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ABSTRACT

Different dog sizes are associated with variations in digestive physiology, mainly related to the large
intestine and its resident microorganisms. This gut microbiota plays a key role in animal health, supporting
nutritional, immunological and physiological processes. Nevertheless, diseases or antibiotherapy can disturb
microbial equilibrium and induce a perturbated state called dysbiosis. To restore microbiota eubiosis, new
restorations strategies have been developed such as pre-, pro- or postbiotics. However, very few studies have
evaluated their effects on gut microbiota in the context of antibiotherapy. This joint PhD between the
Microbiology, Digestive Environment and Health unit from Universit¢ Clermont Auvergne and the two
compagnies Lallemand Animal Nutrition and Démes Pharma, aimed to investigate the impact of body weight
and antibiotic disturbance on canine colonic microbiota, as well as the potential of microbial restoration
strategies, using in vitro gut models.

This thesis started by evaluating the impact of different methods for faecal sample storage (48-h
freezing -80°C, 48-h -80°C with glycerol or lyophilization with maltodextrin/trehalose) on the kinetics of
microbiota colonization and metabolic activities in the Mucosal Artificial Colon (M-ARCOL). Compared to
fresh stools, inoculating with raw frozen stool without cryoprotectant was the best option among those tested.
Second, thanks to a large literature review, the M-ARCOL model was adapted to reproduce the main
nutritional, physicochemical and microbial parameters specific from small, medium and large size conditions
in a new model called Canine M-ARCOL (CANIM-ARCOL), further validated through in vitro-in vivo
comparisons. This adaptation allowed to reproduce in vitro the increase in Bacteroidota and
Firmicutes abundances and higher main short-chain fatty acid (SCFA) concentrations observed in vivo.
Then, we used the CANIM-ARCOL to perform a mechanistic study, which revealed that nutritional and
physicochemical parameters are enough to shape microbiota activity according to dog size, but faecal
inoculum was necessary to reproduce size-related microbiota composition. The next step was to adapt the
CANIM-ARCOL to diseased situation, focusing on antibiotic-induced dysbiosis. In accordance with in vivo
data, antibiotherapy induced an increase in Enterobacteriaceae, Streptococcaceae and Lactobacillaceae
relative abundances while alpha-diversity and SCFA production decreased. Similar but lower effects
were observed in mucus-associated microbiota. Lastly, we evaluated the effect of the live probiotic yeast
Saccharomyces boulardii CNCM 1-1079 and the heat-inactivated bacteria Lactobacillus helveticus HA-122
on microbiota resistance during antibiotic treatment and resilience afterwards. Of interest, both microbial
strategies decreased the Enterobacteriaceae bloom during antibiotherapy and allowed, in the first two days, a
quicker recovery of microbiota composition and activity, in both the luminal and mucosal compartments.

This PhD work provided pioneering and significant insights into the impact of dog size and
antibiotherapy on canine colonic luminal and mucus-associated microbiota composition and activity, filling
gaps in knowledge in these fields. This work also contributed to a better understanding of microbiota
resilience in response to antibiotic disturbance. In a near future, in accordance with the European 3R’s rules
aiming to reduce at a maximum animal experiments, our in vitro approaches could be used for mechanistic
studies on the interactions between nutrients, feed additives or veterinary products and canine colonic
microbiota. Such experiments could be performed under healthy but also disturbed gut microbial situations
(including obesity, inflammatory bowel diseases or chronic enteropathies), always considering interindividual
variabilities to move towards personalized nutrition and medicine.



RESUME

Diftérentes tailles de chiens sont associées a des variations de la physiologie digestive,
principalement liées au colon et a ses microorganismes résidents. Ce microbiote intestinal joue un rdle clé
en santé, soutenant les processus nutritionnels, immunologiques et physiologiques. Néanmoins, les maladies
ou I’antibiothérapie peuvent altérer 1’équilibre microbien et induire un état perturbé appelé dysbiose. Pour
restaurer I’eubiose du microbiote, de nouvelles stratégies de restauration ont été développées telles que les pré,
pro ou postbiotiques. Cependant, peu d’études ont évalué leurs effets sur le microbiote dans le cadre de
I’antibiothérapie. Cette thése entre 1’unité Microbiologie, Environnement digestif et Santé de I’Université
Clermont Auvergne et les deux sociétés Lallemand Animal Nutrition et Domes Pharma, visait a étudier
I’impact du poids corporel et des antibiotiques sur le microbiote colique canin, ainsi que le potentiel de
stratégies de restauration microbienne, a I’aide de mode¢les intestinaux in vitro.

Cette thése a commencé par évaluer l'impact de différentes méthodes de stockage des
¢échantillons fécaux (congélation 48 h a -80°C, 48 h a -80°C avec du glycérol ou lyophilisation avec
maltodextrine/tréhalose) sur la cinétique de colonisation du microbiote et ses activités métaboliques dans
Mucosal Artificial Colon (M-ARCOL). Par rapport aux selles fraiches, 1'inoculation avec des selles congelées
brutes est apparue comme la meilleure option. Grace a une revue de la littérature, le modele a été adapté
pour reproduire les paramétres nutritionnels, physicochimiques et microbiens spécifiques des conditions du
petit, moyen et grand chien dans un nouveau modéle appelé Canine M-ARCOL (CANIM-ARCOL), validé
avec des comparaisons in vitro-in vivo. Ceci a permis de reproduire in vitro l'augmentation de la
production des principaux acides gras a chaine courte (AGCC), et la prolifération des Bacteroidota et
Firmicutes observées in vivo. Puis, le modéle a permis de réaliser une étude mécanistique, révélant que les
paramétres nutritionnels et physicochimiques fagonnent I'activité du microbiote associ¢ a la taille du
chien, mais que l'inoculum fécal est nécessaire pour reproduire sa composition. Enfin, notre modele a été
adapté pour reproduire la dysbiose induite par les antibiotiques. Conformément aux données in vivo,
l'antibiothérapie a induit la prolifération des FEnterobacteriaceae, Streptococcaceae et Lactobacillaceae,
tandis que la diversité et la production d’AGCC diminuaient. Des effets similaires mais moindres ont été
observés dans le microbiote mucosal. Enfin, nous avons évalué l'effet de Saccharomyces boulardii CNCM
1-1079 et de Lactobacillus helveticus HA-122 tyndallisée sur la résistance du microbiote pendant le
traitement antibiotique et la résilience aprés celui-ci. Les deux stratégies ont réduit la prolifération des
Enterobacteriaceae pendant l'antibiothérapie et permis au cours des deux premiers jours, une résilience plus
rapide de la composition et I'activité du microbiote, dans le lumen et le mucus.

Ce travail a fourni des informations pionniéres et significatives sur l'impact de la taille du
chien et de l'antibiothérapie sur la composition et l'activité du microbiote luminal et mucosal du colon
canin, comblant les lacunes dans ces domaines. Ces travaux améliorent la compréhension de la résilience du
microbiote en réponse aux perturbations antibiotiques. Dans un futur proche, en accord avec les régles
européennes 3R visant a réduire les expérimentations animales, nos approches in vitro pourraient étre
utilisées pour des études mécanistiques des interactions entre nutriments, additifs alimentaires ou produits
vétérinaires et microbiote. De telles expériences pourraient étre réalisées en situations saines ou perturbées
(obésité, maladies inflammatoires de l'intestin ou entéropathies chroniques), en tenant compte des
variabilités interindividuelles pour progresser vers une nutrition et une médecine personnalisées.
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A. Contexte scientifique et réglementaire de la thése

Canis lupus familiaris, ou chien domestique, appartient a la famille des canidés. Descendant du loup gris,
le chien pourrait avoir été le premier animal domestiqué par 'homme il y a environ 20 000 a 40 000 ans. Les
chiens étaient initialement des carnivores stricts, mais au cours de la révolution agricole ils ont probablement
acquis la capacité de digérer I'amidon et sont devenus des carnivores facultatifs. En fonction de leur utilité pour
I'Homme, les sous-espéces de Canis lupus familiaris se sont lentement différenciées, avec 1’apparition de
nouvelles espéces sélectionnées pour des taches spécifiques, comme la protection des troupeaux ou la chasse.
Aujourd'hui, I'espéce comprend environ 400 races avec des variations morphologiques, métaboliques et de taille

et un poids allant de 1 kg pour un Chihuahua a 100 kg pour un Saint-Bernard.

Les chiens occupent une place a part entiére dans la famille et leur santé et leur bien-étre sont d'une
importance capitale pour leurs propriétaires, a tel point que 7 % des chiens frangais ont leur propre assurance
maladie, contre 30 % au Royaume-Uni et 80 % en Suéde. En 2023, on estime que les chiens seront plus de 900
millions dans le monde, ce qui représente un énorme marché pour l'industrie du petfood et de la santé animale.
En 2018, le marché mondial de l'alimentation pour animaux de compagnie a atteint 91,1 milliards de dollars,
représentant une augmentation de 31 % en 5 ans, avec la nécessité constante d'innover (par exemple en maticre
d'alimentation, de probiotiques et de prébiotiques). Une vaste gamme d'aliments, de snacks et de suppléments
nutritionnels a été récemment mise au point pour favoriser le bien-étre et la santé des chiens. Les aliments pour
animaux de compagnie ont ainsi été adaptés au mode de vie de chaque chien, par exemple pour les chiots ou les
chiennes gestantes, les chiens adultes sédentaires ou actifs, pour un régime d'entretien ou un régime
hypocalorique. A l'interface entre les aliments pour animaux de compagnie et les composés vétérinaires, les
compléments alimentaires pour animaux de compagnie représentent un marché spécifique en expansion avec
une large gamme de produits. Par exemple, des micronutriments tels que le sélénium, la taurine ou les
polyphénols peuvent étre ajoutés pour les chiens agés, le calcium, le phosphore, les acides gras oméga-3 et la

vitamine E pour les chiennes en lactation, ou la L-carnitine pour les chiens sportifs.

En 2019, la médecine des animaux de compagnie représentait un marché de 17,5 milliards de dollars,
incluant les ventes de composés vétérinaires tels que les vaccins, les traitements antiparasitaires ou les
antibiotiques. Comme pour I'homme, une large gamme de produits a été développée pour améliorer la santé et
I'hygiéne des chiens. Des traitements spécifiques ont également été mis au point pour soigner des maladies, par
exemple pour éviter l'absorption de lipides en cas d'obésité ou pour réduire la douleur en cas de maladie
inflammatoire de l'intestin. Il convient de noter que certaines races ou tailles de chiens sont plus sensibles aux
maladies. Par exemple, le surpoids et les problémes dentaires sont plus fréquents chez les petits chiens, tandis
que les grands chiens présentent souvent une sensibilité digestive accrue.

La forte expansion de la médecine vétérinaire, des aliments pour animaux de compagnie et des
compléments oraux avec des allégations de santé est associée a un contexte réglementaire de plus en plus

spécifique. En Europe, la fédération européenne de l'industrie des aliments pour animaux de compagnie (Fediaf)
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a pour objectif d’encadrer la production d'aliments pour animaux de compagnie sirs, nutritifs et appétissants.
Les responsables des agences du médicament ou des agences nationales doivent accorder une autorisation de
mise sur le marché des médicaments vétérinaires, apres avoir évalué la qualité et la sécurité du médicament
pour les animaux, les consommateurs, les utilisateurs et 1'environnement, ainsi que bien sur son efficacité. En
outre, 1’absence de toxicité et la stabilité des compléments oraux (y compris les probiotiques) doivent &tre
démontrées. Pour I'évaluation de ces produits, généralement liée a la digestibilité des aliments ou a la
bioaccessibilité des composés actifs (y compris des médicaments) dans le tractus gastro-intestinal canin, les
études in vivo restent plébiscitées. De plus, les expériences in vivo sur les chiens peuvent également servir de
mode¢le pour I’Homme en raison de similitudes importantes dans la physiologie digestive. Dans le monde en
2015, encore 207 724 chiens étaient impliqués dans des expérimentations scientifiques. Cependant, les essais
in vivo sont de plus en plus limités par des contraintes réglementaires, éthiques et sociétales, associées a des
cotts ¢élevés. La mise sur le marché d'un nouvel additif ou d'un nouveau médicament est de plus en plus
réglementée, avec un niveau de justification scientifique croissant, dans un contexte ou il est de plus en plus
difficile de mener des essais sur les animaux. Ces derniéres décennies, les régles européennes et nord-
américaines des "3R" ont largement encouragé une forte réduction du nombre d'animaux utilisés dans la
recherche et favorisé le développement d'approches alternatives in vitro. Tous ces éléments limitent la capacité
a prouver l'efficacité et a comprendre le mode d'action de nouvelles molécules sélectionnées dans des études in

vivo chez le chien.

Parmi les alternatives in vitro, les modeles simulant I'environnement digestif du chien (culture de cellules
intestinales, organoides ou mode¢les digestifs artificiels) peuvent aider a répondre a de nombreuses questions
scientifiques associées au devenir des aliments et des médicaments au cours de la digestion canine. Une
approche alternative aux essais sur les animaux est l'utilisation de systémes digestifs artificiels permettant
d'étudier le devenir des composés d'intérét ingérés par voie orale, de réaliser des études mécanistiques, et/ou
d'évaluer les interactions avec le microbiote du chien. Il existe actuellement trés peu de modéles in vitro
reproduisant I'environnement gastro-intestinal ou colique du chien et la majorité des travaux publiés concerne
des modeles in vitro statiques, trés simplifiés et ne reproduisant pas le dynamisme et la complexité du processus
de digestion in vivo. Enfin, la plupart des modeles développés a ce jour ne reproduisent pas le microbiote
intestinal, qui fait pourtant I'objet d'un nombre croissant d'études chez le chien mettant en évidence son role
essenticl dans I'homéostasie de I'hote, et son implication dans diverses pathologies digestives ou extra-digestives
lorsqu'il est perturbé (on parle alors d’un état de dysbiose). Ainsi, disposer d'un modéle in vitro, simulant au
plus prés les parameétres physico-chimiques, nutritionnels, mécaniques et/ou microbiens propres a
I'environnement digestif du chien, constituerait une avancée technologique et scientifique majeure, permettant
d'acquérir de multiples connaissances, de comprendre les modes d'action de nouveaux produits, de développer
des biomarqueurs microbiens ou encore d'affiner un protocole lors d'une étude clinique pilote (choix de la dose,
fréquence d'administration des composés d’intérét...). Cependant, la mise au point de tels modéles nécessite une

compréhension compléte et précise des processus digestifs chez le chien.

II
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Ainsi, la digestion est un processus essentiel au centre des études sur la santé des chiens et d'un grand
intérét pour les industries vétérinaires et de 'alimentation des animaux de compagnie. La digestion du chien est
un processus complexe et régionalisé impliquant des paramétres physicochimiques (pH, sécrétions digestives,
temps de transit), mécaniques (péristaltisme) et microbiens (microbiote intestinal) variant tout au long du tractus
gastro-intestinal. Chaque compartiment est colonisé par un microbiote résident, la diversité et I'abondance des
microorganismes étant plus élevées dans le compartiment colique. Tous ces paramétres digestifs affectent la
digestibilité des aliments, l'absorption des nutriments et la libération d'énergie, mais aussi la libération,
I’absorption et le métabolisme des médicaments, ainsi que la survie des microorganismes probiotiques. De ce
fait, le développement de nouveaux produits alimentaires ou vétérinaires doit prendre en compte tous ces aspects
pour répondre a des questions importantes, telles que : comment les paramétres physicochimiques modulent la
digestibilité des aliments ; quelle est l'importance du microbiote intestinal dans la digestion canine et le
métabolisme des médicaments ; ou les médicaments sont-ils libérés et absorbés ; comment la bioaccessibilité
des médicaments est-elle influencée par la matrice alimentaire, la forme galénique, les paramétres
physicochimiques du tractus digestif ou le microbiote ; comment les souches probiotiques survivent-elles le
long du tractus gastro-intestinal ? Pourtant, a ce jour, les recommandations relatives a I'alimentation des animaux
de compagnie et a I'ingestion de médicaments ne sont basées que sur le poids corporel ou le poids métabolique
du chien. Les fabricants d'aliments pour animaux de compagnie et les sociétés vétérinaires cherchent a
développer des gammes de produits adaptés a la taille (par exemple, croissance a long terme des chiots de
grandes races, mauvaise tolérance digestive et torsion d’estomac pour les grands chiens) ou a répondre a
certaines prédispositions raciales telles que 1'obésité chez les Labradors ou les entéropathies chez les Terriers.
Néanmoins, les impacts de la taille ou de la race du chien sur les paramétres digestifs restent trés peu décrits
alors qu'ils intéressent pleinement les acteurs de la nutrition et la santé canines. Le développement de futurs
produits devrait donc considérer non seulement le poids du chien, mais aussi toutes les variations du processus
de digestion associées aux différentes tailles et races, avec 1’objectif de s’orienter vers une nutrition et une

médecine vétérinaire plus personnalisées.

B. Financement et partenariat

Cette thése a été réalisée dans le cadre d'un projet collaboratif entre 'UMR MEDIS (Microbiologie,
Environnement Digestif et Santé, Université Clermont Auvergne-INRAE, Clermont-Ferrand) et deux
entreprises, Lallemand Animal Nutrition (Blagnac) et Domes Pharma (Pont-du-Chateau). Ce travail de thése a
¢été financé par une bourse CIFRE (Convention Industrielle de Formation par la REcherche) attribuée a

Lallemand et par des financements industriels des deux entreprises pour le fonctionnement.

Le laboratoire MEDIS vise a mieux comprendre le r6le du microbiote intestinal humain et animal dans
la santé et les maladies et ses recherches sont structurées en quatre axes thématiques. Mon travail de thése
s'inscrit dans les axes INNOVITRO (INNOvation et développement de modéles in VITRO) et FM2D (Fonctions

métaboliques du Microbiote Digestif et Dysbiose). L'équipe bénéficie de plus de 25 ans d'expertise et de savoir-
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faire internationalement reconnus dans le domaine de la simulation in vitro de 1’environnement digestif humain
et animal, avec une plateforme technologique associant des mode¢les in vitro du tractus supérieur, comme TIM
(TNO gastrolntestinal Model), et du tractus inférieur, tels que le M-ARCOL (Mucosal ARtificial COLon).
Lallemand, et plus particulierement l'unité d'affaires Animal Nutrition (LAN), développe, produit et
commercialise des solutions a base de microorganismes (levures vivantes, bactéries et leurs dérivés) pour la
santé et la nutrition animales. Ces solutions ont notamment pour effet de stabiliser les écosystémes microbiens
digestifs. Ainsi, la société LAN cherche a comprendre les modes d'action des solutions sur les communautés
microbiennes du tractus gastro-intestinal afin de mieux expliquer leurs effets sur l'efficacité digestive des
produits et la santé de 1'hote. La société posséde également de solides connaissances dans le domaine des pré-,
pro- et postbiotiques et du microbiote, de la physiologie digestive canine, de la nutrition, des ingrédients
fonctionnels, mais travaille également en étroite collaboration avec des vétérinaires. Domes Pharma est une
société pharmaceutique avec une forte expertise en santé animale, en particulier pour les animaux de compagnie.
La société souhaite développer ses connaissances sur la sphére digestive du chien afin de mieux répondre aux
besoins des vétérinaires et des propriétaires. L'expertise principale du groupe concerne la santé vétérinaire, en
particulier I'utilisation des antibiotiques et le développement de formes pharmaceutiques. Ensemble, les trois
partenaires posseédent donc une expertise complémentaire en physiologie digestive canine, en simulation in vitro
de I’environnement digestif et en développement d'aliments et de produits pharmaceutiques, nécessaire a la

réalisation de ce projet de thése.

C. OQuestions de recherche et développements technologiques associés

Dans ce contexte, ce travail de doctorat a d'abord été consacré a une meilleure compréhension de 1'impact
des différentes tailles de chiens sur sa physiologie digestive, incluant aussi et surtout le microbiote intestinal.
Pour ce travail, les chiens ont été répartis en trois groupes en fonction de leur poids corporel : "petit" inférieur
a 10 kg, "moyen" entre 10 et 30 kg et "grand" jusqu'a 30 kg. Conformément aux régles des 3R et pour répondre
a l'absence de modele in vitro canin complexe incluant le microbiote intestinal, les vastes connaissances acquises
aprés une revue extensive de la littérature ont été utilisées pour mettre en place un nouveau systéme colique in
vitro adapté aux différentes tailles de chiens, basé sur le modele M-ARCOL précédemment développé pour
simuler le systéme gastro-intestinal humain. Puis, une situation perturbée a été reproduite dans le modéle in
vitro par l'ajout d'antibiotiques et des stratégies de restauration du microbiote basées sur I'utilisation d'un
probiotique et d'un postbiotique ont été évaluées. De manicre plus détaillée, les principaux objectifs scientifiques

et les développements technologiques associés de cette thése de doctorat sont :

1) Impact de différentes méthodes de conservation des échantillons fécaux sur la composition du
microbiote intestinal et I'activité métabolique dans le modéle ir vitro M-ARCOL. Ces expériences ont
été réalisées en collaboration avec une autre doctorante de MEDIS sur des échantillons de matiéres fécales
humaines, afin de sélectionner la méthode la plus appropriée de conservation des selles pour les expériences

suivantes avec des matiéres fécales canines.
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2) Compréhension approfondie de l'impact du poids corporel sur les paramétres nutritionnels,

physicochimiques et microbiens du gros intestin du chien et développement d'un nouveau modéle

colique in vitro adapté a la taille et basé sur la technologie M-ARCOL

Revues bibliographiques sur l'effet du poids corporel du chien sur la physiologie digestive et sur les
modeles digestifs in vitro canins actuellement disponibles

Développement d'un nouveau modéle colique adapté a la taille du chien appelé CANIM-ARCOL
(CANIne Mucosal ARtificial COLon) et validation par comparaison avec des données in vivo

Etude mécanistique utilisant le nouveau modéle de colon in vitro, visant a étudier la capacité des
parametres physico-chimiques et nutritionnels associés aux chiens de petites et grandes tailles a
remodeler la structure et la fonction du microbiote colique obtenu a partir de selles de chiens de taille

moyenne

3) Etude de l'impact de I'antibiothérapie sur la structure et les fonctions du microbiote canin et

développement d'un modéle colique dysbiotique basé sur le nouveau modele CANIM-ARCOL

Revue bibliographique sur I'impact des antibiotiques sur le microbiote du chien

Expériences de criblage d'antibiotiques afin de sélectionner le cocktail le plus approprié pour le
développement du modéle colique dysbiotique

Développement d'un modeéle dysbiotique in vitro pour les chiens de taille moyenne et validation basée

sur des données canines in vivo de la littérature

4) Evaluation d'une nouvelle stratégie postbiotique basée sur des cellules de Lactobacillus helveticus HA-

122 tyndallisées (inactivées par la chaleur) pour restaurer I'équilibre microbien aprés un traitement

antibiotique et comparaison avec une stratégie probiotique basée sur la levure vivante Saccharomyces

boulardii CNCM 1-1079

D.

Revue bibliographique sur I'impact des pré, pro, post (y compris para) -biotiques sur le microbiote canin

Effet du probiotique et du postbiotique sur la structure et les fonctions du microbiote du chien dans le

mode¢le dysbiotique in vitro (chien de taille moyenne)

Organisation du manuscrit

La premiére section du manuscrit est une revue de la littérature, divisée en quatre parties et fournissant

une vue d'ensemble compléte des connaissances actuelles sur l'impact de la taille du chien sur les paramétres

digestifs physicochimiques et microbiens. Dans la premiére partie, qui reprend notre revue publiée dans

International Journal of Biological Sciences, 1'impact du poids corporel du chien sur les paramétres

physicochimiques du colon est décrit. La partie 2 est plutdt axée sur lI'impact du poids du chien sur les

parameétres microbiens, a savoir la composition du microbiote colique et son activité métabolique, aprés avoir

présenté les roles clés du microbiote intestinal dans la santé canine. Dans la partie 3, les facteurs connus pour

fagonner le microbiote intestinal canin sont détaillés, classés par facteurs survenant dans un état sain (par

exemple, parameétres morphologiques et environnementaux) ou dans des conditions dysbiotiques associées a

\Y%
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l'antibiothérapie, a des pathologies digestives ou extra-digestives, ainsi que les stratégies de restauration
actuellement disponibles comme les pré-, pro- ou postbiotiques et la transplantation de microbiote fécal. Enfin,
la partie 4, retravaillée a partir de notre revue publiée dans le journal ALTEX, fournit une description détaillée
des modeéles in vitro du tractus digestif du chien actuellement disponibles, avant de discuter leur potentiel dans
les domaines alimentaires et vétérinaires, mais aussi leurs limites et les défis auxquels les scientifiques doivent

faire face dans ce domaine.

La deuxiéme section présente les résultats de chaque étape du travail expérimental. Tout d'abord, le
chapitre 1 présente une étude comparative portant sur différentes méthodes de stockage des échantillons de
matieres fécales, afin de préserver la structure et les fonctions du microbiote aprés ensemencement de selles
humaines dans le modéle M-ARCOL. Ensuite, le chapitre 2 dévoile le développement et la validation
comparativement a des données in vivo du CANIM-ARCOL qui simule les paramétres nutritionnels, physico-
chimiques et microbiens du c6lon, en fonction de la taille du chien. Le chapitre 3 décrit I’importance relative
de I’inoculum fécal et des paramétres physicochimiques et nutritionnels du c6lon associés a différentes tailles
de chien sur l'activité et la structure du microbiote canin in vitro. Dans le chapitre 4, I'impact de l'antibiothérapie
sur la structure et les fonctions du microbiote colique canin a été évalué afin de développer un nouveau modéle
colique dysbiotique chez le chien de taille moyenne. Enfin, le chapitre 5 examine deux nouvelles stratégies
basées sur I’administration de levures Saccharomyces boulardii CNCM 1-1079 et Lactobacillus helveticus HA-
122 tyndallisées visant a limiter les perturbations ou a restaurer 1'équilibre microbien aprés un traitement

antibiotique in vitro en utilisant le modéle dysbiotique précédemment développé.

Enfin, la troisiéme section discute les résultats obtenus au cours de cette thése par rapport a la littérature

disponible et développe quelques perspectives a ce travail.

E. Modéle de colon artificiel utilisé dans le travail de thése

Le modg¢le digestif in vitro utilisé au cours de I’ensemble de ce travail de thése a été adapté a la digestion
du chien a partir du modéle de fermentation continue précédemment développé pour reproduire les conditions
coliques humaines : le Mucosal ARtificial COLon (M-ARCOL). Ce mod¢le in vitro permet de reproduire les
phases luminale et mucosale du c6lon a I’aide respectivement d’un bioréacteur et un module de verre étanche
relié a ce bioréacteur et contenant des billes de mucine. Tous les deux jours, les billes de mucine/alginate restant
dans le compartiment mucosal sont renouvelées et remplacées par de nouvelles billes sous un flux constant de
CO; pour éviter l'entrée d'oxygene. Le bioréacteur est maintenu a la température corporelle. Le pH colique et le
potentiel d'oxydoréduction sont enregistrés en permanence et le pH est ajusté si nécessaire avec de la soude.
Apres flushage initial avec du gaz N, exempt d'O,, 1'anaérobiose est maintenue pendant toute la durée de la
fermentation dans le systéme in vitro par la seule activité du microbiote résident. Un milieu nutritif, simulant la
composition des effluents iléaux et contenant diverses sources de carbohydrates, de protéines, de lipides, de

minéraux et de vitamines est introduit en continu dans le bioréacteur, tandis que du milieu de fermentation est
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soutiré, maintenant un volume colique constant et assurant le temps de rétention moyen souhaité (assimilable

au temps de transit colique).

F. Principaux résultats et discussion

Chapitre 1 - Méthodes comparatives de conservation des échantillons de matiéres fécales pour préserver

la structure et la fonction du microbiote colique dans un modéle in vitro du co6lon humain

La plupart du temps, les modeles de colon artificiels, que ce soit chez I’animal ou chez I’Homme, sont
inoculés avec des échantillons de selles pour reproduire la composante microbienne de 1'écosystéme intestinal.
L’utilisation de selles fraiches (dans les 6 h suivant leur collecte) semble étre la stratégie idéale, mais cela n'est
pas toujours possible et des méthodes de stockage telles que la congélation ou la lyophilisation sont souvent
utilisées en pratique. Jusqu'a présent, un nombre restreint d'études a évalué l'impact des méthodes de
conservation sur le microbiote fécal canin. 4 fortiori, I'impact de ces méthodes sur I'établissement du microbiote
dans des modeles coliques in vitro n'a pas encore été étudié, en particulier dans des conditions canines. Par
conséquent, cette étude visait a évaluer l'effet du stockage a court terme (congélation et lyophilisation) sur la
cinétique de colonisation du microbiote luminal et associé au mucus, ainsi que sur les activités métaboliques
associées, dans le modéle M-ARCOL (reproduisant les conditions coliques humaines). Les expérimentations
associces a cette étude ont été réalisées en 2019 lors de mon stage de Master 2 a MEDIS sur des échantillons
fécaux humains, dans le cadre d'un travail collaboratif avec le Dr Marion Leclerc de I'unité INRAE MICALIS
(Jouy-en-Josas). L'article correspondant a été rédigé au début de ma thése et les résultats ont été utilisés pour
sélectionner 1'option la plus appropriée pour les expériences menées lors de ce travail de doctorat sur des

échantillons fécaux canins.

Dans cette étude, des échantillons fécaux provenant de deux volontaires sains ont été soumis a différents
protocoles de conservation : congélation 48 h a -80°C, congélation 48 h a -80°C avec du glycérol comme agent
conservateur ou lyophilisation avec de la maltodextrine/tréhalose suivant le protocole développé par I'équipe
MICALLIS, et les résultats obtenus ont été comparés a ceux des mémes échantillons fécaux frais. La composition
et la diversité du microbiote ainsi que l'activité métabolique (gaz et acides gras a chaine courte) ont été suivis
tout au long du processus de fermentation dans le M-ARCOL (9 jours). L’ensemble des traitements testés a
permis de maintenir a I'intérieur du modeéle colique in vitro un microbiote complexe et fonctionnel. Cependant,
si I'on considére le temps de stabilisation des profils et des activités microbiennes, nos résultats ont montré que
la congélation pendant 48 heures a -80 °C sans cryoprotecteur était la méthode la plus efficace parmi celles

testées.

Comme le montrent nos résultats, la préparation de I'inoculum fécal est une étape critique a prendre en
compte, mais il n'existe pas encore de consensus dans la littérature concernant la collecte, le stockage et la
préparation des échantillons des selles canines. Trés récemment, I'impact de la méthode d'échantillonnage des
matieres fécales a été étudié et n'a montré aucun effet du site d'échantillonnage dans les selles sur les populations

microbiennes ciblées, mais des variations des concentrations d'acides gras saturés et d'ammoniac, ainsi que des
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variations de pH. Les auteurs ont conclu sur la nécessité d'homogénéiser I'ensemble des selles avant
échantillonnage. En ce qui concerne le stockage des échantillons de selles canines, aucun impact de la
température (température ambiante, 37°C ou 50°C et cycles de congélation-décongélation) sur les diversités
bactériennes alpha et béta n'a été mis en évidence sur les échantillons stabilisés dans les dispositifs de collecte
PERFORMAbiome-GUT, alors que la diversité alpha a augmenté dans les échantillons non stabilisés stockés a
température ambiante pendant 14 jours, démontrant une croissance des microorganismes et une altération de 24
genres bactériens. De plus, cette étude a révélé une modification de 1'abondance relative de 9 genres en fonction
des sites de collecte dans un échantillon de matiéres fécales canines, comme cela a été observé précédemment
avec des maticres fécales humaines. L'effet de la réfrigération ou de la congélation des féces canines pendant
24 h a également été évalué a travers son impact sur la production de gaz et les produits finaux de fermentation
en mode¢le statique pendant 72 h. La congélation a réduit la production de gaz tout en augmentant les

concentrations d'indoles et de phénols produits.

En prenant en compte les résultats de notre étude, mais aussi les données extraites de la littérature, des
maticres fécales canines fraiches ont été utilisées pour la suite des expériences de cette thése, ou lorsque ce
n’était pas possible des matiéres fécales brutes congelées a -80°C pendant 12h sans cryoprotecteur et en
condition anaérobie. De plus, tout au long de ce travail de thése, nous avons travaillé avec des échantillons
fécaux non mélangés, puisque des études antérieures ont montré d'importantes variations interindividuelles dans
la composition du microbiote fécal entre les chiens. Les expériences réalisées par la suite sur les microbiotes de
chiens de petite, moyenne et grande tailles ont confirmé ces variations importantes dans la composition du
microbiote entre donneurs et l'importance d'utiliser des selles non poolées pour les études de fermentation chez

le chien.

Chapitre 2 — Canine Mucosal Artificial Colon : simulation in vitro des paramétres nutritionnels,

physicochimiques et microbiens de I’écosystéme colique adaptés a différentes tailles de chiens

Aprés une revue approfondie de la littérature disponible pour définir les parameétres microbiens,
nutritionnels et physico-chimiques de la digestion du chien, nous avons observé que des modifications
importantes existent entre les chiens de petite, moyenne et grande taille, en particulier au niveau du gros intestin.
De fagon notable, le temps de transit colique, le pH colique, mais aussi les profils d'acides biliaires et la
composition des aliments industriels étaient différents (par exemple, le type de fibres utilisé ou le ratio fibres
solubles/insolubles) entre les trois tailles. Nous avons également référencé tous les modeles digestifs artificiels
canin disponibles et souligné que la plupart d'entre eux reproduisent le tractus gastro-intestinal inférieur (et non
supérieur) du chien, mais en utilisant de simples modé¢les de fermentation en batch. Seul un modéle dynamique

in vitro (M-SCIME) reproduisait efficacement le c6lon des chiens de taille moyenne avant ce travail de thése.

Dans ce contexte et pour pallier a ce manque de modéles, I'étape suivante de ce travail de thése a été de
développer un nouveau modele in vitro de cdlon canin, le CANIM-ARCOL, simulant les principaux paramétres

physicochimiques (pH, temps de transit, anaérobiose), nutritionnels (composition des effluents iléaux) et
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microbiens (microbiote présent dans la lumiére digestive et associé au mucus) de cet écosystéme, et adapté a
trois tailles de chiens (petit ¢’est-a-dire moins de 10 kg, moyen de 10 a 30 kg et grand de plus de 30 kg). Pour
valider le nouveau modéle en termes de composition et d’activités métaboliques du microbiote, des
fermentations in vitro ont été réalisées dans des bioréacteurs inoculés avec les selles de 13 chiens (4 petits, 5
moyens et 4 grands). Aprés une période de stabilisation, les profils du microbiote colique sont clairement
regroupés en fonction de la taille du chien. Les abondances relatives des Bacteroidota et des Firmicutes sont
positivement corrélées a la taille du chien a la fois in vitro et in vivo, tandis que des tendances opposées sont
observées pour les Actinobacteria et les Proteobacteria. Comparativement a des données coliques in vivo chez
le chien de taille moyenne obtenues a partir de biopsies ou de digesta coliques, notre modéle permet de maintenir
27 des 31 familles bactériennes détectées (excepté les Prevotellaceae, Streptococcaceae, Turicibacteraceae et
Veillonellaceae). Notre étude suggere également que la diversité microbienne diminue avec la taille du chien,
contrairement aux données issues de la littérature montrant la plus forte diversité microbienne dans les selles de
chiens de taille moyenne. Cependant, les résultats in vitro comme in vivo suggérent une plus faible diversité
observée dans les selles des grands chiens. De maniére intéressante, les archées méthanogeénes
Methanobrevibacter smithii ont été détectées pour la premiére fois dans notre modele colique, et ce, uniquement
dans les fermenteurs reproduisant la digestion des petits chiens. A ce jour, in vivo cette population n’a été décrite
que dans les selles de chien moyens ce qui ne permet pas de conclure sur un éventuel effet taille sur leur
abondance. De plus, en accord avec les observations in vivo, l'intensité des processus de fermentations augmente
avec la taille du chien in vitro, comme le montrent la production de gaz, d’acides gras a chaine courte et
branchés, d'ammoniac et la déhydroxylation des acides biliaires. Il est cependant a noter que certaines des
tendances observées dans nos fermenteurs peuvent étre en désaccord avec la littérature, par exemple
I’association positive entre taille de chien et concentrations en isovalérate, isobutyrate ou valérate. Ces
différences pourraient s’expliquer par le faible nombre d’études impliquant des chiens de petites et grandes

tailles pouvant biaiser les conclusions sur I’effet taille.

