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a I l s e s German Federal Institute for Risk Assessment

A contribution of new sequencing technologies in risk assessment

This work was a collaborative project between the French agency for food,
environmental and occupational health and safety (Anses) and the German
Federal Institute for Risk Assessment (BfR).

I have been working in both institutes in the COLIPATH unit of the Laboratory
for Food safety of Maisons-Alfort at ANSES and in both the National Study
Center for Sequencing in Risk Assessment (4NSZ) and the National Reference

Laboratory for E. coli (NRL E. coli) of the department of biological safety at the
BfR.



ECOLE T
N,ATIIONALE Xl Doctorale Alimentation
VETERINAIRE A B | E S :""“:c;- o
ALFORT i

Paris - 17

Santa

Acknowlegdment

First, I am thankful to Pr Eric Oswald and Dr Mickaél Desvaux for accepting to be reviewers
of this PhD thesis as well as Dr Catherine Schouler and Dr Stefano Morabito for accepting to
be part of my jury members to evaluate this work.

I could not have undertaken this journey without my PhD committee members, Dr Karine
Laroucau, Dr Fabrice Touzain, Pr Stéphane Bonacorsi who generously provided knowledge,
expertise and support.

This PhD thesis is the outcome of the last three years of work funded by French agency for
food, environmental and occupational health and safety (Anses) and the German Federal
Institute for Risk Assessment (BfR).

I would like to express my deepest gratitude to Dr Sabine Delannoy, my daily supervisor for
her unlimited support, for always guiding me, for her precious feedback and for her patience.
Dr Josephine Gritzke my co-supervisor, for her pertinent scientific advices, her attention, her
support and her understanding. Dr Patrick Fach, my co-supervisor and head of the COLiPATH
unit where | conducted my PhD. I would like to thank them for always encouraging me, trusting
me and guiding me through my journey.

Words cannot express my gratitude to Mai-Lan Tran who showed me how to carry out all the
experiments in the laboratory, for her precious help, her support, her understanding and her
incredible ability to listen. She is not only a colleague but she became a friend. I had the pleasure
of sharing my office and working with Fabien VVorimore, who encouraged me, helped me to
conduct bio-informatics analyses and gave pertinent advices.

Additionally, this work would not have been possible without the precious collaboration with
the National Study Center for Sequencing in Risk Assessment (4NSZ) and National Reference
Laboratory for E. coli (NRL E. coli) groups of the food safety department of the German Federal
Institute for Risk Assessment (BfR, Berlin) were | spent 2 times 6 months. | learned a lot not
only scientifically but also personally. | am really thankful to each person who has helped in
any way. Pr Dr Burkhard Malorny (head of the 4ANSZ group) for being there when I needed, his
support and for doing anything possible for my stay to be the best. Dr Elisabeth Schuh (head of
the NRL E. coli) for always taking the time to discuss specific points of the project, her advices
and her encouragement. Dr Carlus Deneke (bio-informatician in the 4NSZ group) for the
numerous discussions between biology and bioinformatics that were precious to conduct this
work, for his help on the bio-informatical part of the project, for his availability and for his
support. André Goehler (deputy head of the NRL E. coli) for always being available when |
needed and for the long hours he had to stay while | was in the lab, for his advices and
encouragement. | am also thankful to all of them for their previous advices, time and wonderful
support all along the project.

I would like to thank Christine Duvaux-Ponter (deputy of ED ABIES) and Alexandre Pery
(director of ED ABIES) for accepting me in their program but also for their advices and
remarkable availability.



ECOLE
NATIONALE N Doctorale  aim
VETERINAIRE YL E S e
ALFORT

Paris - 17

The application of the method on natural samples could not have been possible without the help
of Pr Stéphane Bonacorsi and his group, Dr Stefano Morabito (head of the European reference
laboratory for E. coli at the Istituto di Sanita in Rome), colleagues from the LDA39 and a beef
company who sent positive samples to test the method.

I am grateful to all members of both BfR teams who welcomed me in their group and made
everything for my stay to be comfortable. A special intention to Julia, Wiebke, Hamid, Carlus
and Holger. Julia, I would like to thank you for welcoming me in Berlin the first day | arrived
and for all the moments we have shared at work but also outside. Hamid, for your humor and
presence. Wiebke, Carlus and Holger for spending time with me outside of work.

A special thought for the people | met in Berlin and made me enjoy my stay: Hernan, Isidro,
Tamino, Aitor, Giorgia, llaria, Chiara and Salavdor. Isidro, Tamino and Aitor for having been
there for me, for always supporting, listening, for our diners and movie times but also for our
parties. Giorgia, llaria, Chiara and Slavador, with whom | shared wonderful moments and |
hope you could learn some bachata steps. Your presence was precious to me and | enjoyed my
time with you all.

| also would like to thank the other students, now friends, from the open space with whom |
shared precious moments: Christina, Arnaud, Rémi, Nina, Justine, Sandrine, and Baudoin. | am
grateful to them for their support, our enjoyable moments and for visiting in Berlin.

Additionally, I am thankful to my friends especially Sobika, Loic, Yassine and Yoann. Sobika
that I know since my bachelor degree, with whom I went for a year abroad, and who has always
been there for me. Loic, a long-time friend who knows me by heart and always supported me
and cheered me up. Yassine and Yoann, two wonderful persons that I got to know during my
studies and with whom | have experienced many different moments, who still support me today
and are there to listen to me and take my mind off things. My family (particularly grandparents
and parents and my cousin Alyssa) and my boyfriend for supporting me, for listening whenever
I needed it but especially for always believing in me.

Lastly, I would like to mention my dance professors Gilbert and Marceline as well as Pascal
for their warm and shining atmosphere. |1 am thankful to all my dance partners with whom |
enjoying dancing which changed my ideas, bachata and kizomba teams with whom | spent such
good moments with a special intention to Andrew for always accompanying me to dancing
events, your good mood and the moments that we shared which helped me to stay positive.




ECOLE
NATIONALE
VETERINAIRE
ALFORT

Paris - 1765

Résumé substantiel

1- Escherichia coli

Les Escherichia coli (E. coli) sont des bactéries a coloration de Gram négative. Elles font partie
de la flore commensale chez I’Homme et peuvent avoir un role bénéfique. Bien que la plupart
des E. coli ne causent pas de maladies, elles possédent la capacité d’acquérir des facteurs de
virulence qui leur conférent un caractere pathogene. On distingue deux catégories de E. coli
pathogénes : les E. coli responsables de maladies entériques, que 1’on appelle E. coli
diarrhéiques (ECD) et les E. coli extra-intestinales (EXPEC) provoquant des maladies au niveau

de sites extra-intestinaux tels que la vessie, le sang ou encore le cerveau.

Les E. coli diarrhéiques sont classées en différents pathovars en fonction des facteurs de
virulences qu’elles possédent. Le premier pathovar décrit au sein des ECD sont les Escherichia
coli enteropathogenes (EPEC). Les EPEC possédent un systétme d’adhésion par
attachement/effacement (lésion A/E) qui provoque la formation d’un piédestal ainsi que
I’effacement des microvillosités des entérocytes. Cette 1ésion est causée par des facteurs du
systeme de sécrétion de type Il (T3SS) dont les génes codants sont présents au sein d’un ilot
de pathogénicité appelé le locus d’effacement des entérocytes (LEE). D’autres pathovars ont
été décrits en fonction du systeme d’adhésion ou de colonisation exprimé. Les EAEC utilisent
un mécanisme d’adhésion par agrégation ; les DAEC par adhésion diffuse. Les AIEC colonisent
les cellules de maniére adhérente et invasive alors que les EIEC utilisent 1’invasion cellulaire.
Les ETEC colonisent les entérocytes avant de produire des toxines spécifiques. Enfin, les STEC
regroupent des souches de E. coli capables de produire la Shiga toxine. Un sous-groupe de
STEC est capable de causer des symptdémes séveres chez I’'Homme. Ce sous-groupe appelé E.
coli enterohémorragique (EHEC) comprend les EHEC typiques qui portent le LEE (notamment
le géne eae codant pour I’intimine responsable de I’adhésion) et les EHEC atypiques qui
n’utilisent pas le systéme de colonisation des EPEC mais des mécanismes alternatifs. Dans ce
travail, les souches portant le LEE sont appelées STEC positives pour le géne eae. Les EHEC
atypiques et plus généralement les STEC peuvent exprimer d’autres systémes d’adhésion et

notamment ceux caracteristiques d’autres pathovars de E. coli diarrhéiques ou extra intestinaux.
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2- La contamination par les STEC : Escherichia coli productrices de Shiga toxine

La contamination par les STEC se fait en plusieurs étapes. Des que la bactérie est ingérée elle
doit posseder la capacité d’adhérer au tube digestif pour s’y fixer et ensuite produire la Shiga
toxine. Les symptdmes varient, allant de la diarrhée aqueuse bénigne a la diarrhée sanglante
pouvant évoluer vers des symptdmes plus graves tel que le syndrome hémolytique et urémique
(SHU). Le taux de mortalité di a une contamination par les STEC est de 3 a 5% en Europe. Les
STEC sont des bactéries que I’on retrouve majoritairement chez les ruminants ou elles y sont
commensales et ne causent généralement pas de maladies. Bien que les ruminants contaminés
par les STEC soient asymptomatiques, ils peuvent contaminer leur environnement ou encore
les aliments. Les feces de ces ruminants peuvent contaminer les sols, ’eau qui va étre utilisée
pour irriguer les cultures alimentaires ou encore le lait lors de la traite. Les STEC sont des
pathogenes a transmission principalement alimentaire, mais la transmission de souches STEC
peut se faire par contact direct avec 1’animal. En Europe, et ¢’est notamment le cas en France
et en Allemagne, les principales sources de contamination humaines par les STEC sont les
viandes hachées et dérivés, suivies du lait cru et des produits a base de lait cru, les végétaux et

les eaux de contact (baignades...).
3- Réglementation et méthodes de détection des STEC au sein de produits alimentaires

Au niveau européen, un ensemble de reglements relatifs a I’hygiéne alimentaire (paquet
hygiéne) stipule que les produits alimentaires mis sur le marché ne doivent pas étre
préjudiciables a la santé humaine et/ou animale. Concernant les STEC, il n’existe pas de critére
microbiologique permettant de définir un seuil de contamination. Seul un critéere
microbiologique est décrit pour le cas particulier des graines germées depuis 1’épidémie de SHU
la plus sévére en Europe causée par des une souche hybride EAEC/STEC de sérotype O104:H4.
Les méthodes de référence pour la détection des STEC au sein de matrices alimentaires
(ISO/TS13-136 et MLG5C) comprennent une premiere étape d’enrichissement afin d’obtenir
les souches cibles a un niveau détectable. Une étape de PCR est réalisée afin de détecter les
genes de virulences stx et eae. Des que le géne stx est détecté, des étapes d’isolement sont
réalisées pour essayer d’isoler la souche STEC et la caractériser ensuite. En Europe, la plupart
des souches responsables des symptdmes les plus sévéres tel que le SHU, portent en plus de la
Shiga toxine, le LEE (géne eae). En France, 90% des SHU pédiatriques sont causés par des

souches STEC positives pour le géne eae, selon 1’avis de 1’Anses 2023 sur 1’analyses de
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données TESSy de ’ECDC. Cependant, en raison de la diversité des E. coli qui existent et qui
peuvent se retrouver dans un méme échantillon il est nécessaire d’isoler la souche STEC afin
de pouvoir la caractériser, et plus particulierement lorsque 1’on obtient un signal stx et eae
positif par PCR. En effet, cela permet de distinguer la présence d’une souche STEC qui porte
le LEE (eae) de la présence d’une souche EPEC qui porte le LEE et une souche STEC qui porte
le géne stx (culture mixte STEC et EPEC). Faire cette distinction est primordiale car la
signification en termes de santé publique n’est pas la méme dans un cas comme dans 1’autre.
Cette étape d’isolement, bien que cruciale pour pouvoir caractériser la souche STEC, représente
un challenge. En effet, il n’existe, a ce jour, pas de milieu sélectif spécifique a ’isolement des
souches STEC préférentiellement aux autres souches de E. coli. Du fait du niveau de
contamination des STEC qui peut étre tres bas (10 cellules), la présence d’autres souches d’E.
coli rend I’isolement des STEC parfois impossible. En conséquence, 1’estimation du risque est
biaisée et peut conduire d’une part a la destruction de denrée saine, ou d’autre part a la

consommation de denrée contaminée.

4- Objectif de la thése

Le but de ce projet était donc de développer une méthode qui permette de caractériser les
souches STEC directement dans le lait cru sans passer par 1I’étape d’isolement. Pour cela nous
avons testé des approches méta-génomiques qui permettent d’analyser I’ADN de tous les
micro-organismes présents au sein de 1’échantillon grace a des approches de séquencage de
I’ADN. Deux méthodes de séquengage peuvent étre utilisées : le séquencage qui généere de
petites séquences d’ADN (séquengage short read) et celui qui génere de longues séquences
(séquencage long read). Les méthodes de sequencages short read générent de courtes sequences
d’ADN (maximum 300bp) et aboutissent souvent a une reconstruction du génome des souches
STEC trés fragmentée avec au moins 200 contigs. Les deux genes de virulence stx et eae étant
intégrés a différents endroits du génome, le sequencage short read ne permet pas de caractériser
une souche STEC positive pour le géne eae au sein d’un méta-génome. En revanche, la méthode
de séquencgage long read développée par Oxford Nanopore Technology (ONT), génére de
longues séquences d’ADN pouvant aller jusqu’a 4 mégabases (Mb) qui pourraient permettre de
recouvrir les régions répétees et générer un assemblage avec les génes stx et eae co-localisés

sur un méme contig.
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5- Développement de la méthode
5-1 Optimisation des conditions d’enrichissement

Nous avons déterminé qu’un minimum de 35x de couverture de génome est nécessaire pour
obtenir un assemblage correct de souches STEC positives pour le géne eae avec 1’assembleur
Flye. Or, en considérant la flore connexe conséquente présente dans le lait cru ainsi que la
quantit¢ de données générées, une phase d’enrichissement de 1’échantillon pour multiplier le
germe et obtenir, aprés culture, une concentration suffisante de STEC dans la suspension

alimentaire enrichie est nécessaire.

Les conditions d’enrichissement actuelles pour les STEC au sein de matrices alimentaires sont
37°C en présence d’acriflavine pour les produits laitiers dans de I’eau peptonnée tamponnée
(EPT). L’acriflavine est un antibiotique permettant de limiter le développement des bactéries a
coloration de Gram positive. Néanmoins, ces conditions d’enrichissement et notamment
I’utilisation d’acriflavine sont largement discutées au sein de la communauté et il a été envisagé
d’enlever I’acriflavine et d’augmenter la température d’enrichissement pour réduire la flore
connexe. Différentes conditions ont donc été comparées sur du lait cru de vache artificiellement
contaminé avec une souche STEC positive pour le géne eae de sérotype O26:H11
préalablement caractérisée. Aprés comparaison des conditions, I’acriflavine permettait de
réduire la présence de bactéries a coloration de Gram positive, trés présente au sein du
microbiote du lait, permettant ainsi la croissance de la souche STEC. Concernant la température
d’incubation, peu de différence a été observée et I’acriflavine s’est montrée plus efficace que
I’augmentation de température pour enrichir les souches STEC dans un échantillon complexe

comme le lait cru (Publication 3).
5-2. Extraction d’ADN a partir de lait cru

La technologie de séquencage ONT requiert une grande quantit¢é d’ADN de haut poids
moléculaire (1 pg d’ADN génomique) et est sensible aux impuretés qui peuvent bloquer le
passage de I’ADN a travers les pores. Afin d’obtenir de I’ADN qui correspond aux attentes
requises par ONT, trois méthodes d’extraction d’ADN différentes (I’extraction d’ADN sur
billes, sur colonnes et enfin par précipitation de I’ADN) ont été comparées sur plusieurs souches
de E. coli dont la majorité étaient des STEC. Les méthodes d’extraction sur billes (kit
AMPureXP) et par précipitation (kit MasperPure) sont celles qui ont permis d’obtenir les plus

grandes quantités d’ADN avec peu de dégradation, bien que la méthode par précipitation
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d’ADN permette en plus I’extraction d’ADN avec le moins d’impuretés. Apres séquengage
MinlION, de plus longues séquences ont été obtenues pour les ADN extraits avec la méthode
d’extraction par précipitation permettant un assemblage plus complet de souches STEC
(Publication 1). En combinant ces données de séquencage long read aux données de
séquencages short read, nous avons complétement assemblé 75 génomes d’E. coli (dont 71
STEC) d’origine bovine (Publication 2). La méthode de précipitation de I’ADN a ensuite été
testée sur lait cru artificiellement contaminé avec une souche STEC positive pour le géne eae
(O26:H11) et non contaminé. Les résultats ont clairement montré que la méthode d’extraction
par précipitation était la plus adaptée ici car elle permet ’extraction d’ADN de haut poids
moléculaire en grande quantité, avec de bons ratios de pureté et une valeur d’intégrité de I’ ADN
suffisante pour pouvoir étre séquencee avec la technologie ONT. Cette méthode a donc été
sélectionnée pour la suite du projet. L utilisation de lait congelé a montré un niveau plus élevé

de dégradation et sera donc proscrite dans la suite de ce projet (Additional experiment 1).
5-3. Développement d’un pipeline facilitant I’analyse des données

L’analyse des données obtenues apres sequencage MinlON nécessite certaines compétences en
bio-informatique. Afin de faciliter I’analyse de ces données, le pipeline STECmetadetector a
été développé dans ce projet pour la caractérisation des STEC a partir de données méta-
génomique long read. Les données brutes obtenues apres séquencage MinlON sont des
variations de courant spécifiques a chaque nucléotide. La conversion de ce signal électrique en
base se fait lors d’une étape appelé base-calling. L’algorithme Guppy développé par ONT était
celui le plus approprié pour I’analyse de nos données. Le pipeline STECmetadetector utilise les
données qui ont été converties en bases (aprées 1’étape de base-calling) pour au final caractériser
la(es) souche(s) E. coli présente(s) dans 1’échantillon. Contrairement aux approches
d’assemblage de méta-genome classique, le pipeline utilise des données de bonne qualité pour
classifier les reads et extraire seulement les reads E. coli qui sont utilisés pour détecter la
présence des genes stx et eae ainsi que les genes associés au sérogroupe (permettant d’avoir
une information quant a la présence de plusieurs souches de E. coli), d’une part ; et qui sont
assemblés (Flye ou Canu disponible) pour permettre de caractériser la(es) souche(s), d’autre
part.

Bien que le STECmetadetector ait été créé pour caracteriser spécifiguement les STEC positives

pour le gene eae, son utilisation est flexible et peut permettre la détection de genes de virulence
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appartenant a d’autres pathovars de E. coli, notamment la caractérisation de souches hybrides.
De plus, les bases de données utilisées peuvent étre modifiées afin de cribler la présence de
plasmides, de génes de resistance aux antibiotiques, etc. Le STECmetadetector est facilement

installable et permet une reproductibilité des résultats genérés (Publication 3).
6- Limites de la méthode

En utilisant les conditions d’enrichissement optimales pour la croissance des STEC dans du lait
cru, la méthode d’extraction sélectionnée et le pipeline STECmetadetector on a pu déterminer
la limite de caractérisation de souches STEC positives pour le gene eae. Pour cela, du lait cru
(stx et eae négatif) a eté artificiellement contaminé avec une souche de sérotype 026:H11
(stxla, eae positive, ST21) a des niveaux d’inoculation de 500, 50 et 5 CFU.mL™. Grace a la
méthode développée dans ce projet, la souche inoculée a été caractérisée (assemblage des genes
stx et eae co-localisés sur le méme contig) méme a un faible niveau de contamination de 5
CFU.mL™* (Publication 3).

Cette étude a montré qu’il est possible de caractériser des souches STEC y compris les souches
STEC positives pour le gene eae grace a la méta-génomique long read, mais avec certaines
limites. En effet, grace a la PCR digitale quantitative (qdPCR), nous avons pu quantifier la
souche STEC présente aprés enrichissement et déterminé qu’un minimum de 10 copies.mL*
est requis pour caractériser la souche. De plus, la présence de plusieurs souches E. coli peut
interférer avec 1’analyse en empéchant la croissance de la souche STEC et donc sa
caractérisation. Il n’est pas possible a I’heure actuelle de différencier ces souches sur milieu, ni
de controler leur croissance lors de 1’enrichissement. De plus, elles peuvent étre présentes a
différents ratios et donc entrer en compétition. Or, aucune étude ne montre la quantité de STEC
présente dans un échantillon comparé aux souches E. coli. Pour estimer la quantité de E. coli
commensales qui pourraient empécher la caractérisation des souches STEC positives pour le
gene eae, une expérience de co-contamination a été réalisée. Pour cela, la souche STEC positive
pour le gene eae de sérotype 026:H11 (6423-026) a eté inoculée dans du lait pasteurisé a des
ratios croissant et décroissant en présence d’une souche E. coli commensale (BfR-Ec-19174,

02:H10, stx et eae négative, isolée de lait cru).

Bien que la souche STEC ait mieux cultivé que la souche commensale dans les conditions
d’enrichissement utilisées ici, la présence de la souche STEC a un ratio STEC : commensale

inférieur a 10 : 1 empéche sa caractérisation. Plus particulierement, les assembleurs disponibles

10
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au moment de la réalisation de ce projet ne permettaient pas de distinguer deux souches E. coli
d’une méme espéce. Il n’était pas possible avec les outils actuels, d’assembler le génome d’une

souche STEC en deca de ce ratio (Publication 4).

7- Approches alternatives permettant 1’identification de souches STEC positives pour le

gene eae

Nous avons en parallele cherché a développer des approches bio-informatiques alternatives
permettant I’identification de souche STEC positives pour le géne eae au sein de données de
séquencage métagénomique. Tout d’abord, I’outil strainberry a récemment été développé et
permettrait de séparer les souches d’une méme espéce a partir d’un assemblage méta-
génomique. Strainberry a été inclus dans le STECmetadetector mais ne nous a pas permis de

différencier correctement deux souches E. coli.

Les génes stx et eae peuvent étre portés individuellement par des souches d’E. coli : stx pour
les STEC et eae pour les EPEC. La présence de souches portant les deux génes stx et eae conduit
a deux hypothéses. Soit la présence de ces deux génes au sein d’un génome est aléatoire, soit
elle nécessite un fond génétique nécessaire a I’intégration et/ou au maintien des deux facteurs
de virulence au sein d’un méme chromosome. Bien que le phage Stx peut étre transmis a
différentes souches E. coli, de nombreux travaux ont montré qu’un certain nombre de
marqueurs génétiques (essentiellement des effecteurs du systeme de sécrétion de type 3)
semblent préférentiellement associés aux EHEC typiques (STEC positives pour le gene eae),
constituant une sorte de signature génétique permettant leur identification (Bugarel et al.,
2010a, 2010b; Coombes et al., 2008; Delannoy et al., 2013a, 2013b; Imamovic et al., 2010;
Karmali et al., 2003; Konczy et al., 2008). Ainsi, I’utilisation de ces marqueurs génétiques
combinés a la présence des génes stx et eae lors de la premiere étape de screening des denrées
alimentaires, a permis de réduire de facon significative la quantité d’échantillons présumés
positifs (Delannoy et al., 2022, 2016). Des approches récentes de machine learning ont montré
leur puissance pour exploiter les données de séquencage afin de predire la pathogénicité des
souches STEC ou encore d’attribuer la source de contamination de souches STEC responsables
de cas humain en se basant sur leur composition génique. Nous avons donc utilisé le machine

learning afin d’exploiter la quantité importante de genomes de STEC séquencés pour identifier
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une potentielle signature génétique associée aux EHEC typiques (ici souches STEC positives

pour le gene eae, sans lien clinique).

Pour ceci, nous avons tout d’abord généré une base de données contenant 1425 genomes de E.
coli de serogroupes et d’origines géographiques variés. Les génomes ont été annotés en utilisant
le génome de la souche Sakai comme référence. Apres une analyse du pan-génome de ces
souches, différents modeles de machine learning ont été testés sur les données de
présence/absence des génes qui permettraient de prédire la présence d’une souche portant
simultanément les génes stx et eae. Grace a cette approche nous avons pu montrer que la
combinaison de présence/absence de 6 marqueurs permettait 1’identification de souches STEC
positive pour le géne eae a partir d’un assemblage méta-génomique (metaFlye). Cette approche
montre que non seulement il est possible d’identifier des STEC positives pour le géne eae a
partir d’assemblages obtenus grace a des méthodes de méta-génomique long read ; mais aussi
qu’il existe probablement un fond génétique propice a la présence des deux génes au sein d’une
méme souche (Publication 5). L’avantage apporté par cette méthode est ’identification de
souches STEC positives pour le géne eae lorsque le ratio STEC : autre E. coli est inférieur a
10 : 1, méme a de faibles couvertures de génome. Elle nécessite tout de méme la génération de
données suffisantes pour pouvoir étre séquencées et assemblées (au moins 3x de profondeur
avec Flye). En revanche, le faible nombre de marqueurs permet de maximiser la probabilité
d’identifier la souche en cas de couverture incompléte du génome. Cette approche pourrait étre
implémentée dans le pipeline STECmetadetector pour permettre 1’identification des souches
STEC positives pour le gene eae méme quand les conditions requises ne sont pas atteintes, ne
permettant pas la caractérisation. Dans une autre mesure, cette méthode pourrait étre
développée en laboratoire afin de détecter la présence/absence de ces marqueurs par gPCR lors
de la premiére étape de screening des denrees alimentaires et utilisant un algorithme assez

simple qui analyserait les résultats de qPCR (combinaison de présence/absence des marqueurs).
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8- Application de la méthode développée a des échantillons naturellement contaminés

Une fois la méthode développée et les limites déterminées, nous avons testé cette méthode sur
des échantillons présumés positifs, c’est-a-dire positifs pour les genes stx et eae mais dont la
présence des deux génes au sein d’une méme souche n’a pas été confirmée, ou naturellement
contaminés. Nous avons recu des échantillons présumés positifs de fromage au lait cru et de
viande hachée de beeuf, ainsi que des échantillons cliniques (confirmation de souche STEC
positive pour le gene eae). Il est important de noter que ces échantillons n’ont pas été enrichit
dans les mémes conditions que développé ici (en particulier, en absence d’acriflavine). Les
résultats ont confirmé les limites de la méthode. En effet, trés peu de données appartenant a
I’espéce E. coli ont été obtenues et probablement 1’utilisation d’enrichissement sélectif aurait
permis une meilleure croissance des souches. Lorsque les gene stx et eae ont été quantifiés en
dessous de la valeur seuil et que le ratio STEC : autres E. coli était inférieur a 10:1, la
caractérisation n’a pas été possible. En revanche, pour un échantillon, bien que tres peu de
données E. coli aient été généreées, et que la souche STEC a été quantifiee en-dessous de la
valeur seuil, elle représentait la seule souche E. coli présente et a pu étre caractérisée par
assemblage. Nous avons ensuite appliqué 1I’approche de machine learning qui a permis de lever
le doute lorsque les deux génes stx et eae étaient présents mais assemblés sur différents contigs
lorsque la présence d’autres souches E. coli ne permettait pas d’avoir un ratio STEC : autre E.
coli de 10 :1.
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Conclusion :

Ce projet a montré le potentiel de la méta-génomique long read afin de caractériser des souches
STEC positives pour le gene eae au sein de lait cru. Cette approche permet la caractérisation
des souches sans avoir recours a I’étape d’isolement. Cependant, les conditions mentionnées ici
(au moins 108 copies.mL™* de STEC aprés enrichissement et 10 fois plus de STEC que d’autres
souches E. coli) doivent étre respectées. L’utilisation du machine learning permet néanmoins
I’identification de souches STEC positives pour le gene eae lorsque le ratio obtenu n’est pas
respecté mais que la quantité de STEC apres enrichissement permet d’obtenir suffisamment de
données afin que les genes soient présents dans I’assemblage. Cette méthode ne vise pas a
remplacer I’étape de détection des génes Stx et eae par qPCR mais a remplacer 1’étape intensive
d’isolement réalisée au sein de laboratoire de référence afin de caractériser les souches
potentiellement pathogenes. A I’heure actuelle, ’application de la méthode développée est
limitée par la quantité de données générées ainsi que par les outils d’assemblages ne permettant
pas de différencier des souches de E. coli. Comme nous I’avons observé sur un échantillon, une
souche STEC positive pour le géne eae de sérotype O157:H7 a été isolée par le laboratoire
national de référence des E. coli mais n’a pas été détectée par notre méthode. Il est important
de noter que pour d’autres échantillons provenant de la méme source, nous avons pu caractériser
la présence de deux souches STEC positives pour le géne eae qui ont un potentiel pathogene.
Avec I’optimisation du séquencage MinlON et des outils informatiques, il se peut que la
méthode développée ici soit applicable dans le futur. En effet, Oxford Nanopore Technology
est en constante évolution afin d’améliorer non seulement la quantité de données générées
notamment en rendant le séquencage ciblé possible, mais également en augmentant la précision
de ces données. Si la promesse faite par ONT en générant des données aussi précises que celles
obtenues en séquencage Illumina, on pourrait imaginer que les différentes méthodes bio-
informatiques basées sur I’analyse de variant (SNPs, k-mers, etc) permettraient de distinguer
des souches et donc d’identifier la présence de souche STEC positive pour le géne eae au sein

du méta-génome de lait.
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Chapter 1 — Escherichia coli

1. Escherichia coli: From commensal to pathogen

First characterized in 1885 from infant stools by Theodor Escherich, Escherichia coli are Gram-
negative bacteria from the Enterobacteriaceae family (Croxen et al., 2013). E. coli are
ubiquitous bacteria found in a variety of niches. They are natural members of mammals’
microbial flora (Tenaillon et al., 2010). A variety of E. coli strains exists; most of them are
usually non-pathogenic (commensal) to humans. Many studies have shown the benefits of E.
coli, such as assisting in the absorption of vitamin K or preventing the colonization of
pathogenic bacterial cell in the human gastrointestinal tract. Nevertheless, some of these strains
can cause a broad range of human diseases and are known as pathogenic E. coli (Croxen et al.,
2013). Pathogenic E. coli have acquired the ability to colonize specific tissues. Two categories
of pathogenic E. coli have been described, the diarrheagenic E. coli (DEC) and the extra-
intestinal pathogenic E. coli (EXPEC) (Nataro and Kaper, 1998; Russo and Johnson, 2000).

DEC is a large group of pathogenic E. coli that can cause a variety of intestinal symptoms
ranging from watery diarrhea to bloody diarrhea. More severe symptoms can lead to kidney
failure or even death (Nataro and Kaper, 1998). Among the DEC, seven pathotypes have been
defined based on the virulence factors and adhesion mechanisms they have stably acquired
lexpressed. These are Enteropathogenic E. coli (EPEC); Shiga toxin-producing E. coli (STEC)
among which a subset are Enterohaemorrhagic E. coli (EHEC); Enterotoxigenic E. coli
(ETEC); Enteroinvasive E. coli (EIEC), including Shigella; Enteroaggregative E. coli (EAEC);
Diffusive-adherent E. coli (DAEC) and the recently defined Adherent invasive E. coli (AIEC)
(Darfeuille-Michaud et al., 2004; Kaper et al., 2004). Figure 1 represents the described DEC
pathotypes with the exception of EIEC, DAEC and AIEC.
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Figure 1 : Diarrheic E. coli (DEC) pathotypes of pathogenic Escherichia coli.
Taken from Pokharel et al., 2023
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1.1. Enteropathogenic E. coli (EPEC)

The first pathovar identified among diarrheagenic E. coli was EPEC, which commonly causes
diarrhea in children and animals. EPEC adhere to human intestinal cells by provoking a so-
called attaching/effacing (A/E) lesion, which is mediated by a type Il secretion system (T3SS).
The genes encoding the T3SS are located on a pathogenicity island named Locus of Enterocyte
Effacement (LEE). One protein in particular, is the intimin, encoded by the eae gene located on
the LEE, which is responsible for intimate adhesion of the bacteria to the host cell (Dean-
Nystrom et al., 1998). T3SS effectors cause actin cytoskeleton rearrangement, effacement of
microvilli and a pedestal formation (Tobe et al., 2006).

1.2. Enteroaggregative E. coli (EAEC) and Diffusely-adherent E. coli (DAEC)

Enteroaggregative E. coli (EAEC) is another DEC pathotype able to adhere to enterocytes but
using an aggregative adhesion mechanism that resembles a brick pattern. Fimbrilar adhesins
called aggregative adherence fimbriae (AAFs) are involved in this adhesion mechanism. They
are encoded by the aggR gene located on a plasmid (pAA). EAEC also carry a gene island aai
encoding a type VI secretion system (Pakbin et al., 2021). A subclass of EAEC are also
responsible for watery diarrhea in children and may be associated with urinary tract infections:
Diffusely-adherent E. coli (DAEC). Their adhesion mechanism is not fully understood, but they
apparently colonize intestinal cells using a diffuse adhesion process by expressing diffuse

adherence fimbriae (Meza-Segura et al., 2020).

1.3. Enterotoxigenic E. coli (ETEC)

One pathotype of DEC not only adheres to intestinal cells, but also produces toxins:
Enterotoxigenic E. coli (ETEC). ETEC are the main cause of traveler’s diarrhea in humans, but
also cause severe infant diarrhea. Once they adhere to intestinal cells via colonization factors
(CFs), they secrete enterotoxins, either heat-stable and/or heat-labile toxins (STs and LTs,
respectively), which mediate watery diarrhea. Colonization mechanism is crucial for ETEC,

prior to secreting plasmid-encoded toxin (LT or ST) (Pakbin et al., 2021).
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1.4. Enteroinvasive E. coli (EIEC) and Adherent invasive E. coli (AIEC)

EIEC are a particular type of DEC that use a similar invasion mechanism as Shigella. They are
intracellular microorganisms that use trans-cytosis to cross cell barriers and navigate from cell
to cell leading to their death. They do not express any colonization of flagellar factors (Pakbin
et al., 2021). Similarly to EIEC, AIEC are capable of replication inside macrophages. AIEC
virulence mechanism is not fully understood and is still being studied. It seems that they are
frequently detected in patients suffering from inflammatory bowel diseases, particularly
Crohn’s disease. It was shown that they adhere and invade the host cells using virulence factors
that include type I pili, FimH and invasion protein IbeA (Darfeuille-Michaud et al., 2004, 1998;
Mansour et al., 2023).

1.5. Shiga toxin-producing E. coli and its sub-group EHEC

Lastly, STEC regroups E. coli strains producing a cytotoxin called Shiga toxin (Stx1 and/ or
Stx2) (O’Brien et al., 1983). First described in 1977, they were isolated from a patient suffering
of diarrhea (Konowalchuk et al., 1977). STEC infections may cause different symptoms
including watery diarrhea, hemorrhagic colitis (HC), hemolytic uremic syndrome (HUS)
potentially leading to renal failure and thrombocytopenic purpura (Karmali, 1989). The stx
gene, which encodes the Shiga toxin, is located on a lambdoid bacteriophage named Stx-phage
(Kruger and Lucchesi, 2015; Newland et al., 1985). Most STEC causing severe human
symptoms are also carrying adhesion or colonization factors. A subset of STEC are
Enterohaemorrhagic E. coli (EHEC), which are STEC strains causing the life-threatening
hemolytic uremic symptom (HUS). Typical EHEC harbor the LEE pathogenicity island from
EPEC. On the contrary, atypical EHEC are LEE-negative STEC implicated in HUS cases, but
should harbor alternative virulence factors conferring adhesion or colonization of enterocytes
(Joseph et al., 2020). In this work, we will use the term STEC to refer to any E. coli carrying a
Stx-phage, but we will distinguish between LEE-positive STEC (or eae-positive) for STEC
carrying the LEE and LEE-negative STEC (or eae-negative) for STEC that do not harbor the
LEE locus.
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1.6. Extra-intestinal Escherichia coli (EXPEC)

Extra-intestinal E. coli (EXPEC) are usually asymptomatic in the intestinal gut but carry
additional factors that enable their colonization of specific tissues (Joseph et al., 2020; Lo et
al., 2015). They have the potential of causing symptoms in extra-intestinal sites such as urinary
tract infections (Uropathogenic E. coli UPEC), meningitis (Neonatal meningitis-causing E. coli
NMEC) or even sepsis (Septicemic pathogenic E. coli SPEC). The classification of EXPEC is
mostly attributed to the presence of extra-intestinal virulence genes, the tissue they colonize

and the symptoms that they cause.

1.7. Hybrid or cross-pathotype E. coli

With the emergence of whole genome sequencing technologies, the genomic plasticity of E.
coli strains have been highlighted. Since the severe outbreak of 2011 caused by a hybrid STEC,
the analysis of virulence genes present in available genomes have demonstrated the existence
of E. coli strain harboring sets of virulence factors from more than one E. coli pathotype. The
terms cross-pathotypes or hybrid E. coli are used to describe such strains. Nowadays, STEC
hybrids or cross pathotypes are increasingly described. In particular, hybrid STEC such as
0104:H4 EAEC/STEC or 080:H2 ExpEC/STEC/EPEC which were implicated in severe
human symptoms have been intensively studied to understand their evolution process (details
in Section 1.5 of Chapter 1). It is noteworthy that some hybrid E. coli can carry genes from
different pathotypes among diarrheic E. coli, but other harbor virulence factors from both
diarrheic and extra-intestinal E. coli, as represented on Figure 2 (Santos et al., 2020).

1.8. STEC importance

Most pathogenic E. coli pathotypes are of public health concern but STEC are monitored in
Europe since they are zoonotic food-borne pathogens frequently associated with severe
symptoms as HC or HUS (EFSA, 2020). Severe forms of STEC infections are mostly
manifested in infants, elderly and immunocompromised patients (Ochoa and Cleary, 2003).
However, the severe outbreak in 2011 has shown that every individual may be subjected to
severe forms of STEC infections (Tozzoli et al., 2014). The mortality rate caused by STEC
infection is around 3-5% (Thorpe, 2004).
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Figure 2 : Bubble chart representing the different cross-pathotypes of E. coli.
Taken from EFSA, 2015
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2. E. coli typing methods

Due to the vast diversity of strains in the E. coli species, typing techniques are particularly
important for characterizing strains implicated in food-borne outbreaks (Fratamico et al.,
2016b). Phenotypic methods based on their antibiotic resistance, phage susceptibility
(bacteriophage typing) or on the carriage of surface antigens (serotyping) have been used to
subtype E. coli strains (Foxman et al., 2005). Their biochemical properties, especially their
capacity to metabolize specific sugars were also targeted (API galleries, (Bouhaddioui et al.,
1998)). Advances in molecular techniques and DNA sequencing technologies have facilitated
E. coli typing. Pulse-field gel electrophoresis (PFGE) uses restriction enzymes to map the strain
genome on an agarose gel. Until recently, it was the most used in outbreak investigations of
food-borne pathogens and considered the gold standard for E. coli typing (Goering, 2010).
Although it is still used, alternative PCR-based methods were developed. They usually identify
specific regions such as tandem repeats, CRISPR spacers or housekeeping genes (MLST)
(Fratamico et al., 2016b). Only serotyping and MLST methods will be developed here since

they will be mentioned and they provide epidemiologically important information.

In 1977, Orskov proposed a phenotypic typing method based on the presence and differences
of three principal cell surface antigens: O or somatic antigen, H or flagellar antigen and K or
capsular antigen (Fig. 3, (Orskov et al., 1977)). Similar to other Gram-negative bacteria, E. coli
outer membrane is a lipid bilayer into which structures are inserted (Fig. 3A). An important
structure anchored is named lipopolysaccharides (LPS) and consists of three parts: lipid A, a
core oligosaccharide and a unique polysaccharide named the O-antigen, as presented on Figure
3B (Szalo et al., 2006). The O-antigen is a polysaccharide chain containing repeating units of
2 to 7 sugar residues. Due to the structural diversity found within this O-antigen, it has been a
marker targeted for E. coli classification (Liu et al., 2020). Not all E. coli strains harbor a
capsule (K antigen). STEC strains generally do not exhibit any capsule. Thus, methods for
serotyping STEC generally solely include O and H antigens. However, the complete antigenic
formula O:K:H is used for EXPEC serotyping since they generally harbor a capsule. Serotyping
is traditionally performed using a serological method in which antisera from rabbit were raised

against the different E. coli O-groups and H-types (drskov and @rskov, 1984).
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This method is however laborious, expensive, time-consuming and sometimes inaccurate due
to cross-reactions (Lacher et al., 2014). Genes encoding the O-antigen are located on the
chromosome in a single region named the O-antigen cluster (O-AGC). Biosynthesis of the LPS
is usually Wzx and Wzy-pathway dependent, but a few are ABC-transporter dependent (Samuel
and Reeves, 2003). An example of O-AGC Wzx and Wzy-pathway dependent is represented
on Figure 3C for O-group 026 (Liu et al., 2020). H-typing is based on the flagellar filament
structural protein (FIiC) encoded by the fliC gene (Wang et al., 2003). Molecular serotyping
approaches have been developed (including PCR and whole genome sequencing (WGS))
targeting wzx and wzy (for Wzx/Wzy) or wzm and wzt (for ABC transporters) and flagellin-

associated genes fliC (Iguchi et al., 2015; Joensen et al., 2015).
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Figure 3 : Escherichia coli (E. coli) O-antigen structure and the example of 026 O-Antigen cluster (O-
AGC).

A: The general structure of an E. coli membrane. The three surface antigens O, H and K inserted on the
cell membrane; taken from http://www.ecl-lab.ca/contribute_images/Ecoli_EN.jpg. B: General
structure of the Lipopolysaccharide (LPS) which includes a lipidic region (lipid A), anchored in the
bacterial lipid bilayer membrane, a core polysaccharide and the O-antigen; taken from Maeshima and
Fernandez, 2013 C: An example of O-AGC Wzx and Wzy-dependent with O-group O26. The targeted
genes for O-typing are represented in black (wzx and wzy); taken from Liu et al., 2020.
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A very common molecular approach based on the allelic differences in 5 to 8 housekeeping
genes of the bacterial cell was developed and known as multi locus sequence typing (MLST).
Two schemes have been described for E. coli, the E. coli Achtman scheme targeting adk, fumC,
gyrB, icd, mdh, purA, and recA genes and the E. coli Pasteur scheme analyzing dinB, icdA,
padB, polB, putP, trpA, trpB and uidA genes (Jaureguy et al., 2008; Wirth et al., 2006). Each
allelic profile corresponds to a specific sequence type (ST). MLST was originally performed

using PCR to amplify the targeted genes and sequenced using Sanger sequencing.

With the emergence of whole genome sequencing, it is possible to fully characterize a strain
considering the numerous information available (Franz et al., 2014; Lacher et al., 2014; Larsen
Mette V. et al., 2012). This includes (but is not limited to) serotype, MLST, cgMLST and
wgMLST, as well as information on the set of virulence genes that the strain can harbor
(Parsons et al., 2016).

