all but two
(EH2436 and EH4328) human AE-STEC strains and the efa/ gene was identified in all
strains. Additional putative virulence genes, including gad (Glutamate decarboxylase),
mchB/C/F (Microcin), ast4 (Heat stable enterotoxin 1: EAST 1), cha (Colicin B), and
ireA (Iron-regulated outer membrane protein) were identified in several strains (Table 2;

see Annexes).
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Figure 4. Frequency of virulence-associated genes of calf and human AE-STEC and
EPEC O80:H2 in Belgium; (a) (Non)-LEE-located T3SS- and T3-secreted effectors-
encoding genes; (b) pS88 Plasmid-Associated Genes; (¢) etsC, iucC, cma, and iha
genes. Each color indicates calf EPEC (purple); calf AE-STEC (light green); human
AE-STEC (dark green).
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3.3 Complete Genome Analysis of the Two Calf stx2f AE-STEC
3.3.1 General Chromosome Analysis

After complementing long read sequencing of the two calf stx2f AE-STEC O80:H2
belonging to L1/SL1.1 (strain SES0057) and L1/SL1.2 (strain SES0108) (Figs. 1 and 2),
hybrid genome assembly revealed lengths of 5,348,840 base pairs for strain SES0057 and
5,305,731 base pairs for strain SESO0108. The detailed and general features of the
complete circular genomes comparison with RDEx444 (length of 5,256,050 base pairs)
are described in Fig. 5. Nucleotide sequence identity (described in sections 3.3.2 and
3.3.3) values were obtained using web BLASTN. Accession numbers and detailed

descriptions are provided in Table 2.

RDEx444 SES0057 SES0108

Genome size(bp)

Chromosome  57256,050 5,348,840 5,305,731

Plasmid_1 176,500 153,597 151,146
Plasmid_2 117,090 112,522 112,532
Plasmid_3 95,050 91,101 93,667
Plasmid_4 90,885
Plasmid_5 48,852
Plasmid_6 6,637

Figure 5. General features of the complete circular genomes of the two calf stx2f AE-
STEC O80:H2 and comparison with human stx2d AE-STEC RDEx444 (Cointe et al.,

2018). Genome sizes of chromosomes and plasmids are shown in base pairs.
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Figure 6. Whole-genome structure of the Locus of Enterocyte Effacement (LEE) region
identified in two calf stx2f O80:H2 strains, integrated into phe-tRNA. Genes are color-
coded by function as shown in the legend: effector proteins, regulators, Ces chaperones,
Esc secretion proteins, Sep secretion proteins, intimin, translocators, and hypothetical

proteins. The five LEE operons (LEE1-LEES5) are indicated by black arrow.

3.3.2. Virulotypes of Two Calf Stx2t AE-STEC 080:H2 Strains

The virulotypes of the two stx2f strains belonging to L1/SL1.1 (SES0057) and
L2/SL1.2 (SES0108) were compared based on the presence and localization
(chromosome, Plasmid 1, and Plasmid 3; see Figure 5, section 3.3.1 General

Chromosome Analysis) of virulence-associated genes of O80:H2 (Table 1).
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Table 1. Comparison of virulotype and its asscoiasted-genes and their genomic
localization in the two stx2f AE-STEC strains SES0057 (L1/SL1.1) and SES0108
(L2/SL1.2). Presence (+) or absence (—) of selected chromosomal- and plasmid-

encoding genes is indicated. Truncated genes are specified where applicable.

Localyzation Genes SES0057(L1/SL1.1) SES0108(L2/SL1.2)
eae and stx eael [stx2f
LEE located espA B ,F ,and tir
Chromosome Non-LEE located nled ,B,C
iha +
ter operon (terZABCDE ) +
iss, hlyF , iroN, and sitA
. cvad ,B,C  (colicinV) +
Plasmid 1 ) X .
- cia and imm (colicinla) - +
cma and cmi (colicinM) +
etsCliucC +
ehxA lespP lefal +
Plasmid_3 cia and imm (colicinla) +
+
cma and cmi (colicinM) (Truncated)

3.3.3. LEE and SpLE1

Both strains exhibited the integration of a Locus of Enterocyte Effacement (LEE)
of approximately 35 kbp in the phe-tRNA locus. The LEE region of two calf stx2f AE-
STEC consists of five operons (LEE1 to LEES) and carry classical LEE-located genes,
such as ler, ces, esc, tir, eael and T3SS-associated genes such as espA, espB, espD, and

espF' (Fig. 6, Table 2; see STUDY 3 Annexes).

In the case of strain SES0057, a Sakai prophage-like element (SpLEl) of
approximately 86,747 bp was identified. This element was inserted in the same ser-tRNA
locus as in AE-STEC Sakai O157:H7 and other major non-O157 AE-STEC serotypes
(e.g., O1l11 and O26). Moreover, the SpLE1 of strain SES0057 included the tellurite
resistance operon (terZABCDEF) and the IrgA homologous adhesin factor (i4a). When
comparing the genomes of SpLE1 of Sakai O157:H7 and of SES0057 O80:H2 strains,
homologous regions were limited to specific genes rather than being broadly conserved
across the entire element. Specifically, high sequence identity (95 to 100%) was observed
in certain genes such as xerC (coding for the integrase), iha, and in fer operon, whereas

large portions of the two SpLEl lacked detectable identity (Fig. 7). Conversely, no
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SpLE1-like element was detected on the chromosome of strain SES0108. The structures

of the Stx2f phages and of the pS88 plasmids of these two strains will now be detailed.

iha terZ,A,B,C,D,E and terF RNA

Gsonty D 1000 @ | [H[I]ﬂlllllﬂ](]ﬂ[DDDDDDD(]UD C[IIHHIDIIIII[BDIDH[D[D[D]HD?

Sakai 0157

(O157:H7) IGIDHDDDUCIHUDH]] U(]LUDHI:)[[I]]GHU 0 UHD[]]]H]]H]]IIIIII [l l]HUU[]]]HDDﬂ[ﬂDﬂHHWD_DD]Dﬂ]]HHD?

terZ,A,B,C,D,E and terF  iha

BLASTN identity(%)

.Integrase D Recombination-associated .Adhesin-associated .Microcin .Tellurite resistance Ut 80 8 0 8 e’

Figure 7. Comparative genomic structure and identity of the SpLE1-like elements
identified in AE-STEC SES0057 (O80:H2) and Sakai O157 (O157:H7). Shared
homologous regions are indicated by red bars, with color intensity reflecting BLASTN

identity (70-100%).

3.3.4. Stx2f-Converting Phages
3.3.4.1. Comparison Between SES0057 and SES0108

In both SES0057 and SES0108, two Stx2f phages; Stx2f-1 and Stx2f-2, each
approximately 42 kbp in size, were identified. These two phages showed almost 100%
identity within each strain and were therefore regarded as duplicated Stx2f phages (Fig.
8a). The two phages Stx2f-2 are integrated into tmRNA encoding ssr4 gene, while the
two Stx2f-1 are located upstream in the bacterial genomes and are integrated within

another prophage, itself located at the height of the thrW-tRNA locus (Fig. 8b).
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Figure 8. (a) Pairwise sequence comparison Stx2f phages in strain SES0057 and
SES0108: dot plots show pairwise alignments of two Stx2f phages (Stx2f-1 and Stx2f-
2) from each strain (SES0057 and SES0108) by BLASTN (> 99%). Diagonal lines
indicate homologous regions; (b) Schematic diagram of the genome structure on
chromosome level of the two Stx2f phages in SES0057 (L1/SL1.1) and SES0108
(L1/SL1.2). The integration sites, phage-associated genes (integrase-encoding genes,
stx2f genes, T3SS effector-encoding genes, cytolethal distending toxin-encoding genes),

and att sequences are indicated.

The Stx2f phage genomes of strain SES0057 and SES0108 were divided into three
regions (Fig. 9a):

(1) a first highly homologous region (> 99.5% identity),
(i1) a second poorly homologous region (< 70% identity)
(ii1) a third partially homologous region (from 70 to 99% identity).

The first highly homologous region (i) extended from the integrase-encoding gene

to the lysis-associated gene and included the stx2f gene.

The second poorly homology region (ii) was located after the lysis-associated genes
and mainly contained the phage morphogenesis-encoding gene clusters (phage terminase
subunit, prohead protease, DNA packaging, major capsid, major tail, and minor tail

genes...).
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The third partially homologous region (iii) corresponding to the terminal part of the
phage genome also contained morphogenesis genes (such as tail assembly, host
specificity protein, and tail fiber genes....). In addition, this region also contains some
virulence-associated genes: SES0057 possesses three nleG genes encoding T3SS
effectors, while SES0108 possesses the cdft4 and cdtB genes encoding a cytolethal
distending toxin (Figs. 8b, 9b). According to BLASTN search, these two cdf genes were
identical to those of CDT type 1. However, the cdtC gene, which normally occurs in the
cdtA—cdtB—cdtC cluster, was not detected in strain SES108. Interestingly, the second and
third genome regions of strain SES0057 were highly homologous (>99.7%) to a prophage
integrated near the #fc4 gene within the same strain SES0057, including the presence of

three nleG genes as well (Fig. 9c¢).

Moreover, Web BLASTN search for similar sequences of those virulence-
associated genes revealed that the cdtA4 and cdtB genes of strain SES0108 were identical
to those present in human stx2f STEC strains O145:H34, 0O63:H63, O157:H16 and other
Gram-negative bacteria like Escherichia albertii, and that the nleG genes of strain
SES0057 were identical to those of major (AE-)STEC serotypes O157:H7 and O26:H11
(Table 3; see STUDY 3 Annexes).

3.3.4.2. Comparison With The Stx2f Phages of Other STEC Serotypes

Subsequently, the genome comparison with Stx2f phages of other STEC serotypes
was performed: the Stx2f phage genome of SES0108 shared over 99.5% identity across
the entire genome with both Stx2f phages of two other STEC serotypes, O145:H34 and
063:H6 isolated from human stools. Logically, as observed in the previous section
(3.3.2.1), the second and third genome regions of strain SES0057 do not share high
homology with the corresponding genome regions of these other two s&x2f STEC

serotypes (Fig. 9b).
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Figure 9: Genome structure and comparison of stx2f phages. (a) Comparison between
two calf stx2f 080:H2 strains, SES0057 (O80:H2/SL1.1) and SES0108 (O80:H2/SL1.2),
showing three regions of high nucleotide identity (>99.5%), low nucleotide identity
(<70%), and partial nucleotide identity (from 70 to 99%); (b) Comparison of Stx2f phages
of AE-STEC 0O80:H2 with Stx2f phages from other STEC serotypes (O145:H34 and
063:H6) isolated from human stools; (c) Genomic structure of a prophage integrated into
the tfcA gene in strain SES0057 with a 99.7% homologous to the second and third regions
of the strain SES0057 Stx2f phage. BLASTN identity (70—100%) is shown by the color

scale of the alignment regions between genomes.
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3.3.5. PS88-Located and Other Virulence-Associated- and Bacteriocin-Encoding Genes

Both stx2f AE-STEC harbored a pS88 plasmid of 153,759 bp (strain SES0057) and
151,146 bp (strain SES0108), respectively. These plasmids included two replicons
(RepFIIA and RepFIB) and one Tra region with more than 30 F-pilus factor genes for
bacterial conjugation. Along with colicin V-encoding genes (cvaA/B/C operon), the
following ExPEC-associated genes were also detected on both plasmids: AlyF, iss,

iroN/B/C/D/E, ompTp, and sitA/B/C/D.

On the other hand, several differences were observed: the pS88 plasmid of strain
SES0057 lacked several virulence-associated genes: (i) the iut4 and iuc A/B/C/D genes
coding for iron uptake; (ii) the etsA/B/C genes for putative type I secretion system; (iii)
the cia gene coding for colicin la and the imm gene coding for the immunity protein.
Indeed, although VirulenceFinder 2.0 detected the cia and imm genes in strain SES0057
at the strain level (Table 2; see STUDY 3 Annexes), these colicin la-encoding genes
were absent from the pS88 plasmid of SES0057, which was contrary to expectation. In
addition, the pS88 plasmid of strain SES0057 carried the cma and cmi genes coding for
colicin M with 100% identity to the cma and cmi genes of APEC and ExPEC strains
(Table 3; see STUDY 3 Annexes), which was also contrary to expectation. In contrast,
the pS88 plasmid of strain SES0108 carried: (i) the iut4 and iuc A/B/C/D genes; (ii) the
etsA/B/C gene; and (iii) the cia and imm genes; but (iv) not the cma and cmi genes, as

expected since VirulenceFinder 2.0 did not detect them in SES0108.

The comparison between the two pS88 plasmids identified in strains SES0057 and
SES0108, the original pS88 plasmid of NMEC 045:K1:H7 strain S88 (CU928146) and
the pS88-like pR444 A plasmid (QBDMO01000004.1) of AE-STEC O80:H2 strain
RDEx444, also revealed that, like thepS88-like pR444 A plasmid of RDEx444, both
SES0057 and SES0108 pS88 plasmids carried additional genes conferring resistance to
tetracycline (tetd), trimethoprim (dfrA5), sulfonamide (sul2), B-lactam (blarem.is),
kanamycin (aph/3'/-1a), and streptomycin (strA and strB).

Moreover, two other plasmids which are present in strain RDEx444 were also

identified in both SES0057 and SES0108 strains, with >99 % identity (Fig. 11): the
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cryptic pR444 B plasmid (QBDMO01000003.1) and the pO157-like pR444 C plasmid
which harbour several genes coding for virulence factors and bacteriocins, e.g.
enterohemolysin (ehxA), serin protease (espP), and two of colicin-encoding genes
(colicinla: cia; colicinM: cma) (QBDMO01000002.1). The pR444 C-like plasmids of both
SES0057 and SES0108 carried the cia (colicin 1a) and imm (colicin 1a immunity protein),
the espP gene (serin protease), and the esxA (enterohemolysin) genes, but the katP
(catalase peroxidase) gene was absent. The detection of colicin la-encoding genes on
strain SES0057 by VirulenceFinder (Table 2; see STUDY 3 Annexes) can be explained
because they were not on the pS88 plasmid but on the pR444 C like plasmid. Furthermore,
in addition to the pS88 plasmid of SES0057, the pR444 C-like plasmids in the two calf
stx2f AE-STEC also carried the cma and cmi genes. However, in both strains, these cma
gene sequences were markedly shorter (285 bp) than the full-length cma gene (816 bp)
identified on the pS88 plasmid of SES0057(Fig. 11).

Tra locus
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Figure 10. Comparative genomic structure of the pS88 plasmids from NMEC
045:K1:H7 strain K88, from the two calf stx2f AE-STEC O80:H2 strains (SES0057 and
SES0108), and from the human stx2d AE-STEC O80:H2 strain RDEx444. Shared
homologous regions are indicated by connecting blocks, with BLASTN identity (70—
100%) shown by the color scale. Notable loci corresponding to pS88-associated genes
such as sitABCD, etsABC, iucABCD, iss, hlyF, ompTp, iroBCDEN, and bacteriocin

related (cvadABC, cia/imm, and cma/cmi) are annotated.
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Figure 11. Comparative genomic structure of the two additional plasmids identified in
stx2d AE-STEC strain RDEx444 and their counterparts in the two stx2f AE-STEC
080:H2 calf strains (SES0057 and SES0108): pR444 B-like cryptic plasmids (left) and
pR444 C pO157-like plasmid (right). BLASTN identity (>99%) is shown for aligned
regions. Genes are color-coded according to predicted functions, including integrase-
recombinase-, replication-, virulence factor-, phage morphogenesis protein-encoding

genes.
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4. Discussion

The pathogenicity of AE-STEC and EPEC serotypes depends on genes located on
mobile genetic elements (MGE), such as pathogenicity islands (e.g. the LEE), prophages
(e.g. the Stx-converting phages) and plasmids (e.g. pO157 and pS88), that also contribute
to their diversity and evolution. The emerging AE-STEC and EPEC serotype O80:H2 are
no exception (Frost et al., 2005). They are associated not only with HC, HUS and
bacteremia in humans (Soysal et al., 2016; Cointe et al., 2018), but also with diarrhea and
septicemia in calves (Thiry et al., 2017; De Rauw et al., 2019; Habets et al., 2021).
Moreover, the similar combinations of the virulence-associated genes, including those
located on the pS88 plasmids, and the phylogenetic relatedness of human and calf strains
were demonstrated in these two previous studies (De Rauw et al., 2019; Habets et al.,
2021). However, due to its not-outbreak-associated sporadic occurrence and to the fact
that it has been rarely isolated from food sources or healthy cattle, the number of research
reports on the AE-STEC and EPEC O80:H2 remains much lower compared to other AE-
STEC serotypes, such as O157:H7 and O26:H11 (EFSA, 2023; EFSA BIOHAZARD
Panel Koutsoumanis et al., 2020). Whole genome sequencing (WGS) has today become
a crucial tool for understanding the detailed genetic information of bacteria in general and
of pathogenic bacteria in particular and for revealing the dynamics of mobile genetic
elements and their contribution to pathogenicity (EFSA BIOHAZ Panel Koutsoumanis et
al., 2019). Yet, in the case of AE-STEC and EPEC O80:H2, comprehensive genomic
information is still lacking. Therefore, this study aimed to extend the number of analyzed
genomes of Belgian human and calf AE-STEC and EPEC O80:H2 to uncover additional

insights into their genetics and evolution.
4.1 Population structure

At first, the Maximum Likelihood (ML) SNP-based phylogenetic constructed tree
confirms previously published results (Habets et al., 2021) on 52 Belgian calf and human
AE-STEC and EPEC 0O80:H2. All 129 Belgian calf and human AE-STEC and EPEC
080:H2 isolated between 2008 and 2024 indeed belong to the L1 evolutionary lineage
that comprises four lineages (L1/SL1.1 to SL1.4; Fig. 2). Moreover, all 77 additional
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human and calf AE-STEC and EPEC O80:H2 strains belong to L1/SL1.1 and SL1.2.
These results mean that (i) no strain was added to the L1/SL.1.3 or SL1.4 minor sub-
lineages; (i) L2 lineage contains no other strain either than the two calf stx/a AE-STEC
080:H2 isolated in 1987; and (iii) no new (sub-)lineage is emerging right now in Belgium.
The presence of (sub)-lineages to which the majority of strains belong is not limited to
Belgian strains. A similar population structure was observed in one cgMLST-based tree,
including human and calf AE-STEC O80:H2 strains from Belgium, France, Switzerland
and the UK and a few healthy cattle-isolated strains, although no calf EPEC was included
(Soleau et al., 2024). This implies that AE-STEC and EPEC O80:H2 strains are
genetically highly related, regardless of their isolation country, and what is more, similar
strains spread widely in different neighbor European countries. In 2025, Mainil and
collaborators carried out extended phylogenetic analysis using of genomes of O80:H2
strains, from not only European countries, but also other continents (e.g. Asia and South
America.). From this study, two new (sub)-lineages were observed that were not described
in European O80:H2 population (Mainil et al., 2025). This new finding gives two insights:
(1) AE-STEC and EPEC O80:H2 are not European specific serotype; (ii) more genomes
of O80:H2 strains originating from non-European countries must be studied and analyzed

to fully understand their origin and evolution.