Depuis des décennies, les recommandations des industriels et des vétérinaires en mati¢re d'aliments et de
médicaments pour animaux de compagnie sont uniquement basées sur le poids corporel ou le poids métabolique
du chien. Cependant, comme I'a montré ce projet de thése, la littérature disponible a également mis en évidence
de nombreuses spécificités associées a chaque taille de chien concernant la physiologie digestive, en particulier
liées au gros intestin et au microbiote associé. Par exemple, ces travaux ont mis en évidence des différences de
perméabilité intestinale et colique et de capacités d'absorption en fonction de la taille des chiens, ce qui peut
avoir un impact évident sur la bioaccessibilité des nutriments ou des médicaments. De plus, le temps de transit
et le pH varient en fonction de la taille des chiens, ce qui doit tre pris en compte car ces parameétres impactent
non seulement la cinétique de libération des médicaments et la digestibilit¢ des aliments mais aussi la
composition du microbiote intestinal et les activités métaboliques associées. A la lumiére de ces connaissances,
le développement de nouveaux compléments alimentaires ou produits vétérinaires devrait prendre en compte

toutes les facettes associées aux effets de la taille du chien, afin de tendre vers une nutrition et une médecine
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vétérinaire plus personnalisées. Cette compréhension approfondie de I'impact de la taille corporelle sur les
parametres nutritionnels, physico-chimiques et microbiens du gros intestin du chien a été associée au
développement du nouveau modéle colique canin, le CANIM-ARCOL. Ce modéle est le deuxiéme modéle
dynamique in vitro (avec le M-SCIME) reproduisant le gros intestin du chien et distinguant le microbiote associé
a la lumiere de celui associé¢ au mucus. Le CANIM-ARCOL est néanmoins le premier & avoir été adapté aux
spécificités digestives associées aux petites, moyennes et grandes tailles de chiens. Il est intéressant de noter
que ce travail fournit également une description détaillée des échantillons de selle de 13 chiens sains appartenant
aux trois tailles, ce qui a rarement été fait auparavant dans une seule étude. Cela inclut la composition du
microbiote, avec l'analyse de la charge bactérienne totale et des profils de séquencage, mais aussi les activités
métaboliques via le dosage des principaux produits finaux de fermentation tels que les gaz, les acides gras a
chaine courte, les acides gras branchés, I'ammoniac et la description des profils d'acides biliaires. Nous avons
ainsi fourni au cours de ce travail de thése les premiéres données sur les profils de gaz produits dans les
conditions coliques du chien, grace a I'absence de flushage des bioréacteurs avec du N> ou du CO,. Le suivi de
la production de gaz est d'un grand intérét parce que leur volume et leur composition peuvent étre liés a 1'état
de santé des chiens. En effet, une production excessive de gaz est associée a des flatulences et une géne
intestinale et refléte généralement un régime alimentaire peu digeste. Suivre les gaz in vitro pourrait ainsi étre
un paramétre intéressant permettant d’évaluer la digestibilité de différents régimes ou I’impact de certaines
modifications alimentaires. Cette étude fournit également, pour la premiére fois, des données précises sur
l'impact de la taille du chien sur la composition en bactéries et archées du microbiote. L'étude de la fraction
archéale est intéressante, car méme si les archées représentent environ 1,1 % du microbiote fécal du chien, elles
n’ont été, jusqu'a présent, que trés peu étudiées in vivo et encore jamais décrites dans des modéles coliques in
vitro. Basé sur les données disponibles chez d’autres mammiferes, y compris 'Homme, nous pouvons émettre
I'hypothése que les archées peuvent étre impliquées dans des interactions mutualistes avec les bactéries dans
l'intestin du chien. En modele souris, il a été suggéré que le transfert d’hydrogéne entre espéces bactériennes et
archées était impliqué dans 1'augmentation de I'absorption d'énergie provenant des aliments. Dans les selles
humaines, une relation inverse entre l'abondance des archées et l'indice de masse corporelle a été mise en
évidence, en accord avec nos résultats montrant une corrélation négative entre abondances des archées et taille
des chiens. De plus, il serait également intéressant d'explorer a la fois le mycobiome et le virome du microbiote
colique, représentant chacun 0,4 % du microbiote fécal et encore peu décrits chez le chien. Il est intéressant de
noter qu'une étude trés récente a mis en évidence une altération de la composition et de la diversité du virome
associée a la diarrhée chez le chien. Chez 'Homme, le mycobiome a récemment été décrit comme un composant
indispensable du microbiome, perturbé dans certaines maladies gastro-intestinales ou cancers, suggérant une
fois de plus 1'intérét de leur suivi dans de prochaines études in vitro chez le chien. Cependant, les expériences
précédentes dans le M-ARCOL en situation humaine ont mis en évidence des difficultés a maintenir in vitro la
fraction eucaryote du microbiote fécal. Enfin, au cours de ces travaux nous avons évalué pour la premiére fois
l'effet de la taille du chien sur le microbiote de la lumiére digestive et celui associé au mucus. En condition

canine, le microbiote mucosal a été précédemment étudié dans un seul modele in vitro, le M-SCIME simulant
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la digestion de chiens de taille moyenne. Des familles bactériennes similaires ont été observées entre les
fractions mucosales du M-SCIME et du CANIM-ARCOL, méme si aucun Verrucomicrobia n'a été détecté dans
notre étude, ni dans I'inoculum fécal, ni dans les bioréacteurs. A ce jour, le microbiote associé au mucus dans le
c6lon du chien n'a été étudié que par des approches ciblées telles que 1’hybridation in situ, principalement pour
suivre des bactéries pathogénes telles que les Escherichia coli adhérentes et invasives. Il serait trés intéressant
de mieux décrire chez le chien ce microbiote, car il existe de plus en plus de preuves de leur importance en
santé. Notre étude in vitro suggére que chez le chien, les Bacteroidaceae (toutes tailles confondues), les
Fusobacteriaceae et les Lachnospiraceae (petites et moyennes tailles) ainsi que les Clostridiaceae et les
Sporanaerobacteraceae (grandes tailles) semblent étre des familles importantes associées au mucus, en accord
avec les observations réalisées sur d'autres espéces (pour les Bacteroidaceae et les Lachnospiraceae). Ces
résultats renforcent également 1'idée d'un réle fonctionnel des Fusobacteriaceae chez le chien sain,
probablement trés typique de l'espéce canine. Chez I'Homme, chez la souris, mais aussi chez le chien, I'invasion
de la couche externe du mucus a déja été associée a des maladies telles que la colite granulomateuse. Des
modifications de I'épaisseur ou de la composition du mucus ont également été associées a différentes pathologies
chez I’Homme. Le mucus colique présente des caractéristiques similaires chez le chien et 'Homme -mais aussi
chez le porc- avec une majorité de protéines MUC2, appuyant I’hypothése d’un réle probable de la couche de
mucus dans la santé du chien.

Une fois développé, le modele CANIM-ARCOL a été validé par des comparaisons in vivo-in vitro basées
sur des données coliques chez le chien (taille moyenne uniquement) et fécales, extraites de notre revue de la
littérature. 11 est surprenant de constater que jusqu'a présent, seules deux études ont déterminé la composition
du microbiote colique, uniquement chez des chiens de taille moyenne, certainement en raison de la nécessité
d'utiliser des méthodes invasives pour I'échantillonnage. Le développement récent de nouvelles technologies
d'échantillonnage (i.e. capsules intelligentes comme les SmartPills) pourrait contribuer a combler ce manque de
données, en permettant un acces facile a 'ensemble du tractus gastro-intestinal. Malgré cette validation in vitro-
in vivo, au vu des résultats obtenus dans notre étude, quelques améliorations supplémentaires pourraient étre
apportées au modele CANIM-ARCOL afin de mieux discriminer le microbiote des chiens de petite et moyenne
taille in vitro. En paralléle, il faudrait également essayer de mieux expliquer la faible diversité bactérienne et la
perte des Fusobacteriaceae associée a I’explosion de 1'abondance relative des Sporanaerobacteraceae, chez le
chien de grande taille in vitro. Une premiére réponse pourrait étre apportée grace a une analyse métabolomique
du contenu des bioréacteurs. Nous espérons également que grace a ce travail, les chercheurs pourront
commencer a prendre en compte 'effet de la taille des chiens dans les études sur le microbiome canin, voire
pourront méme rendre accessibles les données de séquengage obtenues lors d’études précédentes permettant
ainsi de réanalyser ces résultats en tenant compte de cet effet. Cela permettrait d'affiner la validation du CANIM-
ARCOL et d’avoir plus de données in vivo pour le développement de nouveaux modéles digestifs in vitro et
accroitre leur pertinence. Enfin, cette étude s’est focalisée sur la partie inférieure du tractus gastrointestinal du
chien, mais le devenir des produits alimentaires ou vétérinaires dans le tractus digestif supérieur du chien est

également un point clé pour les industriels et les académiques des domaines de I'alimentation et de la pharmacie.
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Jusqu'a présent, seul un modeéle dynamique de I'estomac et de I'intestin gréle du chien a été développé : le modele
FIDO, bas¢ sur la technologie du TIM-1 disponible au laboratoire MEDIS. Ce mod¢le simule les conditions
rencontrées dans 1’estomac et I’intestin gréle du chien de taille moyenne uniquement. Malheureusement, le
manque de données in vivo relatives au tractus digestif supérieur (c'est-a-dire la cinétique du pH, les
concentrations d'enzymes et de bile, I’épaisseur du mucus et la composition du microbiote dans les différents
compartiments) nous a empéchés d'adapter le modéle FIDO aux conditions digestives des chiens de petite et de
grande taille au cours de ce travail de doctorat. Disposer d’un tel outil in vitro constituerait néanmoins une
valeur ajoutée importante, notamment pour étudier la survie des probiotiques ou le devenir et la bioaccessibilité

de composés d’intéréts tels que les nutriments ou les médicaments dans le tractus digestif supérieur du chien.

Chapitre 3 - Etude mécanistique : vers une meilleure compréhension de l'importance relative de
I’inoculum fécal et des parameétres environnementaux pour remodeler le microbiote canin en fonction de

la taille du chien in vitro

Une fois le CANIM-ARCOL développé et validé pour chaque taille de chien, nous avons choisi
d'approfondir nos études avec une approche plus mécanistique. Dans notre revue de la littérature et avec le
CANIM-ARCOL également, comme précédemment décrit nous avons mis en évidence des différences
nutritionnelles, physicochimiques et microbiennes dans le compartiment colique des trois tailles de chiens, telles
que le pH et le temps de transit, les profils d'acides biliaires et les teneurs en macronutriments dans les effluents
iléaux. Dans ce troisiéme chapitre, profitant de la flexibilité de notre approche in vitro, nous avons cherché a
évaluer l'importance relative du microbiote (inoculum fécal) et des conditions environnementales du cdlon
(paramétres nutritionnels et physico-chimiques) sur la structure et les fonctions du microbiote colique du chien.
A cet effet, nous avons réalisé de nouvelles fermentations lorsque le CANIM-ARCOL était configuré pour
reproduire les paramétres coliques de petits, moyens ou grands chiens, mais avec des bioréacteurs inoculés
seulement avec des échantillons fécaux de chiens de taille moyenne (2 donneurs, un male et une femelle). Cette
étude visait également a vérifier si les paramétres nutritionnels et physicochimiques seuls, sans tenir compte des
conditions de 1'hdte (c'est-a-dire de l'interaction avec les cellules de 1'hote, les hormones, la perméabilité
intestinale ou le systéme immunitaire) étaient suffisants ou non pour orienter le microbiote d'un profil de chien

de taille moyenne vers des profils plus spécifiques des chiens de petite et de grande taille.

L'application de différents parameétres associés aux trois tailles de chiens sur des bioréacteurs inoculés
avec des selles de chien de taille moyenne a permis de retrouver une association positive entre la taille des
chiens et la production de gaz ou d’acides gras a chaine courte, ainsi que des profils de microbiote distincts en
fonction des trois tailles, tels que révélés par un séquencage 16S du contenu des bioréacteurs. Des comparaisons
ont également été effectuées avec les résultats in vitro obtenus précédemment lorsque le CANIM-ARCOL a été
inoculé avec des échantillons fécaux provenant des chiens de trois tailles différentes, et des données fécales in
vivo. En effectuant de telles comparaisons il est toutefois important de garder en téte que les résultats peuvent

différer entre les deux études in vitro en raison de différences au niveau des durées de fermentations (9 jours
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dans cette étude versus 21 jours dans la précédente) et le nombre de réplicats biologiques (2 selles ici versus 13
dans I’étude précédente). L impact de la taille du chien sur la diversité bactérienne était similaire dans les deux
études. Cependant, I’effet taille observé ici au niveau des phyla n’est pas en accord avec la précédente étude,
avec des tendances opposées pour 3 des 5 phyla majoritaires et pas d’effet taille observé pour les deux autres.
Au niveau des familles, les variations observées pour respectivement 7 et 5 familles sur 12 dans le milieu luminal
et les billes de mucine étaient en accord avec 1’étude in vitro précédente. Concernant 1’activité du microbiote,
10 sur 11 des indicateurs mesurés (dont la production de gaz, d’acides gras a chaine courte et d’ammoniac)
présentaient des tendances identiques avec la précédente étude. La comparaison avec les données fécales in vivo
a ¢également permis d’observer que la plupart des familles retrouvées dans les échantillons de selle sont
maintenus in vitro. Un effet taille similaire a également été démontré in vitro et in vivo dans les selles pour 6
des 12 familles bactériennes. Ainsi, ces résultats démontrent que les paramétres coliques environnementaux
sont suffisants pour orienter les fonctions du microbiote in vitro. L’étude révéle également que les microbes
fécaux associés a la taille sont nécessaires pour reproduire fidélement in vitro I'écosystéme colique des chiens
de petite, moyenne et grande tailles. Pour la premicre fois, cette étude apporte des informations sur les

principaux parameétres de I'écosystéme colique qui orientent le microbiote en fonction de la taille du chien.

Ce travail a bénéficié d’une approche mécanistique in vitro jamais décrite dans la littérature, mais déja
employée avec succes dans 1'étude réalisée pendant mon stage de Master 2, qui visait a étudier I'impact des
parametres physicochimiques et nutritionnels de 1'environnement colique humain sur la dysbiose du microbiote
intestinal associée a 1'obésité. Nos données suggerent que les activités métaboliques du microbiote s’adaptent
plus rapidement aux changements que sa composition. Ces observations sont en accord avec des travaux
précédents menés avec le modeéle M-ARCOL en conditions humaines, qui ont mis en évidence une restauration
plus rapide de l'activité du microbiote par rapport aux profils bactériennes aprés antibiothérapie et un traitement
par transplantation de microbiote fécal. Des résultats similaires ont également été obtenus en conditions porcines
dans le M-ARCOL apres simulation in vitro du stress nutritionnel associé€ au sevrage. Cette forte résilience des
fonctions métaboliques est certainement permise par la redondance fonctionnelle observée au sein du
microbiote. Pour compléter ces travaux, d'autres fermentations impliquant un plus grand nombre de donneurs
(seuls deux chiens ont participé a notre étude) seraient un plus. Il serait également trés intéressant de voir
I’impact de chacun des facteurs qui ont ét¢ modifiés, de fagon indépendante, afin de confirmer leur importance
relative dans la structuration du microbiote intestinal et de ses fonctions. A titre d'exemple, nous pourrions
évaluer de fagon indépendante 1’impact du pH ou du temps de transit, sans changer aucun autre des paramétres
de fermentation, afin évaluer I’effet de ces paramétres sur la composition et les activités métaboliques du

microbiote.
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Chapitre 4 - Développement d'un nouveau modéle dysbiotique du microbiote du colon chez le chien
associé a l'antibiothérapie

Apres avoir évalué 1'impact de la taille du chien et I'importance relative de 1'inoculum fécal par rapport
aux parameétres environnementaux colique sur le microbiote dans le CANIM-ARCOL en conditions saines, nous
avons souhaité reproduire in vitro une situation perturbée. Nous nous sommes d'abord intéressés a la
reproduction de 1'état de dysbiose du microbiote associé a des maladies telles que l'obésité ou les maladies
inflammatoires chroniques de 1’intestin, comme nous avions déja développé avec succes chez I'Homme ce type
de mode¢le. Reproduire I'obésité a été parmi les situations perturbées 1'option que nous avions privilégiée au
début car j’avais participé au développement du modéle obése dans le M-ARCOL au cours de mon stage de
Master 2. Cependant, le manque de données in vivo pertinentes chez le chien (notamment en ce qui concerne
les paramétres physico-chimiques du colon) nous a dissuadés d'adapter le CANIM-ARCOL a cette pathologie
pour l'instant. Nous nous sommes donc tournés vers une autre pathologie chez le chien, I'entéropathie chronique.
Dans I'urgence, cette maladie est souvent traitée par antibiothérapie par les vétérinaires avant méme de chercher
des stratégies alternatives. Néanmoins, des études récentes ont mis en évidence 1’émergence de résistances aux
antibiotiques chez les chiens, en réponse a une utilisation inappropriée des antibiotiques. Il s'agit d'un sujet de
préoccupation mondiale, du fait du lien croissant entre les animaux de compagnie et de leurs propriétaires. En
effet, des transferts horizontaux de microorganismes entre les deux espéces peuvent avoir lieu et entrainer la
transmission de résistances aux antibiotiques. Cependant, jusqu'a présent, l'impact de 1'antibiothérapie sur le
microbiote est mal décrit chez les chiens, avec seulement 10 études in vivo basées sur I’analyse des selles. A
noter aussi que, jusqu'a présent, l'impact de 'antibiothérapie sur la composition et les fonctions du microbiote
colique canin n'a jamais été décrit, et qu’aucune étude n’a été menée pour évaluer I’impact des antibiotiques en
modeles coliques canins. Dans 8 de ces 10 études in vivo, les auteurs ont observé des perturbations du
microbiote, notamment caractérisé par une diminution de la diversité bactérienne et une modification de
I'abondance relative de certains phyla. Ainsi, dans cette nouvelle partie de la thése nous avons décidé d'utiliser
les antibiotiques comme inducteurs de dysbiose. L’objectif était de développer le premier modéle colique in
vitro permettant d’étudier l'impact de l'antibiothérapie sur la structure et les fonctions métaboliques du
microbiote associé a la lumiére et au mucus chez les chiens, en se focalisant sur ceux de taille moyenne.

Pour cela, une étape de pré-screening a été réalisée sur cing cocktails d'antibiotiques différents (i.e.
métronidazole seul, métronidazole/enrofloxacine, métronidazole/enrofloxacine/ciprofloxacine, amoxicilline et
tylosine) utilisés a des doses physiologiques. Ces pré-études ont conduit a sélectionner pour la suite des travaux
un traitement de 5 jours au métronidazole/enrofloxacine. Ainsi, deux bioréacteurs du CANIM-ARCOL ont été
inoculés avec un échantillon de matiéres fécales (n=2 donneurs de taille moyenne) et ont fonctionné en paralléle
pendant 26 jours dans des conditions contrdle (sans antibiotique) ou traité avec les antibiotiques. Le traitement
antibiotique a réduit la diversité microbienne et induit des changements majeurs dans les populations
bactériennes, conduisant a un état de dysbiose caractérisé par une augmentation des abondances relatives des
Streptococcaceae, Lactobacillaceae et Enterobacteriaceae et une diminution des Bacteroidaceae,

Fusobacteriota et Clostridiaceae. Comme décrit in vivo, une diminution significative de la diversité bactérienne
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a également été induite par le traitement antibiotique. Toutefois, dans I'ensemble, le microbiote associé au mucus
a été moins impacté par les antibiotiques que celui de la lumiére digestive. Les altérations microbiennes ont été
associées a des perturbations drastiques de 1’activité du microbiote. Pendant le traitement antibiotique nous
avons observé une réduction sévere de la production de gaz et des concentrations en acides gras a chaine courte.
De maniére intéressante, apres I’arrét du traitement, les niveaux initiaux de gaz et d’acides gras a chaine courte
ont été rapidement retrouvés (en 24-48 h), tandis que le retour a un état stable des profils bactériens (mais
différent de 1’état initial) a été atteint aprés un temps plus long (supérieur a 7 jours).

Méme si I’étape de pré-screening réalisée dans cette partie des travaux a été utilisée comme un criblage
préliminaire d'antibiotiques, il pourrait étre intéressant d'augmenter le nombre de réplicats biologiques pour
évaluer si des réponses dépendantes du donneur peuvent étre observées. Il est intéressant de noter que
I'amoxicilline et le métronidazole seuls ont eu un impact limité sur le microbiote colique in vitro, tandis que la
tylosine a entrainé une situation trés perturbée. L’absence d’impact de 'amoxicilline et du métronidazole est
quelque peu surprenante étant donné les altérations du microbiote précédemment décrites in vivo dans des
échantillons fécaux de chiens. Néanmoins, ces données ont été obtenues apres des traitements plus longs (14
jours pour le métronidazole et 7 jours pour I'amoxicilline -contre 7 jours pour le métronidazole et 5 pour
I'amoxicilline dans nos expériences-, plus long que les recommandations des vétérinaires) et des méthodes de
séquencage différentes qui peuvent impacter les résultats. Les résultats obtenus avec la tylosine sont
généralement en accord avec la littérature rapportant une augmentation des Enterobacteriaceae alors que
l'alpha-diversité et l'abondance relative des Fusobacteriaceae diminuent. In fine, le cocktail
métronidazole/enrofloxacine a été choisi pour le développement du modéle dysbiotique. Le métronidazole est
largement utilisé chez les chiens souffrant d'entéropathies ou de diarrhées chroniques, tandis que I'enrofloxacine
est principalement employée pour traiter les infections gastro-intestinales qui n'ont pas répondu a une
antibiothérapie antérieure. Il convient de noter que le cocktail métronidazole/enrofloxacine n'est pas largement
prescrit par les vétérinaires, mais cette association a été décrite comme augmentant considérablement le spectre
d'activité des antibiotiques, ce qui augmente le risque de signes gastro-intestinaux associés chez les chiens et
induit des altérations sévéres du microbiote fécal et du métabolome associé.

L'état de dysbiose du microbiote intestinal est défini par une altération a la fois de sa composition et de
ses fonctionnalités. Ainsi, au cours du développement du modele dysbiotique, nous avons réalisé une analyse
de séquencgage du microbiote associé a la lumiére et au mucus et une mesure des gaz et des acides gras a chaine
courte en tant que principaux produits finaux de la fermentation microbienne. Nous avons également calculé,
pour la premiére fois dans un modéle colique in vitro, un indice de dysbiose. Cet indice a été initialement décrit
dans le cadre d'entéropathies chroniques, et est basé sur des quantifications par qPCR de 7 populations
bactériennes considérées comme des marqueurs de dysbiose. Dans la présente étude, les scores de dysbiose ont
été calculés en utilisant la méme méthode mais d'une manicre originale, a partir des données de séquencage 16S
au lieu de celles obtenues par qPCR. Cela a été possible grace au développement récent du package R

'dysbiosisR'. Dans nos travaux, le calcul d’indices de dysbiose associés a l'antibiothérapie indiquent que ces 7
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populations spécifiques peuvent étre utilisées non seulement pour prédire la dysbiose associée aux entéropathies
chroniques mais aussi celle liée a l'antibiothérapie. Comme prévu, le cocktail métronidazole/enrofloxacine a
induit in vitro une altération importante du microbiote colique, en particulier dans le compartiment luminal du
CANIM-ARCOL. Le microbiote associé au mucus a été moins impacté, en accord avec de précédentes
observations in vitro réalisées dans le dispositif M-SHIME en conditions humaines et aprés ajout d'acides gras
polyinsaturés. Les auteurs ont décrit les billes de mucine comme un microenvironnement robuste permettant
l'attachement physique des bactéries, leur conférant un avantage compétitif. Une formation importante de
biofilm a été observée dans un précédent travail de these a la surface de billes de mucine prélevées dans le
mod¢ele M-ARCOL en conditions porcelet, grace a une analyse par microscopie électronique a balayage. Les
biofilms sont connus pour protéger les bactéries des antibiotiques en agissant comme un milieu protecteur. Nous
pouvons ainsi formuler I'hypothése que ce microenvironnement préservé peut agir comme un réservoir bactérien
réinoculant continuellement le milieu luminal. Dans le milieu luminal du CANIM-ARCOL, une réduction de la
charge bactérienne totale, de la production de gaz et des concentrations en acides gras a chaine courte, associés
a une augmentation de l'indice de dysbiose, ont été observés pendant le traitement antibiotique et maintenus par
la suite. En outre, une prolifération des Enterobacteriaceae a été observée pendant 'antibiothérapie, associée a
une augmentation des abondances relatives de pathogénes opportunistes tels que Enterococcus, Escherichia et
Proteus, tandis que celles des Fusobacterium, Faecalibacterium et Clostridium ont diminué. Ces résultats
étaient attendus car la prolifération des Enterobacteriaceae a été précédemment décrite comme un marqueur
commun de dysbiose chez ’Homme et le chien.

Il est également intéressant de noter que ces modifications de la composition et de I'activité du microbiote
sont en parfaite adéquation avec les résultats de la seule étude in vivo qui a évalué dans les selles de chien I'effet
du méme cocktail d'antibiotiques sur le microbiome, validant ainsi notre modéle dysbiotique. Cependant, il est
a noter que la production et les profils de gaz n'ont jamais été suivis in vivo chez le chien dans un contexte
d'antibiothérapie, ce qui n’a pas permis d’établir les comparaisons in vitro-in vivo sur ces parametres. De
maniére surprenante, la présente étude a également démontré qu'un traitement de 5 jours avec le cocktail
métronidazole/enrofloxacine (ce qui est 4 fois plus court que le traitement de 21 jours appliqué dans 1’étude in
vivo, et plus en adéquation avec les prescriptions vétérinaires) est capable d'induire des changements critiques
dans le microbiote colique du chien et ce, indépendamment de 1’héte. De plus, la plupart des populations
bactériennes affectées étaient encore perturbées aprés 'antibiothérapie, comme cela a été précédemment observé
in vivo. Cependant, dans notre étude in vitro, les altérations du microbiote ont persisté pendant quelques jours,
alors que jusqu'a 4 semaines ont été nécessaires pour restaurer la composition du microbiote in vivo. Ceci est
surprenant car il existe chez le chien de nombreuses sources de ré-inoculation bactérienne, comme I'alimentation
ou l'environnement, qui n'existent pas in vitro, les bioréacteurs étant des systémes clos. Une telle différence
pourrait s'expliquer principalement par une période d'antibiothérapie plus longue in vivo que in vitro. Une autre
explication est que dans le CANIM-ARCOL, la phase muqueuse est plus efficace que in vivo pour réinoculer le
compartiment luminal, peut-€tre en raison d'un ratio de surface mucosale plus élevé in vitro comparativement a

la situation in vivo. Cette quantité de mucus a été précédemment définie au laboratoire sur la base de données
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humaines et il n’existe malheureusement pas de données publiées sur 1'épaisseur du mucus colique du chien
pour les ajuster a la situation canine. Dans I'ensemble, les données recueillies ont confirmé les effets négatifs
que l'antibiothérapie peut avoir sur le microbiote colique des chiens. Ainsi, nos résultats encouragent encore
d’avantage les vétérinaires a effectuer des prélévements fécaux pour des tests de résistance aux antibiotiques
avant toute antibiothérapie chez le chien (sauf en cas d'urgence), afin de limiter autant que possible une
utilisation inappropriée.

Ce travail de thése s'est focalisé sur un état dysbiotique associé a un traitement antibiotique chez des
chiens de taille moyenne. Dans un avenir proche, nous pourrions également envisager d'adapter le modele de
dysbiose induit par les antibiotiques a d'autres tailles de chiens (c'est-a-dire aux chiens de petite et de grande
taille). Toutefois, de tels développements seraient limités par le manque de données in vivo, étant donné que
jusqu'a présent toutes les études sur les antibiotiques ont été réalisées sur des chiens de taille moyenne. Le
potentiel du CANIM-ARCOL pourrait également étre étendu a d'autres situations pathologiques dans lesquelles
une dysbiose du microbiote intestinal a été mise en évidence, telles que I'obésité, les maladies inflammatoires
de l'intestin ou les entéropathies chroniques. La simulation d'une situation dysbiotique dans des modéles
coliques in vitro nécessitera l'utilisation d'échantillons fécaux provenant de donneurs malades, mais aussi
'adaptation de tous les paramétres physico-chimiques et nutritionnels associés pour reproduire les conditions
environnementales coliques spécifiques de la maladie. Ces adaptations sont cruciales en raison de l'importante
capacité de résilience du microbiote intestinal, qui retournera rapidement a un état d'eubiose si le maximum de
parameétres associés a la maladie n’est pas reproduit. Par exemple, simuler I'obésité canine in vitro impliquerait
d'adapter la quantité de nourriture (la suralimentation étant le principal facteur d’obésité canine), mais aussi la
composition des effluents iléaux car des profils lipidiques et biliaires altérés ont été rapportés chez les chiens
obéses. Ce type d'adaptation a déja été réalisé avec succes avec le modeéle M-ARCOL pour reproduire les

conditions d'obésité humaine.

Chapitre 5 - Efficacité du postbiotique dérivé de Lactobacillus helveticus et de Saccharomyces boulardii
pour préserver ou restaurer le microbiote colique apreés une perturbation induite par les antibiotiques

dans un modéle in vitro du chien de moyenne taille

Le modele CANIM-ARCOL a été adapté et validé avec succes pour reproduire une dysbiose induite par
un antibiotique avec des corrélations in vivo-in vitro pertinentes. La derniére étape de cette thése de doctorat a
donc été consacrée aux tests in vitro de stratégies de restauration microbienne. Une recherche bibliographique
a mis en évidence un manque de connaissance manifeste concernant les stratégies de restauration associées a
l'antibiothérapie chez le chien. Basé sur les connaissances acquises chez I’Homme, différentes stratégies
peuvent étre utiles dans ce contexte, notamment les stratégies prébiotiques, probiotiques et postbiotiques. Une
seule étude in vivo chez le chien a évalué 'effet d'Enterococcus faecium administré avec du métronidazole a des
animaux atteints de diarrhées, montrant un impact positif de la bactérie sur les paramétres cliniques et les

fréquences des diarrhées. Le probiotique bien connu S. boulardii pourrait également étre un candidat probiotique
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intéressant pour les chiens, compte tenu des effets positifs déja observés chez 'Homme sur la diminution des
diarrhées associées aux antibiotiques. A ce jour, la levure S. boulardii n'a été testée que chez des chiens en
bonne santé, des femelles allaitantes ou des animaux souffrant de maladies inflammatoires chroniques de
I’intestin, mais n'a jamais été testée dans le cadre d’antibiothérapie chez le chien. Par ailleurs, les postbiotiques

constituent une autre stratégie alternative prometteuse, encore peu documentée chez le chien.

Dans ce contexte, nous avons décidé, comme dernicre étape de ce travail de thése, d'évaluer I'impact
d'une levure probiotique vivante (S. boulardii CNCM 1-1079) et d'une bactérie tyndallisée (L. helveticus HA-
122 inactivée par la chaleur) sur la composition et l'activité du microbiote colique du chien dans un contexte
d'antibiothérapie dans le modeéle CANIM-ARCOL. Les stratégies de restauration ont été administrées deux fois
par jour a des doses physiologiques afin d'évaluer leur capacité a augmenter la résistance pendant la perturbation
antibiotique et a améliorer la restauration de 1'équilibre du microbiote présent dans la lumiére digestive et associé
au mucus apres antibiothérapie. Pendant le traitement antibiotique, les deux stratégies ont permis de réduire la
perturbation du microbiote. En particulier, L. helveticus tyndallisé tend a préserver la production d’acétate alors
que la levure S. boulardii permet de limiter I’augmentation du potentiel d’oxydoréduction au cours du traitement
antibiotique. Les effets les plus notables ont été observés dans les deux jours suivant le traitement antibiotique,
ou S. boulardii et L. helveticus ont atténué la prolifération des Enterobacteriaceae et favorisé une résilience
plus rapide du microbiote, en particulier en termes de population bactérienne totale, de diversité bactérienne et
de production d'acides gras a chaine courte. Les deux microorganismes ont permis d’inhiber les voies
métaboliques activées par l'antibiothérapie et potentiellement impliquées dans le métabolisme de souches

pathobiontes.

De nos jours, il existe un nombre croissant de stratégies de restauration du microbiote intestinal
commercialisées pour les chiens mais jusqu'a présent, seule la bactérie E. faecium a été testée in vivo dans un
contexte d'antibiothérapie. Par conséquent, pour combler ce manque de connaissances, deux candidats potentiels
ont été sélectionnés parmi les souches produites par 1'un des partenaires de cette thése, Lallemand, a savoir la
levure probiotique vivante S. boulardii CNCM 1-1079 (déja commercialisée sous le nom de LevucellSB pour
les porcs et les volailles) et 1a bactérie inactivée par la chaleur L. helveticus HA-122 (récemment commercialisé
pour les chiens et les chats et nécessitant de recueillir d’avantage d’éléments mécanistiques en relation avec son
mode d’action). S. boulardii a été choisie ici comme "contrdle positif' en raison de ses effets bénéfiques
reconnus chez I'Homme dans le contexte de I'antibiothérapie. Chez 'Homme, S. boulardii a démontré des effets
trés intéressants sur les diarrhées associées a l'antibiothérapie en réduisant leur fréquence grace a une
augmentation de la production d'acides gras a chaine courte et en particulier de butyrate. La levure probiotique
est aussi connue pour sécréter des polyamines, considérées comme bénéfiques pour la santé de la muqueuse
colique. Une capacité d’exclusion des agents pathogeénes a également ét¢ démontrée par liaison des agents
pathogénes (par exemple E. coli ou Salmonella) aux cellules de la levure ou par la sécrétion de composés
antimicrobiens. Par ailleurs, des effets anti-toxiniques ont été décrits contre Clostridium difficile et la toxine

cholérique. Enfin, S. boulardii aurait des effets immunomodulateurs et anti-inflammatoires, principalement en
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réprimant la voie NF-kB et la production d'IL-8 tout en induisant la production d'IL-10 anti-inflammatoires.
Des effets probiotiques intéressants de S. boulardii CNCM 1-1079 ont également été démontrés chez les chiens,
induisant une amélioration de la résilience du microbiote chez les chiennes en gestation et en lactation au
moment de la mise bas et une modulation du microbiote des chiots. Des diminutions significatives des
marqueurs inflammatoires et de stress dans les selles, sans impact sur la composition du microbiote ont
également été observées chez des chiens sains et atteints d'entéropathies chroniques. Jusqu'a cette étude, les
effets de S. boulardii ont été trés peu décrits dans un contexte d'antibiothérapie chez le chien mais la levure a
déja montré des effets prometteurs chez des animaux sains recevant un antibiotique de type lincomycine. Ainsi,
dans cette étude nous avons montré une diminution de I'abondance d'Escherichia dans le CANIM-ARCOL en
présence de la levure probiotique. Cet effet inhibiteur peut étre li¢ a la production d'acide acétique par la levure,
qui est connu pour exercer un effet inhibiteur sur £. coli. Il convient de noter que, contrairement a nos résultats,
des études canines antérieures faisant état d'une supplémentation en S. boulardii pendant 10 a 35 jours chez des
chiens en bonne santé et des chiens souffrant d'entéropathies chroniques n'ont pas rapporté d'impact sur le
microbiote fécal et le mycobiote. De plus, une étude in vitro simulant les conditions du rumen a montré que
S. boulardii, a la fois sous forme vivante et autoclavée, stimulait de maniére significative la production d’acides
gras a chaine courte (i.e. acétate et butyrate) et d’acides gras branchés (i.e. isovalérate et valérate), sans
différence majeure entre les deux conditions. Les auteurs ont conclu a un effet prébiotique potentiel de la levure,
mais les populations microbiennes n'ont pas été suivies pour confirmer cette hypothése. Cet effet prébiotique
était supposé étre associé a l'utilisation des composants de la paroi cellulaire de la levure (tels que les glucanes,
les mannoprotéines et la chitine) comme substrats pour la fermentation microbienne par diverses bactéries
productrices d'acides gras a chaine courte. Nous pouvons donc supposer que les effets observés dans le CANIM-
ARCOL lors de I'ajout de S. boulardii seraient liés a I’effet antimicrobien des levures ou a leur effet prébiotique,
indépendamment de toute implication de la levure dans la réponse immunitaire ou les interactions cellulaires.
Cela est également confirmé par le fait que le traitement par S. boulardii a augmenté 1'abondance relative de la
famille des Lactobacillaceae dans notre étude in vitro, population considérée comme bénéfique, tandis que celle
des Enterobacteriaceae a diminué. D'autres investigations pourraient étre menées pour vérifier cette hypothése,
comme la répétition de la méme ¢tude avec des S. boulardii non viables et/ou avec des glucanes, des
mannoprotéines et de la chitine, purifiés ou en cocktail, afin d'évaluer I'importance relative de chaque composant

de la paroi cellulaire dans les effets observés.

Néanmoins, une telle stratégie probiotique requiert par définition la viabilité de la souche dans le tractus
gastro-intestinal, ce qui peut s'avérer difficile en raison de contraintes industrielles (extrusion pour les
croquettes) et de problémes de conservation (grande sensibilité a l'eau et a la chaleur). De plus, les levures
vivantes sont considérées comme des additifs alimentaires et nécessitent une autorisation européenne de 'EFSA
pour étre mises sur le marché. Une solution alternative consiste a utiliser des souches inactivées par la chaleur,
appelées "paraprobiotiques" ou "postbiotiques"”. Ces produits sont moins sensibles aux conditions industrielles

et de stockage et sont considérés comme des matiéres premicres dans la réglementation européenne, ce qui
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facilite leur utilisation dans l'industrie des aliments pour animaux de compagnie. Ces approches ont été
développées récemment et, a ce jour, trés peu d'études in vivo ont été réalisées. Néanmoins, ces produits ont
déja démontré des effets bénéfiques potentiels sur le microbiote et la santé des chiens. Il est intéressant de noter
que des Lactobacillus inactivés par la chaleur ont permis d'améliorer le score fécal de chiots en bonne santé et
montré un effet protecteur contre la diarrhée virale chez des chiens adultes, en augmentant la diversité des
Firmicutes et la consistance des selles aprés une supplémentation a long terme (10 mois). Cependant, le potentiel
de modulation du microbiote de L. helveticus inactivés par la chaleur dans un contexte d’antibiothérapie n'a
jamais été ¢tudié chez les chiens. Bien qu’un effet direct des bactéries tyndallisées sur le microbiote a été observé
dans le CANIM-ARCOL, le principal mode d'action envisagé pour les bactéries inactivées par la chaleur est 1ié
aux interactions avec les cellules épithéliales de I'héte ou le systéme immunitaire. De plus, les propriétés de
L. helveticus HA-122 inactivés étaient supposées étre principalement basées sur leurs parois cellulaires. Le
processus d'inactivation par la chaleur a été mis au point par Lallemand pour conserver les cellules bactériennes
intactes, et la caractérisation des parois cellulaires est en cours (données non publi¢es). Sur la base des données
de la littérature, nous pouvons néanmoins émettre quelques hypothéses. En particulier, une étude a montré que
les acides lipoteichoiques purifiés a partir de Lactobacillus inhibaient la formation de biofilms par S. mutans,
S. aureus ou Enterococcus faecalis in vitro. Une autre possibilité impliquerait la lectine présente a la surface des
bactéries, qui a montré des effets anti-biofilm pour E. coli et Salmonella. Enfin, certains mécanismes de co-
agrégation peuvent avoir lieu entre L. helveticus inactivés par la chaleur et les bactéries vivantes. D'autres
caractérisations des cellules tyndallisées de L. helveticus sont nécessaires pour vérifier si le site d'adhésion ou
les récepteurs sont conservés intacts pendant le traitement thermique et s'ils sont toujours actifs. Dans
I'ensemble, ces résultats suggérent que le probiotique S. boulardii et le postbiotique L. helveticus peuvent étre
des stratégies de restauration prometteuses pour restaurer 1’équilibre du microbiote aprés une antibiothérapie
chez le chien.

Le traitement antibiotique chez le chien est généralement associé¢ au traitement de la diarrhée aigué,
induite dans la plupart des cas par des pathogenes entériques tels que les bactéries entéro-invasives (c'est-a-dire
E. coli, Salmonella, Shigella, Campylobacter) ou entérotoxinogenes (Clostridium, S. aureus et Klebsiella). Dans
cette étude, la perturbation du microbiote a été induite par la seule supplémentation en antibiotiques et nous
n'avons pas reproduit d'infection entérique. Une avancée dans le développement du modéle dysbiotique serait
d'introduire un pathogéne entérique avant le traitement antibiotique pour se rapprocher de la situation in vivo.
Nous pourrions donc étudier le potentiel de la levure vivante S. boulardii CNCM 1-1079 ou du postbiotique
L. helveticus HA-122 inactivé par la chaleur a atténuer I’impact des pathogénes entériques dans un contexte
d’antibiothérapie. Par exemple, nous pourrions suivre la colonisation des pathogénes dans les bioréacteurs et
dans les billes de mucine, mais aussi la synthése des toxines et I'expression des génes de virulence, comme cela
a été fait précédemment chez I'Homme ou le porc dans le modéle in vitro M-ARCOL. Cependant, d'autres études
seront nécessaires pour déterminer la dose de pathogénes a administrer, étant donné que la plupart du temps ils
ne sont pas quantifiés avant antibiothérapie dans les échantillons de féces des chiens. Notre modele dysbiotique

in vitro (complexifié ou non par I'ajout d'un pathogene entérique) peut étre un outil performant et utile pour
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évaluer I'impact de nouvelles stratégies de restauration, comme des pré, pro- ou postbiotiques. De manicre
originale, I'efficacité de la transplantation de microbiote fécal, qui est a ce jour plus destinée a la recherche qu'a
des applications pratiques chez le chien, peut également étre évaluée dans le CANIM-ARCOL. Grace a notre
outil in vitro, nous pourrons apporter des informations pertinentes sur la cinétique de restauration du microbiote
intestinal aprés transplantation de microbiote fécal, telle qu'elle a été précédemment évaluée en conditions
humaines. Enfin, le modéle peut également étre facilement adapté pour reproduire la dysbiose associée a d'autres
cocktails d'antibiotiques ou d’autres posologies, ouvrant ainsi de multiples possibilités pour I'évaluation des

stratégies de restauration.