3. STEC characteristic virulence factor: Shiga toxin

The Shiga toxin represents a critical virulence factor for STEC (Nataro and Kaper, 1998). This
toxin was named vero cytotoxin (VT) due to its cytotoxic effect on Vero cells (Konowalchuk
et al., 1977). Further studies have shown that the VT was similar in structure and action
mechanism to the toxin produced by Shigella dysenteria serotype 1: Shiga toxin (O’Brien et
al., 1983). Two immunological types of Shiga toxin produced by STEC and various subtypes
for both, Stx1 (1a, 1c, 1d and 1e) and Stx2 (2a-2m and 20) toxins were described so far (Bai et
al., 2021, 2018; Gill et al., 2022; Lacher et al., 2016; Meng et al., 2014; Probert et al., 2014,
Scheutz et al., 2012). Stx1 and Stx2 possess 99 and 45% of similarity with the Shigella
dysenteriae Shiga toxin, respectively (Strockbine et al., 1986). STEC can harbor different
combination profiles of Shiga toxins. Some harbor only one type of Shiga toxin whereas STEC
carrying more than one subtype of one or two types of Shiga toxin have been observed (Shen
et al., 2022).
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The Shiga toxin consists in two subunits, one A subunit and 5 identical B subunits that are not
covalently bound. Once released, the Shiga toxin can cause endothelial cells death. Subunit B
attaches to the globotriosyl ceramide 3 (Gb3) specific receptor, enters into the bacterial cell by
endocytosis and is transported to the endoplasmic reticulum. There, the A subunit is cleaved,
activated and exercise its RNA N-glycosidase activity on 28S rRNA leading to host protein
synthesis inhibition and may induce cell apoptosis (Fig. 4; (Kavaliauskiene et al., 2017;
Sandvig, 2001)). The expression of Shiga toxin may result in diverse degrees of diarrhea. In
severe cases, the released toxin can reach different organs through the bloodstream, for example
kidneys, causing HUS or thrombocytopenia and potentially lead to kidney failure (Joseph et al.,
2020).

Stx holotoxin

Inhibit protein
synthesis

- StxA1
H ’ subunit

N
- Q
U1}

Endoplasmic Enme
Reticulum

. 4

Figure 4 : Mode of action of the Shiga toxin in human enterocytes.

The B subunit of the Shiga toxin binds to its specific Gb3 receptor, the toxin enter the host cell and is
transited to the endoplasmic reticulum. There, the A subunit will inhibit protein synthesis. Taken from
https://link.springer.com/chapter/10.1007/978-1-4939-7349-1 14#Fig2 (Bhunia, 2018).
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4. STEC capacity to acquire mobile genetic elements (MGESs) increase their

pathogenic potential

In addition to the Shiga toxin, other virulence factors may contribute to STEC pathogenicity.
Comparative genomics has led to the observation that E. coli genome is composed of genes
conserved across E. coli members (core genome) that are necessary for basic cell function, and
a pool of genes that is present in certain individuals (accessory genome) (Rasko et al., 2008).
Together, the core and accessory genomes form the pan genome. The accessory genes are
usually the result of genetic transfer between bacteria (Kelly et al., 2009). While comparing
commensal E. coli K12 (MG1655) and LEE-positive STEC EDL933 (stx- and eae-positive E.
coli) genomes, 20% of the LEE-positive STEC genome was found to be accessory genes, named
mobile genetic elements (MGESs) probably acquired through horizontal gene transfer (HGT)
(Reid et al., 2000). HGT is the transfer of genetic material between bacteria and is thought to
be the driving force behind E. coli ability to acquire or modify its genome, also known as
genomic plasticity (Braz et al., 2020). MGEs include phages, plasmids, genomic islands and
insertion sequences. There are three main ways for bacteria to transfer DNA: conjugation,
transduction and transformation (Burrus and Waldor, 2004; Frost et al., 2005; Hacker and
Carniel, 2001). Conjugative transfer is used by some plasmids, transduction is specific for
bacteriophage DNA and transformation refers to the stable incorporation of DNA sequences

into the bacterial chromosome (Kelly et al., 2009).

4.1. Bacteriophages are highly present in STEC

The main MGE carried by STEC is the lambdoid stx-bacteriophage that carries the Shiga toxin-
encoding stxA and stxB genes. Bacteriophages are viruses infecting bacterial cells by injecting
their genetic material. Two main types of bacteriophages are lytic and lysogenic phages, as
represented on Figure 5. Lytic phages inject their DNA inside the bacteria, use the host cell
machinery to replicate their genetic material and finally lyse the bacterial cell to release and
spread the produced particles. In contrast, lysogenic phages inject their genetic material that
will integrate into the bacterial genome (mostly into the chromosome but plasmid insertions

happen) and is named a prophage.
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Under certain conditions, lysogenic phages may be induced and enter a lytic cycle (Fig. 5, point
5) (De Paepe et al., 2014). This is the case of the Stx-phage, which is usually integrated into
the bacterial chromosome at specific insertion sites (Rodriguez-Rubio et al., 2021; Steyert et
al., 2012). When induced, it can be transferred to other E. coli strains, but it was also detected
in other organisms as observed in S. dysenteriae type 1, Citrobacter freundii, or Enterobacter
cloacae (Brabban et al., 2005; Butler, 2012; Khalil et al., 2016; Zhi et al., 2021).

A variety of non-Stx phages are also inserted in STEC genomes. A study showed that STEC
can carry up to 20 prophages in their genome (Nakamura et al., 2020). Inserted prophages may
carry genes encoding toxins or effector proteins as well as antimicrobial resistance genes (ARG)
(De Paepe et al., 2014).

(. Phage attaches Occasionally, the prophage may excise from the
Phage DNA ~ to host cell and bacterial chromosome by another recombination
(double- stranded) injects DNA. event, initiating a lytic cycle.

Bacterial

chromosome Many cell
divisions \

L 3 " C ° O)L’i‘iﬂfe““’

. Cell lyses, releasing { ' Phage DNA circularizes and enters Lysogenic bacterium
phage virions. lytic cycle or lysogenic cycle. reproduces normally.

7N e

' New phage DNA and @Phage DNA integrates within the
proteins are synthesized bacterial chromosome by recombination,
and assembled into virions. becoming a prophage.

Figure 5: Representation of the lytic and lysogenic cycle of bacteriophages that can use the stx-phage.
Taken from https://image4.slideserve.com/306073/figure-13-12-the-lysogenic-cycle-of-bacteriophage-

Lipg.
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4.2. Pathogenicity islands carried by STEC

4.2.1. Pathogenicity islands

Genomic islands (GIs) are large regions (10-200 kb) characterized by different GC content
compared to the bacterial genome and an alternative codon usage. These two genetic properties
suggest their acquisition from a foreign origin. Gls are non-replicative and mostly lack the
ability to self-mobilize but may harbor mobility genes that enable them to integrate phage or
plasmid sequences. Due to recombination events, Gls may also carry MGEs or parts thereof
which may lead to mosaic Gls structures (insertion, deletion or genetic rearrangement) (Hacker
and Carniel, 2001; Hacker and Kaper, 2000). Genomic islands containing one or more virulence
genes are called pathogenicity islands (PAIs) (Blum et al., 1994; Schmidt and Hensel, 2004).
PAIs are typical features of pathogenic E. coli that played an important role in their evolution.

4.2.2. Locus of enterocyte effacement (LEE)

The LEE locus characteristic of EPEC strains (McDaniel et al., 1995) was also identified in
STEC strains (Kaper et al., 2004). The LEE PAI, as represented on Figure 6A, consists in 5
poly-cistronic regions (LEE1 to LEES) of approximately 35 kb that has integrated the E. coli
genome at specific insertion sites as for example selC, pheU, pheV (Wong et al., 2011). In
addition to the intimin protein (Section 1.1, Chapter 1), the LEE encodes all the genes necessary
to assemble a functional T3SS, regulators and core effector proteins (T3SS; (Pearson et al.,
2016)). The T3SS enables the delivery of effector proteins from the bacterial cell to the cytosol
of the targeted cell using a syringe-like structure (Deng et al., 2004, 2001). EspA, a translocator
protein forms a long filament, and EspB and EspD form a pore in the host cell membrane,
allowing the delivery of effector proteins to the host cell (Garmendia et al., 2005; Gaytan et al.,
2016; Ide et al., 2001). Among the transported effector proteins, we find EspF, Tir, EspG, EspH
that are LEE-encoded (Serapio-Palacios and Finlay, 2020).
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Figure 6 : Important pathogenicity islands carried by STEC.
A: Locus of Enterocyte Effacement (LEE) from Tobe et al., 2006; B: Locus of Autoaggregation and
adhesion (LAA) from (Montero et al., 2017).
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4.2.3. O-islands

Phage sequences are present in STEC genomes. First characterized as genomic islands (Gls) in
EDL933 (or Sakai), they were named O-islands (Ols or Sp for Sakai strain) (Hayashi et al.,
2001; Perna et al., 1998). Several O-islands have been described in EDL933 strain. Although
the function of many genes carried by O-islands is still unknown, some of them encode putative
virulence factors, others confer advantages for bacterial strain survival (Jiang et al., 2021). Non-
LEE encoded effectors are found on cryptic or inducible prophages (NleA/Espl, NleB, NleC,
NleD, NleE, EspJ, NleH, EspG, EspM, cif, EspK, EspV) corresponding to OI-57/Sp9, OlI-
71/Sp9, OI1-122/SpLE3, OI-44/Sp4, and OI-50/Sp6 in EDL933/Sakai (Delannoy et al., 2013a;
Garmendia et al., 2005; Konczy et al., 2008; Ogura et al., 2009; Tobe et al., 2006; Wong et al.,
2011). The injected virulence factors lead to cytoskeletal rearrangements that induce cell death,

resulting in diarrhea.

In addition to the LEE, other pathogenicity islands have been identified in LEE-positive STEC
strains that contribute to the A/E lesion (typical EHEC). An example is OI-122/SpLE3, a
genomic island of 23 kb that harbors adhesion factors including efal—lifA complex, frequently
detected in LEE-positive STEC associated with severe human diseases (Karmali et al., 2003;
Wickham et al., 2006). It was shown to be involved in the A/E lesion and inhibits host
lymphocyte activation (Klapproth et al., 2000). Two Ols harbor genetic markers 22098 (OlI-
57/Sp9) and ureD (OI-43/01-48, SpLE1) that were proposed as molecular markers for typical
EHEC diagnostics in combination with espK (OI1-50/Sp6) and espV (O1-44/Sp4) (Delannoy et
al., 2016, 2013a; Hayashi et al., 2001).

4.2.4. Locus of autoaggregation and adhesion

The T3SS is not the only adhesion / translocation system used by pathogenic E. coli. LEE-
negative STEC strain of serotype 091:H14, 091:H21, O113:H21, O104:H4 or even O165:H25
have been implicated in HUS cases (Bielaszewska et al., 2009; Feng et al., 2014; Mellmann et
al., 2009; Nakamura et al., 2023). Studies on LEE-negative STEC causing severe human

symptoms tried to identify the adhesion mechanism they use (Krause et al., 2018).
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In 2017, Montero and colleagues analyzed LEE-negative STEC and described a pathogenicity
island of approximately 86 kb composed of 80 genes dispatched on 4 modules, presented on
Figure 6B. This PAl was named Locus of Autoaggregation and Adhesion (LAA) since it carries
factors responsible for adhesion and autoaggregation. Among them, we find hes on module I,
iha and lesP on module 11, pagC, tpsA and tpsB on module |11 and agn43 located on module IV
(Montero et al., 2017). This locus or parts thereof have been found to be carried by emergent
LEE-negative STEC of serogroups 0113, 091, 0128, 0146 and O174 implicated in clinical
cases (Colello et al., 2018; Montero et al., 2019, 2017; Vélez et al., 2020).

4.3. Plasmids

In addition to bacteriophages and PAls, plasmids also encode putative virulence factors that
contribute to STEC pathogenicity. Plasmids are defined as extrachromosomal double stranded
DNA molecules stably inherited in bacterial cells. They are able of autonomous replication.
Although they do not carry genes that are essential for the host cell, they may carry putative
virulence factors (bacteriocins, siderophores, cytotoxins, adhesion factors) or antimicrobial
resistance genes (Johnson and Nolan, 2009; Thomas and Nielsen, 2005). Plasmids carrying
adhesion or colonization factors as well as toxins were identified is HUS-causing STEC. A
large plasmid of 92 kb named pO157, encodes putative virulence factors ehxA, espP, etpD, katP
and toxB and is frequently present in LEE-positive STEC (Losada et al., 2016; Ogura et al.,
2009). An enterohemolysin toxin encoded by ehxA may be responsible for enterocyte lysis
(Beutin et al., 1990). Another example is the pO113 plasmid, that carries genes encoding a
cytotoxin SubA (subtilase cytotoxin, (Paton et al., 2004)) an autotransporter EpeA (Leyton et
al., 2003), and adhesins Saa (autoagglutinating, (Paton et al., 2001)), Sab and Iha (Herold et
al., 2009; Newton et al., 2009). The pO113 plasmid was detected in LEE-negative STEC strains
of serogroups 091, 0128, 0113 or even 0174 (Fig. 7) (Newton et al., 2009). Figure 7 shows
an example of LEE-positive STEC carrying the pO157 plasmid and a LEE-negative STEC
positive for the LAA and the pO113 plasmid.
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Figure 7 : Shiga toxin-producing Escherichia coli (STEC) causing hemolytic uremic syndrome (HUS)
have acquired virulence factors carried by mobile genetic elements (MGES).

Two examples are represented here with strains that carries a pathogenicity island (PAI) either the Locus
of Enterocyte Effacement (LEE) or the Locus of Autoaggragation and Adhesion (LAA). The first
example represents LEE-positive STEC carrying parts or the entire pO157 plasmid frequently
implicated in severe cases. The second example are emerging LEE-negative STEC carrying another
pathogenicity island named LAA and may carry the pO113 plasmid (e.g strains O113:H21); adapted
from https://www.nature.com/articles/nrmicro818 (Kaper et al., 2004).
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5. Cross-pathotype/Hybrid E. coli

Despite belonging to the same species, there is a great diversity of E. coli strains. Most E. coli
strains are commensal, sometimes even beneficial to human health, but their potential to acquire
MGEs carrying virulence factors has led to the emergence of pathogenic E. coli ((Croxen et al.,
2013); example on Fig. 7). Subtyping methods as presented earlier (Section 2, Chapter 1) are
not able to differentiate commensal from pathogenic E. coli. The use of molecular-based
approaches has helped in identifying and differentiating the set of virulence markers
characteristics of pathogenic E. coli from commensal E. coli. PCR-based assays are used to

characterize the pathogenic E. coli involved by analyzing specific genes.

To cause severe symptoms, STEC have to colonize the intestinal tract. The most frequent
adhesion factor identified in STEC causing outbreaks is the intimin (eae gene) encoded by the
LEE. Yet, the increasing number of severe cases caused by LEE-negative STEC have
highlighted the evolution of cross-pathotype E. coli. STEC harboring virulence genes from
another E. coli pathotypes are referred to as hybrid or cross-pathotype STEC. Although it is the
hybrid STEC/EAEC O104:H4 strain that caused a large epidemic in 2011 in both France and
Germany, (Bielaszewska et al., 2011; Muniesa et al., 2012) other STEC/EAEC hybrids have
been implicated in human symptoms (Dallman et al., 2012; Morabito et al., 1998; Santos et al.,
2020). With the emergence of WGS, the whole database of E. coli virulence genes from all
pathotypes can be screened. It has led to the description of different STEC cross-pathotypes
isolated from HUS- or diarrhea-suffering patients such as ETEC/STEC (Nyholm et al., 2015).
More recently, different clones of EXPEC/STEC hybrid of serotype O80:H2 caused HUS cases
in Europe. Such hybrid strains were LEE- and stx2-positive (though a particular type of intimin
(xi) and different combinations of stx2a, stx2c and stx2d genes). Additionally, they harbored
factors enabling the colonization of extra-intestinal tissues (iss, iroN, cvaV genes) and an
antibiotic resistance gene cassette present on a mosaic plasmid, parts of which are characteristic
of the EXPEC pS88 plasmid (Braz et al., 2020; Cointe et al., 2020, 2018)
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Chapter 2: STEC, A food safety perspective

6. STEC implication in hemolytic uremic syndrome in France and Germany

STEC infections caused 6 084 illnesses in humans worldwide including 4 355 cases in the EU
from 2017 to 2021 (EFSA and ECDC, 2022). From 2012 to 2017, STEC were implicated in 5
931 cases of bloody diarrhea and 1 653 HUS in Europe (EFSA, 2020). The Top 5 serogroups
of STEC implicated in HUS were 0157 (38%), 026 (24%), 0111 (5%), 080 (4%) and 0145
(4%) followed by 055, 0121, 0103, 091 and 0104 (<3%) (EFSA, 2020).

6.1. Virulence profile of strains causing HUS in France

In France, since 1996, only pediatric HUS (in children below 15 years old) are reported by
voluntary pediatric nephric hospitals to the National Reference Center (NRC) for E. coli
(Pasteur Institute). France reported 2 959 cases of pediatric HUS caused by STEC between
1996 and 2021. On all reported HUS cases, 68% were from children below 3 years old (Santé
Publique France, 2021). Prior to 2016, the most frequent STEC serogroups were 0157 (23%),
026 (11%) and 080 (8%) followed by 0111, 0145 and O55. Since 2016, an important shift
occurred and O26 now represents the major serogroup associated with HUS (35%), followed
by 080 (18%), and 0157 (10%). In 93% of HUS cases, the isolated STEC strain was positive
for eae. It has been reported that the most prevalent stx subtypes were stx2a, stx2d and a

combination of stxla and stx2a (Santé Publique France, 2021).
6.2. Virulence profile of strains causing HUS in Germany

In Germany, all diagnosed clinical cases of STEC infection -and not only HUS- are reported to
the Robert Koch Institute (RKI) by public health institutions. The active surveillance regarding
pediatric HUS have been initiated in 2008 by the society for pediatric nephrology and the RKI
(RKI, 2021). In 2020, 60 HUS cases occurred and were caused by 0157 (16.67%) followed by
026 (5%), 0111 (5%) and 0145 (5%), and in a minor case (1.67%): 08, 080, 0114, 0172 and
Ont (RKI, 2020).
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Like in France, most of HUS cases were caused by STEC carrying stx2 gene subtypes 2a, 2c or
2d and a few cases caused by stx1-positive E. coli (here 5.8%) (Portner et al., 2019). Indeed,
the National Reference Center for Salmonella and other bacterial enteritis pathogens from RKI
and the National Consulting Laboratory for HUS at University hospital of Munster have
analyzed the virulence profile of strains isolated from patients with HUS symptoms. They
investigated 172 strains causing HUS from 1998 to 2018 excluding cases caused by the
0104:H4 outbreak-causing strain. On all isolates, 94% were stx2-positive (with 142/172 strains
stx2-positive only and 19 strains positive for both stx1 and stx2 genes) and 6% stx1-positive.
Similar results were observed on the more recent years within this dataset, from 2015 to 2018,
with 95% of strains stx2-positive (73/87 only positive for stx2 and 10 stx1- and stx2-positive)
and 5% exclusively stx1-positive. The presence of the eae gene was detected in 87% of strains
from 1998-2018 (149/172) and 94% from 2015-2018 (82/87) (Pértner et al., 2019).

7. STEC contamination sources

The intestinal tract of warm-blooded animals, and especially from ruminants, is a natural
reservoir for STEC. Their primary reservoir is cattle, which are asymptomatic carriers of STEC.
Nevertheless, STEC are also found in other ruminants such as sheep, goat, deer and buffaloes
(Kim et al., 2020). Cattle can contaminate the environment, their hides and udders through their
feces. In the soil or grass, some STEC are able to survive and reach the ground waters used to
irrigate cultures (Ferens and Hovde, 2011). Similarly, food products can be contaminated after
being in contact with feces material of contaminated animals during processing, storage or
distribution. Consequently, water and food ingested by humans can be contaminated, especially
ground meat, dairy products including raw milk or vegetables (Gyles, 2007). Although food-
borne contaminations constitute the main source of transmission to humans, direct contact with
animals or the environment is possible (Fig. 8). A study conducted in the US showed that,
although direct and indirect transmission can arise, contaminated food is the major
contamination route, representing 66% of cases, compared to person-to-person transmission
(20%), water-borne contamination (12%) and animal contact (2%) (Rangel et al., 2005).
However, the situation is not a generality and varies from country to country depending on

production and consumption habits (Karmali, 2018, 2017).

39



ECOLE TR
NATloNALE Xl Doctorale Allmentation
VETERINAIRE ABIES ‘o
ALFORT

Paris - 17

Saut

8. HUS-causing STEC outbreaks in France and Germany

Contaminated food products is the primary source of STEC infections in Europe. From 2017 to
2021, 31 STEC outbreaks occurred in Europe with strong evidence of contamination source for
five of them. Two were due to contaminated bovine meat products and one from milk. At the
European level, ‘meat and meat products’ remains the first category of food responsible for
STEC infections followed by ‘milk and milk products’ and ‘fruits and vegetables’ (EFSA and
ECDC, 2022).

Prior to 2016, in France HUS outbreaks caused by STEC were due to contaminated ground beef
(54%), raw milk cheese (22%), raw milk (5%), water (surface or bathing 19%) and contact with
animal (20%) (Bruyand et al., 2019). From 2017, small HUS-STEC outbreaks occurred in
France due to contaminated raw milk cheese (2018, 2019, 2020), raw cucumber (2021), and
lastly pizza (2022) (Santé Publique France, 2022, 2021, 2020, 2019, 2018). Other sporadic
cases occurred but no contamination source was reported (2017-2021). It is important to note
that in France, the contamination source is investigated and reported for grouped cases (time
and space cases) of HUS and is not always successful (Santé Publique France, 2009).

In Germany, since the big outbreak caused by the 0104:H4 EAEC/STEC hybrid, only one
national outbreak was reported which was probably associated with contaminated food product
consumption. Indeed, in 2017, 14 confirmed HUS cases including one person that died as a
result of infection were caused by an eae-positive STEC 0157, probably associated with mixed
minced beef consumption (pork and beef meat) (Vygen-Bonnet et al., 2017). As described for
France, other HUS cases were reported but a food origin could not be traced (RKI, 2021, 2019).
Although few HUS cases are suspected to be caused by ground beef and dairy product
consumption (RKI, 2021, 2018, 2017), direct contact with animals or inter-human transmission
are also presumed (RKI, 2019, 2018, 2017). One of 3 HUS outbreaks reported in 2020 was
suspected to be caused by raw donkey milk consumed during holidays in France (RKI, 2021).
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Figure 8 : Shiga toxin-producing Escherichia coli (STEC) main contamination sources.
Taken from https://marlerclark.com/foodborne-illnesses/e-coli/transmission-of-and-infection-with-e-
coli.

Because of its high content in nutrients as fat, lipids, carbohydrates, proteins and vitamins, raw
milk is susceptible to microbial contamination. Raw milk contamination by STEC is mainly
caused by the contamination of dairy cow teats by feces and is more frequent from end of spring
to end of summer. To avoid food-borne contamination, the milk is usually pasteurized or
sterilized to destroy the microbial flora. In France, many dairy products are nonetheless made

from raw milk, which do not undergo heating processes (Bagel and Sergentet, 2022).
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9. The challenge of STEC pathogenicity assessment and their regulation in food

9.1. Development of classification approaches

The first time stx- and eae-positive E. coli have been associated with pathogenicity was during
an outbreak in the USA in 1992. Undercooked ground beef contaminated with LEE-positive
STEC of serotype O157:H7 at the “Jack in the box” rapid food chain affected approximately
732 persons. Four affected patients died while 178 had persistent sequels (Bell et al., 1994;
Rangel et al., 2005). Rapidly, the Food Safety and Inspection Service (FSIS) implemented the
testing for E. coli O157:H7 in ground beef, which was classified as an adulterant in this food
product (FSIS, 1994). The biggest outbreak reported worldwide occurred two years later in
Japan, where a LEE-positive STEC 0157:H7 strain (Sakai) infected 12 680 persons, 121 with
HUS and three patients died after eating contaminated radish sprouts (Fukushima et al., 1999).

Although additional LEE-positive STEC O157:H7 caused outbreaks, non-O157 strains were
implicated in HUS outbreaks in the USA and other parts of the world. In the USA non-O157
STEC implicated in severe symptoms are known as Top-7 and include serogroups 026, 0111,
0103, 0121, 045 and 0145, and were also classified as adulterants in raw beef products in
2011 (FSIS and USDA, 2012). Similarly, an increasing number of HUS cases caused by non-
0157 STEC were described in Europe known as Top-5 (026, 0103, 0111, 0145 in addition
to O157). Strains from the Top-7 or Top-5 are all eae positive. Due to their genomic plasticity
and the different STEC strains that caused HUS symptoms, it is difficult to strictly define
pathogenic STEC.

In 2002, the European council (CE no 178/2002) introduced the ‘Hygiene package’ to regulate
food hygiene’s procedure ‘from farm to fork’. It concerns a variety of food-borne pathogens
and aims at preventing food-borne contaminations. Although microbiological criteria have been
defined for many food-borne pathogens, it is not the case for STEC (except in sprouts). STEC
contamination has to be prevented by each company/entity selling food, considered responsible
for the hygienic quality of the product that they propose to consumers (European Parliament

and Council of the European Union, 2002).
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9.2. Classification from serotype to virulence gene profile

In 2003, Mohamed Karmali proposed to assess STEC pathogenicity using a seropathotype
classification. As presented on Table 1, this classification was based on serotypes and their
incidence and frequency of causing epidemics as well as their association with severe symptoms
such as HC or HUS (Karmali et al., 2003). Although the serogroup is epidemiologically
important for tracking (incidence, outbreak detection, etc.), we cannot only rely on the serotype
to predict pathogenicity. Nowadays, an increasing number of outbreaks or sporadic cases
caused by non-Top5 or even hybrid STEC are described. In 2011, the most severe non-O157
STEC outbreak was caused by a hybrid STEC/EAEC O104:H4 strain isolated from sprouts and
occurred in Germany (Bielaszewska et al., 2011; Muniesa et al., 2012; Rasko et al., 2011). This
strain carried both a Shiga toxin-encoding gene (stx2a) and virulence traits of EAEC (aggR and
aaiC, Section 1.7, Chapter 1). This outbreak demonstrated that the classification method
proposed by Karmali and colleagues was inadequate.

Table 1: Seropathotype classification of pathogenic STEC proposed by Karmali and colleagues in 2003.

Based on Scientific Opinion on VTEC-seropathotype and scientific criteria regarding pathogenicity
assessment - - 2013 - EFSA Journal - Wiley Online Library

Alimentation

Incidence o
) Frequency of | Association
(frequency in | _
Seropathotype " involvement | with HC and Serotypes
uman
_ in outbreaks HUS
disease)
A High Common Yes 0157:H7 O157:NM
026:H11, 0103:H2, O111:NM,
B Moderate Uncommon Yes
0121:H19 O145:NM
091:H21, 0104:H21,
C Low Rare Yes 0113:H21, O5:NM, O121:NM
0165:H25
D Low Rare No Multiple
Non-human )
E NA No Multiple
only
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Consequently, STEC pathogenicity was proposed to be assessed by molecular approaches
based on the genetic markers present in the strain (EFSA, 2020). EFSA proposed in 2013 to
classify STEC at high risk of causing HUS as eae- or aaiC and aggR- positive STEC of one of
the above-mentioned serotypes and 0104 (EFSA, 2013). However, no EAEC/STEC hybrid
caused important cases since. The current EFSA classification of STEC at high risk of causing
HUS is presented on Table 2 (EFSA, 2020). Anses, the French agency for food safety also
recommended the surveillance of the emerging O80:H2 STEC/EXPEC (Anses, 2019).

Table 2: EFSA classification of highly virulent STEC based on Torl assessment of 2020.

Pathogenicity assessment of Shiga toxin-producing Escherichia coli (STEC) and the public health risk
posed by contamination of food with STEC - - 2020 - EFSA Journal - Wiley Online Library

EFSA Virulence
o Serogroup HC HUS
Classification gene eae
Group | eae-positive Top 5 High risk | High risk
Group 1l eae-positive na High risk | Unknown
Group Il eae-negative na Unknown | Unknown

9.3. Recent classifications based on stx subtype and additional adhesion genes

Different approaches for assessing STEC pathogenicity are based on their virulence profile
rather than O-group. It is recognized worldwide that STEC positive for stx2a alone or in
association with stx1, and carrying the eae gene represent a higher risk for humans. As shown
in Table 3, STEC at higher risk of causing HUS according to Food and Agriculture Organization
of the United Nations (FAO) and World Health Organization (WHO), described in 2018, are
stx2a and eae- or aggR-positive. In addition, the presence of stx2d in combination with eae or
aggR or alone are also considered at higher risk for causing HUS (Table 3). Similarly, the
National Advisory Committee on Microbiological Criteria for Foods (NACMCF) and the
United States Department of Agriculture (USDA) classify STEC carrying stx2a in combination
with aggR or eae adhesion-conferring genes at high risk of causing severe forms, as represented
Table 4 (NACMCEF, 2019). Table 5 presents the Anses latest opinion, which categorized STEC
at high risk of causing HUS depending on the presence of eae or aggR genes and specific stx
sub-types. They also classified stx2a and aggR- or eae-positive profile at higher risk of causing
HUS but also included stx2d and aggR or eae-positive virulence profile (Table 5, Anses, 2023).
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Table 3: to Food and Agriculture Organization of the United Nations (FAO) and World health
Organization (WHO) approach for classifying STEC pathogenic potential 2018. FAO/WHO. 2018.
Shiga toxin-producing Escherichia coli (STEC) and food: attribution, characterization, and
monitoring. (Rome, Italy: FAO), 175 p.

Rank Virulence genes Risk of
1 stx2a + eae ou aggR D/BD/HUS
2 stx2d D/BD/HUS?
3 stx2c + eae D/BD?
4 stxla + eae D/BD?
5 Other stx sub-types D

1Depending on host susceptibility and other factors e.g. antibiotic treatment
2HUS association relies on stx2d variant and genetic background of the strain
3Certain stx-subtypes are associated with BD and occasionally to HUS

Table 4: Molecular risk assessment of STEC according to the National Advisory Committee on
Microbiological Criteria for Foods (NACMCF) and the United States Department of
Agriculture (USDA) NACMCF / USDA, 2019.
https://www.fsis.usda.gov/sites/default/files/media_file/2020-07/nacmcf-stec-2019.pdf, p13

Risk (in increasing order) Virulence genes and O-group
1 stx2a + EAEC
stx2+ eae + 0157
: stx2a > stx2c > stx2a+stxla > stxla
stx2 + eae + Top-6
3 stx2a > stx2d > stx2c > stxla
stx + eae + other O-group
) Toxin order as above
c StX
Toxin order as above
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Table 5 : Anses new classification of STEC pathogenic potential. Anses (2023).
Avis relatif a la définition des souches pathogenes d’Escherichia coli productrices de shigatoxines
(saisine n°2020-SA-0095). Maisons-Alfort: Anses, 63 p.

Group Virulence genes PPVIHUS | PPVIHC

stx2a and/or stx2d*- positive
|2 ) - 69% 13%
eae or aaiC / aggR- positive

stx2a and/or stx2d®- positive
14 _ _ 48% 25%
eae or aaiC / aggR- negative

Other stx-positive
1?2 ) . 13% 38%
eae ou aaiC/aggR- positive

Other stx-positive
v ] ) 15% 31%
eae ou aaiC/aggR- negative

The positive predictive value (PPV) reflects the probability of the strains to induce clinical symptoms.
2Top-5 O-group plus O80 represents 80% of HUS cases, 67% of HC and 61% of acute diarrhea
3stx-subtype alone or in combination

“These strains are mainly implicated in adult HUS cases (majorily O-groups 091. 0171. 0174 and 0148)

10. ISO/TS-13136:2012 STEC detection method in food products and its drawback

The distinction of STEC strains from other E. coli is impossible at the phenotypic level. STEC
are nothing more than E. coli carrying the Stx-phage and this characteristic may not be used as
a distinct factor of STEC or non-STEC E. coli in a mixture (Fratamico et al., 2016a). So far,
the most reliable method is to use molecular-based detection approaches targeting stx-coding
genes. Two methods were proposed to harmonize STEC detection in food and animal feed: ISO
16654 (1SO, 2001) for STEC 0O157:H7 and ISO/TS-13136:2012 (I1SO, 2012) for non-0157
STEC. Figure 9 shows the steps of the ISO/TS 13136:2012 detection method. An enrichment
step to get bacteria growing to a detectable level is performed and the use of acriflavine -an
antibiotic targeting Gram-positive bacteria- was recommended in dairy products. Since there is
a diversity of strains, a single enrichment procedure favoring STEC regardless of the other E.

coli strains is complicated.
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Figure 9: Schematic representation of the 1SO/TS-13136:2012 procedure for STEC detection in food
products.
Adapted from https://supermicrobiologistes.fr/detection-stec-dans-aliments/#reglementation.

The next step consists in a qPCR to detect the stx and eae genes in the enrichment broth. The
abundant E. coli flora may disturb STEC detection. A study showed that as much as 50 strains
of E. coli were identified in a single sample in cattle microbiota (Cookson et al., 2017). Multiple
strains (each carrying one of the targeted genes) can be present simultaneously in the broth,
resulting in presumptive-positive results (Fig. 9). A few stx-carrying species such as
Citrobacter, Shigella might lead to similar results (Brabban et al., 2005; Butler, 2012; Tajeddin
etal., 2020; Zhi et al., 2021). Lastly, the presence of free stx-phages have been described which
could be amplified by PCR and impede STEC isolation attempts (Martinez-Castillo and
Muniesa, 2014). Attempted isolation of the strain is necessary to ensure that those genetic
markers (stx, eae and O-group) belong to the same strain. Due to the lack of STEC specific
isolation medium and the significant background flora in milk (mainly consisting of Gram-
positive bacteria), it is difficult to isolate STEC strains. The problem of unconfirmed
presumptive positive results is the uncertainty regarding the decision to commercialize the
product. On the one hand, the destruction of food products with unknown presence of HUS-
causing STEC has an important economic impact. On the other hand, contaminated food

products with a real risk of causing HUS may be consumed.
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Chapter 3- Long-read metagenomics as a new
approach for STEC characterization

11. DNA sequencing

Bacteria are classified into families based on their genetic material, which is supported by DNA
molecules. DNA sequencing is a method that consists in analyzing the nucleotide (adenine A,
guanine G, cytosine C and thymine T) order from a specimen that constitutes its genetic
material. First generation sequencing (FGS) methods have been introduced in 1975 by Sanger
in parallel to Maxam and Gilbert in 1977 (Maxam and Gilbert, 1977; Sanger, 1975). FGS
enabled the decryption of DNA fragments up to 1000 bp (Schadt et al., 2010). The first
sequencing of the human genome was performed using Sanger sequencing; it took 13 years for
twenty scientific teams around the world (the International Human Genome Sequencing
Consortium) and cost several billion US dollars (Lander et al., 2001). DNA sequencing evolved
in 2004 with the commercialization of second-generation sequencing (SGS, also called next
generation sequencing (NGS)) which reduced the cost of FGS and enabled higher throughput.
NGS methods have the advantages of generating highly accurate data of many samples in
parallel (multiplexing) with homogenous coverage from low DNA input (1 ng). Different
technologies were commercialized but the most widely used method was developed by
Illumina. lllumina sequencing has a limited read length (50-300bp) to avoid sequencing errors
caused by background signal (Schadt et al., 2010). Third generation sequencing (TGS)
determines the sequence of a single DNA molecule in real-time with the objective of increasing
sequencing throughput and read length (Schadt et al., 2010). Pacific Biosciences (PacBio) were
the first to commercialize the single-molecule real-time sequencing technology, in 2011.
Oxford Nanopore Technology (ONT) later released the MinlON sequencer, which was
launched in 2014. ONT sequencing has the advantage of generating longer reads than PacBio
technology with reads up to 4 Mb (Lu et al., 2016).
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12. MinlON sequencing: from principle to data analysis

12.1. Principle of nanopore sequencing

The principle of nanopore sequencing, represented on Figure 10, relies on the different structure
of the four nucleotides A, T, C, and G (Deamer et al., 2016). The flow cells, on which nanopore
sequencing is performed, consist of a synthetic lipid bilayer membrane into which synthetic
nanopores are inserted. An ionic current is applied to this membrane. During the library
preparation step, adapters are ligated to the DNA fragments, allowing the DNA molecule to
bind to a tether protein that guides the DNA through the nanopore. An exonuclease located on
the external side of the pore cleaves the DNA strand that will pass through the pore (Fig. 10).
Each nucleotide that passes through the nanopore perturbs the applied current in a nucleotide-
specific manner (Fig. 10). Unlike other sequencing technologies, the current variation is the
raw data of MinlON sequencing, which is encoded into fast5 files (Fig. 10) (Lu et al., 2016).

12.2. Converting nanopore sequencing data to base sequences

The sequence of bases representing the nucleotide order as determined from a nucleic acid
fragment using a sequencing platform is named a read. Most bio-informatics tools accept reads
encoded into fastq or fasta files. The fastq and fasta formats carry the sequence order
information in bases, but fastq files additionally encode quality data of each base. Fast5 files
contain the electric signal of current variation and has to be translated into bases through a
process called base-calling (Fig. 10, (Lu et al., 2016)). The base-calling step is time- and
resource consuming, but running time can be reduced using parallel computing afforded by
graphics processing units (GPUs). This step can be performed “on board” if the system
possesses the required capacities (e.g., using the MinlON MK1C platform) or on another
machine. The base-caller currently used by the community is called Guppy and so far, three
models have been developed with different accuracy levels: fast, high accuracy (hac) and super
accuracy (sup). The base-calling models are constantly being improved to reduce read error

rates.
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12.3. Generation of error-prone data

The high error rates observed in ONT-generated reads is mainly due to the way the signal is
acquired, particularly the speed of DNA translocation through the pore (450 nucleotides per
second, Wang et al., 2021). The data on which base-calling models are trained is a crucial
parameter for correctly interpreting the current variation signal. A particular problem faced
using ONT sequencing technology, is homopolymers, sequences of a k-repetitive nucleotide
with k>2. Because homopolymer sequences give a constant similar signal as they pass through
the pore, base-callers struggle to distinguish or precisely assess the number of similar
nucleotides. To better address homopolymers, ONT developed a new generation of pores, the
R10, with the goal of increasing the accuracy over homopolymers (Reviewed in Wang et al.,
2021). This year, ONT has developed a new pore with its specific chemistry: R14, which should

generate more reads with an accuracy of about 99.9%.

13. Assembling STEC genome using long-read sequencing data

13.1. Long reads advantage for STEC genome assembly

Genome assembly is the term used for in silico reconstruction of the targeted genome from
reads. The accuracy of short-read sequencing has the advantage of providing precise
information on specific characteristics of the strain. For example, it is more accurate to
determine MLST, serotype, and identify virulence genes and genetic variants. We have
previously shown (Section 4, Chapter 1) that STEC strains can harbor non-negligible amount
of mobile genetic elements, sometimes repeated (e.g. multiple stx-phages). Figure 11 represents
the different size of reads obtained from short- and long-read sequencing. Due to the short-
reads (50-300bp) generated with SGS, assemblers often fail to resolve structural variants, or
repeated elements longer than the read length (Fig. 11A; (Schadt et al., 2010)). Long reads
generated with the MinlON have the potential to resolve repetitive regions that present an
unsolvable challenge for short-read assemblers (Fig. 11B) (Alkan et al., 2011; Pollard et al.,
2018).
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Figure 10 : MinlON sequencing principle.

The MinlON flow cells inserted onto the Mk1B device, possess a membrane into which nanopores are
embedded. The DNA sample is loaded onto the flow cell and the motor protein catches DNA molecules
and guides them through the pore. An ionic current is applied through the pore and the passage of
nucleotide disturbs the current in a nucleotide-specific way. This raw signal is then converted into
sequence (bases) during the base-calling step. Adapted from https://www.cell.com/the-
innovation/fulltext/S2666-6758(21)00078-3 (Applications and potentials of nanopore sequencing in the
(epi)genome and (epi)transcriptome era: The Innovation (cell.com)) and Nanopore Sequencing Market
Revolutionary Trends (2020-2026) by Industry Statistics | Medgadget.
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13.2. Long-read assembly strategies

De novo assemblers use overlapping sequences present on reads to reassemble the reads into
longer sequences called contigs. Reference-based assembly reconstructs the target genome by
mapping reads onto a reference genome. The accuracy offered by reference-based assembly is
crucial for small nucleotide variations (SNVs) including insertions and deletions (indels)
analysis but is not suitable for the analysis of structural variation (SV) analysis (>=50bp)
(Fitzgerald et al., 2021). De novo assembly, which does not use a reference genome, is
challenged by the high error-rate of long reads and by the computational part that is time
consuming and resource intensive. Considering the genomic plasticity of E. coli strains, de novo

assembly methods are more suitable than reference-based assembly.

Different de novo long-read assemblers have been developed based on two main methods:
overlap-layout-consensus (OLC) and de Bruijn graph (DBG) methods. OLC methods are
comparing all reads two by two, referred as pairwise comparison. They appear to perform better
at assembling long error-prone reads, but are computationally more demanding (Cherukuri and
Janga, 2016). Alternative approaches, derived from de Bruijn graph (DBG) methods have the
advantages of being time-efficient since they generate k-mers that are short sequences of DNA
of k length, from reads and uses those k-mers to find overlaps (Reviewed in Goussarov et al.,
2022). Long reads generated with ONT technologies are usually error-prone and errors such as
indels can be passed from reads to the assembled genome. One can use a read correction tool
prior to assembly, perform hybrid assembly using long and short reads, or correct the generated
assembly (contigs) using reads in a process called polishing (Fig. 11C) (Reviewed in Meng et
al., 2022). A polishing step reduces the error rate of the reconstructed genome. Most long-read
assemblers do not natively include polishing steps. Many tools have been developed
specifically for polishing long-read-based assemblies, such as Racon or medaka
(NanoporeTech; Vaser et al., 2017). Polishing tools use the quality scores of each base encoded
in the MinlON fast5 file but require a reasonable read depth and multiple rounds to correct
errors (Safar et al., 2023; Zhang et al., 2020).
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Figure 11: Difference of short- (A) and long- (B) read sequencing on genome assembly and

representation of long-read assembler strategies (C).