In addition, other previous observations on Belgian AE-STEC and EPEC O80:H2
(Habets et al., 2021) were also confirmed. For instance, most of the strains belonging to
L1/SL1.1 are calf EPEC (77%), while most of those belonging to L.1/SL1.2 are human or
calf stx2d AE-STEC (64%). Of the 13 calf stx2d AE-STEC strains, 12 belong to L1/SL.1.2
whereas only one strain belongs to L1/SL1.1, confirming that stx2d AE-STEC O80:H2
strains tend to be distributed within L1/SL1.2 whatever their origin. Compared to the
stx2d gene, the stx/a and stx2a gene sub-types were less frequent (Fig. 2; Fig. 12). These
two stx subtypes belonged to not only both L1/SL1.1 and L1/SL.1.2, but also to the minor
(sub)-lineages, L1/SL1.3 and L2 (Habets et al., 2021). Finally, the only two stx2f AE-
STEC that were identified belong to either L1/SL1.1 or L1/SL1.2 (Fig. 2; Fig.12).
Besides their relationship in the phylogenetic tree, Belgian calf and human AE-STEC and
EPEC O80:H2 are also highly related by their virulotypes and other gene profiles, here
too as previously described (De Rauw et al., 2019; Habets et al., 2021).
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Figure 12. Distribution of stx gene subtypes among Belgian AE-STEC O80:H2 strains
of each (sub)-lineages isolated in 1987 (the two calf stx/a AE-STEC in L2) and from
2008 to 2024 (all in L1).

Most of the 129 human and calf strains analyzed by VirulenceFinder2.0 indeed
harbor (non)-LEE-located T3SS-encoding genes, stx genes (in STEC strains) and pS88-
associated genes, consistent with previous studies on AE-STEC human strains from other
countries showing similar virulence gene profiles (Mariani-Kurkdjian et al., 2014; Soysal
et al., 2016; Rodwell et al., 2021). Of the 129 analyzed Belgian strains, only one (stx2d
EH4328 isolate) identified in 2024 and belonging to L1/SL1.2 was eae-negative, without
any of the LEE-located genes searched for (eae, espA, espB, espF and tir) being detected
either. The intimin-encoding eael gene subtype of the serotype O80:H2 is widely
regarded as an important characteristic (Blanco et al., 2004; Cointe et al., 2021). Since
STEC strains which carry eae gene are responsible for severe diseases like HC or HUS,
the presence of the LEE island is an important virulence factor and marker of AE-STEC

(Alhadlaq et al., 2024; Paton and Paton, 1998). However, the pathogenicity of eae-
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negative STEC strains remains a subject of debate since their primary identification
(Paton et al., 1999). For instance, the Agg-STEC strain O104:H4 without the eae gene,
caused an outbreak affecting approximately 4,000 peoples in Germany (Ibarra et al.,
2013). The clinical symptoms of the elderly patient (71 years old, female) from whom
stx2d STEC EH4328 was isolated was non-bloody diarrhea and she developed no HUS
(Table 2; see STUDY 3 Annexes). The possible emergence of eae-negative STEC
080:H2 after loss of the LEE, or before its acquisition, warrants continuous attention and

investigations (Krause et al., 2018).

Of the pS88 plasmid-located virulence genes, five genes (hlyF, iroN, iss, ompTp,
and sit4) were detected in more than 90% of calf and human O80:H2 strains regardless
of the lineage, virulotype and time of isolation. On the other hand, the frequency of cvad
and cia bacteriocin-encoding genes was lower. The majority of AE-STEC and EPEC
080:H2 strains harbor the cva4 (88% to 100%) and cia (84% to 96%) genes, but the cvad
gene was especially not detected in both calf and human AE-STEC strains identified
between 2021 to 2024 (Table 2; see STUDY3 Annexes). Although these two different
types of bacteriocin-encoding genes, coding for colicinla and colicin V have been
previously considered as important virulence markers for AE-STEC O80:H2, this might
not the case for the strains of this study (Cointe et al., 2018; Soysal et al., 2016). As far
as the two pS88-located iuc/iut and ets gene clusters are concerned, the majority of EPEC
and AE-STEC O80:H2 belonging to L1/SL1.1 and to SL1.2 have different profiles,
confirming the previously reported observation (Habets et al., 2021): the majority AE-
STEC and EPEC of L1/SL1.2 harbor both gene clusters (iuc/iut and ets), while the
majority of EPEC and AE-STEC of L1/SL1.1 do not. Conversely, the former do not
harbor the other plasmid-located cma gene and the SpLE1-located iha gene, whereas the
latter do. These results nevertheless confirmed that the presence of pS88-associated genes
is an essential marker of O80:H2 strains, especially AE-STEC (De Rauw et al., 2019;
Soysal et al., 2016; Rodwell et al., 2021).

Other putative virulence-associated genes were detected in all O80:H2 strains, like
the efal gene coding for EHEC factor for adherence, or in all but one calf stx/a and two

human stx2d AE-STEC (EH2883 belonging to L2 and EH2436 and EH4328 belonging to

L1/SL1.2, respectively) like the ehxA gene coding for the enterohemolysin. The ehxA
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gene is often located on the pO157 plasmid among AE-STEC strains along with espP
gene (Brunder et al., 1997; Cointe et al., 2018; Tatsuno et al., 2001). Interestingly, the
simultaneous absence of espP and ehxA genes was observed in these three AE-STEC.
Therefore, the lack of these genes suggesting that they possibly do not harbor any pO157-
like plasmid.

4.2 Comparative genomics

The identification of two calf stx2f° AE-STEC belonging to L1/SL1.1 (strain
SES0057) and L1/SL1.2 (strain SES0108) isolated in 2010 and 2011 was notable, since
this Stx sub-type was originally identified in AE-STEC from bird species, including
pigeons and poultry and is still rarely identified in bovines and humans, although it has
recently been associated with HUS in humans (Cointe et al., 2020b; Grande et al., 2016;
Den Ouden et al., 2023 ; van Hoek et al., 2019). The whole genome sequences obtained
by long reads of these two stx2f AE-STEC O80:H2 strains confirm the presence of
identical LEE regions, different Stx2f phages, multiple plasmids, including pS88 and
pO157 plasmids, and an SpLE1-like integrative element in one of them.

At first, the LEE regions are identical regarding the gene contents, including the
eael] gene and are inserted into phe-tRNA locus, like the LEE regions of other non-O157
STEC strains (Ogura et al., 2009).

In both SES0057 and SESO0108 strains, the Stx2f phages were identified in
duplicates with almost 100% identity (Stx2f-1 and Stx2f-2). Unlike the Stx2d phage of a
calf O80:H2 strain which was integrated into the yecE locus (Habets et al., 2022), the
Stx2f-2 phages were inserted into ss¥4 tmRNA loci, one of the common insertion sites
for Stx phages (Carter et al., 2023; Bonanno et al., 2015). Interestingly, the Stx2f-1 phages
were integrated not directly on the chromosome, but within another prophage. This type
of insertion is called 'prophage in prophage' and was first reported in other STEC strains
and for another Stx2 phage, as the Stx2a phage in STEC O145:H28 (Nakamura et al.,
2021). This rarely phenomenon may confer more opportunities of integration if the
insertion hot spots (yecE, yehV, wrbA...) are already occupied by other prophages.

Following successful integration, Stx phages may contribute to the accumulation and
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duplication of virulence-associated genes in (AE-)STEC.

Sequence identity of the Stx2f phages was not constant between strains SES0057
and SES0108; (i) the first region including s#x2f and lysis-associated genes showed more
than 99.5% of nucleotide identity, whereas (ii) the second region and (iii) the third region
including mainly phage morphogenesis-encoding genes showed <70% and from 70% to
99% identity, respectively (Figs. 9a, 9b). Phage morphogenesis-encoding genes, such as
those involved in head and tail formation, are essential for producing new phage particles
(Mondal et al., 2016). Among them, tail fiber proteins are often associated with host
recognition (Chibani-Chennoufi et al., 2004). In the third region, the genes encoding
phage host specificity proteins have relatively low sequence identity (70-75%), whereas
the tail fiber-encoding genes were more conserved (90-95%) (Fig. 9b). According to
Chibani-Chennoufi and collaborators, even subtle differences in morphogenesis proteins,
especially in the host specificity-related regions can result in changes of host range.
Therefore, the lowly conserved host specificity-related genes suggest differences in phage
structure between the two calf Stx2f phages, possibly reflecting adaptation to different

ecological niches or preferential host(s).

Furthermore, genome comparison of the Stx2f phages of these two AE-STEC
O80:H2 with Stx2f phages of other (AE-)STEC serotypes revealed additional
information: the phage of strain SES0108 (L1/SL1.2) showed high nucleotide identity
(>99.5%) with the phages of human (AE-)STEC O145:H34 and O63:H3 across the entire
genome regions. Those three Stx2f phages possessed the cdtA/B genes that are identical
to the cdtA/B genes present in the operon coding for the Cytolethal Distending Toxin
(CDT) type 1 variant which has previously been reported in human Stx2f E. coli isolates
(Crombé et al., 2024; van Hoek et al., 2019). However, the CDT is a tripartite holotoxin
coded by the cdtA/B/C operon and associated with invasion, increased persistence, and
severity of diseases caused by Gram-negative bacterial pathogens (Carter et al., 2023;
Hinenoya, 2021; Mainil, 2013; Téth et al., 2009). In this STUDY 3, the cdtC gene, which
is essential to display full activity, was not detected in strain SES0108 (Guerra et al.,
2011). The absence of the cdtC gene suggests that CDT-1 might have contributed at some
stage to the virulence of some AE-STEC O80:H2 in diarrheic calves, as well as humans,

but was lost e.g. during phage transmission process.
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On his side, the Stx2f phage of SES0057 (L1/SL1.1) carry three copies of the nleG
genes in its (ii1) third region. Although this third region does not show high similarity to
that of Stx2f phages of SES0108 and of other STEC serotypes, another n/eG-carrying
prophage detected in SES0057 showed >99.7% identity. Notably, this observation
implicated that the Stx2f phage of SES0057 may have undergone recombination with
another prophage, resulting in a mosaic structure. Moreover, this n/eG-carrying prophage
shares >96% identity with prophage sequences identified in O26:H11 and O103:H2 AE-
STEC strains (data not shown in STUDY 3). Accordingly, the recombination event may

have involved prophages circulating between diverse E. coli serotypes.

The presence of pS88 plasmids carrying gene coding for invasive properties is one
of the important characteristics that define O80:H2 as hybrid pathotype strain, ExPEC-
(AE)-STEC (Cointe et al., 2018; Peigne et al., 2009; Soysal et al., 2016). However, the
gene profiles of the pS88 plasmids are different regarding the iut/iuc and ets genes
depending on their association with L1/SL1.1 or L1/SL1.2. Moreover, the presence or
absence of these two genes is inversely related to the presence or absence of two other
genes, cma and iha, classically not associated with pS88 plasmids (Habets et al., 2021;
STUDY 3). The comparison of the two stx2f AE-STEC not only confirms that the pS88
plasmid of strain SES0108 (L1/SL1.2) carries the etsC and iucC genes whereas the pS88
plasmid of strain SES0057 (L1/SL1.1) does not, but also reveals the presence of the cma

gene on the latter which was not expected.

The cma gene encodes the colicin M and the adjacent cmi gene encodes its
immunity protein. These genes are commonly found on different plasmids in Extra-
intestinal Escherichia coli (EXPEC), particularly in Avian Pathogenic Escherichia coli
(APEC). Colicin M is one of the antibacterial properties which inhibit O antigen and
peptidoglycan synthesis (Chérier et al., 2021; Harkness and Braun, 1989; Johnson et al.,
2006). Therefore, the presence of cma and cmi genes on the pS88 plasmid of SES0057
suggests that they act by killing other E. coli strains to help colonizing and living in the

intestinal ecological niche of hosts, e.g. humans and calves.

On the other hand, the cma and cmi genes on the pS88 plasmid were not detected

in strain SES0108 (L1/SL1.2), or on the pR444 A pS88-like plasmid of strain RDEx444
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(L1/SL1.2) (Cointe et al 2018), or in the NMEC O45:K1:H7 strain K88 (Peigne et al.,
2009). This finding leads to the question of how these genes were acquired by the pS88
plasmid of SES0057. The cma and cmi genes are often co-occuring with colicin B-
encoding genes (cha and cbi) in conjugative plasmids (Chérier et al., 2021; Christenson
and Gordon, 2009), but no cha and chi genes were identified on the pS88 plasmid of
SES0057. Although pS88 plasmids have been defined as ColV plasmids (Cointe et al.,
2018), they also share similarity with the structure of the pAPEC-O1-ColBM plasmid
(Peigne et al., 2009). Despite not being any ColV plasmid, the pAPEC-O1-ColBM
plasmids carries ColV-associated virulence genes, such as sit4/B/C/D, iss, iroB/C/D/E/N,
and cvad/B/C, likely resulting from gene transfer events between ColV and ColBM
plasmids (Johnson et al., 2006). In such plasmids, colicin B-encoding genes are often

truncated and inactivated (Christenson and Gordon, 2009).

Accordingly, the following scenario can be proposed: (i) SES0057 strain acquired
a ColBM-like plasmid, which had already lost colicin B-encoding genes, but not the
colicin M-encoding genes (cma and cmi); (ii) this ColBM-like plasmid acquired ColV-
associated virulence properties from the ColV pS88 plasmid via gene transfer; (iii) the
cma and cmi genes (possibly of APEC origin) were transferred onto the ColV pS88
plasmid of SES0057 after acquisition. Interestingly enough, the genome region including
the cma and cmi genes is flanked by IS elements and displays a lower GC content
compared to surrounding sequences (data not shown). A homologous recombination
event between ColV and ColBM plasmids cannot be excluded. However, at the present
stage, this possibility is not supported by any evidence beyond the shared bacteriocin-

and virulence-associated genes identified in this study.

The etsC and iucC genes, encoding putative type I secretion system and an iron
acquisition system (aerobactin siderophore), respectively, are virulence properties often
found in EXxPEC, including APEC strains (Ling et al., 2013; Peigne et al., 2009; Van Goor
et al., 2017). These genes are present on the pS88 plasmid in SES0108 (L1/SL1.2), while
the pS88 plasmid of SES0057 (L1/SL1.1) lacks both etsC and iucC. According to Cointe
and collaborators (Cointe et al., 2018), two types of pS88-like plasmids have been
reported among human O80:H2 strains: the “complete” form, typically associated with

stx2d AE-STEC strains which is more similar in structure to the original pS88 plasmid
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(Peigne et al., 2009), and the “incomplete” form found in other strains. These observations
suggest two contrasting evolutionary paths within the L1 sublineages: the pS88 plasmid
of SES0108 (L1/SL1.2) may have retained a complete plasmid type which highly
conserved ExPEC-like structure, while the pS88 plasmid of SES0057 (L1/SL1.1) likely
reflects an incomplete plasmid type, possibly derived from a plasmid that had already
integrated ExPEC virulence properties before its acquisition by SES0057 and
subsequently lost the etsC and iucC genes. These differences identified in the two calf
stx2f AE-STEC pS88 plasmids might also reflect adaptation to distinct ecological niches

or hosts.

Regarding bacteriocin-encoding genes, the cva4/B/C operon coding for colicin V
is present on the pS88 plasmid in both SES0057 and SES0108. By contrast, the cia and
imm genes coding for colicin la were detected on the pS88 plasmid and also on the
pR444 C pO157-like plasmid in strain SES0108, whereas in SES0057, these two genes
were detected only on the pR444 C pO157-like plasmid. Previous studies have shown
that colicin Ia- and colicin V-encoding genes are often located together on a single
conjugative plasmid (Jeziorowski and Gordon, 2007). In SES0108, the co-occurrence of
the cva and cia operons on the pS88 plasmid confirms this close association between
colicin V- and colicin la-encoding loci on a single plasmid backbone, that was not
observed in the pS88 plasmid of SES0057. Together, these differences between SES0108
and SES0057 suggest that bacteriocin-encoding regions within their pS88 plasmids may

have undergone distinct gene acquisition and/or rearrangement events.

The simultaneous detection of the fer operon and iha gene in SES0057 strain
belonging to L1/SL1.1 (Figs. 1, 8) correlates with the presence of an SpLE1-like element,
while their absence in SES0108 strain belonging to L1/SL.1.2 strains would correspond
to the lack of this element. This observation suggests that the genetic differentiation
between L1/SL1.1 and L2/SL1.2 sub-lineages of AE-STEC and EPEC O80:H2 is parallel
to the acquisition or loss of the SpLE1 element (Bielaszewska et al., 2011). As for SpLE1
element of other (AE-)STEC serotypes, Nakamura and collaborators reported that SpLE1
element was lost by strains of the Clonal Complex CC119, including STEC O165:H25,
but was still present in closely related serotypes, such as O121:H19 (Nakamura et al.,

2023). This raises the question of how the SpLE1 element emerged in O80:H2 AE-STEC
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and/or EPEC. One hypothesis is that the ancestral lineage of E. coli O80:H2 originally
acquired the SpLEI element and that certain sub-lineage, such as L1/SL1.2 lost this
element during evolution, maybe as a result of adaptation to specific environments or
hosts. Alternatively, the ancestral lineage of E. coli O80:H2 did not harbor any SpLE1
element, with specific sub-lineages, like L1/SL1.1 later acquiring it through horizontal
gene transfer, also as a part of their adaptation to ecological niches. Given that O80:H2
belongs to CC165, a detailed comparative analysis of SpLE1 in the related serotypes is
necessary to elucidate whether the retention of this region was a common ancestral trait

or a (sub)lineage-specific adaptation.
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5. Conclusions

Re-constructed SNP-based phylogenetic tree show that 96% of the 129 AE-STEC
and EPEC O80:H2 belong to L1/SL1.1 and L1/SL1.2, suggesting the population structure
is highly conserved even with the expanded dataset. Since limited information can be
obtained by draft genome, full-length genomes remain essential to clarify the
evolutionary background of mobile genetic elements acquired through horizontal gene
transfer (HGT). The results of long read complete genome sequencing of two stx2f AE-
STEC 080:H2 belonging to two different sub-lineages (L1/SL1.1 and L1/SL1.2) provide
new clues about the genetic characteristics and evolution of these two major sub-lineages
of human and calf AE-STEC and EPEC O80:H2 isolated in Belgium. However, since
only two AE-STEC O80:H2 were sequenced and compared, more comprehensive studies
should be performed including larger numbers of not only stx2f'but also stx/a, stx2a, and
stx2d AE-STEC, without forgetting EPEC strains from different isolation sources and
countries, to understand the overall population structure, origin and evolution of this

serotype O80:H2.
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Introduction
Les Escherichia coli productrices de la lésion d’Attachement-Effacement (AE) et de toxines de Shiga (Stx) AE-STEC), i dér E. coli entéro-
hémorragiques ou EHEC, sont responsables de colite hémorragique (CH) et de i ique (SHU) chez ’'homme. De nombreux génes, dont le géne eae,

codant pour la Iésion AE sont regroupés sur I'ilot de pathogénicité LEE (« Locus of Enterocyte Effacement »), tandis que d’autres sont localisés en dehors du LEE. Les génes codant
pour les toxines Stx sont situés sur des bactériophages lambdoides (Mainil et al., 2025).