G. Perspectives : de la simulation in vitro a la commercialisation de produits microbiens protecteurs

Ce projet de doctorat a été divisé en quatre parties, toutes basées sur des approches in vitro utilisant le
modele M-ARCOL. La premiére partie visait a définir les meilleures conditions de conservation des échantillons
fécaux, la seconde a décrypter l'impact de la taille du chien sur la fermentation colique, la troisiéme a étudier
I'impact de l'antibiothérapie sur le microbiote colique du chien, et la derni¢re a étudier des stratégies de
restauration basées sur I’administration d’un probiotique et d’un postbiotique. Concernant cette dernicre partie,
ce projet de thése ouvre de nouvelles voies dans le développement de produits microbiens protecteurs, mais des

étapes supplémentaires seront évidemment nécessaires avant toute commercialisation chez le chien.

Collecter des données supplémentaires griace au potentiel d'autres modéles digestifs artificiels

Les résultats obtenus au cours de ce travail de doctorat peuvent étre complétés par I'utilisation d’autres
systémes digestifs artificiels. Tout d'abord, le développement de bioréacteurs miniaturisés simulant le célon du
chien, plus simples et moins cotiteux que le CANIM-ARCOL, permettrait de cribler un plus grand nombre de
nouveaux additifs ou ingrédients alimentaires. Ce type d'approche permettrait de sélectionner efficacement les
produits les plus pertinents avant une étude in vitro plus approfondie dans des modéles plus complexes comme
CANIM-ARCOL ou M-SCIME, ce qui devrait accélérer la recherche dans ce domaine. Ces mini bioréacteurs
permettraient également d'augmenter le nombre de donneurs testés et ainsi mieux prendre en compte les
variabilités interindividuelles pour évoluer vers des approches plus personnalisées. Un autre modéle in vitro
complémentaire au CANIM-ARCCOL est le systeme FIDO qui pourrait étre utilisé pour évaluer le devenir de
tout composé d'intérét dans le tractus digestif supérieur des chiens avant d'entrer dans le colon. Ce modele in
vitro peut fournir des informations précieuses sur I'impact des parametres de I’estomac et de I’intestin gréle, tels
que le pH acide, les enzymes digestives ou la bile, sur la digestibilité de macronutriments ou la bioaccessibilité
de micronutriments, la survie de souches probiotiques ainsi que leurs effets sur la survie et la virulence de
pathogenes entériques, comme cela a été fait précédemment en conditions humaines. Jusqu'a présent, ce modele
n'a été mis en place que dans des conditions de chien sain de taille moyenne, mais comme pour le CANIM-
ARCOL, si des données in vivo sont disponibles a 1'avenir nous pourrons envisager pleinement son adaptation
a d'autres tailles ou méme a des situations pathologiques. Enfin, la derni¢re approche complémentaire, mais non

la moindre, serait l'adaptation du mod¢le gastro-intestinal Engineered Stomach and Small Intestine (ESIN) pour
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simuler la digestion canine. A ce jour, ESIN est le modéle in vitro le plus complexe du tractus digestif supérieur,
intégrant tous les paramétres du modéle TIM-1, plus la possibilité de digérer des particules alimentaires de taille
réelle et la simulation d'une vidange gastrique différentielle. A titre d'exemple, 'ESIN adapté au chien pourrait
fournir de premiéres informations sur l'importance de la taille des particules alimentaires sur la digestibilité des
nutriments, ce qui pourrait étre intéressant puisque les chiens avalent de plus gros morceaux de nourriture que
les humains. Le mod¢le ESIN sera également bientdt amélioré pour reproduire le microbiote iléal, qui suscite
un intérét croissant dans le domaine de la santé humaine. Cependant, plusieurs années seront nécessaires pour
franchir cette étape chez le chien, la recherche sur le microbiote canin n'étant pas assez avancée par rapport au

microbiote humain.

Intégrer la réponse de 1'hote en couplant les modéles in vitro a des modéles de culture cellulaire

Tous les modéles digestifs artificiels mentionnés ci-dessus ne permettent pas de reproduire les interactions
avec 1’hdte, ne simulent pas les fonctions de la barriére intestinale et du systéme immunitaire, ainsi que toutes
les contrdles de 1’héte, qu’ils soient nerveux ou hormonaux. Pour améliorer la pertinence des modeles CANIM-
ARCOL sains et dysbiotiques, nous pouvons envisager d’intégrer une partie des composantes de 1'hote en
couplant le modéle avec des cellules intestinales épithéliales ou immunitaires canines. Cela serait
particulierement pertinent pour la présente étude sur les stratégies de restauration, étant donné que S. boulardii
et L. helveticus sont censés agir par le biais d'interactions avec ces cellules. Jusqu'a présent, une telle adaptation
a déja été réalisée avec succes avec des modeles in vitro en conditions humaines ou porcines, permettant de
suivre par exemple le niveau d'expression des génes codant pour des mucines, des protéines des jonctions serrées
ou des voies impliquées dans les réponses inflammatoires. De plus, les dispositifs gut-on-a-chip pourraient
également étre couplés a des modeles de fermentation. Une adaptation récente de cette approche a permis de
réaliser des analyses pharmacologiques et toxicologiques en couplant les processus de digestion dans la bouche,
l'estomac et 'intestin (y compris les sécrétions digestives) aux cellules intestinales. Cependant, ces adaptations
n'ont jamais été réalisées avec des modeles digestifs in vitro canins. Différentes lignées cellulaires canines sont
disponibles, telles que les monocouches de cellules du jéjunum ou les cellules épithéliales iléales canines (cIEC).
Les différences observées entre Caco-2 humaines et les cellules intestinales épithéliales canines suggerent que
des mod¢les spécifiques a I'espece doivent étre utilisés lors de 1'é¢tude de la fonction de barri¢re. De plus, la co-
culture de cellules intestinales et de cellules productrices de mucus (comme cela a €té réalisé¢ précédemment
avec les lignées de cellules humaines Caco2 et HT29 MTX) ou des cellules immunitaires (macrophages ou
cellules dendritiques) peuvent également étre trés instructives pour étudier les interactions entre composés
d’intérét et hote. Cependant, & nouveau, une telle co-culture n'a jamais été mise en place chez le chien. Enfin,
pour augmenter encore la complexité cellulaire, il pourrait également étre envisagé d'associer les modéeles
digestifs artificiels a des organoides tridimensionnels canins. A ce jour, les approches organoides canine les plus
complexe sont l'entéroide et le colonoide dérivés de tissus prélevé sur plus de 40 chiens sains et atteints de
maladies gastro-intestinales (maladies inflammatoires chroniques de I’intestin et carcinomes intestinaux). Ces

couplages permettraient d’évaluer I'impact de nutriments, de médicaments ou d’agents pathogénes sur la
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fonction de barriére intestinale, I'inflammation ou toutes voies métaboliques d’intérét. Les modéles organoides
peuvent constituer une approche complémentaire pertinente, permettant d'étudier a la fois I'état sain ou malade
chez le chien et fournissant une meilleure simulation des caractéristiques physiologiques et moléculaires

trouvées dans I'environnement tissulaire par rapport aux cultures cellulaires bidimensionnelles.

Prochaines étapes jusqu'a I'autorisation de mise sur le marché des produits microbiens

L'étape finale du développement des produits sera leur commercialisation en tant qu'additifs pour
lI'alimentation animale ou médicaments vétérinaires (seule facon d'utiliser la qualification "probiotique" ou
"postbiotique"). En France, I'EFSA réglemente l'utilisation des additifs pour 'alimentation animale et délivre
une autorisation apres évaluation de la qualité et de la sécurité des additifs aussi bien pour les animaux, les
consommateurs, les utilisateurs et I'environnement, ainsi que leur efficacité. Pour ce faire, des études in vivo
chez le chien doivent étre réalisées avec une période minimale de 28 jours d'administration du produit. L'Agence
Nationale du Médicament Vétérinaire (ANMYV) est l'autorité frangaise compétente pour I'évaluation et la gestion
des risques liés aux médicaments vétérinaires. L'ANMYV délivre l'autorisation de mise sur le marché a l'issue
d'une procédure qui nécessite de fournir des informations sur la qualité pharmaceutique du produit (y compris
les composants qualitatifs et quantitatifs, le procédé de fabrication, les méthodes d'analyse et les études de
stabilité), sur la sécurité (données toxicologiques, pharmacocinétique et étude de la sécurité de I'utilisateur) et
sur l'efficacité démontrée par des études pré-cliniques et cliniques.

De maniére intéressante, les résultats d'efficacité fournis par notre étude in vitro sur S. boulardii CNCM
1-1079 et L. helveticus HA-122 inactivé par la chaleur nous permettent de spéculer sur une future
commercialisation de S. boulardii CNCM 1-1079 en tant que "stabilisateur de la flore intestinale" (dans la
catégorie des additifs alimentaires), recommandé en tant que stratégie de restauration aprés une perturbation
induite par un antibiotique. L. helveticus HA-122 inactivé par la chaleur est actuellement commercialisé en tant
que matiére premicre et nos résultats in vitro ont démontré l'efficacité du produit comme stratégie de restauration
aprés une perturbation antibiotique. Cependant, d'autres études doivent étre menées pour augmenter la puissance
statistique, fournir des informations supplémentaires sur les modes d'action de L. helveticus HA-122 et accroitre
les connaissances concernant les interactions potentielles avec I'hote. Il est a noter que seules les études cliniques
in vivo sont approuvées par I'EFSA pour les études de toxicité, de tolérance et d'efficacité, ce qui signifie
évidemment qu'une étude clinique devra &tre réalisée avant la commercialisation de S. boulardii CNCM I-1079
pour les chiens. Cependant, ce travail de thése a mis en évidence le potentiel du modéle in vitro CANIM-
ARCOL pour fournir des données pertinentes sur l'efficacité des produits, conformément a la confiance accordée
par I'EFSA elle-méme lorsqu'elle a sollicité MEDIS pour évaluer 1'impact de nanocelluloses (utilisées comme
additifs dans I'alimentation humaine) sur le microbiote colique a I'aide du modéle M-ARCOL. Ainsi, nous avons
l'espoir que les systemes digestifs artificiels dynamiques et multi-compartimentés puissent étre, dans un avenir
proche, des outils alternatifs permettant de remplacer les études cliniques in vivo dans les processus de

réglementation et de commercialisation de produits alimentaires et vétérinaires destinés aux animaux.
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FOREWORD

A. Scientific and regulatory context of the PhD thesis

Canis lupus familiaris, also known as domesticated dogs, belongs to Canidae family. Descending from
the grey wolf, dog might have been the first animal domesticated by humans around 20.000 to 40.000 years ago
(Botigué et al., 2017). Dogs were initially strict carnivores, but during the agricultural revolution, they have
probably acquired the ability to digest starch and became facultative carnivores (Axelsson et al., 2013).
Depending on their usefulness for humans, the Canis lupus familiaris subspecies have differentiated slowly,
with the development of new species selected for specific tasks, such as herd protection (Mastiff), hunting
(Pointer), cold hardiness (Siberian husky) or companion (Pekinese). Nowadays, canine species include
approximatively 400 breeds with morphological, metabolic and size variabilities and weight ranging from 1 kg

for a Chihuahua to 100 kg for a Saint-Bernard (Grandjean & Haymann, 2010; Middleton et al., 2017) (Figure
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Figure 0.1: Popular canine breeds or breeds involved in this PhD work, classified per size. Dogs are
considered in the “small” category under 10 kg, “medium” from 10 to 30 kg and “large” over 30 kg.

Pets, especially dogs, occupy a full place in the family and their health and well-being are therefore of
paramount importance to their owners, to the extent that 7 % of French dogs have their own health insurance
comparatively to 30 % of dogs homed in the United Kingdom and 80 % in Sweden (SantéVet/Ipsos, 2018). In
2023, dogs are estimated to be more than 900 million worldwide (World Animal Foundation), which represents
a huge market for petfood and animal health industry. In 2018, global petfood market size reached $91.1 billion,
representing 31 % increase within 5 years, with the need of constantly innovate (e.g. food, probiotics and
prebiotics) (Phillips-Donaldson, 2019). A vast array of foods, snacks and nutritional supplements have been
recently developed to support well-being, health, improve the health of aging dog or prevent diseases. According
to increased interest of owners to maintain dog’s health, petfood is adapted to fit each dog’s lifestyle, for

example for puppies or bitches, sedentary or active, maintenance diet or hypocaloric diet. Different types of
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canine food are available and can be classified in three categories: dry food (kibbles), canned food, and
alternative food (biologically appropriate raw food, namely BARF, homemade food, and feedstuffs). At the
interface between petfood and veterinary compounds, pets’ nutritional supplements represent a specific
expanding market with large range of products. As an example, micronutrients like selenium, taurine or
polyphenols could be added for old dogs, calcium, phosphorus, omega-3 fatty-acids and vitamin E for lactating
bitches, or L-carnitine for athletic dogs can be found. Particular nutritional purposes (known as PARNUTS or
dietetic feed; EU regulation 2020/354) have to meet the specific nutritional needs of animals whose bodily
functions are, or could be, temporarily or irreversibly impaired. In 2019, pet medicine represents a $17.5 billion
market including the sales of veterinary compounds such as vaccines, antiparasitic treatments or antibiotics (The
Business Research Company, 2020). As for human, a large range of products has been developed to improve
dog’s health and hygiene. Specific treatments have been also developed to cure diseases, for example to avoid
lipid absorption in obesity or decrease pain in inflammatory bowel disease (IBD). Of note, some canine breeds
or sizes are more sensitive to diseases. For example, overweight and dental trouble are more prevalent in small
dogs whereas large dogs frequently present an increased digestive sensitivity.

Strong expansion of veterinary medicine, petfood and oral supplements with health claims is associated
with an increasing specific regulatory context. In Europe, the European Petfood Industry Federation (Fediaf)
aims at proposing a framework for production of safe, nutritious, and palatable petfood. Heads of Medicine
Agencies or National Agency must grant an authorization for veterinary drug marketing, after evaluating quality
and safety of medicinal product for animals, consumers, users, and environment as well as effectiveness of
medicinal product. In addition, toxicity, efficiency and stability of oral supplements (including probiotics) have
to be demonstrated (EU regulation 1831/2003). For the evaluation of these products, generally related to
digestibility of petfood or bioaccessibility of active compounds (including drugs) in the canine gastrointestinal
tract, in vivo studies remain the golden standard. Actually, in vivo experiments in dogs can also be performed
as a model of human gut due to important similarities in digestive physiology (Lui et al., 1986; Akimoto et al.,
2000). Worldwide, experimentations are still conducted on 192.1 million animals with 207 724
experimentations involving dogs in 2015 as reported in the European Commission (2017). However, in vivo
assays are more and more restricted by regulation, ethical and societal constraints, coupled to high associated
costs. In addition, the marketing of a new additive or drug is becoming increasingly regulated, with an increasing
level of scientific justification, in a context of expanding difficulties in conducting animal trials. This last
a strong reduction in the number of animals used in research and prone the development of alternative in vitro
approaches. All these elements limit the ability to prove the effectiveness and understand the mode of action of
new selected molecules in canine in vivo studies.

Among in vitro alternatives, models simulating the canine digestive environment (intestinal cell culture,
organoids, or in vitro gut models) can help to answer many scientific questions associated to food and drug
behavior during canine digestion. An alternative approach to animal trials is the use of artificial digestive

systems, allowing to study the fate of orally ingested compounds of interest, to perform mechanistic studies,
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and/or to evaluate the interactions with the canine microbiota. There are currently very few canine in vitro
models reproducing the gastrointestinal or colonic environment of the animal and the majority of published
work concerns static in vitro models, very simplified and therefore not reproducing the dynamism and
complexity of the in vivo digestion process. Finally, most of the models developed to date pass over the intestinal
microbiota component, which is the subject of a growing number of studies in dogs, highlighting the essential
role of the intestinal microbiota in host homeostasis, and when perturbated (namely called a dysbiosis state), its
involvement in various digestive or extra-digestive pathologies (Suchodolski et al., 2012b; Honneffer,
Minamoto & Suchodolski, 2014; Redfern, Suchodolski & Jergens, 2017). Thus, having an in vitro model,
mimicking as closely as possible the physico-chemical and microbial parameters specific to the dog's digestive
environment, would constitute a major technological and scientific advance, making it possible to acquire
multiple knowledge, to understand modes of action of new products, to develop microbial biomarkers and even
to refine a protocol during a clinical pilot study (choice of dose, frequency of administration...). However, this
requires a comprehensive and precise understanding of dog digestive processes.

Digestion is an essential process at the center of dog health study and of high interest for petfood and
veterinary industries. Canine digestion is a complex process involving physicochemical (e.g. pH, digestive
secretions, transit time), mechanical and microbial parameters varying all along the gastro-intestinal tract (GIT).
Each compartment is colonized by a resident microbiota, with the higher diversity and abundance of
microorganisms found in the colonic compartment. The gut microbiota and its involvement in dog nutrition and
health is becoming a more and more important topic. All these digestive components affect food digestibility,
nutrient absorption, and energy release, but also drug metabolism and absorption, and survival of probiotic
microorganisms. Thus, developing new food or veterinary products needs to consider all these multi-faceted
aspects of canine digestion in order to answer important questions, such as: how physicochemical parameters
modulate food digestibility?; what is the importance of gut microbiota in canine digestion and drug
metabolism?; where drugs are released and absorbed?; how drug bioaccessibility is impacted by food matrix,
galenic form, physicochemical parameters or microbiota?; how probiotic strains survive along the GIT? Yet,
recommendations for petfood and drug intakes are only based on dog body weight or metabolic weight. Future
development of new products needs therefore to consider not only dog’s weight but also all the variations in
digestion process associated to different canine sizes and breeds to move towards personalized nutrition and
veterinary medicine. Petfood manufacturers and veterinary companies aim to develop personalized products
ranges, adapted to size (e.g. long-term growth of large breeds puppies, poor digestive tolerance and gastric
dilatation volvulus for large dogs) or to address certain breed predispositions such as obesity in Labrador
Retrievers or enteropathies in Terriers (German et al., 2000; Boillat, Gaschen & Hosgood, 2010; Osto & Lutz,
2015; Raffan et al., 2016). Nevertheless, the impact of dog size or breed on digestive parameters remains poorly

described despite its full interest in canine nutrition and health.
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B. Funding and partnership

This PhD thesis was performed in the frame of a collaborative project between the UMR MEDIS
(Microbiology, Digestive Environment and Health, Université¢ Clermont Auvergne-INRAE, Clermont-Ferrand)
and two companies, Lallemand Animal Nutrition (Animal Nutrition Center of Excellence, Lallemand SAS,
Blagnac) and Domes Pharma (Pont-du-Chateau). This PhD work was supported by a CIFRE grant (industrial
agreement on training through research) from the French ‘Agence Nationale de la Recherche et de la
Technologie’ attributed to Lallemand and industrial funding from both companies.

MEDIS laboratory aims to better understand the role of human and animal gut microbiota in health and
diseases and is structured into four thematic axes. My PhD work takes parts of the INNOVITRO (innovation
and in vitro model development) and FM2D (Metabolic Functions of Digestive Microbiota and Dysbiosis) axes.
The team benefits from more than 25 years of internationally recognized expertise and knowledge in the field
of human and animal in vitro gut simulation, with a technological platform associating in vitro models of the
upper tract, namely the TIM model (TNO gastrolntestinal Model), and lower tract with the M-ARCOL model
(Mucosal Artificial Colon). Lallemand and specifically the Animal Nutrition business unit (LAN) develops,
produces and commercializes microbial-based solutions (alive yeasts, bacteria and their derivatives) for animal
health and nutrition. Those solutions result, among other effects, in stabilizing the digestive microbial
ecosystems. Thus, the LAN company aims to understand the solutions’ modes of action on microbial
communities in the gastrointestinal tract in order to better explain the effects on digestive efficiency and host
health. The LAN company has strong knowledges in the field of pre-, pro-, postbiotics and microbiota, canine
digestive physiology, nutrition, functional ingredients but also had many interactions with veterinarians. Démes
pharma is a pharmaceutic company with a strong expertise in Animal health, especially for the companion
animals. The company wants to develop its level of knowledge on the digestive sphere in dogs to better meet
the needs of veterinarians and pet owners. The main expertise of the group concerns veterinary health, especially
related to the antibiotic use and pharmaceutic form development. Together, the three partners show therefore
complementarity expertise in canine digestive physiology, in vitro gut simulation and feed and pharma product

development, necessary to fulfil this thesis project.
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C. Research questions and technical outcomes

In this context, this PhD work was first dedicated to a better understanding of how different dog sizes can

impact canine digestive physiology including gut microbiota. For this entire work, dogs were stratified into

three groups depending on their body weight: “small” under 10 kg, “medium” between 10-30 kg and “large”

up to 30 kg. In accordance with the 3Rs rules and to answer the lack of complex canine in vitro model including

gut microbiota, the broad knowledge acquired after an intensive literature review was used to set-up a new in

vitro colonic system adapted to different dog sizes, based on the M-ARCOL model previously developed to

simulate human GIT. Then, a disturbed situation was reproduced in the in vitro model by adding antibiotics,

and microbiota restauration strategies based on the use of a probiotic and a postbiotic were evaluated.

Thus, the main scientific objectives and associated technological developments of this PhD thesis are:

1) Impact of different methods for faecal sample storage on gut microbiota composition and

metabolic activity in the M-ARCOL in vitro model. These experiments were performed in

collaboration with another PhD student on human faecal samples, in order to select the most suitable

method for the following experiments with canine feces (Section II Chapter 1, published into

Applied Microbiology and Biotechnology journal in 2020)

2) In-depth understanding of the impact of body weight on physicochemical and microbial

parameters of the canine large intestine and development of a new size-related colonic in vitro

model based on the M-ARCOL technology

Bibliographic reviews on the effect of dog body weight on digestive physiology and on
currently available in vitro gut canine models (Section I, parts 1, 2 and 4, published in
ALTEX -2022- and International Journal of Biological Science -2022)

Development of a new size-related model of the canine colon named CANIM-ARCOL and
validation compared to canine in vivo data (Section II, Chapter 2, submitted in ALTEX -
2023)

Mechanistic study using the newly developed in vitro colon model, aiming to investigate
the ability of physicochemical and nutritional parameters related to small and large dogs to
reshape microbiota structure and function from medium dogs (Section II, Chapter 3, in

preparation for Applied Microbiology and Biotechnology -2023)

3) Investigating the impact of antibiotherapy on canine microbiota structure and functions and

development of a dysbiotic colonic model based on the new CANIM-ARCOL model

Bibliographic review on the impact of antibiotics on canine microbiota (Section I, part 3)
Antibiotic screening experiments aiming to select the most appropriated antibiotic for the
dysbiotic colonic model development (Section I, Chapter 4, in preparation for Microbial
Spectrum -2023)

Dysbiotic in vitro model development for medium dog size and validation based on in vivo

canine data (Section II, Chapter 4, in preparation for Microbial Spectrum -2023)
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4) Evaluation of a novel postbiotic strategy based on tyndallized (heat inactivated) Lactobacillus
helveticus HA-122 cells to restore microbial balance after antibiotic treatment and

comparison with a probiotic strategy using live yeast Saccharomyces boulardii CNCM 1-1079

e Bibliographic review on the impact of pre, pro, post (including para) -biotics on canine

microbiota (Section I part 3)

e Effect of the probiotic and postbiotic on canine microbiota structure and functions in the
antibiotic dysbiotic in vitro model (medium dog size) (Section II, Chapter 5, in preparation

for Food International Research journal -2023)

D. Manuscript organization

The first section of the manuscript is a literature review, divided into four parts and providing a complete
overview of the current knowledge on the impact of dog size on physicochemical and microbial digestive
parameters. In Part 1, redrafted from our published review in International Journal of Biological Science, the
impact of canine body weight on large intestine physicochemical parameters was described. Part 2 is rather
focused on the impact of dog weight on microbial parameters, namely colonic microbiota composition and
metabolic activity, after introducing the key roles of gut microbiota role in canine health. In Part 3, factors
known to shape canine gut microbiota are detailed, classified by factors occurring under a healthy state (e.g.
morphological and environmental parameters) or dysbiotic conditions associated to antibiotherapy, digestive
(IBD) or extra-digestive (obesity) pathologies, as well as currently available restoration strategies such a pre-,
pro-, post- or parabiotics and faccal microbiota transplantation. Lastly, the Part 4, redrafted from our published
review in ALTEX Journal, provides an in-depth description of currently available in vitro models of the canine
digestive tract before discussing their potentials in the food and veterinary fields, but also their limitations and
challenges that scientists have to face.

The second section presents the results of each step of the experimental work (Figure 0.2). First,
Chapter 1 presents a comparative study for faccal sample storage to preserve gut microbial structure and
function. Then, based on the literature work, Chapter 2 presents the development and validation of the CANIM-
ARCOL simulating physicochemical and microbial parameters of the canine colon, related to different dog
sizes. Chapter 3 describes how large intestinal physicochemical and nutritional settings from different dog
sizes shape in vitro canine microbiota activity and structure from medium dogs. In Chapter 4, the impact of
antibiotherapy on canine colonic microbiota structure and functions was evaluated using a newly developed
canine dysbiotic colonic model of the medium dog. Finally, Chapter 5 examines two novel strategies based on
Saccharomyces boulardii CNCM 1-1079 and tyndallized Lactobacillus helveticus HA-122 cells to restore

microbial balance after antibiotic treatment in in vitro colonic medium dog size conditions.

The third section discusses the results obtained during this PhD thesis compared to the available

literature and gives some perspectives to this work.
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Figure 0.2: Outline of the experimental work of the PhD thesis. The main stages of the experimental work
are summarized in this figure. The different chapters correspond to chapters of the results section.
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Part 1 - Impact of canine body weight on gut physiology and
physicochemical parameters

he following sections are dedicated to the presentation of the impact of canine body weight on

T the canine gut physiology and associated physicochemical parameters. Focus will be successively
brought on the different digestive compartments of the canine GIT, especially considering the impact of dog
size on anatomy and associated digestive processes. A specific attention on associated physicochemical
parameters (i.e. pH, digestive secretions, nutrient digestibility, intestinal absorption and mechanical digestion
including transit time) is made throughout this part. Tables including in vivo data from literature review are
included in Annexes section. Some segments of this state of the art have been published in a review article in

the journal International Journal of Biological Sciences, redrafted and updated for the present section.

REVIEW ARTICLE DESCHAMPS, C., HUMBERT, D., ZENTEK, J., DENIS, S., PRIYMENKO, N., APPER, E. &
BLANQUET-DIOT, S. (2022) From Chihuahua to Saint-Bernard: how did digestion and microbiota evolve with
dog sizes. International Journal of Biological Sciences 18, 5086—5102. Ivyspring International Publisher. doi:
10.7150/ijbs.72770 (IF 10.75)

1.1. Canine digestive anatomy and associated digestive processes

External morphological differences observed between extreme dog sizes such as Chihuahua and Saint-
Bernard obviously reveal internal anatomical modifications. The canine mature digestive tract length can
represent 2.8 % to 7 % of the total body weight, in a 60 kg and a 5 kg dog, respectively (Weber, 2006). Since
GIT absolute length (in centimeters) is a reflect of dog height at the shoulder with a 6:1 ratio (Morris & Rogers,
1989), it leads to the question: how does the size of dog impact digestive anatomy? Canine digestive anatomy
is adapted to their facultative carnivorous diet (i.e. high-protein and high-fat diet) with a short and simple
digestive tract (Figure 1.1). Digestion starts in the mouth with mastication process, helped by saliva. After
swallowing, food boluses are transported through the esophagus into the stomach which is a J-shaped organ of
glandular type, characterized by three anatomical compartments (i.e. fundus, corps and antrum) leading to the
pylorus sphincter (Kararli, 1995). Canine gastric mucosal cells secrete hydrochloric acid (HCl), pepsin and
lipase, which makes stomach essential in protein and lipid digestion. Canine stomach has a high dilatation
capacity, varying from a maximal volume of 0.5 L for small dogs to 8 L in large dogs, which corresponds to the
extreme quantity of food that a dog can ingest (Kararli, 1995). Digestion continues along the small intestine
which is distributed as 10 % length for duodenum, 85 % for jejunum and 5 % for ileum (Kararli, 1995; Lopez
Albors et al., 2011).
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Figure 1.1: Canine digestive system. At the top, organs of the digestive system of the dog are presented in left
lateral view. At the bottom, the externalized digestive tract is presented with a transversal cut of the colon.

Modified from http.//veteriankey.com.
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Small intestine length measured post mortem is positively correlated (Pearson correlation of 0.672) to
canine body weight (from 240 cm for a 5 kg to 640 cm for a 33 kg dog), as well as small intestine width (weaker
correlation, R? = 0.36) (Lépez Albors et al., 2011). Canine small intestine, together with peripheral organs such
as pancreas and liver, have a key role in canine digestion process. Pancreas produces pancreatic juice delivered
into duodenum and associated with protein, carbohydrate and lipid digestion. Liver, coupled with gallbladder,
has a central role in lipid digestion through bile acid production and induction of increased intestinal peristalsis
(Robin, 2007). Small intestine is also a central player in nutrient absorption, allowed by the presence of
microvilli at the surface of enterocytes. When measuring intestinal wall thickness at different levels of the GIT
(descending duodenum, proximal and distal jejunum, proximal and distal ileum), higher values were observed
for male dogs compared to female (except for distal ileum) but no correlation was found with dog sizes whatever
the intestinal compartment (Sarria et al., 2012). Regarding small intestinal villus length, an old study from 1978
showed no correlation between dog weight and mucosal dimensions (Hart & Kidder, 1978). In adult dogs from
various sizes, duodenal villus length was 722 + 170 um (Washabau et al., 2010). Jejunal villi were longer in
small dogs like Pomeranian and Fox Terrier (900 pm) than in medium ones such as Newfoundland (500 pm)
(Baum et al., 2007). Lastly, ileal villus length was measured in medium size Greyhound female and values
around 796-823 um were found (Feldman et al., 1976). Canine large intestine measures around 20-80 cm with
2-3 ¢m diameter in medium dogs (Kararli, 1995). The three parts of the canine colon (i.e. ascending, transverse
and descending) are not so well defined when compared to humans, with the particularity to be non-sacculated
and devoid of sigmoid colon (Kararli, 1995). Ascending colon represents in medium size dog 20 % of the colon
length, while transverse and descending correspond to 30 % and 50 %, respectively. The two first parts are used
for transport, electrolyte and water modification as well as for bacterial fermentation and storage areas, while
descending colon mainly functions as conduit ending with rectum. Canine large intestine is involved in water
and electrolyte absorption but also degradation of residual nutrients thanks to the fermentation activity of
resident microorganisms called gut microbiota. Large intestine total length appears to vary according to dog’s
body weight, from 32 c¢cm for Miniature Poodles to 99 cm for Great Danes (Weber, Biourge & Nguyen, 2017).
Volume and surface are also increased from Miniature Poodle to Great Dane (volume of 92 versus 2106 cm’,
surface of 191 versus 1612 cm?). As the large intestine length increases with body weight, the same positive
relation is observed for absorption surface with a higher number of villi in large compared to small dogs (Weber
et al., 2017). Colonic crypts length was around 500-600 pm but without correlation with dog size (Baum et al.,
2007). To conclude, scarce anatomy data (only five publications) evidenced morphological differences
depending on dog’s body weight (mainly related to the colonic compartment), even if important parameters
have not been evaluated such as gastric wall thickness, intestinal microvilli characteristics (i.e. length or number)
or peripheral organs anatomy and functions. Variations in digestive anatomy can obviously affect
physicochemical parameters such as pH, digestive secretions and transit time, and consequently the gut

microbiota.
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1.2. Gastrointestinal pH

Gastrointestinal pH changes along the dog digestive tract (Figure 1.2). Mean salivary pH of medium
dogs is around 7.3-7.8 and quickly decreases by 0.5 point with a stimulation using a piece of solid sugar on the
tongue (Larmas & Scheinin, 1971; Smeets-Peeters et al., 1998; Durand, 2010). In the stomach, the arrival of
food bolus stimulates HCI production. This compartment shows the lowest pH value along the GIT, allowing
dogs to partially digest bones (de Godoy et al., 2014) and putrescent meat and this pH largely depends on feed
status. However, due to the paucity of data, it remains difficult to know how body weight affects gastric, small

intestinal and colonic pH (Figure 1.2).
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Figure 1.2. Impact of dog sizes on pH values in all digestive compartments. Results from studies measuring
in dog’s pH values in the stomach (under fasted or fed conditions), small intestine, large intestine and faeces are
presented. Small dogs are plotted in green, medium dogs in yellow, large dogs in orange and unclassified dogs
in grey. Raw data were pooled in “all” group (in black). Calculated median values are in italic bold, values for
a single point in italic. Black bars represent 95 % confidence intervals. The number of dogs involved in studies
is indicated as “N="".

To date, gastric pH has not been assessed in small and large dogs. Regarding medium dogs under fasted
conditions, mean gastric pH of Beagles is around 1.5 (range 0.9-2.5), punctuated by occasional pH spikes with
high frequency changes due to inter-individual variability (Mahar et al., 2012). Those values measured in
laboratory animals are in accordance with pH found in mixed-breed owner dogs (Garcia-Mazcorro et al., 2012a).
Small intestinal pH increases to value close to the neutrality because of the buffering capacity of pancreatic
juice enriched in bicarbonate ions and bile (Kararli, 1995). It also increases from the proximal to the distal parts,
from 6.5 to 8 in medium size dogs (Koziolek et al., 2019). To date, there is no available study that investigates
the influence of the dog size on duodenal and ileal pH (Martinez, 2002). The few studies investigating the canine
jejunal pH measured a mean pH of 6.8 and 6.0 for medium and large dogs, respectively (Mentula et al., 2005;
Kalantzi et al., 2006). Only few studies investigated colonic pH using colonic cannula or wireless capsules, and
once new, most of them do not discriminate dogs in terms of body weight. Colonic pH is more acidic than the

small intestine one, with mean values of 5-6.5 and 6.2, respectively for medium and large dogs, whereas there
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is no data concerning small dogs (Smith, 1965; Lidbury et al., 2012; Warrit et al., 2017a; Koziolek et al., 2019).
Most of the time, colonic pH is estimated using faeces and there is no information on how pH varies depending
on colonic sections. The average canine faecal pH values are in accordance with colonic pH, mainly around 6.4-
6.6, as observed in Figure 1.2. For small dog group, three studies used faeces of 43 dogs and pH values vary
weakly from 6.4 to 6.8 (Weber et al., 2004; Beloshapka et al., 2016; Igarashi et al., 2017). There are also plenty
of data on the faecal pH of medium (more than 121 dogs) and large (18 dogs) size dogs, with a pH range of 6-
6.9 and 5.6-6.5, respectively (Cutrignelli et al., 2009; Sandri et al., 2016; Eisenhauer et al., 2019; Nogueira et
al., 2019). This is an accordance with some studies reporting that colonic and faecal pH of large dogs are more

acidic than that of other size dogs fed with the same diet (Oswald et al., 2015; Weber et al., 2017).

1.3. Digestive secretions
1.3.1. Enzymes

First digestion step occurs in the oral cavity with salivary enzymes. Numerous recent studies measured
amylase activity in saliva of healthy dogs (Contreras-Aguilar et al., 2017; lacopetti et al., 2017; Sanguansermsri
et al., 2018; Tecles et al., 2018; Ricci et al., 2018; Hong et al., 2019). Mean amylase activity varies from 26.5
to 37.3 UI/L of saliva in medium dogs according to literature. One study involved 75 dogs from 8 to 42 kg (52
mixed breeds and 23 pure breeds) and measured 35.9 + 41 UI/L amylase in saliva but results weren’t discussed
regarding dog sizes (Ricci ef al., 2018). Lactate dehydrogenase and adenosine deaminase activities were also
quantified in saliva, without classification with canine body weight (Lavy ef al., 2012; Iacopetti et al., 2017,
Ricci et al., 2018). Gastric mucosa secretes gastric juice containing proteolytic (pepsin, chymosin) and lipolytic
(lipase) enzymes (Aspinall, 2004; Durand, 2010). In laboratory Beagles, gastric juice volume output increases
with meal viscosity, from a total of 37.2 mL secreted for a low viscosity to 190 mL for a high viscosity meal
(Ehrlein & Prove, 1982). Pancreatic juice, discharged in canine duodenum, has an alkaline pH (7.4-8.3). It
contains amylase (2013 U/kg body weight), lipase (9.8-33.3 mL 0.05 N NaOH/mL -no longer used unit of
measure), phospholipases, cholesterases, proteases (old value of 407.5-2440 mg tyrosin/mL -no longer used
unit of measure) and nucleases, without further detailed information (Kienzle, 1988; Robin, 2007). Digestive
secretions were mainly studied before 2000s, but values were not discriminated depending on dog sizes, and no
study focused on small and large dogs. However, enzymatic activities may vary according to the different diet

compositions (i.e. protein, lipid, fiber contents) adapted to each dog size.

1.3.2. Bile salts

Bile is produced by liver, partially stored in gallbladder then discharged to duodenum during postprandial
phase, allowing stimulation of intestinal motility, intestinal lipids saponification and vitamins A, D, E and K
absorption. In liver, primary bile acids such as cholic acid (CA) and chenodeoxycholic acid (CDCA) are
synthesized from cholesterol and conjugated to taurine or glycine (Kakimoto et al., 2017). Studies evaluating
bile production in healthy dogs never discriminate dog sizes. Bile production was only evaluated in medium

dogs and was found to be 29 mL/kg/24 h (Madrid et al., 1983). Once reached gallbladder, bile is up to 10 fold
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more concentrated than in liver with a total concentration around 50 (40-90) mmol/L (Kararli, 1995; Kakimoto
et al., 2017; Nagahara et al., 2018; Larcheveque, 2019). Here, it contains up to 15 different bile acids but the
three majors count for 99 % of total pool, with 72.8 % taurocholic acid, 20.3 % taurodeoxycholic acid and 6.2
% taurochenodeoxycholic acid (Washizu et al., 1994). In the small intestine, bile acids are deconjugated by gut
microbiota (see part 2.2.3 for more details) and converted into secondary bile acids. Faecal bile acids
concentrations were measured in three recent studies involving all dog sizes but without body weight distinction
(Figure 1.3A). Authors found coherent results with concentrations ranged from 5.8 to 7.5 pg of total bile acids
per mg of dry faeces (Schmidt et al., 2018; Blake et al., 2019; Manchester et al., 2019). Another recent study
evaluated faecal bile acids concentrations in 24 healthy dogs (Guard et al., 2019). After data retreatment
(classification in size groups), small, medium and large dogs present respectively 5.1, 4.7 and 3.4 ug of total
bile acids per mg of dry faeces. This suggests a decrease in faecal bile acids concentrations with body weight
increase. Further analysis from 8 studies (Figure 1.3B) indicates that relative percentages of faecal secondary
bile acids (BA II: 84.9 %) are higher than primary bile acids (BA I: 15.5 %). These results suggest that the

microbiota activity, and notably the bile acids recycling, differs from small to large breed sizes.
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Figure 1.3. Impact of dog sizes on faecal bile acids. Results from studies in dog faeces quantifying total bile
acids are represented in (A), further separated into primary (blue crosses) and secondary bile acids (red crosses)
in (B). The same caption as used in Figure 1.2 was applied.