Benefit of long-read sequencing for reconstructing STEC genomes; taken from
https://www.researchgate.net/figure/Overview-of-NGS-short-read-and-TGS-long-read-methods-A-In-
NGS-by-Illumina-technology_figl_355491654. Long-read assemblers either correct error-prone reads
prior to assembly or correct the generated assembly using polishing tools (C); taken from Applications
and potentials of nanopore sequencing in the (epi)genome and (epi)transcriptome era: The Innovation

(cell.com).
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14. Long-read metagenomics for food-borne pathogens identification

14.1. How long-read metagenomics might help STEC characterization from

complex matrices

WGS has been helpful in characterizing and tracking pathogenic bacteria from food samples.
Isolation-free approaches would save time in food-borne outbreak investigations (EFSA, 2019).
Metagenomics is an isolation-, sometimes culture-independent method that enables the analysis
of the totality of the genetic material present in a sample. Short-read metagenomics approaches
have been used for identifying STEC contamination but do not permit the identification of
STEC carrying additional adhesion mechanisms as LEE-positive STEC (Leonard et al., 2016).
The use of long-read sequencing for the detection of food-borne pathogens without isolation
has been shown to be suitable for identifying food matrices contaminated with Listeria or
Salmonella (Azinheiro et al., 2022, 2021; Kocurek et al., 2023). While the detection of specific
Salmonella serovars in food samples is proof of contamination, it is more complex for the
identification of eae-positive STEC. Particularly, stx virulence genes can be carried by different
pathotypes of E. coli, as it was also shown to be the case for EAEC, EXPEC or even ETEC. The
mere detection of the various virulence genes on separate contigs does not bring significant
additional information compared to their detection by gPCR. Only the demonstration of their
association in a single strain can inform on the pathogenic potential of the strains (Section 9.3,
Chapter2). STEC genome assembly from long-read metagenomics would potentially help
identifying eae-positive STEC contamination and more generally characterize hybrid STEC
strains (Section 1.8, Chapter 1).

14.2. Why an assembly-based approach is necessary for STEC

characterization?

The advantage of genome assembly is that it provides a great deal of information about the
bacterial genome and allows for better characterization of strains that are implicated in food-
borne outbreaks. However, assembling complete genomes from metagenomics data is
challenging. The presence of bacterial genomes containing genomic repeats but also
phylogenetically close genomes can lead to fragmented assemblies or chimeric contigs carrying

genomic regions from two or more different strains (Ekaterina Kazantseva et al., 2023;
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Vicedomini et al., 2021). In addition, a fraction of reads may not be assembled, resulting in
missing genomic regions (Ekaterina Kazantseva et al., 2023). Typically, assemblies performed
using metagenomics data generate fragmented and non-overlapping contigs that may belong to
the same species. Therefore, an additional step is usually performed to group taxonomically
related contigs and is called binning. The aim of the binning step is to reconstruct individual
genomes from the metagenomics assembly, referred to as metagenome-assembled genomes
(MAGs). Due to possible contamination during the binning step, some parameters have been
described such as genome completeness (>90%) and contamination (<5% based on the number
of copy of core genes) of the MAGs (Bowers et al., 2017). After validation, the generated
MAGs are classified and annotated (Goussarov et al., 2022). Figure 12 represents the traditional

workflow that leads to genome characterization from metagenomes.
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Figure 12 : Traditional workflow for genome assembly from metagenomics data.
Taken from Goussarov et al., 2022
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The assembler Flye performs well in reconstructing STEC genomes and was the first long-read
assembler that has been adapted to assemble metagenomes (MetaFlye), but is limited by the
presence of highly similar or related species (Kolmogorov et al., 2020; Vicedomini et al., 2021;
Wick and Holt, 2019). Beef samples and wastewater artificially contaminated with STEC have
shown the potential of long-read metagenomics to identify STEC contamination (Buytaers et

al., 2021; Maguire et al., 2021).
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Chapter 4: Aims of the work

Shiga toxin-producing Escherichia coli (STEC) are zoonotic food-borne pathogens responsible
for a variety of intestinal symptoms that can evolve into the life-threatening hemolytic uremic
syndrome (HUS). STEC infections require ingestion of the bacteria, adhesion to the host cell

and production of the Shiga toxin.

Food products such as ground meat or dairy products might be contaminated with STEC from
cattle intestinal tract. To protect the consumer from STEC infections, these food products are
tested for the presence of pathogenic STEC before commercialization. Enriched food products
are screened using gPCR methods that target virulence genes characteristic of highly virulent
STEC. Characterization of the contaminating STEC strains requires an isolation step. However,
due to the lack of selective medium, isolation of STEC strains from complex matrices is
challenging. We aimed at using long-read sequencing, using Oxford Nanopore Technology, for
characterizing STEC directly from raw milk without an isolation step. Although STEC carrying
alternate adhesion factors than the LEE have been responsible for severe human infections,
LEE-positive STEC were more frequently implicated in HUS. Thus, we decided to use an eae-
positive STEC of serotype 026:H11, representing the most frequent serotype in Europe causing
HUS, as a model organism.

I have first determined that an enrichment step is necessary for identifying STEC from complex
matrices such as raw milk using MinlON sequencing. Different enrichment conditions to
enhance STEC growth in raw milk enrichment broth were compared and 37°C in acriflavine-
supplemented BPW was selected. Long-read sequencing requires the extraction in high quantity
of HMW gDNA (ONT recommends 1pg of genomic DNA as starting material). The next
objective was to find a DNA extraction protocol that permits the recovery of DNA fitting ONT
requirements. DNA extraction is a crucial step of the method since it will influence sequencing.
Hence, we have tested and compared different extraction methods and found that the salting-
out method allowed us to extract high quantity of HMW DNA suitable for ONT sequencing
This allowed us to sequence and completely assemble (closed or almost closed) 75 genomes of
E. coli strains of bovine origin from our collection (Chapter 5-1).
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Meanwhile, due to the complexity of data generated using the ONT sequencing, | have
developed a pipeline for eae-positive STEC characterization from long-read metagenomics
data: STECmetadetector. Using the best enrichment condition for STEC growth in artificially
contaminated raw milk, the selected DNA extraction method and the pipeline, | successfully
characterized the inoculated strain from an inoculation level of 5 CFU.mL™ The
characterization limit was assessed to 108 copies.mL™ post-enrichment based on qdPCR results
(Chapter 5-2). In this work, | observed that the presence of more than one E. coli strain may
hamper the direct characterization of eae-positive STEC strain in enriched raw milk using an
assembly-based approach. | performed artificial co-contamination experiments with increasing
ratio of commensal/eae-positive STEC strains and determined that in addition to the required
quantities of STEC post-enrichment (108 copies.mL™), the STEC should be 10-times more
present than other E. coli to fully characterize the eae-positive STEC using long-read

metagenomics and the STECmetadetector pipeline.

Although genome assembly is crucial to characterize STEC strains, we have tested alternative
approaches specifically for eae-positive STEC identification. We have generated a large dataset
of E. coli genomes and harnessed the power of machine learning algorithms to identify some
markers that correlate with the presence of eae-positive STEC in genome assemblies obtained
from long-read E. coli sequencing data. The machine learning-based approached correctly
predicted the presence of the eae-positive STEC even in presence of other E. coli and could
further be implemented in the STECmetadetector pipeline. Additionally, the identified markers
were implemented as qPCR targets for STEC screening (Chapter 5-3).

Lastly, | applied the developed method on presumptive or naturally contaminated samples
(Chapter 5-4) to test the applicability of the method, which confirmed the limiting conditions

as previously determined.
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Chapter 5: Development of a long-read metagenomics
approach for identifying eae-positive STEC

Chapter5-1: Obtaining complete STEC genomes using long-read sequencing

The main requirement for long-read sequencing is the extraction of genomic DNA in sufficient
quantities since Oxford Nanopore Technologies (ONT) recommends using 1 pg of genomic
DNA. Besides DNA concentration, purity and integrity of the extracted DNA are two additional
important parameters. DNA purity is critical to obtain decent amount of data generated as the
presence of contaminants may block the MinION flow cell’s pores. Long DNA fragments are
needed to generate long reads that are desired to span mobile genetic elements. The objective
of this work was to find a DNA extraction method that allows the recovery of HMW DNA in
high quantities and matching the requirements of ONT sequencing. We first tested three DNA
extraction methods (bead-based, solid phase or salting-out) on STEC pure cultures. The DNA
yield, quality and integrity of the extracted DNA were compared. Additionally, the quality of
data (particularly read length) generated using MinlON sequencing as well as generated
assembly metrics were compared for bead-based and salting-out DNA extraction methods.
While longer reads were generated from DNA extracted using the salting-out methods, no
difference was observed on the STEC assembly generated. Based on all results we have selected
the salting-out method (Publication 1).

Due to their genomic complexity, there is a lack of completely assembled STEC genomes from
strains originally isolated from food matrices. We aimed to characterize the genome (and in
particular the mobilome) of STEC isolates of bovine food origin in order to estimate their
genetic diversity. By using both short- and long-read sequencing technologies, we combine the
potential of reconstructing the genome structure (long-read sequencing) and a reduced error
rate (short-read sequencing) in STEC genome assembly. Samples matching the required
conditions for MinlON sequencing were sequenced using both Illumina Miseq short-read
sequencing and ONT MinlON sequencing technologies. Hybrid assemblies were generated by

either assembling short reads and scaffolding using long reads (Unicycler) or the other way
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around (Canu, Flye, Raven). Using this hybrid approach, we have reconstructed the genomes
of 75 E. coli strains deposited on NCBI to benefit the community (Publication 2).

Lastly, because raw milk is complex matrix, | tested the performances of the DNA extraction
method selected on raw milk. | compared the salting-out method previously selected from
STEC pure cultures with a bead-based kit able to recover HMW gDNA (Quick-DNA HMW
MagBead extraction kit from Zymo research). Comparison was made from fresh and frozen
enriched raw milk samples. Based on the results, | concluded that the salting-out method was

the best in this case (Additional experiment 1, unpublished).
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Publication 1

Evaluation of high molecular weight DNA extraction methods for long-read
sequencing of Shiga toxin-producing Escherichia coli

Jaudou Sandra, Tran Mai-Lan, Vorimore Fabien, Fach Patrick, Delannoy Sabine

PLOS ONE 17(7): e0270751. https://doi.org/10.1371/journal.pone.0270751
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Evaluation of high molecular weight DNA
extraction methods for long-read sequencing
of Shiga toxin-producing Escherichia coli

Sandra Jaud uu', Mai-Lan Tran"z, Fabien Vurimurei, Patrick Fach"z,
Sabine Delannoy'#*

1 Pathogenic E. coli Unit, Laboratory for Food Safety, Anses, Maisons-Alfort, France, 2 IdentyPath Platform,
Laboratary for Food Safety, Anses, Maisons-Alfort, France

* sabine.delannoy @ anses.fr

Abstract

Next generation sequencing has become essential for pathogen characterization and typ-
ing. The most popular second generation sequencing technique produces data of high qual-
ity with very low error rates and high depths. One major drawback of this technique is the
short reads. Indeed, short-read sequencing data of Shiga toxin-praducing Escherichia coli
(STEC) are difficult to assemble because of the presence of numerous mobile genetic ele-
ments (MGEs), which contain repeated elements. The resulting draft assemblies are often
highly fragmented, which results in a loss of information, especially concerning MGEs or
large structural variations. The use of long-read sequencing can circumvent these problems
and produce complete or nearly complete genomes. The ONT MinlON, for its small size and
minimal investmenrt requirements, is particularly popular. The ultra-long reads generated
with the MinlON can easily span prophages and repeat regions. In order to take full advan-
tage of this technology it requires High Molecular Weight (HMW) DNA of high quality in high
quantity. In this study, we have tested three different extraction methods: bead-based, solid-
phase and salting-out, and evaluated their impact on STEC DNA vyield, quality and integrity
as well as performance in MinlON long-read sequencing. Both the bead-based and salting-
out methods allowed the recovery of large quantities of HWW STEC DNA suitable for Min-
ION library preparation. The DNA extracted using the salting-out method consistently pro-
duced longer reads in the subsequent MinlON runs, compared with the bead-based
methods. While both methods performed similary in subsequent STEC genome assembly,
DMA extraction based on salting-out appeared to be the overall best method to produce
high quantity of pure HMW STEC DNA for MinlON sequencing.

Introduction

Escherichia coli, a natural inhabitant of the digestive tracts of humans and animals, is a very
diverse species, which comprise commensals as well as various pathogens. Among the latter,

July 13, 2022 1/12
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Shiga toxin-producing E. coli (STEC) are responsible for serious gastro-intestinal diseases
ranging from aqueous diarrhea to hemorrhagic colitis and hemolytic uremic syndrome.

Besides the Shiga toxin, many virulence factors appear to be involved in STEC pathogenic-
ity. Most of these genes are localized on mobile genetic elements (MGEs) such as bacterio-
phages and plasmids [1-4]. These genes, which may account for up to 20% of the genome of E.
coli confer a high plasticity to the genome of STEC strains.

Whole Genome Sequencing (WGS) currently represents the best method for high-resolu-
tion genome typing, exploration of the ‘mobilome” and characterization. The number of
sequence data in databases has exploded over the last 10 years, however, most genomes depos-
ited are drafts genomes composed of a variable number of fragments or contigs. In particular,
STEC genome sequences are particularly fragmented, often around 200 contigs. Short-read
sequencing data of STEC is difficult to assemble because of the presence of numerous MGEs
and repeated elements in the STEC genome, including ribosomal genes, transposons and
insertion sequences. This fragmentation resultsin a loss of information on MGEs (especially
plasmids and phages), horizontal gene transfers, copy number variations, as well as structural
variations.

The current development of long-read sequencing is thus of particular interest for STEC
genomics. The MinION sequencer can produce very long reads (more than 2 Mbp have been
obtained-[5] ) which can span the repeated elements and produce closed or almost closed
genomes [6].

One drawback of this technology compared to short read sequencing is the requirement for
a high quantity of high molecular weight (HMW) DNA [7]. Many DNA extraction methods
have been described and evaluated in specific settings [8-10]. It appears however that there is
no universal HMW DNA extraction method. The efficiency ofthe method appears highly
dependent on the nature of the sample: carbohydrates composition, nucleotide composition,
topology, and association with proteins [11]. Furthermore, choosing the “right” method is a
balance of many additional criteria including costs, handling time and user friendliness, which
overall evaluation is specific to each situation.

In order to implement third-generation sequencing routinely in our lab, we needed a
method that would consistently produce HMW STEC DNA, in sufficient quantity and quality,
but which was also fast, practical and suitable for BSL3 work; hence, the use of toxic chemicals
requiring specific handling and disposal (i.e. phenol-chloroform) was prohibited. DNA extrac-
tion methods usually used to produce DNA for short-read sequencing often comprise numer-
ous centrifugation steps that can be detrimental to DNA integrity. As the spin-column method
isroutinely performed in many labs, including our own, it was nonetheless included in this
comparison.

In this study, we tested three different methods to extract HMW DNA from STEC for the
purpose of MinION sequencing: bead-based, column-based (i.e. solid phase), and salting-out,
and evaluated their impact on STEC DNA quantity, quality and integrity as well as perfor-
mance in long-read sequencing and subsequent assembly.

Material and methods
« STEC strains collection

Actotal of 83 STEC strains (including 34 strains positive for eae, and 49 strains negative for
eae) from 30 different serogroups and 36 different serotypes were selected from the Anses col-
lection to be sequenced and assembled in this study (S1 Table). Most of the strains selected
were of bovine origin isolated in France from dairy products or meat. A few strains were iso-
lated from goat milk and cheese.

PLOS ONE | https://dei.org/10.1371 fjournal. pone. 0270751 July 13, 2022 2/12
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« STEC strains culture

Isolates were stored at —80°C in 20-30% glycerol, revived on TSYe plates (BioMerieux) over-
night at 37°C and cultured in 10 mL of BHI medium (BioMérieux) overnight at 37°C and 320
rpm. For each strain, genomic DNA was extracted from 1 mL overnight culture using various
DNA extraction and purification kits.

« Genomic DNA extraction

Three different DNA extraction principles were used: (i) bead-based, using beads from four
different suppliers: AMPureXP (Beckman Coulter™) (n = 24), HighPrepPCR (MagBio) (n =7),
NucleoMag™ (Macherey-Nagel™, Fisher Scientific) (n =6) and MagAttract HMW DNA Kit
(Qiagen) (n = 20), (ii) solid-phase using silicium columns (Monarch® Genomic DNA Purifi-
cation Kit, New England BioLabs@®) (n = 10), and (iii) salting-out with isopropanol precipita-
tion (MasterPure DNA extraction and purification kit, Lucigen) (n = 55) (582 Table). The
Monarch and MasterPure DNA extraction kits were used according to the manufacturer’s rec-
ommendations, except for the final DNA elution / rehydration, which was performed in 10
mM Tris—HCI (pH 8.5) (EB Buffer, Qiagen), and included an RNAseA treatment (RNAseA
100 mg.mL ", Qiagen) immediately after cell lysis. The procedure for HMW DNA extraction
using magnetic beads is described in supplementary material (51 File). In each procedure, the
use of vortex mixer was reduced to a minimum and pipetting steps were performed slowly to
limit DNA shearing.

All DNA extracts were keptat +4°C after extraction (storage up to 10 months).

« Genomic DNA quantification and quality control
To allow appropriate relaxation and refolding, the gDNA was quantified at least 24 hours after
extraction with a Qubit 3.0 Fluorometer (Thermo Fisher Scientific) using the Qubit dsDNA
BR Assay Kit (Thermo Fisher Scientific), according to the manufacturer’s instruction.

The purity of gDNA was estimated with a NanoDrop ND-2000 spectrophotometer
{Thermo Fisher Scientific) by calculating A260/A280 and A260/A230 ratios.

The gDNA integrity was determined with a Tapestation 4200 (Agilent) using Genomic
DNA Screentapes ( Agilent) following manufacturer’s instructions (53 Table).

« ONT MinlON sequencing

A total of 66 samples were selected for sequencing, 47 samples extracted with the salting-out
method and 19 samples extracted with bead-based methods. Libraries were prepared from 1 to
2 pg input DNA using the SQK-LSK109 Ligation Sequencing kit in conjunction with the
EXP-NBD104 and EXP-NBD114 Native Barcode Expansion kits (Oxford Nanopore Technolo-
gies, Oxford, UK) in accordance with the manufacturer’s instructions. Libraries (6 to 14 per
flow cell) were loaded onto R9.4.1 flow cells (Oxford Nanopore Technologies) and sequenced
using the MK1B MinION device (Oxford Nanopore Technologies) for 48 h without live
basecalling.

« Illumina MiSeq sequencing

Libraries were prepared from 1 ng of gDNA using the Nextera XT DNA Library Preparation
Kit ([llumina Inc.) following the manufacturer’s instructions. Libraries were sequenced using
the MiSeq Reagent Kit v2 (300 or 500-cycles) (Ilumina Inc.) on a MiSeq System. The quality

of the raw short reads was checked using the CLC Genomic Workbench version 21.0.5.

PLOS ONE | https://doi.org/10.1371/joumnal pone.0270751 July 13, 2022 3/z2
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« Sequencing data analysis
Basecalling of the raw fast5 data was performed with Guppy basecaller version 4.4.2. Demulti-
plexing was performed with Guppy barcoder version 4.4.2.

Basic run metrics statistics were calculated using in-house python scripts (S1-53 Scripts in
52 File) (total number of reads, total number of bases sequenced, average size of reads, median
size of reads, maximum read length, minimum read length, read length N50) and Nanoplot
version 1.29.0 (mean read quality, median read quality) [12].

Raw MinlON reads were assembled using Raven version 1.2.2 [13] with default parameters
and Flye version 2.8.1 (—nano-raw; genome size: 5m; iterations: x5) [14]. Hybrid assemblies
using MiSeq and MinION reads were assembled using Unicycler version 0.4.8 [15, 16] with
default parameters. The contiguity and number of contigs of each genome assembly were
assessed using Quast version 5.0.2 [17] without reference genome.

« Statistical analysis
The PCA analysis was performed on R Studio version 4.0.3 and the following packages: fac-
toextra v.1.0.7 and FactoMineR v.2.4. The ellipse.level parameter was set to 0.95.

All other statistical analyses were performed on R Studio version 1.2.5019.

Descriptive analyses of percentages (DNA yield and DNA purity, DIN) were performed
using the average and standard deviation (s.d.). Non-parametric statistical tests were per-
formed with o of 5%. The null hypothesis was rejected when p-values were < 0.05.

The Kruskal-Wallis test was used to analyze yield and purity according to extraction kit or
extraction method. Mutual comparison of test groups was performed using a Dunn post-hoc
analysis with Holm correction.

The Wilcoxon rank sum test was used to analyze read length and quality metrics as well as
assembly contiguity metrics between extraction methods.

The Kendall rank correlation was used to analyze association between read length and
STEC assembly contiguity.

« Data availability

MinlON and MiSeq raw sequencing data were deposited in NCBI SRA database under the
Bioproject number PRINABO8207.

Results and discussion

The preparation of high-quality high molecular weight (HMW) genomic DNA (gDNA) is crit-
ical to fully exploit the capacity of the MinION sequencing platform. In this study, we evalu-
ated several parameters in order to determine the relative effectiveness of three different STEC
genomic DNA extraction methods for MinlON sequencing.

A collection of STEC strains (positive or not for eae) were selected for DNA extraction (51
Table). All the strains originated from cattle-related matrix (meat, raw-milk, raw-milk cheese,
animal) and had previously been serotyped and characterized by gPCR for the presence of the
stxand eqe genes [18, 19].

« Quantity and quality of the extracted DNA

The yield, concentration, purity, and integrity of the extracted DNA were evaluated (Table 1

and 52 and 53 Tables). The DNA concentrations were determined with the Qubit Fluorome-
ter. We used the NanoDrop absorption spectra to assess sample purity and identify potential
contamination such as carbohydrates and extraction chemicals. The A260/280 ratio for pure

PLOS ONE | https//doi.org/10.1371/oumnal pone.0270751  July 13, 2022 4/12
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Table 1. Performance comparison of DNA extraction methods.

DNA extraction kit DNA extraction method Mean DNA yield (ng / ml culture) (sd) Mean A260/280 (sd) Mean A260/230 (sd)
AMPureXP Bead-based 4835 (3044) 1.76 (0.19) 0.49 (0.18)
HighPrepPCR Bead-based 3280 (1668) 1.61 (0.08) 0.52 (0.07)
NucleoMag Bead-based 2756 (948) 1.58 (0.05) 0.64 (0.16)
Monarch Solid phase 3162 (1078) 1.60 (0.43) 1.11 (0.40)
MasterPure Salting-out 8687 (3462) 2.05 (0.09) 2.00(0.26)
MagAttract Bead-based 1582 (764) 2.08 (0.04) 1.47 (0.44)

https://doi.org/10.1371/journal.pone.0270751.1001

DNA is expected around 1.8. Contaminants absorbing at 280 nm include proteins and phenol.
The A260/230 ratio can indicate possible residual chemical contamination such as EDTA, phe-
nol, guanidine salts, or carbohydrates. An A260/230 ratio close to 2.0 is expected for a DNA
preparation free of contamination. Integrity of the gDNA was estimated using the DNA integ-
rity number (DIN) obtained from the Tapestation. A DNA sample with little to no short frag-
ments will have a DIN value of >9. The DIN decreases when degradation of the DNA sample
increases. For MinION libraries, DNA samples with DIN values >8 are preferred.

Yield and purity of the isolated DNA varied between extraction methods (Table 1).
Although it produced HMW DNA the DNA concentration and total yield obtained with
the MagAttract kit without optimization were not deemed sufficient for MinION library prep-

aration and it was thus omitted from the subsequent steps and analyses.

To have a global idea on DNA extraction methods / kits performance we performed a PCA
biplot analysis on DNA yields and purity ratios (Fig 1). Two principal components stand out,
the first (PC1) representing 71.3% of the variance between data and the second (PC2) which
represent 19.7% of the variance. Altogether, these two dimensions represent the three variables
DNA yield, and the two purity ratios A260/A280 and A260/A230.

The PCA biplot analysis indicated that the three bead-based extraction kits have similar
DNA extraction results (Fig 1A). Consequently, the DNA extractions performed with the
beads from the three remaining suppliers were grouped together as “bead-based”. Indeed, the
yield, A260/A230 and A260/A280 ratios did not differ significantly between the three suppliers
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Fig 1. PCA biplot analysis on DNA yield and quality recovered from STEC strains depending on (A) extraction kits and (B) method.
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(Kruskal-Wallis test, p-values > 0.05). Except for A260/280 ratio obtained with the AMPureXP
beads, which was significantly different from that obtained with the NucleoMag beads (Krus-
kal-Wallis test, p-value = 0.02768 and Dunn’s post hoc test, p-value =0.026197) but not from
that obtained with the HighPrepPCR beads. It is noteworthy that fewer extractions were per-
formed with the NudeoMag and HighPrepPCR beads compared with AMPureXP beads.
The PCA biplot representation showed that the salting-out was the best method to obtain
highly concentrated pure DNA compared to the other extraction methods tested in this study
(Fig 1B). Taken together the DNA yields were significantly higher with the salting-out method
than with the bead-based and solid-phase methods (Kruskal-Wallis test, p-value = 4.025e-11
and Dunn'’s post hoc test, p-values 1.6e-09 and 1.7e-06, respectively), which did not differ sig-
nificantly from each other (p-value = 0.31) (Fig 2A). Similar extraction yields have previously
been reported for STEC for these extraction methods [10].
A g 8 B e —T—
o o 5 s
. 1 : ——
& —_— .
£ &7 & " —_—
£ g
g ' . |
1 | .
=S T T T T 7 T
bead-based aolid-phase aalting-out bead-based salid-phase salting-out
Extraction method Extraction method
C =] i D —
£ oo —_ — — L
8 - . z o
g z , | ,
ﬁ o | u -
T T T T T T
bead-nased solid-phase salting-out bead-based solid-phase salting-out
Extraction method DMA exiraction methad

Fig 2. Quantity and quality of the extracted DNA according to the DNA extraction method. (A) DNA yield (ng.mL" culture) as determined with Qubit
dsDNA Broad range assay kit, (B} A260/A280 ratic as determined with Nanodrop, (C) A260/A230 ratio as determined with nanodrop, (D) DIN value as
determined with Genomic DNA Screentapes.
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DNA purity as assessed with the A260/280 and the A260/230 ratio differed significantly
between the extraction methods (p-values <0.05). No statistically significant differences were
observed between the solid-phase and bead-based extraction methods (p-values =0.05). The
salting-out method allowed the extraction of significantly purer DNA compared to the solid-
phase and the bead-based methods (p-values < 0.05). Only DNA extracted using the salting-
out extraction method showed A260/280 purity ratio with acceptable values > 1.8 and A260/
230 purity ratio close to 2.0 (Fig 2B and 2C). The low ratios obtained with the bead-based and
solid-phase methods suggest incomplete removal of proteins and organic compounds. The
ratios > 1.9 obtained with the salting-out method suggest the presence of RNA in the sample,
although, based on our experience, the presence of RNA is not detrimental to MinION library
preparation.

The DNA extracted with the solid-phase method showed significant degradation of the
DNA compared with the other methods (Fig 2D) with a median DIN value of 6.0 (sd 1.3).
These results were expected due to the numerous centrifugation steps in this procedure. These
DNA were deemed not suitable for MinION sequencing,

Both the bead-based and salting-out methods produced HMW DNA with fragments =60
kb and median DIN values of 8.7 (sd 0.7) and 9.1 (sd 0.8) respectively, indicative of low
amounts of genomic DNA degradation (Fig 2D). Integrity of the DNA was checked up to 10
months after extraction and storage at +4°C and showed no sign of degradation with either
bead-based or salting-out method.

The bead-based and salting-out methods were the most appropriate methods to yield suffi-
cient DNA amounts and concentrations with appropriate purity and integrity to perform Min-
ION library preparation. To further demonstrate the suitability for long-read sequencing of
the genomic DNA obtained, DNA extracted with the bead-based and salting-out methods
were subsequently sequenced by the MinlON technology.

« Quality of the sequencing data

Forty-seven samples extracted with the salting-out method and 19 samples extracted with
bead-based methods were sequenced with the MinION (52 and 54 Tables). Quality control
checks were performed on the raw data to evaluate the kit’s influence on read quality (mean
and median (QQ score, mean and median read length, read length N50).

Our data indicates that read size distribution is not uniform across extraction methods. The
average and median read lengths obtained appeared quite short for some of the isolates, but
overall similar read lengths have been reported for STEC and other food strains [20-24]. To
avoid short fragments, a more stringent size selection could be applied during library
preparation.

The average read length is significantly higher with the salting-out method (Wilcoxon test,
p-value = 9.9¢-06), but the median read length is not significanty different (p-value = 0.081)
(Fig 3A and 3B).

Similarly, the maximum read length and total read length N50 are significantly higher with
the salting-out method (Wilcoxon test, p-values 1.4e-06 and 7.4e-09, respectively) (Fig 3C and
3D). The salting-out method produced the longest fragments (up to 209 kbp) while the bead-
based method produced fragments up to 169 kbp.

On the contrary, although the difference appeared modest, both the mean and median Q
score were significantly higher with the bead-based method than the salting-out method (Wil-
coxon test, p-value = 7.1e-05) (Fig 4), presumably due to the presence of much longer DNA
fragments in the salting-out DNA extracts.
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« Contiguity of STEC assemblies

In order to check the influence of the extraction method and more generally of read length on
the assembly contiguity we performed crude assemblies of the sequencing data. For each sam-
ple (n = 66) we generated three assemblies, one hybrid assembly with Unicycler using MiSeq
and MinION reads, and two assemblies with MinION data alone using Raven and Flye. The
contiguity of the assemblies were determined with Quast (54 Table).

When considering the data by extraction method, there was no difference in the number of
contigs between the two extraction methods whatever the assembler used (Wilcoxon rank sum
tests, p-values > 0.05). While there was no difference between the two extraction methods con-
cerning the N50 of the assemblies generated with Raven and Unicycler (Wilcoxon rank sum
tests, p-values > 0.05), the Flye assemblies N50 were significantly longer for the samples
extracted with the salting-out method than with the bead-based method (Wilcoxon rank sum
tests, p-value = 0.0118).
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We studied the correlation between read length, irrespective of the extraction method, and
STEC genome assembly contiguity (number of contigs and assembly N50). Our data indicate
that within the range of read lengths obtained in this study the influence of read length on
assembly contiguity depends on the assembler used.

The quality of the assemblies generated by Raven are not associated with read length within
this dataset (Kendall rank correlation tests, p-values > 0.05). On the contrary, the quality of
the assemblies generated by Flye and Unicycler appear to be associated with read length to
some extent, longer reads generating assemblies with more contiguity (less contigs and a
higher N50). Indeed, the average read length is significantly negatively correlated with the
number of contigs generated by Flye and Unicycler (Kendall rank correlation test, p-val-
ues =0.04525 and 0.01787 respectively, Kendall's tau = -0.17178 and -0.20308 respectively),
while it is positively correlated with the Flye assemblies N50 (Kendall rank correlation test, p-
value = 0.02, tau = 0.19), but not with the Unicycler assemblies N50 (Kendall rank correlation
test, p-value = 0.09). Similarly the median read length is significantly negatively correlated
with the number of contigs generated by Flye and Unicycler (Kendall rank correlation test, p-
values = 0.02263 and 0.00311 respectively, Kendall’s tau =-0.19557 and -0.2535 respectively),
while it is positively correlated with the Unicycler assemblies N50 (Kendall rank correlation
test, p-value = 0.04946, tau = 0.1655), but not with the Flye assemblies N50 (Kendall rank cor-
relation test, p-value = 0.3729). The total read length N50 is negatively correlated with the
number of contigs generated by Flye (Kendall rank correlation test, p-value = 0.04769, tau =
-0.16987), but not Unicycler (Kendall rank correlation test, p-value = 0.2203), and it is posi-
tively correlated with the Flye assemblies N50 { Kendall rank correlation test, p-
value = 0.00024, tau = 0.30909), but not Unicycler (Kendall rank correlation test, p-
value = 0.2213).

Owerall, samples obtained with both extraction methods performed similarly in the assem-
bly step confirming that both extraction methods are suitable to produce HMW gDNA for
MinlON sequencing.

Conclusion

In this study HMW DNA extraction methods were compared based on DNA yield, purity and
integrity, as well as MinION read length and quality score and subsequent assembly.
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Among all methods tested the salting-out method appears to be one of the best compromise
in our hands. It produced highly concentrated HMW STEC DNA of required quality for Min-
ION sequencing. In addition to the high yield, the highest integrity of the DNA obtained from
this kit was also evidenced by the longest read length from the sequencing result. It should
however be noted that studies [9, 10] have suggested that the salting-out method might be less
efficient than other methods for the specific extraction of small plasmids (< 5 kb). This should
be taken into account depending on the project. Concerning E. coli, and STEC in particular,
these small plasmids < 5 kb are most likely not involved in virulence or antimicrobial-resis-
tance, but could play a role in bacterial adaptation [25-27].

The bead-based extraction method also produced sequencing-grade HMW STEC DNA
and appears a valid alternative to the salting-out method. It is however more tedious to per-
form with the bead drying time being difficult to standardize.

Finally, the column-based solid-phase method is easy to use and popular but shears DNA,
which makes it less suited for long-read sequencing applications. It is also noteworthy that this
method generates more waste than the salting-out and bead-based methods.
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ABSTRACT Here, we report the complete (or near-complete) genome sequences of
75 Escherichia coli isolates, including 71 stx-positive E coli isolates, isolated in France
between 1995 and 2016 from food of bovine origin. Genomes were assembled using
a combination of long- and short-read sequencing.

higa toxin-producing Escherichia coli (STEC) food contamination can lead to severe

human symptoms (1). Here, we assembled 75 E. coli genomes, including 31 eae-
positive STEC and 39 eae-negative STEC genomes, isolated from food of bovine origin
within a 21-year period in France.

E coli strains were originally isolated on Trypticase soy broth with yeast extract
(TSYE) plates overnight at 37°C. Isolates were revived from 20 to 30% glycerol stock on
TSYE plates and incubated overnight at 37°C. One colony was cultured overnight at
37°C in brain heart infusion broth (BHI) with rotation. Genomic DNA was extracted
from BHI culture (1 mL) using different extraction methods and sequenced using both
MiSeq (lllumina, Inc., San Diego, CA, USA) and MinlON (Nanopare, Oxford Science Park,
Oxford, UK) technologies (2). Default parameters were used for all software unless other-
wise specified. lllumina libraries were constructed using Nextera XT kit and sequenced
on v2 micro or standard flow cells (2 > 150 bp or 2 x 250 bp). MinlON libraries were
constructed from unsheared and non-size-selected DNA using the SQK-LSK109 ligation
kit and EXP-NBD104 or EXP-NBD114 barcoding kit and sequenced on FLO-MIN106 flow
cells using an Mk1B device.

llumina reads were trimmed and quality checked using the CLC Genomics Workbench
v21 (Qiagen). We generated 299,212 to 3,972,904 reads (mean, 1,368471 * 720,96342)
with an average read length of 198.08 (*37.99) bases per sample, representing 12 to
174 (mean, 51 * 2265) (Table 1). MinlON FASTS files were basecalled and demultiplexed
using guppy_basecaller and guppy_barcoder v3.4.5+fb1fbfb or v5.0.11+2b6dbff
using “-compress-fastq” and “-trim-barcodes” parameters (3). Statistics on raw reads
were performed using NanoPlot v1.29.0 (4). Between 14,450 and 1,992,878 reads
(mean, 239,919 + 341,570.565) were generated with N., values ranging from 2,565

bp to 29,351 bp (mean, 16,330 * 7,056.38). Assemblies were generated using Editor David Rasko, University of Maryland

Unicycler v0.4.8 (-min_fasta_length 1,000), Flye v2.6 or v2.8.1-b1676 (-genome-size School of Medicine

5m), and Raven v1.2.2 (5-7). Assembly quality and contiguity were assessed using Copyright ©2023 Jaudou et al. This is an
QUAST v5.0.2 (8) and manual inspection of the assemblies (stx-phage and large plas- ?f;ii?;iﬂ:i‘ﬁ!’:ﬁﬁﬁﬁ :: erms
mids integrity). Either the Unicycler-generated assembly was conserved or the Flye International license.

and/or Raven assemblies were further polished with short reads using racon v1.4.13, Address correspandence to Sabine Delannoy,
medaka v0.12.1 (optional), and pilon v1.24 polishing tools (3 to 5 rounds) (9, 10; S Bt

The authors declare no conflict of interest.

https://github.com/nanoporetech/medaka). If none of these strategies produced sat-

e ) ) . Received 12 March 2022
isfying assemblies, Canu v1.8 or v2.1.1 (genomeSize 5m) or Unicycler based on Flye or Accepbed 16 January 2023
Raven assembly (-existing_long-read_assembly) was generated (11). Because assemblers Published 1 February 2023
have different performances regarding plasmid or phage reconstruction, several assemblies

March 2023 Volume 12 lssue3 10.1128/mra.01095-22 1

76



«
3
©
e
c
c
w

Agriculturn
Alimentation
Biolapis

ABIES

el Doctorale

K

A

ECOLE
NATIONALE
VETERINAIRE
ALFORT

)
A

Microbiology Resource Announcements

Announcement

(@bed 1x3u uo panupuod)

DO000DOODXNMONVT £51 6905 LLVEILS IPE'ESL'S Tl 12k STSIEL9IHYES
00000000007DOVT £51 6905 SOT'6LS'S  69B'PFES £z G60'FL 12k Bl LIHFEDLO EOLO6PLT no Bupeg 'BTS L6 1B IS
LTSVE191HYES
00000D000UINMOVT L4} 1505 OSVB9E'S  LOD'L99'S 0l ELLTT usney w STHEDLD E0LOTPLT no Bunjes '6T5161BIHYES
DO000DOCOACMONT 0sz 6505 LLOTO'S  991'9T9S 0l L E] DESLELEIHYS
000000000 TDONT 0sz LS50S YBEEOE'S  PEROTSTS 5l 0T6'EL 12k T BEHSKLO SFLO-FP0T no Bunjes 'LESL6|BIYYS
0000000005 TDONT 19} 505 SLEOFE'E  BLE'SELS 4 12k TESLELEIHYES
00000D00DANMOVT 19} EY0S 99EDLYS  995'S1E’S £ LB0'6 usney el LIH9ZO 9ZO-BEOT no Bunjes 'EESL6|BIYYS
000000000DNMONT S67 0905 PELPER'S  BRLTBS'S £ puBNEY
0000000000 MOVT 567 8505 TSELBKF'S  90B'9TE'S 5 SNUED FESLELEIHYES
000000000LTDOWT 567 0905 OEULRFY  SKT'B0STS L 085'€T 12k T BZHSKLO St10-9T0T ano Bunjes 'SESL6|BLHYS
00000D00OZOMONVT [4T4 1505 LESPIPS  BSL'906'S 6 L] QESIELEIHYS
000000000NTDONT [4T4 SKOS TOUBKET 19168 EE ELVLL 12k el LIH9ZO 9ZO-L 0T no Bunjes "LESL6|BIHYS
0DOO000OOHNMOYT [ BI0S BIEERL'S  BLOWER'S 4 puaney BESLELEIHYS
00D000000ATDONT [ Y90S TBUGOLY  BBO'LOE'S Ll 60T'TT 12k el LIHGZO ¥0681 no Bunjes ‘OF5161BIHYS
00000D000Yd MOVT siz 505 EGPELY  TBLEITS v ELE] IFSI6LBIHYES
000000000MIDOVT 51T ES05 EZWPEL'Y  SOWERTS L [£2: 741 2|k 3l OLHS0 VLPVWDGED ano Bunjes ‘TH5161B1HYS
0000000008 MOVT 44 9905 698'9TT'S  SETTBE'S [4 LT 6651619 1HES
000000000XTOONT 44 1905 BLEGTZ'S  ODI'SES'S L 99E'07 12K L4 [THTO VEEVWDGD ano Bunjes ‘009161 BLHYS
1091618 1HES
0000OD000ATDONWT ¥l LLDS 6S6'STL'S  OFEBLL'S v BLY'ET 122K Pz SLHSLID  ETLLEYWDGED ano Bunjes 'TO916|BLHYS
E09LE 18 1HYES
000000000ZTDOVT 891 9,05 PELTIOS  OELTEL'S £ 9ET0T 122K Bz BLHED | EDEVWDED ano Bunjes "F0916 | BLHYS
DODDOOODMNMOYT 0T ELDS ELI'TOR'Y  ELSZBOS v JUBHEY 091619 IHEE
000000000V INDONVT 0T ELDS TEETIEY  S01'9BO0'S L 185'5T ERTelT) ] 4 SLHSLLO BEEEIYWDED no Bunjes L0916 BIHYS
0000000003 MOVT 904 9405 I9¥'SkL'S  LTE'LEE'S £ U] BOIL61T 1HES
000000000dd MOVT 904 TL05 EPE'SBL'S  TYE'SLSS ol oFF'L JnuEy L4 0IH 160 SGYAWHLD paseq peq ‘ne Buijes ‘609161 BLHYS
0191618 1HES
0O0DO0O00BINDONT BET ELOS 90996  BEIWHL'S 9 ¥TITT 2|k BZ "7 LZHELLD EOGYAWHLD ano Bunjes 'ELTL6IBIHYS
000000000 MONT 051 E9'05 SL0FIY  ODG'SIEY ol U] FESL61S 1HES
00000000NDNDONVT 0si LS50S II06LY ISO'ERGY 5 GOB'EL sk A BEHFELO/FFO IBEVAWHLO no Bupes '§5516 18IS
951618 1HYS
000000000WDONT 0ET 7905 LIFEGLY  9BILBGY 5 BES'EL 12|36 L4 BFHOLLO ELTTYWO90 no Bupjes 'EEDLGIBIHYS
000000000TNAOYT [0 9005 SBE'BIE'S  SEBTO9S £ PUBNEY FEALE LS IHEE
00000D000NDOVT [0 +L0S EBEVIL'S  THLEIOE El LTE'BT ERTelT) ] qz ‘oz el FIH 160 BL LR LYWDO0 no Bunjes ‘paseq peag 'BOGL61EIHYS
OBSL61S IHEE
000000000ANDOVT 60T 2905 TL0PEY |TF00E’S 0l LGE'L 12k Pl LHERLO TOPLYWD90 no Bupeg 'S6F 16| BIYYS
0000000003 MOVT 6L L90S S6E'9B0'S  SBUEPES ¥ LT POS16 19 1HES
0000000002WDIONT 6L 6505 PREGESY  T6T'99E’S L PEE'LL 12k PZ'eL 8| BIHBLLOVES IO LITLYWDI0 no Bupeg L15161BIHYS
0000000004 MOVT ¥8l L0 QEU'BE0'S  S9BLST'S 9 afjy BLSI6LT IHES
000000000HWDONT ¥8l ELDS 10T’ LBE" | 1B5'95T’S Bl Z00'FL sk A BYHGLO 90TT no Bupes 'BES LGB IS
0000000000 MOVT L04 ¥I0S S66'0LE'S  EVBETSS H Jnuel 091618 | HES
00D000O0MNDONT L04 ¥I0S PLIEBL'S  SR0'DLE'S £ PEEDL sk 3L GIHSLO 6TF1 paseq peag ‘IrIL6|BIHYES
“oU UDISSANE () abesanod (25) Ju2ju02 (dq) =N (dg) azis sbnuoz ([dg] *nN) yabua) fjquiasse (sjadfagns 2l urens Asipoyiaw (eunwnyy
Hueguag wouag 29 Aquassy awouan jo°oN peu NOIUIW PugAY x5 uoRenx NG ‘IND) "ou