Le sérotype AE-STEC O80:H2 a émergé depuis 2010 en Europe occidentale, principalement en France (Mainil et al., 2025). Les AE-STEC O80:H2 sont responsables non
seulement de CH et de SHU, mais aussi de bactériémies et de septicémies, suite a la présence de plasmides psgg-like porteurs de genes impliqué dans I'invasion et la survie dans
I'hote. Par t, des E. coli uches EPEC), productrices de Iésions AE, mais pas de Stx, et des souches AE-STEC O80:H2 ont émergé depuis 2009 en
Belgique chez les jeunes veaux (<3 mois) souffrant de diarrhée, éventuellement de septicémies (Habets et al., 2021).

L'objectif de ce travail sur 127 E. coli 080:H2 isolées de veaux et d’humains entre 2008 et 2024 en Belgique était double: (i) identifier et comparer leurs « Multi-Locus Sequence
Type » (MLST) et leurs virulotypes; et (ii) étudier leurs relations phylogénétiques dans un « Single Nucleotide Polymorphism (SNP)-based Maximum Likehood (ML) tree ».

Les 59 EPEC et 27 AE-STEC de veaux isolées a I'ARSIA et les 40 AE-STEC et une STEC humaines provenant du CNR-STEC de Belgique ont été soumises au séquencage du génome
total par Illumina. A ces 127 souches isolées entre 2008 et 2024, deux AE-STEC belges isolées en 1987 d’un méme veau et deux AE-STEC non-belges de référence (2013C-4991 et
RDEx444) ont été ajoutées pour comparaison (Habets et al., 2021; Ikeda et al., non publié).

Les genes codant pour le sérotype O80:H2 et le MLST, les variants des génes eae et stx, différents autres genes situés ou non sur le LEE et les génes localisés sur les plasmides
pS88-like ont été détectés via SerotypeFinder-2.0, MLST-2.0, MyDbFinder-2.0 et VirulenceFinder-2.0 (https://cge.cbs.dtu.dk/) (seuils: ID85%; longueur: 60%) (Habets et al., 2021).

Les « Single Nucleotide Polymorphism » (SNP) présents sur les chromosomes des 127 souches belges 080:H2 ont été identifiés via Gubbins ver. 2.2.0 et Nucmer program ver.
3.1 (MUMmer package), en utilisant la séquence chromosomique de la souche américaine AE-STEC O80:H2 2013C-4991 aprés masquage des prophages (PP) et éléments
intégratifs PP-like comme génome de référence pour des alignements un-par-un. Un « ML tree » a été construit par RAXML ver. 8.2.10 (Nakamura et al. 2020).

Tableau 1. Comparaison des principaux génes détectés dans les 127 AE-STEC et EPEC O80:H2 veaux et humaines
isolées entre 2008 et 2024 (* une souche humaine est eae- et LEE-négative = souche STEC)

Virulotypes (nbre | Origine |__Genesiee | |__Génespsaa | _Autres ganes |
souches) nbre souches) [PEUSIFr RS

Résultats-1: VIRULOTYPES (Tableau 1)

- les 127 EPEC et (AE-)STEC veaux et humaines étudiés

appartiennent bien au sérotype O80:H2 et au MLST301. nleABC ciffespll hlyF etsC iucC iha cma ehxA
- les EPEC et AE-STEC veaux et humaines appartiennent a des EPEC (59) veau (59) 59 59 59 o 58 13 12 45 45 59
virulotypes identiques. AE-STEC stx1a (11) veau (6) 6 6 6 o 6 a a 2 2 6
- parmi les 68 (AE-)STEC, le géne stx2d est le plus fréquent (65%), wee@ (5 5@ s ° S PR PR e
ivi d tx1a (16%), stx2a (1! t stx2f (4%).

sulvi des génes stxia ( %?’ S0 (15%) et soa2y (4%). AE-STEC stx2a (10)  veau (5) 5 5 5 ) 5 2 2 3 3 5
- 124 souches (98%) contiennent le géne ehxA codant pour une Rl . . . o 515 5 T8 5 16
entérohémolysine et situé sur un plasmide pO157-like. -

AE-STEC stx2d (a4] 13 13 13 13 ° 13 12 12 1 3 13
- les souches EPEC et AE-STEC stx2d different pour les présences (44)  [veau (13) = =
de quatre genes situés sur les plasmides pS88-like (etsC et iucC), humaini3 1) B 0 B0 ST © 1IN IS TR 207 (OB L0 129
un « prophage-like element » (iha) ou sur un plasmide (cma). AE-STEC stx2f (2) veau (2) 2 2 2 o 2 1 1 11 2

AE-STEC stx2? (1) veau (1) 1 1 1 0 1 1 1 1 o o
Résultats-2: PHYLOGENIE ure 1 Figure 1: SNP-based « ML-tree » et des 127 souches AE-STEC et EPEC O80:H2 veaux et humaines isolées

y " . y .

~les 127 souches isolées entre 2008 et 2024 appartiennent a [a | Stre 2008 et 2024, des deux AE-STEC belges isolées d'un méme veau en 1987 (L2°) et des deux AE-STEC de référence
lignée (L1) et les deux souches isolées en 1987 2 Ia lignée (L2). [ —

- 124 des souches de L1 (97,6%) appartiennent aux deux sous-  “

lignées principales, SL1.1 (48,0%) et SL1.2 (49,6%). Figure 1 1

’. *
- SL1.1 contient une majorité d’EPEC (78,7%) et SL1.2 une majorité a2 SF ST 1t L2
d’(AE-)STEC (79,4%), essentiellement stx2d (63,5%). =1 L : TR

- la majorité des 61 EPEC (78,7%) appartiennent a SL1.1 et des 66
AE-STEC (75,8%) & SL1.2.

- la majorité des 61 souches SL1.1 sont etsC-iucC-iha+cma+
(90,2%) et des 63 souches SL1.2 sont etsC+iucC+iha-cma- (93,7%)

Discussion

- Les souches AE-STEC humaines et veaux ne peuvent &tre différenciées, ni par leurs virulotypes (Tableau 1) et ni par leurs relations phylogénétiques (Figure 1).

- 'acquisition de LEE et du géne eae&s’est pr produite p soit avant, soit aprés I'apparition du sérotype O80:H2.

- Les isiti du pS88-like, du pO157-like et du « prophage-like element » se seraient produites avant 'acquisition des phages Stx et génes stx.

- Les acquisitions des phages Stx et génes stx s’est produite et se produit encore a divers moments anciens ou récents (Figure 1).
- Les EPEC peuvent représenter des précurseurs (SL1.1) ou des dérivés (SL1.2) de souches AE-STEC par acquisiton / perte des phages Stx et génes stx.
- En résumé, I'évolution des E. colj O80:H2 est non-linéaire et plus complexe qu’originellement anticipé.

; Mainil et al. Clin. Microbiol. Rev., 2025, manuscript accepté pour publication ;
‘doi.org/10.1099/mgen.0.000323
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PART 3: Assessment and comparison of the roles of Stx-phages and pS88 plasmids
in the pathogenicity of AE-STEC and EPEC O80:H2 in the in vivo model in larvae

of Galleria mellonella moth.

FOREWORD

The emerging AE-STEC serotype O80:H2 is involved not only in HC and HUS, but
also in bacteremia and internal organ infections in humans. Moreover, AE-STEC and
EPEC are associated with diarrhea and sometimes septicemia in young calves (EFSA,
2020; Habets et al., 2021; Soysal et al., 2016). Their primary virulence properties include
the production of: (i) AE lesions on enterocytes encoded by LEE-located genes including
the eae gene coding for the intimin adhesion by AE-STEC and EPEC; (ii) Shiga toxins
(Stx) encoded by phage-located stx genes by AE-STEC; and (iii) bacteremia/septicemia
encoded by different genes located on the ColV-pS88 plasmids by AE-STEC and EPEC.
Two types of pS88 plasmid gene profiles have been described based on the presence or
absence of the ets and iuc genes and depending on the lineage to which the strains belong

to (Habets et al., 2021; Ikeda et al., unpublished).

Despite the potential public health hazard, the respective roles of these properties
of AE-STEC and EPEC O80:H2 have not been fully assessed and compared in animal
models yet (Lemaitre et al., 2012). Therefroe, the roles of two Stx, of one Stx2d-encoding
phage and of the two types of pS88 plasmids, but not of the LEE in the pathogenicity
island, were compared using a Galleria mellonella larvae model, whose innate immune

system shares similarities with human innate immune system (Cutuli et al., 2019).

Among the 10 strains tested, the stx2d AE-STEC strain and the K12DH10B
transfected with the Stx2d phage exhibited the highest lethality, with all larvae killed
during the experimental period at the highest inoculated bacterial concentration (log6).
While the stx/a AE-STEC and the EPEC strains were also lethal, they were less virulent
with approximator 0-10% of larvae were survived compared to the stx2d AE-STEC strain.
The pS88 plasmid contained two genes (ets and iuc) showed limited effects in Stx-
producing strains, but slightly increased lethality in EPEC strains compared to the

plasmid did not contain these two genes. More than 70% of larvae infected with the
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K12DH10B strain carrying the pS88 plasmid conjugated by stx/a AE-STEC with ets and

iuc genes survived, even at logb concentrations.

These results suggested that Stx2d functions as a major virulence factor of AE-
STEC 0O80:H2, at least in the Galleria mellonella model, while the role of the pS88
plasmids is observed in EPEC O80:H2 but more limited in AE-STEC strains. To better
understand the pathogenic mechanisms and the role of each virulence factors of O80:H2,
continuous efforts are needed, including more precise in vivo / ex vivo assessments

beyond the insect model.
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Simple Summary: Following the “Replacement/Reduction/Refinement” policy, insects are proposed
to replace mammals and birds as experimental models to study the virulence of bacterial pathogens
and to identify their virulence properties. The aim of this study was to assess in larvae of the Galleria
mellonella moth the virulence of the Shigatoxigenic and enteropathogenic Escherichia coli O80:H2 and
the respective roles of two virulence properties: the pS88 plasmid-encoded invasiveness properties
and the phage-encoded Shiga toxin 2d. The objectives were to compare: (i) the virulence of bovine
Shigatoxigenic and enteropathogenic E. coli O80:H2; (ii) the roles of the pS88 plasmid and Shiga
toxin 2d-encoding phage; (iii) the virulence of E. coli O80:H2 and O80:non-H2. The results and the
conclusions are: (i) E. coli O80:H2 and O80:non-H2 are lethal at log5 and log6 concentrations; (ii) the
PpS88 plasmids are partially responsible for the virulence of E. coli O80:H2; (iii) the phage-encoded
Stx2d toxin is entirely responsible for the virulence of the Shigatoxigenic Escherichia coli O80:H2;
(iv) the virulence properties of E. coli O80:non-H2 could not be identified. As a general conclusion,
G. mellonella larvae represent a useful model to study the virulence of bacterial pathogens but are
limited in identifying their virulence properties.

Abstract: The invasiveness properties of Shigatoxigenic and enteropathogenic Escherichia coli (STEC
and EPEC) O80:H2 in humans and calves are encoded by genes located on a pS88-like ColV con-
jugative plasmid. The main objectives of this study in larvae of the Galleria mellonella moth were
therefore to compare the virulence of eight bovine STEC and EPEC O80:H2, of two E. coli pS88
plasmid transconjugant and STX2d phage transductant K12 DH10B, of four E. coli O80:non-H2, and
of the laboratory E. coli K12 DH10B strains. Thirty larvae per strain were inoculated in the last proleg
with 10 pL of tenfold dilutions of each bacterial culture corresponding to 10 to 10° colony-forming
units (CFUs). The larvae were kept at 37 °C and their mortality rate was followed daily for four
days. The main results were that: (i) not only the STEC and EPEC O80:H2, but also different E.
coli O80:non-H2 were lethal for the larvae at high concentrations (from 10 to 10° CFU) with some
variation according to the strain; (ii) the Stx2d toxin and partially the pS88 plasmid were responsible
for the lethality caused by the E. coli O80:H2; (iii) the virulence factors of E. coli O80:non-H2 were not
identified. The general conclusions are that, although the Galleria mellonella larvae represent a useful

Vet. Sci. 2023, 10, 420. https:/ /doi.org/10.3390/ vetscil0070420
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first-line model to study the virulence of bacterial pathogens, they are more limited in identifying
their actual virulence properties.

Keywords: Galleria mellonella larvae; virulence; Shigatoxigenic Escherichia coli; enteropathogenic
Escherichia coli; 080:H2; O80:non-H2; pS88 plasmid; STX2d phage

1. Introduction

Escherichia coli (E. coli) is a Gram-negative bacterial species and a member of the human
and animal intestinal microbiota. Although most E. coli strains are harmless to their hosts,
some strains have acquired genes encoding virulence properties and can cause disease in
both humans and animals: they are generically called pathogenic E. coli [1].

Pathogenic E. coli are classified into two main groups: diarrheagenic E. coli or DEC
and extraintestinal E. coli or EXPEC. EXPEC comprise different invasive E. coli (septicemic
or SePEC, neonatal meningitis-associated or NMEC) and uropathogenic E. coli (UPEC)
whereas DEC are subdivided into six main pathotypes: enterotoxigenic (ETEC), enteroinva-
sive (EIEC), enteropathogenic (EPEC), Shigatoxigenic (STEC), enteroaggregative (EAEC),
and Diffusely Adherent (DAEC) E. coli [1-4].

Moreover, “hybrid” pathogenic E. coli have been described that combine the properties
of different pathotypes. One recent dramatic example is the E. coli O104:H4 that caused a
short-lived outbreak of diarrhea and hemolytic-uremic syndrome in humans in Germany
in 2011 and combined the typical properties of EAEC and STEC [5,6]. Nevertheless, the
most frequent examples are still today the enterohemorrhagic E. coli (EHEC) that emerged
in humans in the year 1980 and produced both the Attaching-Effacing (AE) lesion on
enterocytes typical of EPEC and one or two Shiga toxins (Stx) typical of STEC [1,3]. Since
the EHEC nomenclature is considered obsolete by EFSA [7], they will be named “Attaching-
Effacing STEC” (AE-STEC) in this manuscript, as previously proposed [6]. The AE lesion is
encoded by genes grouped together on one chromosomal pathogenicity island (Locus of
Enterocyte Effacement or LEE) while the Stx are encoded by stx phage-located genes [1,3,4].
Two Stx families have been described: Stx1 with three subtypes, (Stx1a, Stxlc, Stx1d) and
Stx2 with up to 11 subtypes so far (Stx2a to Stx2k) [8-11].

The most frequent and pathogenic AE-STEC serotypes in humans are O26:H11, O103:H2,
0111:H-, 0121:H9, O145:H- and 0157:H7, and most frequently the contamination sources are
meat, dairy, or vegetable foods contaminated with feces of ruminants, especially cattle, that
are healthy carriers in their intestines. Nevertheless, other so-called “minor” serotypes can
emerge from time to time and become epidemiologically important in some countries [3,12].

Serotype O80:H2 represents one of these “minor” serotypes that has been emerging
since 2010 in France and other Western European countries in humans suffering (bloody)
diarrhea, hemolytic—uremic syndrome, and bacteremia [13-18]. These AE-STEC O80:H2
combine not only the pathogenic properties of EPEC and STEC, but also of SePEC since
they can invade the blood stream and colonize internal organs. The invasiveness properties
are encoded by genes located on a pS88-like ColV conjugative plasmid [15,16,18,19].

In addition to their presence in humans, not only AE-STEC, but also EPEC O80:H2
have been emerging since 2009 in young calves in Belgium suffering from diarrhea and only
very occasionally from septicemia [20,21]. Genetic analysis confirmed that calf AE-STEC
and EPEC O80:H2 are highly related to human AE-STEC O80:H2 by their virulotypes,
including the presence of the eae¢ intimin-encoding gene on the LEE and of a pS88-like
ColV plasmid [21]. Ca. 80% of the bovine AE-STEC harbor the stx2d gene like the great
majority of human AE-STEC O80:H2, while the remaining bovine and human AE-STEC
O80:H2 harbor the stxla or the stx2a gene [17,21,22]. Nevertheless, a difference in the
virulotypes of AE-STEC and EPEC O80:H2 exists: the majority of stx2d AE-STEC harbor the
etsC and iucC genes associated with the pS88 plasmid, but not the cma and iha chromosomal
genes, while the EPEC and the stx1a and stx2a AE-STEC have the opposite gene profile [21].
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Phylogenetically, the different AE-STEC and EPEC O80:H2 form different closely related
sub-lineages in the single nucleotide polymorphism (SNP)-based phylogenetic tree and the
bovine and human AE-STEC are intermixed in the same sub-lineages. The stx2d-positive
AE-STEC group together, while the other AE-STEC are more closely related to EPEC [21].