1.3.3. Mucus and mucins

Gastrointestinal mucus is secreted by goblet cells and covers the entire length of the GIT (Kararli, 1995).
Mucus has an essential role in health by keeping away the luminal content from epithelium. Mucus is a viscous
sieve composed by extracellular proteins, glycosylated and gel-forming proteins (namely mucins), lipids and
extracellular DNA (Meldrum et al., 2018; Macierzanka, Mackie & Krupa, 2019). In the stomach, this mucus
layer allows protection of the epithelium against gastric acidic pH and withstands bone fragments (Moon ef al.,
2018). Mucus thickness has been evaluated only in the canine gastric compartment, with a width of 576 and 425
um, in the antrum and fundus, respectively (Bickel & Kauffman, 1981; Kararli, 1995). Influence of dog size on

mucin secretion and mucus layer thickness has never been assessed whatever the digestive compartment.
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Nevertheless, a very recent study has characterized mucus in laboratory large dogs in all digestive
compartments, i.e. stomach, duodenum, cecum, jejunum, ileum, proximal and distal colon (Dubbelboer et al.,
2022) (Figure 1.4). For the first time, this study evidenced variations of mucus pH, from 4.8 in the stomach
compartment to an average of 6.5-7 from duodenum to distal colon. Despite its viscosity was similar between
each compartment, water content varied with a minimal content of 74 % founded in the ileum, to a maximum
of 95 % in the stomach and large intestine. In addition, proteomic analysis using mass spectrometry highlighted
different mucin compositions between the various compartments, especially between the stomach which is
mainly composed of MUC5AC and the rest of the GIT where MUC?2 is the main mucin. Authors described for
the first time the form and size of canine mucus pores which vary from circular to elongated forms depending

on localization, and perhaps on mucin content (Figure 1.4). Finally, this study evidenced similar characteristics

between canine digestive mucus (in large dog), human (Linden ef al., 2008) and pig (Barmpatsalou ef al., 2021).
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Figure 1.4: Physiological properties of mucus layer and associated mucins from seven segments of the
large canine gastrointestinal tract. At the top, microscopic characterization of canine mucus using cryo-
scanning electron micrographs of mucus layer collected from the gastrointestinal segments at 2K magnification.
At the bottom, physiological properties are presented. Values and microscopic observations were extracted from
(Dubbelboer et al., 2022).
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1.4. Nutrient digestibility

Digestibility defines the degree to which organic matter is digested by an animal. Its measure provides a
qualitative and quantitative indicator of food’s quality, i.e. the more digestible a food is, the higher the
proportion of absorbed nutrients will be. Figure 1.5A gives an overview of canine dry food composition in dogs
according to body weight. Digestibility performances can be evaluated in dogs by measuring ileal or total (in
faeces) apparent digestibility of a tested diet, and standardized digestibility could be obtained by deducing

endogen products such as enzymes or metabolites delivered from intestinal cell desquamation.
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Figure 1.5. Diet composition and impact of dog sizes on total apparent digestibility. Nutritional composition
of dry food diet used in canine studies is represented in (A). Results from studies investigating in dogs’ total
digestibility of proteins, lipids and fibre are presented in (B), (C) and (D), respectively. The same caption as
used in Figure 1.2 was applied.

As previously observed for physicochemical parameters, digestibility studies are mainly focused on
medium dogs and there are only two publications on small (Weber et al., 2003; Nery et al., 2010) and one on
large dogs (Weber et al., 2003). Due to their invasive nature, only 4 studies have been performed with ileal
cannula (to measure ileal digestibility), including 3 on medium dogs (Bednar et al., 2000; Flickinger et al.,

2003; Propst et al., 2003; Hendriks et al., 2013). Lipid digestibility seems to be almost complete at the ileum
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level (i.e. 89.3-96.5 %), with only around 3-5 % increased digestibility when evaluating total digestibility in
faecal samples. Ileal protein digestibility appears to be lower (51.3-76.2 %), with higher variations certainly
related to protein quality which largely influences this parameter (Carriére et al., 1993; Zentek et al., 2004; Nery
et al.,2010; Pinna et al., 2018). Surprisingly, the only study investigating total dietary fibre digestibility found
an ileal digestibility of 17.8 %, while according to their definition fibre are only degraded in the large intestine
(Bednar et al., 2000). Given the lack of data, it is impossible to conclude on a possible effect of dog body weight
on ileal nutrient digestibility. Total apparent protein (82-88 %) and lipid (95-95.8 %) digestibilities appear
to be equal between different dog sizes, whatever the initial proportion of dietary proteins or lipids (Figure
1.5B-C). In contrast, total apparent dietary fibre digestibility (Figure 1.5D) appears to be higher in large than
in small and medium dogs (52.5 + 4 % for Great Dane versus 39 = 7.4 % for Miniature poodle, and 26-38 % for
medium dogs) (Weber et al., 2002b; Detweiler et al., 2019; Nogueira et al., 2019). Indeed, it seems that fibre
digestibility would be quite similar between small and medium dogs, while it would be improved in large dogs.
In addition, faecal apparent digestibility of dry matter, organic matter and gross energy appears to be
significantly higher for large compared to small dogs (Weber et al., 2003). All in all, those results mean that the

colonic fermentation seem to be more important in large than in medium and small size dogs.

1.5. Intestinal absorption
1.5.1. Permeability

During digestion process, food is broken down into small soluble compounds (amino acids, fatty acids,
monosaccharides, minerals and vitamins), able to be absorbed mainly through the villi-covered wall of the small
intestine. Nutrient passage through the epithelial wall is modulated by intestinal permeability, which is the
property of epithelium to allow some molecules to be absorbed passively or actively through mucosa while
avoiding the passage of microorganisms and macromolecules. Lactulose to L-rhamnose or lactulose to sucralose
urinary ratios could be used to monitor changes in canine small and large intestine permeability, respectively
(Hernot et al., 2009). A higher lactulose to L-rhamnose ratio is associated with a leakier small intestine, while
a lower lactulose to L-rhamnose ratio indicates a higher colonic permeability. Using these methods, Weber et
al. (Weber et al., 2002a) observed an increased intestinal permeability in Giant Schnauzer and Great Danes
(large dogs; lactulose to L-rhamnose ratio: 0.31) compared to small dogs (0.16), and Hernot et al. (Hernot et
al., 2009) found a higher colonic permeability in large dogs (lactulose to sucralose ratio: 0.35) than in small
ones (0.51). Those differences could be related to modifications associated with dog size in intestinal area, pore
size, frequency of tight junctions, differences in tightness of tight junctions or accessibility of luminal content
to intestinal crypts (Bjarnason, MacPherson & Hollander, 1995). Of note, breed differences were particularly
noticed with a higher colonic permeability in Great Danes, as previously described (Zentek & Meyer, 1995;
Meyer et al., 1999). An increased permeability could affect both nutrient, metabolite and electrolyte absorption
but also microorganism’s translocation. This may explain the weaker digestive tolerance of resistant-starch and

higher digestive sensibility of large dogs compared to small ones, as discussed by Goudez et al., (2011).
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1.5.2. Passive absorption

Water, electrolytes and vitamins are absorbed through passive mechanisms in the small and large
intestinal lumen. In healthy dogs, around 90 % fluids crossing the colon are reabsorbed by mucosa (Rolfe, 1999;
Durand, 2010). Meyer et al. (Meyer et al., 1999) demonstrated that total faecal water increases with dog body
weight, but the percentage of free faccal water decreases. This is of high interest because an increase in free
faecal water content is associated with a higher colonic water content that can in turn influence in vivo drug
dissolution, in the case of poorly soluble drugs for which dissolution continues in the large intestine (Oswald et
al., 2015). Whereas small dogs tend to have drier stools, a tendency of poorer faecal consistency and higher
water content is observed in larger dogs. Potassium and bicarbonate ions are secreted into the colonic lumen,
whereas sodium and chloride ions are passively absorbed from Iuminal contents (Rolfe, 1999). Uptake of
sodium ions creates an hypertonic environment next to crypts, generating an electrochemical gradient across
colonic mucosa which drives water uptake from luminal contents by osmosis (Rolfe, 1999). Based on
observation that large digestibility variations are observed within the same breed and between different breeds,
Zentek and Meyer (Zentek & Meyer, 1995) compared mineral digestibility of four food types in Great Danes
and Beagles. There was no breed difference for calcium, magnesium and phosphorous absorption, while net
colonic sodium absorption tended to be 9-23 % lower in Great Danes compared to Beagles. These data were
further supported by Weber et al. (Weber et al., 2004) describing an increase in sodium faecal content with an
increase in body weight (2.1 £ 0.7 g/kg DM in Miniature Poodle versus 6.1 + 1.3 g/kg DM in Great Dane),
traducing a lower sodium absorption by large dogs. Moreover, a reduction of colonic absorption of sodium has
been particularly observed in Beagle, Labrador Retriever, Springer Spaniel and Miinsterldnder, suggesting a
breed sensitivity (Weber et al., 2017). Besides, Neri et al. (Neri et al., 1991) reported a significantly greater
faecal potassium concentration in large compared to smaller dogs. Independently of dog sizes, 9 0% vitamin D,
80-90 % vitamin A, 40-90 % vitamin K and 35-50 % vitamin E are absorbed by passive absorption in the

proximal small intestine (Durand, 2010).

1.5.3. Active absorption

Active absorption processes in the small intestine implicate co-transporters (e.g. glucose or sodium-
dependent transports) and concerns monosaccharides from carbohydrate degradation and peptides from protein
degradation. Thus, 95 % of monosaccharides are absorbed in the duodenum and proximal jejunum (Durand,
2010), and 30 % of amino acids and 70 % of tripeptides are absorbed and assimilated in the proximal jejunum
(Robin, 2007). Regarding lipids, 80 % of fatty acids and monoglycerides are absorbed in form of micelles in
the small intestine and resulting in chylomicrons that passed into the intestinal lymphatic capillary of villus by
endocytosis. There is no available information on the influence of dog size on nutrient absorption. Moreover,
the overall active transport capacity of small intestine has been assessed by examining urinary excretion ratio
of D-xylose to 3-O-methyl-D-glucose (Weber et al., 2002a). Non-significantly different ratios of 0.57, 0.58 and
0.59 for small, medium and large dogs respectively have been reported, suggesting that small intestinal active

transport is relatively consistent between sizes.
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1.6. Mechanical digestion and gastrointestinal transit time
1.6.1. Motility

Canine gut motility was firstly evaluated using radiopaque markers, plastic beads or breath test. Recently,
wireless motility capsule was developed to measure pressure, forces and gut contractions frequency. Using this
method, Boscan et al. (Boscan et al., 2013) observed in fed medium dogs a lower maximal amplitude contraction
in the stomach compared to small intestine (52 mmHg versus 75 mmHg, respectively), coupled with higher
gastric contraction frequency, with 3.7 contractions/min in the stomach versus 0.5 contraction/min in the small
intestine. Another study involving dogs from different sizes observed similar tendency on maximal amplitude
contraction (lower in stomach than in small intestine, with 0.2 versus 4.1 mmHg), but opposite results on
frequency (0.8 in stomach versus 10.9 contractions/min in small intestine) (Warrit et al., 2017b). Moreover, in
this study, large intestinal contraction frequency seems to be similar to the gastric ones (0.6 contraction/min).
Authors also calculated a motility index defined as the area under the pressure curve and the higher motility
index was observed in small intestine (306.2 compared to 20 in stomach and 76.1 in colon). Using wireless
motility capsule, Farmer et al. (Farmer et al., 2018) found that motility indexes were higher in large intestine
(199 mmHg*second/min) compared to small intestine (134 mmHg*second/min) and stomach (55
mmHg*second/min) with a similar maximum of 3.7 contractions/min in gastric compartment (Farmer, Ruffle

& Hobson, 2019). Lastly, no study has investigated how dog body weight or size influences gut peristalsis.

1.6.2. Transit time

There is no available data on the duration of oral phase in dogs, but they are well known to quickly
swallow their whole food. Data on gastric emptying time (GET), small intestinal transit time (SITT), orocaecal
transit time (OCTT), large intestinal transit time (LITT) and total transit time (TTT) can be found in the literature
with homogeneous definition between studies (Figure 1.6). Three different studies evaluate the impact of dog
size on GET fed animals. Weber et al. (Weber et al., 2002b) showed no significant difference in half-gastric
emptying time between four breeds dogs (i.e. Miniature Poodle, Standard Schnauzer, Giant Schnauzer and Great
Danes) using radiopaque markers ingested with food (Tso = 6.4-7.8 h). Without specifying any values, Bourreau
et al. (Bourreau et al., 2004) concluded on a longer GET in large compared to small breeds after ingestion of a
dry food meal using breath test method. Contrarily, Boillat et al. (Boillat ef al., 2010) described a shorter GET
in large compared to medium breeds (range 6.8-15 h), using wireless motility capsule immediately administered
after a dry food meal. Thus, there is apparently no relationship between body weight and GET not only in fed,
but also in fasted animals (Figure 1.6). Besides, a liquid meal conduced to a shorter GET compared to meat,
with 90 % emptying in 0.4 h and 50 % in 1-3 h, respectively (unknown dog size and method) (Dressman, 1986).
This suggest that canine gastric emptying is influenced by food consistency (Ménard et al., 2018). There is also
no consensus on the effect of dog size on SITT. in largest dogs, ranging 1.6-3.7 h without linking transit time

and dog size(Weber, 2006; Boillat ef al., 2010; Oswald et al., 2015).
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Figure 1.6. Impact of dog sizes on gastrointestinal transit time. Results from studies in dogs evaluating
gastric emptying time (GET) under fasted or fed status, small intestinal transit time (SITT), large intestinal
transit time (LITT) and total transit time (TTT) are represented. The same caption as used in Figure 1.2 was
applied.

Oswald et al. (Oswald et al., 2015) and Weber (Weber, 2006) found no influence of breed or body weight, while
Boillat et al. (Boillat et al., 2010) measured a shorter SITT OCTT was evaluated in dogs using very different
methods. Some studies used sulfasalazine (converted into sulfapyridine in plasma) but did not employ the same
threshold to define OCTT, i.e. either 50 % conversion or first appearance in plasma (Weber et al., 2002b;
Hernot et al., 2006), whereas more recent studies used wireless motility capsule. As a consequence, extremely
variable results of OCTT are provided, from 2.2-2.8 h with sulfapyridine (Weber ef al., 2002b; Hernot et al.,
2006) to 20.7 h with capsule (Balsa et al., 2017). Whatever the method used, these authors conclude to an
absence of correlation between OCTT and body weight. Studies of Boillat et a/. (Boillat e al., 2010) and Warrit
et al. (Warrit et al., 2017a) assessed LITT in dogs from several breeds and various body weight using wireless
motility capsule. Both works conclude on the absence of correlation between LITT and body weight (Figure
1.6), with Ty, ranged 7.1-42.9 h (Boillat et al., 2010) and 25.0 h (1.1-49.1 h) (Warrit et al., 2017b). However,
using plastic beads, researches revealed a longer LITT in large dogs (29.3 h for great Dane) than in small dogs
(9.1 h for Miniature Poodle) and a significant positive correlation between LITT and body weight, but also
between LITT and shoulder height was demonstrated (Hernot et al., 2006). In this study, LITT accounts for 39
% of mean TTT for small breed dogs and 70 % for large ones, which means that longer transit time observed in
large dogs could be related to a longer LITT. Lastly, TTT showed a clear positive correlation with body weight,
as highlighted in Figure 1.6 (Weber et al., 2017). When gathering the data obtained in all the available studies,
TTT ranged from 22.9-31 h (calculated median 24 h) in small dogs, 19.1-55 h (median 32.9 h) in medium dogs
and 18.2-45 h (median 43.2 h) in large dogs. Especially, using plastic beads in small and large breeds, TTT
observed was 22.9 h in Miniature Poodle and 43.3 h in Great Dane, whilst giant Schnauzer showed an even
higher TTT of 55 h (Hernot et al., 2005). This result was explained by the authors through a high stress
sensitivity of giant Schnauzer that could influence their transit time in refraining their defecation, emphasizing

a breed effect in addition to body size influence.
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It should be underlined that data on transit time in the different digestive compartments of dogs (Figure
1.6) wary widely depending on the method used (e.g. radiopaque markers, plastic beads, '*C-octanic acid breath
test, sulfasalazine-sulfapyridine method or wireless motility capsule), breed, age, feed (composition, energy

density or viscosity) and environment (laboratory or owners’ home, stress context or sedation).

Bullet points - Impact of canine body weight on gut physiology and physicochemical parameters

0

-

Canine physicochemical digestion is a complex and regionalized process

0

-

Clear effects of dog’s body weight on gastrointestinal physiology, mainly related to the colonic
compartment, have been evidenced

¥

Large intestine length, area and volume increase with dog size, associated to a higher colonic transit
time which can affect nutrient and water absorption, as well as faecal moisture

-

Sodium and potassium absorption is lower in large dogs resulting in higher concentrations in faecal
samples

-

Large dogs are characterized by a higher intestinal permeability inducing an electrolyte backflow
into the colonic lumen, translated into a luminal retention of electrolytes and water
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Part 2 - Impact of canine body weight on microbial parameters

any physicochemical parameters of the digestion are impacted by canine body weight, mainly

M related to the large intestine compartment. All these parameters are continually shaping the
microbiota’s environment drafting some ecological niches for microorganisms. Consequently, microbiota
should be also impacted by changes in physicochemical conditions related to dog sizes. Noteworthy, some parts
of this state of the art on impact of canine body size on microbiota have been published in the same review
article in International Journal of Biological Sciences mentioned in Part 1, and redrafted/updated for the present

section.

REVIEW ARTICLE DESCHAMPS, C., HUMBERT, D., ZENTEK, J., DENIS, S., PRIYMENKO, N., APPER, E. &
BLANQUET-DIOT, S. (2022) From Chihuahua to Saint-Bernard: how did digestion and microbiota evolve with

dog sizes. International Journal of Biological Sciences 18, 5086—5102. Ivyspring International Publisher. doi:
10.7150/ijbs.72770 (IF 10.75)

2.1. Gut microbiota composition
2.1.1. Longitudinal variations

In dogs like in other mammals, microorganisms colonize the entire GIT from mouth to rectum. All along
GIT, there are longitudinal variations in gut microbiota composition due to changes in pH, substrate
concentrations (including oxygen and nutrient availability) and transit time (Hooda et al., 2012; Friedman et
al., 2018; Etienne-Mesmin et al., 2019). Gut microbiota has been weakly described in dogs (compared to
humans) and most of available studies have been performed since 2003. Figure 2.1 gives an overview of
available data regarding gut bacteria composition depending on gastrointestinal regions in dogs.

Canine oral microbiota present similar number (around 350 bacterial taxa from 148 genera) but
significantly different populations compared to the human ones (Dewhirst ez al., 2012) and is mainly colonized
by Proteobacteria (45 %), Bacteroidetes (25 %) and Firmicutes (19 %). Most abundant species are
Porphyromonas cangingivalis and Porphyromonas gulae (Bell et al., 2008; Niemiec et al., 2021). Regarding
the other digestive compartments, studies have been mostly performed on faeces to avoid invasive procedures.
Stomach is the less colonized compartment with 10* to 10° colony forming units (CFU) per gram of content in
medium dogs, mainly composed by Proteobacteria (Figure 2.2A) including Helicobacter spp. that are potential
pathogenic strains (Benno et al., 1992; Mentula et al., 2005; Hooda et al., 2012).

Small intestine contains 10° to 10’ CFU/g of content (Benno et al., 1992; Mentula et al., 2005).
Duodenum (Figure 2.2A) is colonized by Firmicutes (calculated median 47 %), Proteobacteria (30 %),
Bacteroidetes (7 %), Fusobacteria (3 %) and Actinobacteria (1 %), whereas jejunum is characterized by a
higher abundance in Proteobacteria (37 %), Actinobacteria (11 %) and Fusobacteria (10 %), together with
lower percentages of Firmicutes (33 %) and Bacteroidetes (7 %) (Xenoulis et al., 2008; Suchodolski et al.,
2009; Garcia-Mazcorro et al., 2012a; Honneffer et al., 2017).

_4] -

I-2



Section | - Part 2 Impact of canine body weight on microbial parameters

STOMACH

10“10°CFUIg pecEs
Proteobacteria
Actinobacteria

Bacteroidetes

Firmicutes
Fusobacteria
DUODENUM LARGE Proteobacteria
" INTESTINE socmppens
/" Bacteroides ] ] Methanggen
Bifidobacterium Bifidobacteria archaea
Clostridium Fusobacteria s
Eubacterium Bacteroides 10°-1011 CFU Ig
Fusobacterium Clostridium
\_ Lactobacillus spp. / Eubacterium T ——,
Iy Lactobacillus
{;g 10%-107 CFU/ g Peptostreptococcus

Akkermansia spp

ILEUM E. coli/Shigella
{'/W\ Faeca!ibacterium spp
Bifidobacteria Helicobacter spp
Fusobacteria
Lactobacillus
Eubacterium ')

\__ Clostridium

Figure 2.1: Variations in gut microbiota composition along the canine digestive tract. Main bacterial
populations found in the different compartments of the gastrointestinal tract of the medium-sized dog are
represented. CFU: colony-forming unit.

IHleum (Figure 2.2A) is dominated by 37 % Fusobacteria, 27 % Firmicutes, 12 % Bacteroidetes and 37 %
Proteobacteria (Suchodolski, Camacho & Steiner, 2008; Honneffer et al., 2017). These abundances should be
considered with caution as they have been found in a single study performed in 6 medium dogs. As for other
mammals, large intestine is the most colonized part of the GIT, with up to 10° to 10'' CFU/g of content (Hooda
et al., 2012). Only two studies have evaluated the colonic microbiota composition and used 16S gene Illumina
sequencing. First, microbiota composition analysis from 6 healthy Hound dogs (Suchodolski et al., 2008)
demonstrated that colonic digesta is dominated by 37 % Firmicutes, 33 % Bacteroidetes, 29 % Fusobacteria
and 1 % Proteobacteria including E. coli-like organisms (Figure 2.2A). In comparison, Honneffer and
colleagues studied colonic microbiota from biopsies and described median relative abundances of 66 %
Firmicutes, 13 % Fusobacteria, 6 % Proteobacteria, 5 % Bacteroidetes and 1 % Actinobacteria (Honneffer et
al., 2017) but without distinction between mucosal and luminal sampling. In the same study, authors showed
similar bacterial profiles between colonic and rectal biopsies (not significant differences). Interestingly,
majority of taxa colonizing the colon are also found in canine faeces (Pilla & Suchodolski, 2020) which seems
to be rather different from the human situation where a significant number of mucus-adherent bacteria from the
colon are not found in faeces (Pilla & Suchodolski, 2020). No study has investigated dog size effect on gut
microbiota composition elsewhere than in stools, and the main variations in faeces are presented in Figure 2.2B
and 2.2C. Whatever dog sizes, faccal microbiota of healthy dogs is dominated by three main bacterial phyla:
Firmicutes, Bacteroidetes and Fusobacteria (Pilla & Suchodolski, 2020).
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Figure 2.2: Variations in gut microbiota composition along the canine digestive tract and impact of body
size. Main bacteria populations found in the different compartments of the dog gastrointestinal tract are
represented in (A). Influence of dog sizes on faecal microbiota composition at the phylum level is shown in (B)
and corresponding Shannon index are in (C). Only results from 16S rRNA Illumina sequencing were presented.
Main phyla represented in dogs are Firmicutes (Firm), Bacteroidetes (Bact), Fusobacteria (Fuso),
Proteobacteria (Proteo) and Actinobacteria (Actino). The same caption as used in Figure 1.2 was applied.

Bacteria from Actinobacteria and Proteobacteria phyla are also found in canine faeces but in a lesser proportion.
Of interest, a variable relative abundance of Bacteroidetes was reported and was inversely correlated to
Fusobacteria relative abundance indicating they might occupy the same ecological niches (Vazquez-Baeza et
al., 2016). Fusobacteria and Proteobacteria seem to be more abundant in dogs than in other omnivorous,
probably related to diet changes (Simon, 2019). Unlike in human where Fusobacterium is frequently associated
with diseases, in dogs this genus is related to non-stressful conditions and is therefore probably a marker of an
healthy state, especially because its abundance increases when dogs have access to the outside (Oswald et al.,

2015). In small dogs faeces (Figure 2.2B), average Firmicutes proportions vary widely from 30 to 80 %,
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followed by 13-28 % Bacteroidetes, while a lower abundance of Fusobacteria (1-22 %), Proteobacteria (1-15
%) and Actinobacteria (1-3 %) was detected (Kim et al., 2015; Omatsu et al., 2018; Reddy et al., 2019; Doulidis
et al., 2023). Medium dogs display similar value ranges of Firmicutes (15-98%), Bacteroidetes (0.1-34 %),
Proteobacteria (0.1-27 %) and Actinobacteria (1 %), but a larger proportion of Fusobacteria (0.1-40 %)
compared to small dogs (Kim et al., 2015; Algya et al., 2018). Only one study investigated faccal microbiota
composition in 8 large dogs and quantified 71 % Firmicutes, 22 % Bacteroidetes, 5 % Fusobacteria, and 1 %
Actinobacteria, with interestingly a much lower abundance of Proteobacteria (1 %) than in small and medium
dogs (Sandri et al., 2016). In few studies, canine faecal diversity was followed with Shannon index and
calculated medians seem to be higher in medium dogs (5.0, six studies) compared to small (3.3, five studies)
and large dogs (2.9, a single study) (Figure 2.2C). In addition to Bacteria (representing 98 %), canine faecal
microbiota also contains 1.1 % Archaea, 0.4 % Fungi and 0.4 % viruses, mainly bacteriophages (Swanson et
al., 2011; Suchodolski, 2011b). The fungal part -namely the mycobiome- of the faecal microbiota was
composed by 97.9 % Ascomycota and 1 % Basidiomycota (Foster et al., 2013). However, the role of fungi in
the gastrointestinal tract remains mostly unknown. Archaea from 10 orders have been identified in canine feces
among them the Methanobacteriales order -including Methanobrevibacter spp- was one of the predominant
Archaea (Swanson et al., 2011). Very recently, canine virome was also investigated in 45 healthy adult dogs
using 18S gene Illumina sequencing (Shi et al., 2021). Phages were identified as 18 % of the total amount of
viral sequences. In addition, 31 DNA and 32 RNA virus families were characterized with homologous sequences

to Astroviridae (71 %), Coronaviridae (17.6 %) and Circoviridae (7.3 %).

2.1.2. Radial variations

In addition to longitudinal variations, there are also radial changes in gut microbial composition that starts
to be described in human (Albenberg et al., 2014) but are still in infancy in dogs. As mentioned earlier, the
entire gut epithelium is covered by a mucus layer that offers an alternative source of host-derived nutrients. This
mucus is colonized by a specific mucus-adherent microbiota (namely mucosal microbiota) and seems to play a
key role in host homeostasis (Etienne-Mesmin ef al., 2019). Of note, there is a lack of studies on the canine
mucosal microbiota. Only two studies investigated the mucosa-associated bacteria on the outer mucus layer in
the colon of healthy dogs, using targeted FISH (Fluorescent in sifu hybridization) approach (Simpson et al.,
2006; Cassmann et al., 2016). Analysis of colonic biopsy samples from healthy Boxers revealed that bacteria
appear to be restricted to the outer mucus layer, as no bacteria was detected within the mucosa (Simpson et al.,
2006). In addition, Cassmann et al. (Cassmann et al., 2016) demonstrated that free ileal and colonic mucus of
healthy young dogs (< 2 years old) was mainly colonized by Bacteroidetes spp. and Eubacteria, while
Eubacteria represented the major bacteria attached to adherent mucus. Authors reported that there were almost
no bacteria attached to surface epithelium or contained within mucosa. Of interest, Akkermansia muciniphila, a
well-known mucin-degrading bacteria in humans, inversely correlated to obesity, was not yet identified in

canine faeces (Garcia-Mazcorro et al., 2020).
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2.2. Microbiota’s functions in the gastrointestinal tract
2.2.1. Key roles of the canine gut microbiota

Commensal microorganisms colonize the entire gut of their host and live in a symbiotic relationship with
it. Like in human, gut microbiota is known to play several key roles in dog health by maintaining host
homeostasis, since it is implicated in many nutritional (e.g. vitamin synthesis, fiber degradation and lipid
digestion through the metabolism of primary bile acids into secondary bile acids), immunological (immune
system maturation) and physiological processes, such as vascularization, epithelium integrity and “barrier”

effect against pathogens (Durand, 2010; Andoh, 2016a) (Figure 2.3).

Nutritional functions Gut-brain axis
Metabolic and functional balance
Vitamin synthesis
Fiber degradation
Lipid digestion (bile acids)
Physiological processes
Vascularization
Epithelium integrity
Barrier effect (pathogens)

Immunological functions
Immune system

maturation b
wm D) &

GUT MICROBIOTA

Figure 2.3: Schematic representation of the key functions of canine gut microbiota.

The gut microbiota is involved in the maintenance of structural components of the gut mucosal barrier
(i.e. tight junctions, adherent junctions and desmosomes) (Saitoh et al., 2015). In addition, colonic mucus
production by goblet cells is stimulated by commensal bacteria (Etienne-Mesmin et al., 2019). Mucin secretion
and production of antimicrobial peptides by colonocytes is also favored by short-chain fatty acids (SCFA)
produced by microbiota (especially butyrate), which participate to the barrier effect of the mucosa (Figures 2.4
and 2.6). In addition, preferential consumption of nutrients by commensal bacteria instead of pathogens is a
way of outcompeting the pathogenic bacteria. This phenomenon is called competition, and by consuming the
same nutrients, well-established commensal bacteria cause starvation of the competing pathogenic bacteria
fighting to find an uncontested niche. Growth of bacterial pathogens can be also inhibited by commensal bacteria
producing antimicrobial peptides (AMP) such as bacteriocins (O’Shea et al., 2012). Among all these functions,
the next section will focus on the metabolic activities of the canine gut microbiota.

Metabolic activity of the gut microbiota is essential for host health. Regarding functional level, identified
microbiome gene content obtained from metagenomic analysis on 6 medium dogs was not impacted by body
weight (17.9 to 25.3 kg) and was associated with the metabolism of carbohydrates (12.5-13 %), proteins (8.1-
9.1 %), DNA (7.1-7.4 %), cell wall and capsule (7-7.6 %), amino acids and derivatives (6.8-6.9 %), cofactors,
vitamins, prosthetic groups and pigments (5.7-6 %) and bacterial virulence (6.2-7.2 %) (Swanson et al., 2011).
Besides, Guard and Suchodolski (2016) have studied faeces from 8 healthy dogs (2.7 to 31.8 kg) and observed

high inter-variability microbiota composition between animals, while bacteria’s functions stay very consistent
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(based on PICRUST functional predictions from 16S rRNA gene 454-pyrosequencing data). Thus, despite gut
microbiota composition varies a lot between dogs, its functional potential seems to be unchanged whatever dog
sizes (Durand, 2010). However, to the best of our knowledge, gut microbiota gene expression has never been
investigated between dogs from various breeds or sizes, meaning that expression profiles can differ even if a

same functional potential was observed.

2.2.2. Carbohydrates metabolism

Carbohydrates that are not degraded in the small intestine (namely fibers) passed through the large
intestine where they are fermented by the resident microbiota. After cleaving, complex polysaccharides are
degraded into monosaccharides, mainly by bacteria from the genera Bacteroides, Bifidobacterium,
Ruminococcus and Roseburia, leading to gases (such as dihydrogen -H»-, carbon dioxide -CO,- and methane -
CH4) and SCFA production (Figure 2.4). To our knowledge, there is no in vivo data related to total gas
production associated to carbohydrate metabolism in dogs. However, we can assume that, as for human, SCFA
production is associated to H, and CO; production which can be reused by methanogenic bacteria to produce
CH4 (Swanson et al., 2011). Regarding SCFA, the three main produced are acetate, propionate and butyrate.
SCFAs are markers of gut health, involving in stimulation of the intestinal motility and can be further used as
an energy source for colonocytes, liver and brain. Acetate is predominantly produced by genera Bacteroides,
Clostridium, Eubacterium, Phascolarctobacterium and Ruminococcus. Propionate is mainly produced by
genera Bacteroides, Phascolarctobacterium, Propionibacterium and Veillonella (Bernalier-Donadille, 2010).
Finally, butyrate-producing species are mainly encountered among Firmicutes in the Ruminococcaceae and
Lachnospiraceae families as well as in Erysipelotrichaceae and Clostridiaceae (Louis & Flint, 2017). Canine
SCFA production was only evaluated in faecal samples. Values were mainly obtained in medium dogs
(especially Beagles) and vary widely due to many differences in design studies (e.g. type of food, composition
in carbohydrates, methods, units). However, in a study performed by Weber et al., (2004), the authors compared
SCFA production between small, medium and large dogs and demonstrated that total SCFA concentration in
stool significantly increased with body weight, with 448 + 67, 894 + 80 and 1184 + 259 mmol/kg of lyophilized
faeces for small, medium and large dogs, respectively. This is consistent with a longer LITT in large breed dogs
that may promote microbial fermentation. Large quantity of organic acids produced could thus exceeds colonic
mucosa absorption capacity, thereby leading to an accumulation in lumen, a decrease in colonic pH and an
increased faecal excretion (Weber et al., 2017). Lastly, regarding SCFA ratio, Mondo et al., (2019) reported
average percentages of 60:25:15 for acetate, propionate and butyrate in dog feces, respectively, with an obvious
effect of sizes according to our literature review (Figure 2.8B). Different faecal ratios of around 58:33:10,
57:28:11 and 49:44:8 were calculated in small (a single study), medium and large dogs, respectively, which

certainly reflects variations in faecal microbiota profiles between canine sizes.
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Figure 2.4: Carbohydrates metabolism pathways involved in short-chain fatty acids biosynthesis and gas
production, and associated bacteria. Extracted from Louis, Hold & Flint, (2014).

2.2.3. Protein metabolism

Dietary proteins are mainly absorbed in the small intestine in dogs. However, undigested proteins from
diet and endogenous proteins (i.e. pancreatic secretory products, desquamated enterocytes, mucins and
enzymes) enter the colon where they can be metabolized by microbiota (Figures 2.5 and 2.6). Canine faecal
relative abundance of Peptostreptococcaceae, Paraprevotellaceae and Clostridiaceae were positively
associated to high-protein diet, suggesting their involvement in canine protein metabolism. Protein degradation
starts by hydrolyzation of polypeptides by bacterial proteases and peptidase, leading to the production of amino
acids, reused to form phenols and indoles, ammonia, biogenic, hydrogen sulfide and BCFA, as detailed below
(Weber et al., 2017). To the best of our knowledge, the impact of dog size on the production of total BCFA or
BCFA composition has never been directly evaluated within a same study (Figure 2.8C-D). In addition,
phenols, indoles and ammonia concentrations
were never quantified in the dog large intestine, poorly investigated in faeces of small and medium dogs and

never quantified in large dogs (Figure 2.8E-F).
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Figure 2.5: Pathways of gut microbial protein metabolism. Extracted from Davila et al., (2013).
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Figure 2.6: Pathways responsible
for the biosynthesis of the major
microbial metabolites from
carbohydrates and proteins
metabolisms and impact on gut
mucosa. Built with Biorender from
personal source, based on Blachier et
al., (2007) for human data and Blake &
Suchodolski, (2016) for canine data
(highlighted in green associated to a
dog symbol). AMP: antimicrobial
peptides; BCFA: branched-chain
fatty acids; CHy: methane; CO::
carbon dioxide; H>: dihydrogen;
H>S:  hydrogen  sulfur; IL-22:
interleukin-22; SCFA: short-chain
fatty acid.
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Phenols and indoles are produced from the degradation of aromatic amino acids in the large intestine
lumen by microbiota (Blachier et al., 2007). In dogs, indoles and phenols levels were increased by consumption
of high protein or meat diets (Xu et al.,, 2017), whereas phenol and 4-ethylphenol faecal concentrations
significantly decreased with cellobiose supplementation of 1 g/kg bodyweight/day (PaBlack et al., 2021).
Phenols (p-cresol and phenol) are the major products from tyrosine degradation, most probably performed by
Clostridia, as suggested based on human data (Daisley et al., 2021). Contrarily to the human situation
(Macfarlane & Macfarlane, 2012), in dogs, no study has correlated colonic phenol concentrations with digestive
or extra-digestive diseases. Phenols median concentrations of 0 and 1.1 umol/g of lyophilized feces were
quantified for small and medium dogs respectively (Figure 2.8C).

Indoles are derived from tryptophan bacterial metabolism, generating indole, tryptamine, indole-ethanol,
indole-propionic acid, indole-lactic acid, indole-acetic acid, skatole, indole-aldehyde and indole-acrylic acid, as
shown in human (Daisley et al., 2021) (Figure 2.6 and 2.7). These compounds are absorbed through the
epithelium and are involved in several pathways in the large intestine. Some catabolites like indole-lactate,
indole-acetate, indole-propionate and 2-oxindole-3-acetate are considered as beneficial in dogs, as they can
modulate innate and adaptive immune system through aryl hydrocarbon receptor (AHR) activation or because
of their anti-oxidative and anti-inflammatory effects. Median indoles concentrations of 1.6 and 2.2 pmol/g of
lyophilized feces for small and medium dogs respectively were quantified (Figure 2.8C). An increase in indole
sulfate was associated to kidney diseases and inflammation in dogs (Cheng et al., 2015).

Ammonia levels were always quantified in canine feces and studies showed a median concentration of
39.1 and 54.1 pmol/g of lyophilized feces for small (a single study) and medium dogs, respectively (Figure
2.8D). Ammonia can be produced in the human and canine gut from Bacteroides fragilis, B. ovatus and B.
vulgatus but also from E. coli or Streptococcus faecalis (Vince & Burridge, 1980). Impact of high levels of
ammonia were tested in human adenocarcinoma HT-29 colonocytes cells and showed an important repression
of cell proliferation without affecting cell viability (Mouillé et al., 2003). In addition, ammonia is also able to
interfere with the oxidative metabolism of colonocytes by inhibiting butyrate activation or butyrate 3-oxidation
in mitochondria (Darcy-Vrillon et al.,, 1996). Ammonia represents a toxic and potentially carcinogenic
compound and high ammonia concentrations in the gut lumen have the ability to damage human mucosa
(Blachier et al., 2007) (Figure 2.6).

Biogenic amines have been detected in the colonic luminal content of both human and animals. Amines
have been identified as key factors for cell growth and can interfere with many cellular processes including
stimulation of DNA, RNA and protein synthesis (Blachier ef al., 2007). Commensal bacteria of the colon
(mainly Lactobacillus) are thus able to produce putrescine, agmatine, cadaverine, tyramine and histamine that
are known to be involved in large intestine physiology and postprandial colonic motility in human. In dogs,
biogenic amines were exclusively quantified in faecal samples of medium dogs (Flickinger ef al., 2003; Propst
etal.,2003; Faber et al., 2011). Faber’ study reported that polyamines (i.e. putrescine, spermine and spermidine)
are considered as beneficial metabolites for colonic health thanks to their requirement for cellular metabolic

activity (Figure 2.6). However, another study reported a deleterious effects of biogenic amines associated to
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protein putrefaction, correlated to odor production and an increased incidence of colon cancer in dogs (Propst

etal., 2003).
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Figure 2.7: Effects of microbial tryptophan catabolites on host physiology. Degradation of dietary proteins
leads to the release of tryptophan, which is converted into various catabolites by the gut microbiota. Tryptophan
catabolites include indole, tryptamine, indoleethanol, indolepropionic acid, indolelactic acid, indoleacetic acid,
skatole, indolealdehyde and indoleacrylic acid. Those compounds can affect host physiology through numerous
ways. The effects demonstrated not only in human but also in dogs are symbolized by an icon (W). Extracted
and modified from Liu et al., (2021). AHR: aryl hydrocarbon receptor, GLP-1: glucagon-like peptide 1; IL-22:
interleukin 22; IS: indoxyl sulfate; PXR: pregnane X receptor; 5-HT: 5-hydroxytryptamine (serotonin).