UDISS3IIE [N

pa2uanbas a1e|os! YIea 10} SISQLUNU UOISS3II. |gIN pue sawouab Yeip o2 piyauaysy jo somsw Ajquwsssy L 379v1L

2

10,11 28/mra 01 095-22

lssue 3

March 2023 Volume 12

77



(=6ed 1x3u uo panunuol)

R < a2
S5 Gk m 7851618185
tg R m 00D00DOD0OHTDONT 508 BLOS  TUETHLS  SWELKTS 4 s¥l'8  s3pkon - T 6IH2EZL IO SIETWHLE paseq peag ‘EBSL6 | BLYHS
< % & & 8 ¥BS1618 LHYS
.m 00000000ONCMONT 741 BIDS SS6'951°5  BTKS59S 12 W'z eV - | TIH9ELD {59TdNHLE no Bunjes ‘SB5L6181HHS
S Vs g OLSLZLITHES
= LI 2 000000DCODNMONT S£1 1905 ELELOLS  LSB6ERS 6 WT'lr  sepfoun - | TIH9ELO £59TdNHLE no Bunyes ‘paseq peag ‘58516 | BLYHS
= L 9851618 1H4S
0 o .m.. 000000N00MNTONT BET L£0s  9660SBY  SLLYREY £ s65'77  Japakoun - 31 6HOL1O TSI TdNHLG o Bunjes ‘paseq peag LRSLGIBLHYS
IS ° 0ON0ODO0CONMONT i LC0s LOCGVE'Y  LOLGVEY 1 JUBnEy 2516181445
O A 8 000000000 TDOYT [t L£0s 065TL0LY  60LTIEY v 65.'87  Jepafoun - 3l 6HOLIO 055 TdWHLE 1o Bunyes ‘paseq peag ‘6ESL6 1B LLHS
v m 0651618 1HES
° 00000000CHTDONT 581 ¥50S  LLDERO'S  EWO'GOE'S 9 PEE'SL  J3pkomn - e| TIHED ELYTNHLE no Bunjes ‘61618 1HHS
rm 000000000 TIMONT FEE VDS BWELLOE TI0TLKS i ey £6E16181HES
000000000 TIDONT FEE 1505 TSLWOL'S  B6TLLES 9 Ib6's  Jakaun - e| TIHED B TNHLG paseq peag ‘B6k L6 | BLHHS
6616181545
000000000 WA MOV ¥z 9905 TSLLZES  BIRTEE'S 5 LIEEL nuesy + | LIH9Z0 STOETH no Bunjes V051618 14HS
0000000000CMONT Byl 7905 STYEN9S  SELFILS 9 LT
000D00O0ONDMOVT BYlL Y90S OEKFLZIS  [29958'S 9 SUED 1051618 LHY¥S
0D0DDDODOWTDONT BYlL 9505 PBTERDT  [BSF99'S 6E arzL ek ks | LIH9Z0 TO-LkiY no Bunjes ‘T05161814HS
E0S 1618 LHYS
000000000OMOYT Vi 505 SYE'LELS  BONTLE'S v To9'sT A - | LIHSZ0 9TOTILr o Bunjes P05 16 | BLYHS
0000000D0ENMONT Byl 0905 SITTROL  995°659'S :4 13|y S0516181HES
D00000000DOMONT Byl ELOS  G9EOZRE  BLG'SOE'S 71 85271 ELT] - e| LIH9Z0 570-6TF no Bunjes "£05161814HS
LIS IZLITHYES
00D0DOD0ONTDONT 04T 9505 OLLSL6TL  OTE'STLS LE BsL'TL Jepkoun - | LIHBT0 9T0-6TY o Bunjes ‘paseq peag ‘L0516 1B LHYS
000000000SNMONT 65T 7408 EOL'WWLY  SLO'95SS 9 LT 80516181445
000000000HOMONT 657 ELDS EBE'EWLY  LLELSSS 5 €898 ELT) - | THEDLD £0L0-0EVE paseq peag ‘50516 | BLHHS
000000000SOMONT BLL 7905 OBLL69S  ISKTTE'S 6 ELE) 01516181445
000000000LNMONT BLL 6505 GL¥E0LS  LERBER'S 9 569 afi3 ks e| LIH9Z0 99T0-EBES paseq peag ‘LIGL6IBLHHS
000000000LOMOVT 19 5905 EZWPSE'S  ODELTHS'S 5 ELE) ZI516181HES
0000DODCDNNMONT 19 5905 E9O'SEEY  LSEBELLS Ll 788’ eV + e| THEDLD £0L0-EBEE paseq peag ‘ELGL6IBLHHS
0D0DODOOTTNMONT BZ1 1905 PBFEWS  SbLOFS'S 3 13|k ¥L5L6181HES
000000000NOMONT BZ1L 5905 E9U'SEEY  LSBELLS 21 0T6EL 2h1 ks | THEDLD £0LOTBEE no Bunjes ‘SI5L6181HHS
91516181545
000O00DODANMOYT BGE 5505 BIOTECL  BOSEEM'S 61 64017 Jeakomn - | BHLLIO LLLO-E LEE o Bunjes ‘BLEL6IBLYHS
9151618 1HES
1] D000D0DDDCIDONT 06 5505 S9LLI9E  L6TEEYS 21 LTl sepkun - e| BHLLLD LLLOELEE o Bunyes ‘paseq peag ‘TISIZLITHYS
E = 9151618 1HES
ANH M =i 00N0O0D00ACMONT 06 E90S  TBETLIS  S6ROLE'S i 6TZ'Y 2R3 B | BHLLIO LLLOE L EE no Bunjes ‘paseq peag ‘EISLZLITHYS
EONR ~ 61516181445
O _.||._.__I._ n_.w H 000000000MOMONT BET 7408 ISUELE'S  090'69LS 7T B66'07 LT - | THEDLD £OLOELTE no Bunjes ‘0751618 14HS
O<Cw |- 000000000 1DONT 44 Y505 LGTLRE'L  BTTTENS 8z s2kamn 1751618145
wZz >l 000000DODANMONT 144 E90S  GIFSESE  GOGESS'S ‘ 91y ey ks e STHSFIO SKLOBLET paseq peag ‘TT5L61BLHHS
0000D00ODMNMONT ¥l 1905 EEVLIDS  #hEbH0D 0F afl4 EZ5 1618 LHYS
00D0D0D0OXOMONT ¥l E90S  BWLEOOS  9LSU66'S £z [56'91 EUT) ks e| LIH9Z0 QE-9EE7 no Bunjes FTSL6181HHS
ouupissae  (x)abeianod  (5p)ualuod dg)®n  (dg)azs sByuoa  ([dg] TN ybuz|  Aiquasse  apa  (s)edfagns 2diiaias ujens Asipouaw (eunwnj|
jueguan ENTTEY 35 Kquassy ELTITEDY Jo"oN PeEad NOIWW PUGAH x5 UORIENXE YN LND) "ou

UOISEII0E [gIN

Announcement

(panunuod) L 318VL

3
78

10,11 28/mra.01 095-22

Issue 3

March 2023 Volume 12



(sbed 1xau uo panunuo))

) < 2
: m 5 m 9516181445
w ke m 00D000000IOMONT 98 ¥O0S  EBSSELT GSLIPES bl 202'9 ELT] + el 6HSO ¥EWD3 o Bunpes ‘59516 1B 1HHS
LR 2 TEGBELITHES
.m 00000000030MONT 91 9,05 BOTIOEY  GSSTFES T4 6LLS1 ELT - PZeL 1ZH 160 6TEW3 o Gunes 'STILG LBINHS
L % o PIILELEIHES
= LU a 0000000D04NMOYT SET LS T9EHI0T  BISUSLS 5 BLLISL  JapEkamn - Pz eT LTHLED 67E%3 no Bunjes ‘paseq peag ‘ST9L6 1 BIHHS
- & 00000000040MOYT 661 9,05 9SEULED'S  OOVLSLS v LT 991618 1H4S
m o .m__,. 000000D00SNTONT 661 TIos ISKSELT  DEOSTLS L sesT  saplun - Pz el THYLLD 67%03 paseq peag LTOL6 B IMNS
(o] ] BT91618 1145
&) A 8 000000000 .H0ONT ¥s1 TL0S  O9LELEY  MBTVE0S £ gzgst  sepdown - ez e| BHFELLO ¥61¥03 paseq peag ‘67916 1B IMHS
w m OEDL6 1B IHES
] 00000D000MADONT e 6905  EO9BSL'S  ADLDESS 6 PSS0Z 13l - el 1ZHBO €613 o Gunes "LEL6 LBINHS
_._C._ TEDLELBIHES
00D0BODDOZWMONT 85 LS BOS'EDEY  SEE'DTES 5 661 Jhey - E7'E| BFH6L0 513 no Bunjes ‘paseq peag ‘YEILG L BIMHS
000000000D0MOYT 9T 0005 EMWELE'S  ELCEIES L LT paseq peaq SETLELBIHES
0000000D0HAMONT :fid E90S  SEEUEE'S  bO09GSH'S s LSE'ST JUEY - Pz 9z 'T 9IHTIO SELYD3 ‘o Bunpes ‘GEDL6 LB LMNS
00000D00CHOMONT 14 EBOS LY DEB'SSLS Tl 2hd LETLELBIHES
000000000MATIONT 14 EBOS  (SVSHER  ERCTBO'S ¥ soroz  sapdown - T |ZH¥LLO ¥103 o Bunes 'BEDLE LBIMHS
000000000I0MOYT BT 0505 98T'6R9'S  EOT'L0B'S v 24 GEDLG1BIHES
00D0DO000IMONT 4 FFOS  GBYLRLS  EFD'E06'S £ 609'ST e + br-r4 [HLS1O LZLyea 3 no Gunjes ‘paseq peag ‘OF9L6 1 BIHHS
000000000rOMOYT BLE 508 SIFIED'S  GPEEKOS ol L] IFOLE 18 HMS
00000DODONITIONT BT EFOS  GOSTECY  T6EWIYS 61 65077 J=pdoun + T [HLSLO L510MD o Bunes ‘THOL6 1 BIMHS
EFILELBIHMS
0000000000HTOYT i [505  EI9E96F  LETDEOS v 99y ssphown - THEDLD E010MD o Gunes "L6S 16 LBINHS
TGEL6181H4S
00000D000ANTIONT s6 E90S  9L0T68F  E06ESEY ¥ PSEL  13plown - IWH 150 LE66ILID o Gunes "E6S16 1 BINHS
000000000HOMOYT STt 050S  GLI9LY  GELLEY 6 LT P65 16181145
00000D000TITONT szz BLO0S  pSEOSKT  SuE'EeEY 9 WZOT  seEkaun - SHTBO TT669 11D o Bunes ‘56516 1 B1HHS
96516181145
000000000V TIONT 4 6605 SOO'EEH'S  LTE'GRLS 61 6E'DT  Japoun + T IHLSLO LBERS LI o Bunpeg L6516 1B 1MHS
00D0D0DOOTOMONT 6Z1 BK0S  £15'555'S STOMROS z A 26516181145
0000000008 TOOVT 621 6505 GFELGET  £SSDELS £l seg'lz Jepdoun + 14 {HLS1O SEERS LI o Bunes L9516 1BIHHS
0000D0DDOYNMOYT bEL 6605 BEU'ELZ'S  GLTDRLS £ JuEned
0000D00DOWOMONT ¥EL L¥DS  BGE'99Y'S  GSEYOBS £ Al 29516181145
0000000002 T0OYT vEL MO0S  PTEOTLS  16EWRLS 1 /e sephwn + gL {HLS1O E6EPS LI o Bunes 0LSI6 1BIMLS
L5168 445
i 0000000000T100NT 161 8505 TOOWLL'S  9LODERS z 1870z sepown - e| TIH9ELD £B¥IWHES o Bunes TLSI6LBINHS
E o 000000000 dMOYT zsi Tros 106'909°s  LITBILD 1 oMUEY ELSI618IHMS
<« M & 000000000 TOONT z51 8905 pSEESS'S  LELLERS EL veE'E  Japlun - az'az el FIH160 6L TdINHES o Bunjes VLS161BIMENS
Emmm m S{516181H4S
Ioh _.||._.__I._ n_.w E 0000000004700 grll 6505  SEOKBY  BO9DIOY 9 vsE'y  seplmn - el G6HDLLO SLYIdNHEE paseq peag ‘9LS161BINHS
O<wJ|. 4516181445
wZ > 0000000002 TOOYT 661 LWOS  ERLOB0S  OFSELES 9 gierl  18phown - PT  BIHLLOMYOILLO SZETNHES no Bunes ‘BLSI61BIMHS
000000D0TALMONT 806 605 VECSH'S  UBEYIES g nuEy 651618 1H4S
0000000DIBNMONT 806 9,05 OEETHD'S  EEEWITS ¥ £92'5 AuAEY - T |EH#LLO FZETNHES paseq peag ‘LES161BIHHS
“OU UDISS3E (%) 26eian03 (9 w02 [CETT] (dq) 2215 sbuoy  ([dq]TN) ybuz)  Aquasse ape  (sjledAigns R2dfas ulens fsipoypaw (Euwny|
Jueguag 3wouan 29 fjquassy  awousn joroN PERI NOIUIN PugiH xS uoR3eLE YN "LNO) "ou

UDISSEIIE [GIN

Announcement

(penunuo)d) | 378Y1L

4
79

1011 28/mra 01095-22

March 2023 Volume12 Issue3



«
3
©
e
c
¢
c
w

Agriculturn
Alimentation
Biolapis

ABIES

el Doctorale

K

A

VETERINAIRE
ALFORT

ECOLE
NATIONALE

E&
AN

Microbiology Resource Announcements

Announcement

“suopdoy/siuawnbie yseq aguIsap o1 pasn aJe -,

“Buyjdwesgns = 0%

“sisAjeue oaqps w Buisn paullualap asam sadfloues ,
‘Bupuanbas Nou 104 puodas 2yl pue eunun|) Buisn Buipuanbas 1oy pasn PoYlaW UONIRIIND YO 241 01 SPUCHSaLI0D 2UO TSIy Syl 'UOIIDEINS YN 10} PASN 3Jam SPOL1aW oMl J] ¢
"PAAOLIBI 3saM gY | = sBU03 pue ‘uojd Y{spunod £) uodel yim paysijod £jquiasse peas-Gua,
‘uopd pue (spunoy £) uodel Yum paysijod Agquasse pead-Buo ,
“panowwal asam gy | = sbinuod pue ‘uopd pue ‘eYepaw ‘(spunc ) uooel Yum paysijod Ajquiasse peas-Buo s
"pAACLWIAI 31aM gy | = sB1uo3 pue ‘uopid pue ‘eyepaL ‘(spUnod £} uodel yum paysijod Ajquasse pea-buoT
“pancLUB] alam gy | = sbijuco pue ‘uopd pue ‘eyepaw ‘uodel Yum paysijod Ajquasse peas-buo .
‘uo)id pue ‘eyepaw ‘ucoel yum paysiod Ajquasse peas-Buo
“RYEPAW PUE (SPUnOJ 7) uodes Yum paysijod Ajqwasse peas-Guo
"EYEPAW puR uodel yim paysijod Ajquasse peas-buo 5

“uoyid yum paysijod fjquiasse peas-6uo

00000000ONINMONT 0s1 L5085 6VE'9LTS  GEG'ESH'S £ SusaEy 1191618 1H4S

000000000 THOOWT 051 ¥505 BBOLI0S  DESOTH'S H g8zl sEpfon + [raeT4 STHLLLD L9LOEVENIS no Bunyes ‘TI9L61BIHHS
0D0000000ZNMONT 081 8505 96YEFT'S  SEEBSYS og Al #1916181H45

0000000000NMONT 081 8505 SSKIET'S  OVE'BES 82 £11'0z LT + Pz SEHFLLLD 19LDEFBAIS no Bunjes ‘51916181445
000000D0WNMONT £l 5905 IPII0E'S  69T'LLS'S I Japfonn 91916151445

000000ODCWHDONT B9¥ 5905 SEO9DE'S  GOB'SLS'S ] vy’ 12poun - qz31 SHSL0 SEAN paseq peag "£1916181HHS
000D00D00ANMONT 0¥ 1805 B0S¥BL'S  BISYIES £ JusaEy S1916151H45

DD000D0OONADONT 0¥ £L085 BIE'GHTY  DEEEHT'S ] 05¢'s 13O - Pz BHESLD FEAN paseq peag ‘61916181445
07916151485

000000000ORDONT 0£T 1505 209168  EEBYTTS ] 18561 =Pk - LHIFD B08IN no Bunyes ‘LT9L61BIHHS
TTIL61S1HES

0000D0000YOMONT 18€ 9905 IPLLBLS  STO'ETE'S 3 759’9 213 - THELD SNINWZLEIN paseq peag ‘EFSLE1EIHHS
SHSL61T1HES

0D0000000BOMONT £l E¥0S ¥E6'SIS'S  PEO'EKRE'S I 96T LT + £T4 {HLSLD FOMASH no Bunjes ‘GFSL6LBIEHS
LKS16181HYS

D00DCODOONMINMONT i) 6F05 IPO'EL’ L LID'SES'S oy SEETT Juaney - T LHLS10 E08ASH no Bunjes 'BFS L6181 HHS
6¥S161T1HES

0D00DO0ONHDONT &l 5505 PFISTS  6S1THES ¥ 6520 1Bpomn - pT BHELLD £6¥03 no Bunjes ‘0551618 14HS
000OD0ODOANMONT 081 .08 TOFEREY  IBLESLS £ 12 1551618 1H4S

0000D00DOANMONT 081 08 SE6TT6Y  T6L9EE'S s PET'EL afy - 21 SIHTHE-NBD 68Y23 no Bunyes ‘TESL61BIHHS
0000000D0XINMONT [£{} 05 SB06ZSE  EDESKE'S z Susney ESS1618 1445

000000000DHDONT [£{} E905 855°86T5  PHDISE'S 5 6l 120N - Pz gz ‘Bl 9IHTZO LFPY03 paseq peag FESL61LBIHHS
S551615 1445

000000000 MONT 00z 2905 S5TES0S  BLDIS0S z LT JUED - Pz OLHS0 00PY23 no Bunjes ESI61B1HHS
85516191445

DD0ODDOONEADONT 6Lt BL05 SPI'BHFE  SVE'IEL'S 5 DSE'E 13N - T |THFLLD 665Y03 paseq peag ‘6551618145
09516191485

000000D00I0MONT zi 6905 THE0E'S  ETSEONS I EWFT LT + ELE| 6HS0 £5%03 no Bunjes ‘paseq peag ‘195161 B14HS
79516181445

DDOOODOOONNMONT 001 5505 1Z0/995'  ES9'BIFS ¥l BTTTT  4Epomn + ELE| 6HSO 95v3 no Bunjes ‘paseq pesg 'ES5161B14HS
¥95 16151445

000000000 AWMONT si1 2905 SIELEIY  ISHYIES ¥ VYT pUBAEY + | 6HS0 ¥EWDI no Bunes ‘ETIL61BIHHS

ou ucssaoe  (x)sbeRAce [9p) WwEIUOD {da) "N (dq) azs sbouod  ([dg] Ty yibus)  Aquasse  apa  (sjediigns L2dlioias uwens Asipopaw [T

Jueguan 2woun 35 Aguassy  awousn jooN P21 NOIUIN PUGAH x5 uoRIBIE YNG ‘LND) "ou

UDISSaIIE [§ON

(panunuod) L 318YL

5

10.1128/mra01095-22

lssue 3

March 2023 Volume12

80



Agriculturn

ECOLE

NATIONALE el Doctorale LR LR
VETERINAIRE
ALFORT Eusiisnareii

Announcement Microbiology Resource Announcements

were retained for some of the samples. Whenever possible, Unicydler performed the circu-
larization of the replicons (5).

Assemblies from 1 to 52 contigs (mean, 10.33 + 9.73) with a total assembly length
between 4,849,707 and 6,118,277 bp (mean, 5468,530.42 + 292,599.77 bp) and mean
GC content of 50.64% (*=0.13) were generated. N, values ranged from 1,082,226 to
5,821,752 bp (mean, 4,759,454.32 + 1,018,105.98 bp). The main sample characteristics,
including serotype, stx and eae gene presence (determined using abricate [-min-cov
60 -min-id 80]), genome coverage, and accession numbers are reported in Table 1. All
genomes were annotated using the National Center for Biotechnology Information
(NCBI) Prokaryotic Genome Annotation Pipeline (PGAP) v6.3 at http.//www.ncbi.nlm
nih.gov/genome/annotation_prok (12).

Data availability. Short and long raw reads were deposited in the NCBI SRA database
under BioProject accession number PRINA808207. Additionally, assembled genomes
were deposited in GenBank under accession numbers as referred to in Table 1 within
BioProject accession numbers PRINA8B08207, PRINAB85284, PRINABS4285, PRINABE4276,

and PRINABB3638.
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Additional experiment 1: Assessment of the selected extraction method
performances on raw milk.

Context:

In this project, we aimed at characterizing STEC directly from raw milk using long-read
sequencing. In the previous paper (Publication 1), we have compared three different extraction
methods on pure STEC cultures. We aimed at obtaining high quantities of HMW DNA with
correct purity ratios to be sequenced using the MinlON platform. The salting-out method was
the best in our hands to obtain DNA that is suitable for obtaining a complete STEC assembly
using long-read sequencing. The bead-based extraction method appeared as a valid alternative,
also producing sequencing-grade HMW gDNA. However, the performances of the DNA
extraction methods from complex matrices such as raw milk might be different.

The first important parameter tested was the DNA concentration obtained since ONT
sequencing requires large quantities of DNA. Indeed, it has been shown that the DNA vyield
recovered from raw milk was different depending on DNA extraction methods (Cremonesi et
al., 2021). The second parameter evaluated was the purity of DNA extracts. Raw milk is a
complex matrix characterized by a high content in proteins, fats and nutrients (Porcellato et al.,
2021). These molecules complicate DNA extraction as they usually remain present in the DNA
extract (Quigley et al., 2012). Their presence might also obstruct the pores present on MinlON
flow cell preventing the DNA from passing through and resulting in the generation of fewer
data. Lastly, DNA integrity was assessed as the recovery of long DNA fragments is crucial for
STEC genome assembly and necessitates a gentle DNA extraction method to avoid DNA
shearing.

Thus, it is important to ensure that the selected method is efficient enough to recover the
maximum DNA possible from raw milk (Parente et al., 2020; Porcellato et al., 2021) while
removing contaminants to ensure the generation of sufficient data and extracting long DNA
fragments. In this study, the performance of two gDNA extraction kits on raw milk were
compared. The Lucigen MasterPure kit, as previously determined to be more suitable in our
case to extract STEC HMW gDNA from pure cultures, was compared to the Zymo Quick-DNA
HMW MagBead kit used by colleagues on complex matrices to obtain HMW gDNA. The
comparison was made on DNA yield and concentrations obtained from raw milk, its purity and
integrity.

In this analysis, we used DNA extracted from fresh raw milk first enriched at 37°C in BPW and
then artificially contaminated with 10* CFU of STEC per mL of milk. Additionally, frozen raw
milk was enriched in the same conditions, without and with artificial contamination (10° CFU
of STEC per mL of milk).
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Materials and methods:

1. STEC cells for artificial contamination

The 4712-026 strain (stx1a, eae-positive, 026:H11), described in publication 2, was used here
for artificial contamination of enriched raw milk. STEC cells were revived from glycerol stock,
plated onto TSYe plates and incubated at 37°C overnight. STEC pure cultures were prepared
by incubating one colony from the plate in 10 mL brain heart infusion (BHI) at 37°C overnight,
with agitation.

2. Raw milk enrichment

Fresh raw milk was collected from a French farm in the surroundings of Paris and 1 mL was
enriched in 1:10 BPW at 37°C with agitation for 18h.

A portion of the enriched raw milk was artificially contaminated with 10* CFU.mL™ of STEC
while the remaining milk was stored at -20°C for further experiments. Artificial contamination
of enriched raw milk was done using one mL of 10* CFU.mL* of STEC obtained by serial
dilution (1:10) of the STEC pure culture. DNA from frozen raw milk was also extracted after
enrichment in the same conditions as previously mentioned, with and without artificial
contamination using a 10° CFU.mL* dilution from STEC pure culture.

3. DNA extraction

The presence of fatty acids is problematic and to reduce their presence we centrifuged the
enriched milk prior to DNA extraction, removed the milk fat layer, and washed with PBS twice.
DNA was extracted in triplicates from 1 mL of enriched raw milk with or without artificial
contamination using both Lucigen (Complete DNA and RNA extraction kit, Masterpure) and
Zymo (Quick-DNA HMW MagBead extraction Kit, Zymo Research) kits. DNA extraction,
quantification and qualification was performed as explained in publication 1. DNA extracts
were gquantified using the Qubit 3.0 Fluorometer and the Qubit dSDNA BR (broad range) Assay-
kit (Thermo Fisher Scientific). Their purity was assessed using the A260/A280 and A260/A230
ratios determined using a Nanodrop UV-Vis Spectrophotometer (Thermo Fisher Scientific).
The integrity of extracted DNA was assessed using a TapeStation system and Genomic
screentape (Agilent) analyzed using the TapeStation Analysis software v4.4.1.

4. Visualization and statistical analysis

Boxplots were generated using R v 4.1.2. Statistical tests were also performed using R and the
alpha error set to 5%. The Kruskal-Wallis test was used to compare the DNA concentrations
between the two Kits and the Wilcoxon test to test whether the values of purity ratio obtained
differ significantly from the optimal value of 1.8 for A260/A280 ratio and of 2 for the
A260/A230 ratio. Wilcoxon test was first performed two sided (alternative= two.sided) and
when significantly different results was obtained, the test was performed to know if the values
obtained were lower (alternative= less) of higher (alternative= greater) than the reference value
for each ratio and DNA extraction Kit.

83



=== ECOLE

{

02

NATIONALE

@) VETERINAIRE
Y aror

Paris - 1765

Results:

1. The salting-out extraction method recovers higher quantities of DNA with lower

impurities from milk matrix
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Table 6 presents DNA vyield and concentration obtained as well as purity and integrity of the
extracts. In fresh raw milk artificially contaminated with 10* CFU.mL? of STEC, the
concentration of recovered DNA using the salting-out method was twice as much as extracted
using the bead-based kit, and ten times higher in frozen raw milk artificially contaminated with
10° CFU.mL of STEC (Table 6). In addition, in milk samples without artificial contamination,
more DNA was extracted using the salting-out method (Table 6). Overall, higher DNA amounts
were recovered using the salting-out extraction method compared to the bead-based, although
the difference is not statistically different when including all samples (y>= 3.1875, p-
value=0.0742, Fig. 13).

Table 6: Quantification and purity ratios of DNA extracted from fresh or frozen raw milk after
enrichment with or without artificial contamination using STEC.

STEC

spike-in DNA DNA - A260/280  A260/230 DNA — Raw
concentration  yield . . DIN extraction  milk

level 1 * ratio ratio o x3
(CFU.mLY) (ng.pL?) (ng) kit state
10* 6.02 301 1.7 0.9 9 Zymo fresh
10 3.52 176 1.65 0.64 8.8 Zymo fresh
104 5.52 276 1.57 0.79 6.1 Zymo fresh
10* 13.1 458,5 2.08 1.77 9 Lucigen fresh
10 12.9 451,5 2.14 2.21 8.7  Lucigen fresh
10* 10.3 360,5 2.13 2.25 8.1 Lucigen fresh
10° 193.6 6776 1.89 1.79 6.7  Lucigen  frozen
10° 170.4 5964 1.88 1.8 6.7  Lucigen  frozen
10° 196.8 6888 1.88 1.77 6.8 Lucigen frozen
10° 17.1 855 1.52 0.83 7.2 Zymo frozen
10° 13 650 1.52 0.66 7.3 Zymo frozen
10° 11.3 565 1.52 0.79 7.2 Zymo frozen
no 31.8 1590 1.47 0.85 7.1 Zymo frozen
no 27 1350 1.65 1.04 7.1 Zymo frozen
no 132.4 4634 1.92 1.8 6.8 Lucigen frozen
no 164.6 5761 1.97 1.99 6.9 Lucigen frozen

“DNA vyield (ng) was calculated as follow: DNA concentration (ng.puL™?) x elution volume (uL), with

elution colume of 50 pL for Zymo and 35 pL for Lucigen.
*2Zymo is the bead-based extraction kit and Lucigen represents the salting-out extraction method

“3Fresh raw milk (conserved at +4°C), frozen raw milk upon arrival at -20°C
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The optimal purity ratios A260/A280 and A260/A230, based on the light absorbance at 260,
280 and 230nm wavelengths are 1.8 and 2, respectively. The A260/A280 ratio gives
information regarding the presence of proteins or phenol compounds and A260/A230 on
contaminants such as EDTA, guanidine, etc. The results show that the value obtained for the
A260/A280 ratio was significantly lower than the expected value of 1.8 using the bead-based
kit (mean=1.575 + 0.082, v=0, p-value=0.006838) and higher using the salting-out extraction
kit (mean=1.986 + 0.113, v=36, p-value=0.007074). However, the A260/A230 ratio showed
optimal values for salting-out method (mean=1.9225 + 0.203, v=12.5, p-value=0.4822) whereas
it was significantly lower for DNA extracted with the bead-based approach (mean=0.8125 +
0.128, v=0, p-value=0.007074). In conclusion, the salting-out method allowed the extraction of
DNA with purity ratios close to the desired values (Table 6 and Fig. 13).
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Figure 13 : Comparison of DNA yield (A), A260/A280 (B) and A260/A230 (C) values obtained

depending on the extraction method used.

The Lucigen kit was used for salting-out method and Zymo kit for bead-based. The line represents the
optimal value for each purity ratio. Significantly different result is labelled with one star (*) for alpha
error fixed to 5% *<0.05.

From the results, it is clear that the salting-out is the most promising method to obtain high
quantities of DNA with low impurities from raw milk.
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2. Similar performance of the two methods and matrix-conservation effect on DNA
integrity

The DNA integrity is determined based on gel electrophoresis results analyzed with the
TapeStation Analysis Software v4.4.1 of the Agilent system. It is represented using a number
between 1 and 9. The higher the DNA Integrity Number (DIN), the longer the DNA fragments
are. The results showed similar DIN values obtained after extraction using either the salting-
out or the bead-based extraction method, though slightly higher using the bead-based extraction
kit (Fig. 14 and Fig. 15).

Enriched raw milk has been frozen at -20°C prior to contamination with 10° CFU of STEC.mL"
1. Although, no effect was observed on concentration and purity of the DNA, the DIN value
from frozen samples was lower, with a mean value of 6.98 whereas the mean value was
approximately 8.28 in fresh raw milk (Fig. 14 and Fig. 15, Table 6).

Zymo Lucigen
Raw milk + Raw milk +
10% CFU.mL* STEC 10* CFU.mL! STEC

el 1| B1 c1 D1 | 2| E F1 G1

A &

'-‘ .‘ -‘
o
o

DIN DIN DIN DIN DIN DIN
9.0 88 6.1 9.0 8.7 81

Figure 14 : Gel electrophoresis of DNA extracted from fresh raw milk artificially contaminated with 10*
CFU.mL* of STEC after enrichment at 37°C in BPW.

The electrophoresis was performed on a TapeStation system from Agilent and the Genomic Screentape.
The Zymo kit refers to the bead-based method and the Lucigen kit to the salting-out method. The DNA
ladder is on lanes L1 and L2. The DNA Integrity Number (DIN) is represented at the bottom and assesses
the integrity of the extracted DNA. Caution sign means that the DNA concentration is outside of the
recommended range.
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Figure 15: Gel electrophoresis of DNA extracted from frozen enriched raw milk artificially
contaminated with 10° CFU.mL™* of STEC post-enrichment at 37°C in BPW using Lucigen kit (A) and
Zymo kit (B), as well as from frozen enriched raw milk without artificial contamination using both
Lucigen and Zymo kits (C).

The electrophoresis was performed on a TapeStation system from Agilent and the Genomic Screentape.
The Zymo kit refers to the bead-based method and the Lucigen kit to the salting-out method. The DNA
ladder is on lanes Al, L1 and L2. The DNA Integrity Number (DIN) is represented at the bottom and
assesses the integrity of the extracted DNA. Caution sign means that the DNA concentration is outside
of the recommended range.

Discussion:

Raw milk is a complex matrix in which proteins, fats and nutrients are highly present. The
presence of these macromolecules can affect the performances of DNA extraction procedures
(Quigley et al., 2012). The extraction of bacterial DNA from raw milk is already a challenge
since the DNA of the host can represent more than 90% of the extracted DNA (Ahmadi et al.,
2022; Siebert et al., 2021).

The aim of this study was to check whether the MasterPure (Lucigen) DNA extraction that was
shown to be the best on STEC pure culture allowed the extraction of HMW DNA from raw
milk suitable for long-read sequencing. The first parameters used for comparison were DNA
yield and concentration since the DNA input required for long-read sequencing is important.
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ONT recommends using 1 pg of DNA in 50 pL for library preparation, but previous
experiments prompted us to start with 2 pug of gDNA (a minimum of 40 ng.uL™). From our
previous work on STEC pure cultures, higher DNA yield was obtained using salting-out
compared to solid phase and bead-based extraction methods. In this analysis, the quantity of
DNA recovered was higher using the Masterpure (Lucigen) kit than the Zymo. The yields
obtained with the Zymo kit are clearly insufficient to perform ONT sequencing. Because of low
DNA quantities obtained after bead-based extraction, the DNA extracts were not sequenced
and the performances on STEC assembly not available.

The presence of contaminants impedes the proper sequencing of DNA. Purity ratios A260/A280
and A260/A230 of approximately 1.8 and from 2 are desired to consider the extracted DNA to
be “pure”. The A260/A280 ratio gives insights on the presence of proteins or phenol compounds
absorbing at 280nm. Proteins can block the nanopores of the MinlON flow cells. In our previous
work, the salting-out method was shown to be the best to remove proteins compared to the
bead-based method. The A260/A230 ratio informs on the presence of contaminants. The
presence of residuals such as guanidine used in column-based kits, phenol compound or ethanol
usually leads to lower A260/A230 values (Pachchigar et al., 2016). Here again, the DNA
extracted with the salting-out approach (Lucigen, Masterpure) was purer than DNA extracted
with the bead-based approach (Zymo).

Apart from DNA yield and the purity ratios, for which the salting-out performed well compared
to bead-based, HMW gDNA was recovered and the integrity of DNA recovered was similar for
both methods. The DNA integrity, as evaluated using the DIN was slightly better using the
bead-based method. However, the segregation of DNA was better due to the lower
concentration. It is noteworthy that the DIN value was lower when working with frozen
(enriched) raw milk than on fresh (enriched) raw milk. It appears that the freezing process
breaks DNA into smaller fragments, as a degradation profile could be observed on the gel. The
degradation effect of the freezing process has already been described (Dahn et al., 2022).

From this analysis, | determined that the salting-out method (Lucigen, MasterPure) allowed the
recovery of relatively pure HMW DNA in large quantities from raw milk samples. Hence, this
method was conserved for subsequent steps.
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Main results:

* The solid-phase method did not allow the extraction of sufficient DNA for MinlON
sequencing and DNA was degraded.

= Bead-based methods allow the extraction of DNA suitable for MinlON sequencing.
However, contaminants were present, as determined with the measured A260/A230
purity ratio.

= Both bead-based and salting-out methods allowed the extraction of long DNA fragments
from both STEC pure culture and raw milk and generated long reads from STEC pure
culture, although DNA extracted using salting-out method produced longer reads after
MinlON sequencing

= The salting-out method showed the best performances with extraction of high quantities
of relatively pure DNA extracts from both STEC pure culture and raw milk.

= No difference of assembly contiguity from STEC pure cultures using bead-based or
salting-out extracted DNA was observed using Canu and Raven assemblers.

= Flye assemblies were more contiguous using DNA extracted with the salting-out
method compared to bead-based.

* DNA degradation was observed from frozen raw milk.

= Combination of short- and long-read sequencing allowed the reconstruction of
complete E. coli genomes n=75 from food origin.

Main conclusions:

= Bead-based and salting-out extraction methods allowed the recovery of HMW DNA
matching requirements for MinlON sequencing from STEC pure cultures.

» The salting-out method was the most appropriate to extract DNA suitable for MinlON
sequencing and showed similar performance on raw milk and on STEC pure cultures.

= Both bead-based and salting-out methods generated long reads enabling complete and
contiguous STEC assemblies.

= Generation of complete STEC genomes contributed to filling the gap of publicly
available STEC genomes from food origin.

= The processing of fresh raw milk is preferred since the freezing process degrades DNA.

Perspectives:

= Characterize the genetic diversity of STEC from food origin
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Chapter5-2: Characterizing STEC from raw milk using long-read metagenomics

After DNA extraction was optimized for MinlON sequencing, we aimed to develop a method
to identify and characterize an eae-positive STEC strain in raw milk samples using long-read
metagenomics and an assembly-based approach. Using in silico analysis, | have determined
that an enrichment step is necessary to obtain enough E. coli data from raw milk. | compared
different enrichment conditions to recover the highest amount of data from artificially
contaminated raw milk using an eae-positive STEC. The best condition for characterizing the
inoculated eae-positive STEC using long-read metagenomics and an assembly-based approach
was 37°C in acriflavine-supplemented BPW. Using the selected enrichment condition and
salting-out DNA extraction method, | assessed that successful characterization was possible
from an inoculation level of 5 CFU.mL™ provided that it can reach 108 copies.mL™ post-

enrichment, using the developed method (Publication 3).

The presence of multiple E. coli strains that cannot be distinguished using assembly is a
challenge for STEC characterization. Thus, we aimed at identifying the limiting ratio of STEC
to commensal E. coli strains that would impede STEC characterization using the developed
method. I artificially contaminated pasteurized milk using two E. coli strains (a commensal
strain and a STEC strain) extracted from cow raw milk at different inoculation levels
(Publication 4). With this study, I could refine the limit of our method and showed that the eae-
positive STEC should be 10-times in excess compared to other E. coli when multiple strains

are present in the sample for a successful characterization.

Overall, I have shown that the use of long-read metagenomics from raw milk samples was
efficient to characterize eae-positive STEC. However, the STEC strain has to grow to 108
copies.mL? post-enrichment and if additional strains are present, it has to be in excess of at

least 10-times.

90



=== ECOLE

Q, NATIONALE
il \/ETERINAIRE
! ALFORT

A
5 I
Paris

Publication 3

A step forward for Shiga toxin-producing Escherichia coli identification
and characterization in raw milk using long-read metagenomics

Jaudou Sandra, Deneke Carlus, Tran Mai-Lan, Schuh Elisabeth, Goehler André,
Vorimore Fabien, Malorny Burkhard, Fach Patrick, Griitzke Josephine,
Delannoy Sabine

Microbial Genomics. https://doi.org/10.1099/mgen.0.000911
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A step forward for Shiga toxin-producing Escherichia coli
identification and characterization in raw milk using long-
read metagenomics

Sandra Jaudou'®* Carlus Deneke?, Mai-Lan Tran'?, Elisabeth Schuh®, André Goehler®, Fabien Vorimaore?,

Burkhard Malorny?, Patrick Fach'® Josephine Griitzke® and Sabine Delannoy'#* t

Abstract

Shiga taxin-producing Escherichia coli (STEC) are a cause of severa human illness and are frequently associated with haemao-
lytic uraemic syndrome (HUS) in children. It remains difficult to identify virulence factors for STEC that absolutely predict the
potential to cause human disease. In addition to the Shiga-toxin (stx genes), many additional factors have been reported, such
as intimin (eae gene), which is clearly an aggravating factor for developing HUS. Current STEC detection methods classically
rely on real-time PCR (qPCR) to detect the presence of the key virulence markers (stx and eag). Although qPCR gives an insight
into the presence of these virulence markers, it is not appropriate for confirming their presence in the same strain, Therefore,
isolation steps are necessary to confirm STEC viability and characterize STEC genomes, While STEC isolation is laborious and
time-consuming, metagenomics has the potential to accelerate the STEC characterization process in anisolation-free manner,
Recently, short-read sequencing metagenomics have been applied for this purpose, but assembly quality and contiguity suffer
from the high proportion of mobile genetic elements occurringin STEC strains. To circumvent this problem, we used long-read
sequencing metagenomics for identifying eae-positive STEC strains using raw cow's milk as a causative matrix for STEC food-
borne outbreaks. By comparing enrichment conditions, optimizing library preparation for MinlON sequencing and generating an
easy-to-use STEC characterization pipeline, the direct identification of an eae- positive STEC strainwas successful after enrich-
ment of artificially contaminated raw cow's milk samples at a contamination level as low as 5 c.fu.ml™" Our newly developed
method combines optimized enrichment conditions of STEC in raw milk in combination with a complete STEC analysis pipeline
from long-read sequencing metagenomics data. This study shows the potential of the innovative methodology for character-
izing STEC strains from complex matrices. Further developments will nonetheless be necessary for this method to be applied
in STEC surveillance,
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DATA SUMMARY

All basecalled and demultiplexed fastq files were deposited in the National Center for Biotechnology Information (NCBI)
Sequence Read Archive (SRA) under BioProject PRINA835223. The code for the STECmetadetector pipeline is freely available
from GitLab (https://gitlab.com/bfr_bioinformatics/STECmetadetector).

INTRODUCTION

Shiga toxin-producing Escherichia coli (STEC) are a subset of diarrheagenic E. coli, which are known to cause various symptoms
ranging from watery diarrhoea to haemorrhagic colitis (HC) or haemolytic uraemic syndrome (HUS) [1, 2]. Their main virulence
factor is located on bacteriophages, named stx-phages, which encode the Shiga toxin, and are integrated into the E. coli chromo-
some [3]. STEC pathogenicity assessment is challenged by their capacity to acquire mobile genetic elements (MGEs) carrying
various virulence factors.

Although the main STEC virulence property is the capacity to produce the Shiga toxin (Stx), their ability to acquire MGEs
encoding virulence factors may increase the risk of severe human symptoms. Some STEC frequently causing HUS additionally
carry a pathogenicity island named locus ofenterocyte effacement (LEE). One of the most notable protein encoded by the LEE is
intimin (eae gene), which is responsible for bacterial adhesion to the intestinal cells [4]. Hybrid STEC strains harbouring virulence
factors of other E. coli pathotypes and causing HUS are increasingly described. In 2011, an O104:H4 strain expressing aggregative
factors from enteroaggregative E. coli (EAEC) along with an stx gene was responsible for a HUS outbreak in both Germany and
France [5]. More recently, an O80:H2 cross- pathotype harbouring extra-intestinal pathogenic E. coli (ExPEC) virulence markers
and an stx gene was described in France [6]. STEC O80 now represents the second main cause of HUS in Europe [7-9].

Though STEC are mostly found in cattle gut microbiota, contaminated food products are a major source of human infections,
especially bovine meat and dairy products [9, 10]. In Europe, most severe human cases caused by food consumption are generally
associated with eae-positive STEC strains of the top five O-groups: 026, 0157, 0103, Q145 and O111 [9]. STEC strains in food
and animal feed are screened by real-time PCR on DNA extracted from an enriched food portion [11]. However, PCR performed
on food enrichment samples is not sufficient to ensure that stx, eae and the O-group associated genes belong to the same strain.
Consequently, isolation of the STEC from all stx-positive samples is attempted for further characterization.