No in vivo study has so far been performed to compare the respective role(s) of the
AE lesion, Stx toxin, and pS88-encoded properties in the pathogenicity of AE-STEC and
EPEC O80:H2 in humans and calves. Following the 3R policy (Replacement, Reduction
and Refinement) [23], insects have been proposed as infectious models to replace mammals
and birds for in vivo testing of not only virulence, but also therapy and prophylaxis of
bacterial and viral pathogens [24,25]. Of them, larvae of the Galleria mellonella moth are
frequently used to study bacterial species, including different pathotypes of E. coli [25-28].
Besides their low cost and the possibility of testing multiple groups of larvae in a short
time, G. mellonella larvae possess an innate immune system similar to mammals and
can be maintained at 37 °C, like the bacterial pathogens of mammals [25,29]. So, it was
recently observed that the STX2d phage and the type 3 secretion system (T3SS) contribute
to the virulence of AE-STEC O80:H2 and EPEC O127:H6, respectively, in G. mellonella
larvae [25,30,31], while the contribution of the T3SS to the virulence of AE-STEC O157:H7
is less clear [32,33]. However, no study has been performed yet to assess the role of the
pS88 plasmids of AE-STEC and EPEC O80:H2.

Therefore, the aim of this study in G. mellonella larvae was to compare the virulence of:
(i) Belgian calf AE-STEC and EPEC O80:H2 harboring different stx genes and pS88 plasmids;
(ii) laboratory E. coli K12 pS88 plasmid transconjugant and STX2d phage transductant; (iii)
Belgian bovine AE-STEC and EPEC O80:H2 and E. coli O80:non-H2.

2. Materials and Methods
2.1. Bacterial Strains

The virulence of 11 wild-type Belgian bovine E. coli O80 strains was studied in Galleria
mellonella larvae (Table 1): eight AE-STEC and EPEC O80:H2 strains with different virulotypes
isolated from diarrheic calves at ARSIA (“Association Régionale de Santé et d'Identification an-
imale”) and three E. coli O80:H45 and O80:H6 strains isolated from healthy adult cattle [21,34].
The genomes of six AE-STEC and EPEC O80:H2 and of the three E. coli O80:H45 and O80:H6
strains were previously sequenced and analyzed. The remaining two AE-STEC O80:H2 were
identified by PCR, as previously described [21], and were genome sequenced for confirmation
(see Section 2.2). One of the AE-STEC O80:H2 (EH3320/SES3090) had been previously tested
in larvae of G. mellonella [30] and was the O80:H2 positive control.

Table 1. Serotypes and virulotypes of the wild-type E. coli strains used in this study.

Isolate References ! Serotype stx Genes eae Gene pss(sizfclé%tt};g \él::lggype Referse:;‘ieor&ic“e; o
SES5320 la & nd/nd 2 i
SES5363 la 3 d/d This study

EH2282 34 la & d/d
EH3160 ¢ O80:H2 2d 3 d/d
EH3307 /SES2959 2d & nd/nd [21]
EH3320/SES3090 ° 2d & d/d
EH3308/SES2973 nd & nd/nd
EH3322/SES3122 nd & d/d
SES6039 0O80:H6 nd nd -6
SES5725 nd nd (34]
SES6156 O80:H45 nd nd
; 080:H26 5 nd nd )
Serotype collection O78:H4 nd nd d/d This study

1 EH reference in [21]; SES reference is a laboratory new reference. 2 d: gene detected; nd: gene not detected.
3 AE-STEC O80:H2 EH2282 strain was erroneously referred to as stx2a instead of stx1a in Figure 1 of reference [21].
4 AE-STEC O80:H2 EH2282 strain was the donor strain for the pS88 plasmid conjugation; AE-STEC O80:H2 EH3160
strain was the donor strain for STX2d phage transduction. ®> AE-STEC O80:H2 EH3320/SES3090 and serotype
collection E. coli O80 strains were previously tested in G. mellonella [30]. ® - = no pS88 plasmid.
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Figure 1. Kaplan—-Meier survival curves of control E. coli strains: (a) K12-DH5«; (b) serotype O80:H26 (EH3161 strain); (c) serotype O78:H4 (pS88++). HPI = Hour
Post-Inoculation. * p-value statistically significant at the threshold 0.05. *** p-value statistically significant at the threshold 0.001. pS88++: pS88 plasmid carrying the

etsC/iucC genes.
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The laboratory E. coli K12 DH5« strain and one E. coli O80:H26 strain of the laboratory
serotype collection were the non-O80:H2 negative and positive controls, also based on
previously published results in larvae of G. mellonella [30]. One E. coli O78:H4 strain also of
the laboratory serotype collection was added as a control strain after genome sequencing
and preliminary testing in G. mellonella larvae (see Section 3.1).

Laboratory E. coli K12 DH10B and MG1655 strains were used in the pS88 plasmid
conjugation and the former was also used in the STX phage transduction. The laboratory E.
coli K12 strains harbor the genes for the production of the O16 surface antigen although
they are phenotypically rough [35].

2.2. Genome Sequencing

The genomes of the two not-yet-sequenced AE-STEC O80:H2 and of the E. coli O80:H26
and O78:H4 were sequenced and analyzed to confirm the presence or absence of stx,
eae, pS88-located and cma/iha genes using Virulence Finder 2.0 (https://cge.food.dtu.
dk/services/VirulenceFinder/; accessed on 23 March 2023) and their O:H serotypes us-
ing SeroType Finder 2.0 (https://cge.food.dtu.dk/services/SerotypeFinder/; accessed on
23 March 2023), as previously described [21,34]. Sequencing data were submitted as NCBI
BioProject PRINA973567. The Genbank accession numbers are SAMN35130762 (O78C),
SAMNB35130763 (EH3161), SAMN35130764 (SES5320) and SAMN35130765 (SES5363).

2.3. Construction of DH10B Transconjugant and Transductant

The pS88 plasmid conjugation strategy was based on the presence of the ColV-
encoding cva operon on the pS88 plasmid of bovine AE-STEC and EPEC O80:H2 [21-36].
The recipient strain was the E. coli K12 DH10B strain harboring the recombinant plasmid
pAuto-ColV-Switch1.0 carrying a synthetic ColV-encoding locus (received from Syngulon
Company, Seraing, Belgium; https:/ /syngulon.com). The cvaC ColV peptide-encoding
gene is, however, disrupted by the insertion of an ampicillin resistance cassette (AmpX)
while the other genes of the locus remain functional. Therefore, the E. coli K12 DH10B
strain is unable to produce the ColV peptide but remains immune to ColV since the cvi
gene is intact.

To choose the donor strain, all 33 Belgian bovine AE-STEC and EPEC O80:H2 previ-
ously identified [21] were phenotypically tested for their antibiotic resistance profile by
the disk diffusion assay [37] against 12 antibiotics on Mueller—-Hinton (AxonLab, Mache-
len, Belgium) agar plates: ampicillin/amoxicillin (20 pg), amoxicillin/clavulanic acid
(20 pug + 10 pg), cefoxitin (30 ug), ceftiofur (30 pg) and cefquinome (30 ug) (B lactams),
kanamycin (30 ug) and gentamicin (30 ug) (aminosides), nalidixic acid (30 ug) and en-
rofloxacin (5 pg) (<fluoro>quinolones), florfenicol (30 ug) (phenicols), doxycycline (30 pug)
(tetracyclins), and trimethoprim/sulfamethoxazole (1.25 pg + 23.75 ug) (AxonLab, Mache-
len, Belgium). According to the EUCAST CASFM and CASFMVET 2020 reference of val-
ues (https:/ /www.sfm-microbiologie.org/2020/10/02/ casfm-eucast-v1-2-octobre-2020/;
https:/ /www.sfm-microbiologie.org/2020/09/09 / casfm-veterinaire-2020/; accessed on
15 February 2021), nine strains were sensitive to ampicillin. Of them, the AE-STEC
EH2282 strain (Table 1) isolated in 1987 [20] was resistant to only three of the tested
antibiotics (kanamycin, doxycycline, trimethoprim /sulfamethoxazole) compared to the
other ampicillin-sensitive strains and was therefore chosen as the donor strain.

The pS88 plasmid conjugation was performed on Luria-Bertani (LB; VWR Chemicals,
Leuven, Belgium) agar plates [38] by mixing 100 uL of an 8 h growth of the donor strain
in 5 mL of LB broth and 500 uL of an 8 h growth of the recipient strain in LB broth with
100 ug/mL ampicillin. After overnight incubation at 37 °C, full loops of the macrocolony
were streaked on 10 LB agar plates with 100 ug/mL ampicillin and incubated overnight
at 37 °C. Isolated colonies were transferred to two 96-well microtiter plates containing
200 pL LB broth with 100 pg/mL ampicillin and grown overnight at 37 °C. The following
day the colonies were transferred onto LB agar plates with 100 ug/mL ampicillin covered
with a layer of the ColV-sensitive E. coli K12 MG1655 strain harboring the pKK223-3
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plasmid [39] carrying an ampicillin resistance-encoding gene (received from Syngulon
Company, Seraing, Belgium; https:/ /syngulon.com). The colonies inhibiting the growth of
the E. coli K12 MG1655 strain were sub-cultured in LB broth with 100 ug/mL ampicillin
of which two mL were transferred into two CRYO tubes (Greiner Bio-One, Frickhausen,
Germany) with two mL of sterile 80% glycerol that were stored at —20 °C and —80 °C,
respectively, until further use.

These colonies were subsequently grown on LB agar plates with 100 pg/mL ampicillin
and tested with PCR for the serotype O80-, H2-, and O16-encoding genes, the cvaC wild-
type and AmpR cassette-inserted genes and the pS88 plasmid-located hlyF gene (Table 2),
using the FASTGENE2x Optima Hotstart kit (Nippon Genetics, Filter service, Eupen,
Belgium) after DNA extraction from one colony by boiling [34].

Table 2. Target genes, primer sequences and amplified fragment lengths of the PCR applied on the
DH10B pS88 plasmid transconjugant candidates.

PCR Target Genes Primers Amplified Fragment Reference
Length
0g80-F: 5-TGGTGTTGATTCCACTAGCGT-3'
Serotype O80 WO Og80R: 5'-CGAGAGTACCTGGTTCCCAAA-3' 285bp 401
A Hg2-F: 5-TGATCCGACACTTCCTGATG-3'
Serotype H2 JiCrz Hg2-R: 5-CCGTCATCACCAATCAACGC-3' 228bp [41]
Ogl6-F: 5-GGTTTCAATCTCACAGCAACTCAG-3'
SerotypeOl6  wziots 516 R. 5'.GTTAGAGGGATAATAGCCAAGCGG-3' 302bp (401
Colicin V.wt  cwaC_wt  CvaC-F:5-TATGAGAACTCTGACTCTAAAT-3' 314bp ]
ColiinV.M!  caCM  CvaC-R:5-ATTTATAAACAAACATCACTAA-3' 1555 bp !
Avian . HIyF-F: 5-GGCGATTTAGGCATTCCGATACTC-3' 599D (19
hemolysin &4 HlyF-R: 5-ACGGGGTCGCTAGTTAAGGAG-3 P

1 The cvaC gene is disrupted by the insertion of an ampicillin resistance cassette (see Section 2.3).

STX2d phage transductants were constructed using the E. coli K12 DH10B strain free
of the recombinant plasmid pAuto-ColV-Switch1.0 (received from the Syngulon Com-
pany, Seraing, Belgium; https://syngulon.com) as the recipient strain, as previously de-
scribed [30]. STX2d phages were induced by UV radiation and isolated from the three
bovine stx2d AE-STEC O80:H2 EH3155, EH3160 and EH3320/SES3090 strains. The trans-
ductant candidates were confirmed with a stx2d gene quantitative (q) PCR.

2.4. In Vivo Assay: The Galleria Mellonella Model

At first, the growth curve of all 17 E. coli strains tested in larvae of G. mellonella (eight
E. coli O80:H2, two E. coli O80:H45, one E. coli O80:H6, the two E. coli O80:H26 and O78:H4,
the two E. coli K12 DH5a and DH10B strains, and the two E. coli K12 DH10B pS88 plasmid-
conjugated and STX2d phage-transduced strains) was followed by comparing the optical
density of an LB broth culture at a wavelength of 600 nm (ODgg) and the number of
colony-forming units (CFU) after plating 10 pL on LB agar and overnight growth at 37 °C.
An ODgy between 0.2 and 0.35 corresponded to a concentration of 108 CFU/mL depending
on the strain. Then, 10 uL of an overnight culture of each strain in LB broth at 37 °C was
transferred to fresh LB broth that was incubated at 37 °C until reaching the appropriate
ODg corresponding to a concentration of 108 CFU/mL.

Thirty larvae per strain divided into three groups of 10 larvae (Animal Confort, Loncin,
Belgium) were inoculated in the last proleg, as previously described [30], with 10 uL of
each of the tenfold dilutions of the bacterial culture corresponding to 10 to 10° CFU using
an automatic injector (ColeParmer, Vernon Hills, IL, USA). In addition, 30 larvae were
injected with 10 pL of PBS as a control group. The larvae were kept at 37 °C and their
mortality rate was followed daily for four days. In parallel, back-titration was performed
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to confirm the actual inoculation dose by streaking 10 uL of each dilution on LB agar plates
and incubating them overnight at 37 °C.

2.5. Statistical Analysis

All statistical analyses were performed using R software with “Remdr v2.6-0” and
“survival” packages (https://www.john-fox.ca/RCommander/index.html; accessed on 1
April 2023) after pooling the different groups of larvae per strain, virulotype, or serotype.
Kaplan—-Meier curves were created to assess the survival of the larvae according to the
inoculation doses of each bacterial strain. Log-rank tests were carried out to highlight
significant differences in survival rates between the groups of larvae inoculated with the
different concentrations (logl to log6) of each E. coli strain and the PBS group. Hazard
ratios (HRs) with a 95% confidence interval (HR-95%) were calculated to give the relative
measure of the risk factor for death for the larvae when comparing the same concentration
of two different E. coli strains or groups of strains, the reference and the test strains: when
the HR-95% values included the value 1, the risk factor for death was the same with both
strains; when both HR-95% values were >1 or <1, the risk factor for death was higher or
lower, respectively, with the test strain(s) compared to the reference strain(s). The significant
thresholds of 0.05, 0.01, and 0.001 were applied for all statistical analysis.

3. Results
3.1. Virulotypes and Serotypes of the Four Genome Sequenced E. coli Strains

The genome sequencing and analysis confirmed the virulotypes and serotypes of
the two AE-STEC O80:H2 SES5320 and SES5363 strains using Virulence Finder 2.0 and
SeroType Finder 2.0 (Tables 1 and 3). The eae and stx1a genes and several genes located
on the pS88 plasmid, including the specific hlyF gene, were detected. The pS88 plasmid-
located etsC/iucC genes were detected in the AE-STEC O80:H2 SES5363 strain, but not in
the AE-STEC O80:H2 SES5320 strain. Conversely, the chromosomal cma/iha genes were
detected in the AE-STEC O80:H2 SES5320 strain, but not in the AE-STEC O80:H2 SES5363
strain. Therefore, three stxla AE-STEC, three stx2d AE-STEC, and two EPEC O80:H2 strains
with different pS88 plasmid and chromosomal gene profiles (Tables 1 and 3) were tested in
G. mellonella larvae.

The serotypes of the E. coli O80:H26 and O78:H4 of the laboratory serotype collection
were also confirmed (Tables 1 and 3). The stx genes and the LEE-located genes were not
detected, identifying them as neither AE-STEC nor EPEC. Conversely, the pS88 plasmid-
located genes, including the etsC/iucC genes, were detected in the E. coli O78:H4 strain,
but not in the E. coli O80:H26 strain (Tables 1 and 3), whereas the cma/iha chromosomal
genes were not detected. Since the E. coli O78:H4 was pathogenic for larvae of G. mellonella
in preliminary testing and harbored one pS88-like plasmid, this strain was added as a
non-O80 pS88 plasmid-positive control.
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Table 3. Virulence genes detected after genome analysis with Virulence Finder 2.0 of the E. coli O80:H2, O80:H6, O80:H26, O80:H45 and O78:H4 strains.
E. coli Serotypes and Strains 080:H2 12 080:H63  O80:H26 * 080:H45 3 078:H4 *
Genes Detected after Genome 5 EH3307/ EH3320/ EH3308/ EH3322/
Analysis SES5320 SES5363 EH2282 SES2959  SES3090 EH3160 SES2973  SES3122 SES6039 EH3161 SES5725 SES6156 078C
stxla +6 + +
Phage-located genes stx2d N + .
eaed + + + + + + + +
LEE-located genes espA/B/F/P + + + + + + + +
tir + + + + + + + +
cia + + + + + + + + +
cvaA + + + + + + + + +
hlyF + + + + + + + + +
PS88 plasmid-located lr.UN * + N * + * N + *
enes iss + + + + + + + + + + + +
& ompT + + + + + + + + + + +
sitA + + + + + + + + + + +
etsC + + + + + +
iucC + + + + + +
Chromosome-located cma + + + +
genes iha + + + +

1 all but stx1a AE-STEC SES5320 and SES5363 strains were previously sequenced [21]. The Genbank accession numbers are SAMN35130764 (SES5320) and SAMN35130765 (SES5363). 2
EH numbers are listed in [21]; SES numbers are the new laboratory collection references. 3 all three E. coli O80:H6 and O80:H45 strains were previously sequenced [34]. # The Genbank
accession numbers are SAMNB35130763 (EH3161) and SAMN35130762 (O78C). ® stxla AE-STEC EH2282 strain was erroneously referred to as stx2a instead of stx1a in Figure 1 of reference

[21]. © +: gene detected; empty box: gene not detected.
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3.2. Identification of Transconjugant and Transductant

After growth in LB broth with 100 ug/mL ampicillin in microtiter plates, 50 colonies
were transferred onto LB agar plates with 100 pg/mL ampicillin covered with a layer of the
ColV-sensitive ampicillin-resistant E. coli K12 MG1655 strain. Eleven of these 50 colonies
inhibited the growth of the E. coli K12 MG1655 strain and gave two amplification fragments
(314 bp and 1555bp; Table 2) with the PCR for the coaC wild-type and AmpR cassette-
inserted genes, respectively. Of the 11 transconjugant candidates, two also tested positive
with the PCR for the Ol6-encoding genes and the pS88 plasmid-located hlyF gene and
negative with the PCR for the serotype O80- and H2-encoding genes. These two transcon-
jugant candidates (F5 and D4) were sub-cultured on two LB agar plates with 100 pg/mL
ampicillin. Ten colonies from each agar plate were chosen and re-tested with the same PCR.
Of these 20 colonies, 12 once more gave unambiguous PCR results and 1 colony from the
F5 transconjugant candidate was chosen for testing in G. mellonella larvae.