Hydrogen sulfide -H,S- is produced through fermentation of sulfur-containing amino acids. Faecal
sulfide excretion was roughly proportional to dietary protein intake in human and especially increased with high
meat diet consumption (Magee 2000). Hydrogen sulfide can be produced through different bacterial metabolic
pathway such as acetogenesis involving sulfate-reducing bacteria such as Desulfovibrio, Desulfomonas or
Bilophila wadsworthia in human (Nava et al., 2012). H»S is a toxic compound known to disturb lung and brain
functions and implicated in the etiology of ulcerative colitis in dogs, maybe because of its capacity to modulate
immune response (Honneffer et al., 2014) (Figure 2.6). In dogs, H»S is responsible of malodorous flatus, a
canine common problem (Giffard et al., 2001; Collins et al., 2001). Nevertheless, H>S metabolic pathway

remains undescribed in dog’s gut.
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Figure 2.8: Impact of dog sizes on faecal microbial products production. Results from studies in dogs
measuring total faccal major short-chain fatty acids (SCFA, i.e. acetate, propionate and butyrate) are presented
in (A) and detailed in (B). Similarly, influence of dog size on major branched-chain fatty acids production
(BCFA, i.e. isobutyrate, isovalerate and valerate) is shown in (C) and detailed in (D). Effect of dog size on other
microbial metabolites are presented in (E) for phenols and indoles and (F) for ammonia. The same caption as
used in Figure 1.2 was applied.

Finally, branched-chain fatty acids (BCFA) (mainly isovaleric, isobutyric and valeric acids) are
produced during fermentation of branched-chain amino acids (valine, leucine, and isoleucine) by Bacteroides

and Clostridium in the human intestinal microbiota (Smith and Macfarlane, 1998; Aguirre ef al., 2016). Total

-52.



Section | - Part 2 Impact of canine body weight on microbial parameters

BCFAs were only measured in faecal samples, and mainly in medium dogs (Figure 2.8C). BCFA
concentrations seem to be lower in small dogs (a unique value of 17.1 umol/g) compared to medium ones
(calculated median of 22.2 pmol/g). Moreover, BCFA composition was only studied in medium dogs, with a
calculated median concentration of 4.8 umol/g isobutyrate, 7.9 umol/g isovalerate and 0.8 pmol/g valerate
(Figure 2.8D). Whether it be in dog or in human, BCFA have attracted considerably less attention than major
SCFA, despite they might play important roles in the gut environment and may constitute potential markers of
the microbial metabolism taking place in the gut. BCFA are indicators of colonic protein fermentation
(Macfarlane et al., 1992), as the process is associated to the production of ammonia, phenol, p-cresol or biogenic
amines (Figure 2.5). In dogs, increased levels of all these faecal protein degradation products were associated
with deleterious effects, like poor faecal quality, inflammation and kidney diseases (Hughes, Magee &
Bingham, 2000; Ephraim, Cochrane & Jewell, 2020). Recently, the role of BCFA on the regulation of glucose
and lipid metabolism has been also suggested (Heimann et al., 2016).

To conclude, protein degradation metabolites seem to be positively correlated to protein content in the
diet and canine body weight, even if those observations should be considered with caution as very few data are
available from small and large dogs. Abundance of Fusobacteria in dog feces was positively correlated with
body weight gain (Chun ef al., 2020), strengthening their possible involvement in protein degradation. It is also
important to underline that most of data related to protein metabolism are based on human and not canine
studies, even if it would be certainly of high interest to have an in-depth understanding on such metabolism in

dogs due to their carnivorous status.

2.2.4. Vitamin synthesis

Vitamins are essential components for host health, involving coenzymes or antioxidants. Canine gut
microbiota also participate in vitamin synthesis in the large intestine such as vitamin K, vitamin from the B
group (e.g. folic acid, niacin, biotin, pantothenic acid, cobalamin or thiamine) (Belzer et al., 2017; Kim et al.,
2022). Bacteria from the Lachnospiraceae family were identified as vitamin producer in human (Soto-Martin

et al., 2020).

2.2.5. Bile acid metabolism

Gut microbiota is also involved in bile acids metabolism (Figure 2.9). In the canine liver (as for other
mammals), primary bile acids (CA and CDCA mainly) are synthetized from cholesterol and conjugated to
taurine or glycine, then stored in gall bladder (Kakimoto et al., 2017). After a meal, bile is excreted in the small
intestine where bile acids are involved in lipid digestion by helping to form micelles. About 95 to 97 % of total
bile acids produced are reabsorbed in the terminal ileum then recycled in the liver . The remaining 5 % cross
the large intestine where canine commensal bacteria like Peptacetobacter hiranonis (ex-Clostridium hiranonis)
and Lactobacillus spp. (Suchodolski, 2011b) can deconjugate bile acids (using bile salt hydrolase -BSH) or
dehydroxylate (using different bile acid inducible -bai- proteins) primary into secondary bile acids, resulting in
deoxycholic acid (DCA), lithocholic acid (LCA) and ursodeoxycholic acid (UDCA) (Ridlon et al., 2016). Bile

acids play a role in mucosal defense thanks to their antimicrobial properties and have well-known anti-
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inflammatory properties through inhibition of NF-«B pathway (demonstrated in human and dogs) (Duboc et al.,
2013; Blake & Suchodolski, 2016). Bile acid dysmetabolism was evidenced in human obese patients (Jones et
al., 2014), but also in dogs in intestinal inflammation, as well as in antibiotic-induced dysbiosis (Whittemore et
al., 2021), diabetes mellitus (Jergens et al., 2019) or chronic inflammatory enteropathies (Guard et al., 2019).
Interestingly, relative percentages of primary bile acids such as CA and CDCA seem to be inversely correlated
to canine body weight, while the opposite is observed for secondary bile acids (only one study) (Figure 2.10).
This can be correlated to the longer colonic transit time observed in large dogs, increasing contact time between
microbiota and bile acids and therefore favoring bacterial dihydroxylation.

Figure 2.9: Overview of canine bile acid metabolism and enterohepatic recirculation. Primary bile acids
(CA and CDCA) are synthesized from cholesterol conjugated to glycine and taurine in the liver. Then, primary
bile acids are secreted into the bile and stored in the gallbladder until their secretion into the duodenum. Whereas

some passive absorption (dashed arrows) of bile acids can occur in the duodenum and jejunum, about 95 % of
the total pool of bile acids (including conjugated and free primary and secondary bile acids) are actively
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reabsorbed in the ileum and return to the liver where they will be newly conjugated. The remaining 5 % cross
the large intestine where resident microbiota can deconjugate conjugated primary bile acids into free primary
bile acids. Then, free primary bile acids can be dehydroxylated by bacteria into DCA and LCA. UDCA is also
produced by epimerization of CDCA. Extracted and modified from Fu et al., (2021). CA: cholic acid; CDCA:
chenodeoxycholic acid; DCA: deoxycholic acid; LCA: lithocholic acid; UDCA: ursodeoxycholic acid.
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Figure 2.10: Impact of dog sizes on faecal bile acids composition. Results from studies in dog faeces
describing bile acid composition in cholic acid (CA), chenodeoxycholic acid (CDCA), lithocholic acid (LCA)
and deoxycholic acid (DCA) is shown. The same caption as used in Figure 1.2 was applied.

Bullet points - Impact of canine body size on microbial parameters

b Longer colonic transit time observed in large dogs may promote microbial fermentations, especially
carbohydrates degradation by resident bacteria resulting in an increased production of SCFA and bile
acid dehydroxylation

% Differences in bile acids concentrations and profiles are observed for each dog size, in accordance with
different microbiota profiles between small, medium and large dogs

% Faecal concentrations of microbial degradation products from proteins seem to be positively correlated
with dog body weight

¥ Fusobacteria relative abundance seems to increase with body weight in association with an increase in
protein-degradation metabolites
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Figure 2.11: Overview of the impact of dog sizes on digestive physiology and faecal microbiota
composition and activity. Key parameters of the oral, gastric, intestinal and colonic compartments from the
canine digestive tract are summarized. Specified values were obtained from reports comparing within a same
study the results obtained for small and large dogs. Lack of data are represented by “?”, BA: bile acid, SCFA:
short chain fatty acids. *: Lactulose/L-rhamnose ratio, **: Lactulose/sucralose ratio
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Part 3 - Factors shaping canine gut microbiota

n the previous parts of the literature review, we detailed how dog size can impact physicochemical

I and microbial parameters of digestion. Beyond weight, several other factors discussed in this part

are also able to shape canine gut microbiota under healthy or diseased situations, including morphological and
environmental factors, antibiotherapy, digestive or extra-intestinal pathologies such as IBD and obesity.
Restoration strategies of the gut microbiota such as prebiotics, probiotics, postbiotics (including paraprobiotics),
and faecal microbiota transplantation are then introduced in the next sections, with more emphasis on the factors
directly related to this PhD work. Main factors driving gut microbiota composition and/or diversity as well as

restauration strategies are summarized in Figure 3.1.
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Figure 3.1. Overview of the main factors influencing canine gut microbiota. Influencing factors can be
stratified into “normal” factors (in green), occurring under healthy state of dogs and “pathological-associated
factors (in red). Restauration strategies of gut microbiota are indicated in blue. Build from personal source.

3.1. Factors driving microbiota in healthy dogs

Birth mode. Depending on birth mode, different microbiota colonization and diversity were observed in
puppies. Especially, puppies from different sizes (2.4 to 65 kg) born by vaginal delivery have a faecal microbiota
similar to their mother’s vagina microbiota (e.g. Staphylococcus), whereas puppies born by cesarean section
present more Acinetobacter spp., Staphylococcus and Bacillus spp. (Rota et al., 2021). The meconium
microbiota composition of the puppies is similar to the colostrum microbiota of their mothers (Kajdi¢ et al.,

2021), suggesting an important vertical transmission between mother and puppy. Of interest, this seems to give
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an advantage to puppies born by vaginal birth who gain weight significantly faster than the ones born by

cesarean section (Kajdi¢ ef al., 2021).
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Figure 3.2: Major factors shaping the development of growing puppies’ gut microbiota from birth to

adulthood. Orange boxes show obligate factors, while the pink box illustrate a hypothetical impact. Factors in
red boxes are facultative factors that can be associated with dysbiosis, while green boxes are facultative factors
with beneficial effects on microbiota balance. Extracted from Garrigues et al. 2022.

Individual characteristics. Some factors shaping the gut microbiota are inherent to dogs such as
morphological and genetic traits linked to breed and size (as described in the previous section). Significant
differences in Fusobacteriota abundance between breeds were also described, as well as variations in F.
perfoetens, Romboutsia timonensis and Sutterella stercoricanis abundances at a lower taxonomic level (You &
Kim, 2021). In the same study, Bulldog presented a significantly higher microbial richness compared to 8 other
breeds. Some metabolic differences were also highlighted between dogs of different breeds. For example, Great
Danes have energetical needs above average (AAFCO, 2019). Of note, canine gut microbiota presents an
important interindividual variability. In addition, important changes are observed with extreme body condition
score (BCS) (i.e. extremely lean and severe obesity, as described in section 3.2.2.). However, some variations
can be even observed in overweighed dogs compared to normal ones with an increase of Actinobacteriota and
Deferribacteres, relative abundance associated to increases of the relative abundance of species like
Enterococcus cecorum, Peptostreptococcus russellii or Bacteroidetes thetaiotaomicron (You & Kim, 2021).

Age. As in humans (Kim & Jazwinski, 2018), age is also an important factor shaping microbiota in dogs
(Guard et al., 2017; Pereira et al., 2020) with important variations occurring during the earlier stage of puppies,

as recently reviewed by (Garrigues et al., 2022a) and summarized in Figure 3.2.
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Figure 3.3: Evolution of the relative Guard et al. 2017 Pereira et al. 2020
abundance of main bacterial phyla in ] N
puppies’ faecal microbiota with age. Made ]
from data extracted in Guard et al. 2017 and
Pereira et al. 2020.
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Following birth, the canine GIT is quickly colonized by microorganisms from the environment. After two days,
faecal microbiota of puppies is mainly represented by Firmicutes (around 60 %) (Figure 3.3) (Guard et al.,
2017). As observed in other mammal species and in human, the important levels of oxygen present in the GIT
of newborns promote the colonization of obligate and facultative anaerobes such as Proteobacteria and
Bacteroides. Then, between day 2 and day 21, the part of aerotolerant bacteria decreases, replaced by strict
anaerobes such as Firmicutes (Figure 3.3), coupled with an increase in bacterial richness. During the neonatal
period, an impressive increase of relative abundance of Lactobacillaceae about 100-fold was observed
(Buddington, 2003), associated to the ingestion of milk by puppies. From 3 weeks to around 8 weeks-old dogs,
weaning occurs progressively by the introduction of solid diet instead of milk. Abundance and activities of
certain bacterial groups are promoting after weaning such as degradation of complex polysaccharides by
Bacteroides or protein fermentation by Fusobacteriota (Pilla & Suchodolski, 2020). At 9 weeks, the relative
abundance of Proteobacteria significantly decreased whereas the one of Faecalibacterium spp. and
Peptacetobacter hiranonis (ex-Clostridium hiranonis), two bacteria highly oxygen-sensitive, significantly
increased (Pilla & Suchodolski, 2020). While microbial species richness of puppies’ feces increases
significantly from 2 days up to 52 weeks (Guard et al., 2017; Pereira et al., 2020; Boucard et al., 2021), few
changes of microbial diversity have been observed in dogs between 3 months to 12 years old (Omatsu et al.,
2018; Mizukami et al., 2019; You & Kim, 2021), suggesting a stabilization of the gut microbiota until
adulthood. Especially, the abundance of Fusobacterium perfoetens is positively correlated with dog age and
Lactobacillus acidophilus and L. johnsonii decrease from 0.5-1 years to 6-10 year groups (You & Kim, 2021).
However, to the best of our knowledge, the impact of age on Archaea or fungi populations has been never
investigated, as well as the impact of age on microbiota functions (SCFA production for example).

Diet. In human and animals, diet has been identified as one of the main factors driving microbiota
composition, with different modifications depending on the tested diets (Figure 3.4). Many studies have
investigated the impact of commercial extruded dried food (Weber et al., 2003; Hervera et al., 2007; Hendriks
et al., 2013; Bresciani et al., 2018; Detweiler et al., 2019; Nogueira et al., 2019; Penazzi et al., 2021) or raw
meat-based diet (Sandri et al., 2016; Herstad et al., 2017, 2018; Schmidt et al., 2018; Algya et al., 2018; Kim

et al., 2021) on canine gut microbiota. In a recent study, changing canine diet from dry food to beef induced
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variations in microbiota composition within less than one week, which confirms that canine microbiota is very
sensitive to diet changes (Herstad et al., 2017). A recent study has compared the effect of different processing
methods such as raw, pasteurized and high temperature sterilization made with the same ingredients and
nutrients on faecal microbiota from 18 Beagles (Cai et al., 2022). In fact, dogs fed with raw-meet food showed
a significantly decreased production of BCFA and SCFA, associated to a variation in the relative abundance of
14 genera in comparison to the two other diets. In addition, protein levels can also impact both faecal
metabolome and microbiome (Ephraim et al., 2020). Regarding the impact of three canine diets with various
protein percentages from 19 to 46 % on medium dogs, indole and indoli-2-one significantly increased with
protein consumption while levels of beneficial indoles (i.e. indolelactate, indoleacetate, indolepropionate and
2-oxindole-3-acetate) decreased (Ephraim et al., 2020). The higher level of around 46 % protein (compared to
a FEDIAF recommendation of 18 % protein in diet) increased significantly urinary metabolites associated to
inflammation and chronic kidney disease. In addition, Faecalibacterium prausnitzii, a beneficial butyrate-
producer bacteria increased with the low-protein diet (19 % in this study). High-fiber diet (supplemented with
7.5 % beet-pulp) also reshapes gut microbiota by increasing faecal relative abundance of Lactobacillus spp.,
Faecalibacterium and Clostridium in adult dogs (Middelbos et al., 2010; Swanson et al., 2011; Maria et al.,
2017).

Diet
I
1 1 1 1 1 1 1 1 1 1
Inulin-type . ) Soybean Yeast cell Bone and . Kibble with
Beet pul Inulin Potato fiber Red meat Raw diet :
pulp fructan hulk wall raw food boild beef
i Firmicutes Megamonas Faecalibacterium  Total lactobacilli Bifidobacterium EFu's,ol{a;Fer i "r Fusobacterium Clostridium PEPtI?CEtOb?CtEf
Clostridia Erysipelotricha- Lactobacill Lachnospira Faecalibacterium e ialeo Lactobacillus perfringens hiranonis
ceae Bacteroides Strep tof:qccus Clostridium Peptacetobacter Dorea
Turicibacteriaceae Prevotella Clostridium hiranonis Slackia
Erysipelotrichi Enterobacteria- Pi Il Porphy Dorea Clostridiaceae
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i ; eptostrepto- ;
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Figure 3.4: Impact of different types of diet on canine faecal gut microbiota. Green boxes: upward,
increased relative abundance or red boxes, decreased relative abundance of faecal bacterial populations.
Extracted and modified from Tuniyazi et al., (2022).

Human-pet interplay. Human-pet pairs with a close relationship are more likely to share bacteria in their
faecal profiles, especially Streptococcus intermedius, E. coli, E. faecalis, and Acinetobacter Iwoffii, than pairs
with a more distant relationship (Wipler et al., 2017). In addition, a recent study revealed that human and dogs
have coevolved in the same environment which may lead to the modulation of similar set of genes between the
two groups (Huang et al., 2020). Of high interest, the canine gene catalog (extracted from faecal microbiota)
mapped at 63 % (versus 33 % for pigs and 22 % for mice) with the human faecal gene catalog (Coelho et al.,
2018). Inversely, only 28 % of the human reads mapped on the canine catalog, suggesting that canine genes
may have been transmitted by human, or acquired by the same environmental conditions. To go further, this
could indicate that some horizontal transmission events may have occurred between human and dogs during

domestication and after, forever modifying dog’s microbiota (Figure 3.5).
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Figure 3.5: Role of domestication in evolution of the canine gut microbiota. Canine domestication led to
the loss of some gut bacteria compared with those of non-domesticated wolves, while interaction with humans
resulted in new gastrointestinal bacteria in dogs. Extracted and modified from Huang et al., (2020).

Lifestyle. Geographic localization matters on the intestinal microbial development of the dog, by mainly
affecting the diversity of bacterial populations (Vilson et al., 2018). In particular, the living environment of dogs
impact bacterial diversity and higher diversity was observed in puppies living in big cities during their first 1.5

year of life compared to dogs living in smaller cities or in the countryside (Vilson ef al., 2018).

3.2. Factors driving microbiota under diseased situations

As for humans, the gut microbiota can shift from an equilibrated state called eubiosis to a perturbated one
named dysbiosis. Gut dysbiosis is associated with alterations in gut microbiota composition that result in
functional changes in the microbial transcriptome, proteome, or metabolome (Pilla & Suchodolski, 2020). An
increase in the relative abundance of Enterobacteriaceae family is a common marker of human gut dysbiosis
(Rivera-Chavez, Lopez & Baumler, 2017), also observed in dogs (Vazquez-Baeza et al., 2016). A canine
dysbiosis index was recently developed to quantify and monitor gut dysbiosis (AlShawaqfeh et al., 2017). This
mathematical model was based on qPCR quantification of total bacteria and seven bacterial groups (i.e.
Faecalibacterium spp., Turicibacter spp., Escherichia coli, Streptococcus spp., Blautia spp., Fusobacterium
spp. and Peptacetobacter (ex-Clostridium) hiranonis) that are known to be modified in dysbiotic conditions
(especially associated to chronic enteropathies). In dogs, gut microbial dysbiosis has been associated to digestive
pathologies like antibiotic-induced dysbiosis, chronic enteropathies (Cassmann et al., 2016; Minamoto et al.,
2019) including IBD (Minamoto et al., 2014; AlShawaqfeh et al., 2017), chronic diarrhea (Jia et al., 2010),
chronic inflammation (Honneffer et al., 2014), but also extra-digestive pathologies such as obesity (Kieler et
al., 2017), cancer (Zitvogel et al., 2017), neurological disfunctions (Wu et al., 2016), chronic stress, arthritis
(Cintio et al., 2020) or metabolic disorders (Montoya-Alonso ef al., 2017). In addition, significant alterations
of the gut microbiota by enteric parasites were evidenced, especially with Giardia intestinalis infection which

was associated to diarrhea and a decrease of faecal bacterial richness (Slapeta ez al., 2015). Similar observations
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were also revealed with parvovirus infection, responsible for weaning diarrhea associated to severe gut
microbiota perturbations and characterized by an increase in Enterobacteriaceae and a decrease in
Bacteroidetes and Fusobacteria abundance (Park et al., 2019). Here, a special emphasis was made on dysbiosis
associated to antibiotherapy in accordance with the main aims of this PhD, but also linked to obesity and IBD

in relation to future development of the in vitro CANIM-ARCOL model (see part 4 discussion).

3.2.1. Antibiotic treatment

Antibiotics are commonly used in veterinary medicine to treat infectious diseases caused by bacteria and
other microorganisms (such as parasites like Giardia intestinalis or Leishmania infantis). As for human,
inappropriate use of antibiotics is recognized as a key driver of antimicrobial resistance, this is why their mode
of action and impact on gut microbiota are ¢ increasingly studied in dogs. In particular, antibiotics are used for
the treatment of acute and chronic gastrointestinal diseases, which can lead to intestinal microbiota disturbance.
Studies evaluating the impact of those orally administered antibiotics on canine gut microbiota are presented in
Table 3.1. Most of the studies that have evaluated the impact of antibiotic treatments on canine gut microbiota
were performed in vivo using stools, involving a total amount of 134 dogs in only 10 studies. For each study, a
resilience of the microbiota (defined by Dogra, Doré & Damak, (2020) as the property of an ecosystem to
maintain its state and recover from perturbations) can be observed after the treatment, but restoration time varied
depending on taxa and studies. To the best of our knowledge, up to now, no study related to the impact of
antibiotics on canine microbiota has been performed in vitro. Antibiotics commonly used by veterinarians or
known to induce microbiota damages and diarrhea were further detailed below.

Metronidazole is an antibiotic and antiparasitic drug from the nitroimidazole family. This compound is
commonly and widely prescribed for acute diarrhea in dogs associated to a suspicion of Giardia or Clostridium
perfringens infection. This antibiotic is able to inhibit nucleic acid synthesis and target selectively anaerobic
bacteria. A treatment of 15 mg/kg of body weight/12h during 14 days result in a global decrease of bacterial
richness and evenness, and a decrease in the relative abundance of Bacteroidetes and Fusobacteria phyla in
dogs (Pilla et al., 2020). In addition, a significant increase in Actinobacteria and Proteobacteria (associated to
dysbiosis) can be observed (Igarashi et al., 2014). The relative abundance of Firmicutes was not impacted but
the composition changed with a decrease of Clostridiales and an increase of Lactobacillales, previously
associated to chronic enteropathies and pancreatic insufficiency in dogs (Blake et al, 2019). These
modifications are mainly (but not totally) recovered 14 days after the end of the treatment. Especially, the
proportion of Peptacetobacter hiranonis (known to be protective against Clostridium difficile in dogs) decreased
significantly and wasn’t recovered after 4 weeks for 7 over 16 dogs of the study. This alteration is also associated
to a reduction in faecal secondary bile acids concentration in these dogs, consistent with the capacity of P.
hiranonis to dehydroxylate primary bile acids into secondary bile acids (Blake et al., 2020). Similar observations
were also made in another study with a smaller dose of 12.5 mg/kg of body weight/12h during 14 days (Igarashi

et al., 2014). Combining similar amounts of metronidazole with enrofloxacin (a fluoroquinolone antibiotic,
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targeting gram-negative bacteria) for 21 days, bile acids metabolism was also altered, coupled with an increase
in the faecal dysbiosis index associated to vomiting and diarrhea.

Enrofloxacin’s impact on gut microbiota was more recently evaluated in vivo but only in combination
with metronidazole (Whittemore, Moyers & Price, 2019; Whittemore et al, 2021). Enrofloxacin is a
fluoroquinolone with broad spectrum. According to ANSES, enrofloxacin is efficient on gram negative bacteria
including E. coli, Pasteurella spp., and Klebsiella spp and also gram-positive Staphylococcus spp. In dogs,
around 40 % of the oral dose of enrofloxacin is de-ethylated into ciprofloxacin which is the main active
metabolite (Cester & Toutain, 1997). Enrofloxacin is covalently ligated to DNA replication and transcription
enzymes, inhibiting their action.

Tylosin is a macrolide antibiotic commonly prescribed as symptomatic treatment for acute or chronic
diarrhea in dogs (German, Halladay & Noble, 2010b; Volkmann et al., 2017). Its mode of action remains poorly
described but one hypothesis is the decrease in total bacterial load in the small intestine and suppression of
anormal mucosal immune response since tylosin may exert anti-inflammatory effects (Manchester et al., 2019).
Four studies have evaluated tylosin effects and all evidenced microbiota disturbance (Suchodolski ef al., 2009;
Kilpinen et al., 2015; Manchester et al., 2019; Bottero et al., 2022). In particular, an increase in the relative
abundance of Enterococcaceae family was observed whereas Fusobacteriaceae (associated to a good health
status in dogs), Veillonellaceae and Bacteroidaceae decreased whatever the treatment duration. After tylosin
withdrawal, microbiota composition returned to baseline through an individual-dependent manner (Manchester
etal.,2019). Suchodolski et al., (2009a) also reported a long-lasting microbiota modification over several weeks
after treatment.

Amoxicillin is a B-lactam antibiotic derivate from penicillin, able to inhibit peptidoglycan synthesis in
the cell wall of bacteria to achieve its bactericidal activity. Amoxicillin is active against most of gram-positive
bacteria, many gram-negative and most of anaerobic bacteria (except Staphylococcus and Bacteroides fragilis
which produced B-lactamases). Amoxicillin is generally used to treat bacterial infections but also frequently
prescribed in dogs with acute diarrhea, despite limited efficacy evidence (Werner et al., 2020). In a first study,
an increase in Enterobacteriaceae, generally acknowledged as a sign of dysbiosis establishment, was observed
with amoxicillin treatment during 7 days (Grenvold et al., 2010) whereas more recently, (Werner et al., (2020)
didn’t observed any microbiota perturbation (amoxicillin and clavulanic acid combined; using culturation and
gPCR only). However, amoxicillin treatment significantly increased the amount of E. coli together with resistant
E. coli isolated in feces in both studies. Relative abundances of some gut bacteria were also reduced such as

Roseburia, Oscillospira, Dialister and Lachnospiraceae.
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Table 3.1: Effect of orally administered antibiotics commonly used in veterinary clinics to treat gastrointestinal diseases in canine gut microbiota. Only statistically

different results are presented. ARE: antibiotic responsible enteropathy; BA: bile acids; DGGE: denaturing gradient gel electrophoresis; NA: not applicable; gPCR: quantitative

polymerase chain reaction; RNA: ribonucleic acid.

Reference Dogs Antibiotic used Dose Treat.m ent Method Mlcrob}ota Decrease Increase Recoyery
period alteration period
16 tRNA Richness et evenness Dysbiosis index
. Healthy . . Fusobacteria Faecal lactate
Pilla et al., (2020) (n=24) Metronidazole 15 mg/kg/12h 14 days (V4 Ir)ngllzon) Yes Bacteroidetes Oxidative stress markers 4 weeks
q Clostridium hiranonis Cholesterol (plasma)
Bacteroides Bifidobacterium
Turicibacter Lactobacillales (including
. Clostridiales (wWhose Enterococcus,
. Metronidazole 12,5 mg/kg/12h 14 days 168 rRNA Yes Clostridium, Lactobacillus, 4 weeks
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(2021) (n=11) Metronidazole me/ke/12h (V4 region) hiranonis Firmicutes
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16S rRNA Bacteroidaceae
Manchester et al., He_althy Tylosin 20 mg/kg/12h 14 days (V4 region) Yes Veillonellaceae Enterococcaceae 8 weeks
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qPCR Fusobacteriaceae
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Suchodolski et al., Healthy Tvlosin 20-22 14 davs 16S rRNA Yes Fusobacteria Pasteurella s NA
(20092) (n=5) ylos mg/kg/24h y (V4-V5 regions) Bacteroidales e L SPP
ietzia spp.
Moraxella
_— Enterococcus spp.
Kilpinen et al., A_RE Tylosin 25 mg/kg/24h 7 days Cultivation Yes NA Lactic acid bacteria 8 weeks
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aecal consistency
Bottero et al., _ . 16S rRNA T .
2022) ARE (n=15) Tylosin 10 mg/kg/12h 30 days (V3-V4 regions) Yes Alpha-diversity Faecal score 4 weeks
DGGE-16S
Grenvold et al., Hea_lthy Amoxicillin 20 mg/kg/12h 7 days rRNA (V3 Yes NA Enterobacteriales 3 weeks
(2010) (n=8) .
regions), qQPCR
Acute L
Werner et al., . Amoxicillin 25+50 Cultivation
(2020) d(ljirlh 6e)a + clavulanic acid mg/kg/24h 7 days qPCR No NA NA 3 weeks
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3.2.2. Obesity

In Western countries, obesity is considered as the most common nutritional disorder in pets, due to
imbalance between energy intake and expenditure (Osto & Lutz, 2015). Dogs are considered as clinically obese
when their body weight is at least 20-30 % above ideal weight and a universal body condition score (ranging
from 1 to 9) defines overweighed dogs at 7 and obese dogs at 8/9 (Apper et al., 2020). Both sexes have a similar
incidence and all dogs are concerned whatever their size, even if certain breeds seem to be more predisposed,
such as Labrador Retriever, Bernese mountain dog, cavalier King Charles or Beagles (Osto & Lutz, 2015).
Canine obesity is generally associated to insulin resistance, altered lipid profiles, hypertension, orthopedic and
cardiorespiratory diseases and the development of low-grade systemic inflammation (Tvarijonaviciute et al.,
2012). While gene mutations are associated with increased body weight in Beagles and Labrador, diet is clearly

a determinant of obesity through excess energy intake (Zeng, Zhang & Du, 2014; Raffan et al., 2016).
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Figure 3.6: Impact of obesity on dog digestive physiology. Main variations in upper and lower digestive
physiology and changes in faecal microbiota composition associated to canine obesity. Increased parameters
are indicated by a rising green arrow, while decreased ones are symbolized by a falling red arrow. BCFA:
branched-chain fatty-acids; SCFA: short-chain fatty-acids.

Several mechanisms may implicate gut microbiome in the onset and evolution of dog obesity. Based on
human and mice data, this includes higher energy utilization from non-digestible carbohydrates, manipulation
of host gene functions and exacerbation of inflammation (Hamper, 2016). Impacts of obesity on the canine
digestion and microbiota is summarized in Figure 3.6. Using 16S rRNA gene pyrosequencing in companion
and laboratory dogs, dominance of Firmicutes (> 90 %) was observed in feces of both obese and lean groups,
but mean abundance of Actinobacteria and Roseburia was greater in obese dogs (Handl et al., 2013). Using the
same method, Salas-Mani et al., (2018) showed that Proteobacteria predominated in obese dogs (76 %) whereas
faecal microbiota of lean dogs was mainly composed by Firmicutes (85 %). In addition, Clostridiales appeared
to be less abundant in obese compared to lean dogs, while opposite result was found for Pseudomonadales.
However, in a recent study involving 17 healthy and 22 obese companion dogs, no significant difference in any
taxa was highlighted between the two groups using Illumina 16S rRNA gene sequencing (Forster et al., 2018).
With the same method, Bermudez Sanchez and colleagues (2020) described a relative abundance of 92 % of
Firmicutes, 2 % Fusobacteria, 1 % Bacteroidetes and a median Firmicutes/Bacteroidetes ratio of 0.123 in 20

obese dogs (Bermudez Sanchez et al. , 2020). Lastly, in a very recent study, a positive association between
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Fusobacteria level, especially Fusobacterium perfoetens, and body score condition in 24 overweight laboratory
Beagles was established using metagenomic analysis (Chun et al., 2020). In dog like in human, microbial
diversity seems to decrease in obese compared to lean dogs, with Shannon index of 1.3 and 2.3, respectively
(Park et al., 2015). However, more investigations are required to characterize canine obese microbiota, in feces
but also in other digestive compartments, to determinate if some species should be used as obesity markers. As
an example, Proteobacteria were recently correlated to increased weight in overweighed dogs, as it has been
suggested in human (Apper et al., 2020). These authors also found that the presence of lipopolysaccharides
(LPS) in plasma was associated with insulin resistant status, suggesting the presence of a sub-acute pro-
inflammatory status in dogs like in humans (Apper et al., 2020).

In addition to microbiota changes, other physiological modifications have been demonstrated in obese
humans compared to healthy individuals, including an increase in bile acids production by liver (coupled with
high amounts of primary bile acids in stool), and a higher SCFA production leading to a decrease in colonic pH
(Rahat-Rozenbloom et al., 2014). Due to similarities between dog and human GIT and lifestyle, it would be
interesting to establish if similar phenomena yet poorly investigated occur in obese dogs. Mean faecal pH of
obese companion Beagles (6.6) was not significantly different from that of lean dogs (6.8) whatever the diet,
i.e., high-fat or low-fat diet (Xu et al, 2017). In the same study, total faccal SCFA concentration was also
equivalent between the two groups, whereas faeccal BCFA such as isovalerate and isobutyrate were significantly
more concentrated in obese compared to lean dogs. According to our knowledge, there is until now no study
that has investigated bile acids production in obese versus lean dogs. However, recent studies recommend to
monitor faecal bile acids concentrations along with microbiota in lean and obese dogs, as they appear to be

interesting markers of glucose homeostasis failure in obese dogs (Forster et al., 2018; Apper et al., 2020).

3.2.3. Inflammatory bowel disease

In dogs, IBD is classified in chronic enteropathies, but defining its prevalence remains difficult because
diagnosis of the disease is not easy. IBD is characterized by an alternation of clinically active (with pain and
diarrhea) and insignificant phases that occur irregularly. Outside active phases, there are recurring gastric
symptoms with histopathological changes in mucosa of small and large intestines (Malewska et al., 2011). The
most predominant causes of canine IBD include bacterial and environmental factors, genetic predisposition of
selected breeds, food allergies and some drugs (Malewska et al., 2011). Pathogenesis of IBD includes loss of
tolerance for endogenous microbiota, chronic inflammation of the GIT associated with an increase in intestinal
permeability, and immune cells infiltration in the lamina propria (Junginger et al., 2014). Clinical scenarios
include decline in activity level and appetite, vomiting, increase in stool frequency, loss of stool consistency

(increase in faecal water content), and weight loss.
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Figure 3.7: Impact of inflammatory bowel disease on dog digestive physiology. Main variations in upper
and lower digestive physiology and changes in faecal microbiota composition associated to canine IBD are
represented. Increased parameters are indicated by a rising green arrow, while decreased ones are symbolized
by a falling red arrow. IBD: inflammatory bowel disease; SCFA: short-chain fatty-acids.

Recent reviews on IBD in dogs report modifications in gut microbiota structure (compared to healthy
animals) similar to that found in human, with a decrease in faecal relative abundance of Firmicutes and
Bacteroides together with an increase in the relative abundance of Proteobacteria (Hooda et al., 2012) (Figure
3.7). This was confirmed in a recent study by Pilla & Suchodolski, (2020) who observed a decrease in Firmicutes
(i.e. Ruminococcaceae, Veillonellaceae and Lachnospiraceae), Bacteroidetes (i.e. Bacteroidaceae and
Prevotellaceae) and Fusobacteria relative abundancy. Nevertheless, there is no absolute consensus since Xu et
al., (2016) didn’t observe any significant difference in Firmicutes, Bacteroidetes and Enterobacteriaceae
abundance between healthy and IBD groups (quantified by gPCR). In their study, Minamoto and collaborators
used real-time PCR to quantify some underrepresented populations, such as Blautia spp., Faecalibacterium
spp., Turicibacter spp. and Escherichia coli (Minamoto et al., 2015). The authors observed that these three first
populations were less abundant in IBD group, whereas E. coli was non-significantly increased. They also
employed 454-pyrosequencing analysis and showed a significant decrease in faecal diversity in IBD compared
to healthy dogs, as also described in humans (Minamoto et al., 2015). Other studies investigated gut microbial
changes directly using mucosal biopsies. Molecular-phylogenetic studies have revealed a bacterial and/or fungal
dysbiosis in the duodenum of dogs with idiopathic IBD (Suchodolski et al., 2008, 2010, 2012b, 2012a;
Xenoulis et al., 2008; Diaz-Regaion et al., 2023). Most of the time, Clostridiales and Fusobacteria proportions
were decreased in IBD compared to healthy dogs, whereas Proteobacteria increased. Fungal DNA was more
frequently detected in dogs with chronic enteropathies (76.1 %) than in healthy animals (60.9 %), but also more
prevalent in mucosal (82.8 %) than in luminal samples (42.9 %). In addition, Cassmann et al., (2016) showed
from ileal and colonic biopsies a significantly increase in relative abundance of Enterobacteriaceae and E. coli
bacteria attached onto surface epithelia or invading intestinal mucosa in IBD compared to healthy dogs, as
observed in human. FISH analysis of colonic biopsies from Boxer with granulomatous colitis revealed mucosa
colonization by an unknown adherent and invasive E. coli strain (Simpson et al., 2006). Taken all together,
these data indicate that global microbial structure and diversity more than a single taxa should be followed to

discriminate healthy and IBD dog microbiota (Scarsella et al., 2020). In accordance to these observations, a
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dysbiosis score based on the difference abundances of 8 faecal microbial groups (i.e. Universal bacteria,
Faecalibacterium, Turicibacter, Streptococcus, E. coli, Blautia, Fusobacterium and C. hiranonis) was
developed to characterize dysbiosis severity (AlShawaqfeh et al., 2017). Results showed that these 8
populations act as markers of IBD dysbiosis and allowed by themselves to distinguish healthy from IBD
microbiota in dogs. In addition, a very recent paper showed, for the first time, an impact of dog size on both
duodenal and faecal microbiota of healthy and IBD dogs (Diaz-Regafion et al., 2023).

Concerning functional activity, there is no significant difference in faecal SCFA concentrations between
IBD and healthy dogs but a lower indole concentration was measured in diseased dogs (Xu et al., 2016; Pilla &
Suchodolski, 2020). This is an important point because some indoles harbors well-known anti-inflammatory
effects, strengthen epithelial barrier and decrease E. coli attachment to epithelium wall in dogs (Chévreton,
2018). Alterations in microbial functions associated with IBD were estimated using a prediction tool (PICRUS?)
from 16S rRNA gene data, highlighting a significant increase in secretion system pathways and transcription
factor (Minamoto et al., 2015). Other parameters modified in humans during IBD (Duboc et al., 2013; Rana et
al., 2013; Fitzpatrick & Jenabzadeh, 2020), such as transit time and bile acids dysmetabolism (increase in faecal

primary bile acids) have not been investigated yet in dogs.

3.2.4. Restoration strategies of the canine microbiota

Recently, better definition and understanding of gut microbiota communities in companions’ animals
have been achieved, especially thanks to the improvement of large-scale genomic sequencing techniques.
Evidence of divergence between microbiota of healthy and diseased dogs has encouraged the willingness to
develop new modulation strategies. This section will give an overview on main restoration strategies in dogs,
including prebiotics, probiotics, postbiotics (including paraprobiotics) and faecal microbiota transplantation
(FMT), with a special focus on paraprobiotic strategy developed during this PhD work.