STEC isolation steps are laborious, time-consuming and frequently unsuccessful due, in part, to the lack of selective media.
When isolation of STEC strains fails, no strain characterization can be done using conventional approaches. We were interested
in exploring metagenomics to facilitate STEC strain characterization from food samples by providing crucial information on
virulence factors and typing, in an isolation-independe nt way. However, the high content of MGEs containing repetitive sequences
in STEC complicates their assembly using short-read sequencing, which can result in more than 200 contigs [12]. Recently, long-
read sequencing was developed to resolve highly repetitive sequences [13]. Different long-read sequencing technologies exist,
among which the most commonly used were commercialized by Pacific Biosciences (PacBio) and Oxford Nanopore Technology
(ONT]) [13, 14]. The MinION platform, released in 2014 by Oxford Nanopore Technology, known for its portability and its ability
to generate very long reads, has been increasingly tested for food-borne pathogen detection [15-20].

Genomic studies using MinlON sequencing were conducted onisolated STEC strains and the generated long-reads were proven
to be sufficient to identify crucial MGEs responsible for STEC pathogenicity, including plasmids, phages, virulence genes and
antimicrobial-resistance genes, which may be lost when assembling with short reads [21]. While whole-genome sequencing still
requires a bacterial isolation step for characterizing pure isolates, metagenomics based on sequencing the total DNA from the
specimen -including micro-organisms and the matrix DNA - may provide the means to identify and characterize STEC in an
isolation-inde pendent way. So far, major studies using long-read metagenomics for identifying STEC were performed on artificial
mixtures or artificially contaminated food portions. In 2018, Peritz and colleagues demonstrated the potential of MinION for
resolving STEC O-groups from artificial DNA mixtures of five STEC isolates [22]. Metagenomics analysis of artificially contami-
nated beef, spinach, pasteurized milk or wastewater using STEC strains has demonstrated the utility of MinION sequencing for
STEC detection or identification and its limits [17-19, 23].

The objective of this study was to develop a long-read sequencing-based method to characterize STEC without the need to
perform a strain isolation step. Here, we used an eae-positive 026 STEC strain, since they are frequently associated with the most
severe human cases in Europe. We chose an assembly-based approach to detect stx and eae genes on the same contig, as well as
the O-group and H-type associated genes. Because the stx-prophage may integrate into the genome at different sites, the stx and
eae genes might be distantly located by up to 2.1 Mb [24]. Due to the high fragmentation of the draft genomes resulting from
short-read sequencing methods, these are not appropriate. In contrast, the reads obtained from MinION sequencing that can be
up to 4 Mb in length have the potential of resolving repeated sequences and thereby of improvingassembly contiguity. Long-read
assemblers try to span repetitive regions by using either an overlap-layout-consensus (OLC) or a graph-based approach; thus,
closing gaps and generating long contigs that can be as long as the chromosome itself [25, 26].
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Impact Statement

Shiga toxin-producing Escherichia coli (STEC) are food-borne pathogens that may cause severe human illnesses such as
haemalytic uraemic syndrome. Current detection methods rely on time-consuming and laborious isolation steps for STEC char-
acterization. Because short-read sequencing is not sufficient to span repeated sequences widely present in STEC genomes, we
assessed the patential of long-read sequencing to identify and characterize STEC strains in an isolation-indepe ndent way. Here,
we artificially contaminated raw cow's milk and showed that the inoculated eae-positive STEC 026 strain was identifiable in
raw milk enriched at 37 “C in acriflavine-supplemented buffered peptone water, from an STEC concentration of 5 c.fu. (ml raw
milk) ™", For ease of analysis, we developed an autormated STEC characterization pipeline, We present a complete workflow to
identify and characterize STEC directly from raw cow's milk using long-read metagenomics and an assembly-based method.
This study demonstrates the ability of long-read metagenamics to efficiently characterize E coli strains directly from a complex
matrix.

So far, no studies have been conducted to identify and characterize eae-positive STEC strains in raw milk using long-read
metagenomics. We used raw milk as an example of a typical food product that is known to cause severe STEC outbreaks [27].
Our method aimed to assemble the eae-positive STEC genome in bovine raw milk using long-read metagenomics. Here, we
artificially contaminated STEC-negative raw cow's milk using an eae-positive STEC strain of serotype O26:H11 and optimized its
growth conditions. To facilitate long-read metagenomics data analysis, we developed a complete pipeline for eae-positive STEC
characterization. In this study, we present an entire and accessible workflow for STEC identification and characterization when
detected in raw cow's milk using an assembly-based method from long-read metagenomics data. It shows that metagenomics
approaches using long-read technologies are becoming an easy and time-efficient alternative to classical STEC characterization
methods, and could be suitable to identify and eliminate hazards for the consumer at an early stage in the near future.

METHODS
Selected strains

For artificial contamination of raw cow's milk, eae-positive STEC (stx-positive and eae-positive) strains from the ANSES (French
Agency for Food, Environmental and Occupational Health and Safety) collection were used. Two different eqe-positive STEC
strains of serotype 026:H11 isolated from bovine raw milk were selected: 4712-026 (eae, stxla) and 6423-026 (eae, stxla)
(Table 1). Each strain has been previously characterized using both [llumina and Oxford Nanopore Technology sequencing
methods [26]. Sequencing data for 4712-026 and 6423-026 were deposited in GenBank under accession numbers SRR18191504,
SRR18191503, SRR18191500 and SRR18191499, within BioProject PRINAS08207.

In silico determination of the minimum genome coverage required for eae-positive STEC strain identification

Oxford Nanopore Technology sequencing data generated by Jaudou and colleagues using the MinION instrument from pure
culture of 10 eae-positive STEC strains (Table S1, available with the online version of this artide) were selected depending on their
N50 value (9087-22759bp) [26]. Data were sub-sampled to various genome coverages (3%, 5x, 10x, 15x, 20x, 25x, 30x, 35x,
40, 50x, 603, 70x) using the random sub-sampling tool rasusa v0.6.0 [28] (https://github.com/mbhall88/rasusa), and further
assembled using the default mode of three different long-read assemblers: Flye v2.8.1-b1676 (https://github.com/fenderglass/
Flye), Raven v1.2.2 and v1.7.0 (https://github.com/lbcb-sci/raven), and Canu v2.1.1 (https://github.com/marbl/canu) [29-31].
The quality of the resulting assemblies was assessed with QuasT v5.0.2 [32] (http://quast.sourceforge.net/). Virulence genes were
detected using GENIAL v1.0 (an abricate v0.8.7 [11] wrapper; https://github.com/p-barbet/GENIAL) and the VFDB (Virulence
Factor Database) version 2020-05-29 (https://github.com/tseemann/abricate/tree/master/db/vfdb). Results from GENIAL were
used to determine whether both stx and eae genes were on the same contig. Only when stx and eae virulence genes were present
on a same contig, the coverage for the assembly was considered sufficient for eae-positive STEC identification.

Table 1. Characteristics of the inoculated STEC 024 strains for artificial contamination of raw milk

Isolate Semtype §T stx subtype Stx-phage insertion site eqe subtype stefeae distance Isalation year Isolation source

4712-026 O26H11 21 la wrhd Betal 18 Mh 2014 Bovine raw milk

6423-026 O2a:H11 21 la wrhA Betal 1.9Mb 2015 Bovine raw milk
3
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Raw milk screening for eae-positive STEC

Five fresh raw milk samples were collected from dairy cows kept on the experimental farm of the German Federal Institute
for Risk Assessment (BfR, Berlin, Germany) or bought from a French farm located in the surroundings of Paris, and stored at
+4°C for a maximum of 1 day until use. For enrichment, 1 ml of raw milk was diluted 1:10 in buffered peptone water (BPW;
bioMérieux or Mast Group) and incubated overnight either at 37 or 41.5°C with agitation. After 18 to 20 h of enrichment,
DNA from each enriched milk sample was extracted using InstaGene™ matrix (Bio-Rad), following the manufacturer’s
instructions. Enriched cultures (1 ml) were centrifuged at a minimum of 10 000 r.p.m. for 3min and the raw milk fat layer
was detached using either a sterile cotton swab or a pipet tip. The pellets were washed twice with 1ml PBS before DNA
extraction. Real-time PCR was performed on each sample for the detection of stx1, stx2, eae and wecA or cdgR, as described
in Methods (in the Real-time PCR analysis of enriched raw milk section). The genetic markers wecA or cdgR were used as
generic E. coli gene targets. STEC-negative raw milk samples were further used for artificial contamination.

Artificial contamination of STEC-negative raw milk and enrichment conditions

Strains used for artificial contamination of raw milk were revived from 20-30% (v/v) glycerol stock on TSYe (Tryptone soy
yeast extract agar) or TSA (tryptic soy agar) plates (bioMérieux or Mast Group) and incubated overnightat 37°C. One colony
was transferred to brain heart infusion (BHI) broth (bioMérieux or Mast Group) and incubated overnight at 37 °C with rota-
tion. Approximate bacterial concentrations of pure overnight cultures and 1:10 serial dilutions were determined by optical
density measurement at 600nm (OD_ ). Actual spike-in levels were calculated by triplicate plate counting on TSYe or TSA
plates. Raw milk (1 ml) was initially inoculated with respective 1 ml STEC 026 cultures of 10° c.fu. ml™' (1.25-1.78x10° ¢.fou.
mb), 10? c.fu. mb' (1.6-2.63x1(° c.fau. ml') or 107 c.fu. ml~* (1.33x10" c.fu. ml'); aiming for estimated levels of 0.5x1 07,
0.5x10% and 0.5x10" c.f.u. ml™" of STEC 026 in the raw milk. Each artificially contaminated sample was inoculated with a
single STEC 026 strain. Artificially contaminated raw milk (2 ml) was incubated in BPW (9 ml) with or without acriflavine
supplementation (final acriflavine concentration of 12 mg I"') with agitation [International Organization for Standardization/
technical specification (ISOJ/TS) 13136:2012] [11] and incubated for 18 to 20 h either at 37 or 41.5°C. A negative control
(raw milk not artificially contaminated with STEC) was similarly processed. All experiments were performed in triplicate.

DNA extraction from enriched raw milk for MinlON sequencing

The enriched raw milk (1 ml) was centrifuged and the raw milk fat layer was removed before the pellet was washed with
1x PBS as described above for raw milk screening, DNA extraction and purification was performed using the MasterPure
complete DNA and RN A extraction and purification kit { Lucigen), following the manufacturer’s instructions and including
an RNase A treatment for 30 min (Qiagen; 100 mg ml™) [26]. Genomic DNA was quantified using a Qubit 3.0 fluorometer
and the broad range kit (Agilent), and quality control of the DNA extracts was assessed using the Nanodrop 1.0 or 2.0
spectrophotometer (Agilent).

Real-time PCR analysis of enriched raw milk

Real-time PCR was performed on extracted DNA using 20 pl of the following mixture for each sample: PerfeCTa 1x qPCR
ToughMix low ROX (QuantaBio), probes and primers at a final concentration of 0.3 pM (except for nth2 with a final concen-
tration of 0.2 uM), completed with nuclease-free water. Either 5 pl DNA extracted using the InstaGene ™ protocol or 2 pl DNA
extracted using the Lucigen protocol were added. Strain EDL933 (stx Ia, stx2a, eae) was used as positive control. Dsb or nth2
plasmid [33-36] was used as an inhibition control. The prepared samples were amplified using the CFX96 real-time detection
system (BioRad) with the following program: 10 min at 95°C (5°C s™'); followed by 39 cycles of 15s at 95°C (2°C s7') and
60sat60°C (2°Cs');anda final step of 30s at 40°C (5°C s7'). Primers and probes are described in Table §2. All probes were
labelled with 6-hexachlorofluorescein (HEX) or 6-carboxyfluorescein (FAM) and BHQ1 (black hole quencher) (Eurofins).

Quantitative digital PCR (qdPCR) to quantify STEC 026 in enriched raw milk

qdPCR analysis was performed on the DNA extracted with the Lucigen protocol from enriched artificially contaminated raw
milk samples. The Fluidigm BioMark system and the qdPCR 37 k IFC digital array microfluidic chips were used according to
the manufacturer’s instructions (Fluidigm) and as previously described [37]. Reactions were performed in 6 pl per sample with
Il PerfeCTa 2x gPCR ToughMix low ROX (QuantaBio), 0.6 ul 20x GE sample loading reagent (Fluidigm), 0.3 ul 20 primer
stock (containing 18 uM primers forward and reverse, and 4 pM probe), and 1.8 ul DNA, completed by nuclease-free water.
A non-template control was included for each target. Real-time digital PCR was run using 6-carboxyfluorescein (FAM)- and
black hole quencher (BHQ)-labelled probes. Amplification was performed with the following thermal profile: 2 min at 50 °C,
10 min at 95°C, followed by 40 cycles of denaturation at 95°C for 15s and annealing at 60°C for 60 s (rate of 2°C s7'). Each
fluorescent signal was acquired after the annealing step. Data were analysed using the Fluidigm digital PCR analysis software

v4.1.2. The wecA genetic marker was used to quantify total E. coli and wzx , to quantify the artificially contaminated strain.
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MinlON sequencing of raw milk

Libraries for MinION sequencing were prepared from the Lucigen DNA extracts using the LSK-SQK109 ligation kit and the
EXP-NBD104 and/or EXP-NBD114 barcoding kits (Oxford Nanopore Technology) following the manufacturer’s recommenda-
tions, except that 2 pg genomic DNA was used as the starting material. Six to seven metagenomics samples were multiplexed
and sequenced with a R.9.4.1 FLO-MIN106 flow cell (Oxford Nanopore Technology) on the Mk1B or Mk1C MinION sequencer
(Oxford Nanopore Technology). Different amounts of pooled DNA libraries were loaded on each flow cell ranging from 96 to
530ng.

Sequencing data analysis

The sequencing runs were acquired without base-calling, and fast5 files output was selected. Raw fast5 files were base-called using
guppy basecaller v4.4.2+ and demultiplexed using guppy barcoder v4.4.2+, with or without the —require_barcodes_both_ends
option (Table §3).

A snakemake [38] pipeline, STECmetadetector (https://gitlab.com/bfr_bioinformatics/STECmetadetector), was devel oped in this
study for user-friendly characterization of STEC strains from long-read metagenomics data. The main module of the STECmeta-
detector pipeline aims to assemble and characterize E. coli reads. First, barcodes and adapters are trimmed using porechop v0.2.4
(https://github.com/rrwick/Porechop). Short (< 1 kb) and low-quality reads (g-score <7) are filtered using NanoFilt v2.8.0 [39].
Nanoplot v1.39 is used to assess read quality from both raw and filtered reads [39]. Filtered reads are classified using the kraken2
classification tool v2.1.2 [40] and the Minikraken DB 8 GB (October 18 2017) database. The kraken2report file is converted into
mpa format using krakentools v1.2 [40] (https://ccb.jhuedu/software/krakentools/). Reads taxonomically assigned to E. coli are
extracted using krakentools v1.2, mapped to detect stx, eae and O-group associated genes using minimap2 v.2.24 [41] and Center
for Genomic Epidemiology (CGE) databases [42], and assembled with Flye assembler v2.9-b1768 [29]. The metagenome mode
of Flye may be selected with the extra parameter --meta. The generated assembly is characterized using abricate v1.0.1 (https://
github.com/tseemann/abricate) to detect serotype and the presence of virulence genes. Multilocus sequence type (MLST) is
identified using MLsT v2.19 (https://github.com/tseemann/mlst) and the E. coli 1 scheme [43]. The completeness, contamination
and strain heterogeneity are screened using Checkm v1.1.3 [44]. Strainberry v1.1 [45] attempts to separate strains if multiple E.
coli strains are suspected. A post-Strainberry module called Strainberry-parsing may be run to characterize the predicted E. coli
strains. Several utility R scripts for parsing and summarizing results are integrated in the pipeline and use R packages mentioned
in Table S4 [46].

To use the STECmetadetector pipeline, a sample sheet is required and can be provided by the user or created as mentioned in
GitLab. STECmetadetector may be called by either using the Python STECmetadetector.py wrapper or by using the snakemake
command line and editing the config.yaml file. The STECmetadetector pipeline can be also run on an HPC (high-performance
computing) system with the --cluster option. All the pipeline’s software and database dependencies can be easily and reproducibly
installed using conda [47]. Further information and detailed documentation can be found in the pipeline’s repository.

For the particular eae-positive STEC identification, stx and eae genes positions were extracted from the virulence file generated
by abricate. Kraken2 output files (kraken2-classification tsv and kraken2-output.tsv) from the pipeline were used to generate
barplots and dotplots. For ease of presentation, only the most abundant genera have been included in the barplots. Flye assembly
statistics were represented using dotplot graphs. All plots were generated using geplot2 v3.3.5 [48] and reshape2 v1.4.4 [49] R
packages on Rv4.0.3 .

All versions of the software used here are reported in Table S4.

Statistical analysis

The Kruskal- Wallis non-parametric test and its post hoc Mann-Whitney test were used for statistical analysis, with alpha error
being fixed at 5%. The resulting P values were represented on an R-generated boxplot using the ggpubr R package v0.4.0 (https:/
rpkgs.datanovia.com/ggpubr/) and the --staf_compare_neans function on R v4.0.3 and R Studio v1.3.1093.

RESULTS

Identification of the minimum coverage required to identify eae-positive STEC using MinlON sequencing

We first aimed to determine the minimum coverage required to assemble the stx and eae genes on the same contig. For this
purpose, we generated in silice assemblies using sub-sampled MinlION datasets sequenced from eae-positive STEC isolates
(n=10) using three different long-read assemblers. While the difference between the assemblers’ performance was not significant
(Kruskal-Wallis, P=0.077), Flye performed best in identifying eae-positive STEC strains from a genome coverage of 10x to 35x in
eight strains (Fig. 1). Canu assembled seven strains with genome coverage varying from 15x to 50x and, lastly, Raven required a
minimum coverage of 20x for eae-positive STEC strain identification, but did not assemble stx and eae genes on the same contig
for five strains (Fig. 1). For one strain, all assemblers failed to assemble both virulence genes on a single contig, even at a high
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Fig. 1. Baxplot representing the minimal coverage required to assemble eae-positive STEC. The minimal coverage at which stx and eae were co-
localized on the same contig is represented depending on the long-read assembler used on subsampled MinlON data of 10 eae-positive STEC strains.
The minimal coverage required for eae-positive STEC identification was confirmed when stx and eae genes were found on the same contig in all of the
following assemblies with higher coverages (one exception was accepted). Flye was the most efficient to assernble eae-positive STEC with a genome
coverage up to 35x, although the difference with Canu and Raven assemblers was not significant (Kruskal-Wallis test, P value =0.05).

coverage. Based on the results, the minimum coverage to ensure eae-positive STEC identification from genome assembly for
most strains was 35x with Flye assembler, in the default mode.

Generation of a snakemake pipeline for STEC characterization from long-read metagenomics data

STECmetadetector pipeline

We generated a complete and open-source snakemake pipeline (https://gitlab.com/bfr_bioinformatics/STE Cmetadetector), which
orchestrates appropriate state-of-the-art tools to consistently and reproducibly characterize STEC strains from metagenomics
data using an assembly-based approach (Fig. 2) [38]. All relevant information from the different modules is aggregated into a
complete HTML report file. All steps of this pipeline are presented in Methods (in the Sequencing data analysis section) and
represented in Fig. 2.

Pipeline results on real metagenomics data

The STECmetadetector pipeline was used to select pertinent data for STEC characterization in artificially contaminated raw milk
samples. Short and low-quality reads (length <1 kb and q-score <7) were filtered, which resulted into the retention of 8.49-57.5%
of all reads but in more than 42.73% of the generated data (in bases) (mean=73.85+11.88%, n=31). Most filtered reads were
taxonomically assigned (88.73-99.77%, n=30), except for one sample (Milk5_37+A) witha verylow DNA concentration extracted
(below limit of quantification; classified reads=51.55%, n=1). Between 0.03 and 46.24% and between 13.9 and 80.62% of classified
reads were assigned as E. coli in uncontaminated and artificially contaminated raw milk samples, respectively (mean=5.73 and
64.46%, £14.33and 18.1 %, respectively; n=10+21). Flye assembly on E. coli extracted reads from artificially contaminated samples
showed a mean total assembly length of 5.92 Mb (4.96-6.4+0.24 Mb, n=21). The wzx,, , stx and eae genes were co-localized on
the same contig in 19 Flye assemblies (n=21; Table S3).
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Fig. 2. Presentation of the different steps performed by the STECmetadetector pipeline for eae-positive STEC identification from long-read
metagenomics data.

Determination of the optimal enrichment conditions for multiplying eae-positive STEC in raw cow's milk

Based on in silico results presented in Results (in the section Identification of the minimum coverage required to identify eae-
positive STEC using MinION sequencing), we established that an enrichment step was necessary to achieve the minimal coverage
required for STEC assembly. We then determined the best enrichment conditions for eae-positive STEC multiplication and
identification in raw milk using long-read metagenomics. STEC -negative raw milk was artificially contaminated with 0.5x10°
c.fu. ml™ (Milkl) and 0.5x10%c.fu. ml™ (Milk2 and Milk3) of one STEC strain per ml of raw milk. Four different conditions were
compared with samples being incubated at either 37 or 41.5 °C, with or without acriflavine supplementation (final concentration
of 12mg 1), Acriflavine is an antibiotic targeting Gram-positive bacteria recommended for STEC enrichment in milk and dairy
products by the ISO/TS 13136:2012.

While the enrichment temperature had no impact on the inoculated strain growth (Table 2), we observed a changing composition
of the background flora in non-contaminated raw milk samples, yet without a clear pattern (Fig. 3a). Similarly, acriflavine did not
negatively affect the growth of both 4712-026 and 6423-026 eqe-positive STEC strains (Table 2). However, it strictly reduced
the proportion of Gram-positive bacteria such as Lactococcus spp. (Milk4) and Streptococcus spp. (Milk3) that were dominant

Table 2. Concentration of STEC 026 in raw milk (c.fu. ml") and quantification in raw milk enriched in four different conditions by gdPCR (copies ml)

Concentration of STEC 026 in raw milk before enrichment Enrichment conditions Quantification of STEC (026 in enriched milk by
(determined by plating on agarplates) [c.fu. ml™') qdPCR [copies ml™']
106100 - 052 5210 (n=3) 37°C with acriflavine 2.59x10" - 1 45x 107
L0 1(F - 072 10F (n=3) 37°C without acriflavine AT T 108 - 124 1P
L0610 - 052 52107 (n=3) 41.5°C with acriflavine 4.47x10" - 6822107
LO0x100 - 0.72x10% (n=3) 41.5°C without aaiflavine 6.77x10% - 9,95, 10"
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Fig. 3. Barplots representing the enrichment temperature and acriflavine supplementation impact on the background flora. MinlON-sequencing data
were analysed using the STECmetadetector pipeline. (al Barplat representing the most abundant genera (=2%) in three natural raw milk samples
enriched at 37 °C (_37) or at 41.5°C (_41) without acriflavine (-A) supplernentation. (b) Barplot representing the most abundant genera (=2%) in two
enriched milk samples, One was inoculated at the concentration of 0.5%107 ¢.f.u. STEC strain ml™ in raw milk (Milk3_50} and enriched at 37°C (_37)

or 41.5°C (_41) with (+A) or without [-A) acriflavine supplementation. The second milk sample was enriched at 37 °C with (Milk4_37+A) or without
(Milké_37-A) acriflavine supplementation,

in those samples, from 65.59 and 59.68% to less than 1 and 2% of the filtered reads, respectively. By preventing Gram-positive
bacterial growth, the growth of Gram-negative bacteria was favoured and particularly that of the inoculated STEC strain (Fig. 3b).
One notable example was in an artificially contaminated raw milk containing a naturally high proportion of Streptococcus spp.,
which was reduced from 59.68% to less than 2% after acriflavine supplementation, while we observed a drastic increase of E. coli
reads detected from less than 24.76% to more than 87.57%, at both 37 and 41.5°C (Fig. 3b). However, the impact of acriflavine on

Bacillus was different depending on the milk samples (Fig. 3b). Overall, these results clearly showed that acriflavine supplementa-
tion may improve the sensitivity of the method.

Determination of the identification limit for an eae-positive STEC strain in enriched raw milk using long-read
metagenomics

Using the selected enrichment conditions, STEC-negative raw milk was artificially contaminated with one STEC strain at
concentrations from 0.5%10" to 0.5x10° ¢.f.u. ml™" in raw milk and enriched for 18-20h. Table 3 shows the contamination levels

Table 3. Concentration of STEC 026 in raw milk before and after enrichment

Quantification of wecd and wax,,, genetic markers in enriched raw milk {37 °C with 12mg acriflavine ') was determined by qdPCR icopies ml™ in
enriched milk), qdPCR results for each non-contaminated raw milk sample enriched at 37°Cwithout acriflavine are also presented.

Calculated concentration of STEC 026 Estimated concentration of STEC 026 in  OQuantification of total E. coli (wecA) in Quantification of STEC 026 (wrx, ) in
inoculum (determined by plating on agar raw milk before enrichment (determin ed enriched milk by gd PCR (copies ml™) enriched milk by gdP CR (copies ml™)
plates) (c.fu. ml™) by oD, ) (cfm, ml™")

125107 - 1. 78 =10° 500 (n=4) 86510 - 23710 1. 16x10° - 2,62 10

LAETxIF - 263 x1(F S0(n=5) A9 1P - 5,1 3 10° 2.59x10F - 292 10°

133100 5(n=8) 859100 - 192510 241 =107 - LM 10"

il 0 (n=5) ‘Without acriflavine: 0-1.37x10° Without acriflavine: 0

2]
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Fig. &. E coli reads proportion and E. coli assembly metrics obtained from artificially contaminated raw milk. Raw milk samples were artificially
contaminated with STEC at the concentrations of 0.5x10% c.fu. ml™ [n=3; 500}, 0.5x10% c.fu. ml™ (n=4, 50) or 0.5x10" c.fu. ml™" (n=5, 5} of raw milk
and enriched at 37 °C in the presence of acriflavine (37+A). (a) Boxplot representing the percentage of extracted E. coli reads. (b) Dotplot representing
assembly metrics obtained from Flye assemblies on extracted £ coli reads. A triangle represents the identification of stx and eae genes on the same
contig, whereas their identification on two different contigs is represented using a circle. Milk batches are represented using different colours,

of STEC 026 (c.fu. ml™" in milk) as estimated by optical density and calculated by plating on agar plates. Table 3 also reports
quantification of the total E. coli (wecA) and the spiked STEC 026 (wzx ) in enriched milk by gdPCR (copies ml™' in enriched
milk). DNA extracted from enriched milk samples was sequenced and processed with the STECmetadetector pipeline. The results
showed, as expected, that the mean proportion of E. coli reads increased with the STEC strain concentration in raw milk, with
a percentage of E. coli reads of 63.75% (+13.56, n=5), 67.93% (8.1, n=4) and 72.53% (+6.54, n=3) of filtered reads, for initial
STEC concentrations of 0.5x 10", 0.5x 10 and 0.5x10° c.f.u. ml™ in raw milk, respectively (Fig. 4a).

Fig. 4b represents assembly metrics from artificially contaminated samples enriched at 37 °C with acriflavine supplementation.
In 10 assemblies (n=12 samples), the serotype-associated genes and virulence genes stx and eae were detected on the same
contig, with stx and eqe being at a distance of 1.9 Mb. In two samples, the eae-positive 026 STEC was not identified. One sample
(Milk2_50_37+A) showed a fragmented assembly with 34 contigs and a high genome coverage (111x). When we sub-sampled
E. coli reads to lower genome coverage, still stx and eae could not be assembled on the same contig, although the filtered reads
N50 value (13 136bp) and the quality (12.6) seemed acceptable, The pathotypes predicted by the STECmetadetector pipeline
was ‘EHEC?” since stx and eae genes were detected but could not be assembled on the same contig. In the second sample
(Milk5_5_37+A_1), acommensal E. coli genome was assembled instead of the STEC that was inoculated at a low contamination
level of 5 c.f.u. (ml raw milk)™ (Fig. 4b).

Our results showed that the identification of the inoculated STEC strain was possible from an STEC concentration as low as 5 c.fu.
(ml raw milk) ' (n=4/5) [corresponding to 2.59x10" - 2.62x 10" copies (ml enriched milk) "] (Table 3) under the above-mentioned
enrichment conditions Although commensal E. coli were naturally present and quantified to 1.37:10” copies ml™' post-enrichment
in non-artificially contaminated milk (Milk5; Table 3), the inoculated STEC Q26 strain growth [contamination level of 5 c.fu.
(ml raw milk)™"] was sufficient to fully characterized its genome in 2/3 replicates. In the third replicate (Milk5_5_37+A_1), a
commensal E. coli strain grew better than the STEC and was fully assembled perturbing STEC strain characterization using
assembly (n=1/3) (Fig. 4b).

Long-re ad metagenomics revealed that raw milk microbiota impacts the growth of eae-positive STEC

In order to perform all the artificial contamination experiments on fresh raw milk, five different fresh raw milk samples were
used in this study. Three milk samples (1, 2 and 3) were bought from a commercial farm in France and two milk samples (4
and 5) were collected from an experimental farm in Germany. Long-read metagenomics revealed different raw milk microbiota
for all investigated enriched milk samples. E. coli reads were detected only in non-contaminated raw milk samples Milk3 and
Milk5 representing 6.8 and 46.23% of filtered reads, respectively (Fig. 5). The use of acriflavine affected the survival of certain
Gram-positive bacteria, which consequently increased the proportion of STEC. One pertinent example is Milk3 in which
Streptococcus spp. dominated and limited the STEC growth in the absence of acriflavine (Fig. 3b). However, acriflavine did
not completely prevent the growth of Gram-positive bacteria, as observed with Milk4 that contained a high proportion of
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Fig. 5. Barplot representing the most abundant bacterial species (=2%) in all studied raw cow's milk samples after enrichment at 37 °C without
acriflavine supplementation (37-A, n=5). MinlON data obtained from five natural raw milk samples were analysed with the STECmetadetector pipeline
and the composition presented.

Bacillus spp. (Fig. 3b). While in most samples the STEC strain growth was not negatively affected in acriflavine- supple mented
enrichments, in artificially contaminated milk sample 4 the observed percentage of E. colf reads post-enrichment was lower
than expected (Fig. 4a).

Commensal E. coli strains present in raw milk did not appear to compromise the growth of the STEC 026 inoculum. Indeed,
two non-inoculated milk samples (Milk3_37 A and Milk5 37 A) had detectable levels of E. coli (1.97x107 and 1.37x10” copies
ml " total E. coli, respectively) post-enrichment at 37 °C without acriflavine using qdPCR. Characterization of E. coli reads from
milk samples Milk3_37 A and Milk5_37 A revealed the presence of commensal strains of serotype 0149:H20 in Milk3_37 A, and
both O185:H2 [sequence type (ST)2522] and O8:H19 (ST 162) strains in Milk5_37 A enriched at 37°C without acriflavine (Table
S3). The natural presence of O185 and O8 strains in raw milk 5 was confirmed by qdPCR analysis (8.75x10f and 1.84x107-3x 107
copies ml™, respectively).

In artificially STEC 026 contaminated milk batch 3, wzx, |, was not detected when enriched at 37 °Cin the presence of acriflavine,
but it was detected (7.43x10° copies ml™") when enriched at 37 °C in the absence of acriflavine. Commensal strains markers 0185
and O8 were not detected nor assembled in artificially contaminated raw milk samples from milk batch 5, except in one of the
three biological replicates of Milk5 inoculatedat 0.5x10" c.fu. ml™. The Q185 marker was quantified to 4.55-8.84x10" copies ml™'
by qdPCR. Additionally, this commensal strain (O185:H2) was assembled, while the inoculated STEC was not. Although read
mapping detected 026 as the major O-group in all other artificially contaminated samples, in this sample (Milk5_5 37+A_1)
more reads mapped to Q185 (154x) than 026 (13x) (Table S3). Analysis on this replicate showed a difference of approximately
one log (copies ml™) between total E. coli and the inoculated strain with both real-time PCR (i.e. a difference of 3 C, values for
both stx and eae - specific to the inoculated strain — and wecA - common to both natural and inoculated strains) and gdPCR
[estimated between 2.41x107 and 1.09x10* copies ml~' for O26 marker specific of the inoculated strain, and between 8.59x10* and
1.92x10” copies m!™" for wecA (Table 3)]. Similarly, in this replicate in which the O185:H2 strain was assembled, qdPCR results
confirmed a higher level of the Q185 strain [6.52x10°~10.09x10" copies mI™' of 0185 (wzx, )] compared to the STEC 026
strain. The presence of commensal E. coli did not affect the growth of the STEC 026 strain in 2/3 replicates of raw milk artificially
contaminated with 5 c.f.u. ml™' and enriched in acriflavine-supplemented BPW at 37 °C. However, it hindered its identification
using an assembly-based approach in one replicate.
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DISCUSSION

Food-borne pathogens are a worldwide concern. Recently, different approaches for identification of food-borne pathogens were
developed. While metagenomics is widely used for the detection and characterization of food-borne pathogens like Salmonella or
Listeria, its efficacy to distinguish STEC that may be eae-positive or -negative in complex samples like raw milk is questionable [17].
E. coli is a member of the cow gut microbiota, in which commensal and/or pathogenic strains of different pathotypes may coexist.
Cookson and colleagues detected as many as 50 different E. coli strains in a single sample of cattle faeces [50]. STEC harbour
various virulence markers, like the eae gene, that are detectable by real-time PCR (gPCR) in complex samples like raw milk [34].
However, it is not resolvable whether these genes belong to the same strain or are present in different strains, and isolation is
required to confirm the presence of all virulence factors in a single strain (strain characterization). STEC isolation is laborious,
time-consuming and frequently unsuccessful in raw milk, because of the background flora and a lack of a STEC-specific isolation
medium. The diversity of STEC emphasizes the need for STEC characterization methods that circumvent the isolation problems
posed by current methods. The aim of this study was to explore metagenomics as an innovative STEC isolation-inde pendent
method able to identify and characterize STEC in enriched raw milk that could be applied to characterize stx-positive samples
as an alternative to strain isolation.

So far, only a few studies that describe the detection and characterization of STEC using long-read metagenomics are available
[18, 19]. Only one of them explored metagenomics in beef for specifically identifying eae-positive STEC of serotype O157:H7
that carry both stx and eae genes [18]. Given that these genetic markers, stx and eae, can also be carried by non-pathogenic E.
coli strains or other bacterial species, this objective represents a real challenge. In this study, we developed a straightforward
strategy different from that described by Buytaers et al. to identify eae-positive STEC using long-read metagenomics ofartificially
contaminated raw milk [18]. While they used a DNA walking approach linking stx and eae virulence genes to an Escherichia
genome, we adopted an assembly-based method. This approach could be applied to characterize any type of E. coli contaminating
a food matrix, regardless of the existence of reference strains for this pathotype. To mimic real samples, two eae-positive STEC
026 isolated from raw cow's milk were selected for this study. Indeed, 026 is one of the STEC serogroups most frequently found
in clinical cases in Europe, and is also highly dominant in French and German raw milk [9, 34]. Firstly, we developed a wet-lab
method to prepare the samples forlong-read sequencing. Secondly, we determined the sensitivity of the method for identification
of eae-positive STEC after enrichment of artificially contaminated raw milk using long-read metagenomics. Thirdly, we developed
a complete and automated analysis pipeline for STEC strain characterization from MinION sequencing data.

Previous studies have determined that the detection limit of STEC strains using MinION sequencing was around 107 c.fu. ml™!
in wastewater [19]. These contamination levels are generally not reached in naturally contaminated raw milk samples without
incubating the sample to get E. coli growing to a detectable level. Therefore, an enrichment step appears necessary in order
to identify eae-positive STEC strains from dairy products. As demonstrated in this study, Flye performed best in assembling
eae-positive STEC (n=10), although below a coverage of 35x; stx and eae virulence genes were not consistently co-localized on
a single contig; thus, providing a potential misidentification. A STEC genome at a coverage of 35x represents around 192.5 Mb
(genome size=5.5Mb). Shotgun metagenomics studies on raw milk without enrichment revealed tremendous proportions of host
DNA varying from 82.1 to 99.5% of sequenced reads [51-53]. Consequently, around 2% of the total DNA sequenced from raw
milk in these conditions would correspond to bacterial DNA, which represents 60 Mb of an estimated 3 Gb output sequencing
run. By supposing the presence of E. coli to be 100% of the bacterial DNA in the milk sample, 60 Mb would represent 10x STEC
genome coverage, which is clearly not sufficient for a reliable STEC genome assembly and characterization. In addition, long
reads are error-prone, and need to be filtered on quality and length, which, along with the background flora, contributes to reduce
the amount of pertinent data available for analysis. Commercial host DNA-removal kits allow a significant increase in the ratio
of bacterial DNA reads compared to host DNA reads [51]. However, removing 98% of the extracted DNA can lead to technical
difficulties related to the amount of DNA necessary for MinION sequencing (1-2 pg genomic DNA versus only 1 ng genomic
DNA for lllumina sequencing). Consequently, an incubation step to get viable E. coli growing to a detectable level was preferred,
because it not only considerably reduces the proportion of host DNA while keeping viable STEC cells, but also enables sample
multiplexing on a flow cell, which dramatically reduces the cost of long-read metagenomics.

Comparison of four different enrichment conditions revealed that even though no difference in terms of eae-positive STEC strain
identification was observed, the use of acriflavine as recommended by the ISO/TS 13136:2012 [11] was relevant for enrichment
efficacy, especially in raw milk containing Gram-positive bacteria. Although the precise benefit of acriflavine during enrichment
is still debated [54, 55], in this study, acriflavine was used during the enrichment process because it did not appear to negatively
influence the growth of the inoculated strains, while preventing the growth of some of the background flora. Further studies
on the impact of acriflavine on the growth of STEC strains from various serotypes would be nonetheless required. We tested
two different enrichment temperatures recommended for non-0157 and 0157 STEC strains respectively, 37 and 41.5°C. The
inoculated 026:H11 STEC strains were not affected by either 37 or 41.5°C. In 2008, Baylis demonstrated that the temperature of
enrichment alone does not affect the growth of STEC strains, even though it may help reduce the background flora [56]. Here,
acriflavine supplementation was more effective at reducing the Gram-positive background flora than performing the enrichment
step at 41.5°C. Hence, all the samples further analysed were enriched at 37 °C for 18-20h in the presence of acriflavine. Although
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it was not tested here, it might be theoretically possible to reduce the enrichment time while maintaining sufficient levels of cells
for eae-positive STEC characterization using long-read metagenomics.

In this study, we aimed to test the long-read metagenomics potential on STEC assembly from metagenomics samples for strain
characterization. Under the optimized enrichment conditions, STEC-negative raw milk samples artificially contaminated with an
026 eae-positive STEC strain, at initial concentrations from 0.5x10" to 0.5x10° c.£.u. ml™ in raw milk, could be clearly identified
by MinION long-read metagenomics. The percentage of reads assigned to E. coli, as expected, increased with STEC concentra-
tion. It is noteworthy that the presence of certain bacterial genera, even in the presence of acriflavine, may adversely affect the
growth of STEC strains (i.e. Milk4, which contained 27.25% of Bacillus, showed lower percentages of E. coli reads after artificial
contamination using three concentrations of 4712-026 culture in raw milk and enrichment with acriflavine).

For easy data analysis of long-read metagenomics, we developed a strain-level characterization pipeline specifically for STEC. The
pipeline aims at identifying in particular STEC containing stx and eae genes in the same strain. This pipeline gathers appropriate
tools for STEC genome characterization and enables reproducible analysis on different metagenomics runs. Basecalling and
demultiplexing are currently not part of the STECmetadetector pipeline, but should be run on a system enabling Graphics
Processing Units (GPUs) to considerably reduce basecalling time. We recommend doing precise basecalling using the high-
accuracy or super high-accuracy model, which may help reduce the error-rate and better characterize the strain. Nevertheless,
direct basecalling, using the fast basecalling model, and demultiplexing, may be performed on-board using either the MinIT in
combination with Mk1B or the Mk1C device, if no GPUs are installed. Once the basecalling and demultiplexing are done, the
optimized pipeline designed in this study is useful to fully and precisely characterize E. coli strains. Extraction of E. coli reads before
assembly significantly reduces the overall amount of data and optimizes resource consumption. Although the STECmetadetector
pipeline was designed for identifying eae-positive STEC, it may be used to characterize other E. coli pathogroups and may prove
particularly useful for characterization of hybrid or heteropathotype strains.

Using the STECmetadetector pipeline designed in this study, we were able to identify eae-positive STEC from long-read metagen-
omics data and obtained the complete chromosome in one contig from 2.59x10* copies (ml enriched raw milk)'. Flye assembler,
included in the pipeline, not only was shown to be one of the best for E. coli genome assembly, but also is currently the only
long-read assembler enabling metagenome assembly (metaFlye) and offering the best balance regarding ‘time/results quality’
[25, 57]. The metaFlye assembler was released to assemble similar reads belonging to different bacterial species present in
metagenomics samples but is not designed to distinguish different strains from the same species. To reduce analysis complexity
from metagenomes, in part caused by the presence of other bacterial species and potentially multiple E. coli strains, we filtered
and assembled E. coli reads only. In line with Vicedomini and colleagues [45], we showed that even in the presence of several E.
coli strains in the same sample, Flye usually assembled only one E. coli genome completely. This is one major drawback of current
assemblers, which may hinder the development of this method. The presence of additional small contigs of different coverages,
as well as multiple O-groups and/or multiple alleles of the different MLST genes, may indicate the presence of different E. coli
strains in the sample.

It is probable that the presence of other E. coli strains may compromise eae-positive STEC identification since the eae and stx
genes may be distantly located on the E. coli chromosome (i.e. 1.9 Mb here), and assemblers are currently not systematically able
to distinguish strains. Although we did not aim to analyse the impact of commensal E. coli strains (stx- and eae-) on the STEC
strain growth, we had to use different milk samples to perform all the artificial contamination experiments on fresh milk in which
commensal E. coli were present in 2/5 milk samples. We noticed that it affected the STEC assembly in 1/3 replicates inoculated
with 5 c.fu. (ml raw mik)" (Milk5_5_37+A_1). The inoculation level of 5 c.fu. ml™ thus most likely represents the limit of
STEC characterization by long-read metagenomics in the presence of commensal E. coli. A recent strain-separation tool named
Strainberry was used to distinguish multiple E. coli strains [45]. If Strainberry predicted the presence of multiple strains, the
post-Strainberry module was used to characterize each resulting strain. We were able to separate two different commensal E. coli
genomes in uncontaminated raw milk using Strainberry. Identifying a STEC strain in the presence of commensal E. coli strains
at an initial low inoculation level of 5 c.fu. ml™ in raw milk was successful in two out of three replicates using the optimized
assembly-based method described in our study. The outlier was only observed for the replicate where the inoculated strain
growth was limited compared to the two other replicates, as confirmed by gdPCR and real-time PCR analysis. It is probable that
these conditions constitute the lower limit and that, for this replicate, slightly less than 5 ¢ f.u. ml™ were sampled and inoculated,
allowing a better growth of the 0185 strain.