The STX2d phages isolated from the AE-STEC O80:H2 EH3155 and EH3160 strains,
but not from the EH3320/SES3090 strain, produced plaque lysis on the E. coli K12 DH10B
strain. Either phage and the E. coli K12 DH10B strain were mixed in LB broth and incubated
overnight at 37 °C. The transductant candidates were recovered by centrifugation, re-
suspended in LB broth, and spread on STEC agar plates. After overnight incubation
at 37 °C, one colony from each plate was randomly picked up and confirmed by gPCR
targeting the stx2d gene. These colonies were sub-cultured three times on STEC agar to
confirm the stability of the transduced phages. At each stage, the transductant candidates
were confirmed by the qPCR targeting the stx2d gene. E. coli K12 DH10B transductant from
AE-STEC 080:H2 EH3160 strain was chosen for studies in G. mellonella larvae.

3.3. Virulence of E. coli Strains in G. mellonella Larvae
3.3.1. E. coli Non-O80:H2 Control Strains

Of these three control strains (E. coli K12 DH5a, E. coli O80:H26, and E. coli O78:H4),
the E. coli O78:H4 strain was the most highly virulent, killing almost all larvae within
24 h post-inoculation (HPI) even at log1 concentration (p-value < 0.001), while more than
80% of larvae inoculated with the E. coli K12 DH5¢ strain still survived at 96 HPI at log6
concentration (Figure 1; Table S1). The E. coli O80:H26 strain was also virulent, killing about
half and 75% of the larvae at log4 and log5 concentrations, respectively, at 96 HPI and all
larvae at log6 concentration at 72 HPI (p-value < 0.001; Figure 1; Table S1). The E. coli K12
DH50 and O80:H26 strains gave similar results to those previously observed [30].

3.3.2. Comparison of the E. coli O80:H2 Strains Belonging to Different Virulotypes

According to the log-rank analysis of Kaplan-Meier curves (Figures 2—4; Table S1), the
log5 and log6 concentrations of all eight E. coli O80:H2 strains gave significantly different
results from the PBS group results with less than 40% survival at 96 HPI (p-value < 0.001).
The stx2d AE-STEC EH3320/SES3090 strain gave similar results to those previously ob-
tained [30]. Although all three stx2d AE-STEC were also significantly more lethal com-
pared to the PBS group at the log4 concentration (p-value < 0.001) with ca. 40% death
at 96 HPI (Figure 3; Table S1), this was not the case for the stxIla AE-STEC and at least
for one EPEC (Figures 2 and 4; Table S1). Conversely, the results with the lowest concen-
trations (log1 to log3) were much more heterogeneous, even within the same virulotype
(Figures 2-4; Table S1), and were not further analyzed. Therefore, the hazard ratios (HRs)
and the confidence intervals 95% (HR-95%) were statistically analyzed only for the log5
and log6 concentrations.
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Figure 2. Kaplan-Meier survival curves of stx1a AE-STEC O80:H2 strains: (a) SES5320 strain (pS88--); (b) SES5363 strain (pS88++); (c) EH2282 strain (pS88++). HPI
= Hour Post-Inoculation. * p-value statistically significant at the threshold 0.05. *** p-value statistically significant at the threshold 0.001. pS88++: pS88 plasmid
carrying the etsC/iucC genes. pS88--: pS88 plasmid not carrying the etsC/iucC genes.
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Figure 3. Kaplan—Meier survival curves of stx2d AE-STEC O80:H2 strains: (a) EH3160 strain (pS88++); (b) EH3307/SES2959 strain (pS88--); (¢) EH3320/SES3090
strain (pS88++). HPI = Hour Post-Inoculation. * p-value statistically significant at the threshold 0.05. ** p-value statistically significant at the threshold 0.01.
*** p-value statistically significant at the threshold 0.001. pS88++: pS88 plasmid carrying the etsC/iucC genes. pS88--: pS88 plasmid not carrying the etsC/iucC genes.
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At the highest bacterial concentration (log6), almost all larvae were dead at 96 HPI
regardless of the virulotype (Figures 2—4). However, the stx2d AE-STEC strains significantly
killed more larvae and more quickly than the EPEC (Figures 3 and 4) with all larvae dead
at 72 HPI while a few larvae were still alive at 96 HPI with the EPEC. The HR-95% of
the stx2d AE-STEC vs. EPEC strains was statistically significant: between 0.44 and 0.88
(p-value < 0.01) (Table S2). Conversely, the results with stx1a vs. stx2d AE-STEC and with
stxIa AE-STEC vs. EPEC were not significantly different (Figures 2 and 3; Table S2).

At the log5 concentration, the stx2d AE-STEC strains significantly killed more larvae
and more quickly than the EPEC and the stxIa AE-STEC, with a survival rate lower than
20% at 96 HPI vs. 10-40% for the different stxla AE-STEC and EPEC strains (Figures 2—4).
The HC-95% of the stx1a AE-STEC vs. stx2d AE-STEC was higher than 1 (between 1.17 and
2.19 with a p-value < 0.01), while the HC-95% of the stx2d AE-STEC vs. EPEC was lower
than 1 (between 0.40 and 0.83 with a p-value < 0.01) (Table S2). Conversely, the results of
the stx1a AE-STEC vs. EPEC were not significant, similar to the log6 concentration.
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Figure 4. Kaplan-Meier survival curves of EPEC O80:H2 strains: (a) EH3308/SES2973 strain (pS88--);
(b) EH3322/SES3122 strain (pS88++). HPI = Hour Post-Inoculation. * p-value statistically significant
at the threshold 0.05. ** p-value statistically significant at the threshold 0.01. *** p-value statistically
significant at the threshold 0.001. pS88++: pS88 plasmid carrying the etsC/iucC genes. pS88--: pS88
plasmid not carrying the etsC/iucC genes.

Since some results could be due to intra-group variations as consequence of different
genetic backgrounds, the results of the three stx2d AE-STEC, the three stx1a AE-STEC, and
the two EPEC were intra-virulotype compared (Table S2). Only the results of the two EPEC
strains were statistically different at the log6 concentration. The EPEC EH3322/SES3122
strain harboring a pS88 plasmid carrying the etsC and iucC genes (pS88++) killed more
larvae and more rapidly than the EH3308/SES2973 strain whose pS88 plasmid does not
carry these two genes (pS88--) (Figure 4). The HR-95% of the EPEC EH3308/SES2973 pS88--
strain vs. the EPEC EH3322/SES3122 pS88++ strain was statistically significant: between
1.09 and 3.23 (p-value < 0.05) (Table S2).

3.3.3. Comparison of the Role of the pS88 Plasmid and of the STX2d Phage

According to the results described above, the etsC/iucC-positive pS88 plasmid may
play a role in the pathogenicity of some E. coli O80:H2 strains in G. mellonella larvae. The
virulence of one etsC/iucC-positive pS88 plasmid-conjugated E. coli K12 DH10B strain was
therefore compared with the virulence of one STX2d phage-transduced E. coli K12 DH10B,
of the E. coli K12 DH10B recipient, and of the AE-STEC O80:H2 EH2282 and EH3160
plasmid and phage donor strains (Table 1).

The log-rank analysis of the Kaplan-Meier curves confirmed that the acquisition by
conjugation of the etsC/iucC-positive pS88 plasmid significantly increased the lethality of
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the E. coli K12 DH10B recipient strain (ca. 25% at 96 HPI), both at log5 (p-value < 0.05)
and logb (p-value < 0.01) concentrations (Figure 5; Table S1). However, the HR-95% of the
transconjugant vs. the E. coli K12 DH10B recipient strain was not statistically significant,
neither at log6 nor at log5 (Table S3). Conversely, the HR-95% of the transconjugant vs.
the stx1a AE-STEC EH2282 donor strain was highly significant (between 5.74 and 29.37) at
logb6 (p-value < 0.001) and between 4.32 and 23.82 at log5 (p-value < 0.001) concentrations
(Table S3). Nevertheless, the HR-95% of the E. coli K12 DH10B recipient strain vs. the
stxla AE-STEC EH2282 donor strain was even more highly significant: between 12.78 and
153.50 at log6 (p-value < 0.001) and between 10.57 and 586.30 at log5 (p-value < 0.001)
concentrations (Table S3).

The log-rank analysis of the Kaplan-Meier curves also confirmed that the acquisition
by transduction of the STX2d phage significantly increased the lethality of the E. coli
K12 DH10B recipient strain, at log4 (p-value < 0.01), log 5 (p-value < 0.001), and log 6
(p-value < 0.001) concentrations. The lethality of the transduced E. coli K12 DH10B strain
was very similar to the lethality of the stx2d AE-STEC EH3160 donor strain (Figure 6;
Table S1): less than 20% of the larvae inoculated with the log5 concentration survived at
96 HPI with both transduced and donor strains while all larvae were dead at 72 HPI and
at 48 HPI, respectively, at the log6 concentration (Figure 6). Moreover, the HR-95% of the
STX2d-transduced E. coli K12 DH10B and of the stx2d AE-STEC EH3160 donor strains vs.
the E. coli K12 DH10B recipient strain were similar and also highly significant with HR-95%
values between ca. 8 and more than 400 at log5 and between ca. 17 and more than 350 at
logb6 (Table S3). Conversely, the HR-95% of the STX2d-transduced E. coli K12 DH10B vs.
the stx2d AE-STEC EH3160 donor strains was not statistically significant (Table S3).

3.3.4. Comparison with Other E. coli O80 Serotypes

In addition to AE-STEC and EPEC O80:H2, the virulence in G. mellonella larvae of
three pS88 plasmid-negative, non-AE-STEC, non-EPEC E. coli O80:H6 and O80:H45 strains
isolated from healthy cattle (Tables 1 and 3) was assessed for comparison with all E. coli
080:H2 strains. The control E. coli O80:H26 strain was also included in this comparison.

According to the log-rank analysis of the Kaplan-Meier curves (Figure 7; Table S1), the
log5 (p-value < 0.001) and logb (p-value < 0.001) concentrations of all three E. coli O80:H6
and O80:H45 strains gave significantly different results from the PBS group results with
less than 30% and 10% survival at 96 HPI, respectively, while the results with the lower
concentrations (logl to log4) were not consistently statistically significant with more than
70% survival at 96 HPI (Figure 7; Table S1). The results of the E. coli O80:H26 strain were
similar to the log5 and log6 concentrations, but the log4 concentration was also statistically
significant (p-value < 0.001) (Figure 7; Table S1). Moreover, the HR-95% ratios between
these three O80 serotypes were not statistically significant with the exception of the HR-95%
of the E. coli O80:H6 strain vs. the E. coli O80:H26 strain that was between 1.11 and 3.12
(p-value < 0.05) at the log6 concentration (Table S4).

As for the comparison between the results of E. coli O80:H6, O80:H26, and O80:H45
strains on the one hand and the stx1a AE_STEC, stx2d AE-STEC, and EPEC O80:H2 on the
other hand, some statistically significant differences were observed, especially between the
E. coli O80:H6 strain and the AE-STEC O80:H2 strains (Table S4). For instance, the HR-95%
ratios of the E. coli O80:H6 strain vs. the stxla and stx2d AE-STEC O80:H2 strains were
statistically significant at log6: between 0.41 and 0.98 (p-value < 0.05) and between 0.31
and 0.76 (p-value < 0.01), respectively. At log5, the HR-95% of the E. coli O80:H6 strain vs.
the stx2d AE-STEC O80:H2 strains was also statistically significant: between 0.38 and 0.93
(p-value < 0.05). In addition, the HR-95% of the E. coli O80:H45 strain vs. the stx2d AE-STEC
080:H2 strains was statistically significant at log6 (between 0.49 and 0.97; p-value < 0.05),
but not at log5 (Table S4). Conversely, the HR-95% ratios of any E. coli O80:non-H2 strain
vs. the EPEC O80:H2 strains were not statistically significant (Table S4).
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Figure 5. Kaplan—Meier survival curves of: (a) K12-DH10B recipient strain; (b) K12-DH10B pS88 plasmid-conjugated strain (pS88++); (c) stxIla AE-STEC O80:H2
EH2282 pS88 plasmid donor strain (pS88++). HPI = Hour Post-Inoculation. * p-value statistically significant at the threshold 0.05. ** p-value statistically significant at
the threshold 0.01. *** p-value statistically significant at the threshold 0.001. pS88++: pS88 plasmid carrying the etsC/iucC genes.
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Figure 6. Kaplan—Meier survival curves of: (a) K12 DH10B recipient strain; (b) K12 DH10B STX2d phage-transduced strain; (c) stx2d AE-STEC O80:H2 EH3160

STX2d phage donor strain. HPI = Hour Post-Inoculation. * p-value statistically significant at the threshold 0.05. ** p-value statistically significant at the threshold
0.01. *** p-value statistically significant at the threshold 0.001.
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Figure 7. Kaplan-Meier survival curves of E. coli O80:non-H2 strains: (a) serotype O80:H6 SES6039
strain; (b) serotype O80:H26 (EH3161 strain); (c) serotype O80:H45 SES5725 strain; (d) serotype
080:H45 SES6156 strain. HPI = Hour Post-Inoculation. * p-value statistically significant at the
threshold 0.05. *** p-value statistically significant at the threshold 0.001.

4. Discussion

The emerging AE-STEC O80:H2 are recognized as a multiple hybrid pathotype respon-
sible for enteritis, hemolytic-uremic syndrome, and bacteremia or septicemia in humans
and/or young calves [13,15,21]. They indeed harbor not only phage-located stx genes
with a large majority of stx2d gene and/or LEE pathogenicity island-located genes, but
also pS88-like ColV plasmids carrying invasiveness-encoding genes [15,21,22]. However,
the respective role(s) of the Stx toxins, AE lesion, and pS88-encoded properties in their
pathogenicity have not been confirmed by in vivo studies yet. Following the 3R policy (Re-
placement, Reduction and Refinement) [23], insects have been recommended and have been
used for some years as a first step for in vivo testing of pathogenic bacterial species [24,25].
Thus, the main purpose of this study was to assess larvae of the G. mellonella moth [24,25,27]
as a model to study and compare the virulence of different AE-STEC and EPEC O80:H2
isolated from calves in Belgium [21], and the respective roles of the pS88-like ColV plasmid
and STX2d phage.

According to the statistical analysis results, all eight calf stxla AE-STEC, stx2d AE-
STEC, and EPEC O80:H2 were pathogenic for G. mellonella larvae at log5 and log6 con-
centrations compared to the PBS group (Figures 2—4; Table S1). They were also more
pathogenic than the E. coli K12 DH5x and DH10B strains, but less than the E. coli O78:H4
strain (Figures 1, 5 and 6; Table S1). Moreover, all three stx2d AE-STEC were already lethal
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for larvae at log4 and more rapidly and intensively at log5 and log6 than the stx1a AE-STEC
and EPEC (Figures 2—4; Tables S1 and S2).

The reason for the stx2d AE-STEC being more virulent to G. mellonella larvae may be
related to the production of the Stx2d toxin. Indeed, the lethality rate of larvae with STX2d
phage-transduced E. coli K12 DH10B strain was significantly higher compared to the E.
coli K12 DH10B recipient strain and was similar to the AE-STEC O80:H2 EH3160 phage
donor strain (Figure 6; Table S3), as previously reported with the STX2d phage-transduced
E. coli K12 DH5« strain [30]. The HR-95% ratios of the STX2d phage-transduced E. coli K12
DH10B strain and of the EH3160 phage donor strains were also similar and significantly
higher when compared with the E. coli K12 DH10B recipient strain. These results confirmed
that the Stx2d toxin plays an important role in the pathogenicity of stx2d AE-STEC O80:H2
in G. mellonella larvae, as previously suggested [30].

Although the HR-95% between stx1a AE-STEC and stx2d AE-STEC was statistically
significant at log5, a role for the Stxla toxin in the lethality of larvae cannot be totally
excluded, since the difference was not statistically significant at log6 (Table S2). The reasons
for these conflicting results may be several: (i) low numbers of CFUs of one stx1a AE-STEC
actually inoculated, especially at log5 (3 x 10* CFU instead of 10° CFU after back-titration;
data not shown); (ii) slower multiplication of stxla AE-STEC compared to stx2d AE-STEC
as a consequence of different general genetic backgrounds of the strains; (iii) delay in the
production of the Stx1a toxin compared to the Stx2d toxin; (iv) less efficacious action of the
Stxla toxin in G. mellonella larvae compared to the Stx2d toxin. Whatever the actual reason,
counting the number of CFUs of stxla AE-STEC and stx2d AE-STEC in dead larvae, testing
STX1la phage transductant, and/or following the expression of the stx1a and stx2d genes
may answer these questions.

Two other specific properties of the AE-STEC and EPEC O80:H2 are the production
of the AE lesion and the invasiveness properties encoded by pS88-like plasmid-located
genes [15,18,19,21]. The role of the T3SS responsible for the development of the AE lesion
was not assessed in his study but is indeed partially responsible for the lethality of the
human EPEC E2348/69 (serotype O127:H6) in G. mellonella larvae compared to a mutant in
one of the encoding genes, as observed by others [31]. However, the situation seems differ-
ent for AE-STEC O157:H7 [32,33], possibly because the Stx toxins play a more important
role ([30], this study).

As far as the pS88 plasmids are concerned, a role of the etsC/iucC-positive pS88
plasmid can be hypothesized, according to the statistical analysis of the pathogenicity in
G. mellonella larvae of the two EPEC O80:H2 (Figure 4; Tables S1 and S2). Indeed, the
EPEC EH3322/SES3122 strain harboring one etsC/iucC-positive pS88 plasmid (Tables 1
and 3) was almost twice as lethal as the EPEC EH3308 /SES2973 strain harboring a pS88
plasmid not carrying these two genes at log6 (Table S2). However, the etsC/iucC-positive
pS88 plasmid transconjugant was not statistically more lethal than the E. coli K12 DH10B
recipient strain, although the HR-95% lower values were borderline at both log6 (between
0.92 and 12.60) and log5 (between 0.95 and 63.07) concentrations (Table S3). Nevertheless,
this transconjugant was far from being as lethal as the stx1a AE-STEC O80:H2 plasmid
donor strain (Figure 5; Tables S1 and S3). The etsC gene is a member of one operon coding
for an ABC transporter system while the iucC gene is a member of an operon encoding
the aerobactin siderophore [43]. Although both ets and iuc genes are markers of EXPEC,
especially of Avian Pathogenic E. coli (APEC) and of NMEC, the contribution of the ets genes
in the pathogenicity of E. coli in larvae of G. mellonella is still unknown, while contradictory
results have been obtained for the iuc genes [19,44]. Comparison with the results obtained
with one etsC/iucC-negative pS88 plasmid transconjugant would represent a first step in
the understanding of their role.