3.2.4.1. Prebiotics

Prebiotics are defined as “substrates that are selectively utilized by host microorganisms conferring a
health benefit” (Gibson et al., 2017). According to the last consensus statement (Gibson et al., 2017), prebiotics
encompass oligosaccharides and milk oligosaccharides, but also potentially poly-unsaturated fatty-acids,
conjugated linoleic acid and phenolic compounds, although the authors precised that for the latter, more
scientific evidence were required. The number of molecules fitting with this definition is increasing and there
are still debates to know if a new compound has to be included or not in this definition. Following the
introduction of the Nutrition and Health Claims Regulation in 2006, the European Commission has classified
the term “prebiotic” as health claims in humans. This implies that prebiotics require authorization in order to be
commercialized that could theoretically be granted by providing strong scientific evidence (Laser Reuterswérd,
2007). In the petfood industry, a “Code of good labelling practice for pet food” has been proposed by the
FEDIAF and evaluated by ANSES in 2018 in order to properly claim effect of diet compounds, including

prebiotics.
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Usually, in dogs, prebiotics include disaccharides (lactulose), oligosaccharides (fructooligosaccharides
-FOS, mannan oligosaccharides -MOS-, xylooligosaccharides -XOS-, polydextrose, galacto-oligosaccharides
-GOS) or polysaccharides like inulin, pectin or resistant starch (Schmitz & Suchodolski, 2016). Fibers used
as canine prebiotics can be extracted from different sources but mainly from cereals. Different MOS, FOS and
inulin prebiotics are actually commercialized by diverse companies and integrated in dried kibbles of veterinary
diets from brands like Royal Canin, Hill’s or Virbac. Beneficial effects of fibers are generally related to increase
in digesta viscosity, decrease in gastric emptying (which improves satiety), reduce rate of glucose uptake, reduce
blood cholesterol concentrations and promotion of beneficial bacteria growth, such as Clostridium, Lactobacilli,
Faecalibacterium or Bifidobacteria (de Godoy, Kerr & Fahey, 2013). Fermented fibers provide substrates for
SCFA production by microbiota in the large intestine, while non-fermentable fiber sources improve intestine
health by promoting laxation, reducing transit time and increasing stool weight (Sunvold et al., 1995a, 1995b,
1995c¢). Prebiotics impact on canine faecal microbiota and health remains poorly investigated but an increasing
number of studies was published the last years reaching around one hundred articles in PubMed. As an example,
inulin-type fructan increased the relative abundance of Erysipelotrichaceae and Turicibacteraceae from the
Firmicutes phylum while Proteobacteria (e.g. Enterobacteriaceae) decreased (Alexander et al., 2018). The
prebiotic treatment was also associated to an increase in total faccal bile acids. In addition, some dietary fibers
like beet pulp, potato fibers or soybean husk could be interesting prebiotics candidates, but detailed fiber
characterization and microbial selectivity have to be established (Panasevich et al., 2015a; Myint et al., 2017;
Donadelli & Aldrich, 2019).

3.2.4.2. Probiotics

Probiotics are defined as) “live microorganisms that, when administered in adequate amounts, confer a
health benefit on the host” (Hill et al., 2014). They include exogenous and commensal (i.e. next generation
probiotics isolated from canine stool) bacterial species. To date, different bacterial strains or their commercial
forms have been examined by the European Food Safety Authority (EFSA) for their safety and efficacy as
probiotics or feed additives in dogs, including for example one Bacillus velezensis strain, two Enterococcus

faecium, Lactobacillus acidophilus, a cocktail of L. fermentum, L. plantarum and L. rhamnosus and
Saccharomyces cerevisiae (Table 3.2). In addition, many bacterial strains have been tested in scientific studies
as potential probiotics in both healthy and diseased dogs (Table 3.3). In a first study, E. faecium orally
administered during one year to young healthy dogs showed good immune modulation capabilities through
increase in serum immunoglobulin A (IgA) (Benyacoub ef al., 2003). Healthy dogs treated during one week
with E. faecium showed a persistence of the probiotic in faeces until 3 months after the end of the treatment
(Marcinakova et al., 2006). In addition, authors observed a decrease of total serum lipid and protein and
suggested a potential anti-obesity effect. Some Lactobacillus and Bifidobacterium strains have also been tested
in healthy dogs. Especially, L. fermentum revealed a good probiotic potential with notable adhesion properties
to canine mucus and no unacceptable antimicrobial resistance (Strompfova et al., 2006; Strompfova, Laukova
& Gancarcikova, 2012). Two studies have also investigated the probiotic potential of L. acidophilus, the first

observed some modifications on hematological (e.g. increased red blood cells, hemoglobin) and immunological
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(e.g. increased IgG) parameters but without demonstrating their interest in dog health (Baillon, Marshall-Jones
& Butterwick, 2004). In addition, some beneficial aspects have been described with L. acidophilus associated
to FOS, but main effects have been attributed to FOS rather than L. acidophilus only (Swanson et al., 2002).
Finally, in healthy American Staffordshire Terrier dogs, a treatment with the yeast S. boulardii showed an
improvement of global well-being and stress state of dogs with a decrease in faecal calprotectin immunoglobulin
A and cortisol levels but those changes were not associated with significant impact on faecal microbiota
(Meineri et al., 2022). Another trial using various breed of medium and large sizes showed that giving S.
boulardii CNCM 1-1079 to pregnant and lactating bitches resulted in decreasing number of low birthweight
puppies, while increasing energy content in colostrum and stabilizing faecal microbiota during the whole period
(Garrigues et al., 2022¢, 2022b). In addition, S. boulardii was also shown to significantly improve clinical
activity score and serum albumin levels compared to the placebo group in IBD dogs (D’ Angelo ef al., 2018). In
diseased dogs, the main therapeutic applications of probiotics are chronic diarrhea and IBD treatment. A
combination of different lactic acid producing bacteria (LAB) induced a decrease in duodenal IL-10 and
interferon gamma associated to a decrease in Enterobacteriaceae and an increase in Lactobacillus spp (Sauter
et al., 2005). A different bacterial cocktails including four Lactobacilli (especially Lactobacillus helveticus -ex-
acidophilus), three Bifidobacteria and Streptococcus thermophilus led to clinical and immunological
improvement in IBD dogs (Rossi et al., 2014).

Probiotics are also able to enhance mucosal health in dogs through several mechanisms such as
displacement of intestinal pathogens, antimicrobial substances production, immune system improvement and/or
up-regulation of various metabolites, depending on the context (healthy or disease status of the dog) or tested
strains (some mechanisms appears to be strain-specific) (Schmitz & Suchodolski, 2016) (Figure 3.8). Compared
to the human situation where the probiotic mechanisms of action have been largely investigated (e.g. production
of antimicrobials, modulation of immune intestinal response, effect on barrier integrity...), many studies are
still necessary in dogs. Mechanistic observations and benefits evidenced in human cannot be directly translated
to dogs, even if there are many similarities between human and canine GIT. Host specificity should be
considered when selecting probiotic candidates because of differences in digestive physiology, immune system
and microbiota composition (Lee et al., 2022). As an example, Lactobacillus rhamnosus GG isolated from
healthy human and yet commercialized didn’t persist in the canine GIT (Weese & Anderson, 2002). To go
further, in vitro gut models are useful tools to provide further insight into probiotic mechanisms of action, as

described in part 4.3.3 and Table 4.2.
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Table 3.2: Main results obtained for probiotics candidates receiving a positive opinion by EFSA for canine use. Faecal score: 1 = very soft feces; 5 = shaped, hard
dry feces. “: top dressed on the kibbles, *: in a small portion of wet feed, ©: mixed in a small amount of food. CFU: colony forming units.

Product/company Dose Main outcomes Significant results EFSA conclusions
Probiotic strains
Prosol SpA/Biosprint 7 x 10" CFU/kg feed 16 adult English Setter, 14.5 kg ~ Faecal dry matter content: 37.4 vs 38.4 % = Improvement in the faecal consistency, but
16 adult Basenji and Lagotto biological relevance?
Saccharomyces Romagnolo, 10.5 ke 7 Faecal dry matter content: 35.5 vs 38.8 %
cerevisiae MUCL 16 adult German Shorthaired ) . =  Authorized as “gut flora stabilizer”
39885 Pointer and Bracco Italiano, 27 kg / Faecal dry matter content: 40.9 vs 43.4 % since 2021
9 a . . K
CSL 3 x 107 CFU/kg feed 115?1 I(ilsohgz'ocl?erc; n;gle’l 192_t1r§ Ei:ed’ ~ Moisture: 0.66 vs 0.63 % overall =>» Variable results on faecal moisture with respect
Laciobacill £ p i & ~ Faecal score: day 28, 3.8 vs 2.6 to time but overall analysis: consistent effect on
actobactitus 40 dogs: 16 control, 24 treated, | \, Moisture: 0.69 vs 0.67 % overall faecal moisture but biological relevance?
acidophilus CECT 4529 Boxer. 23-24 k
OXCT, g N Faecal score: 3.9 vs 3.3 (day 35) . . .
15 dogs: 6 control and 9 treated, | ~ Moisture:0.68 vs 0.64 % overall =  Authorized as “gut flora stabilizer” since
Labrador, 30-31 k . 2018
abrador, g \ Faecal score: d14, 3.7 vs 2.7
Provet AG/Calsporin | 1 x 10° CFU/kg feed? 12 young Beagle dogs (7-8 | » DM: 39.1 vs 36.5 %
Bacill ) ' months) / Faecal score: 3.4 vs 3, both optimal
acillus velezensis .
DSM 15544 S . . . N NH3: 0.45 vs 0.56 % = Small but significant differences on faecal
1 x 10” CFU/kg feed 14 puppies (8 weeks) from 3 litters | \ C-reactive protein d15: 0.06 vs 0.11 mg/d consistency but biological relevance?
~ Faecal IgA: 6.76 vs 3.48 mg/g wet matter
1 x 10° CFU/kg feed? 16 adult Beagles (4-8 year) \ Faecal score: 2.85 vs 3.3 at day 28 = Authorized as “gut flora stabilizer” since
DM 2017
1 x 10° CFU/kg feed? 16 adult Beagles (4-8 year) > DM: 33.9 vs 30.3 %
/ Faecal score of 4 (55.9 % vs 32 % frequency)
Probiotic AG/Oralin 1 x 10° CFU/day Very few information and details in | Small but significant change in faecal score in 3/4 S . .
. . =>» The limited improvement in faecal scores is
the opinion studies . lei fbiolowical rel
Enterococcus  faecium In 4 trials: ~ of Gram + bacteria or ™ Salmonella. g;leStXmib ¢ mdt ems o bl(f)loglca rielvance
; . : > uthorized as “gut flora stabilizer” since
DSM  10663/NCIMB 7 trials performed Clostridium cluster I or XIVa counts 2015 g
10415
Cerbios Pharma SA/ 2 x 10° CFU/kg feed? 16 puppies, 4 different breeds, (8 | ~ 50 % in total faecal IgA after 44 weeks
Cylactin :&52 Wlfel;ls)’ rtlf4/gr0up. 7 Serum IgA (30 %) and IgG (60 %) =>» Beneficial effect in dogs supplemented with 2.5
Enterococcus  faecium weeks duration ~ Mature B lymphocytes at 31 and 44 weeks x10° CFU/kg feed, by increasing IgA intestinal or
NCIMB 10415 \ Faecal score (1.36 vs 1.51) serum concentrations
2 x 108 CFU/kg feed or 4 | 30 dogs, 3 breeds, 1 control and 2 | » Serum IgA with higher dose (2615 ng/mL) vs . w .
x 10% CFU/kg feed — by | treated baseline (1804 ng/mL) and vs control (1340 ng/mL) = Aut}}quzed . as other  zootechnical
capsules daily additives” since 2013
2.5 x 10° CFU/kg feed © 16 elderly Beagle dogs ~ Faecal IgA vs baseline and vs control
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Table 3.3: List of bacterial strains used as probiotic properties in canines. Modified from Lee et al., (2022). SCFAs, short-chain fatty acids, ALT, alanine
aminotransferase;, ALP, alkaline phosphatase; BW, body weight; HDL, high-density lipoprotein; LDL, low-density lipoprotein. IgG, Immunoglobulin G; IFN, Interferon, TNF,
tumor necrosis factor.

Probiotic strains Amount Source ﬁllzgiieris tics Tested parameters Results Reference
Bifidobacterium 2 x 10 Canine Young adult with Effect of the postbiotic on the resolution rate of « Diarrh Kelley et al.,
animalis AHC7 CFU/day acute diarrhea acute idiopathic diarrhea in dogs larrhea (2009)
« Trielveeri . . .
1 mL of 1.04 Effects of B. animalis on faecal microbiota, faecal . blrlg dycerldes and albumin concentration
Bifidobacterium x 10° Canine Healthy dogs characteristics, faecal organic acid concentrations, 1;1 AE?F Szmip Strompfova et
animalis B/12 CFU/mL for Y €og blood biochemistry, hematological and an . . . al,(2014)
14 days immunological parameters 7 Faecal acetic, acetoacetic and valeric
acids
Enterococcus L .
. 10° CFU/day . Evaluate effect of bacteriocin non-producing E. . Strompfova et
) /;azegczzz(t)m DSM for 14 days Canine Healthy dogs faecium DSM 32820 N Serum glucose concentration al., (2019)
9 ~ Total lipid and protein in blood
Lactobacillus éFI{lJI;mif lfgr Canine Healthy dogs Assessment of blood sample and composition of G(l) 2 1p1. T)rll p:iro e bleo Strompfova et
fermentum AD1 y dog faecal microbiome ~ Glucose in bloodstream ) al., (2006)
14 days 7 Lactobacilli and Enterococci in feces
~ Total protein, cholesterol and ALT
blood q
Lactobacillus 107-10° Dogs suffering from Effects of L. fermentum on dogs suffering from (/Lact)ic acid bacteria population IS(tr(l;rrlpfO’V a, &
fermentum CCM CFU/day for Canine gastrointestinal gastrointestinal ~ disorders  regarding  faecal o i pop . Lu ul?SOYa
7421 4-14 days disorder microbiota and serum biochemical parameters > CIO,S” idia population and gram-negative anova,
bacterial genera (2017)
/ Faecal consistency
‘ 23 x 108 Evaluat'ion of th@ potential probiotic L. johnsonii for / Crude fiber digestibility
Lactobacillus CFU/day for Canine Adult female its possible use in dogs fed a homemade vegetarian O 1 SCFA Kumar et al.,
johnsonii CPN23 9 weeksy Labrador diet regarding nutrient digestibility and faecal acca S, (2017)
fermentative metabolites ~ Faecal ammonia
108 CFU/ mL . . L
Lactobacillus (0.1  mL/kg . Effect; of th? (ﬁetary supplerpentathn of a probiotic N Plasma glucose and cholesterol levels Kumar et al.,
‘ohnsonii CPN23 BW) for 9 Canine Adult female dogs of canine-origin on blood biochemical profile and . (2016)
J weeks antioxidant indices in Labrador dogs 7 HDL/LDL ratio
. . . . Delucchi
9 5
Lactobacillus 5 x 10 . Dogs with distemper Effect of .th.e probiotic L. murinus na'tlve 'straln on Faecal consistency, mental status and Fraga &
. CFU/day for Canine . . general clinical parameters of dogs with distemper- . ’ >
murinus LbP2 virus + diarrhea . . appetite Zunino,
5 days associated diarrhea
(2017)
. Evaluate the probiotic potential of two strains ~ Faecal Lactobacillus and ,
9
Lactobacillus 10° CFU/day Canine 1 month old puppies  isolated from canine milk regarding survival, Faecalibacterium Ferndndez et

rhamnosus MP0O1

for 8 weeks

production of antimicrobial compounds, adherence

/ Faecal SCFAs

al., (2019)
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Animal

Probiotic strains Amount Source characteristics Tested parameters Results Reference
Lactobacillus to intestinal mucin, degradation of mucin, and <\ Gastrointestinal infection
plantarum MP02 antibiotic sensitivity.
. S Fenimore
8 >
Enterococcus > x 10 Feces of a healthy 1 Impact of metronidazole combined to E. faecium to > Dlgrrhea more  than  administering Martin &
. CFU/day for Dogs with diarrhea . metronidazole alone .

faecium SF68 breast-fed baby treat diarrhea L Lappin,

7 days N Giardia cysts (2017)

3 5 Y :
Enterococcus > x 10 Feces of a healthy Effect of £. faecium admlnlstratlon onseruma lanine N Mean cholesterol concentration Lucena et al.,
faecium SF63 CFU/day for breasi-fed bab Healthy dogs transferase and alkaline phosphatase activity and . . . (2019)
: 14 days Y total cholesterol and triglyceride concentrations 7 Mean triglyceride concentration
Lactobacillus 50 x 10° Gastrointestinal Effects of L. acidophilus probiotic strain on  Body condition score Marelli ef al
acidophilus CFU/kg food tract of a healthy Healthy dogs nutritional status and faecal and microbiological Y . (2020) v
D2/CSL for 35 days chicken parameters in purebred boxer dogs 7 Faecal consistency
] 2 %100 ~ Daily feed intake of elderly dogs

Lactobacz]lus casei. oy e 2 g . . . . o / Daily weight gain
Lactobacillus Fermented dairy Evaluation of a multi-strain probiotic compound on

for young, 4 g . . . . . /7 Level of serum IgG, IFN-a, and faecal
plantarum P-8 for  trainin products Young, training and canine health regarding respiration rate, breathing secretory TeA Xu et al,
Bifidobacterium 10 fég; Feces of a healthy elderly dogs rate, body temperature, feed intake, and weight gain, erefory 1g (2019)
animalis  subsp. 1d lg d child immune function and microbiota composition > TNF-a
Lactis V9 ? e6r0yd 0gs) 7 Beneficial bacteria

or ays N Potentially harmful bacteria

1% 10° I £5. boulardii in healthy dogs and dogs with <o Vel being

X Healthy dogs and mpagt of ©. boutara in calt 'y dogs and dogs Wlt N Stress state of dogs s

Saccharomyces CFU/kg of ND doos with chronic chronic enteropathies regarding clinical activity o . D’Angelo et
boulardii BW per 12 h n;g ropathi index, stool frequency, stool consistency and body > Faec.al calprotectin immunoglobulin A al., (2018)

for 10 days enteropathies condition score ~ Cortisol levels

No significant impact on gut microbiota

1 x 109 Effects of S. boulardii in breeding dogs regarding  Faecal calprotectin Immunoglobulin A
Saccharomyces CFU/kg of ND Healthy dogs nutritional ~ parameters and  inflammatory, \ Faecal cortisol Meineri et al.,
boulardii food for 35 ¥ €og immunological, and stress indicators, and impacton - Global well-being (2022)

days microbiota and mycobiota No impact on gut microbiota and mycobiota
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Figure 3.8: Proposed mechanisms of action of probiotics. Extracted from Schmitz & Suchodolski, (2016)
modified from Thomas & Versalovic, (2010).

3.2.4.3. Postbiotics and paraprobiotics

Postbiotics are defined as “non-viable bacterial products or metabolic products from microorganisms
that have biological activity in the host” (e.g. secreted by live bacteria or released after bacterial lysis such as
organic acids, peptides, proteins, peptidoglycan-derived peptides, polysaccharides, cell surface proteins, organic
acids and enzymes) and paraprobiotics (also called ghost or inactivated probiotics) as “non-viable microbial
cells, i.e. either intact or broken, or crude cell extracts which when administered in adequate amounts, confer a
benefit on the human or animal consumer”, produced for example by tyndallisation (Martin & Langella, 2019).
A recent International Scientific Association of Probiotics and Prebiotics (ISAPP) consensus statement finally
gives the following definition of postbiotics: “preparation of inanimate microorganisms and/or their components
that confers a health benefit on the host”, which implies that paraprobiotics are part of postbiotics (Salminen
et al., 2021). As there is still a lot of debates related to those new concepts, we will here, for a sake of clarity,
present the main results obtained for postbiotics and for paraprobiotics, which can be understood as a sub-class
of postbiotics.

Postbiotics can be naturally found in fermented foods like yogurt or produced by various bacterial and
fungal species such as Lactobacillus, Bifidobacterium, Streptococcus, Faecalibacterium and Saccharomyces.
Industrial postbiotics production involves cell disruption techniques like heating, enzymatic or chemical
treatments and sonication (Cuevas-Gonzalez, Liceaga & Aguilar-Toala, 2020). To the best of our knowledge,
there is no regulatory authority framing the development of canine food or dietary supplements with postbiotics,
whereas some regulatory standards have been established for postbiotic formulation for medical or

pharmaceutical purposes (e.g. related to bacterial lysates-containing medicinal products for respiratory
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conditions) (European Medicine Agency, 2019). However, the use of postbiotics in pet’s diet and health is still
in infancy and modes of actions remain hypothetical. In particular, very few information is available on their
impact on canine microbiota (as previously described in part 2.2.3 to 2.2.5 and summarized in Figure 2.6). As
we know, no study has evaluated the impact of oral supplementation of postbiotics in dogs. Most studies focused
on postbiotic production in response to a diet, a fiber supplementation or a disease. The only information
available concern potential postbiotics that may affect pets’ health was provided by Wernimont et al., (2020)
but was totally based on human studies (Table 3.4).

Paraprobiotics are even more an emerging topic in dogs. To date, three studies have investigated the
impact of parabiotics on canine faecal microbiota (Spears, Ameho & Reynolds, 2016; Guidi et al., 2021;
Panasevich et al., 2021). Atopic dermatitis dogs supplemented for two months with blackcurrant seed oil, heat-
killed Lactobacillus reuteri, zinc oxide and nucleotides in association to an hypoallergenic diet leads to an
improvement of dysbiosis scores (Guidi et al., 2021). In another study, heat-treated Lactobacillus blend (no
more details) improved faecal scores in puppies and protective effect against viral diarrhea in adult dogs (Spears
et al., 2016). After 10 months supplementation, an increase in faecal Firmicutes and faecal diversity were also
observed. In the most recent study, the effects of oral administration of inactivated Lactobacillus acidophilus
(ex-helveticus) alone and combined with mixed prebiotics was investigated for 21 days on healthy dogs
(Panasevich et al., 2021). A minimal impact on gut health outcomes was observed with L. helveticus alone but
the combination with prebiotics allowed to decrease faecal bacterial protein fermentation markers (especially
isovalerate, isobutyrate, phenol and indoles that are significantly reduced). For both, no microbiota modification
was observed, except a slight increase in Prevotella percentage (1.7 % for combined treatments versus 0.8 % in
control dogs). Paraprobiotic modes of action have been very poorly evaluated in dogs, but those compounds
have already shown anti-inflammatory and positive immune responses in both animals (mice and pigs
especially) and humans (Cuevas-Gonzalez et al., 2020). It would be of high interest to further investigate them
in dogs since they present many advantages compared to probiotics. First, as paraprobiotics are non-viable cells,
they may exhibit enhanced safety with reduced risks of antibiotic resistance or sepsis. In addition, compared to
probiotics, no cold chain is required for microorganism’s viability and stability; while their use during petfood
production is facilitated compared to live bacteria which are killed during extrusion process. Second,
paraprobiotics are very stable in the gut environment (as long as they are consumed) and their presence in the
large intestine is not impacted by acidity of the stomach or bile for example, nor by antibiotics or antifungal
treatments. Third, inactivation processes (e.g. tyndallisation, ionization, radiations or high-pressure treatments,
Figure 3.9) allow to modify bacterial membrane structure, increasing permeability and antimicrobial peptides
release (Siciliano et al., 2021). Lastly, another hypothesis is that surface proteins should be more exposed on

inactivated bacteria than in viable probiotics.
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Table 3.4: Example of postbiotics that may impact pet health based on human data. Extracted from
Wernimont et al., (2020). SCFA: short-chain fatty acids;, bSCFA: branched short-chain fatty acids.

Predominant Postbiotic Nutrient substrate Target organ Mechanism of action References
Type (macronutrient class; system
substrate)
Saccharolytic; ~ SCFA; acetate Carbohydrate; Neuroendocrine; Increase satiety; substrate for Macfarlane and Macfarlane,
fermentative indigestible systemic hepatic lipogenesis 2012; Canfora et al., 2015;
polysaccharides energy Kasubuchi et al., 2015; Koh
availability etal., 2016
Saccharolytic; ~ SCFA; propionate Carbohydrate; Neuroendocrine; Increase satiety; substrate for Macfarlane and Macfarlane,
fermentative indigestible systemic hepatic gluconeogenesis 2012; De Vadder et al., 2014;
polysaccharides energy Canfora et al., 2015; Kasubuchi
availability etal., 2015; Koh et al., 2016
Saccharolytic; ~ SCFA; butyrate Carbohydrate; Colon Energy substrate for Wachtershauser and Stein,
fermentative indigestible colonocytes; epigenetic 2000; Leonel and Alvarez-Leite,
polysaccharides modulation; colon electrolyte 2012; Macfarlane and
balance, motility, blood flow Macfarlane, 2012; Canfora
et al., 2015; Bultman, 2017
Proteolytic; Indole, Protein; tryptophan Colon, Bind to the arylhydrocarbon Macfarlane and Macfarlane,
putrefactive indole-3-propionate neuroendocrine receptor; increase epithelial-cell 2012; Agus et al., 2018; Gilbert
tight-junction resistance and et al., 2018; Kim, 2018; Zhao
gut barrier integrity; decrease etal., 2018
markers of inflammation;
improve host-microbiome
immune homeostasis;
modulate GLP-1 secretion
Proteolytic; Polyamines Protein; arginine, lysine Colon Delay intestinal epithelial Timmons et al., 2012; Kibe
putrefactive (spermidine, spermine, senescence; maintenance of et al., 2014; Michael, 2016
putrescine, and intestinal barrier function
cadaverine) through promotion of occludin
and cadherin expression
Proteolytic; bSCFA,; isobutyrate Protein; valine Colon Source of energy for Jaskiewicz et al., 1996; Smith
putrefactive (2-methylpropionate) colonocytes; refeed starved and Macfarlane, 1997; Koh
colonocytes with greater etal., 2016
efficiency and rapidity than
butyrate
Proteolytic; Hydrogen sulfide Protein; cyst(e)ine, Colon Inhibition of mitochondrial Pun et al., 2010; De Preter
putrefactive methionine, taurine metalloproteins; reduction in et al., 2012; Macfarlane and
SCFA butyrate oxidation; Macfarlane, 2012; Stein and
associated with ulcerative colitis Baley, 2013; Singh and Lin,
2015; Ridlon et al., 2016
Proteolytic; Uremic toxins (Indoxyl Protein; tryptophan, Kidney Proinflammation, exacerbate Lau et al., 2018
putrefactive sulfate, p-cresyl sulfate, phenylalanine, tyrosine decline in kidney function
4-ethylphenyl sulfate,
phenylacetylglutamine)
Lipolytic 10-hydroxy-cis-12- Fat; linoleic acid Oral, Dermis Increased gingival epithelial Kaikiri et al., 2017; Yamada
octadecenoic barrier integrity; decreased etal., 2018
acid dermal atopy
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3.2.4.4. Faecal microbial transplantation

Faecal microbiota transplantation (FMT) is defined as transferring a suspension of faecal
microorganisms from a healthy donor into the GIT of a recipient subject to favor the restoration of microbial
balance of a dysbiotic gut. Compared to humans, canine FMT is more intended for research purposes than
practical applications in most cases, due to safety concerns. Studies on FMT applications in canine clinical
medicine are still limited, as recently reviewed by Tuniyazi et al. (2020) (Table 3.5). However, this approach
was recently successfully adapted in dogs suffering from gastrointestinal disorders like acute diarrhea
(Chaitman et al., 2020), IBD (Niina et al., 2019), or canine Clostridium difficile infection (Sugita et al., 2019).
Mechanisms of FMT modes of action remain uncertain but there are different hypotheses: niche exclusion,
increase competition for nutrients, production of antimicrobials and increased production of secondary bile
acids. Despite the current lack of knowledge, FMT should be a promising tool to cure canine non-treatment-

responding diseases, as previously demonstrated by many clinical applications for human.

INACTIVATED MICROBIAL CELLS (non-viable)
THERMAL/OHMIC TREATMENTS HIGH PRESSURE TREATMENTS Specifically, cells as a whole, including both
structural components and synthetized or excreted
metabolites that confer a health benefit to the
consumer
< L8

membrane rupture
alteration of ribosomes
protein denaturation
protein coagulation
reduction of intracellular pH
inactivation of enzymes
loss of solutes

@)
— ' \'Ejmi

8355 4

formation of DNA
photoproducts Microbial cell structures potentially involved

cell membrane damage
leakage of nutrients and ions
protein denaturation

ribosome aggregation \
DNA breakage

cell wall shearing
production of free radicals

DNA damage
T"e"‘b'z:; |3;ei:kdown UV IRRADIATION o Peptidoglycan-derived muropeptides o Mannoprotein
o Cell surface-associated proteins o Teichoic acids
HIGH INTENSITY e o Cell wall-bound biosurfactants o Fimbriae
LS o Lpopolsaccnardes o crin
o Exopolysaccharides o Pili
IONIZING RADIATIONS o  Lipoteichoic acids

Figure 3.9: Technological processes for paraprobiotics production, associated impacts on bacterial cells,
and potentially involved cell structures in beneficial health effects in the host. Modified from Siciliano et
al., (2021)

Bullet points - Factors reshaping gut microbiota

b Many internal factors can modify canine gut microbiota composition and activity such as breed, size,
age or diet

% Health status is important to consider, since many gastrointestinal or extra-digestive disorders have been
associated to a gut perturbated situation named dysbiosis, especially antibiotic treatments, obesity or
inflammatory bowel disease

% Different restauration strategies (i.e. prebiotics, probiotics, postbiotics, paraprobiotics or FMT) have
been evaluated in dogs but the associated mechanisms of action, especially in relation to gut microbiota
composition, remain poorly described
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Table 3.5: Overview of studies evaluating the impact of FMT on canine health and microbiota. Modified
from Tuniyazi et al., (2022). CCECAI: canine chronic enteropathy clinical activity index; CIBDAI: canine
inflammatory bowel disease activity index; FMT: faecal microbiota transplantation; IBD: inflammatory bowel

disease; NA: not applicable; ND: not determined; SCFAs, short-chain fatty acids.

Dog recipient feature Frequency of FMT Clinical effects Effects on faecal Reference
microbiota
Weaning puppies, Wide variability of
postweaning diarrhea 5 davs. once per da No difference in faecal microbiome in puppies, no  Burton et al.,
N=11 FMT, 12 control ¥s, P Y consistency clustering with donor (2016)
dogs microbiome observed
N Mean CCECALI in dogs
IBD refractory to Oral treatment group following FMT . gi?:,gﬁ;ﬁ &
conventional treatment received FMT each Heterogeneous clinical NA Rugei
N=16 adult dogs 48-72h presentation and uggiero,
concurrent treatments 2017)
complicate evaluation
No difference in mortality
Parvovirus infection FMT administered rate,
N=33 received standard within 5-12h of . (Pereira et
. 7 Resol f
treatment, 33 received FMT  admission and 48h diarrehseoautlon speed 0 NA al.,2018)
in addition thereafter o
N Hospitalization time
/' F ia, Firmi
IBD refractory to antibiotic and 22022:2;:;% trmicutes
and immunosuppressive 9 treatments within 6  CIBDAI ind i (Niina et al.,
treatment over time months 1ndex  Proteobacteria ' 2019)
10-year-old toy poodle Clustered phylogenetically
with donor
Intermittent large bowel 7 Fae(?al consistency and
diarrhea, 4 months of dgfegatlon frequenc.y (Sugita et al.,
: . ND ithin 2-3 d ithout NA
duration, feces positive for w ays, withou 2019)

chronic diarrhea

recurrence of diarrhea over
190 days

Uncomplicated acute
diarrhea of < 14 days
duration

N=18 dogs (11 FMT, 7

11 dogs received a
single FMT, 7 dogs
received
metronidazole 15

/ Faecal score at days 7
and 28 for both treatments,
FMT faecal score lower
than metronidazole at day

/7 Faecal dysbiosis indexes
better with FMT than
metronidazole at days 7
and 28

FMT dogs tended to cluster

(Chaitman et
al., 2020)

metronidazole) mg/kg/12 h for 7 days 28 healthy dogs at day 28,

unlike metronidazole dogs
Chronic-recurring pasty .
large bowel diarrhea One FMT via N Faecal Clostridium NA 2((1))21 ?)IZ etal,
4-year-old female golden colonoscopy difficile
retriever

- Diversi

. . There were no significant Diversity

Qanme acute hemorrhagic . differences in median ~ SCFA producers
diarrhea syndrome One FMT via AHDS clinical scores including Eubacterium (Galetal.,
N=8 dogs aged 3-12 years colonoscopy between FMT-recipients biforme, Faecalibacterium 2021)

old

and sham-treated controls

prausnitzii, and Prevotella
copri
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Part 4 - In vitro canine models as an alternative to
in vivo assays in dogs

S ince in vivo studies in dogs are increasingly restricted by ethical, regulatory, societal, and cost
pressures, an alternative option to study dog digestion is the use of in vitro models simulating the
different compartments of the canine GIT. The incoming part provides an in-depth description of currently
available models of the canine digestive tract, discusses technical and scientific challenges that need to be
addressed, and introduces potential applications of in vitro gut models in the food and veterinary fields.
Noteworthy, some parts of this state of the art on canine in vitro gut models have been published in a second
review article published in the journal Alternative to Animal Experimentations (ALTEX), and redrafted/updated

for the present section.

REVIEW ARTICLE  DESCHAMPS, C., DENIS, S., HUMBERT, D., ZENTEK, J., PRIYMENKO, N., APPER, E. &

BLANQUET-DIOT, S. (2022) In vitro models of the canine digestive tract as an alternative to in vivo assays:
Advances and current challenges. ALTEX 39, 235-257. doi: 10.14573/altex.2109011 (IF 6.25)

4.1. Generalities on in vitro gut models: static versus dynamic and comparison with in

Vivo

A wide range of in vitro gut models has been already developed, from the simplest static mono-
compartmental models to the most complex dynamic and multi-compartmental models (Payne et al., 2012;
Guerra et al., 2012). These in vitro models have been primarily developed to mimic human digestion, but are
more and more frequently adapted to simulate animal digestion, mainly that of pig or piglet (Meunier et al.,
2008; Tanner et al., 2014; Fleury et al., 2017; Dufourny et al., 2019), cat (Sunvold et al., 1995¢c; Van den
Abbeele et al., 2020b) or dog (Sunvold et al., 1995c; Smeets-Peeters et al., 1999; Tzortzis et al., 2004; Hervera
et al., 2007; Bosch et al., 2008; Cutrignelli ef al., 2009; Panasevich et al., 2013; Lee et al., 2017; Vierbaum et
al., 2019; Van den Abbeele et al., 2020b; Oba et al., 2020; Verstrepen et al., 2021; de Castro Santos Melo et
al., 2021). Such models will be described in the next 4.2 part.

Simple static models of the upper gut (Minekus et al., 2014) reproduce in a single vessel maintained at
body temperature the successive oral, gastric and/or small intestinal phases of human digestion, by changing
pH conditions and adding appropriate digestive secretions (e.g. a-amylase in the oral phase, pepsin and/or lipase
in the stomach and bile and/or pancreatic juice in the intestinal phase). Simplest models of the colon
compartment are thermostatic batch culture systems. These models are inoculated with faeces to simulate
colonic fermentation and maintained under anaerobic conditions by flushing with nitrogen or carbon dioxide,
but without any renewal of nutritive growth medium until the end of experience. Such approaches are therefore
limited in time by substrate availability (24 to 72 h) and parameters like pH or redox potential are not regulated.
Compared to static systems, dynamic models reproduce changes in at least one parameter, such as pH kinetics,
variation in digestive secretions or chyme transit. They can be mono-compartmental or composed of sequential

vessels simulating the successive digestive compartments. Dynamic mono-compartmental models of the
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upper gut are only gastric digester (Kong & Singh, 2010; Thuenemann et al., 2015), while multi-compartmental
models include gastric and small intestinal compartments, most frequently simulating the duodenal section
(Tompkins, Mainville & Arcand, 2011; Ménard, Picque & Dupont, 2015). All these models only reproduce
physicochemical parameters of the upper digestive tract, such as temperature, gastric and intestinal pH, gastric
and ileal deliveries, transit time, digestive secretions and passive absorption of nutrients and water. Dynamic
large intestine models are based on the principle of continuous or semi-continuous fermentation and just like
batch systems are inoculated with faecal samples. Such models are maintained under anaerobiosis and reproduce
colonic temperature, pH and transit time, and redox potential can be monitored. Moreover, a nutritive medium
aiming to mimic ileal effluents and composed of various complex sources of carbon and nitrogen, electrolytes,
bile acids, and vitamins is continually added to the bioreactor, while fermentation medium is regularly removed.
This allows maintaining functional microbiota up to several weeks (or even several months with specific
adaptations) without microbial washout (Fehlbaum et al., 2015). Several configurations of these colon models
include the use of three-stage bioreactors in series to mimic the different sections of the human colon (Gibson,
Cummings & Macfarlane, 1988; Cinquin et al., 2006; Van de Wiele et al., 2015a) or the addition of mucin
beads to distinguish luminal from mucosal colonic environments and their associated microbiota (Van den
Abbeele et al., 2009; Deschamps et al., 2020). Up to now, if the TNO gastrolntestinal Model (TIM-1) is
probably the most complete in vitro system with its four compartments reproducing the stomach and small
intestine of monogastrics (Minekus et al., 1995; Meunier et al., 2008; Denis et al., 2016), only two models
simulate the whole digestive tract from the stomach to colon: the Simulator of Human Intestinal Microbial
Ecosystem (SHIME) (Molly, Vande Woestyne & Verstraete, 1993; Roussel et al., 2020), and the SIMulator of
the Gastro-Intestinal tract (SIMGI) (Barroso et al., 2015).

Despite the obvious limitations of in vitro approaches, i.e. no input from nervous, endocrine or immune
systems, artificial gut models have many advantages in terms of low cost, technical flexibility and
reproducibility. Especially, the spatial compartmentalization of bi- and multi-compartmental models allows
sample collection over time and in the desired segment of the GIT, while in vivo studies mainly provide end-
point measurements (e.g. in faecal samples), since access to the different segments of the digestive tract (from
the stomach to proximal colon) remains very restrictive. Besides, in canine in vivo assays (like in human), there
is frequently a huge discrepancy between studies due to different diets (e.g. homemade, canned or dry foods),
lifestyle (companion or laboratory animals), and sizes, breeds or genetic background. Therefore, biological
interpretation of in vivo data is complexified by this myriad of factors, among which inter-individual variability
is one of the main challenges. On the contrary, in vitro approaches enable a high level of experimental control
and reproducibility, excluding confounding environmental or dietary factors, and therefore allow to carry out
in-depth mechanistic studies on pharma and food compounds; making this tool complementary to the in vivo

approach.
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4.2. Currently available canine in vitro gut models

Since 1995, twelve in vitro models of the canine gut have been developed (Table 4.1). There is no
available model of the oral phase and only three are mimicking the upper GIT (Smeets-Peeters et al., 1999;

Hervera et al., 2007; Lee et al., 2017) (Figure 4.1).

Upper tract models Lower tract models ——

Batch vessels

AcioS

\ @ PANCREATIC JUICE

EHlitm

o S
STONACH SULL oML ST
INTESTINE
COLON

SCIME model

Artificial Stomach-Duodenum

Figure 4.1: Schematic representation of currently available canine in vitro models. /n vitro models of the
upper tract (i.e. stomach and small intestine) are presented on the left and that of the lower tract (i.e. large
intestine) are presented on the right.