The presence of commensal E. coli strains together with STEC are not the only challenge for STEC growth in complex matrices.
Raw milk microbiota is very variable because of the millk’s high content of nutrients and the diverse sources of contamination
from the environment within the production chain leading to different bacterial colonization [58, 59]. Gram-positive bacteria,
for example Lactococcus lactis and Streptococcus spp., generally dominate in milk microbiota. A high proportion of Lactococcus
spp. reads was detected in one sample (Milk4 37 A) and acriflavine prevented its growth during enrichment. Similarly, in another
milk sample (Milk3_37 A) many reads were assigned to Streptococcus uberis, which is known to be a cause of mastitis and may
acidify the medium, but they were not detected in an acriflavine-supplemented enrichment sample [60]. Despite certain variability
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in the raw milk microbiota, long-read metagenomics seems to be a promising approach for identification of pathogenic STEC
in enriched raw milk.

In conclusion, the use of long-read metagenomics for food-borne pathogen identification is emerging and constantly evolving.
The work of Buytaers and co-workers was a proof-of principle for STEC identification using long-read metagenomics in beef
samples [18]. By using a different approach, we were able to reveal the co-localization of O26:H11 serotype-associated genes,
stx and eae, in the same strain with the objective to identify eae-positive STEC strains from artificially contaminated raw milk
samples. The complete approach with optimized enrichment conditions for the growth of eae-positive STEC strains, and its
characterization using long-reads metagenomics using an adequate pipeline (STECmetadetector), is a significant improvement
for STEC identification in metagenomes. The methodology has potential to be applied for characterizing STEC directly in food
samples. However, its widespread application in monitoring will be possible only when new, more strain-aware assemblers
become available.
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Abstract The characterization of Shiga toxin-producing Escherichia coli (STEC) is necessary to assess
their pathogenic potential, butisolation of the strain from complex matrices such as milk remains chal-
lenging. In previous work, we have shown the potential of long-read metagenomics to characterize
eae-positive STEC from artificially contaminated raw milk without isolating the strain. The presence
of multiple E. coli strains in the sample was shown to potentially hinder the correct characterization
of the STEC strain. Here, we aimed at determining the STEC:commensal ratio that would prevent
the characterization of the STEC. We artificially contaminated pasteurized milk with different ratios
of an eae-positive STEC and a commensal E. coli and applied the method previously developed.
Results showed that the STEC strain growth was better than the commensal E. coli after enrichment in
acriflavine-supplemented BPW. The STEC was successfully characterized in all samples with at least
10 imes more STEC post-enrichment compared to the commensal E. coli. However, the presence of
equivalent proportions of STEC and commensal E. cali prevented the full characterization of the STEC
strain. This study confirms the potential of long-read metagenomies for STEC characterization in an
isolation-free manner while refining its limit regarding the presence of background E. cali strains.

Ke ywords: metagenomics; STEC; milk; long-read sequencing; isolation-free characterization

1. Introduction

Shiga toxin-producing Escherichia coli (STEC) are diarrheic E. coli characterized by the
presence of a specific virulence factor: the Shiga toxin [1]. A subset of STEC, known as eae-
positive STEC, additionally possesses the ability to adhere to the intestinal epithelium and
cause attaching and effacing (A/E) lesions. Adhesion is conferred by the intimin protein
encoded by the eae gene located on the locus of enterocyte effacement (LEE) pathogenicity
island [2]. EFSA reports showed that eae-positive STEC are most frequently associated with
severe human illnesses, especially hemolytic uremic syndrome (HUS) [3].

STEC detection methods in food products involve time-consuming isolation steps to
characterize the STEC strain [4]. Isolation-free approaches for STEC characterization
in food matrices would circumvent this but imply using metagenomics [5,6]. While
short-read metagenomics enables STEC detection from complex matrices, it does not
permit full characterization of the strain. In addition, different E. coli strains may be
present in the same sample [7,8]. Thus, strain-level metagenomics for the identifica-
tion of STEC such as eae-positive STEC or carrying other adhesion factors is challeng-
ing. Long-read metagenomics have been shown to be applicable for identifying eae-
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positive STEC in artificially contaminated beef, raw milk, and wastewater using different
bio-informatics approaches [9-11].

In a previous study, we tested the feasibility of identifying an eae-positive STEC strain
from artificially contaminated raw milk samples using long-read metagenomics. Assembly-
based methods have the advantage of enabling the characterization of the STEC strain
but depend on the contamination level [10,11]. We showed that it was possible to identify
eae-positive STEC from 2.59 x 108 copies.m L~ of STEC in the absence of other interfering
E. coli strains. Nevertheless, this study was a proof-of-principle, and the presence of a
diverse background flora, as well as the presence of multiple E. coli strains, may hamper
the analysis [10]. Since the STEC contamination level can be low (below 100 cells), it is
necessary to determine the STEC full characterization limit in the presence of background
E. coli using an assembly-based metagenomics approach.

In this study, we artificially co-contaminated pasteurized milk using increasing and
known inoculation levels of a commensal E. coli and an eae-positive STEC strain, both
originally isolated from raw milk. Because the natural background flora of raw milk and
the potential presence of commensal E. coli may affect the growth of STEC, pasteurized
milk was used to better control the STEC:commensal ratios [10]. Each contaminated milk
sample was enriched in acriflavine-supplemented buffered peptone water (BPW) before
sequencing, We used the published STECmetadetector pipeline on MinlON-generated
data [10] and determined the limit of this approach.

2. Materials and Methods
2.1, E. coli Strains Used for Artificial Co-Contamination

Two E. coli strains were used in this study for artificial contamination of pasteurized
milk. One commensal E. cali (sfx and eae negative) strain was isolated from cow raw milk
in 2021. This strain (BfR-EC-19174, stx- eae-, O2:H10, ST 6527) was isolated following the
ISO/TS 13136:2012 method [4]. Its serogroup was determined using seroagglutination [12]
and further confirmed with qPCR using primers and probes as described by Delannoy and
colleagues [13]. The second strain, 6423-026, was an eae-positive STEC of serotype 026:H11
as already described [10,14]. Both strains BfR-EC-19174 (referred to as the commensal
E. coli) and 6423-026 (referred to as the eae-positive STEC) were revived from 20-30%
glycerol stock on TSA plates. One colony was cultivated in brain heart infusion (BHI)
overnight at 37 *C with agitation.

2.2, Artificial E. coli Mixtures

For each strain, one milliliter of overnight pure culture was used as a starting material
for eight serial dilutions (1:10) in BHI or BPW. Optical density (OD) was measured at
600 nm using 1 mL BHI or 1 mL of the following: 1 mL BHIin 9 mL BPW, as a blank. For
inoculum determination, triplicate cell counting was performed by plating three dilutions
on tryptic soy agar (TSA) plates (100 uL) and incubated overnight at 37 °C. Five mixtures
of the two E. coli strains were prepared as represented in Table 1.

Table 1. Commensal E. coli and eae-positive STEC artificial mixtures used for co-contamination of
pasteurized milk.

Mix 026:02 STEC Inoculum Commensal Inoculum Final STEC:Commensal Estimated
Estimated Ratio X CFU.mL-1) (X CFU.mL-1) Inoculum in Milk (X CFU.mL-1)
1 1:1 10? 10% 5:5
2 1:10 102 10% 5:50
3 1:100 10 10% 5:500
4 10:1 10 10° 50:5
5 100:1 10% 102 500:5

109



ECOLE
NATIONALE el Doctorale Alimentation
VETERINAIRE
ALFORT

Paris - 1765

Microorganisms 2023, 11, 2043 3of 11

2.3. Co-Contamination of Pasteurized Milk

Pasteurized milk with 3.8% fat was bought from a grocery store in Berlin (Germany),
and 1 mL was artificially contaminated with 1 mL of each mixture of commensal (BfR-EC-
19174) and eae-positive STEC (6423-026) prepared as mentioned in Table 1. For artificial
contamination, three biological replicates of artificially contaminated milk samples were
enriched for 18-20 h at 37 °C in 8 mL of BPW supplemented with acriflavine at a final
concentration of 12 mg.L ™! [4].

2.4. DNA Extraction and Quality Control

One milliliter of milk-enriched mixtures was used for DNA extraction using the
MasterPure Lucigen protocol as described by Jaudou et al.,, 2022 [10]. To ensure the
feasibility of MinlON sequencing, the quality of the extracted DNA was assessed using
Nanodrop 1.0 (A260/ A280 and A260/A230 ratios), and DNA was quantified using Qubit
3.0 and the broad range kit following the manufacturer’s instructions.

2.5, Detection and Quantification of Commensal and Ene-Positive STEC Strains Using gPCR and
qidPCR, Respectively

Real-time PCR was performed to detect the presence of each strain used for the
artificial contamination of pasteurized milk after enrichment and quantitative digital PCR
(qdPCR) for quantitative estimation (number of copiesmL™"). The uzx gene coding for the
O-antigen flippase is serogroup-specific and present in a single copy in the E. coli genome.
Genetic markers wzx oy and wzxoge were used to detect and quantify the commensal and
the eae-positive STEC, respectively, in each milk enrichment. Sequences for primers and
probes are given in Table 2. Probes were labeled with 6-carboxy fluorescin (FAM) and black
hole quencher (BHQ1) (Eurofins).

Table 2. Primers and probes sequences for wzyqp and wzyogs,

Sequence

Genetic Marker (5'-3") Reference
Primer F- GCCAAGTGCAAAGTTTAATCACAAT
WX (9 Primer R- CTTGCCAA CCGCAGTATAT [13]

Probe [6FAM]- CCTCTGCACCTGTAAGCACTGGCCTT-[BHQI]
Primer F- CGCGACGGCAGAGAAAATT
wzxom, Primer R- AGCAGGCTTTTATATTCTCCAACTTT [15]
Probe [6FAMJ-CCCCGTTAAATCAATACTATTTC ACGAGGTTGA-[BHO1]

For real-time PCR, a mix (20 uL) containing 1X PerfeCTa qPCR ToughMix low ROX
(QuantaBio), primers, and probes at a final concentration of 0.3 pM and completed with
nuclease-free water was used for each marker. Extracted DNA (2 uL) was added to the mix.
Targeted sequences were amplified using the CFX96 system (BioRad) with a first step at
95 °C for 10 min (5 °C.s~ '), a second step consisting of 39 cycles at 95 °C for 155 (2°C.s™1)
and at 60 °C for 1 min, and a final step at 40 °C for 30 s (5 °C.s -1,

Mixes for gdPCR were prepared as follows: 3 uL. PerfeCTa 2X qPCR ToughMix low
ROX (QuantaBio), 0.6 uL 20X GE sample loading reagent (Fluidigm), 0.3 uL. 20X primer
stock prepared using 18 uM for each primer (forward and reverse) and 4 uM of probe, and
1.8 uL of extracted DNA, completed to 6 pL. with nuclease-free water. Quantitative digital
PCR was run on qdPCR 37k [FC digital array microfluidic chips using a Biomark system
(Standard BioTools). For amplification, the thermal profile constituted of a first step at
50 #C for 2 min and a second step at 95 °C for 10 min followed by 40 cycles at 95 °C for
15 sec and 60 sec at 60 °C (2 °C s~ ). Data analysis was performed with the Fluidigm digital
PCR analysis software v4.1.2.

Mixes as well as thermal profiles used for the two PCR methods are also detailed
in [10]. Boiled DNA (from 1 mL of overnight culture, boiled at 95 °C for 10 min and
centrifuged at 10 000 rpm for 5 min) from CB-16230 and BfR-EC-19174 strains was used
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as a positive control for wzxpp, and wzxgy, respectively. A non-template control was
also included.

2.6. MinlON Sequencing of Artificially Co-Contaminated Milk

Two biological replicates of each enrichment were sequenced using the MinlON
platform except for Mix3 for which all replicates were sequenced. Libraries were prepared
using the SLK-5QK109 ligation sequencing and the EXP-NBD104 or EXP-NBD114 barcoding
kits, as previously described [10]. Five to six samples were loaded on FLO-MIN106 R9.4.1
flow cells and sequenced using the Mk1C device without live basecalling or demultiplexing.

2.7. Sequencing Data Analysis

Raw data (fast5 files) were basecalled using guppy_basecaller v6.0.1 + 652ffd1 and
the super high accuracy model including a g-score filter of 10. Data were demultiplexed
using guppy_barcoder v6.0.1 + 652ffd1 and —trim-adapters and —compress-fastq parameters.
Basecalled and demultiplexed data were processed using the STECmetadetector pipeline
v0.1.2 [10] (https:/ /gitlab.com /bfr_bioinformatics /STECmetadetector, accessed on 26
July 2023). Extracted E. coli reads in fastq format were deposited in NCBI BioProject
PRINA982778. We assumed that the inoculated STEC strain was fully characterized when
the two virulence genes stx and eae were co-located on the same contig. The figures were
generated using ggplot2 v3.4.0, reshape? v1.4.4, and patchwork v1.1.2 packages on R v4.1.2
and R studio v2021.9.0.351 [16-18]. The O-antigen clusters for O2 and O50 differ by a
maximum of 2 potential SNPs [13,19] and are therefore considered identical and treated as
a single molecular serogroup [20]. However, wzyop and wziosg (1 SNP difference, which
cannot be reliably differentiated using MinlON sequencing) have separate entries in the
database included in the STECmetadetector pipeline. On the contrary, there is a single
entry for wzxon os0. In the mapping analyses, reads mapping on wzyg and wzyoso were
thus combined.

3. Results
3.1. Estimation of the Inoculation Level Using Cell Counting and Post-Enrichment Quantification
Using gdPCR

In order to determine the STEC:commensal ratio that would prevent the full charac-
terization of the eae-positive STEC strain, we used five mixes to contaminate pasteurized
milk samples. In Mix 1, we used an equal ratio of STEC and commensal strain before
enrichment. In Mixes 2 and 3, we used a commensal strain 10 times and 100 times in
excess compared to the STEC strain, respectively. In Mixes 4 and 5, we used a STEC strain
10 times and 100 times in excess compared to the commensal strain, respectively. Actual
STEC and commensal strain inoculation levels used for the five mixes were determined us-
ing plate counting on TSA. Results are reported in Table 3. Each mix was used to artificially
contaminate pasteurized milk before enrichment at37 °C in acriflavine-supplemented BPW.
To estimate the growth of the two strains during enrichment, we used gdPCR on their
respective O-group genetic marker (wzxoos for the STEC and wzxos for the commensal).
Quantification of the two strains after enrichment is also reported (Table 3).

The results show that the conditions used here for enrichment (37 °C with acriflavine)
seemed to favor the growth of the STEC O26 strain compared to the O2 commensal strain
(8.62 x 107~5.94 x 10° copies.mL ™!, mean = 4.07 x 10° copies.mL ™! for the STEC and
3.74 % 105-2.29 x 10° copies.mL~!, mean = 5.10 x 107 copies.mL~! for the commensal) re-
gardless of the inoculation level of the commensal O2 strain (1.43 x 10°t01.39 x 10* CFU.mL ™).
The 026 STEC strain always reached the 10® copies.mL " threshold previously determined
as the minimal quantity required for a single strain assembly [10]. The STEC strain was
quantified approximately 1 to 3 logs higher than the commensal strain in all mixtures
except Mix 3 (inoculation STEC:commensal ratio of 1:100) (Table 3). In this condition
(Mix 3), the commensal strain was inoculated at a concentration 100 times higher than
the STEC, but quantification results on O2 and 026 strains were similar post-enrichment
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(1.66 % 10% and 3.86 » 10° copies.mL ™! for O2 and 026, respectively). Although the O2
inoculation level corresponded to an 026:02 ratio of 1:221 (Table 3), the STEC strain still
appeared to grow to a ratio that reached 2:1 (026:02) (Table 3).

Table 3. Estimated inoculum (CFU.mL ') and relative quantification (qdPCR, copies.mL 1 of the
commensal and eze-positive STEC strain after enrichment of artificially co-contaminated milk.

Relative Relative
02 Inoculum 026 Inoculum Quantificaion Quantification
Desired Estimated Estimated Estimated of O2 after of O26 after 026:02 Ratio
Sample Inoculum Using Cell Using, Cell 026:02 Ratio Enrichment Enrichment Post-
026:02 Ratio Counting Counting ’ Using qdPCR Using qgdPCR Enrichment
(CFU.mL— 1Y) (CFU.mL 1) lwzxpa, (T zxoms,
cupies.mL‘l )] cupies.mL‘U
Prmilk_Mix1 11 1.43 « 109 6,30 10! 12 1.48 = 10° 2,59 1P 175:1
Prmilk_Mix2 1:10 1.39 x 10* 6.30 % 10! 1:22 3.55 » 107 4.81 = 10° 131
Pmilk_Mix3 1:100 1.39 x 107 630 = 10! 1:221 1.66 = 10° 3.86 = 10° 21
Pmilk_Mix4 10:1 1.43 x 107 6.00 x 107 41 4.08 x 10° 457 = 10° 1119:1
Pmilk_Mix5 100:1 1.43 % 10° 6.00 % 107 41:1 2.53 = 10° 346 % 10° 1367:1

Data initalics indicate that the number of cells was extrapolated using cell counting results of previous dilutions.

3.2. Characterization of the STEC Strain in Presence of Commensal E. coli Using
STECmetadet ector

Two replicates of each condition and three replicates for the condition with equal levels
of STEC:commensal post-enrichment (Mix 3) were sequenced using MinlON sequencing,
and data were analyzed using the STECmetadetector pipeline.

The STECmetadetector pipeline includes an initial mapping step to detect the presence
of multiple O-groups in the set of E. coli reads. Figure 1 represents the read mapping depth
on O-groups (wzx and wzy genetic markers) for 026 and O2. Mapping results were in line
with quantification results (qdPCR) showing a higher number of reads mapped to 026
compared to O2. When the O2 strain was quantified below 108 c:opics;.mL‘l in the enriched
samples (Mixes 1, 2, 4, and 5), only a few reads corresponding to O2 could be detected. The
low read count attributable to the O2 strain explains the apparent ratio difference between
qdPCR and mapping, especially in Mixes 4 and 5.

Assemblies of E. coli reads were performed using Flye included in the STECmetadetec-
tor pipeline. The inoculated STEC strain was considered fully characterized when the two
virulence genes stx and eae were co-localized on the same contig. Figure 2 shows that the
eae-positive 026 STEC was characterized in 7 /11 samples of artificially co-contaminated
pasteurized milk. For all of those samples, the chromosome was in one contig with stx, eae,
and serotype genetic markers (wzx/wzyozs and fliC11) co-localized (Figure 2). The STEC
strain was successfully characterized using the STECmetadetector pipeline in all samples
in which the 026 strain attained 10° ::rj}::ics;.r'nL‘l and the 026:02 ratio (determined by
qdPCR or mapping) was at least 10:1. The only exception was for one replicate of Mix 1
(Pmilk_Mix1_R1) in which O26 was quantified to 8.62 x 107 (:npies;.mL‘1 after enrichment
(Supplementary File S1).
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Figure 1. E. coli reads mapping depth onwzx/wzyoys and wzx/wzyp, genetic markers determined
using STECmetadetector pipeline.

When the STEC and commensal strains were in equivalent quantities post-enrichment
(i.e., Mix3), the O26 eae-positive STEC strain could not be characterized, even though it
reached 10® copies.mL 1. All assemblies from these samples (Pmilk_Mix3) were highly
fragmented (Figure 2). In this condition, the STEC:commensal ratio after enrichment was
2:1 as quantified using qdPCR and below 10:1 as determined using mapping (Table 3 and
Supplementary File S2).
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Figure 2. Metrics of assemblies generated using Flye on extracted E. coli reads obtained from
co-contamination of a commensal E.coli and STEC in pasteurized milk. The number of contigs,
total assembly length (in bases), and the assembly N50 value are represented for each Mix. Mix 1
corresponds to co-contamination using equal proportions of the two strains and Mixes 2 and 3 to
inoculation levels with 10 times and 100 times higher concentration of commensal, while Mixes 4
and 5 corresponds to inoculation levels with 10 times and 100 times higher concentration of STEC,
respectively. The biological replicate (R1, R2, and R3) is represented by a specific symbol. A red color
represents successful characterization of the STEC strain while a turquoise color represents when stx
and eae were not identified on the same contig.

4. Discussion

LEE-positive STEC constitute the STEC subgroup most frequently associated with
severe human sy mptoms such as hemorrhagic colitis or HUS. Therefore, methods for
detecting STEC in food samples often include the detection of both stx and ere genes
by qPCR followed by the characterization of an isolated strain [4] The characterization
of STEC strains detected in contaminated food products is important in order to evalu-
ate their pathogenic potential, but the isolation of a STEC strain from food products is
often unsuccessful.

In previous work, we developed long-read metagenomics as an approach to characterize
STEC strains from raw milk in an isolation-free manner. We have shown that STEC charac-
terization directly from raw milk is possible but is hindered by the presence of background
flora and multiple E. coli strains [10]. Cattle are asymptomatic carriers of STEC and can carry
from 10 to 10? CFU of STEC per gram of feces [21,22]. The main source of milk contamination
comes from cattle feces in which not only STEC but also different E. coli strains may be present
simultaneously [23]. To the best of our knowledge, there is no study that assesses the ratio
of STEC to other E. coli in milk samples or cattle feces samples. Although we have shown
that long-read metagenomics is suitable for characterizing STEC in complex matrices such
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as raw milk, it is important to assess the limit of background E. coli that would impede the
characterization of the STEC using the STECmetadetector pipeline.

Here, we aimed at determining the ratio of commensal E. coli to STEC that would
prevent the characterization of STEC. Background flora may limit the growth of the
E. coli strains, which leads to lower output of E. coli reads. In our previous work, we
used acriflavine, an antibiotic targeting Gram-positive bacteria, to handle the influence
of background flora limiting E. coli strains growth [4,10]. In this study, even though we
do not have background flora in pasteurized milk, we used the same enrichment condi-
tions, including the use of acriflavine as it may potentially affect the growth of STEC and
non-pathogenic E. coli differently [10,24].

We had previously determined that ene-positive STEC could be characterized using
long-read metagenomics and an assembly-based approach from 2.59 x 108 copics.mL_l
post-enrichment in the absence of commensal E. coli flora in the milk [10]. The results obtained
in this study were in line with what was determined before and allowed us to refine the
characterization threshold. Overall, we estimated that a minimum of 107 copiesmL ! of
STEC is required to achieve STEC characterization. Indeed, here, samples where the eae-
positive STEC strain was in a 10 times excess over the commensal strain and quantified
above 108 cnpies.mL‘l post-enrichment were characterized. In addition, samples in which
the commensal strain was below 107 copies. mL~! post-enrichment yielded very few reads
corresponding to this strain, which then failed to assemble. The commensal strain reached the
characterization threshold only when inoculated 100 times in excess of the STEC strain but
resulted in a ratio of 2:1 STEC:commensal post-enrichment. As a consequence, it appears that
the STEC:commensal ratio is another important factor to evaluate.

In all pasteurized milk samples artificially co-contaminated, the inoculated ene-positive
STEC strain was characterized when it was quantified above 10° copies.mL ™! post-enrichment
and at least one log higher than the commensal strain. The exception was for one replicate
inoculated with Mix 1 in which the estimated level of STEC determined using qdPCR was
slightly below the 10% cnpics.mL_l threshold. The limiting condition for characterizing the
STEC strain appears to be when the two strains grew to an equivalent ratio post-enrichment.

It is noteworthy that the enrichment conditions seem to affect the growth of the two
E. coli strains differently. Indeed, the ratio of STEC:commensal has evolved drastically after
enrichment from the inoculated levels. The STEC strain was quantified to higher levels than
the commensal strain post-enrichment, even when inoculated 10 times less. Owing to their
cell wall structure and the presence of the AcrB efflux pump, E. coli should not be sensitive
to acriflavine [25]. In our previous work, we compared the growth of the STEC strain
used in this study (6423-026) in the presence and absence of acriflav ine and observed no
negative impact of acriflavine on the growth of this strain. It is, however, possible that the
acriflavine used during enrichment affected the growth of the commensal E. coli strain (BfR-
EC-19174). Some studies have already observed a strain-dependent effect of enrichment
conditions [24,26,27]. Another option is a possible competition between the STEC and the
commensal E. coli strain, with an advantage for the STEC growth. However, analysis of the
genome sequences of both strains indicated the presence of multiple bacteriocins, although
the level of expression of these bacteriocins was not examined [28].

Despite the possible influence of the enrichment conditions on the growth of the two
strains, the limits that were determined in this study are more related to the post-enrichment
steps, including DNA extraction, library preparation, data acquisition, and data process-
ing [29]. It has been shown that the DNA extraction procedure can affect the structure
of the population, especially in these particular conditions where high quantities of high-
molecular-weight DNA are required (MinION sequencing from complex matrices) [30].
Similarly, according to the properties of the DNA (for example, GC content), the library
preparation step performs differently [31-33]. Both DNA extraction and the performance
of library preparation steps constitute the first bias that may lead to a different population
structure compared to the original sample [29,34,35]. The second main bias is introduced
by the sequencing technology and the data processing part. MinlON sequencing does
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not provide a homogenous quantity of data, read length, or quality across flow cells and
samples. Some studies have demonstrated that high-GC species are under-represented in
sequencing reads and contain a higher error rate [36,37]. In addition, the removal of the
shortest reads and low-quality data during filtering steps might increase the bias in the
population structure.

In this study, we used the depth of read mapping to the O-group genetic markers
to estimate the 026:02 ratio and check whether it differed from the ratio observed using
qdPCR post-enrichment. The ratio determined using qdPCR and mapping was in a similar
order of magnitude for samples of Mixes 1, 2, and 3, whereas the ratio observed for Mix
4 and Mix 5 were 100 and 10 times higher, respectively, using qdPCR (O26:02 of 1000:1)
than using the mapping approach (ratios of 10:1 and 100:1, respectively, for each mix).
Considering the difference in proportion between the two strains, as estimated using
qdPCR, the required amount of sequencing data could not be generated to reach a similar
ratio of 1000:1. Our results suggest that the different post-enrichment steps performed here
did not influence the 026:02 ratio.

The main limitation of our approach concerns the assembly process. Indeed, when
the two strains reached the required level for full characterization but were present at
an equivalent ratio (Mix3 026:02 ratio below 10:1), the assembler failed to distinguish
the STEC from the commensal strain. Current long-read assemblers (even those allowing
metagenomics assemblies) are not able to differentiate different strains from the same
species (less than 5% ANI divergence) since they share many genomic regions [38,39].
Although different strains will behave differently during the enrichment step, we showed
that to be characterized, the amount of STEC data should be at least 10 times in excess
compared to the commensal strain. Itis important to note that six samples were multiplexed
per MinION flow cell. Different multiplexing conditions would lead to different thresholds.

5. Conclusions

Overall, this study refined the limit of the long-read metagenomics approach devel-
oped in previous work to characterize ene-positive STEC in raw milk. In the conditions of
this study, we observed that an eae-positive STEC strain can be characterized without the
need to isolate the strain if the STEC strain can grow at least 10 times in excess compared to
background E. coli strains post-enrichment, provided that the background flora does not
prevent it from reaching the 108 mpics.mL‘l. Additionally, this study highlights the need
for strain-aware assemblers or alternative approaches that would help identify different
strains from a single species.

Under certain conditions, isolation-independent approaches are promising and could
be applied in the case of ambiguous results that render decision making difficult, particu
larly when the STEC strain cannot be isolated. Many studies on STEC prevalence in cattle
have been conducted but none on STEC prevalence compared to background E. coli [40,41].
Such studies would give insights into the application of long-read metagenomic approaches
to characterize STEC among other E. coli.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/ article/ 10.3390/ microorganisms11082043/s1. File 51: Relative quantification
{qdPCR, copies.mL~!) of the commensal ((02) and eae-positive STEC {(026) strain after enrichment of
artificially co-contaminated milk. File 52: Reads mapping depth on the commensal (O2) and on the
eae-positive STEC (026) genetic marker from the E. coli set of reads.
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Main results:

An enrichment step is necessary to obtain enough STEC data (35x coverage) for the
generation of a complete assembly using Flye.

Acriflavine was more efficient to reduce the growth of background flora, particularly
Gram-positive bacteria, than increasing temperature to 41.5°C.

Isolation-free characterization of eae-positive STEC was successful from an inoculation
level of 5 CFU.mL* after enrichment at 37°C in BPW supplemented with acriflavine.
Quantitative digital PCR showed that around 108 copies.mL™* of STEC are necessary
post-enrichment for successful characterization.

Generation of the STECmetadetector pipeline to facilitate STEC characterization from
long-read metagenomics data.

Assemblers failed to distinguish two E. coli strains (an eae-positive STEC and a
commensal E. coli) when the ratio of STEC to commensal E. coli strain was below 10:1.

Main conclusions:

An enrichment step is necessary to obtain enough STEC data and the use of acriflavine
helped to lower Gram-positive bacterial growth down.

Characterization of eae-positive STEC using long-read metagenomics and an assembly-
based approach is possible but necessitates high concentration of STEC post-enrichment
and 10 times more STEC compared to additional E. coli strains.

Perspectives:

Test or develop assembly-free approaches less sensitive to the presence of multiple E.
coli strains to identify eae-positive STEC from metagenomics data.

Develop strain-aware assemblers to distinguish multiple strains.

Test the developed method on naturally contaminated samples.

Envisage DNA enrichment methods: DNA capture or Hi-C applications.
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Chapter5-3: The benefit of machine learning to identify eae-positive STEC from
metagenomics data.

The long-read metagenomics approach developed in this project has shown the potential to
characterize STEC strains including eae-positive STEC using an assembly-based method while
also suggesting the limits (Chapter 5-2). Some researchers have tested long-read metagenomics
to detect or identify STEC from different food matrices (beef, wastewater) (Buytaers et al.,
2021; Maguire et al., 2021). The method developed by Maguire and co-workers to characterize
STEC in wastewater was based on assembly (Maguire et al., 2021). On the contrary, Buytaers
and colleagues have tested an assembly-free approach based on k-mers for STEC identification
from beef samples artificially and naturally contaminated with STEC strains. The authors first
developed a method for short-read data, and expanded it for an application on long-read
sequencing data (Buytaers et al., 2021, 2020).

Although the assembly-based approach enables full characterization of STEC strains, | have
shown that it is highly limited by the presence of background E. coli flora (Publication 3 and
4). The assembly-free approaches developed by other teams have shown the potential of long-
read metagenomics to identify STEC present in complex matrices (Buytaers et al., 2021). The
challenge here is to ensure that the presence of virulence factors known to be carried by highly
pathogenic STEC such as stx and eae genes are simultaneously present in the same strain.
Previous studies based on high-throughput qPCR have demonstrated that the presence of
additional genetic markers (such as espK and/or espV) can predict the presence of eae-positive
STEC in the enrichment broth, which suggests the existence of a genetic background common
to eae-positive STEC (Delannoy et al., 2016).

Due to their capacity to acquire virulence factors, there is a large genetic diversity present in
the E. coli genome. Pan-genomic analyses enabled the identification of the pool of genes
common to all E. coli strains and the set of genes specific to particular groups (Burgaya et al.,
2023; Cummins et al., 2022; Hochhauser et al., 2023; Yang and Gao, 2022). Different pan-
genomic analyses combined with machine learning algorithms have been conducted on E. coli
genomes to predict the clinical outcome of STEC or even determine their isolation source (Im
et al., 2021; Lupolova et al., 2021; Njage et al., 2019). Here, we aimed at using pan-genomic
analysis and machine learning algorithms to identify eae-positive STEC strains using their
genetic signature.

In this work, we have compiled a database of 1 425 complete (or almost complete) E. coli
genomes retrieved from NCBI belonging to different E. coli pathotypes. Each genome was
annotated according to the annotation of the Sakai strain reference genome (Hayashi et al.,
2001). A pan genome program was used to score all genes found in all 1 425 genomes. Each
gene was noted either present or absent in each genome. The resulting matrix was used as input
for machine learning (ML) analysis using eight algorithms to analyze the presence of genetic
regions in eae-positive STEC compared to other E. coli. Six genetic markers were found to be
relevant for identifying eae-positive STEC. The combination (presence/absence) of these six

120



ECOLE
NATIONALE
VETERINAIRE
ALFORT

Paris - 17€

genetic markers allows the identification of eae-positive STEC. Interestingly, two of these
genetic markers were carried by O-islands from which previous markers were found to be
present in eae-positive STEC (espK, espV) (Publication 5).

To confirm that these genetic markers could identify the presence of eae-positive STEC among
other E. coli, we used different datasets. For all tests, predictions were made on Flye assemblies
using the metagenome parameter. In silico mixtures of various E. coli MinlON reads at a ratio
of 1:1 and coverage varying from 10 to 70x were assembled and used to predict the presence
of eae-positive STEC. The raw milk samples artificially contaminated with an eae-positive
STEC alone (Publication 3) or in combination with a commensal E. coli using increasing ratios
(Publication 3 and Publication 4) were also used. All results were positive for the presence of
eae-positive STEC, when present. This study has shown that the combination of different
genetic markers (maximum of 6) could predict the presence of eae-positive STEC among other
E. coli strains (Publication 5).

This approach is based on assembly and enables the identification of eae-positive STEC in
presence of other E. coli at a ratio of 1:1 even at low coverage (10x) whereas the previous
assembly-based approach that we have developed was limited by the presence of multiple E.
coli at a ratio of 10:1 with excess of eae-positive STEC. Perceptively, these results could be
used to develop a gPCR for the identification of eae-positive STEC in metagenomes together
with an algorithm interpreting the PCR results.
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Combination of whole genome
sequencing and supervised
machine learning provides
unambiguous identification of
eae-positive Shiga
toxin-producing Escherichia coli

Fabien Vorimore!*, Sandra Jaudou?, Mai-Lan Tran'Z,
Hugues Richard?, Patrick Fach'? and Sabine Delannoy!?

'AMNSES, Laboratory for Food Safety, Genomic s Platform dentyPath, Maisons-Alfort, France, *AMSES,
Laboratary for Food Safety, COLIPATH Unit, Maisons-Alfort, France, *Bioinfarmatics Unit, Genome
Competence Center (MF1), Robert Koch Institute, Berlin, Garmarny

Introduction: The objective of this study was to develop, using a genome wide
machine learning approach, an unambiguous model to predict the presence of
highly pathogenic STEC in E. coli reads assemblies derived from complex samples
containing potentially multiple E. coli strains. Qur approach has taken into account
the high genomic plasticity of E. coli and utilized the stratification of STEC and
E. coli pathogroups classification based on the serotype and virulence factors
to identify specific combinations of biomarkers for improved characterization of
eae-positive STEC falso named EHEC for enterchemorrhagic £.coli) which are
associated with bloody diarrhea and hemolytic uremic syndrome (HUS) in human.

Methods: The Machine Learning (ML) approach was used in this study on a large
curated dataset composed of 1,493 E. coli genome sequences and 1,178 Coding
Sequences (CDS). Feature selection has been performed using eight classification
algorithms, resulting in a reduction of the number of CDS to six. From this reduced
dataset, the eight ML models were trained with hyper-parameter tuning and
cross-validation steps.

Results and discussion: Itis remarkable that only using these sixgenes, EHEC can
be clearly identified from E. coli read assemblies obtained from in silico mixtures
and complex samples such as milk metagenomes. These various combinations
of discriminative biomarkers can be implemented as novel marker genes for the
unambiguous EHEC characterization from different E. coli strains mixtures as well
as from raw milk metagenomes.

KEYWORDS

machine learning, Shiga toxin-producing Escherichia coli, food safety, metage nomics, raw
milk

1. Introduction

Shiga toxin-producing Escherichia coli (STEC) are important zoonotic pathogens
comprising more than 400 serotypes (Beutin and Fach, 2015). Pathogenic STEC strains such
as enterohemorrhagic E. coli (EHEC) may cause hemorrhagic colitis (HC) and hemolytic-
uremic syndrome (HUS) in humans. However, it remains difficult to fully define human
pathogenic STEC or identify virulence factors for STEC that clearly foresee their capacity to
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cause human disease (Furopean Food Safety Authority and  and should create complex genetic signatures. We took advantage

Furopean Centre for Disease Prevention and Control, 2021). The  of a Genome Wide Association Study program ( GWAS) to explore

production of Shiga toxin (stx genes) by highly pathogenic STEC
(i.e, EHEC) is the major virulence factor responsible for HUS,
but many E. coli strains that produce Shiga toxin do not cause
HUS. Therefore, the identification of virulent STEC strains based
solely on the presence of stx genes may be misleading. Shiga
toxins comprise a growing family of genes with a vast type
diversity (Scheutz et al, 2012). The Stx family splits into two
major branches, Stx1 and Stx2, which are immunologically not
cross-reactive and show about 55% difference in their amino acid
sequences (Mthing et al., 2009). In addition to producing one or
both types of Shiga toxin, typical EHEC strains harbor a genomic
pathogenicity, called the “locus of enterocyte effacement” (LEE).
This locus was first identified in enteropathogenic E. coli (EPEC),
a leading cause of infant diarrhea in developing countries. The
LEE carries genes encoding proteins involved in the pathogenicity
of E. coli strains, as they participate in bacterial colonization of
the gut and destruction of the intestinal mucosa (Mataro and
Kaper, 1998). For example, the intimin-encoding gene (eae) is
directly involved in the attaching and effacing (A/E) process
and serves as an indicator for the A/E function in the bacteria
(Zhang et al., 2002). As mentioned above, prediction of STEC
pathogenicity using available markers is challenging, but strains
positive for Shiga toxin (in particular the stx2 genes) and eae
(intimin production) genes have been shown to be associated with
a higher risk of causing more severe illness than other virulence
factor combinations (European Food Safety Authority, 2007, 2013).
STEC are traditionally considered to be zoonotic pathogens that
are primarily food- and water-borne, with the main reservoir being
the digestive tract of mammals, particulardy ruminants (Gill et al.,
2022). Consumption of contaminated food, such as undercooked
ground meat and unpasteurized dairy products, is the principal
source of infection. Current methods for EHEC identification in
feed and food samples rely on the molecular detection of stx,
eae, and the top five or top seven EHEC serogroups, followed by
strain isolation, as described in the ISO/TS 13136:2012 (EU) and
MLGS5C.02 (US) reference methods (International Organization
for Standardization, 2012; European Food Safety Authority and
European Centre for Disease Prevention and Control, 2021). The
strain isolation step is necessary to demonstrate that both genes
are present in the same strain. Indeed, the major challenge for
EHEC identification based on stx and eae genes detection is that
these genes are located on mobile genetic elements, and can be
carried by non-pathogenic E. coli strains simultaneously present in
the food matrix, as well as other Enferobacteriaceae (Herold et al.,
2004) or even free bacteriophages (Imamovic et al, 2009). The
high rates of unconfirmed presumptive positive results observed in
food safety tests are a global challenge for the regulatory agencies
and industry quality control laboratories performing STEC testing
(Delannoy et al, 2016, 2022). It remains a desirable goal for the
industry and decision makers to develop cost-effective sensitive
detection tests that can guaranty the highest level of food safety.
Our objective here was to refine the EHEC diagnostic systems
for better identification and characterization of highly pathogenic
STEC from any kind of food samples. This work was based on the
hypothesis that the co-occurrence of the stx and eae genes in the
same genome would imply the presence of other (variable) genes

Frontiers in Microbiology

alarge number of E. coli assemblies available from public databases
(Franz et al, 2014) and generated a complex matrix summarizing
presence and absence for groups of orthologuous genes. Machine
learning (ML) methods perform admirably in detecting predictive
patterns hidden within high dimensional data {Lupolova et al,
2016; Moradigaravand et al, 2018). Supervised learning was used
to create ML models that can precisely predict the co-occurrence
of stx and eae genes in a genome or an assembly. After testing on
simple in silico mixtures of strains, we successfully applied these
models on long-read metagenomic sequencing data of artificially
eae-positive STEC contaminated raw milk samples.

2. Materials and methods

2.1. Genomic data collection

Available E coli genomes (n = 31,230) were retrieved from
the GenBank database during the database construction. Based
on the genome sequence completeness (full E coli genomes
were included in priority), the country of isolation and the E.
coli pathotype, 1,425 genomes were selected to maximize the
diversity. Sixty-eight additional genomes sequenced and assembled
in a previous study by Jaudou and colleagues (Jaudou et al,
2023), were added to reach a total of 1,493 genomes. The
genome accession numbers and the metadata associated with
the selected genomes are reported in Supplementary Table 1. All
the genomes were screened against a custom database (Available
at httpsy//github.com/fabgenomics'ML_EHEC) containing all the
stx subtypes, eae and O-group genes using abricate v1.0.1.
(https://github.com/tseemann/abricate). The ph)rlogroup of each
genome was determined using the EzClermont phylotyping tool
available at https://github.com/nickp60/ EzClermont.

2.2. Genome annotation and classification

The selected genomes were annotated using the rapid
prokaryotic  genome prokka v1.13.3
(Seemann, 2014) using the proteins option with the reference
genome of E. coli O157:H7 str. Sakai (NC 002695.2) (Hayashi
et al, 2001). Resulting General Feature Format (.gff) files
were processed through a Pangenome analysis pipeline using

annotation  software

panaroo  v1.2.7  with
invalid-genes and -merge paralogs

-clean-mode strict, -remove

options
(Tonkin-Hill et al, 2020). Panaroo collapses genes into putative
families with a family sequence identity level of 70% by default
and creates groups. The gene_presence_absence.Rtab table
provided by the panaroo output contains all the groups and
genes and the presence/absence information from each genome.
These groups and genes were renamed using a custom script

( Available at https://github.com /fabgenomics/ML_EHEC)
in  which we wused the information in the panaroo
output  file matrix  (gene_presence_absence.csv  available
at https://doiorg/105281/zenodo.7129021) to retrieve the

corresponding locus tag number from the E. coli O157:H7 Sakai
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strain annotation (ECs number) relative to the group or the gene
(CDS). Only groups renamed with the locus tag number by our
custom script were retained for further analysis. We created a CDS
presencefabsence matrix (ECs_presence_absence.csv available at
https://doi.org/10.5281/zenodo.7129021), by addi.ng a new column
based on the pathotype of each genome. Genomes that were found
to be stx+/eae+ were assigned to the EHEC pathotype and noted 1
in the table and all the other genomes (STEC for stx+/eae-, EPEC
for six-/eae+ and the abbreviation COM was used for six-/eae-)
were considered non-EHEC pathotype and noted 0. A phylogenetic
tree was reconstructed using IQtree v2.0.3 (Minh et al., 2020) with
the Generalised Time Reversible (GTR) model onthe core genome
alignment produced by panaroo. The tree was annotated with
the molecular serogroups using the CLC genomic workbench v21
(QIAGEN, Aarhus, Denmark).