The role of the pS88 plasmids could actually depend more on the general genetic
background of the E. coli tested than on the pS88 plasmid virulotype. For instance, the
difference observed between the two EPEC O80:H2 strains was not observed between
the three stx2d AE-STEC or between the three stx1a AE-STEC (Tables S1 and S2), possibly
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because the Stx toxins were also here more important virulence factors in G. mellonella
larvae than the properties encoded by the pS88 plasmid. Moreover, the great majority of
AE-STEC and EPEC O80:H2 harboring one etsC/iucC-positive pS88 plasmid group together
in a single nucleotide polymorphism-based phylogenetic tree were negative for the iha and
cma chromosomal genes (Table 3), and vice versa [21]. Nevertheless, no role for the cma and
iha genes in the pathogenicity of E. coli O80:H2 in this intrahemocoelic inoculation model
of larvae of G. mellonella can be proposed at this stage. Indeed, the cma gene codes for a
colicin degrading the glycan chain of the murein precursor of other E. coli cells [45] while
the iha gene encodes an outer membrane protein, conferring adherence to epithelial cells in
culture [46]. Moreover, the iha gene is located on the pathogenicity island SPLE1, and its
absence can also mean the absence of other genes located on SPLE1 [46,47].

Another striking observation was the human EPEC O127:H6 that was already lethal
for G. mellonella larvae at a concentration of 5 x 10® CFU, like the stx2d AE-STEC O80:H2,
while not harboring any stx genes or pS88 plasmid [31]. Therefore, testing different pS88
plasmid-cured E. coli O80:H2 strains would also help to determine its actual role in G.
mellonella larvae, as already published in a mammalian model with the S88 NMEC strain.
The S88 strain cured of the pS88 plasmid loses almost all virulence in a neonatal rat model
of infection while reintroduction of the plasmid restores full virulence [19]. The role of any
bacterial property can indeed also depend on the animal model. Testing the S88 strain and
its plasmid-cured derivative would also help to confirm G. mellonella larvae as an in vivo
model to study the virulence of different E. coli pathotypes.

Still another example of the importance of the genetic background of the strains
was the E. coli O78:H4 control strain that harbors an etsC/iucC-positive pS88 plasmid
(Tables 1 and 3). This E. coli O78:H4 strain, however, had the highest lethality and pathogenic-
ity to G. mellonella larvae in spite of being neither AE-STEC nor EPEC (Figure 1; Table S1).
Septicemia-associated E. coli serotype O78 are frequently isolated from mammals and
poultry and one of the important virulence factors is the production of the O78 lipopolysac-
charide that displayed anti-complement properties in chickens [4,48]. Since G. mellonella
larvae have an innate immune system similar to mammals and birds, including the presence
of complement-like proteins [25-29], any E. coli property conferring enhanced resistance to
complement may also increase its virulence in G. mellonella larvae.

Another reason could be the availability of and the access to iron in G. mellonella larvae
and the challenge model. To the authors’ knowledge, there are no data published about the
former in G. mellonella. About the latter, APEC and NMEC produce several iron-chelation
systems, including two encoded by pS88-located genes, the salmochelin (iroBCDEN genes)
and the aerobactin (iuc and iutA genes). Although they both can contribute to the virulence
of APEC in poultry [44,49], neither is important for the pathogenicity of NMEC strain
S88 in the neonatal rat model [19]. Nevertheless, the situation may be different in G.
mellonella larvae, since the EPEC O80:H2 strain harboring an iucC-positive pS88 plasmid
was statistically more lethal for G. mellonella larvae than the EPEC strain harboring an
iucC-negative pS88 plasmid (Figure 4; Tables S1 and S2).

The role of other genes located on plasmids or on the chromosome, including on
pathogenicity islands and /or phages, in the virulence of different E. coli strains is beyond
any doubt [1,50] but was here illustrated by the results of the four pS88-negative E. coli
080:H6, O80:H26, and O80:H45 strains in G. mellonella larvae. These four E. coli O80:non-H2
strains were indeed statistically significantly lethal for larvae at log5 and log6 compared to
the PBS group, like all the E. coli O80:H2 strains (Figures 2—4 and 7; Table S1). Nevertheless,
the E. coli O80:H26 strain was already statistically significantly lethal for the larvae at
the log4 concentration, as previously reported [30], and like the stx2d AE-STEC O80:H2,
killed half of the larvae at 96 HPI vs. less than 25% for the other three O80:non-H2 strains
(Figure 7; Table S1).

The E. coli O80:H26 actually appeared to be the most lethal and the E. coli O80:H6 the
least lethal of the E. coli O80:non-H2 serotypes for G. mellonella larvae. The E. coli O80:H26
was, for instance, statistically more lethal than the E. coli O80:H6 to G. mellonella larvae
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with the HR-95% of the E. coli O80:H6 vs. the E. coli O80:H26 statistically significantly > 1
(Table S4). Moreover, the HR-95% ratios of all AE-STEC and EPEC O80:H2 vs. the E. coli
0O80:H26 strains were not statistically significant (Table S4). Conversely, the HR-95% of the
stx2d and stxla AE-STEC O80:H2 vs. the E. coli O80:H6 strain were significantly < 1 at the
log5 and/or log6 concentrations (Table S4), while the HR-95% of the stx2d but not of the
stxla AE-STEC O80:H2 vs. the E. coli O80:H45 strains was significantly < 1 but only at the
log6 concentration (Table S4).

All these results confirmed the necessary role of the general genetic background in the
virulence of E. coli strains to G. mellonella larvae. Unfortunately, at this stage, no correlation
between the general virulotypes of these four E. coli O80:non-H2 strains could be made,
although some putative virulence genes related to EXEPEC strains (Table 3) were detected.
It is however striking that none of these genes could be detected in the E. coli O80:H26 strain
(Table 3) that was the most virulent of the E. coli O80:non-H2 strains. This represented
either our shortage of knowledge on the actual role of several genes of E. coli in virulence
in G. mellonella larvae, or the current limits of the Virulence Finder tool.

5. Conclusions

The general conclusions of this study in G. mellonella larvae are that: (i) not only the
AE-STEC and EPEC O80:H2 but also different E. coli O80:non-H2 strains are lethal at high
concentrations (log5 and log6 CFU); (ii) the pS88 plasmids, especially the etsC/iucC-positive
PpS88 plasmids, are partly responsible for the lethality of the EPEC O80:H2; (iii) the Stx2d
toxins are entirely responsible for the lethality of the stx2d AE-STEC O80:H2; and (iv) the
identity of the virulence factor(s) responsible for the lethality of the E. coli O80:non-H2
strains is unknown at this stage.

Identification of these different virulence factors and understanding their respective
role(s) are beyond the purpose of this study but could be the goals of future studies
with different mutants engineered by, for instance, plasmid curing and allelic exchanges
and/or with an in vivo imaging system using bioluminescence or fluorescence microscopy
strains [19,31-33,51-53]. In parallel, comparative in vivo studies with mammalian and
avian models are needed to further assess insects, especially larvae of the G. mellonella moth,
as an in vivo challenge model to study and elucidate bacterial virulence.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/vetscil0070420/s1, Table S1: Log-rank analysis results of the
lethality rates of all E. coli O80 and non-O80 strains tested in G. mellonella larvae according to the
inoculated concentration (logl to log6 CFU) vs. the PBS injected larvae; Table S2: Interpretation of
hazard ratios (HRs) and confidence intervals 95% (HR-95%) in the comparison of the log6 and log5
concentrations of E. coli O80:H2 strains tested in G. mellonella larvae according to the pathotype (stx1a
AE-STEC, stx2d AE-STEC, EPEC) and to the detection (++) or not () of the pS88 plasmid-located etsC
and iucC genes; Table S3: Interpretation of hazard ratios (HRs) and confidence intervals 95% (HR-
95%) in the comparison of the log6 and log5 concentrations of laboratory E. coli K12 DH10B, E. coli
0O80:H2, pS88 plasmid DH10B transconjugant, and STX2d phage DH10B transductant strains tested
in G. mellonella larvae; Table S4: Interpretation of hazard ratios (HRs) and confidence intervals 95%
(HR-95%) in the comparison of the log6 and log5 concentrations of E. coli O80:H2 and O80:non-H2
strains tested in G. mellonella larvae.
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The AE-STEC serotype O80:H2 is a HUS-associated STEC serotype that has been
emerging since the early 2010s and is now endemic in several western European countries
(Bruyand et al., 2019; Soysal et al., 2016; Soleau et al., 2024). AE-STEC serotype
080:H2 was previously considered as a “minor” STEC serotype, much less frequent than
the classical major serotypes, such as AE-STEC 026:H11 and O157:H7. Emergence of
minor STEC and, sometimes hybrid pathotypes occurs from time to time. For instance,
the Aggregative-STEC serotype, O104:H4 caused a major outbreak in Germany in 2011,
resulting in numerous deaths due to HUS (Beutin and Martin, 2012: Ibarra et al., 2013).
Today, AE-STEC serotype O80:H2 represents one of the at least top five serotypes most
frequently associated with HUS in Europe, although no outbreak has been caused by this
serotype yet (EFSA, 2021; 2022; 2023; 2024). In this regard, O80:H2 could be classified
as seropathotype groups A or B based on the classification method by Karmali and
collaborators because it has been associated with HUS and epidemic disease in European
countries (Karmali et al., 2003). However, the amount of epidemiological and
experimental data accumulated worldwide for serotype O80:H2 remains overwhelmingly
lower than that available for other serotypes belonging to seropathotype groups A and B,
such as O157:H7, O26:H11, O103:H2, O111:NM, O121:H19, and O145:NM. Therefore,
although O80:H2 fulfills the criteria for classification within seropathotype groups A or
B according to the Karmali classification, its global epidemiological weight and impact
are considered to be still lower than those of the classical major (AE-)STEC serotypes.
Although AE-STEC O80:H2 have also been isolated in other continents and countries,
indicating that the presence of O80:H2 is not restricted to European countries (Mainil et
al., 2025; Patel et al., 2018; Yoshida et al., 2024), its prevalence and incidence would not

be comparable to those observed in Western Europe to date.

EPEC and some major human AE-STEC serotypes are also associated with diarrhea
in animals, such as young (< 3 months old) calves (Mainil and Fairbrother 2014; Fakih et
al., 2017). The O80:H2 serotype is no exception, with several cases in young calves

presenting diarrhoea and, although more rarely septicaemia in Belgium (Thiry et al.,
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2017; Habets et al., 2021). Other than from diarrheic calves in Belgium, a very small
number of AE-STEC and EPEC O80:H2 have been also isolated from cattle and their
feces: healthy adult cattle from one farm in France and in Spain and from healthy calves
in several farms in Switzerland (Bernier Gosselin et al., 2024; Blanco et al., 2004; Soleau
et al., 2024). Considering this background, the potential public health risk for future
outbreaks with AE-STEC serotype O80:H2 should not be overlooked.

In European countries where the frequency of AE-STEC O80:H2-associated
infection occurrence is higher than in other regions, several studies have been conducted
to compare strains from different sources (humans, calves, adult cattle, and others) and to
identify the source of contamination of humans (Blanco et al., 2004; Cointe et al., 2018;
Fierz et al., 2017; Gigliucci et al., 2021; Habets et al., 2021; Soleau et al., 2024; Soysal
et al., 2016; Thiry et al., 2018).

One of the most frequent contamination sources of the major AE-STEC serotypes
is ruminants. Among them, cattle have been recognized as a major contamination source
of humans with AE-STEC, with up to approximately 80% of healthy cattle shedding AE-
STEC in their faecces (Menge, 2020b). Despite these facts, no association with cattle or
with bovine food consumption could be identified during the different epidemiological
studies performed on the reported human cases of AE-STEC O80:H2 infections (ANSES,
2023; Bruyand et al., 2019; Ingelbeen et al., 2019). Moreover, most attempts to isolate
080:H2 from healthy cattle remain unsuccessful to date (Thiry et al., 2018; Habets et al.,
2020; Ikeda et al., 2023a; Ikeda et al., 2025), with only a few sporadic exceptions (Bernier
Gosselin et al., 2024; Blanco et al., 2004; Soysal et al., 2016; Cointe et al., 2018; Soleau
et al., 2024).

The major problem to isolate AE-STEC that can be present in low numbers in
ruminant healthy carriers is that, apart from the CT-SMAC medium (Sorbitol-MacConkey
Agar supplemented with Cefixim and Tellurite) for the serotype O157:H7, few selective
growth media or specific methodology have been established (Hiramatsu et al., 2002;
Verhaegen et al., 2015), especially to specifically isolate and study minor serotypes that
are associated with human infections. This is a major barrier in terms of infection control.

Therefore, STUDIES 1 and 2 aimed to identify healthy adult cattle in slaughterhouses
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and farms as potential contamination source of AE-STEC and EPEC O80:H2 using

different non-specific and specific methods for their isolation and identification.

In STUDY 1, 15% of the total enrichment broths of adult cattle facces sampled at
slaughterhouses and in farms tested positive for the O80 antigen PCR, and a total of 835
colonies were subsequently recovered from the different (semi)-selective agar media:
CHROMagar™ STEC which contains potassium tellurite (2.5 pg/ml) and cefixim,
Chromocult Coliform ES, MacConkey and EnteroHemolysin blood agar plate. Of these,
only 16 colonies were identified as E. coli O80 by PCR, all of which were recovered from
Chromocult Coliform ES, MacConkey and EnteroHemolysin blood agar plates. Even
though some candidate E. coli O80 colonies were recovered from Enterohemolysin blood
agar plates, only E. coli O80:H45 and O80:H6 were identified, that are neither EPEC nor
STEC and belong to a different sequence type than O80:H2 (ST301).

Therefore, a more specific methodology was assessed. Major (AE)-STEC are
known to be highly resistant to the bacteriotoxic tellure Te™ ion (Lewis et al., 2018;
Kerangart et al., 2016), mainly due to the presence of a fer resistance operon containing
the terZ, A, B, C, D, E, and F genes (Taylor et al., 2002). Due to this property, K>TeOs has
been widely used to detect (AE)-STEC O157 and major non-O157 serotypes (Gouali et
al., 2013; Tzschoppe et al., 2012; Hirvonen et al., 2012; Tillman et al. 2012), like in
CHROMagar™ STEC agar plates. However, several other AE-STEC serotypes
associated with human infection are known to be unable to grow on K>TeOs-
supplemented agar plates (Orth et al., 2007; Sato et al., 2007). Indeed, not only no PCR
080-positive colony was obtained from TeK Chromocult Coliform ES agar in this
STUDY 1, but also numbers of growing colonies were lower than on other agar plates
(3% in slautgher house vs 1% in farm). Hence, it could assume that the ter resistance
operon was absent in E. coli O80:H2 and STUDY 2 was carried out to clarify this
assumption.

In addition, many studies on AE-STEC O80:H2 focused on their virulence and
antibiotic resistance properties (Cointe et al., 2018; Gigliucci et al., 2021; Niiesch-
Inderbinen et al., 2018; Rodwell et al., 2021), but their biochemical properties are largely
uncharacterized. In 2022, AE-STEC O80:H2 from humans were reported as being 'non-

fermentative to melibiose' (Bizot et al., 2022b) due to deletion of the melibiose mel/ operon
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that is replaced by the insertion of a specific 70-bp-long DNA sequence (70mel).
Consequently, 52 previously studied AE-STEC and EPEC O80:H2 isolated from calves
and humans in Belgium (Habets et al., 2021) were characterized for non-melibiose
fermentation and for tellurite resistance properties, hoping to develop an alternative
selective and specific procedure based on these two properties to isolate and identify E.

coli O80:H2 from healthy adult cattle.

In STUDY 2, the 70mel sequence, but not the mel operon was detected in the
genomes of all 52 strains analyzed, with the 21 calf AE-STEC and EPEC strains
phenotypically tested forming colonies that were non-fermentative on melibiose-
supplemented MacConkey agar plates. This finding was the confirmation that calf AE-
STEC and EPEC O80:H2 are non-melibiose fermenters as well as human strains, as Bizot
and colleagues reported (Bizot et al., 2022b). In contrast, studies on tellurite resistance
give different results depending on the belonging of the strains to the main sub-lineages
L1/SL1.1 or SL1.2, as defined by Habets and collaborators (Habets et al., 2021): in
L1/SL1.1, most strains possessed ter-type 1 operon and ten of the 11 calf strains (mostly
EPEC) phenotypically tested in K;TeOs-supplemented broth have high MIC (>128
pg/ml), while in L1/SL1.2, strains do not possess the ter-type 1 operon and the nine strains
(mostly stx2d AE-STEC) tested have low MIC (1-2 pg/ml). The presence of the ter
resistance operon directly or indirectly contributes to the growth of the ter-type 1-positive
stxla AE-STEC (MIC >256 pg/ml) in 2.0 pg/ml KoTeOs-supplemented enrichment broth
even at low inoculation concentrations. Conversely, under the same conditions, the
growth of the ter-negative low MIC (2 pg/ml) EPEC could not be detected. However,
despite these results, AE-STEC and EPEC O80:H2 could be not isolated in the tests on
slaughterhouse faecal samples conducted in STUDY 2.

Isolation of E. coli O80:H2 from healthy cattle has still not been achieved in
Belgium between 2017 and 2025 study periods (Thiry et al., 2018; Habets et al., 2021;
Ikeda et al., 2023a; Ikeda et al., 2025) and only very rarely in other countries (Blanco et
al., 2004; Soleau et al., 2024). Interestingly, AE-STEC O80:H2 was isolated and
identified from healthy adult cattle in France in 2024 in one farm located in one of the
areas marked in previous epidemiological studies as one high incidence area for AE-

STEC 0O80:H2-related infections (Soleau et al., 2024; Soysal et al., 2016). Given that
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most of the cases in which bovine AE-STEC O80:H2 has been identified in farms (Bernier
Gossen et al., 2024; Blanco et al., 2004; Soleau et al., 2024) and that the general tendency
for major AE-STEC serotype detection rates in slaughterhouses to be around 10%, greater
emphasis should need to be placed on investigating the farm environment and their
surroundings, along with analyzing more fecal samples in large slaughterhouses (Bibbal
et al., 2015; Blanco et al., 2004; Browne et al., 2021; McCabe et al., 2019; Soleau et al.,
2024). In addition, surveys should also be performed in veal calf farms that are frequent
in Western European countries, but are not often included in STEC studies. For instance,
no survey has been performed in Belgium, since the study Bardiau and collaborators in

2010 with prevalence of (AE-)STEC and EPEC of ca. 12% (Bardiau et al., 2010).