4.2.1. Invitro models of the upper gut

The first canine batch model developed was that of Hervera and colleagues (2007), which simulates
stomach and small intestine digestion in batch vessels by adding crushed dog food to pepsin and pancreatin
secretions only. More recently, another batch model of the upper GIT was developed but no significant
improvement was made except the addition of bile salts in intestinal juice (de Castro Santos Melo et al., 2021).
Besides, a very complete model of the canine upper gut was developed in 1999 based on the TIM-1 technology,
first set-up to reproduce human digestive conditions (Smeets-Peeters et al., 1999). The FIDO model (for
Functional gastrolntestinal Dog Model) integrates all the upper digestive compartments (stomach, duodenum,
jejunum and ileum) and simulates body temperature, kinetics of gastric and small intestine pH, half-time
delivery of gastric and ileal compartment, transit time and chyme mixing, sequential delivery of digestive
secretions (gastric juice containing Rhizopus lipase and porcine pepsin, porcine pancreatic juice, bovine trypsin,
electrolytes and porcine bile), and intestinal passive absorption through dialysis hollow fibres (Smeets-Peeters,
2000). FIDO was set-up to mimic canine digestive parameters of medium dogs according to a large review of
the literature (Smeets-Peeters ef al., 1998). All the parameters were therefore adapted to in vivo data, except for
temperature that was kept at 37°C like in human and parameters of passive absorption, probably due to a lack
of data. The model was validated only for nutritional applications, following protein digestibility and calcium
bioaccessibility, both in the FIDO model and in vivo in ileal cannulated dogs (5 dogs). Even if TIM-1 model is

still the most complete simulator of the upper gut, it only reproduces physicochemical and not microbial
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digestive parameters. Another main limitation of this model is that tested food should be finely mixed before
digestion, which can widely influence nutrient digestibility. More recently, the Artificial Stomach-Duodenum
(ASD) dissolution model was adapted to dog digestion to allow mechanistic understanding through formulation
solubility studies (Lee et al., 2017). This bi-compartmental model, set at 37°C, simulate both the stomach and
duodenum with associated pH (6.8 and 6.8-7, respectively), transit time (adapted from in vivo data) and
pancreatic secretions. It’s interesting to note that in this model the gastric pH is particularly high compared to
the two others (6.8 for the ASD model versus pH 2 for Hervera’s model and 2-6 for FIDO). Contrarily, values

set for the small intestine are quite similar (i.e. 6.8-7, 6.8 and 6.2-7, respectively).

4.2.2. Invitro models of the lower gut: batch and continuous models

Eight other available devices are in vitro static models of the canine colon, based on batch fermentation.
The simplest model is that of Cutrignelli et al. (2009) which aimed to reproduce the colon of adult dogs. A
single vessel was inoculated with diluted faeces from adult large dogs, maintained at 39°C under anaerobiosis
without any addition of nutritional medium, except for tested carbohydrates. Another batch model set-up by
Sunvold et al. (1995a) to reproduce the colon from adult medium dogs, used a simulated growth medium
supposed to be adapted to dog digestion.

This simple model was validated based on ir vivo data from 30 medium dogs, regarding fibre digestibility
and production of SCFAs. Another static model was very recently developed by Van den Abbeele and
collaborators (Van den Abbeele et al., 2020b). This batch system was inoculated with dog faecal samples but
there is no information in the paper on the age and size of animals. They introduced a nutritive medium aiming
to simulate dog ileal effluents but in fact, almost similar to that used for human experiments (Van den Abbeele
et al., 2018). The same limitation on the lack of adaptation of nutritive medium composition to dog situation
could be raised on batch models developed by other teams (Tzortzis et al., 2004; Panasevich et al., 2013;
Vierbaum et al., 2019).

Bosch et al. (2008) developed a more complete batch fermentation model mimicking the ileum, proximal
colon, transverse colon, or rectum compartment in different vessels inoculated with corresponding digestive
fluids from 3 adult small or large dogs. In this study, the authors used a nutritive medium previously adapted
for piglet fermentation, from another medium initially developed for rumen bacteria maintenance, without any
modification in relation to dog digestion (Williams et al., 2005). The main disadvantage of this model is the
requirement of in vivo digestive fluids to inoculate in vitro vessels, and inter-individual variability associated
with such approach. Finally, only one static batch model integrates mucin covered microcosms in order to
represent the intestinal mucus but they don’t discuss associated results (Oba ef al., 2020). To conclude on these
batch models, apart for temperature setting, faccal inoculation and anaerobiosis, in vitro parameters were

generally not adapted to canine digestion.
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Table 4.1: Main in vitro models developed to simulate the gastrointestinal tract of dogs and their characteristics. CO2: carbon dioxide; FIDO: Functional gastrolntestinal
DOg model; GET: gastric emptying time,; GI: gastrointestinal; LITT: large intestine transit time; N2: nitrogen, N/A: not applicable; ND: not defined; M-SCIME: Mucosal Simulator of the
Canine Intestinal Microbial Ecosystem, SITT: small intestine transit time
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(years) 0g's size modelized emperature gitatiol pH Value time reproduction secretions P microbiota type ueu
kinetic
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Gastric
. . Jjuice: Stomach:
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£l ¢
< =
2|2
Q
) -
: s
Hervera et = Stomach and [n vivo Magnetic Crushed dry ge sin ’
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Dog’s generalities Adafptations Physicochemical parameters Microbiota
GI rom L
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Even if there are nice in vitro to in vivo correlations that have been established for some of these models, in
vitro digestion conditions remained far from in vivo complexity, and do not consider nutrient composition of
dog digestive fluids, digestive secretions, nor pH variations between small and large intestinal compartments
and residence time in each gut section.

The only dynamic in vitro model of the lower gut in dog was adapted from the SHIME system, first set-
up to reproduce human conditions. The SCIME model (for simulation of canine intestinal microbial ecosystem),
is currently the only one reproducing the entire canine GIT from the stomach to the large intestine (Duysburgh
et al., 2020). SCIME is composed of four bioreactors simulating the stomach, small intestine, proximal and
distal colon. Only colonic compartments were inoculated with faecal samples from medium dogs. /n vivo
parameters that are reproduced include body temperature, regionalized gastric and intestinal pH, gastrointestinal
transit time, digestive secretions (pancreatic juice and bile) and anaerobiosis. The authors mentioned that most
of these parameters have been adapted to medium dog digestion even if associated in vivo data are not clearly
mentioned in the publication. SCIME was validated through comparison with in vivo data in ten Beagles when
digesting fructooligosaccharides, regarding microbial composition and SCFA/BCFA production. Of note, in
vitro results in proximal and distal colon (even if clearly distinct profiles were obtained) were only compared
to in vivo data in faecal samples. Recently, SCIME was optimized with the addition of mucin-covering plastic
beads, based on Mucosal-SHIME (M-SHIME) technology (Van den Abbeele et al., 2009), to reproduce luminal
and mucosal microenvironment of the canine colon, resulting in the M-SCIME (Van den Abbeele et al., 2020a;
Verstrepen et al., 2021). Due to the lack of in vivo data, this recent optimization was not validated compared to
bacterial mucosal profiles in dog, but only compared to previous results obtained in the M-SHIME. Once again,
in vitro colonic pH varies widely between current available models, which could be explained by the fact that
authors generally base their model settings on a unique in vivo study, whereas large inter-individual variations

are observed in dogs, depending on age, size, and breed.

4.3. In vitro gut models as powerful tools to study canine digestion
4.3.1. Scientific and technical challenges to be addressed

As described before, parameters of in vitro models have been not fully adapted to in vivo data, probably
due to the rarity of information in dogs. Therefore, many scientific and technical challenges still need to be
addressed to get closer to canine digestion and consider the complexity of this environment (Figure 4.2).

First, technical improvements should be considered to simulate more realistically canine digestive
conditions at each level of the GIT. Currently, as mentioned earlier, there is no canine chewing simulator, but
such development is certainly not a priority since most of dogs do not chew but swallow large pieces. Regarding

the upper gut, the FIDO model already shows a high level of complexity.
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Key challenges - Future applications

Technical improvements

» Better integrate gastric enzymes and pH gradient

» Improve available digestive secretions (e.g.

bovine, porcine or fungal origin) to get closer to

canine physiology

Include absorption processes (passive transport)

Standardize faecal sample collection

Adapt colonic nutritive medium according to in

vivo data (i.e. protein sources, insoluble and

soluble fibre ratio, bile acids, ...)

» Integrate peristalsis/gut motility

» Incorporate gut microbiota in the in vitro models
of the upper gut

»  Better distinguish luminal and mucosal niches in
all the digestive compartments

» Improve anaerobic conditions to be closer to in
vivo situation (CO, instead of N,)

Nutrition field

*  Digestibility study (lipid, protein, carbohydrate)

¢ Micronutrient bioaccessibility (vitamin,
oligoelement, mineral or phytoconstituent)

*  Fibre degradation and impact on microbiota

. Impact of food additives on microbiota

¢  Bioaccessibility of food pollutants and impact on
microbiota (e.g. mycotoxins)

¢ Development of pre- or probiotics (survival
or/and interactions with gut microbiota)

Y VYV

Long-term scientific challenges

O Improve knowledges on canine digestive
physiology in order to better validate in vitro gut

models Veterinary field

O Take into account interindividual variability

- Age (puppy, elderly)

- Food (dry, canned or homemade food, BARF)

- Size and/or breed

- Health state (diseases i.e. obesity, IBD, diarrhea)

¢ Drugrelease and absorption

. Influence of galenic oral forms, doses, and food
matrix on drug bioaccessibility

¢ Metabolization and impact of drugs on gut
microbiota

¢ Dysbiosis restoration strategies (i.e. faecal
microbiota transplantation)

O Integrate host crosstalk
- Combine digestion models with epithelial cells to
reproduce active transport and evaluate host-
microbiota interactions
- Integrate signalling molecules from the host (i.e.
antibacterial peptides, hormones, cytokines and
\ chemical mediators)

Figure 4.2: Main challenges in the development of in vitro gut models of the canine digestive tract and
their applications in nutritional and veterinary fields. Overview of the main technical and scientific
challenges and applications of canine in vitro gut models as reliable tools to test or develop new products in the
food and pharma fields.

The M-SCIME also possesses a gastric compartment that would merit improvements such as a
progressive acidification of the chyme (already made in the M-SHIME).This change in gastric pH during canine
digestion is certainly a key parameter in food disruption and digestion as it influences gastric pepsin and lipase
activities (Carriere et al., 1993; Sams et al., 2016). FIDO and M-SCIME also both homogenize food before in
vitro digestion. In dogs, higher food particle sizes seem to reach the stomach. Even if there is very few available
data on this subject in dogs (unlike in human), some canine studies showed no correlation between food size
and density of particles on gastric emptying time, but also on the entire upper gut digestion process (Gruber et
al., 1987; Meyer et al., 1988; Chen et al., 2008; De Cuyper et al., 2018), while others observed an increase
gastric half emptying time with a higher meal viscosity and high-fat content (Ehrlein & Prove, 1982; Palerme
et al., 2020). Recently, a new gastric and small intestinal model, the Engineered Stomach and Small Intestine
(ESIN) has been developed to fill this gap and better handle both ingested liquids and real-size food particles in

human simulated digestion studies (Guerra et al., 2016). Even if this model has been primarily set-up for human
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applications, we can easily imagine future developments to reproduce dog digestion. Another main issue in
upper gut models is the use of porcine, bovine, or fungal secretions/enzymes instead of canine ones. Of course,
due to obvious ethical constraints, digestive secretions collected from dogs cannot be used (and are not
commercially available). Therefore, further investigations are needed to ensure that digestive secretions from
other sources are close enough to canine ones (in terms of composition and enzymatic activities) to ensure
relevant in vitro simulation. For example, bile composition and conjugation profiles widely differ between
species (Thakare et al., 2018). Thus, further analysis are needed to check if porcine bile (largely used in in vitro
models) matches or not with the canine one (Alvaro et al., 1986). Another main limitation of current upper gut
models is their inability to accurately mimic gastric and intestinal peristalsis. In M-SCIME, peristaltic mixing
is reproduced by using magnetic stirrers, far from in vivo situation. FIDO more closely reproduces peristaltic
movements through gentle mixing with pressurized water jackets, but peristaltic forces and frequency have not
been adapted between human and dog models, whereas in vivo data indicate clear differences between the two
species (Boscan et al., 2013; Warrit et al., 2017a; Farmer et al., 2018). Efforts should be therefore pursued to
more accurately simulate mechanical deformations resulting from peristalsis in dogs, based on what has been
already made in humans, mainly in gastric models (Kong & Singh, 2010; Li, Fortner & Kong, 2019). Regarding
nutrient absorption in the small intestine, FIDO incorporates dialysis fibre modules in the jejunal and ileal
compartments. In a very recent publication on the M-SCIME (Verstrepen et al., 2021), a dialysis step of the
grinded dog feed was integrated to simulate small intestinal absorption by removing high-molecular weight
proteins. Adding such dialysis devices to other upper gut model would be beneficial to get closer to the in vivo
situation, even if dialysis modules only reproduce passive absorption of small molecules (e.g. fatty acids, oligo
and monosaccharides, small peptides, and amino acids, but also drugs and chemicals) and water. Reproducing
passive absorption also ensures bile reabsorption in the distal intestine, as occurred in vivo, and therefore
adequate decrease bile concentrations from the duodenal to the ileal compartments, which is a key point in dog
like in human gut physiology. To further reproduce absorption phenomenon and integrate active transport,
canine dog models of the upper gut should be coupled with immortalized canine intestinal epithelial cells (cIEC)
(Farquhar et al., 2018), as previously done in human with TIM-1 and Caco-2 cells (Déat et al., 2009; Bahrami
et al., 2011) or with organoids generated from canine duodenal, jejunal and colonic biopsies (Kramer et al.,
2020). A last key point to be raised is the lack of intestinal microbiota in all the upper gut models, whereas
bacterial concentrations up to 10’ CFU/g can be found in the distal small intestine of dogs (Benno et al., 1992;
Mentula et al., 2005). Even if the role of intestinal microbiota is poorly defined in dogs (Hooda et al., 2012;
Deng & Swanson, 2015; Enright et al., 2016; Mondo ef al., 2019; Pilla & Suchodolski, 2020), we can assume
that intestinal microbiota is involved at least in carbohydrate digestion and may exert a barrier effect against
enteric pathogens as observed in humans (Andoh, 2016). This is even more important since unlike in human,
an appreciable fraction of dietary fibre seems to be degraded in the canine small intestine (Bednar ef a!/., 2000).
This microbial component of the canine digestive tract was nonetheless integrated in in vitro colon models
through inoculation with faecal samples. A major issue of all available in vitro models is that the nutritive

medium used to maintain bacterial growth and activity was not adapted to adequately mimic the composition
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of ileal effluents entering the colon in vivo. Using digestive fluids as previously done by Bosch et al. (2008) is
not a simple and sustainable solution as it makes in vitro model strongly dependent of unstandardized and poorly
available in vivo samples. Therefore, efforts are still needed to better define growth medium composition based
on available data on dog diet, but also protein, lipid and carbohydrate ileal digestibility (Bednar et al., 2000;
Flickinger et al., 2003; Propst et al., 2003). It is also very important to consider relevant bile acids concentrations
and profiles reaching the colon, as it may shape gut microbiota (Ridlon et al., 2014). Besides, all available in
vitro colonic models are flushed with nitrogen or carbon dioxide to maintain anaerobic conditions inside vessels
or bioreactors, which is obviously far from in vivo situation. In the human ARCOL model (Figure 4.3),
anaerobiosis is maintained by the sole activity of resident microbiota to get closer to in vivo gut physiology
(Friedman et al., 2018; Deschamps et al., 2020; Verdier et al., 2021). Such adaptation would deserve attention
to increase the relevance of current in vitro canine colon models.

Figure 4.3: Picture of the ARCOL model with its mucin-alginate beads module, resulting in the M-
ARCOL configuration. The ARCOL model is a single-stage model. Faecal microbiota was used to inoculate
the bioreactor. Nutritive medium, temperature, pH and transit time are controlled. Recently, the model has been

=
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m Steermg system

Harvest

g ‘__/f/ "1 » B .ﬁ'ﬁut}itive

Water bath / % DX : . medium

Module containing
mucin-alginate beads

. NaOH (pH monitoring)

adapted in the M-ARCOL configuration with a glass vessel filled with mucin-alginate beads and connected to
the main bioreactor allowing the continuous flow of luminal medium on mucin beads.

Moreover, currently, only bacteria have been followed as the main component of gut microbiota. Given
the increase importance of other constituents, such as fungi, methanogen Archaea or even phages or viruses in
gut physiology (Barko et al., 2018), it would be of great interest to extend microbial sequencing to these
populations. Lastly, as previously mentioned for upper gut models, to further investigate host-microbiome
crosstalk in a close future, canine in vitro models should be coupled to cell culture assays, as previously
described in human ones (Bahrami et al., 2011; Chassaing et al., 2017; Geirnaert et al., 2017; Defois et al.,

2018). Of interest, more complex units, such as the Host Microbiota Interaction Module already coupled to
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SHIME system (Marzorati et al., 2014) integrates another important parameters of the colon ecosystem, such

as microaerobiosis in close proximity of the epithelium that shapes mucus-associated gut microbiota.

4.3.2. Future developments and quality requirements

Up to now, most of available in vitro models, and especially the most complex FIDO and M-SCIME
systems, have been designed to reproduce medium dog’s digestive conditions when ingesting dry food. As
previously described in parts 1 and 2 of this work (and reviewed in Deschamps et al. 2022), canine digestion
and associated gut microbiota are impacted by dog’s body weight or breeds (Kendall, Blaza & Smith, 1983;
Bourreau et al., 2004; Hernot et al., 2005; Weber, 2006; Weber et al., 2017; Deschamps et al., 2022b).
Considering in future developments the influence of body weight and/or breeds on canine digestive
physicochemical and microbial parameters is undoubtedly a promising line of research to develop more relevant
in vitro models. Further adaptations regarding dog diet (e.g. dry, canned or homemade food, BARF) and age
(puppies, adults and elderly dogs) would also bring substantial added value to in vitro canine gut simulation.
This has been already performed with success in in vitro human models (Blanquet et al., 2004; Fehlbaum et al.,
2015; Denis et al., 2016; Roussel et al., 2016; Bondue et al., 2020; Roussel et al., 2020). To move forward, we
can even foresee the development of in vitro gut models simulating not only physiological but also diseased
situations, such as those associated with obesity or IBD, as previously done in human (Bussolo de Souza et al.,
2014). In this case, the main objective would be to maintain gut microbiota dysbiosis (considered as a typical
feature of these pathologies) inside the in vitro models. For this purpose, small intestinal and/or colonic models
will be inoculated with faeces collected from dogs suffering from obesity or IBD, but also all the associated gut
parameters, such as composition of digestive effluents (including bile profiles), pH and retention time should
be modified to fulfil specific diseased conditions.

Of course, all these technical and scientific improvements would be possible if corresponding canine in
vivo data are available in the literature (or provided by clinical trials), for setting-up of in vifro models but also
for the validation of their robustness through strong in vivo-in vitro correlations. Such validation is necessary to
convince future users of the relevance of irn vitro gut models but is unfortunately rarely performed due to cost,
time, or technical limitations. Up to date, main gaps in in vivo data concern digestive secretions in the upper
gut, but also microbial profiles all along the digestive tract and characterization of mucus-associated bacteria.
Recent developments of non-invasive methods to follow digestive parameters, such as pH, motility or transit
time in dogs (wireless motility capsules e.g. SmartPill) (Warrit et al., 2017a) and in humans (Schwizer et al.,
2002; Wang et al., 2005; Zhang et al., 2014) open new avenues and may help to fill these scientific and
technological gaps. Regarding such in vivo reference studies, it would be of high importance to standardize the
experimental conditions in terms of age, breed, weight, but also diet and dog’s lifestyle, which all impact
digestive parameters (Mahar et al., 2012; Panasevich et al., 2015b; Pilla & Suchodolski, 2020; Apper et al.,
2020; You & Kim, 2021). It should be also relevant to exclude from these in vivo assays those performed with
breeds showing well-known specific digestive particularities (like German Shepherd) or specific energy needs

(like Husky, Great Danes or Terriers) (Zentek & Meyer, 1995). Obviously, standardization of procedures also
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concerns in vitro studies and some interesting clues are already available in the guidance document on good in
vitro method practice (namely GIVIMP) recently published (OECD, 2018), especially for cell culture practices.

In addition to robustness, canine in vitro model development also involves reproducibility and
transferability. Reproducibility is considered as a key advantage of in vitro studies over in vivo experiments and
should be systematically tested. Contrarily to the human situation, transferability of canine in vitro gut models
is hampered by their stage of development, still in infancy. Simplest in vitro systems (such as batch models)
can be more easily shared between laboratories than complex ones, like TIM or M-SHIME which require
specific technical expertise. Transferability of canine gut models would be speed-up by exchanges between
international experts in artificial digestion, as previously done in the frame of the INFOGEST network leading
to the harmonization of static and semi-dynamic in vitro protocols in humans (Minekus et al., 2014; Brodkorb

etal., 2019).

4.3.3. Potential applications of canine gut models in food and pharma

In vitro models represent a powerful platform to study the fate in the canine digestive environment of
food and veterinary products, help to elucidate their mechanism of action and promote innovation in these fields.
As their parameters can be adjusted in terms of food matrix, age and dog breed or body size, but also by
mimicking physiological or pathological situations, we can consider unlimited applications of these systems
once developed and validated (Figure 4.2). They can thus provide valuable information to promote the evolution
of products already on the market (generic, range extension...) and/or develop new products such as specialized
food or innovative drugs. All types of in vitro gut models from the simplest to the more complex ones can be
useful. Static mono-compartmental models are ideal tools to perform pre-screening of a large number of
compounds, due to low cost and easy manipulation. On the opposite, dynamic multi-compartmental systems,
which are more expensive and require expertise to be handle but reproduce more physiological digestive
conditions, can be applied only on a reduced number of tested compounds. The wide number of applications
already performed under human conditions (Souliman et al., 2006; Cordonnier ef al., 2015; Lyng et al., 2016;
Bianchi et al., 2019; Kubbinga et al., 2019; Blancquaert, Vervaet & Derave, 2019) in food and pharma fields
can inspire potential of canine in vitro gut models, especially for screening or characterization of gut microbiota
restauration strategies, as described in 3.2.4.

Nowadays, in vitro models simulating dog’s digestive environment have been only used for nutritional
applications, mainly to assess fibre digestibility (Sunvold et al., 1995c; Bosch et al., 2008; Cutrignelli et al.,
2009; Musco et al., 2018; Van den Abbeele et al., 2020b, 2020a) (Table 4.2). Other applications include
evaluation of protein (Kim et al., 2021) or lipid digestibility and bioaccessibility of micronutrients such as
vitamins, minerals (van Zelst et al., 2015; Lee et al., 2017) or phytoconstituents like polyphenols. In addition
to digestibility, in vitro models can provide valuable information on fibre effects on gut microbiota composition
and activity, through SCFA/BCFA, ammonia or gas measurements (Bosch et al., 2008b; Cutrignelli et al., 2009;
Van den Abbeele et al., 2020b). This will help to assess the prebiotic status of soluble fibres and perform

mechanistic studies on gut microbiota modulation independently of the host. In addition to prebiotics, probiotic

-90 -



Section | - Part 4 In vitro canine models as an alternative to in vivo assays in dogs

strains can be tested in the in vitro models to evaluate their interactions with gut microbiota (Ogué-Bon et al.,
2011), but also their survival (and the effect of mode of administration) and the production of antimicrobial
compounds such as bacteriocins.

Regarding veterinary applications, kinetics of drug release and absorption can be monitored all along the
GIT, as well as the influence of oral formulations (Lee et al., 2017), different doses, fed or fasted state and food
matrix (food-drug interactions). At this time, drug posology is only established based on dog body weight or
metabolic weight, but many associated variations in digestive parameters that influence drug bioaccessibility
must be considered (Oswald et al., 2015). In addition, in vitro gut models can enhance knowledge on drug
metabolization by gut microbiota and/or effects of drugs on gut microbiota composition and function (Sjégren
et al., 2014). Hence, gut microbial dysbiosis induced by oral antibiotherapy, as described in 3.2.1, can be
simulated in the colonic models (as performed by El Hage et al., (2019) in the M-SHIME with human
microbiota) and further applied to evaluate the efficiency of prebiotics, probiotics, postbiotics and/or parabiotics
in restoring microbiota eubiosis. Lastly, in vitro models can be employed to assess the efficiency of new
microbial restoration therapy strategies in a safe way before using animals, such as FMT (see part 3.2.4.2). As
described earlier, this therapy has been recently experimented in dogs for the treatment of post-weaning
diarrhea, acute diarrhea, IBD, chronic enteropathies or parvovirus infections and seems to be promising (Burton

et al., 2016; Pereira et al., 2018; Niina et al., 2019; Chaitman et al., 2020; Chaitman & Gaschen, 2020).

Bullet points — In vitro canine models as an alternative to in vivo assays in dogs

¥

Up to now, only a restricted number of in vitro models has been developed to simulate the canine upper
or lower digestive tract

0

¥

These devices show various levels of complexity, i.e., from static mono-compartmental to dynamic
multi-compartmental models

¥

In vitro parameters have not yet been fully adapted to in vivo canine digestion, and some of the models
are not yet totally validated, mainly due to a paucity of in vivo data. Of importance, none of them is
simulating specific digestive conditions associated with different dog sizes, breeds, or ages, under
healthy or diseased conditions

¥

In vitro canine gut models are a relevant alternative to in vivo assays for testing new food or pharma
products, especially gut microbiota restoration strategies such as pre, pro, post and paraprobiotics
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Table 4.2: Application studies of the currently available canine in vitro gut models in food and pharma fields. BCFA: branched-chain fatty acids; BCS:
body condition score; FOS: fructooligosaccharides;, GIT: gastro-intestinal tract; GOS: galactooligosaccharides;, SCFA: short-chain fatty acids; XOS:

xylooligosaccharides.
Applications
References Ma?ro— Mlc.ro— Flbfers./ Pl’Oblf)tl'CS/ Parabiotics || Drugs | Antibiotics Aim of the study
nutrients | nutrients | Prebiotics | Postbiotics
Upper GIT models

Smeets-Peeters et v v Effects of small intestinal transit time on protein digestibility and calcium

al., (1999) availability from canned dog food

Hervera et al., v In vitro percentage of organic matter disappearance used as a predictor of

(2007) apparent organic matter and energy digestibility of extruded dog food
In vitro assessment of functional properties of lactic acid bacteria isolated

. from faecal microbiota of healthy dogs for potential use as probiotics.

Silva et al, . . AR .

(2013) v Strains were Fested for reS}stance tp gastric amdlty and bllf? salts, cell S}lrface
hydrophobicity, antagonism against pathogenic bacteria, production of
hydrogen peroxide, and antibiotic susceptibility

van Zelst et al., Identification of dietary factors that affect selenium accessibility in

v .

(2015) commercial petfood
Evaluation of in vitro dissolution performance of five formulations of an

Lee et al., (2017) acidic BCS Class II compound
Screening potential probiotic Lactobacillus strains for dietary supplement

Coman et al, . ) . . . R ;

v in dogs’ feedings based on survival to gastric and pancreatic juices and bile

(2019) : con . <
salts, resistance to antibiotics and antipathogenicity

Penazzi et al., v Effect of supplementation with Black Soldier fly (Hermetia illucens) larvae

(2021) meal in extruded dog food on in vivo and in vitro digestibility

. v Effect of thermal processing on ileal digestibility of dry matter and crude

Kimetal., (2021) protein from raw chicken meat
Probiotic potential of Enterococcus hirae from goat milk and its survival in

de Castro Santos . X . o . .
canine gastrointestinal conditions simulated in

Melo et al, v e . o . . .

, acidification ability, exopolysaccharide formation, virulence and

(2021) poaricatic
antibiotic resistance

Lower GIT models

Sunvold et al., v Effects of cellulose, beet pulp, citrus pulp and citrus pectin on microbiota

(1995¢) fermentation (organic matter disappearance, SCFA and lactate)

In vitro fermentation of selected fibrous substrates: influence of diet

Sunvold et al., .. . .

v composition on substrate organic matter disappearance and SCFA

(1995a) .
production

Sunvold et al., v In vitro fermentation of selected fiber sources and metabolism of fiber-

(1995b) supplemented diets

S Fermentation of vegetable and fruit fiber sources compared to fiber

wanson et al., . . . .

(2001) v standards following SCFA production, organic matter disappearance, and

gas production
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Applications
References Ma?ro— Mlc.ro— Flb?rs'/ Pl’Obl?tl'CS/ Parabiotics || Drugs | Antibiotics Aim of the study
nutrients | nutrients | Prebiotics | Postbiotics

Tzortzis et al., v Fermentation properties of galactooligosaccharides synthesized by o-
(2004) galactosidase from Lactobacillus reuteri (SCFA)
?Llazil é}iiﬁonlm v Effects of fiber sources on microbiota composition and activity (SCFA,
(2008) ’ ammonia and gas)
z%socél) etal, v Fermentation kinetics of fibers from canine foods (gas and SCFA)
Cutrignelli et al., v Impact of different carbohydrate sources on microbiota fermentation (gas,
2009) SCFA, BCFA, ammonia)
Ogué-Bon et al.,
(2010) with v v Evaluation of a symbiotic combination on probiotic growth and
adaptation to microbiota activity (SCFA)
39°C
Ogué-Bon et al.,
(2011) with v v Effects of rice bran combined with Lactobacillus acidophilus and
adaptation to Bifidobacterium longum on microbiota activity (SCFA)
39°C
Panasevich et al., v Characterization of potato fiber fermentability by canine microbiota
(2013) (SCFA and BCFA)
Panasevich et al., v Effect of soluble corn fibers on nitrogen-corrected true metabolizable
(2015) energy and fermentability by microbiota (SCFA)
Vierbaum et al. Effects Qf Yucca schidigera powder and inulin on proteip fermentation
(2019) ” v metabolites (SCFA, BCFA, phenols and indoles, biogenic amines,

ammonia)
D.O nadelli, Effects of different fiber sources used in petfood on organic matter
Titgemeyer & v disappearance and SCFA/BCFA production
Aldrich, (2019)

Potential fermentation and prebiotic effects of GNU100, an animal milk
Obaetal., . . .. . . . .
(2020) v ollgosagcharlde biosimilar on microbial communities and metabolites

production (gas, SCFA, BCFA, lactate)
Van den Abbeele v Effects of yeast-derived formulation on microbial composition and
et al., (2020b) activity (gas, SCFA, ammonium)
Traughber et al., v Fermentability of legumes by microbiota and metabolites production
(2020) (SCFA, BCFA and gas)
Duysburgh et al., v Effect of fructooligosaccharide supplementation on microbial community
(2020) composition and activity (SCFA, BCFA and ammonium)
Van den Abbeele Effect of a S. cerevisiae-based product on the modulation microbiota

v composition and production of fermentation metabolites (SCFA, BCFA

et al., (2020a)

and lactate)
Pinna et al., v v Effects of tylosin alone or associated with three prebiotics (FOS, GOS,
(2020) and XOS) on canine faecal microbial populations and metabolites
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Chapter 1 — Comparative methods for faecal sample storage
to preserve gut microbial structure and function in

an in vitro model of the human colon

n vitro gut models are relevant alternatives to in vivo assays, providing efficient platforms to perform
I mechanistic studies on the role of human and animal microbiota in health and disease. Most of the
time, those models are inoculated with fecal samples to introduce the microbial component of the gut ecosystem.
Processing fresh stool samples within 6 h after collection appears as the ideal strategy, but it is not always
possible and storage methods such as freezing or lyophilization are often used. Up to now, few studies have
evaluated the impact of preservation methods on fecal microbiota, mostly from human origin. However, the
impact of such methods on microbiota establishment in in vitro gut models has not been investigated yet,
particularly under canine conditions. Consequently, this study aimed to assess the effect of short-term storage
and cryopreservation on the kinetics of luminal and mucus-associated microbiota colonization and associated
metabolic activities in the M-ARCOL model. Experimentations related to this study were performed during my
master 2 internship at MEDIS laboratory in 2019 on human fecal samples in a collaborative work with Dr
Marion Leclerc from INRAE MICALIS unit (Jouy-en-Josas, France). The corresponding paper was written at
the beginning of my thesis and results used to select the most suitable option for the following experiments of
this PhD work on canine fecal samples. Fecal samples from two healthy volunteers were subjected to different
preservation protocols: freezing 48 h at -80°C (raw frozen stool, RFS), freezing 48 h at -80°C with glycerol as
a preservative agent (glycerol frozen stool, GFS) or lyophilization with maltodextrin/trehalose following the
protocol developed by MICALIS team (lyophilized stool, LS), and results obtained were compared to fresh
fecal samples. This work has been published in Applied Microbiology and Biotechnology in 2020.

ORIGINAL ARTICLE

Comparative methods for fecal sample storage to preserve gut microbial structure and function
in an in vitro model of the human colon

DESCHAMPS, C., FOURNIER, E., URIOT, O., LAJOIE, F., VERDIER, C., COMTET-MARRE, S., THOMAS,
M., KAPEL, N., CHERBUY, C., ALRIC, M., ALMEIDA, M., ETIENNE-MESMIN, L. & BLANQUET-DIOT, S.
(2020)

Applied Microbiology and Biotechnology 104, 10233—-10247. doi: 10.1007/s00253-020-10959-4 (IF
5.56)
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Abstract

In vitro gut models, such as the Mucosal Artificial Colon (M-ARCOL), provide timely and cost-efficient
alternative to in vivo assays allowing mechanistic studies to better understand the role of human microbiome in
health and disease. Using such models inoculated with human fecal samples may require a critical step of stool
storage. The effects of preservation methods on microbial structure and function in in vitro gut models have
been poorly investigated. This study aimed to assess the impact of three commonly used preserving methods,
compared to fresh fecal samples used as a control, on the kinetics of lumen and mucus-associated microbiota
colonization in the M-ARCOL model. Feces from two healthy donors were frozen 48 h at -80°C with or without
cryoprotectant (10 % glycerol) or lyophilized with maltodextrin and trehalose prior to inoculation of four
parallel bioreactors (e.g. fresh stool, raw stool stored at -80 °C, stool stored at -80 °C with glycerol and
lyophilized stool). Microbiota composition and diversity (QPCR and 16S metabarcoding) as well as metabolic
activity (gases and short chain fatty acids) were monitored throughout the fermentation process (9 days). All
the preservative treatments allowed the maintaining inside the M-ARCOL of a complex and functional
microbiota but considering stabilization time of microbial profiles and activities (and not technical constraints
associated with the supply of frozen material), our results highlighted 48 h freezing at -80 °C without
cryoprotectant as the most efficient method. These results will help scientists to determine the most accurate

method for fecal storage prior to inoculation of in vitro gut microbiome models.

Keywords: human gut microbiota, fecal sample, preservation method, in vitro M-ARCOL model

Key points:

e [nvitro ARCOL model reproduces luminal and mucosal human microbiome
e Short-term storage of fecal sample influences microbial stabilization and activity
e 48 h freezing at -80 °C: most efficient method to preserve microbial ecosystem

e Scientific and technical requirements influencers of preservation method
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1.1. Introduction

The human gastrointestinal tract (GIT) harbors a complex community including 100 trillion
microorganisms including bacteria, fungi, archaea and virus-like particles, collectively referred as gut
microbiota. Bacteria mainly represent this tremendous number of microbes with the highest proportion found
in the colon (Sender, Fuchs & Milo, 2016). It is now well established that each individual has a unique gut
microbiota composition with bacteria belonging to the predominant phyla Bacteroidetes, Firmicutes,
Actinobacteria and to a lesser extend to Proteobacteria and Verrucomicrobia (Cheng et al., 2013; Ndeh &
Gilbert, 2018). This diverse microbial ecosystem provides benefits to the host through its role in digestion and
assimilation of dietary nutrients, immunity and protection against invasion by pathogenic microorganisms
(Andoh, 2016; Rooks & Garrett, 2016). Short chain fatty acids (SCFAs) and gas are the main fermentation
products derived from microbiota-accessible carbohydrates and dietary proteins, which exert crucial
physiological effects as energy supply and trophic factors (Lavelle & Sokol, 2020). Perturbations in gut
microbiota structure or function (termed dysbiosis) have been associated with many gastrointestinal and extra-
digestive disorders (Cheng et al., 2020).

Many insights into the complex interactions between the host and the members of the gut microbiota
have been performed in well-validated in vivo rodent models or using in vitro cell-based approaches (Pearce et
al., 2018). However, these approaches are hampered by differences between animal and human digestive
physiology (including resident microbiota) and the ignorance of other niches encountered during gastrointestinal
passage prior to host cell interactions, respectively. Alternative solution is to use in vitro models enabling the
maintenance of the human gut ecosystem while reproducing the main physicochemical parameters of the human
gut, i.e. pH, temperature, retention time, nutrient availability and anaerobiosis. The TNO gastrointestinal model
TIM-2 (Minekus et al., 1999), the PolyFermS (Zihler Berner et al., 2013), the Simulator of Human Intestinal
Microbial Ecosystem SHIME (Molly et al., 1993) and the Artificial Colon ARCOL (Cordonnier et al., 2015)
are among the most relevant and well validated in vitro models reproducing the human colonic environment.
ARCOL has been recently upgraded to distinguish the luminal and mucosal microenvironments of the colon,
leading to the M-ARCOL configuration. These models are suitable platforms allowing mechanistic studies on
the role of gut microbiota in health and disease (Fleury et al., 2017). One of their main advantage is the
possibility to set them up for an extended period of time, under controlled laboratory settings, without any
ethical constraints and independently from the host.

To reproduce the microbial ecosystem of the human colon, these in vitro models are inoculated with a
liquid suspension of feces collected from human volunteers (Aguirre ef al., 2014). Overall, fresh stools are
preferably used for bioreactor inoculation to be as close as possible from in vivo situation, but scientific or
technical constraints may lead to require fecal samples storage (due to geographic restriction or long-term
experiments with the same fecal inoculum). Several studies have already investigated the impact of various
storage protocols for downstream gut microbiota nucleic acid analysis. These studies have focused on the impact

of preserving methods, mainly freezing at different temperatures (4 °C, -20 °C or -80 °C) with the addition of

-97.

11-1



Section Il - Chapter 1 Preservative methods for sample storage

cryoprotectants (ethanol, RNA later, DNA shield) on the microbial composition of the stool (Gorzelak et al.,
2015; Choo, Leong & Rogers, 2015; Flores et al., 2015; Song et al., 2016; Bassis et al., 2017; Al et al., 2018).
To date, only one study has evaluated the impact of freezing preservative techniques on the onset of luminal
(but not mucus-associated) gut microbiota in in vitro gut models (Aguirre et al., 2015).

Therefore, in the present study, we investigated the impact of short-term storage and cryopreservation
on the establishment of luminal and mucus-associated gut microbiota in M-ARCOL. To this endeavor, before
inoculation in the in vitro gut model, fecal samples from two healthy volunteers were subjected to different
preservation protocols: freezing 48 h at -80 °C (raw freezing stool, RFS), freezing 48 h at -80 °C with glycerol
as a preservative agent (glycerol frozen stool, GFS) or lyophilization with maltodextrin/trehalose (lyophilized
stool, LS). Impact of preservation methods was assessed by monitoring microbiota composition and microbial
metabolic activity (gas and SCFAs production) throughout the fermentation process after inoculation with RFS,

GFS or LS, and compared at each time point to fresh stool (FS) condition.