2.3. Machine learning model training and
evaluation

Before evaluating the performance of the different dassifiers,
the CDS presence/absence matrix was filtered on non-
informative features. Any CDS with less than 10% wvariance
on its presence/absence vector was removed, as these loci do not
contain useful information to test machine learning algorithms.
This step removed 3,603 CDS, resulting in a dataset with 1,178
CDS. Then, to avoid possible data leakage between training
and testing datasets, we grouped the samples based on their
similarity. For each pair of samples, their CDS presence/absence
vector was used to compute a hamming distance (i.e. the number
of differences). Any two samples with a hamming distance
lower than or equal to D were allocated to the same cluster.
We considered possible values for D of 5,10,50,100 and 200.
Note that the resulting clusters have extremely homogeneous

pathotypes (at D = 100, only one cluster consists of a mixture
of EHEC and non-EHEC samples). The cluster table is available
at https//github.com/fabgenomics/ML_EHEC. The main dataset

(n = 1,493) was then subsampled to keep only one genome from
each duster. Then, each subsampled dataset was randomly split
using 80% of the samples for training/validation and the remaining
20% for testing. The train test split module from Sklearn
was used, with stratify option to control the proportion of EHEC
in both datasets. Eight classification algorithms were trained on
each dataset using 10-fold Cross-Validation: Decision Tree, Extra
Tree, Gradient Boosting, LGBMClassifier, Logistic Regression,
Random Forest, XGBClassifier and Support Vector Machine. The
evaluation metric used was the function cross val score
from the sklearn library. For all the cross-validation scores
(10 folds ie 10 scores), the mean accuracy was calculated
(Supplementary Table 2 and Figure 1). Further analysis were
performed using a distance D = 100 for custering (dataset
Cluster-D100). This implies that two samples in this dataset differ
by at least 8.4% (100,/1178 CDS) of their gene content. A module
from Sklearn library v0.23.1 (RandomUnde r8ampler) was used
to select randomly the same amount of non-EHEC genomes to
be equal to the number of remaining EHEC genomes from the
cluster analysis. The Cluster-D100 dataset was randomly split with
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a ratio of 80/20% for training and testing datasets respectively and
the stratify option. Eight classification algorithms were used to
select the most important features with the Select FromModel
library from Sklearn. The most important CDS are listed in
Table 1. We arbitrarily chose to select the six most important
features to create a new reduced dataset. With this resulting
matrix, hyper-parameter tuning was done on each of the eight
models using RandomizedSearchcV and GridsSearchcv
(scoring on roc_auc metric) and cross-validation steps (n = 5)
when the option was available. Finally, each classifier was retrained
with its best hyper-parameter and evaluated on the testing
dataset previously set aside (accuracy, precision, recall and
Fl-score are obtained using the classification report
from Sklearn, see
which gene combination led to the prediction of the EHEC
pathotype, we generated all 2° =
genes presence/absence and computed, for each ML model, the
probability of the EHEC pathotype. We then kept the cases
where the probability was = 0.7 and transformed the set of gene
combinations into simplified boolean expressions (using a boolean
Algebra Solver). The results are reported on Figure 2 Charts of
the training pipeline and the prediction pipeline are presented in
Figures 34, B, respectively.

Supplementary Table 3. To  understand

64 combinations of the six

2.4. Evaluation of the eight models on in
silico mixtures of E. coli

From a previous study conducted by Jaudou et al. (2023),
raw ONT MinlON reads from two STEC (ECA279 (0174H2)
= SRR18191627 and 97HMPL652 (O110:H9) = SRR18191587),
one stx-negative eae-positive E. coli (2142-0103 (O103:H25) =
SRR18191529), one eae-positive STEC (E coli 12-1 (O157:H7)
= SRR18191640) and one commensal E. coli [ie., negative for
both st and eae (NCB809 (O41:H7) = SRR18191621)] were
collected. One stx-negative eae-positive E coli strain (KKO7 2/05
- O156:H8) was newly sequenced during this study following
the same protocol described by Jaudou et al (Jaudou et al,
2023) and the raw ONT MinlON reads were deposited to the
NCBI database under the number SRX18376762. Raw reads
were subsampled using Rasusa w0.6.0 (Fall, 2022) with 5.5Mb
for the target number of bases and 10, 20, 30, 40 and 50x
for the coverage. From these subsampled reads, twenty-five
in silico mixtures were generated by concatenating into a 1:1
ratio the same coverage of subsampled reads. Details of the
different mixtures are presented in the Table 2. From these
mixtures, an assembly was generated using metaFlye v2.9-b1768
(Kolmogorov et al, 2020) with nano - raw and meta parameters.
The resulting assemblies were annotated with the same parameters
as described in the Genome annotation and cassification paragraph
(Section 2.2). The produced GFF file of each annotation was
integrated individually in the pangenome graph generated with
the 1,493 genomes using the panaroo-integrate command from
the panarco program. From the new gene_presence_absence.csv
and the gene presence absence.Rtab generated by the panaroo-
integrate command, the row corresponding to the added mixture
was extracted using a newly developed python seript (Awvailable
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Influence of sample clustering on classification performance. For the different classification algorithms, the average accuracy (over 10 fold cross
validation) is reported for different values for the clustering distance D [cluster sizes: D5 = 1489, D10 = 1470. D20 = 1,410, D50 = 1,203, D100 = 756,
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TABLE 1 Top six most important features extracted from the training of the eight classification models.

Rank Locus_tag Gene ID Genename  Encoded protein Number of models using
the gene for EHEC
prediction
1 ECs_1056 6267 5958 - Phage excisionase f
2 ECs 1812 912908 nleAfespl T 355 secreted effector NleA/Espl 7
3 ECs_ 1824 Q12888 nleG T35S secreted effector NleG 5
4 ECs_3858 16318 nigE T385 secreted effector NleE 4
5 ECs 1815 912903 nleF T385 secreted efflector NleF 4
[ BCs_1561 913337 espN T 385 secreted effector EspN 4

The Gene [D of each locus is provided, and when known, the gene name as well,

at httpsJ/github.com/fabgenomics/ML_EHEC) to reconstruct the
CDS presence/absence table. We extracted only the features
required for the tested model and when a feature was absent, we
created it and introduced a 0 value. The data extracted were used
to perform the predictions (Figure 3B). The predict proba
method from all the algorithms was usedto estimate the probability
that the sample is an EHEC.

2.5, Evaluation of the eight models on
experimentally -contaminated raw milk
Eight metagenomes from artificially contaminated raw

milks described in a previous study (Jaudou et al,, 2022) were

Frontiers in Mic robio logy

downloaded from the Genbank public database (Table 3).
The estimated level of contamination was 0.5x10° 0.5%10°
and 0.5x10" CFU.mL~! of EHEC 026 plus one EHEC-free
milk. Raw reads were processed using the STECmetadetector
pipeline developed by Jaudou et al (2022) available at
https://gitlab.com/Bfr_bioin formatics/ STECmetadetector and
the extracted E coli reads were assembled using metaFlye v2.9-
b1768 with the same parameters as described in Section 2.4. The
resulting assemblies were annotated with the same parameters
as described in the Genome annotation and classification
paragraph (Section 2.2). The resulting GFF file was treated with
the same process than the in-silico mixture GFF file and the
EHEC predictions were performed, as described in Section 2.3
(Figure 3B).
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5. Results

3.1. Escherichia coli pathotype assignation
based on genomic information

To take advantages of ML to find patterns and preserve its
generalization potential, we constituted an E. coli database for
which we selected in priority complete E. coli genomes with a
minimum of required metadata (origin, isolation date and location)
and verified their pathotypes (stx and eae genes presence). A
total of 1,493 genomes were downloaded from the GenBank
database. The geographic origin of the strains was 33, 26, 23,
7, and 3% from Europe, Asia, America, Africa and Oceania,
respectively and the 8% remaining were missing the country
of origin. During the genome selection, we tried to respect an
equal proportions of stx/eae-positive strains (i.e, EHEC) and
non-EHEC strains based on the metadata provided. Genomes
simultaneously positive for at least one stx gene and the eae gene
(n = 632) were assigned to the EHEC group. The other genomes
(n = 861) were assigned to the non-EHEC group (Available at
httpsi//doi.org/10.5281/zenodo.7129021). In addition, the custom
database was reporting all the O-group sequences so that the
serogroup information, in particular the most frequent EHEC
serogroup, was available (Supplementary Table 1). The top seven
most represented serogroups were 026 (n = 160), 0157 (n = 126),
0103 (1 = 66), 0121 (n = 61), 0145 (n = 60), O111 (n = 36), and
045 (n = 9). These serogroups comprised mostly EHEC strains
with 126 EHEC ©O26 strains, 124 EHEC O157 strains, 57 EHEC
0103 strains, 55 EHEC Q121 strains, 59 EHEC (145 strains, and
31 EHEC O111 strains. The phylogroup analysis showed that the
diversity of the species is well represented. The phylogeny of the
final dataset is illustrated in Figure 4.

3.2. Generation of the input dataset

From 37,380 groups generated by panarco, 13,952 remained
with an ECs annotation. Some ECs were duplicated in the table due
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to the genetic diversity of some genes and the panaroo identity level
threshold. We aggregated the results for these genes, which resulted
in 4,780 unique CDS and kept the presence/absence information.
Before splitting the ECs presencefabsence table (Available at
olorg/10.5281/zenodo.7129021), we first selected CDS
with enough variation between the samples (see Section 2). This
filtering step removed 3,602 CDS resulting in a dataset containing
1,178 CDS. To avoid optimistic performance estimates that would
result from near duplicate samples both in training and testing sets,
we performed a clustering based on gene content similarity (see
Section 2). Clusteringat distance D ensures that two clusters in the

https/

dataset have at least D genes that are different. We evaluated the
change in accuracy for increasing values of D, starting from 5 and
upto 200 (Figure 1). Upto D = 100 (8.4% of the CDS), the accuracy
of all classifiers remains very high (above 97%). This indicates
that robust information can be extracted from gene profiles to
predict EHEC pathotype with high accuracy. The performances
drop by around 5-10% for D = 200 for an accuracy of around
93%. While still high, this decrease could be attributed to the
low number of clusters that remain for prediction (n = 137,
15 EHEC and 122 non-EHEC). From these results, a value of
D = 100 was chosen to build the dataset for further analysis,
as it combines both good performance with a sufficient sample
size (n = 756). However, this dataset was imbalanced. To avoid
overfitting problems, we subsampled the non-EHEC dass to be
equal to the EHEC class and ended with a balanced dataset (see
Section 2). The matrix was then randomly split into a training
dataset containing 80% of the genomes used in the study (n
= 139) with 69 non-EHEC and 70 EHEC. The testing dataset
contained the remaining 20% (n = 35) with 18 non-EHEC and 17
EHEC.

3.3. CDS selection using eight ML classifiers

We conducted a comprehensive analysis of the top features
extracted from the training of eight classification models, and
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TABLE 2 Prediction of the class probabilities on the 25 generated mixtures of pure E. coli cultures.

Strains and genome E. coli Class"* LGBM

coverage used for Pathotype

in-silico mixture mixture *

ECA279 + NCA9 10x STEC-COM 0 .00 0.0z (.00 0.00 0.04 001 002 0.0
ECA279 + NC8(® 20x STEC-COM 0 0.00 nnz 0.00 000 0.4 0.01 00z 0.03
ECA279 + NCB(P 30x STEC-COM 0 0.00 002 .00 000 0.4 0.01 002 0.03
ECA279 + NCE9 40x STEC-COM 0 .00 0.0z (.00 0.00 0.04 001 0.02 0.05
ECA279 + NCE(S 50x STEC-COM 0 0.00 nnz 0.00 000 0.4 0.01 00z 0.03
STHMPLAS2 + 2142-0103 10x STEC-EFEC 0 022 0z7 0.00 027 0.46 021 00z 0.47
STHMPLAS2 + 2142-0103 20x STEC-EPEC 0 022 0.27 (.00 0.27 0.46 0.21 002 0.47
STHMPLES2 + 2142-00105 30x STEC-EPEC 0 098 096 100 1.00 0.87 100 098 .88
STHMPLAS2 + 2142-0103 40x STEC-EPEC 0 0.73 07z 0.75 075 0.73 .88 098 0.7
STHMPLAS2 + 2142-0103 50x STEC-EPEC 0 073 072 0.75 075 0.73 (.88 098 0.77
STHMPLES2 + KEOT2/05 10k STEC-EPEC 0 o5 020 (.00 0.01 0.26 001 0.0z 0.25
STHMPLAS2 + KEO72/05 20 STEC-EPEC 0 0.05 020 (.00 001 0.26 001 002 0.25
STHMPLAS2 + FEO72/05 30k STEC-EPEC 0 0.05 020 0.0 001 0.26 001 002 0.25
STHMPLAS2 + KKO7 205 40x STEC-EPEC 0 005 0.20 000 001 0.2 001 00z 0.25
STHMPLEE2 + KEO72/05 50 STEC-EPEC 0 005 0.20 (00 0.01 0.26 [iTH]} 0.02 0.25
Feolil2-1 + NOS09 10x EHEC-COM 1 1.00 059 1060 1.00 0.595 100 058 .58
Feolil2-1 + NCROS Xx EHEC-COM 1 1.00 059 100 100 0.595 100 0598 0,58
Eeolil2-1+ NOCS0% 30x EHEC-COM 1 1.00 099 1,010 1.00 0.95 100 0.38 0.98
FEeolil2-1 + NCS09 40x EHEC-COM 1 0.97 092 075 075 082 088 098 0.86
FEeolil2-1 + NOS09 50x EHEC-COM 1 1.00 099 1010 100 0.595 100 098 0.98
ECA279 4 Ecalil 2-1 10x STEC-EHEC 1 097 092 075 0.75 0.82 088 098 0.8
ECA279 4 Ecolil2-1 2k STEC-EHEC 1 097 09z 07 0.75 0.82 [VEH] 098 0.86
ECA279 4 Eealil2-1 30x STEC-EHEC 1 097 0Lz 0.75 075 0.52 .88 098 0,86
ECA279 + Ecolil 2-1 40x STEC-EHEC 1 097 092 0.75 075 0.82 (.88 098 0.8
ECA279 + Eeolil2-1 50k STEC-EHEC 1 097 09z 075 0.75 0.82 [{EH] 098 0.86

*EHEC, enterohemorrhagic E. coli; STEC, Shiga toxin-producing Fscherichia coli; EPEC, enteropathogenic E. coli; COM, commensal Esche richia coli.

** Mon-EHEC = 0: EHEC = 1.

LGBEM, LGEMC lassifier LR, Logistic Regression; DT, Dedsion Tree; XGB, XGE Classifier, RF, Random Forest: SWVM, Suppart Vector Machine: GB, Gradient Boosting: ET, Extra Tree.

the results are summarized in Table I. The table shows the
top six most important features, ranked based on the number
of times they were used by the models. The most important
feature was found to be ECs_1056, which corresponds to a
phage excisionase gene. This feature was used by eight of the
models. The second most important feature was ECs_1812,
which corresponds to the nileA/espl gene coding for a type
[T secretion system (T3SS) secreted effector protein, and was
used by seven of the models. The third most important feature
was ECs_1824, which corresponds to the nleG gene, which
encodes another T35S secreted effector protein, and was used by
five of the models. The remaining features namely ECs_3858,
ECs_1815, and ECs_1561, were used by four models each, and
correspond to the nleE, nleF, and espN genes, respectively,
all of which encodes T385 secreted effector proteins. Multiple
classifiers achieved near perfect performance when evaluated on
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the D100 dataset. To better understand which combinations
of genes contribute to the prediction of the EHEC pathotype,
we generated all 64 (2°) genes presence/absence profiles and
recorded in which case one of the models predicted an EHEC
pathotype with confidence (Figure 2 and Section 2). This confirms
that some genes, such as ECs_1056 (phage excisionase) and
ECs_1824 (nleG) have an importance (they are needed in
the majority of the predictions). Decision Tree and Gradient
boosting learned the same decision rule: "ECs_1812 (nleAd)
and (ECs_1056 or (ECs_ 1815 (mleF) and FECs_1824))". The
SVM classifier predicts EHEC for any two combination of
ECs_1056, ECs_1815 and ECs_1824. All those classifiers can
predict an EHEC pathotype with as little as two genes. On the
other hand, Extra tree and logistic regression make predictions
involving three to four genes, showing that they can have
different sensitivity.

frontiersinorg

130



ECOLE
NATIONALE
VETERINAIRE
ALFORT

1765

el Doctorale

Paris -

Vorimore et al.

10.3389/fmicb.2023.1118158

TABLE 3 Prediction of the class probabilities on the milk metagenomes.

Agricultur
Alimentation
Bialagie

Environnement

Accession EHEC Class™* LGBM
number* spikin
level®
4712-026 | SRR190907E0 05x10° 1 100 0.99 100 100 0.95 1.00 098 0.98
6423 026 SRRI9(RTTS 0.5x107 1 1.00 0.9 100 1.00 0.95 1.00 (.95 01.598
4712-026 SRR19090792 0.5x10% 1 1.00 0.99 100 1.00 0.95 100 0.9% 0.98
6423- 026 SRERISROTT4 05x10° 1 1.00 0.99 1.00 1.00 0.95 1.00 098 0.98
4712-026 | SRRIS(DO7TS 051100 1 1.00 0.99 100 100 0.95 100 0.95 0.9
6423 026 SRRI90R07T2 0.5x10" 1 1.00 0.99 100 1.00 0.595 1.00 (.98 1.5
5423-026 SRR190907 69 0.5x107 1 1.00 0.99 100 1.00 0.95 100 0.9% 0.98
EHEC- SRERI9MMOTTT 0 0 oz 0.15 .00 (03 0.15 021 002 0.13
ch
*From Jaudou et al (2022).
HCPUmL

*#**Non-EHEC = EHEC = 1.

LGEM, LGEMChssifier; LR, Logistic Regression; DT, Decision Tree; XGB, XGBClassifier; BF, Random Forest; 5VM, Support Vector Machine: GB, Gradient Bocsting: ET, Fxtra Tree.

3.4. Performance of the eight models on
the selected features

Supplementary Table 3 shows the evaluation metrics obtained
by training the eight classifiers using the selected six features:
ECs_1056, ECs_1812, ECs_1824, ECs_3858, ECs_1815, ECs_1561.
All classifiers achieved high accuracy scores, ranging from
0.97 to 100, indicating a good performance in predicting the
target variable. Logistic Regression, Extra Trees XGBCLassifier,
LGBMClassifier, Decision Tree, and SVM achieved perfect accuracy
scores of 1.00, while Random Forest and Gradient Boosting
achieved a slightly lower accuracy score of 0.97. Extra Tree and
Random Forest achieved a precision of 0.94 on the EHEC class
and a recall of 0.94 on the non-EHEC class. All the other classifiers
achieved perfect precision, recall, and F1-scores, indicating that the
selected features were informative and sufficient to discriminate
perfectly between the two classes.

3.5. EHEC prediction on in silico E. coli
mixtures

We first tested the ability of the different models to predict the
presence of an EHEC strain in a mixture of E coli strains. For this
purpose, in silico mixtures of raw MinION reads were assembled.
Assemblies produced using meta-Flye ranged from 5.63 t07.94 Mb
(mean = 6.57 Mb)and the number of contigs from 80 to 155 (mean
= 106) (Supplementary Table 4). In all mixtures of E. coli strains,
the assembly size was longer than a normal E coli assembly (4.8
5.5 Mb). Shorter assemblies were produced by meta-Flye with the
STEC-COM mixture (5.63-6.16 Mb). On the contrary, the EHEC-
COM mixture produced longer assemblies (7.35-7.94 Mb). The
eight models were then used to perform predictions on the in silico
mixtures (Table 2). Predictions of the pathotype ranged from 0 to 1
and the average prediction from 0.01 to 0.99. The cut-off for binary
classification is usually set to 0.5. Above or equal to this cut-off
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value the presence of an EHEC is predicted, and below a non-
EHEC is predicted. This cut-off of 0.5 was used to report the results
presented in this study. The eight classifiers were able to predict
the correct class 22 times over 25 predictions (88%). However, all
models incorrectly predicted the presence of an EHEC three times
forthe STEC-EPEC mixture with the strain 97HMPL652 and 2142-
0103 for a coverage of 30x, 40x and 50x, respectively. For all non-
FHEC containing mixtures, the higher value was 0.47 for the same
STEC-EPEC mixture with the Extra Tree classifier (Table 2). For the
EHEC class the lower value was 0.75 for the EHEC-COM mixture
and the STEC-EHEC mixture with the Decision Tree classifier and
the XGBClassifier. Taken together, these data indicate that all the
classifiers were able to predict with high confidence the presence
of an EHEC in E. coli mixtures that combine different E. coli
pathotypes. Only three false positives were predicted for the most
difficult mixture combininga STEC and an EPEC.

3.6. EHEC prediction on
artificially-contaminated raw milk

We then tested the performance of the eight models on complex
mixtures using artificially contaminated raw milk. A bioinformatic
pipeline called STECmetadetector developed by Jaudou et al
(2022), was used to specifically extract E coli reads from raw milk
samples artificially contaminated with an 026 EHEC strain (from
0 to 500 CFU.mL~'). The E. coli reads were assembled using the
same method as described in Section 2 (paragraph 2.5). Assemblies
ranged from 5.2 Mb to 6.83 Mb (mean = 5.95 Mb) and the numbers
of contigs from 5 to 62 (mean = 15). The eight cassifiers were
used to predict the pathotype of artificially contaminated raw
milks (Table 3). All models were able to accurately predict the
EHEC pathotype in the sample with high confidence, at the three
contamination levels tested, regardless of the strain used for the
artificial contamination. Notably, the raw milk used for spiking
with the 6423-026 strain was naturally containing commensal
E. coli of serotype O185:H2 and O&HI19 (Jaudou e al., 2022).
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FIGURE 4

Phyogenetic tree of the 1,493 genomes reconstructed from the core genome alignment. The inner ring corresponds to the pathotype of each strain
determined based on stx and eae presence/absence (O for all non-EHEC and 1 for the EHEC). The cuter ring corresponds to the top 10 O-groups.
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Predictions of the pathotype ranged from 0.95 to 1 for the class
EHEC for all contamination levels. The negative control (a non-
contaminated raw milk), was classified accurately as non-EHEC
by all eight classifiers with the higher value of 0.21 for the SVM
(Table 3).

4. Discussion

The correct detection and identification of highly pathogenic
STEC from food remains challenging. Conventional detection
methods based on the detection of the stx and eae genes (as well
as genes from the most frequent serogroups) require an isolation
step to ensure the correct characterization of the strain. Detection

Frontiers in Microbiology

of EHEC in food samples based on the presence of a small
number of additional genes that are more specifically associated
with strains possessing simultaneously the stx and eae genes would
represent a significant improvement for screening food samples
(Delannoy et al, 2016, 2022). With such an approach, the number
of presumptive positive samples that require further investigation
by isolation and genotypic characterization can be reduced by
around 50% (Delannoy et al, 2016, 2022), allowing to save
money and time. Still, the amount of unconfirmed presumptive
positive samples may be a problem for both the food industry
and the decision maker. In a previous study, we showed that
long-read metagenomics was efficient in identifying eae-positive
STEC strains from complex matrices such as raw milk in an
isolation-independent way (Jaudou et al, 2022). However, we
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have highlighted that the presence of multiple E. coli strains may
hinder the identification of the eae-positive STEC due to the
assembly-based approach used. We wanted to continue exploring
the potential of long-read metagenomics and take full advantage
of ML algorithms by applying them to predict the presence of
an EHEC strain directly from E coli reads assembly, even in the
presence of multiple E coli strains.

As of February 2021, 31,230 E. coli genomes were available in
the NCBI Genbank database, around 10% of which are genomes of
0157:H7 strains. To build our database, we downloaded complete
E. coli genomes as well as some scaffolded genomes that contained
accompanying metadata, while taking care of having the top
10 EHEC serotypes represented, as well as less frequent ones
(Figure 4). Because the geographical distribution of certain clones
may be skewed, we also included strains originating from all
continents. During the genome selection, our objective was to
obtain a database constituted at 50% of EHEC genomes (targets)
and 50% of non-EHEC genomes (non-targets). When selecting the
non-EHEC genomes we were careful to incude various pathotypes
such as EPEC (eae+ only), STEC (stx+ only), commensals (stx and
eae negative) and some Extra-intestinal pathogenic E. coli (ExPEC)
strains. Despite the size of our database and the precautions we took
to build it, our final dataset after dereplication, was composed of 87
EHEC and 87 non-EHEC. We originally induded large numbers
of genomes for each of the top 10 serotypes observed in dinical
cases worldwide in order to be representative of the frequency of
isolation of the various serotypes. However, the diversity within
each serotype appears limited. Indeed, several studies on various
EHEC serotypes have shown that even the most diverse ones (in
terms of SNPs) show a high degree of synteny and collinearity
between isolates of different clades orlineages { Dallman et al., 2015;
Ogura et al,, 2017; Nishida et al, 2021). Also, the pool of genes
included in the dataset is the pool present in the Sakai annotation.
Therefore, by reducing the available pangenome and increasing the
probability for each strain to possess one version of each CDS, we
increased the similarity between the genomes in the dataset. To
avoid possible data leakage, we chose to group all the genomes that
had less than 100 genes difference in their repertoire (8.4% of the
genes considered). This is a drastic filtering step, but it is, to our
knowledge, the most reliable to avoid reporting biased performance
estimates.

One of the first choices when designing the pipeline is whether
to use raw reads or assembled data. Initial tests showed that
performing the annotation directly on long reads generated a very
large amount of data that was computationally too intensive for
the downstream processing (not shown). Based on these results
we chose to work with assemblies and used the Flye long-read
assembler with the metagenome option in order to deal with highly
non-uniform coverage, in particular with low level artificially-
EHEC contaminated milks. An early step of the pipeline consists
in the annotation of the assembled genomes. The advantage of
the annotation software used, prokka, is that a reference genome
can be used to standardize the annotation. In our case, we used
the O157:H7 Sakai genome as reference over the K12 E. coli
reference genome because it isan EHEC carrying around 20% more
integrated genomic elements than K12 E. coli, like pathogenicity
islands and phages (Hayashi et al, 2001). To generate the first
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matrix of gene presence/absence we chose panaroo among GWAS
programs such as Roary (Page et al,, 2015), PIRATE (Bayliss et al.,
2019), or PPanGGoLiN (Gautreau et al.,, 2020) because it offers
the possibility to add one new genome to an existing pangenome
graph. This feature is the keystone of our pipeline because it is very
important to add the new genome into the existing pangenome
graph so as not to modify the original matrix used for training the
models. Panaroo collapses genes into putative families with afamily
sequence identity level of 70% in the default mode. During the
analysis of the generated matrix, we identified locus tags that were
split in different groups and regrouped them. Indeed, the allelic
variability of STEC virulence genes can be important (Michelacci
et al., 2016).

Other studies have used different algorithms like Support
Vector Machine, Gradient Boosting or Random Forest (Lupolova
etal, 2016; Njage et al., 2019; Im et al, 2021; Shaik et al., 2022) but
the nature of the data and the predictive outcome were different.
In this study we used the power of ML to evaluate a high number
of genes (1,178 CDS). We successfully decreased the number of
genes needed for EHEC presence prediction down to six genes
while keeping a high accuracy. It is remarkable that none of these
six genes are related to the Shiga toxins. Surprisingly, neither stx1
subunit A and B nor sfx2 subunit A and B are needed to predict
an EHEC. Because it is present in all EPEC strains (eae-positive
E coli, non-target) the absence of eae in the six genes scheme is
expected. In the reduced set of selected genes, we found five Type
3 Secretion System (T3SS) effectors and a phage excisionase. The
T35S represents an important component of the E coli mobile
gene pool. Although the LEE carries constitutive elements of the
T388, additional effectors are encoded by prophages inserted into
the genome (Tobe et al, 2006). A large number of studies have
described T3SS effectors as associated virulence markers (Coombes
et al, 2008; Konczy et al, 2008; Bugarel et al, 2010a,b, 2011;
Imamovic et al, 2010; Creuzburg et al, 2011). Here, the most
important features identified for EHEC prediction are located on
four genomic islands that harbors putative virulence factors already
demonstrated to be present in EHEC strains: Sp4 (ECs 1056 / phage
excisionase), Sp6 (ECs 1561 / espN), Sp? (ECs 1812 / nleA, ECs 1815
{ nleF, ECs 1824 / nleG) and SpLE3 (ECs 3858 / nleE) (Tobe et al,,
2006; Rasko et al, 2008; Bugarel et al, 2010a,b, 2011; Delannoy
et al, 2013). The nleA gene (ECs 1812 - §p9), which was found to
be the second most important feature in our study, has been shown
to play a key role in the vimlence of various pathogenic bacteria,
including E. coli (Rasko et al, 2008). Similarly, the nleG gene (ECs
1824 - Sp9), which was the third most important feature, has been
shown to be important for the virulence of enterohemorrhagic E.
coli (Tobe et al, 2006). Other T3SS effectors located in these four
genomic islands have previously been shown to be associated with
EHEC. For example, the Sp4 genomic island also harbors espV (ECs
1127), which, in combination with espK (ECs 1568 - Sp6) have
been demonstrated to be present in EHEC strains and proposed
as genetic markers to reduce false-positive results in food testing
(Delannoy et al, 2013, 2016). Similarly, combinations of genes
from Sp9 and SpLE3 were demonstrated to be strong signatures of
typical EHECs (Bugarel et al, 2010a,b, 2011). These four genomic
islands are recurrently found as harboring important features with
all models and were previously experimentally found associated
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with EHEC. This strongly suggests that these genomic islands
are stably associated with both the LEE and the presence of an
stx-phage and may have co-evolved (Guo et al., 2012). Although,
the precise order of acquisition of these mobile genetic elements
remains to be determined. The only incorrect EHEC predictions
of the models using in-silico mixtures were obtained with the
STEC/EPEC mixtures containing the aEPEC strain 2142-0103.
Although negative for the stx gene this strain harbors the different
genomic islands: Sp4, Spé, Sp9, and SpLE3. It also belongs to a
known EHEC serotype (O103:H25) that has been associated with
an HUS outbreak (Schimmer et al., 2008). It is thus likely that this
strain represents what had previously been named an EHEC-like
or EHEC-LST (Bielaszewska et al., 2007; Mellmann et al., 2008;
Bugarel et al, 2011), meaning that it could constitute an EHEC
progeny that has lost the stx phage at one point. The existence
of such EHEC-like strains constitute a caveat of our approach, as
it is impossible for our model to distinguish a STEC/EHEC-like
mixture accurately. However, from a risk management perspective,
it could be beneficial to detect this kind of strains when in the
presence of other STEC strains due to the potential of these
EHEC-like to acquire the stx phage and become typical EHEC
(Bielaszewska et al, 2007; Mellmann et al, 2008). Correct and
timely identification of EHEC is crucial in food microbiology as
well as for surveillance of STEC-mediated disease. The growing
genomic sequence data offers additive information that may
support the identification of discriminative EHEC markers (Kiel
ctal, 2018). To extend EHEC diagnostics in the post-genomic era
beyond the detection of the 0157:H7 and the non-0157 serogroups
from the Top 7, we developed suitable pipelines that integrate
high throughput sequence data, to predict with high specificity and
sensitivity EHEC strains. Different combinations of discriminative
genetic markers were identified and validated to target the main
STEC subgroup (eae-positive STEC) associated with severe human
infections and outbreaks worldwide. Our study is in line with
recent papers showing the potential and power of GWAS and
Machine Learning approaches for designing biomarkers that target
foodborne pathogens (Feucherolles et al., 2021; Sévellec et al.,
2022). Here, the description of these new EHEC biomarkers is the
confirmation that stx and eae are not the only genetic markers
that are the hallmark of EHEC, but that EHEC characterization
is much more complex than the simultaneous identification of
stx and eae genes. There are in fact associated factors (type III
effectors are some of them as shown in this study) which, by
their presence or absence, provide a fairly precise predictive model
on the co-localization of stx and eae in a single strain. The new
EHEC markers found using ML in our study could predict EHEC
with very high accuracy in a large genome dataset and artificially
contaminated raw milk metagenomes. The correct prediction of
the EHEC strain while co-occurring with another E coli strain at a
ratio of 1:1is remarkable. Most programs thataim at distinguishing
strains from the same species relies on coverage differences (ie.
for assemblers and binning tools). These findings open the door
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for the development of new diagnostics tests for a better screening
of EHEC in foods products. As long as DNA sequence-based
diagnostics of mixed populations cannot resolve whether relevant
markers like stx and eae genes are present in the same genome,
some risk of generating false-positive results exist. Including the
combination of additional EHEC-related markers like those we
described here, in the detection scheme, would supports a better
hazard characterization of typical EHEC.
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Main results:

= Identification of six genetic markers which combination of presence/absence helps
identifying eae-positive STEC from a metagenome assembly.

= Culture-free identification of eae-positive STEC in in silico E. coli mixtures
assemblies even at ratio of 1:1 and low coverage with all tested algorithms.

Main conclusions:

= Circumvent the problem posed by the assembly-based approach regarding the
presence of multiple E. coli strains.

Perspectives:

= Development of PCR techniques targeting the six markers and of an algorithm to
analyze the results.

» Find alternative assembly-free approaches.

* Include this approach in the STECmetadetector pipeline.
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Chapter5-4: Application of the developed method on presumptive positive samples or
naturally contaminated samples.

Context:

With the previous studies, | have shown the potential of our method to characterize STEC from
artificially contaminated raw milk samples using a low inoculation level of 5 CFU.mL™. With
the developed workflow, | successfully characterized the inoculated STEC strains. However,
meeting the conditions cannot always be feasible on naturally contaminated samples. Indeed,
the STEC strain, which concentration in naturally contaminated samples might be as low as 10
cells (EFSA, 2020), has to grow to a level of 10 copies.mL™ and be present 10-times more
than additional E. coli strains post-enrichment. In particular, the presence of multiple E. coli
strains is highly probable. Consequently, the next step is to apply the complete workflow
developed here on naturally contaminated samples and test if the limits are also valid.

Hence, | have taken the opportunity to test the workflow on samples positive for stx and eae
genes (with qPCR) from which an eae-positive STEC was further isolated (positive) or not
(presumptive-positive). | received enrichment cultures of presumptive-positive (positive for
both stx and eae genes using qPCR) raw-milk cheese and ground beef samples kindly provided
by a departmental laboratory (LDA39 laboratory) and a meat-producing company, respectively.
Additionally, our method was applied on enriched feces or swab samples from the national
reference center for E. coli (Robert Debré hospital), in which eae-positive STEC presence was
confirmed after isolation of a STEC strain. Despite the different enrichment conditions used, it
was the opportunity to assess the benefits or limits of the method developed in this project and
test its application to other matrices as raw-milk cheese, beef and feces. The long-read
metagenomics method developed in this project was tested on those samples as well as the
machine learning (ML) approach.

The application of the developed method on presumptive-positive or naturally contaminated
samples confirmed the previously identified limitations. While results of the machine learning
approach indicated the presence of an eae-positive STEC, | was not able to characterize the
STEC strain with the STECmetadetector pipeline.
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Material and method:

1. Samples enrichment

A total of 11 enriched raw-milk cheese samples were received from the LDA39 laboratory. A
meat-producing company sent four enrichment broths of ground beef. Lastly, five clinical
samples (rectal swab (n=2) or feces (n=3) enrichment) were received from the National
reference center for E. coli (Robert Debré Hospital) (Table 7). Enrichment was done by each
laboratory at 37°C in BPW (without acriflavine). Except for the clinical samples that were
frozen, raw milk and ground beef enrichment broth were fresh. The samples were conserved
and transported at +4°C.

2. DNA extraction, quantification and qualification

Analyses were performed as described in Publication 3. Prior to DNA extraction, one washing
step was performed on raw-milk cheese, ground beef and clinical samples. DNA was extracted
from one milliliter of each sample in triplicates using the Lucigen MasterPure extraction Kit,
except for the clinical samples from which 400 pL were used in duplicate. DNA extracts were
quantified using the Qubit 3.0 Fluorometer and the Qubit dSDNA BR (Broad Range) Assay-Kkit
(Thermo Fisher Scientific); its quality assessed using a Nanodrop UV-Vis Spectrophotometer
(Thermo Fisher Scientific). Their purity was assessed using a Nanodrop UV-Vis
Spectrophotometer (Thermo Fisher Scientific). The integrity of extracted DNA was assessed
using a TapeStation system and Genomic screentape (Agilent) analyzed using the TapeStation
Analysis software v4.4.1 (except for ground beef samples).

3. Detection (using real-time PCR) and quantification (using quantitative digital PCR)
of stx, eae and E. coli generic (wecA or cdgR) genes

Real-time PCR was performed on each sample to check whether stx and eae genes were present
as well as cdgR or wecA. Quantitative digital PCR was applied using the Biomark HD system
as previously described to quantify the level of STEC present in the enriched samples and
compared to the previously assessed limit. Additional genetic markers espK and espV were
quantified (Delannoy et al., 2016). From positive samples, MinlON libraries were prepared
using the LSK-SQK1009 library preparation kit and EXP-NBD104 or EXP-NBD114 barcoding
kit and sequenced on FLO-MINZ106 flow cells, as described previously. For the raw-milk cheese
samples, stx and eae genes were quantified below the level required for successful STEC
characterization. Consequently, we sequenced only four samples that are presented here. All
five clinical samples from Robert Debré and the four samples from ground beef were sequenced
on two different flow cells.

MinlON raw data were basecalled and demultiplexed using guppy v6.0.0+ab79250 for raw-
milk cheese and clinical samples and v6.4.2+97a7f06 for beef samples, using the hac model, a
minimum g-score of 9 and --trim-adapters, --trim-barcodes and --compress-fastq parameter.
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4. Data analysis and assessment of eae-positive STEC contamination

The data were analyzed using the STECmetadetector pipeline and further processed using the
machine learning approach, as described in publication 3 and 4, respectively. Basecalled and
demultiplexed data were processed with the STECmetadetector to try to characterize the STEC
strain, and with the machine learning approach to identify the presence of eae-positive STEC.
Characterization was confirmed when stx and eae genes were co-localized on the same contig.

With the STECmetadetector pipeline, almost 100% of the reads were classified. To simplify
the representation, only the genus representing >2% of abundance were shown here. Barplots
were generated using the summary file from the STECmetadetector pipeline and the ggplot2 R
package v3.4.1 (Wickham, 2016) using R v4.1.2.

For each sample, the extracted E. coli reads were assembled using Flye v2.9-b1768 and the --
meta parameter (Kolmogorov et al., 2020). The assembly was annotated with prokka using the
Sakai genome as reference (Hayashi et al., 2001; Seemann, 2014). Panaroo, a pan-genomic
analysis program, was used to generate a presence/absence table of the genetic features of Sakai
genome (Tonkin-Hill et al., 2020). This table was added to the global matrix generated from
the complete database of 1 425 E. coli genomes constructed for the ML approach (Publication
4). Predictions regarding the presence of an eae-positive STEC were made using the eight
algorithms tested in the ML approach.

Results and discussion:

The aim of this study was to apply the developed workflow on presumptive-positive samples
or naturally contaminated samples. The results presented here included four samples from the
raw-milk cheese enrichments, four samples from ground beef enrichment broths and five
clinical samples (either rectal swab or feces enrichment broth). Table 7 summarizes the DNA
concentration, yield, purity ratios and integrity measured for each sample. On all samples, it
was possible to extract high quantities of HMW DNA but the purity ratios showed the presence
of contaminants (Table 7). Additionally, the DNA integrity number (DIN) reveals the presence
of short DNA fragments, which may be matrix dependent, but also led to highly fragmented
assemblies. In particular, enrichments from clinical samples were part of a collection and were
thus, frozen for a certain period of time. As we have shown previously (additional experiment
1), the freezing process might lead to DNA degradation. As it is shown in Table 7, the DIN
value was higher in rectal swab enrichments (DIN>8), which was sufficient to perform MinlON
sequencing. Although the DIN value was not measured for ground beef samples, the N50-value
measured on filtered and extracted E. coli reads used for assembly was sufficient for most
samples, as shown in Table 8.

Prior to sequencing, we used real-time PCR to check for the presence of stx and eae genes.
Results have confirmed the presence of both stx and eae genes in all samples presented here.
Stx- and eae-positive samples were further sequenced and processed using the
STECmetadetector pipeline. As these samples were obtained from various laboratories, they
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were not enriched using our tested enrichment conditions. In particular, acriflavine was not used
in any of the enrichments. The taxonomic assignment of reads within the STECmetadetector
pipeline allowed us to estimate the proportion of Escherichia among the microbial flora. The
microbial composition (>2% at genus level) is represented using barplots for each matrix in
Figure 16. Results showed highly variable microbial flora between matrices and different
Escherichia reads proportions within samples. In clinical samples, the proportion varied from
22.01% to 67.09%, from 3.6% to 46.48% in raw-milk cheese samples and in meat samples from
4.8% to 49.59% (Fig. 16).

Matrix Sample DNA DNAvyield A260/A280 A260/A230 DIN
concentration (ng)
(ng.puL-1)

Cheese 608961 77.4 2709 1.80 1.18 7

Cheese 608839 101.8 3563 1.81 1.26 6.9

Cheese 608980 85.2 2982 1.82 1.29 7.8

Cheese 609077 85.8 3003 1.80 1.15 7.8
Ground beef V1001 67.6 2366 1.81 1.49 na
Ground beef V107 442 15470 1.84 1.47 na
Ground beef V394 90.6 3171 1.89 1.72 na
Ground beef V512 179.8 6293 1.84 1.47 na

Feces Bouillon1 119+116.8" 4165+4088"  1.78/1.77" 1.13/1.11" 6.4

Feces Bouillon2 60.2 2107 1.78 0.97 6.7
Rectal swab  Bouillon3 35.2 1232 1.79 0.95 8.5

Feces Bouillon4 52+35" 1820+1225" na/1.78" na/0.85" 6.4
Rectal swab  Bouillon5 53.8+48.2" 1883+1687" na/1.73" na/0.74" 8.9

Table 7 : Properties of DNA extracted from presumptive-positive milk and ground beef enrichment and
naturally contaminated feces or rectal swab enrichment.
Two technical replicates were used for some samples and are represented with *.

After taxonomic assignment, an extraction of E. coli reads is performed, which are then mapped
onto O-group genetic markers to detect the presence of multiple strains as well as eae and stx
genes. Results from read mapping on O-group, stx and eae genes, showed that for most samples
(11/13) a variety of E. coli strains were present but the stx and eae genes were barely detected
(below 10 reads), as presented in Table 8. In these samples, no STEC strain could be completely
assembled as the generated assemblies were highly fragmented (Table 8). The presence of stx
and eae genes was not detected (<3x) in 7/13 samples.
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Figure 16 : Barplot representations of the most abundant genus (>2%) detected in long-read sequencing
from A: feces or rectal swab samples from contaminated patients, B: presumptive-positive raw milk

cheese enrichments (37°C for 18-24h without

acriflavine) and C: presumptive-positive ground beef

enrichment broths (37°C for 18-24h without acriflavine). Values represent Escherichia reads abundance

in percent.
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Table 9 presents quantification results on stx and eae genes, but also E. coli generic marker
(either wecA or cdgR) as well as espK and espV in number of copies per mL of DNA extract
(copies.mL™). Quantification results show that the STEC did not reach the required level post-
enrichment to be fully characterizable in all raw-milk cheese samples, three clinical samples
and three ground beef enrichments. In addition, the overall amount of E. coli data sequenced
was very low (Fig. 16) and several E. coli strains appeared to be present in the samples (Table
8), probably at higher concentrations than the STEC (wecA or cdgR) which presumably
prevented its proper characterization.