Nevertheless, besides the absence of any specific procedure, the rarity of positive
results could also be due to ecological issues. For instance, the colonization site of AE-
STEC and EPEC O80:H2 in adult cattle could be the small intestine as hypothesized
based on a previous study in calves (Habets et al., 2020), rather than the rectum where we
collected samples. Alternatively, their concentration in the rectum and in feces would not
exceed the detection limit even after enrichment bacterial growth making isolation
impossible. In addition, unlike major AE-STEC serotypes, the origin of AE-STEC and
EPEC 080:H2 may not be healthy adult cattle. This includes the possibility that domestic
animals other than cattle, such as poutry and swine, or environmental factors around the

farms, without forgetting wildlife, may be the actual source of human contamination.

It is also important to use a combination of selective agar media and methodologies
in future surveys, based on the following two considerations: (i) the deletion of the mel
operon is likely to be effective for identifying AE-STEC and EPEC O80:H2. However,
the inability to ferment melibiose is not specific to the serotype O80:H2, as this
phenotype—caused by the 70mel DNA insertion—is also observed in other E. coli
serotypes, such as O45:H2, O55:H9, and O186:H2, all belonging to Sequence Type (ST)
301, as well as in other Gram-negative species like Escherichia albertii (Bizot et al.,
2022b); (i1) the CHROMagar™ STEC is widely used as a selective medium for AE-STEC
and can still help in helping to isolate E. coli O80:H2 although no positive result was
obtained in previous studies, including STUDY 1 (Thiry et al., 2018; Habets et al., 2020;

Jenkins et al., 2020). In a case report on HUS-associated AE-STEC O55:H9 (ST301)
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indeed, a French group reports that O55:H9 and O80:H2 serotypes form distinct colony
morphologies on CHROMagar™ STEC (Cointe et al., 2022). Combining these findings
together may improve the rate of identification of E. coli O80:H2 from contamination
source(s). However, specific protocols for isolating and identifying AE-STEC and EPEC
080:H2 from sources have yet to be established. In conclusion, continuing research on
different techniques and improved isolation strategies, based on agar-dependent and agar-
independent procedures such as immunomagnetic beads (IMB) (Tillman et al., 2012), is
essential for establishing a methodology to identify the reservoir and contamination way

of AE-STEC and EPEC O80:H?2.

The identification of the infection origin of AE-STEC and/or EPEC O80:H2 also
requires a deeper understanding of their molecular characteristics, particularly their
genomic structures. However, the available genome information on the serotype O80:H2
is scarce compared to major serotypes. Hence, STUDY 3 employed a whole genome-
based approach to (i) investigate the phylogenetic population structure, gene distribution
and virulence profiles of human and calf Belgian AE-STEC and EPEC O80:H2 strains;
and (i1) to precisely and completely characterize the mobile genetic elements, especially
LEE pathogenicity islands, Stx phages, and pS88 and other plasmids of two calf stx2f
AE-STEC isolates after long read sequencing methodology.

At first, the phylogenetic population structure of 52 calf and human AE-STEC and
EPEC O80:H2 (Habets et al., 2021) was expanded and re-analyzed with additional
genomes of 77 strains, for a total of 127 calf and human AE-STEC and EPEC isolated
between 2008 and 2024 and two calf AE-STEC isolated in 1987. The results confirm that
the population of Belgian AE-STEC and EPEC O80:H2 strains from humans and calves
has a stable phylogenetic structure at the SNP level throughout the study period with two
lineages (L) and four sub-lineages (SL).

Indeed, 96% of the 129 AE-STEC and EPEC O80:H2 belong to L1/SLI1.1 and
L1/SL1.2. Furthermore, 46 of the 59 calf EPEC were classified in L1/SL1.1 whereas 51
of the 70 calf and human AE-STEC belonged to L1/SL1.2. The tendency confirms that
L1/SLI1.1 is essentially an EPEC-associated lineage while L1/SL1.2 is more stx2d AE-

STEC-associated. At the same time, no additional isolate was classified in L2 (two calf
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AE-STEC from 1987), L1/SL1.3 (one human AE-STEC), and L1/SL1.4 (two human AE-
STEC). Similarly, a core genome-based analysis of Belgian, British, French and Swiss
calf and human AE-STEC strains by a French group confirms the classification of AE-
STEC O80:H2 in three consistent sub-lineages, further supporting a conserved

phylogenetic structure (Soleau et al., 2024).

One of the features of the AE-STEC and EPEC O80:H2 is the conserved virulence
gene composition. Indeed, eaeé gene coding for Intimin adhesin, LEE-located Type 3
Secretion System (T3SS)-encoding genes (espA4, B, F, and tir), and non-LEE-located TS3
effector-encoding genes were detected at high frequency in most strains not only in
STUDY 3, but also in other studies carried out in France and UK (Cointe et al., 2018;
Rodwell et al., 2021). This conserved virulence gene profile among the O80:H2 serotype
implies that genetic similarities in pathogenicity factor profiles of the O80:H2 strains is
not limited to Belgium, but is present in strains of different origins and countries.
Exceptionally, one human strain, EH4328 isolated in 2024 was different by the absence
eae¢ gene and LEE-located genes. However, this strain is an stx2d AE-STEC belonging
to the L1/SL1.2 and still possess non-LEE-encoded effectors (nleA, nleB, and nleC). This
observation indicates that the strain likely shares a common genetic backbone with other
LEE-positive AE-STEC O80:H2 and therefore, may have originally possessed the LEE
pathogenicity island.

Previous research identified LEE-negative STEC in other serotypes isolated from
humans and occasionally from ruminants. To the author's knowledge, LEE-negative
STEC have not been reported among the major AE-STEC serotypes; however, such
strains have been found in O113:H21 and O91:H21 isolated from HUS, O91:H14 from
gastrointestinal infection, and the aggegrative-STEC O104:H4 responsible for the
outbreak in Germany (Ito et al., 1990; Lucchesi et al., 2006; Mellmann et al., 2011; Paton
et al., 1999; Rodwell et al., 2024; Zaheri et al., 2020). Accordingly, a different genetic
profile from LEE-positive STEC strains has also been identified in such LEE-negative
STEC with, for instance a higher prevalence of other putative adherence factor-encoding
genes, such as saa (autoagglutinating adhesin) (Lucchesi et al., 2006; Zaheri et al. 2020).
Although the fact that this LEE-negative STEC O80:H2 identified in this STUDY 3

possesses neither the saa gene, nor any specific adherence-encoding genes, the existence
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of this human isolate implies the possibility of emergence of strains with different
virulence profiles compared to classical AE-STEC O80:H2 strains and may provide clues

to mechanisms in the pathogenicity adaptation of this serotype.

Stx-converting phages and virulence plasmids are mobile genetic elements also
essential for the virulence of AE-STEC ad EPEC in general. Of the latter, the pS88
plasmid is especially specific to the serotype O80:H2 (Soysal et al., 2016). This pS88
plasmid was originally identified in NMEC and is also highly identical to the ColicinV-
related plasmid identified in APEC strain (Johnson et al., 2006a; Johnson et al., 2006b;
Peigne et al., 2009). What pS88 plasmids make O80:H2 unique is that it possesses
putative virulence genes and gene clusters generally found in EXPEC strains and coding
for avian hemolysin (4lyF), iron-uptake and acquisition systems (iutA-iucA/B/C/D, and
iroB/C/E/D/N), outer membrane protein (ompTp), putative secretion system type |
(etsA/B/C), and resistance to the bactericidal activity of the complement (iss). Conversely,
two of these gene clusters, ets and iutA-iuc were detected in only ca. 50% of the 129 AE-
STEC and EPEC O80:H2. At first, their presence could be associated with the virulotypes
since 76% of calf AE-STEC and 83% of human AE-STEC were positive compared to
only 20% of calf EPEC strains. Nevertheless, the 12 calf EPEC and different non-stx2d
AE-STEC that are positive for both ets and iutd/iuc gene clusters are classified in
L1/SL1.2 along with the majority of stx2d AE-STEC, while the two stx2d AE-STEC that
are negative for both gene clusters are classified in L1/SL1.1 along with the majority of
EPEC and of non-stx2d AE-STEC (see Fig.2 STUDY 3). This indicates that the presence
or absence of these two genes is actually more closely associated with sub-lineage

distribution than with the virulotypes of AE-STEC and EPEC O80:H2.

In sharp contrast to the ets and iutA/iuc gene clusters, detection rates of both cma
and iha genes was highly associated with L1/ SL1.1 strains and not with L1/SL1.2 strains.
The iha gene coding for an “IrgA homologue adhesin” is associated with initial adherence
and iron-uptake, which also may be required for AE-STEC and EPEC as virulence
properties (Blanco Crivelli et al., 2018; Colello et al., 2009; Tarr et al., 2000). Conversely,
the cma and iha genes may have been lost by L1/SL1.2 AE-STEC and EPEC because
they would not be essential for their virulence. Indeed, if cattle are one of the

contamination sources of AE-STEC O80:H2 to humans, the reduced detection of the cma
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and iha genes in AE-STEC strains might result from: (i) selective pressures during
multiple stages of transmission (e.g., from other reservoirs to the cattle intestine, then to
humans), and (ii) external interventions such as antimicrobial treatments during calf-
rearing which may have contributed to the loss of these virulence genes (Bernier Gosselin

et al., 2024).

Genome analysis using hybrid assemblies constructed by complementary short and
long read sequences of two bovine stx2f AE-STEC O80:H2 confirmed that not only the
ets and iuc/iutA gene clusters of strains SES0108 belonging to L1/SL1.2 and the cma gene
of strain SES0057 belonging to L.1/SL1.1 were located on their respective pS88 plasmids,
while the iha gene of strain SES0057 of L1/SL1.1 was located on a chromosome-inserted
pathogenicity island called SpLE-1 (Sakai prophage-like element 1), along with the fer-
type 1 operon. In STUDY 2 indeed, genetic typing revealed that the fer-type 1 resistance
operon was detected in L1/SL1.1 strains, but not in L1/SL1.2 strains. This situation may
be due to a genetic change during evolution of the serotype O80:H2, such as site-specific
excision of the SpLE-1, which would result in the loss of the fer-resistance operon along

with the iha gene (Bielaszewska et al., 2011).

In the two calf stx2f AE-STEC strains, the Stx2f phages are duplicated with one
copy inserted within the ssr¥4 tmRNA locus, a common insertion site of Stx phages. The
second copy of the Stx2f phages are located upstream in the bacterial genomes at the
height of the thrW tRNA locus, but are actually integrated in another prophage in a
manner called the “prophage-in-prophage” integration pattern, similarly to a previous
report concerning Stx2a phages in STEC O145:H28 (Nakamura et al., 2021). This pattern
has potential implications for virulence accumulation and integration opportunities
between distinct STEC serotypes and Stx phages, as suggested by Nakamura and

collaborators.

While a highly conserved region (>99.5%) from the integrase-encoding gene
through to lysis-related genes is present in both Stx2f phage genomes, the other two
regions, mainly containing phage morphogenesis-encoding genes do not show high
identity (>70%, and 70%-99%). This difference is also observed when comparing these
two Stx2f phages with Stx2f phages of other STEC serotypes. The entire genome of the
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Stx2f phage of O80:H2 strain SES0108 (L1/SL1.2) is also highly identical (>99.5%) to
Stx2f phages of STEC O63:H3 and O145:H34. Notably, all three Stx2f phages carry
cdtA/B genes which are frequently reported in E. coli and E. albertii isolated from humans
and (wild) bird species. Furthermore, it has been also reported that cdt-carrying Stx2f
phage are often integrated into the ssr4 locus (Carter et al., 2023; Crombé et al., 2024).

On the other hand, even if they are integrated, directly or indirectly, into the same
ssrA and thrW loci, the presence of the two genome regions of the Stx2f phages in strain
SES0057 (L1/SL1.1) with (much) lower identity (>70%, and 70%-99%) to the Stx2f
phages of strain SES0108 and of other human-associated STEC serotypes implies that the
Stx2f phages are structurally variable. Interestingly enough, these two regions are highly
identical (>99.7%) to another prophage present elsewhere in the SES0057 genome and
also with prophage sequences present in the "gang of seven" major AE-STEC serotypes.
Given the microbial diversity in the calf intestines, it is plausible that the Stx2f phage in
SES0057 underwent recombination event(s) with prophages transferred from other STEC
serotypes, during co-infection for instance. This hypothesis may be supported by a
retrospective study in which a French research group reported that a dual infection
involving STEC O80 and 026 in HUS cases associated with raw milk camembert cheese
(Espié et al., 2008). Although a very few stx2f AE-STEC O80:H2 have been described
since 2011 including in humans (Mainil et al., 2025), their frequency remains very low.
In the recent review about AE-STEC and EPEC O80:H2, Mainil and colleagues further
suggest that deletion or replacement of Stx phages has occurred frequently in AE-STEC
080:H2. Although still a matter of speculation, Stx2f phages may have been excluded
because their contribution to virulence during human infection is lower than that of other

Stx subtypes such as Stx2a and Stx2d.

Deletion or replacement study of Stx phages has been also conducted on other AE-
STEC serotypes. For instance, Bielaszewska and collaborators suggest that bidirectional
transfers between AE-STEC and EPEC serotype 026 occurred through acquisition and/or
loss of stx genes and Stx phages based on several lines of evidence: stx2 gene loss in vitro,
successful transduction of EPEC with Stx2 phages, shared core genome between human
AE-STEC and EPEC isolates (Bielaszewska et al., 2007). Core genomes of AE-STEC

and EPEC O80:H2 are closely related at the SNP level. In addition, successful in vitro
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transduction of Stx2d phages into K12 laboratory E. coli strains and into an E. coli
080:H26 strain has been demonstrated (Habets et al., 2022), indicating that at least Stx2d
phages can be horizontally transferred within the O80 lineage. Given the close
phylogenetic relationship between AE-STEC and EPEC O80:H2, it is therefore plausible

that bidirectional transfers of Stx phages could also occur between these two pathotypes.

Additionally, the distribution of Stx subtypes differed between the sub-lineages:
while L1/SL1.2 strains were predominantly stx2d-positive, L1/SL1.1 AE-STEC strains
mostly carried stx2a or stx/a and rarely stx2d. Although a chronological genotype shift
from stx/ to stx2 was previously reported for STEC 026 (Zhang et al., 2000), such a
pattern may not be applicable in O80:H2. Instead, the observed distribution is more likely
to reflect the independent acquisition and maintenance of distinct Stx phages in each
(sub-)lineage, as suggested by Mainil and collaborators, shaped by separate evolutionary

events (Mainil et al., 2025).

To conclude, subtle differences in the genetic profiles of the Stx-converting phages
and of the pS88 plasmids were observed between strains belonging not only to different
lineages, but also sometimes to the same lineage. Although the presence and role of other
plasmids was not investigated in STUDY 3 (with the exception of the two calf stx2f AE-
STEC), the actual impact of these differences in the genetic profiles and factors may be

key to the diverse pathogenicity of the AE-STEC and EPEC O80:H2.

The most frequently identified Shiga toxins (Stx) in severe human infections are
Stx2, especially the Stx2d subtype. Concerning this observation, AE-STEC O80:H2 are
no exception, indicating that Stx2d probably plays a major role in their virulence, at least
in human clinical cases (Cointe et al., 2018; Mariani-Kurkdjian et al., 2014 Soysal et al.,
2016; Wijnsma et al., 2017). However, how about their actual relative role compared to
the other virulence-associated properties, like the LEE region and the pS88 plasmids, in
vivo? In STUDY 4, the role of the Stx2d and of two types of pS88 plasmids were assessed

in the moth Galleria mellonella larval model.

The stx2d AE-STEC and Stx2d-transduced KI12DHI0B strains have the
statistically significant highest lethality compared to the Stxla AE-STEC and EPEC
strains suggesting that the Stx2d is a major virulence factor in this model. Although
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the stx/a AE-STEC strains also displayed a clear and rapid lethality at high
concentrations, the results are not statistically different from those of the EPEC strains,
under the conditions of STUDY 4. The contribution of Stx1a to virulence in this model,

if any, is therefore impossible to assess.

Since the K12 DH10B strain transduced with the Stx2d phage exhibited a lethality
level comparable to that of the donor stx2d AE-STEC, the next logical step would be to
evaluate the virulence of a stx2d deletion mutant derived from the wild-type O80:H2
strain. This approach would help to clarify whether the presence of stx2d is necessary for
the virulence phenotype observed in larvae of G. mellonella and thereby confirm its
causal role. Although the presence of the receptor for Stx in this insect model has not been
demonstrated to date, it remains possible that alternative mechanisms could allow Stx2d
to exert its cytotoxicity in this model. While the activation of Stx2d by elastase in humans
is established (Melton-Celsa et al., 2015), whether G. mellonella larvae produce proteases
capable of similar activation also remains unknown. Interestingly, elastase-like activity
has been detected in homogenates of Galleria larvae, including in uninfected controls
(Andrejko et al., 2013). Therefore, it should not be excluded that endogenous proteases

may contribute to Stx2d activation when larvae are infected with stx2d AE-STEC strains.

Another question is the level of expression of the Stx in G. mellonella larvae. The
role in virulence of Stx1 and Stx2 has been assessed using different animal models and
their respective levels of virulence depend on the animal species. For instance, Stx1 has
higher virulence level than Stx2 using rabbits as a model, but the results are opposite in
the case of mice (Shimizu et al., 2007; Tesh et al., 1993; Fujii et al., 2001). However,
whether the insect model shows differential sensitivity to Stx1 and Stx2 compared to the
mammal host and whether host-pathogen interaction which has been observed in EPEC,
is exerted in distinct Stx subtypes of AE-STEC O80:H2, remains unknown (Chen and
Keddie, 2021; Leuko and Raivio, 2012). Therefore, it is possible that the expression levels

of Stx1la and Stx2d are not fully reproduced in the in vivo G. mellonella larval model.