Indeed, from all raw-milk cheese samples, the stx gene was detected in only one sample
(608839) with a read depth of 8. In this sample, an E. coli MAG was obtained but the assembly
was fragmented (44 contigs) making it impossible to characterize the strain (Table 8). The
presence of espK and espV markers was quantified to 10° copies.mL™ in only one raw-milk
cheese sample (608961) using qdPCR which was below the threshold (10 copies.mL™).
Following our workflow, it was not possible to detect the STEC as it did not grow to the required
level, many E. coli strains were present (1:100 ratio of STEC:other E. coli) and represented
only 21.01% of the genus sequenced in the sample.

In all clinical samples, the presence of an eae-positive STEC was confirmed by the NRC. Using
gdPCR, eae and stx genes were quantified below the threshold as represented Table 9 and were
not detected (<3x) in 3/5 samples (except Bouillon 4, stx2 read depth of 11x). Indeed, these
three samples (Bouillon2-4) had low contamination levels as they were detected with late Ct-
values by the RD hospital. On the contrary, in samples Bouillon 1 and Bouillon 5, both stx and
eae genes were quantified above the threshold value using qdPCR (Table 9) and were detected
in each sequenced data (Bouillonl and Bouillon5 in Table 8). However, due to the low
proportion of Escherichia data (Fig. 16) and the presence of different E. coli strains (Table 8),
the resulting assembly showed stx and eae genes on two different contigs, which did not allow
characterization of an eae-positive STEC. Although characterization was not possible using the
STECmetadetector, the machine learning approach allowed the identification of eae-positive
STEC in these two samples (Table 8).

Similarly, in ground beef, both stx and eae genes were located on different contigs for one
sample (V394) using the STECmetadetector pipeline but the presence of an eae-positive STEC
was identified with the ML approach. In this sample, the genetic markers were quantified above
the determined threshold. However, the low amount of data generated led to a genome coverage
of 9x which was not sufficient to correctly assemble the eae-positive STEC genome (required
35x coverage was determined previously as described in Publication 3). Two samples did not
contain the stx gene (V512 and V107). One of these samples was found negative for espK and
espV, suggesting the presence of an EPEC and an STEC simultaneously. However, sample
V512 had low concentration of STEC post-enrichment (around 10* copies.mL?), which,
combined with the presence of multiple strains and low proportion of Escherichia reads
(26.95%) did not allow its detection. Nevertheless, one sample (sample V1001) was
characterized as an eae-positive STEC with both genes on the same contig using the
STECmetadetector pipeline. Although this sample showed a low proportion of Escherichia
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reads (4.8%) and the quantification did not reach the threshold (107 copies.mL™?), it was the
only E. coli strain present in the sample (Table 8, 9; Fig. 16).

Interestingly, in all raw-milk cheese samples, beef samples and in clinical samples where no
STEC was characterized, quantification of eae, stx showed quantification levels lower than the
threshold of 108 copies.mL™ that was determined to be necessary to characterize the STEC.
Yet, for samples in which the threshold was reached (Bouillonl1, Bouillon5), it is the presence
of additional E. coli or the low amount of data (\VV394) that impeded characterization. In fact, a
STEC:E. coli ratio below 10:1 did not permit the characterization of the strain, though the two
genes were detected in the generated assembly. The identification of an eae-positive STEC of
serotype O177:H25 using both the STECmetadetector and ML is of importance since similar
strains have previously been described from cattle (stx2a or stx2d, eae- positive) (Montso et al.,
2022, 2019; Sheng et al., 2018). In sample V394, the presence of an eae-positive STEC was
determined using the ML approach. As few data were sequenced belonging to that strain, the
STECmetadetector could not show the presence of both genes in the same genome. Yet, the
detection of O182:H25 is also of significant importance as eae-positive STEC of this serotype
were also reported in cattle (Mussio et al., 2023; van Hoek et al., 2023) and belongs to the main
non-0157 O-groups reported to cause human illness in Europe (EFSA and ECDC, 2017). The
machine learning approach allowed us to confirm the presence of an eae-positive STEC.
However, it does not enable any characterization of the strain. By combining the two
approaches, it could be possible to find characteristics of the eae-positive STEC identified since
it is based on the same assembly.

Nevertheless, the ML also depends on the quantity of E. coli data sequenced that proved
difficult to reach on clinical samples (Table 9). In addition, both the low percentage of E. coli
reads and the presence of multiple strains prevented the sequencing of enough STEC data.
Indeed, as it is based on assembly it needs at least three reads that carry each gene, otherwise it
will not be included in the Flye assembly. Additionally, as observed on clinical samples, the
limits may lead to false-negative samples as the eae-positive STEC present in Bouillon 3-4-5
was not even detected but were confirmed by the NRC, Table 8. Similarly, in ground beef, the
presence of an eae-positive STEC of serotype O157:H7 was not detected using our approach
but was isolated by the NRL E. coli. Here, an optimized enrichment broth might have reduced
the proportion of background bacteria resulting in a higher sequence data output for the STEC
strain and thus, preventing false-negative results with our method.

Overall, the results obtained on presumptive-positive or naturally contaminated samples
confirmed the previously identified limitations of the developed workflow.
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Table 9 : Quantification results obtained from extracted DNA on eae-positive STEC virulence factors

using qdPCR.
Quantified virulence markers were stx1, stx2 (or stx2a*), eae, espK and espV. E. coli generic marker

was also quantified using either cdgR or wecA.
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Chapter 6: Discussion

The current methods for STEC detection and characterization from food matrices can leave a
significant proportion of samples as presumptive positives, which cannot be confirmed with a
successful isolation of strains. This situation is a conundrum for all involved parties: food
producers, reference laboratories as well as decision makers. We endeavored to develop new
approaches to characterize STEC strains directly from food samples, without the time-
consuming and laborious isolation steps. The Metadetect project aimed at assessing the
potential of new long-read metagenomics approaches to better characterize STEC from
contaminated raw milk. The work accomplished during this project allowed us to propose a
complete workflow from raw milk enrichment to data analysis for full STEC characterization,
as represented on Figure 17. Altogether, these approaches show the potential of long-read
sequencing for identifying and when possible characterizing STEC from various food samples
but also show the limits faced at that time (Fig. 17, represented with caution signs).

Following the complete workflow, we demonstrated that a major limitation of our method is
the requirement of a minimum of 108 copies.mL™ of STEC post-enrichment/prior to sequencing
to characterize the STEC when no additional background E. coli is present, in raw milk. We
have shown that the presence of multiple E. coli strains hampered STEC characterization and
determined that the proportion of STEC to commensal strains should be above 10:1 to be
characterized. Although the quantity of STEC data was also shown to be important for the
machine learning-based approach, the latter was not sensitive regarding the presence of other
E. coli strains. When applying the developed method on enrichment broths of different
matrices: beef, raw-milk cheese and feces kindly provided by collaborating laboratories, we
confirmed these were the limiting conditions. Here, we will discuss the complete workflow

with its limits, possible improvements that may be envisaged and its application in real life.
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Figure 17: Representation of the workflow developed for eae-positive STEC characterization from raw

milk and its limits.

The first two triangles do not represent limits by themselves but points that can be improved. The limits
of the methods are represented with caution signs 3 and 4 for the assembly limits regarding the quantity
of STEC data and the characterization limit in a multiple strain sample, respectively. Possible
improvements are represented with validation signs at different steps of the workflow and will be

discussed here.
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1. Determine the enrichment conditions

As represented in Figure 17 (caution sign 1), we first included an enrichment step. For this, |
used eae-positive STEC MinlON sequencing data of isolated strains to compare the amount of
data required to generate a contiguous assembly with the amount of data generated from raw
milk with our method. I found that most STEC assemblies were complete (chromosome in 1 or
2 contigs) at 35x genome coverage using Flye assembler (Kolmogorov et al., 2020; Maguire et
al., 2021). The study of Maguire and colleagues determined that STEC could be completely
assembled from 1078 cfu.mL™, in wastewater (Maguire et al., 2021). Such high concentrations
are rarely reached in naturally contaminated samples, as STEC contamination may be low
(Caprioli et al., 2005; EFSA, 2020). Hence, | included an enrichment step to reach the required
STEC concentration (108 CFU.mL™, (Maguire et al., 2021)) and genome coverage of 35x from
raw milk samples. This step is necessary as STEC concentration below the threshold of 108
copies.mL? resulted in the generation of insufficient data; resulting into fragmented assemblies

that did not allow STEC characterization (Fig. 17, caution sign 3).

The ISO/TS-13136:2012 technical specification recommends an enrichment step for 18-20h at
37°C in BPW supplemented with acriflavine at a final concentration of 12 g.L™* for dairy
products (ISO, 2012). However, the use of acriflavine is widely discussed as it was shown to
affect the growth of some STEC strains (Amagliani et al., 2018; Mancusi and Trevisani, 2014).
A revision of the ISO/TS-13136 discussed at that time suggested to enrich at 41.5°C without
using acriflavine. | compared the growth of eae-positive STEC of serotype 026:H11 in raw
milk using both temperatures with or without acriflavine based on the proportion of reads
obtained after sequencing and the contiguity of the assembly. The use of acriflavine was
beneficial for the two eae-positive STEC strains used in this study, as it reduced the growth of
Gram-positive bacteria, which are usually predominant in raw milk and can impede STEC
growth thereby reducing the proportion of E. coli reads available for analysis. Therefore, I
included acriflavine in the enrichment broth (Fig. 17, caution signl). When we applied the
method on presumptive-positive or naturally contaminated samples for which all enrichments
were performed at 37°C without acriflavine, low proportions of E. coli were detected and
growth to the required quantities was not achieved for most of the samples. More studies on the

effect of acriflavine on different STEC strains together with the information about their
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pathogenicity potential could provide information on whether the method is suitable for
application on naturally contaminated samples for all STEC strains.

An ideal case would be to remove the enrichment step, though it is not an additional step
compared to the 1SO/TS-13136:2012 as is it performed before the detection of stx and eae
genes. For screening of specific genes using gPCR, enrichment conditions do not necessitate to
be as stringent since it amplifies specific targets and is sensitive regardless of the presence of
additional strains. It has been shown that shotgun sequencing approaches (without enrichment)
could rapidly detect or characterize low-abundant pathogens directly from food matrices
(without enrichment) (Grutzke et al.,, 2021; McArdle and Kaforou, 2020). However,
characterizing STEC carrying an adhesion system acquired from other E. coli or organisms is
more complex. Without enrichment, Azhineiro and colleagues could detect the presence of the
stx gene within 2 hours of MinlON sequencing, but not characterize the STEC strain (Azinheiro
et al., 2021). Buytaers and colleagues achieved strain-level characterization of STEC from
artificially contaminated beef samples after 12 hours of MinlON sequencing without previous
enrichment by using host DNA depletion kit, considerably reducing host DNA (Buytaers et al.,
2021). However, they sequenced a single sample per flow cell, thereby considerably increasing
the amount of data generated by sample; but also considerably increasing the cost. To avoid
enrichment, host depletion Kits can remove some host DNA, but also results in low DNA vyields
that are typically below ONT requirements. In this study, | have shown that, to date, the
enrichment step is necessary as we aimed at characterizing eae-positive STEC and not detect
or identify STEC presence solely based on stx gene. In addition, including an enrichment step
provided a beneficial side-effect as it reduces the host/bacterial DNA ratio. Further enrichment
conditions optimization can include the use of antibiotics, adapting temperature or reducing
incubation time (Fig. 17, improvement sign 1). It is noteworthy that here | used the classical
enrichment time of 18-24h but this time could probably be reduced to 8 hours that corresponds

to E. coli stationary phase in BPW.
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2. Extracting HMW DNA from raw milk

The next step is the extraction of HMW DNA from raw milk. Indeed, the extraction of a high
quantity of pure intact gDNA is a prerequisite for MinlON sequencing. At the start of this
project, several studies comparing extraction methods to obtain DNA suitable for MinlION
sequencing from different matrices were available, but none specific to STEC, and none from
raw milk (Bouso and Planet, 2019; Ghaheri et al., 2016; Mayjonade et al., 2016; Penouilh-
Suzette et al., 2020; Schalamun et al., 2019). DNA extraction methods from raw milk focused
on subsequent gPCR or short-read sequencing analysis, which do not take into account DNA
integrity/degradation, a critical parameter for MinlON sequencing (Cremonesi et al., 2021;
Parente etal., 2020; Quigley et al., 2012; Siebert et al., 2021; Usman et al., 2014). Our objective
was to find (i) a DNA extraction method with an efficient cell lysis step (to recover the
maximum amount of DNA), while being gentle enough (to protect the DNA from degradation
and obtain contiguous STEC assemblies after sequencing using ONT technology) and (ii) a
purification step efficient enough to remove raw milk contaminants (Parente et al., 2020;
Porcellato et al., 2021).

Although many studies favored the phenol-chloroform DNA extraction method (Bouso and
Planet, 2019; Ghaheri et al., 2016; Maghini et al., 2021; Mayjonade et al., 2016; Schalamun et
al., 2019; Trigodet et al., 2022), we excluded this approach for practical reasons in favor of
commercially available DNA extraction Kits. These Kits usually include a cell lysis step
(mechanical, enzymatic or chemical) followed by a DNA purification step performed on
magnetic beads or on a column on which the DNA is captured/retained and then eluted, or by
precipitating (salting-out) the DNA. Both the cell lysis procedure and the purification method
have an impact on quantity, quality and integrity of DNA extracted. In our comparison, we used
only enzymatic cell lysis procedure and tested the three different DNA purification methods on
STEC pure cultures. Enzymatic cell lysis combined with bead-based or salting-out DNA
purification methods proved to be more gentle and avoided DNA shearing (Gand et al., 2023;
Salonen et al., 2010; Zhang et al., 2022), although salting-out showed the lowest degradation
profile (Eagle et al., 2023; Jones et al., 2021; Nouws et al., 2020; Schalamun et al., 2019;
Trigodet et al., 2022). The DNA extracted using the bead-based (AMPureXP) and the salting-
out (MasterPure) Kkits, which were the only two allowing the extraction of DNA matching ONT

requirements, was sequenced and we compared their performance on STEC genome assembly.
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Both methods were shown to be suitable to obtain complete STEC assemblies. Similar results
were obtained with Salmonella (Eagle et al., 2023). However, the salting-out methods allowed
the generation of longer reads and higher coverage (Eagle et al., 2023). Longer reads are
important as they can span the numerous repeated regions present in STEC (mostly phage-
related sequences over 7 kb) to produce contiguous STEC genome assemblies (Koren et al.,
2013).

As this approach aimed at characterizing STEC from raw milk, | have further verified that the
salting-out method (MasterPure kit) was efficient on raw milk samples. From raw milk, this
method allowed the extraction of sufficient quantities of long DNA fragments to perform
MinlON sequencing, while removing contaminants. With this study, | could select an
appropriate method to extract HMW DNA suitable for MinlON sequencing from raw milk with
the capacity to generate contiguous STEC assemblies. Nevertheless, the freezing process of raw
milk was responsible for DNA degradation, and | recommend working on fresh raw milk.
Additionally, | tested the salting-out (MasterPure kit) DNA extraction method on ground beef
and raw-milk cheese enrichment broth (presumptive-positive samples) and feces (or rectal
swab) samples (STEC contamination confirmed) from which high quantities of DNA could be
recovered but the quality (purity and integrity) was not as good as expected. This demonstrates
that each matrix has its own specificities and that the DNA extraction method should be

optimized accordingly for each specific experimental study.

3. Screening of virulence genes stx and eae using gPCR

DNA extracts are further screened for the presence of stx and eae genes. Positive samples as
detected by gPCR performed according to the 1SO/TS13136:2012 are then sequenced and

processed as developed here. So far, the qPCR methods remain sensitive and cost-effective.

In the future, it could be envisaged to omit the gPCR step if sufficient data are reliably generated
after raw milk enrichment. Indeed, direct sequencing of food samples using the MinlON was
shown to be sensitive to detect STEC (based on stx gene presence) (Maguire et al., 2023).
Furthermore, while the sequencing cost currently constitutes an obstacle, it has decreased
steadily over the last decade and may continue to do so to the point where it may be a viable
alternative; especially considering that, contrary to qPCR equipment, MinlON sequencing does

not require any investment cost or maintenance cost.
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In our case, we did not aim at detecting but characterizing eae-positive STEC that requires an
enrichment and the screening step to reduce the number of samples to sequence. Nevertheless,
if we could combine both the potential to generate sufficient data from raw milk without the
need to enrich and perform direct MinlON sequencing, it would save time to testing laboratories
considerably. Some improvements still have to be considered regarding the amount of data
generated and in terms of data accuracy to allow the characterization in presence of multiple

strains. These improvements are discussed in Section 4.3, Discussion.

4. Developing a tool for STEC assembly from long-read metagenomics data

4.1. From base-calling to STEC characterization

The developed method, except from being optimized for an application in long-read sequencing
of raw milk, does not deviate from the 1ISO recommendations, so far. Here | tested the use of
MinlON sequencing to characterize STEC instead of the isolation step followed by isolate
characterization performed using gPCR and/or short-read sequencing. | sequenced 5-6 samples
per MinlON flow cell and performed base-calling locally on a GPU-enhanced computer to use
models with increased accuracy (hac or sup model). As bioinformatics skills are needed to
analyze MinlON sequencing data (post-base-calling), |1 aimed at developing a pipeline to
facilitate data analysis. We developed a snakemake pipeline that allows reproducible analysis
of MinlON sequencing data and automatic analysis without the need to run the different
commands manually (Mélder et al., 2021). In addition, it runs different jobs in parallel, which

saves time and computing resources.

After filtering and trimming the sequencing data, the STECmetadetector pipeline performs a
taxonomic assignment of the reads using kraken2 (Wood et al.,, 2019). In classical
metagenomics analysis, reads are first assembled using a metagenome assembler and resulting
contigs are sorted into bins for further classification and reconstruction of genomes into so-
called MAGs (Metagenome-assembled genomes) (Goussarov et al., 2022). However,
metagenomics assemblies require many resources, in particular memory usage that can be a
limiting factor. To circumvent this problem, | reduced memory usage and the amount of
required resources by extracting E. coli reads (Fig. 17) (Siekaniec Grégoire, 2021). E. coli reads

are screened for the presence of multiple strains based on the O-groups as well as on stx and
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eae genes, which serves as a quality control and informs on the subtypes of the genes that are
epidemiologically important (e.g., stx2d, stx2a, as discussed in Section 9.3, Chapter 2). E. coli
reads are then assembled using Flye or Canu (Kolmogorov et al., 2020; Koren et al., 2017).
Each assembler has its own properties but both Flye and Canu allow plasmid reconstruction, an
important feature for STEC assemblies (Johnson and Nolan, 2009; Safar et al., 2023; Wick and
Holt, 2019). Although Flye performed better for assembling STEC genomes using MinlON
data, as Canu produced longer, repetitive assemblies and was time-consuming (Sanderson et
al., 2023; Wick and Holt, 2019), we included an option to the pipeline for the usage of Canu.
The STECmetadetector pipeline produces a html file summarizing the main results including
the microbial flora, the detected O-groups, stx and eae genes and the characterization of the

generated assembly (E. coli virulence genes, serotype and MLST, Fig. 17).

4.2. Further use of the STECmetadetector pipeline

Here we generated a pipeline to characterize STEC from MinlON data, with a specific attention
regarding eae-positive STEC. However, this pipeline can be applied to characterize any
pathogenic E. coli, as for example hybrid E. coli. However, for reasons of convenience, only
STEC are mentioned in the final report file (Fig. 17, caution sign 2). In fact, not only the whole
E. coli virulence genes database from the CGE and specific EHEC markers are included, but
also, custom databases may be used. | had the opportunity to participate in a proficiency test
organized by the VTEC EURL (Rome) and applied the developed method on artificially
contaminated cheese samples. | could correctly identify the presence of an EAEC (aggR-
positive) strain of serotype O104:H4 ST678 and an STEC (stxlc - positive) of serotype
0178:H4 in the samples. The absence of microbial flora allowed us to characterize the strains.
However, the generation of contiguous assemblies was not possible. This is most probably
related to the matrix itself as the A260/A230 purity ratio was low and impurities might have
blocked pores resulting in lower flow cell output compared to what we obtained from raw milk.
Indeed, slightly less than 300 Mb of Escherichia reads were obtained per sample, which
corresponds to a genome coverage below 50x. Although 35x coverage was determined to be
sufficient, the generated reads were fragmented with an N50-value below 4 kb (N-50 value of
2 250b for sample 1 and of 3 500b for sample 2).
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(Presentation is available at https://www.iss.it/documents/20126/8707308/221011 EURL-
VTEC _Rome JAUDOU.pdf/bbddc373-2384-18ad-7¢c57-d2e63f67c4c97t=1684859293955).

4.3. Assembly limits

The main limitation faced using this approach is at the assembly level. Not only should the
quantity of STEC be sufficient for assembling the complete genome, but also the presence of
multiple E. coli strains may lead to STEC characterization failure. Increasing the output of
STEC data might help characterizing the strain using an assembly-based approach (Fig. 17,
improvement sign 3). It is important to enrich with the proposed conditions to maximize the
chances of attaining the required threshold of 108 copies.mL? of STEC post-enrichment and
35x genome coverage (Fig. 17, caution sign 1). Despite the enrichment conditions of raw milk,
further improvements might be envisaged as enriching the DNA of the bacteria rather than the
bacteria itself. PCR-based enrichment that targets specific genomic regions has the advantage
of requiring low DNA inputs and low hands-on time. Other approaches such as hybridization
with for example, capture methods were tested to enrich in the plastid genomes of various plant
species (Bethune et al., 2019). We could imagine applying those methods by targeting E. coli
core genome and eae-positive STEC specific virulence factors (stx, eae, Sp4, Sp6, SpLE1 and
SpLES3). Despite targeting specific regions of the genome, the capture of long fragments could
allow enrichment of the whole genome. Alternatively, Hi-C methods, which captures DNA-
DNA interaction in vivo, were shown to help de novo assembly as well as assigning phages to
their host from metagenomics data and resolve MAGs (DeMaere and Darling, 2019; Hill et al.,
2022; Stalder et al., 2019). Exploring the application of Hi-C methods to long-reads to allow
cross-linking of DNA fragments for resolving the carriage of eae and stx genes by the same cell
would be of interest. At sequencing level, ONT is developing targeted sequencing, in which
only the reads that match a reference genome are sequenced, which could help in sequencing
only reads mapping to E. coli genome and shorten data processing. Nevertheless, due to the
diversity found within E. coli strains, some genomic features might be excluded. Overall, these

improvements might lead to higher STEC data output (Fig. 17, improvements 1 or 3).

Despite improving the outcome of STEC data from MinlON sequencing, further improvements
regarding accuracy could increase differentiation level of E. coli strains present simultaneously

in the sample, as represented on Figure 17 with caution sign 4. In fact, assemblers require at
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least 5% divergence to distinguish individual genomes (Luo et al., 2022) which corresponds to
the species delineation limit (Ciufo et al., 2018; Jain et al., 2018; Richter and Rossell6-Mora,
2009). Despite the variety present within E. coli strains, it appears difficult to distinguish
different E. coli strains with current long-read assemblers. Therefore, Flye generated
fragmented assemblies when several E. coli strains were present (Vicedomini et al., 2021; Wick
and Holt, 2019). Most STEC carry virulence factors acquired from MGEs via HGT, which vary
in codon usage and GC content and may not be recognized by the assembler as belonging to
the STEC. The LEE (which carries eae gene) is a good example, as its GC content (38%) is
different from the E. coli core genome (50%). In this study, when more than one E. coli strain
was present in the sample, the LEE was consistently isolated on a separate contig. In a recent
study, a mixture of E. coli strains including EPEC, EAEC, ExpEC and STEC, with STEC to
other E. coli ratio of 17:100 and 2:100, was processed using the MinlON and its data analysis
program (WIMPS). It is noteworthy that they did not aim at characterizing STEC but detecting
STEC in case of phage loss. Yet, when the STEC proportion was 2% compared to other E. coli,
it could not even be detected as the stx gene was not assembled (Tunsjg et al., 2023). These
studies also support the fact that full STEC characterization is hampered by the endogenous E.

coli strains present.

As the presence of multiple E. coli strains is an obstacle to the assembly of the LEE in the STEC
chromosome, it is crucial to find post-assembly approaches that can differentiate the presence
of eae-positive STEC from the presence of an EPEC and an STEC strain (Fig. 17, improvement
sign 4). Recently, strainberry was developed to separate multiple strains from the same species
from long-read sequencing data post-assembly (Vicedomini et al., 2021), which was included
(the only tool available at that time) in the STECmetadetector pipeline. However, it did not
perform well on our samples and generated chimeric assemblies. More recently, a pipeline
using a similar approach was developed for long-read metagenomics named MetaBooster
pipeline that uses VeChat and Canu to correct the reads prior to assembly, and uses strainberry
to separate the strains, which should generate higher strain-resolutive assemblies (Luo et al.,
2022). The results observed in this project highlight the need for strain-aware assemblers or
alternative approaches that circumvent problems encountered when using current long-read

assemblers.
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5. - Alternative approaches: machine learning

Although the assembly is an ideal tool for characterizing STEC strains, the use of alternative
approaches might help identifying potentially pathogenic STEC. Assembling genomes from
metagenomics data typically results in highly fragmented assemblies with scaffolds, which may
belong to the same genome. In this case, it is unlikely that stx and eae genes, which may be
more than 2 Mb apart on the chromosome, are co-localized on the same contig. As we have
shown, the quantity of STEC should be 10-times higher than other E. coli strains. Finding an
alternative approach that allows the identification of eae-positive STEC even at low coverage
and when the STEC to other E. coli proportion is comparable, would significantly improve the

method.

Here, we aimed at finding another approach assessing the presence and co-localization of stx
and eae genes. Within the diversity of E. coli strains some only carry the stx gene (STEC),
others only the LEE (EPEC), while some have both stx and eae genes (typical EHEC, or eae-
positive STEC causing HUS). The simultaneous presence of these genes in a strain leads to two
hypotheses. Either the presence of these two genes in a genome is random or their co-integration
and/or maintenance in a chromosome necessitates a specific genetic background. Although the
stx-phage integration may be mediated to different E. coli strains, different studies have shown
that certain genetic markers (mainly T3SS effectors) appeared to be preferentially associated to
typical EHEC (eae-positive STEC), constituting a genetic signature for their identification
(Bugarel et al., 2010a, 2010b; Coombes et al., 2008; Delannoy et al., 2016, 2013b, 2013a;
Imamovic et al., 2010; Karmali et al., 2003; Konczy et al., 2008). Moreover, these genetic
markers in combination with stx and eae were proved to be efficient to lower the number of
presumptive-positive raw milk samples (Delannoy et al., 2022). Machine learning approaches
have shown their potential in predicting the pathogenic potential of STEC based on their genetic
profile (Im et al., 2021; Njage et al., 2019) or in source attribution studies (Lupolova et al.,
2021, 2016). Altogether, these studies show that the diversity within E. coli strains, including

eae-positive STEC, might depend on their genetic background.

To test this hypothesis, we constructed a database of approximately 1 425 complete (or almost
complete) E. coli genomes from NCBI GenBank further annotated using the Sakai reference
genome. Using a pan-genomic analysis and the power of machine learning, we could identify

6 markers which combination of presence/absence could accurately predict the presence of eae-
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positive STEC from assemblies even when additional E. coli strains were present in a ratio of
STEC to commensal below 10:1. Interestingly, those markers were located on genomic island
carrying the genetic markers identified previously as associated with eae-positive STEC,
particularly Sp4 (Ol1-44) and Sp6 (OI-50) (Delannoy et al., 2016). This method is still based on
assembly and depends on the enrichment step performance as it requires enough STEC to be
sequenced, but appears to be a great alternative to the STECmetadetector in case where other
E. coli strains are present (Fig. 17, caution sign 3). We could precisely identify the presence of
eae-positive STEC by analyzing the presence/absence of six genetic markers assessing their

carriage by the same cell.

The small number of markers used by the machine learning algorithms provides an advantage
in the case of low abundance of eae-positive STEC, as it only requires the data for six genes.
Indeed, characterization of eae-positive STEC using assembly only depends on the presence of
highly related bacteria in the samples and the proportion of data generated for the STEC
compared to the other E. coli. However, the machine learning approach is less sensitive to the
presence of multiple strains and requires the six markers to be sequenced to at least 3x (depth)
for being included in the generated assembly. Moreover, the reduced number of markers allows
further development for an application in the laboratory using PCR methods (including a short
algorithm to interpret the results and conclude on the presence of eae-positive STEC in the
sample). The machine learning approach can be implemented in the STECmetadetector pipeline
for identification of eae-positive STEC. A further development could include the detection of
these genetic markers during the PCR analysis and positive samples processed using the
STECmetadetector pipeline on MinlON sequencing data for characterization of the strain.
Altogether, these results also tend to show that there should be a particular genetic structure
favoring the gathering of stx-phage and the LEE in a same chromosome, though it does not

prove it.
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6. Other alternative approaches

Overall, if the conditions determined to be necessary (STEC quantified to 108copies.mL* post-
enrichment and minimum STEC:commensal ratio of 10:1) are not met, it is currently not
possible to fully characterize eae-positive STEC from naturally contaminated raw milk samples
using the assembly-based approach and the tools available (Tunsjg et al., 2023). Indeed, a
species-level consensus assembly is generated suppressing the strain-level variability.
However, with the increasing number of tools and approaches being developed to achieve

strain-level characterization, this may soon become a reality.

Different post-assembly approaches have been developed and some of them were tested in this
project. First, binning approaches were tested, although very few programs were developed and
only designed for short reads (e.0. MaxBin2, STRAINEST:
https://github.com/compmetagen/strainest) (Goussarov et al., 2022; Wu et al., 2016). Binning
can be performed on reads or contigs based on different parameters as coverage/depth, k-mer
frequencies, or tetranucleotide frequencies. A promising read binning tool was developed
specifically for long reads, LRBinner (Wickramarachchi and Lin, 2022) but was not tested
during this project. On the contrary, contig binning approaches, which group scaffolds
belonging to the same genome into bins, were tested but generated chimeric contigs. Similarly,
another approach that is based on variant calling e.g., used by Strainberry, did not allow the
separation of the different E. coli strains, instead generating chimeric phases (contigs) (e.g.
026:H10 and O2:H11, in which the H-type were exchanged). Here, long reads are mapped to
assembled contigs (long-read sequencing data) leading to the separation of the variants (named
haplotypes) that are further assembled and scaffolded (Vicedomini et al., 2021). Recently,
stRainy using a similar approach (assembly graph, SNPs, resolve haplotypes) was developed
and was shown to perform better than strainberry (Ekaterina Kazantseva et al., 2023). Very
recently, a new assembly approach for generating MAGs was developed but was unfortunately
not tested in this project. The metaMDBG assembler was tested on a mock community
containing 21 strains including 5 E. coli strains and generated a single circular contig for the
two most abundant E. coli strains (Benoit et al., 2023).

All these approaches are promising, yet, the high error rate of MinlON sequencing data (using
the R.9.4.1 chemistry) limits their efficiency. However, the generation of data with accuracy

similar to Illumina might allow the successful application of these post-assembly strain
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separation tools. ONT is in the process of strengthening the weak point of their technology:
accuracy. First, they constantly improve their base-calling process (to convert the raw signal
obtained from the MinlON to sequences). So far, they provide three base-calling models with
increasing accuracy and time of analysis. The recently released super accuracy model (sup),
allows more precise characterization of the strain, especially for analysis such as MLST,
frequently undetermined when the data were base-called using the hac model. However, both
hac and sup models currently require significant computing resources. Additionally, ONT
released different generations of pores and chemistry, and the new generation R.14 should
provide data reaching 99.9% of accuracy. Combined with targeted sequencing, it shows that
ONT sequencing will potentially be able to generate pertinent accurate data rapidly (Fig. 17,
improvement sign 4). Some studies conducted to test ONT sequencing in case of outbreaks
have proved its efficacy to detect STEC in 2 hours but not for characterization yet (Azinheiro
etal., 2021).

With the improvements of ONT especially regarding the accuracy, other bioinformatics
approaches of distinguishing different strains would become available. Indeed, for now the use
of k-mers, SNPs or variant calling approaches are not ideal considering the error-prone reads.
However, with increased accuracy we could imagine the generation of a pipeline which
combines a binning step to bin reads according to their abundance, k-mers frequency or
diversity or even using variant calling approaches, with assemblies to resolve strain-level
variations. In particular, k-mers approaches seem promising to rapidly identify the presence of
eae-positive STEC since they are based on reads, are less resource-demanding and quicker than
assembly-based and read-binning approaches (Buytaers et al., 2021). In this project, we
generated a mash reference using our database composed on 1 425 genomes initially
constructed for the machine learning approach. We then developed a python script using mash
screen (Ondov et al., 2019) to find the closest genome in this reference to each read in a sample
and predict the composition of the sample (in particular, the presence of eae-positive STEC).
Although it did not work for one sample (V394), it seems promising as it allowed the
identification of eae-positive STEC in all other samples and in silico mixtures tested in this
project and correctly indicated the presence of multiple strains in most cases.
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Conclusion

Overall, in this project we have demonstrated that it is possible to characterize STEC strains
(particularly eae-positive STEC) from raw milk and that this method may be applicable to other
samples such as raw-milk cheese, beef or clinical samples, with further optimization of DNA
extraction. The developed method as it is now does not aim at replacing the gPCR screening
step but rather the characterization of positive samples performed by reference laboratories on
isolated strains. It was shown to be efficient and could avoid the laborious work done to isolate
the strains. Nevertheless, the limits observed here on the quantity of STEC data generated and
the assembly tools that does not allow strain separation renders the application of the method
limited. At present, MinlON sequencing is not optimized for application in cases where eae-
positive STEC urgently needs to be characterized. As we have observed in sample like V512
contaminated with 10* copies.mL™ of O157:H7 eae-positive STEC, the strain was isolated by
the NRL E. coli but not detected by our approach. It shows that the method is currently
inadequate when the contamination level is low. For such samples, the traditional workflow
currently remains the best. Nevertheless, it is noteworthy that the 0157 strain was isolated
because its serogroup belonged to the Top-5 and specific antibodies were used during
immunoseparation to improve the recovery of the strain and allow its isolation. Isolation
procedure without the use of immunoseparation might not be as successful. Furthermore, due
to the new pathogenic STEC classifications (Section 9.3, Chapter 2), serogroups are not used.
Therefore, the immunoseparation could soon become obsolete. Here, this approach allowed the
identification and characterization of samples from the same source highly contaminated with
potentially pathogenic eae-positive STEC of non-Top5 O-groups that would not have been
detected using classical approaches (V394 and VV1001). If the use of serogroup-based methods
is abandoned in favor to stx-subtyping approaches, as recommended by new classifications, our
method might be of interest. Additionally, ONT keeps optimizing their technology not only to
improve data output and particularly targeted sequencing, but also to increase data accuracy to
reach the accuracy of Illumina sequencing. We can imagine that if ONT continues the
development of its technology, the enrichment step would one day not be required anymore and
that background E. coli will not constitute a challenge to characterize STEC from complex

matrices. Indeed, bio-informatic approaches based on variant analysis to distinguish strains
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would be applicable (such as SNPs, k-mers, etc) to characterize different E. coli strains
including eae-positive STEC from raw milk samples.

In the meantime, this work provides a basis for STEC characterization in raw milk and could
further be improved. It allows isolation-free characterization of eae-positive STEC from raw
milk and would be an alternative approach in cases where the strain cannot be isolated.
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A

AJE: attaching/effacing

AAFs: Aggregative adherence fimbriae

AIEC: Adherent invasive Escherichia coli

ANSES: Agence nationale de sécurité sanitaire, alimentation, environnement, travail
ARG(s): Antimicrobial resistance gene(s)

B

BPW: Buffered peptone water

BfR: Bundesinstitute fur Risikobewertung

BHI: Brain heart infusion

C

CF(s): colonization factor(s)

CFU: colony forming unit(s)

cgMLST: core genome multi locus sequence type

CRISPR: clustered regularly interspaced short palindromic region
D

DAEC: Diffusely-adherent Escherichia coli

DBG: De Bruijn graph

DEC: Diarrheagenic Escherichia coli

DIN: DNA integrity number

DNA: deoxyribo-nucleic acid

E

EAEC: Enteroaggregative Escherichia coli

ECDC: European Center for Disease Prevention and Control
EFSA: European Food Safety Administration

EHEC: Enterohaemorrhagic Escherichia coli

EIEC: Enteroinvasive Escherichia coli
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EPEC: Enteropathogenic Escherichia coli

ETEC: Enterotoxicogenic Escherichia coli

EU: European Union

EURL: European Union Reference Laboratory
EXPEC: Extra-intestinal pathogenic Escherichia coli

F

FAO: Food and Agriculture Organization of the United Nations

FGS: First-generation sequencing

FSIS: Food safety and Inspection service

G

Gb3: Globotriosylceramide 3

gDNA: genomic DNA

GI(s): Genomic island(s)

GPU(s): Graphics processing unit(s)

H

HC: Hemorrhagic colitis

HGT: Horizontal gene transfer

HMW: High molecular weight

HUS: Hemolytic uremic syndrome

|

ISO: International Organization for Standardization
L

LAA: Locus of autoaggregation and adhesion
LEE: Locus of enterocyte effacement

LPS: Lipopolysaccharide

LT(s): Heat-labile toxin(s)

M

MAG(s): Metagenome-assembled genome(s)

MGE(s): Mobile genetic element(s)
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ML: Machine learning

MLST: Multi locus sequence type

N

NACMCEF: National Advisory Committee on Microbiological Criteria for Foods
NGS: Next-generation sequencing
NMEC: Neonatal meningitis-causing Escherichia coli
NRC: National reference center

NRL: National reference laboratory
O

O-AGC: O-antigen cluster

OlI(s): O-island(s)

OLC: Overlap-layout-consensus
ONT: Oxford Nanopore Technology
P

PAI(s): Pathogenicity island(s)

PCR: Polymerase chain reaction
PFGE: Pulse-field gel electrophorese
PT: Proficiency test

Q

gPCR: Quantitative PCR

gdPCR: Quantitative digital PCR

R

RKI: Robert Koch Institute

RNA: Ribonucleic acid

rRNA: Ribosomal RNA

S

SGS: Second-generation sequencing
SNV(s): Small nucleotide variation(s)

SV: Structural variation
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SPEC: Septicemic pathogenic Escherichia coli
ST: Sequence type

ST(s) Heat-stable toxin(s)

STEC: Shiga toxin-producing Escherichia coli
"

T3SS: Type three-secretion system

TGS: Third-generation sequencing

TS: Technical specification

U

UPEC: Uropathogenic Escherichia coli

US: United States

USA: United States of America

USDA: The United States Department of Agriculture
Vv

VT: Verotoxigenic toxin

W

wgMLST: whole genome MLST

WGS: Whole-genome sequencing

WHO: World health organization
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- Poster, VTEC2023 (Banff, Canada), May 2023, « Evaluation of the usefulness of
acriflavine in the enrichment of STEC from milk samples »
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Shiga toxin-producing Escherichia coli identification and characterization in raw milk
using long-read metagenomics»
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molecular weight DNA extraction methods for long-read sequencing of Shiga toxin-
producing Escherichia coli »
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« Long-read sequencing to characterize eae-positive STEC in raw milk »
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« Application of MinlON sequencing as a tool for the characterization of STEC in raw
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« Characterization of E. coli from artificially contaminated cheese samples (PT33)
using long-read metagenomics »

188



ECOLE
NATloNALE Xl Doctorale Allmentation
VETERINAIRE :
ALFORT

Paris - 1765

METADETECT: DETECTION OF SHIGA TOXIN-PRODUCING
ESCHERICHIA COLI WITH NOVEL METAGENOMICS APPROACHES
AND ITS APPLICATION ON DAIRY FARMS IN FRANCE AND
GERMANY

SUMMARY:

Current methods for characterizing Shiga toxin producing Escherichia coli (STEC) require strain
isolation, which is complicated by the fact that there is no specific isolation medium that
clearly distinguishes STEC from non-pathogenic commensal E. coli. Therefore, obtaining strain
information using a metagenomics approach would avoid the need to isolate a strain for its
full characterization. In this project, in collaboration with the BfR in Germany, we will evaluate
whether new long-read metagenomics approaches can unambiguously determine whether
specific markers (stx and eae genes) of typical EHEC (Enterohaemorrhagic E. coli) are co-
located in the same strain. Third generation hybrid sequencing approaches will be evaluated.
Appropriate bioinformatics pipelines, developed in collaboration with BfR, will be evaluated
for the analysis of the metagenomic results. These methods will be applied to presumptive
positive or naturally contaminated samples.

KEYWORDS: metagenomics, Enterohemorrhagic Escherichia coli, long-read sequencing,
Shiga toxin-producing Escherichia coli, raw milk, food microbiology.

Ecole nationale vétérinaire d’Alfort

nue du général de Gaulle

0143967
vet-alfort.fr



ECOLE

NATIONALE LMY Doctorale  atmenen

VETERINAIRE B

ALFOR Eubironaneie
METADETECT : DETECTION DES ESCHERICHIA  COLI

PRODUCTRICES DE SHIGA TOXINE A L’AIDE DE NOUVELLES
APPROCHES DE METAGENOMIQUES ET APPLICATION DANS DES
EXPLOITATIONS LAITIERES EN FRANCE ET EN ALLEMAGNE

RESUME :

Les méthodologies actuelles de caractérisation d'Escherichia coli productrice de toxine Shiga
(STEC) nécessitent I'isolement de la souche, ce qui est compliqué par le fait qu'il n'existe pas
de milieu d'isolement spécifique qui distingue clairement les STEC des E. coli commensaux non
pathogénes. Par conséquent, obtenir des informations sur les souches en utilisant une
approche métagénomique éviterait d'isoler les souches pour les caractériser complétement.
Dans le cadre du projet, en collaboration avec le BfR en Allemagne, nous évaluerons si de
nouvelles approches de métagénomique a lecture longue pourraient déterminer sans
ambiguité si des marqueurs spécifiques d'EHEC typiques (E. coli entérohémorragique) sont co-
localisés dans une méme souche. Les approches de séquencage hybrides de deuxieme et
troisieme génération seront évaluées. Des pipelines bio-informatiques seront évalués pour
analyser les résultats de I'analyse métagénomique. Ces méthodes seront appliquées sur des
échantillons naturellement contaminés (présomptifs positifs ou confirmés).

MOTS CLES : Métagénomique, Escherichia coli Enterohémorragique, séquengage long-
read, Escherichia coli productrices de Shiga toxine, lait cru, microbiologie alimentaire.
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