The tested EPEC strains O80:H2 are of relatively low virulence in G. mellonella
larvae compared to AE-STEC, though some significant difference was observed between

the two EPEC strains harboring two different pS88 plasmids. Indeed, the EPEC strain
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harbouring one etsC / iucC-positive pS88 plasmid is significantly more lethal. Conversely,
the E. coli laboratory K12-DH10B strain acquiring the pS88 plasmid harbouring the etsC
and iucC by conjugation is considerably less lethal than the two EPEC strains. The
pathogenicity of EPEC using G. mellonella larvae has already been assessed with the
human-specific typical EPEC E2348/69 strain (O127:H6) and it has been suggested that
besides the presence of the LEE, other virulence factors increase the survival rate of EPEC
in the hemocoele (Chen and Keddie, 2021). Of these other virulence factors, the EXPEC
virulence genes present on the pS88 plasmids do not however represent any major
virulence factors of EPEC, and probably AE-STEC O80:H2, but may still play a

supporting role in modulating or enhancing their overall virulence.

The next step is the assessment of the different pS88-associated genes in the
pathogenicity of AE-STEC and EPEC O80:H2. For example, one EPEC strain harboring
the ets and iuc/iut genes on the pS88 plasmid shows higher lethality compared to the other
EPEC strain whose pS88 plasmid does not carry those gene sets. The ets genes form one
operon coding for an ABC transporter system, while the iuc/iut genes form another operon
encoding the aerobactin siderophore (Peigne et al., 2009). Although contradictory results
have been obtained for the iuc/iut genes in vitro or in vivo study (Peigne et al., 2009; Ling
et al., 2013), the actual contribution of the ets genes in the pathogenicity of E. coli is still

unknown.

The role in the virulence of the AE-STEC and EPEC O80:H2 of the iss gene that
contributes to increase the serum survival which allows E. coli to evade innate immune
responses in host serum and typically observed in ExPEC, is more difficult to analyze.
Indeed, the iss gene is also identified in the eae-stx-pS88 plasmid-negative E. coli, like
the E. coli O80:H45 and O80:H6 strains identified in STUDY 1 (Ikeda et al., 2023a; Pfaft-
McDonough et al., 2000; Johnson et al., 2002; Wilczynski et al., 2022). Although they
may be regarded as non-pathogenic (Ikeda et al., 2023a), the results of STUDY 4 however
show that the lethality rate of G. mellonella larvae injected with O80:H45 and O80:H6
strains is by no means lower than that of stx/a AE-STEC and of EPEC O80:H2, though
not as high as that of stx2d AE-STEC. Conversely, the E. coli K12 strains, also harboring
the iss gene, show no or very little lethality in larvae of G. mellonella. Besides the

contribution of other putative virulence-associated genes of the different E. coli O80, the
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levels of expression of the different pS88-associated genes in G. mellonella larvae have

not been studied in STUDY 4.

Accordingly, these levels of expression may also depend on the bacterial strain and
on the host. For instance, an ex vivo study using E. coli serotype O45:K1:H7 strains
responsible for urinary tract infections (UTI) in young infants, reports that three pS88-
associated gene clusters or genes (etsC, iucC, and iss) are up-regulated in chicken serum,
whereas no similar changes are observed in human serum or urine (Lemaitre et al., 2012).
Additionally, Peigne and collaborators suggested that disruption of the salmochelin
receptor gene (iroN) in the pS88 plasmid reduced bacterial load in blood of a new-born
mouse model, whereas deletion of ferric aerobactin receptor-encoding gene (iut) or the
Sit system (sif) alone had no clear effect (Peigne et al., 2009). To clarify the contribution
and the role of each virulence-associated gene more precisely, further studies must be
performed to (i) assess the virulence of mutant strains, including allelic variants, in genes
present on the chromosome and the pS88 plasmid in different infection models, including
other models than insects; (ii) measure each gene expression levels, for instance by RT-
qPCR to elucidate their dynamics in these different infection models; and (iii) perform
histopathological analyses, which would represent a valuable complementary approach
to determine whether the observed differences in lethality are associated with bacterial

dissemination, preferential tissue localization, or specific tissue damage.

Finally, the somatic antigen O80 may also contribute to the virulence in the G.
mellonella larvae, like for other somatic antigens. Indeed, though it was inoculated only
for comparison, the E. coli O78:H4 strain that possesses neither stx genes nor eae gene,
but well the nine pS88 plasmid-associated genes (cia, cvaAd, hlyF, ompTp, iroN, iss, sitA,
etcC, and iucC), has the highest lethality rate of the tested 13 E. coli. Generally, O78 is a
major serotype of invasive E. coli, especially of Avian Pathogenic E. coli (APEC) and
one of the most important virulence factors of APEC O78 via the anti-complement role
of the lipopolysaccharide (Mainil and Fairbrother, 2014; Mellata et al., 2003). Even
though differences in sugar composition have not been described, molecular typing of O
antigens suggests that structural differences may exist between the O78 and O80 antigens
(Iguchi et al., 2015). Therefore, a precise comparison of these two O antigens would be

of interest. Since G. mellonella larvae have innate immunity similar to that of mammals
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and birds, including the presence of complement-like proteins, the presence of this O78
lipopolysaccharide certainly increases the virulence of this strain in larvae (Antoine et al.,
2021; Cutuli et al., 2019). At this stage, the role, if any of the O80 somatic antigen is

however unknown.
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Despite a frequent association with HUS in Europe, the actual reservoir and source
of contamination of humans of AE-STEC and EPEC O80:H2 remain unidentified (Habets
et al., 2020; Thiry et al., 2018 + STUDY 1 and STUDY 2). Here, the following three-step
hypothesis 'AE-STEC serotype O80:H2 originates from non-European regions through
multiple evolutionary stages based on previous and latest findings including this thesis

STUDIES' is proposed.

Studying more than 400 genomes of E. coli O80:H2, Mainil and colleagues (Mainil
etal., 2025) describe three main lineages (L1, L2, L3). The earliest-diverging lineage (L1)
comprises five EPEC O80:H2 strains, all of them harboring the eaep gene subtype that is
not genetically close to eaeé and lacking both the pS88 plasmid and the SpLE-like
element (Mainil et al., 2025). What is more, four of them were isolated in non-European
countries: South Asia (three strains), and South America (one strain). Cointe and
collaborators (Cointe et al., 2021) made an interesting hypothesis that O80:H2 may have
emerged from an atypical EPEC non-O80:H2 serotype sharing core genome through O-
antigen switching. However, the identification of eaep-positive, pS88-negative EPEC
080:H2 strains in non-European regions cannot rule out that the EPEC O80:H2 serotype
itself may have existed early in the evolutionary history of the current clones of AE-STEC
and EPEC O80:H2 strains, which are eael- and pS88-positive and are frequent in Western
European countries. Moreover, the eaep-subtype is not genetically close to eael. Taken
together with the phylogenetic findings by Mainil and colleagues, a three-step scenario

may be considered:

Step 1. In the past time, a primitive EPEC O80:H2 harboring the eaep subtype emerged

and entered European countries.

Step I1. EPEC O80:H2 harboring the eaep subtype lost their LEE region and became
eae-negative strains. The event of losing LEE region is practical since one eae-negative
STEC O80:H2 have also been identified in Belgium (STUDY 3).

Step II1. eae-negative E. coli O80:H2 acquired a novel LEE region with the eael gene
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and the SpLE1 through interaction with e.g. 'eaeé- and SpLE1-positive EPEC strains'
belonging to other serotype(s) or other pathogenic E. coli strains (Kusumoto et al.,

2014; Nakamura et al., 2023; Shepard et al., 2012; Vu-Khac et al., 2007).

It has indeed been reported that SpLE1 may confer a selective advantage to more
efficiently colonize the intestinal tract in pigs, based on a study using an AE-STEC
O157:H7 strain in swine intestines (Kusumoto et al., 2014; Yin et al., 2009). To the
author’s knowledge, although similar in vivo report in cattle is currently lacking, it is
tempting to speculate that SpLE1 could also enhance colonization of the intestinal tract
in cattle. This finding may explain why the majority of L1/SL1.1 strains that are identified
as calf EPEC possess SpLE1 carrying the iha gene and the fer operon. Conversely, the
L1/SL1.2 strains whose majority possess neither ika gene, nor the ter operon are
identified as human AE-STEC. We may therefore hypothesize that the L1/SL1.2 strains
represent a sub-lineage that lost the SpLEl and becoming more suited for human
infections. From the results of Mainil and colleagues (Mainil et al., 2025), it is also
possible that Step II and Step III occurred in South- or North America before the eael -
SpLE1-positive clone entered Europe. Alternatively, Step II and Step III may have

occurred in parallel in Europe and both American continents.

Emergence and spreading of the current AE-STEC and EPEC O80:H2 in Europe
after 2010s

After the gain and loss of SpLEl, the acquisition of the pS88 plasmid and of
different Stx phages is believed to have contributed to the emergence of the current AE-
STEC O80:H2 clone (L1 in Habet et al., 2021 and STUDY 3; L3 in Mainil et al., 2025),
which is now widespread in Western European countries. Several observations may

support this scenario:

(i) After the acquisition of the original complete pS88 plasmid, a different type of the
pS88 plasmid emerged in one of the sub-lineages. Thereafter, L1/SL.1.2 strains retain a
complete form of the original pS88 plasmid, while L1/SL1.1 strains possess the
incomplete pS88 plasmid without the ets and iutA/iuc gene clusters. Alternatively, the
original acquired pS88 plasmid could be the incomplete form followed by acquisition of
the ets and iutA/iuc gene clusters. Either way, evolutionary adaptation shaped two types
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of pS88 depending on the lineage and the preferential host, just like for SpLEI;

(i1) Given that O80:H2 AE-STEC strains carrying Stx1a and Stx2d have also been isolated
before and after 2000s, it is difficult to identify which Stx phage was first acquired by this
serotype. Possibly, the acquisition events of different Stx phages (Stxla, 2a, 2d, and 2f)
occurred independently through different hosts, e.g. the bovine intestinal tract, where
major AE-STEC Stx subtypes circulate more frequently. Accordingly, the current
distribution of Stx subtypes among O80:H2 AE-STEC may reflect adaptation shaped by
lineage-specific and host-associated processes. Although two Stx2f-positive O80:H2
strains were isolated from calves in Belgium in 2010 and 2011, to our knowledge, no

similar isolates from cattle have been reported since then, at least in European countries.

In summary, the evolutionary development of AE-STEC and EPEC O80:H2 has
been shaped by multiple events of gaining and losing key virulence factors, such as the
LEE pathogenicity island, Stx phages, pS88 and other plasmids, and SpLE1 prophage-
like element. This complexity cannot be explained by a single-host model, but instead
supports a multi-host transmission route, not only between cattle and humans, but also
possibly swine and birds (Kindle et al., 2019b; Peigne et al., 2009; van Hoek et al., 2019;
Vu-Khac et al., 2007). Most of the AE-STEC and EPEC O80:H2 strains currently isolated
belong to the latest-diverging lineage L3 (Mainil et al., 2025). This may indicate that
ancestral types of O80:H2 are less commonly found in Europe today, making it harder to
trace. Although the epidemiological trigger for the emergence of these clones remains
unclear, infrequent detection of the ancestral types could be one of the reasons that their

actual reservoir has not been identified yet.

In the future, the serotype O80:H2 may be expected to diversify even further and
novel clone to emerge that might cause large outbreaks. Although O80:H2 variants that
are neither EPEC, nor STEC, and lack the pS88 plasmids have not yet been reported, the
frequent emergence of hybrid Escherichia coli pathotypes, together with the close core
genome relatedness, such as between O80:H2 and the porcine ETEC O149:H10 lineage,
suggests that atypical O80:H2 carrying distinct virulence-associated gene combinations
could plausibly arise or may have already arisen, but have remained undetected so far

(Hritzo et al., 2025; Nakamura et al., 2023; Shepard et al., 2012).
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In addition, recent reports suggest that O80:non-H2 strains could potentially acquire
virulence factors (Habets et al., 2023; Ikeda et al., 2023a), indicating the need for
continued monitoring of not only O80:H2, but also O80: non-H2, e.g., 080:H6, O80:H26
and O80:H45 in the future. To prevent a global threat similar to the O157:H7 outbreaks
since the 1980s or the O104:H4 outbreak in 2011, comprehensive investigations must be

carried out for further comprehension, such as:

(1) Epidemiological surveillance of cattle, swine, poultry, and their farms along with

surrounding environments in European and in non-European countries;

(i1) Development of reliable, sensitive and specific methods for isolation and

identification;

(ii1)) Whole-genome sequencing and pathogenicity evaluation both inside and outside

intestinal environments.
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Table 2. Virulotype, metadata, Biosample numbers, and reference of calf and human AE-
STEC and EPEC O80:H2, O80:nonH2 strains. Virulence-associated genes highlighted in

yellow indicate virulence factors considered important for serotype O80:H2.
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Table 3. Description of each similar sequence searched by Web BLASTN (https://blast.ncbi.nlm.nih.gov/Blast.cgi)

Subject Strain Description Scientific Name Serotype isolation source Query Coverage (%) Per. ident (%) Accession No. Reference
2015C-4136CT1 chromosome Escherichia coli 0145:H34 Human: 100% 99.49 CP027550.1 Patel et al., 2018
STX2f phage 377323_2f chromosome Escherichia coli 063:H6 Human 100% 99.44 CP039404.1 Greig, unpublish 2019
2011C-4180 ct Escherichia albertii - Human 99% 99.43 CP126912.1 Carter et al., 2023
2013C-4991 chromosome, Escherichia coli 080:H2 Human 98% 98.86 CP027355.1 Patel et al., 2018
STX2f phage 97-3250 chromosome, Escherichia coli 026:H11 Human 99% 98.46 CP027599.1 Patel et al., 2018
(Region including phage 2003-3014 chromosome, Escherichia coli 026:H11 Human 96% 98.36 CP101292.1 Kalalah and Eppinger, unpublish 2022
. . 99-3311 chromosome, Escherichia coli 0145 Human 92% 98.26 CP101310.1 Kalalah and Eppinger,unpublish 2022
morphogenesis genes and the terminal ;554112645 DNA, Escherichia coli O145:H28  Human 9% 98.22 AP019706.1 Nakamura et al., 2020
part of SES0057) 0145 strain RM12275-C1 chromosome, Escherichia coli 0145:H28 Unknown 92% 98.22 CP031341.1 Carter and Pham, unpublish 2020
Stxla-converting phage Stx1_1380 DNA, Stxla-converting phage Stxl_1380 _ O145:H28 Unknown 82% 97.38 LC645433.1 Nakamura and Hayashi, ish 2020
0157:H7 strain MB41-1 chromosome, Escherichia coli OI57:H7 Cattle 100% 100 CP039834.1 Bono, unpublish, 2020
nleG (SES0057) 2013C-4991 chromosome, Escherichia coli 080:H2 Human 100% 100 CP027355.1 Patel et al., 2018
026:H11 strain FWSEC0001 Escherichia coli 026:H11 Human 100% 99.9 CP031922.1 Tyson etal., ish, 2019
APEC E19025 plasmid pEND_Eco 19025-1, Escherichia coli O78:H51 Chicken 100% 100 CP126932.1 Ha, unpublish 2023
APEC E18005 plasmid pEND_Eco 18005, Escherichia coli O78:H51 Chicken 100% 100 CP126947.1 Ha, unpublish 2023
APEC E12049 plasmid pEND_Eco 12049-1, Escherichia coli 078:H4 Chicken 100% 100 CP126953.1 Ha, unpublish 2023
cma (SES0057) ExPEC_A186 plasmid pA186_pl, Escherichia coli Unknown Swine 100% 100 CP142551.1 Li et al., unpubloish 2024
N921 plasmid pN921_1, Escherichia coli Unknown Human 100% 100 CP176482.1 Dona et al., unpublish 2024
ECI12 plasmid pEC12_2, Escherichia coli Unknown Avian 100% 100 CP095832.1 Dona et al., unpublish 2024
EC31 plasmid pEC31_1, Escherichia coli Unknown Avian 100% 100 CP095837.1 Dona et al., unpublish 2024
FY10 plasmid pFY10_1, Escherichia coli Unknown Avian 100% 100 CP095817.1 Dona et al., ish 2024
2013C-4991 chromosome, Escherichia coli 080:H2 Human 100% 99.68 CP027355.1 Patel et al., 2018
CE0007a chromosome, Escherichia coli OI55:K:H Cattle (calf) 100% 99.28 CP119011.1 Burgess ct al., unpublish 2023
0104:H4 strain FWSEC0009 chromosome, Escherichia coli 0104:H4 Human 95% 99.71 CP031902.1 Tyson et al., unpublish, 2019
SpLE1-like element (SES0057) 1070/13 chromosome, Escherichia coli 0104:H4 Human 95% 99.72 CP171474.1 Whelan et al., unpublish 2024
Escherichia coli O104:H4 strain LB226692 chromosome Escherichia coli 0104:H4 Human 95% 99.71 CP171472.1 Whelan et al., unpublish 2024
Escherichia coli O104:H4 strain FDAARGOS_349 chromosome, Escherichia coli 0104:H4 Human (HUS) 95% 99.72 CP024992.1 Saile et al., 2018
Escherichia coli 0104:H4 strain FDAARGOS 348 Escherichia coli 0104:H4 Human (HUS) 95% 99.72 CP027394.1 Minogue et al., ish 2019
Escherichia coli strain STECUZBO00S chromosome, complete genome Escherichia coli 063:H6 Human 100% 100 CP171880.1 Crombé et al., 2024
Escherichia coli strain STECUZB006 chromosome, complete genome Escherichia coli O157:H7 Human 100% 100 CP171880.3 Crombé et al., 2024
Escherichia coli strain 377323_2f chromosome, Escherichia coli 063:H6 Human 100% 100 CP039404.1 Greig, unpublish, 2019
Escherichia coli strain 2015C-4136CT1 chromosome, Escherichia coli O145:H34 Human 100% 100 CP027550.1 Patel ct al., 2018
cdt (SES0108) Escherichia albertii strain 2011C-4180 chromosome, Escherichia albertii - Human 100% 99.93 CP126912.1 Carter et al., 2023
OL:K1:H7 strain APEC E18006 chromosome, Escherichia coli OLKI:H7 Chicken 100% 99.28 CP126942.1 Ha, unpublish 2023
OL:K1:H7 strain APEC E16002 chromosome, Escherichia coli OLKI:HT Chicken 100% 99.28 CP126944.1 Ha, unpublish 2023
078:H4 strain APEC E12049 chromosome, Escherichia coli 078:H4 Chicken 100% 99.28 CP126952.1 Ha, unpublish 2023
N441 plasmid pN441 DNA, Escherichia coli Unknown Human 97% 99.9 LC567071.1 Suzuki et al., ish 2024
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