1.2. Materials and methods
1.2.1. Fecal sample collection and treatments

Fecal samples used to inoculate the M-ARCOL model were collected from two healthy volunteers, a
female aged 22 years old (donor A) and a male aged 52 years old (donor B). Both donors have no history of
antibiotic treatment or probiotic consumption for 3 months prior to sample collection. Immediately after
defecation, fecal samples were transferred into a sterile recipient, placed in an airtight anaerobic box (GENbag
anaer gas pack systems, Biomerieux, France), transported and processed at the laboratory within 6 hours. In an
anaerobic chamber (COY laboratories, Grass Lake, USA), stool samples were manually homogenized in a
hermetic freezer bag and then divided into 4 pieces of 16 g each: (i) one fresh aliquot was used to generate the
fresh stool (FS) condition; (ii) the second aliquot of raw stool was directly frozen at -80°C for 48 h without any
preservative (raw frozen stool, RFS condition); (iii) the third aliquot of stool was resuspended in 45 mL sterile
10 % glycerol and frozen at -80°C for 48 h (glycerol frozen stool, GFS condition); (iv) the last aliquot of stool
was resuspended in 45 mL of a maltodextrin/trehalose solution, then frozen at -80°C for 12 h before
lyophilization at -15°C during 36 h, as described in patent n°WO 2017/103225 (Reygner et al., 2020)
(lyophilized stool, LS condition). Prior to inoculation into M-ARCOL, fresh and stored fecal samples were

resuspended with 30 mM sterile sodium phosphate buffer and filtered (500 pm inox sieve).
1.2.2. Description and set-up of M-ARCOL model

ARtificial COLon is a one-stage fermentation system (MiniBio, Applikon, Delft, The Netherlands),
used under semi-continuous conditions, which simulates both the microbial and physicochemical conditions
encountered in the human colon (Blanquet-Diot ef al., 2012; Thévenot et al., 2015). The model has been recently
adapted to distinguish the specific microenvironments found in the digestive lumen and in the mucosa (Van den

Abbeele et al., 2009), resulting in the Mucosal Artificial Colon configuration (M-ARCOL). It consists of a pH
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and temperature-controlled main bioreactor reproducing the luminal colonic medium connected to a glass vessel
containing mucin beads and reproducing the mucus-associated microbiota. A sterile nutritive medium
(Thévenot et al., 2015) containing various sources of carbohydrates, proteins, lipids, minerals and vitamins was
sequentially introduced into the main bioreactor to simulate sequential input of ileal effluents. To ensure
anaerobic condition at the beginning of fermentation, the bioreactor was operated with an initial sparging with
O,-free N, gas. Afterwards, during the fermentation course, the anaerobic condition inside the bioreactor was
maintained by the sole activity of resident microbiota and by ensuring the airtightness of the system. Redox
potential was constantly measured using a redox sensor (Mettler Toledo, Columbus, USA) and corrected into
an Eh value by adding 200 mV to the recorded values, according to the manufacturer’s instructions. In the
present study, M-ARCOL was set-up to reproduce the mean conditions found in a healthy human adult colon
with a fixed temperature of 37°C, a constant pH of 6.3 maintained by the addition of 2M NaOH, a stirring speed

at 400 rpm and a mean retention time of 24 h.

1.2.3. Mucin beads and mucin compartment

Mucin from porcine stomach type II (Sigma-Aldrich, Saint-Louis, USA) and sodium alginate (Sigma-
Aldrich, Saint-Louis, USA) were diluted in sterile distilled water, at a concentration of 5 % and 2 %,
respectively. To produce mucin beads, the mucin/alginate solution was dropped using a peristaltic pump into a
0.2M solution of sterile CaCl, under agitation. Mucin beads were introduced into the airtight glass compartment
(total area of beads 556 cm?) connected to the bioreactor and allowing a continuous flow of the luminal medium
on mucin beads. Mucin bead compartment was kept at 37°C during the experiment using a hot water bath. Every
2 days, mucin/alginate beads were renewed by fresh sterile ones under a constant flow of CO» to avoid oxygen

entrance.

1.2.4. Experimental design and sampling

Experimental design and sampling in the M-ARCOL are presented in Figure 1.1 and Figure 1.2,
respectively. For each experiment, four bioreactors inoculated with the fecal sample from the same donor (fresh
or stored) were run in parallel, corresponding to the four tested conditions (FS, RFS, GFS and LS). Two series
of experiments were performed with the fecal samples from two different donors (corresponding to two
biological replicates). All the fermentations were run under batch condition for 24 h and then under semi-
continuous condition for additional 8 days. Samples from the main bioreactor, referred to as luminal microbiota,
were collected daily for microbiota characterization and SCFA analysis. Additional samples from the mucin
beads compartment, referred to as mucus-associated microbiota, were collected every 2 days for microbiota
characterization. Mucin/alginate beads were washed thrice in sterile Phosphate Buffer Saline (PBS) and stored
at -80°C for downstream analyzes. Samples were also harvested daily from the atmospheric phase of the
bioreactor to ascertain anaerobic conditions and evaluate gas composition. The daily total volume of gas

produced was also measured.
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Figure I.1: Experimental design of the in vitro fermentation experiments in the M-ARCOL. Stools from
two donors (one male, one female) were used to inoculate two independent experiments (two biological
replicates) of four bioreactors, allowing testing four conditions in parallel: fresh stool (control), raw frozen stool
(48 h, -80°C), glycerol-frozen stool (48 h, -80°C) and lyophilized stool (36 h, -15°C). Each fermentation was
carried for a total period of 9 days including 24 h of batch and 8 days of semi-continuous fermentation.
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Figure 1.2: Experimental set-up and sampling procedure during M-ARCOL experiments. Every day, samples
were collected from the fermentation medium and frozen at -80°C for downstream analysis. After
centrifugation, the supernatant was used for short chain fatty acid measurement while DNA was extracted from
the pellet for further 16S metabarcoding and qPCR analyses. Daily overflow gas was measured, and gas
composition was determined by gas chromatography. Every two days, mucin beads were collected to determine
the composition of mucin-associated microbiota by qPCR and 16S metabarcoding. HPLC: High Performance
Liquid Chromatography; PBS: Phosphate Buffer Saline; SCFA: short chain fatty acids.

1.2.5. DNA extraction

Genomic DNA was extracted from bioreactor samples and mucin/alginate beads using the QIAamp Fast
DNA Stool Mini Kit (Qiagen, Hilden, Germany) following manufacturer’s instructions with the following

modifications. Prior to DNA extraction, bioreactor samples were centrifuged (2000 g, 10 min) and the pellet
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was subjected to mechanical disruption using a bead beater (3 min, 20 beat/sec) with 300 mg sterile glass beads
(diameter ranging in size from 0.1 to 0.6 mm), incubated (70°C, 5 min) and centrifuged again (12000 g, 1 min).
Mucin/alginate beads were subjected to the following modifications prior to DNA extraction: 10 min of
incubation with citrate buffer (37°C), as previously described by Capone and colleagues (Capone ef al., 2013),
before vortexing (maximal speed, 3 min) and centrifugation (8000 g, 1 min). DNA integrity was checked by
agarose gel electrophoresis. DNA quantity was evaluated using the Qubit dsDNA Broad Range Assay Kit
(Invitrogen, Carlsbad, USA) with a Qubit 2.0 Fluorometer (Invitrogen, Carlsbad, USA). Samples were stored
at -20°C prior to microbiota analysis (qPCR and 16S Metabarcoding).

1.2.6. Quantitative PCR

Total bacteria, Bacteroidetes and Firmicutes were quantified by qPCR. Primers and qPCR conditions
are listed in Table I.1. Real-time PCR assays were performed in a Mx3005P apparatus (Stratagene, San Diego,
USA) based on SYBR Green technology using Takyon™ Low Rox SYBR® kit (Eurogentec, Seraing, Belgium).
Each reaction was run in duplicate in a final volume of 10 pL with 5 pL of Master Mix, 0,45 pL of each primer
(10 uM), 1 puL of DNA sample (10 ng/uL) and, 3.1 pL of ultra-pure water. Amplifications were carried out
using the following ramping profile: 1 cycle at 95°C for 5 min, followed by 40 cycles of 95°C for 30 s, 60°C
for 1 min. A melting step was added to ensure primer specificity. Standard curves were generated from 10-fold
dilutions of bacterial DNA (isolated from reference strain) and allowed the calculation of DNA concentrations

from extracted samples.

1.2.7. 16S metabarcoding and data analysis

The bacterial V3-V4 region of 16S ribosomal DNA (rDNA) and the Archaeal 16S rDNA were amplified
with primers described in Table I.1. Amplicons were generated using a Fluidigm Access Array followed by
high-throughput sequencing on an Illumina MiSeq system (Illumina, USA) performed at the Carver
Biotechnology Center of the University of Illinois (Urbana, USA). Raw data are available at NCBI under the
Sequence Read Archive database with accession no. PRINA638256. Bioinformatic analysis was performed
with QIIME 2 (version 2020.2) (Bolyen et al., 2019). Raw sequence data were demultiplexed and quality filtered
using the q2-demux plugin followed by denoising with DADA2. Diversity analysis was estimated using q2-
diversity after samples were rarefied. All amplicon sequence variants (ASVs) were aligned with mafft and used
to construct a phylogeny with fasttree2. Taxonomy was assigned for Bacteria and Archaea to ASVs using the

q2-feature-classifier coupled to SILVA release 132 database (Quast et al., 2012).

Table I.1: Primers used for PCR and 16S metabarcoding

. Annealing
’_Q?
Primer name Sequence 5°-3 Target temperature (°C) References
Primers qPCR
BAC338R ACTCCTACGGGAGGCAG Total Bacteria 58 Yu et al. 2005
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BACS516F GTATTACCGCGGCTGCTG
789ctbF CRAACAGGATTAGATACCCT . .
. Bachetti De Gregoris
Bacteroidetes 61 etal 2011
cfb976R GGTAAGGTTCCTCGCGTAT ’
928F-Firm TGAAACTYAAAGGAATTGACG . .
L Bachetti De Gregoris
Firmicutes 61 ot al 2011
1040FirmR ACCATGCACCACCTGTC '
Primers 16S
V3 F357 N CCTACGGGNGGCWGCAG ' - Klindworth ef al.
Bacteria 2013
V4 R805 GACTACHVGGGTATCTAATCC -
Arch349F GYGCASCAGKCGMGAAW - Takai et Horikoshi,
Archaea 2000
Arch806R 5GGACTACVSGGGTATCTAAT -

1.2.8. Gas and SCFA analysis

Analysis of Oz, N, CO,, CH4 and H» produced during the fermentation process was performed using
HP 6890 gas chromatograph (Agilent Technologies, Santa Clara, USA) coupled with a micro-TCD detector
(Agilent Technologies, Santa Clara, USA). Two series columns, Molecular Sieve SA and Porapack Q (Aligent
Technologies, Santa Clara, USA) were used. Gas composition was determined using calibration curves made
from ambient air (78.09 % N2, 20.95 % O, 0.04 % CO,) and 3 gas mixtures A (5 % CO», 5 % H», 90 % N,), B
(19.98 % CO», 80.02 % H>) and C (19.89 % CO», 19.88 % CHa, 20 % H», 40.23 % N>).

For SCFA analysis, two mL of luminal samples were centrifuged (5000 g, 15 min, 4°C) and 900 pL of
supernatant were diluted at 1/10 in the H,SO4 0.04 M mobile phase, vortexed and filtered (0.22 pm). The three
major SCFAs (acetate, propionate and butyrate) were quantified by high-performance liquid chromatography
(HPLC) (Elite LaChrom, Merck HITACHI, USA) coupled with a DAD diode. The HPLC column (150x7.8
mm) contains a stationary phase of polystyrene divinylbenzene grafted with sulfonic groups, negatively charged
and carries an eluent containing acidified water. Data were obtained and analyzed by the EZChrom Elite
software at 205 nm. SCFAs concentrations were calculated from calibration curves established from known

concentration solutions of acetate, propionate and butyrate (0, 10, 25 and 40 mM).

1.3. Results

1.3.1. Microbiota composition of initial fecal samples

Microbiota from starting stools (without any treatment) appeared highly different between the two
donors (289 OTUs for donor A, 201 OTUs for donor B). As revealed by 16S metagenomics data, stool
microbiota from donor A was mainly composed of Firmicutes (34 %), Bacteroidetes (33 %) and
Verrucomicrobia (28 %) while donor B was almost exclusively constituted by Firmicutes (42 %) and
Bacteroidetes (57 %) (Suppl. Figure I.1). Predominant family taxa (Stool samples, Figure 1.3) emphasize

divergences in the structure of fecal microbiota. The most abundant families in donor A were Akkermansiaceae
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(29 %), Ruminococcaceae (16 %), Bacteroidaceae (15 %), Rikenellaceae (10 %), and Lachnospiraceae (9 %).
Lower number of different families was identified for donor B with mainly Bacteroidaceae (50 %),
Ruminococcaceae (19 %), Lachnospiraceae (14 %) and Veillonellaceae (8 %). In the same way, when
considering species diversity on initial fecal samples, Shannon’s indexes indicate that donor A exhibited a
higher microbial diversity than donor B (5.5 versus 4.2) (Stool samples, Figure 1.4). This important discrepancy
was also confirmed by data from whole metagenome shotgun analysis performed on initial stools in the frame
of another study (data not shown) with microbial richness higher in stool from donor A (326 species) compared
to donor B (239 species). Methanogenic Archaea were detected only in the donor A’s stool and identified as
Euryarchaeota, Methanobacteriaceae and Methanobrevibacter at the phylum, family and genus levels,

respectively (data not shown).

1.3.2. Effect of stool short-time storage on microbial composition and stabilization in M-

ARCOL

In the present study, we assessed the effect of different preservative methods on luminal and mucus-
associated gut microbiota composition and compared at each time point during fermentation to fresh stool used
as a positive control. Two parameters were followed to determine the most efficient method: i) the time of
stabilization of microbial profiles in M-ARCOL and ii) the microbiota profiles obtained after stabilization
compared to the fresh stool.

Luminal medium — For the FS condition, total bacteria level reached and stabilized at 10"’ copies of
16S rDNA/mL in the luminal phase at day 2 (QPCR data, Figure 1.5a). Similar results were obtained for RFS
and GFS conditions, while for LS condition, this stabilization level at 10'° copies of 16S rDNA/mL was only
reached at day 4. Population levels of Firmicutes and Bacteroidetes stabilized at 10° and 10" copies of 16S
rDNA /mL respectively, with a two-day delay for LS condition compared to the FS control and the two other
experimental conditions (Figure I.5b and Figure 1.5¢). Regarding bacterial composition at the family level,
stabilization time of major luminal populations is reached after 6-8 days (depending on the donor A or B) for

all the preservative methods, as observed for control FS condition (Figure 1.3).
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Figure 1.3: Relative abundance of bacterial families retrieved in the initial stools and in the luminal
medium and mucin beads from M-ARCOL. Fecal samples from two donors (donor A: left panel; donor B:
right panel) were submitted to different preservative protocols: control non-treated fresh stool (FS, a and b), raw
frozen stool (RFS, c¢ and d), glycerol-frozen stool (GFS, e and f) and lyophilized stool (LS, g and h). The
composition of luminal medium and mucin bead samples from M-ARCOL inoculated with fresh or treated
stools was determined at the family level by analysis of 16S amplicon sequencing data.

At day 9 (end of the experiment), bacterial microbiota kept consistent differences between the two

donors with families of Bacteroidaceae (33 % in donor A versus 62 % in donor B), Rikenellaceae (19% versus
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19 %), Muribaculaceae (12 % versus 0 %), Ruminococcaceae (12 % versus 8 %), Prevotellaceae (5 % versus
0 %) and Lachnospiraceae (11 % versus 3 %). Microbial profiles of control and preservative treatments were
comparable at the phylum level at day 9 (Suppl. Figure I.1), but differences may be highlighted for donor A at
the family level. Specifically, Prevotellaceae decreased from 5 to 0.5 % in GFS, while Rikenellaceae decreased
from 19 to 2 % in LS. Also, microbial profiles obtained for RFS were very similar to those from FS for both
donors. Interestingly, Akkermansiaceae (from the Verrucomicrobia phylum), only present in donor A,
disappeared after 2 days of semi-continuous fermentation from luminal medium in all conditions except for LS
where these microbes persist until day 4 (Figure 1.3). Species diversity of all luminal-associated microbiota
defined by the Shannon’s index was not affected during fermentation with values close to 5 in donor A and 3
in donor B (Figure 1.4). B-diversity analysis revealed no impact of preservative treatment on microbial structure
while samples highly clustered according to the donor (data not shown). Regarding methanogenic Archaea,
whatever the treatment Methanobrevibacter population is present in the luminal phase of M-ARCOL and

remains stable from day 2. In addition, Archaea were not impacted by any of the preservative techniques (data

not shown).
Figure 1.4: Effect of different stool Donor A Donor B
storage conditions on the Shannon T i bead
uminal medium mucin beads i I in bead
diversity index values. Fecal samples el medum - muci beads
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Shannon diversity indexes were
determined in the initial stool and in the luminal medium and mucin beads samples collected from M-ARCOL
inoculated with fresh or treated stools.

Mucin beads — For mucin beads, qPCR analysis revealed that total bacteria, Bacteroidetes and Firmicutes
stabilized around 10* copies of 16S rDNA/mL for both FS and RFS conditions (Figure L.5). These populations
stabilized at a slightly lower level for GFS, especially for Bacteroidetes (107 copies of 16S rDNA/mL), and the
level of Bacteroidetes regularly decreased through the experiment for LS. At the phylum level, stabilization of
the mucus-associated microbiota was reached between day 4 to 6 depending on the donor, for both FS and
treated stool (Suppl. Figure 1.1). At day 8, for donor A, no difference was observed between FS, RFS and GFS,
whereas an increase in Proteobacteria was noticed in LS condition (14 % versus 2 % in FS) (Suppl. Figure
L.1). For donor B, none of the profiles obtained at day 8 were similar from those of FS. In particular, GFS and
LS conditions were characterized by an increase in Actinobacteria compared to control fresh stool (at day 8, 4
% and 1 % respectively versus 0.2 % for FS). At the family level, at the end of the experiments, all microbial

profiles from processed tools originated from both donors differed from that of FS control (Figure 1.3). For
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donor A, RFS condition seemed to benefit Muribaculaceae (19 % versus 2.5 % in FS) while LS condition was
associated with an increase in Enterobacteriaceae (14 % versus 0.1 % in FS). For donor B, Enterobacteriaceae
also increased in all treatment conditions compared to FS (6 % for RFS, 8 % for GFS and 5 % for LS, versus
0.07 % for FS). In addition, Veillonellaceae proportion raised in GFS compared to FS (16 % versus 2 %), as
well as Ruminococcaceae in LS compared to FS (39 % versus 25 %), at the expense of Bacteroidaceae (26 %
versus 49 %). Interestingly, Akkermansiaceae was able to maintain in mucin beads up to day 4, with higher
levels at day 2 in LS (3.4 %) and RFS (2.8 %) conditions compared to FS (1 %) and GFS (0.6 %). As for luminal
medium, no difference in Shannon’s index values was observed between treated and fresh stools for the mucin
beads, with values close to 6 in donor A and 4 in donor B (Figure 1.4). Similarly, B-diversity analysis revealed
no impact of preservative treatment on mucus-associated microbiota (data not shown). Archaea were also
detected in the mucin beads and Methanobrevibacter population was not impacted by any treatment (data not

shown).

1.3.1. Effect of stool short-time storage on microbial activity in M-ARCOL

As an efficient fermentation yields to production of gut microbiota-derived metabolites among which
SCFA and gas are important functional end-products, both were monitored in M-ARCOL. As previously
described for microbiota composition, the efficiency of preservative methods was determined by analyzing
stabilization time and comparing final levels with the one obtained for control FS.

Gas — Gas composition (CHs4, CO», N> and H») was determined in the atmospheric phase of M-ARCOL
throughout fermentations and expressed as mean relative percentages (Figure 1.6). O, levels remained during
all the fermentations below 1 %, indicating that the anaerobiosis was efficiently maintained by the sole
microbiota activity. In addition, CH4 was detected only during experiments inoculated with fecal samples from
donor A, in accordance with 16S metabarcoding data on methanogenic Archaea. For FS control condition, gas

composition reached stable values at day 4 and day 3 in donor A and B, respectively.
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Figure 1.5: Effect of different stool storage conditions on qPCR enumeration of main bacterial groups.
Fecal samples from two donors were submitted to different preservative protocols: control non-treated fresh
stool (FS, grey circles), raw frozen stool (RFS, blue squares), glycerol-frozen stool (GFS, yellow triangles) and
lyophilized stool (LS, green triangles). Total bacteria (a and d), Firmicutes (b and e) and Bacteroidetes (¢ and
f) were evaluated by qPCR in luminal medium (top panel) and mucin beads samples (bottom panel) collected
from M-ARCOL inoculated with fresh or treated stools. Results are expressed as mean copy of 16S rDNA per
mL (n=2).

Stabilization was reached at a similar period for all other tested conditions except for GFS in donor B where
stable state was reached only after day 7. Stable gas pattern of donor A was composed of around 20 % N, 65
% CO; and 15 % CHa, while that of donor B (non-methane producer) was characterized by about 20 % N, and
80 % CO,. For donor A, gas profiles observed after stabilization were all similar to that of FS, even if H»
production was observed until day 4 in GFS and LS conditions only. Conversely for donor B, all gas profiles
after fecal storage differed from FS with a higher percentage of N» (40 versus 20 %) and consequently a lower
percentage of CO, (60 versus 80 %). Uncommonly, an increase in H, production was noticed from day 3 to day
7 with GFS for donor B. On average, a higher total gas volume (1600 mL versus 1100 mL) was measured in
LS condition when compared to FS (Figure 1.6i), mainly due to a sharp increase in gas production (multiply by

6 compared to FS) at day 1 (i.e. during batch experiment) (Figure 1.6j). Lastly, during semi-continuous
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fermentations, average daily gas production seemed to be lower for all the conservative methods compared to

FS, and particularly for GFS condition.
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Figure 1.6: Gas composition and production in M-ARCOL according to stool storage conditions. Fecal
samples from two donors (donor A: left panel; donor B: right panel) were submitted to different preservative
protocols: control non-treated fresh stool (FS, a and b), raw frozen stool (RFS, ¢ and d), glycerol-frozen stool
(GFS, e and f) and lyophilized stool (LS, g and h). Gas composition was analyzed by gas chromatography and
results were expressed as relative percentages (graphs a to h) or as total mean volumes (in mL) produced during
the fermentations (graph i). Daily gas volume productions were also averaged (n=2) and normalized to FS
condition (graph j). CH,.: methane, CO;. carbon dioxide, N:. nitrogen, Oz: dioxygen, H>: dihydrogen.

SCFA —The three main SCFAs, acetate, butyrate and propionate were quantified in the luminal medium

of M-ARCOL and expressed as mean relative percentages (Figure I.7a to 7h). During the experiments with

FS, SCFA profiles were stabilized at day 3 for the two donors. Similar stabilization time was observed for RFS
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while an additional 1 or 2 days was necessary to reach stable profiles under GFS and LS conditions. At day 9
for the FS control, SCFA composition was stabilized with 48 % acetate, 30 % propionate and 22 % butyrate for
donor A, compared to 58 % acetate, 22 % propionate and 20 % butyrate for donor B. Profiles obtained after
stabilization for both donors are stackable with those obtained with FS regardless tested conditions (RFS, GFS
or LS). As previously observed for microbial structure, stabilization profiles exhibited a more pronounced
donor-dependent effect than a storage-dependent effect. However, for donor B, a distinct increase in acetate
percentages was noticed from day 1 to day 4 with GFS (Figure 1.7f). When the total SCFA concentration was
calculated throughout the total duration of the fermentation process (Figure 1.7i), similar levels were obtained
for FS and RFS, while a slight increase was observed for LS (1420 mM versus 1220 mM) together with a greater
decline for GFS (890 mM versus 1220 mM). These data are confirmed by the daily normalization of total SCFA
concentrations with FS values (Figure 1.7i). A sharp increase in SCFA production was evidenced at day 1 for
LS (multiply by 2 versus FS) while reduced levels were maintained from day 2 to day 9 with GFS.

Redox potential — Redox potential was recorded during the overall fermentation process in M-ARCOL
as an indicator of microbial fermentative activity (Suppl. Figure 1.2). For FS control, stable levels were
obtained from day 3 and low values confirmed an important reduced colonic environment (-225 mV). Similar
or lower time was required to reach stabilization time for LS (3 days) and RFS (1 day) whereas increased time
period was needed to obtain a stable redox potential for GFS (4 days). In addition, for donor B, abnormal
elevated values were noticed until day 3 with GFS (up to +200 mV). However, once stabilized, all conditions

showed similar levels compared to FS.

1.4. Discussion

Inoculation of in vitro gut models with fecal samples from patients or healthy donors aims to reproduce
the complexity and diversity of the microbial ecosystem encountered within human colon, with obvious
differences in microbial structure and activity compared to initial stools due to faecal-colon and in vivo-in vitro
transitions. Use of fresh stools is not always feasible, defining an appropriate preservation method of fecal
samples is crucial to prevent loss of important microbial populations and maintain efficient fermentation
activities in the bioreactor. To date, a unique study had investigated the effects of preservation methods on the
gut microbial structure and functions using the TIM-2 in vitro human colon model (Aguirre et al., 2015). For
the first time, in the current study, we assessed the effect of three preservation methods on the luminal and
mucus-associated microbiota using M-ARCOL in vitro gut model and, in a unique way, we investigated both
the bacterial and archaeal populations. As fecal microbiota exhibits important inter-individual variability, this
study was conducted on fecal samples collected from two healthy donors, chosen to represent “extreme”
conditions, i.e. donor A is a methane producer female while donor B is a non-methanogen male (Chaudhary,

Conway & Schlundt, 2018; Kim et al., 2020). Likewise, donor A harbors a much higher microbial diversity
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than donor B, very likely associated due to differences in dietary habits (De Filippis et al., 2016; De Angelis et
al., 2019).

Figure 1.7: SCFA composition and production in M-ARCOL according to stool storage conditions. Fecal
samples from two donors (donor A: left panel; donor B: right panel) were submitted to different preservative
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protocols: control non-treated fresh stool (FS, a and b), raw frozen stool (RFS, ¢ and d), glycerol-frozen stool
(GFS, e and f) and lyophilized stool (LS, g and h). Main SCFA (acetate, propionate and butyrate) were analyzed
by liquid chromatography and results were expressed as relative percentages (graphs a-h) or as total mean
concentrations (in mM) produced during the fermentations (graph i). Daily SCFA concentrations were also
averaged (n=2) and normalized to FS condition (graph j). SCFA. short chain fatty acids.

Conservative treatments used previously by others for stool conservation were tested before inoculation
of M-ARCOL and compared to the fresh stool condition. The simplest alternative to fresh feces is stool freezing
at -80°C without any preservative treatment nor fecal samples mixing (“raw” samples), leading to the RFS

condition in our study. To improve the stability of fecal microbiota during freezing and subsequent storage,
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different cryoprotectants have been previously described in the literature, such as dimethyl sulfoxide,
polyethylene glycol, RNA later, ethanol or glycerol (Gorzelak et al., 2015; Flores et al., 2015; Khanna et al.,
2016; Gaci et al., 2017). This later (GFS condition) has been chosen as it is undoubtedly the most frequently
applied for bacterial storage and currently recommended and used in clinical practice for fecal microbiota
transplantation (Cammarota et al., 2017, 2018, 2019). Lastly, lyophilization has been tested as a new alternative
to freezing for fecal sample storage (LS condition) since various protocols of this process have been recently
developed for fecal microbiota transplantation (Burz et al., 2019; Reygner et al., 2020). Lyophilization with
trehalose/maltodextrin solutions appears as a suitable mean for preserving highly sensitive oxygen populations
and sub-dominant species (Burz et al., 2019; Reygner et al., 2020). This preservation method also allows the
maintenance of major functional activities of gut microbiota and a better revivification after reheating.
Maltodextrin and trehalose sugars increase media viscosity, thus limiting crystallization and osmotic
disturbance to prevent cell lysis (Al et al., 2018; Burz et al., 2019). Interestingly, Reygner and colleagues
demonstrated that freeze-drying in maltodextrin/trehalose or freezing in glycerol better preserved SCFA for 12
months storage compared to samples frozen without any cryoprotectant (Reygner et al., 2020). In the present
study, the time of storage was restricted to 48 hours for all the tested conditions as our primary aim was to study
the impact of preservative methods and not that of storage which is recognized to further influence microbial
structure and activity (Song et al. 2016, Gaci et al. 2017).

To offer a complete picture of the effects of such preservative methods on gut microbiota in in vitro gut
models, we investigated in M-ARCOL both luminal and mucus-associated gut microbiota and fermentation
activity through gas and SCFA measurements. Mucin beads were recently integrated in M-ARCOL based on a
technology similar to that implemented in M-SHIME (Van den Abbeele et al., 2009), with some adaptations
allowing the physiological maintenance of anaerobiosis through microbiota activity. In vitro colonic models
involving a mucosal phase represent a valuable alternative to consider the fine-scale spatial organization present
in vivo in the human gut microbial ecosystem. In particular, mucin beads allow a better capture of initial fecal
microbial diversity and favor the development of specific mucus colonizers (e.g. Ruminococcaceae and
Lachnospiraceae) and thus the restoration of a high Firmicutes/Bacteroidetes ratio, as observed in vivo (Liu et
al., 2018). Our results showed that all the preservative treatments allowed the maintaining inside M-ARCOL of
a complex and functional microbiota for the two donors A and B. Interestingly, methanogenic Archaea are not
impacted by the treatments neither in luminal nor in mucosal phase. Maintaining anaerobiosis without flushing
with N> or CO; is certainly a key parameter enabling the persistence of Archaea in vitro (Gaci et al., 2017).
Nevertheless, applying preservative methods seemed to limit the expansion of some dominant populations
normally present in the mucosal phase, leaving the opportunity for Proteobacteria (e.g. Enterobacteriaceae)
and Actinobacteria (mainly with GFS) to colonize this ecological niche. In particular, Enterobacteriaceae
(opportunistic pathobionts and enteric pathogens) are well-known efficient colonizers of unoccupied ecological
niches after transient changes in microbiota composition (Kamada et al., 2013; Chassaing et al., 2014).

To represent all the facets of the human colonic ecosystem, stabilization time was evaluated on both

microbial activity (gas and SCFA measurement) and composition (qPCR and 16S rRNA sequencing). In control
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condition (FS), a stabilization period of 2-3 days was necessary for metabolic activities compared to 6-8 days
for microbiome structure, in accordance to previous studies in in vitro gut models (Zihler Berner et al., 2013;
Fehlbaum et al., 2015). Therefore, when considering all these parameters, a stabilization time of 8 days
(corresponding to 8 residence times) was observed in the M-ARCOL, in accordance to Tottey et al., (2015).
Differences in stabilization time and/or in final stabilized levels for each parameter analyzed compared to FS
control were observed, indicating that freezing stool without any preservative (RFS condition) was the most
efficient method, followed by lyophilization and then freezing with glycerol. These results are in accordance
with the studies from Tang and colleagues demonstrating that frozen fecal microbiota is as effective as fresh
fecal sample for fecal microbiota transplantation (Tang, Yin & Liu, 2017) and from Choo’s study showing the
efficiency of freezing at -80°C without cryoprotectant (Choo et al., 2015). Similarities between fresh and raw
frozen stools can be explained by the absence of stool mixing and destructuration that may help microbiota to
withstand temperature decrease. Compared with raw fecal freezing, freezing with 10% glycerol or lyophilization
increased in vitro stabilization time in the bioreactor with notable changes in SCFA and gases production. This
could be explained by the important microbial metabolism of cryoprotectants at the beginning of fermentations
that may negatively affect repeatability between experiments. An increased level of acetate was thus observed
until day 4 for glycerol-treated stool experiment of donor B, reflecting glycerol metabolization by gut
microbiota-acetate producers (De Weirdt et al., 2010). These results contrast with those from Aguirre and
colleagues that did not observe any modifications of SCFA production in the TIM-2 after one week freezing at
-80°C with 1.5 g glycerol (Aguirre et al., 2015). This difference may be explained by different settings between
the two studies, since in TIM-2 study, storage time was longer while the total duration of the fermentation
experiment was shortened, and mucin beads were absent. A sharp increase in gas and SCFA production was
also evidenced in both donors with lyophilized samples, which may reflect the consumption by gut microbiota
of maltodextrin, an intermediate product of starch hydrolysis, and trehalose, a diholoside (Collins et al., 2018).
In general, adding glycerol as a preservative agent led to a reduced metabolic activity compared to all the other
conditions, suggesting cellular damage during the preservative step. Interestingly, 16S metabarcoding
demonstrated that lyophilization seemed to preserve beneficial microbes such as Akkermansiaceae (only
identified in donor A) for a longer period than for the other treatments, as previously described (Burz et al.,
2019; Reygner et al., 2020).

Our results showed that raw freezing of stools is the most efficient short-term preservative technique.
Other parameters, such as technical constraints, need to be considered to determine the most appropriated
method to inoculate in vitro gut bioreactors (Table 1.2). Shipping frozen stools is challenging since the samples
require specific preserving containers (usually shipping proceed with dry ice). Samples can face temperature
fluctuations during storage (freezing failure due to power outage) and transport (exposure to high temperatures
that increase the risk of thawing-freezing cycles) that may influence further microbial colonization and activity
in in vitro gut models. Lyophilized stool samples encompass the above concerns and represent a good alternative

since they are easier to deliver (no requirement of specific freezing containers), they can be stored at room
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temperature and require less storage capacity. However, this technique requires time and expensive specific
equipment (freeze dryer price is about 8 to 55 k$).

To conclude, the present study gives useful insight into the effects of short-term stool preservative
methods, namely freezing and lyophilization, on further gut microbiota structure and fermentation activity in an
in vitro model of the human colon. All the preservative treatments allowed the maintaining inside M-ARCOL
of'a complex and functional microbiota. Considering both stabilization time of microbial profiles and metabolic
activities, we showed in the current study that 48 h freezing at -80°C without cryoprotectant was the most
efficient method. This result has to be balanced by technical constraints associated with the use of frozen fecal

materials.
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Table 1.2: Scientific and technical comparative data on preservative methods applied to fecal samples.
From low € to high €€€€ costs; from low % to high % %% score. F/B ratio: Firmicutes/Bacteroidetes ratio; /

increase or \ decrease; NA: not applicable.

Glycerol frozen
Fresh stool Raw frozen stool . Lyophilized stool
stoo
g Stabilization time Day 6-8 Day 6-8 Day 6-8 Day 6-8
2
% Final microbial NA No loss of microbial diversity as measured by Shannon index
Cﬁg 3 profiles Increase of Proteobacteria and Actinobacteria in the mucin beads
'q'é Gas (A) day 4 (A) day 3 (A) day 5 (A) day 4
<
g' Stabilization (B) day 3 (B) day 4 (B) day 7 (B) day 5
5]
\Z, time SCFA (A) day 3 (A) day 2 (A) day 5 (A) day 4
g z (B) day 3 (B) day 3 (B) day 7 (B) day 4
2
§ k3t (7] Nz(donor B) _
= | < €J N, (donor B)
E Final metabolic Total gas and
) NA U, (donor B) & Total gas
@ profiles total SCFA
production
production
Score (/5) 5/5 4/5 2/5 3/5
Three steps
Two steps (i) Preparation
(i) Preparation including sterilization
; No includin: of the
Preparation steps One step Including .
p p (i) Freezing sterilization of the maltodextrlq/trehalose
" glycerol solution ,,SOluUOI,l
£ (ii) Freezing (i) Free'z'l ne.
g (iii) Lyophilization
£
2 Time to implement ) .
E the method Immediate Immediate Up to 2 hours Up to 2 hours
[
2]
= Years
5 Duration of storage Few hours Months Months
;ﬁ (Dorsaz et al. 2020) (Costello ez al. 2015) (Reygner et al., 2020)
Costs € €€ €€€ €€€e
Storage facility No storage * * 1.8, 8.4
Ease of sending * ok ok 2.8 8 ¢ 2888 ¢
Score (/5) 4/5 3/5 3/5 4/5
TOTAL RANKING 1 2 3 2
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1.5. Supplementary figures
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Supplementary figure 1.1: Effect of different stool storage conditions on community structure at the
phylum level. Fecal samples from two donors (donor A: left panel; donor B: right panel) were submitted to
different preservative protocols: control non-treated fresh stool (FS, a and b), raw frozen stool (RFS, ¢ and d),
glycerol-frozen stool (GFS, e and f) and lyophilized stool (LS, g and h). The composition of luminal medium
and mucin bead samples from M-ARCOL inoculated with fresh or treated stools was determined at the phylum
level by analysis of 16S rDNA gene abundance. FS: fresh stool, RFS: raw frozen stool, GFS: glycerol-frozen
stool, LS: lyophilized stool.
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Supplementary figure 1.2: Redox potential values measured in the M-ARCOL. Fecal samples from two
donors (donor A in red; donor B in blue) were submitted to different preservative protocols: control non-treated
fresh stool (FS, graph a), raw frozen stool (RFS, graph b), glycerol-frozen stool (GFS, graph ¢) and lyophilized
stool (LS, graph d). Redox potential values were daily measured in the M-ARCOL inoculated with fresh or
treated stools. FS: fresh stool, RFS: raw frozen stool, GFS: glycerol-frozen stool, LS. lyophilized stool.
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1.6. Conclusion on canine faecal sample preparation and storage

In this study, we have demonstrated that freezing human faeces at -80°C without cryoprotectant until
48 h didn’t impact the time needed for stabilization of microbial profiles and metabolic activities in the M-
ARCOL and the profiles obtained. Regarding stools from canine origin, there is currently no guideline for
collection, storage, and preparation of faecal samples. Recently, authors have investigated the effect of faecal
sampling method applied to dog stools on the abundance of microbial populations and bacterial metabolites
(Pinna et al., 2021). Subsamples were collected from the surface to the inner part of the stools and from three
equally sized areas all along the faecal materials, and therefore homogenized. Compared to the stool surface,
inner subsamples resulted in greater concentrations of SCFA and ammonia and lower pH values. Because there
are volatile compounds, the hypothesis was made that some evaporation during contact to ambient air may have
impacted surface SCFA concentrations. However, qPCR targeting Firmicutes, Bacteroidetes, Clostridium
cluster I, Lactobacillus spp., Bifidobacterium spp. and Enterococcus spp. didn’t show any significant difference
between subsamples. Authors concluded on the necessity for homogenization of the whole stool before
sampling. A recent study has also evaluated the impact of temperature collection and stabilization strategies
during storage on canine faccal microbiota (Lin ef al., 2020). The authors compared freshly extracted samples
to unstabilized faecal samples stored at room temperature and stabilized samples placed in a
PERFORMAbiome*GUT collection device stored at different temperatures or undergoing repeated freeze-thaw
cycles. Sample stabilization allowed protection against alteration at 37°C and 50°C for up to 3 days, at room
temperature for up to 14 days and permitted undergoing until 6 freeze-thaw cycles. No impact of temperature
on both alpha and beta diversities was evidenced on stabilized samples, while alpha-diversity increased in
unstabilized samples stored at room temperature for 14 days, showing growth of microorganisms. Sequencing
also revealed an alteration of relative abundances of dominant phyla (i.e. Firmicutes, Fusobacteriota,
Bacteroidota and Actinobacteriota) and 24 genera in unstabilized samples stored at room temperature, whereas
no significant change was observed for stabilized samples under similar storage condition. In addition, authors
showed a significant intra-sampling variation with a modification in the relative abundances of 9 genera
depending on collection sites within a canine faecal sample. Of note, this was previously demonstrated in human
faeces by Gorzelak et al., (2015) and confirmed the importance of stool homogenization before sampling. A
single study has evaluated the impact of storage period on in vitro microbial activities. Effect of chilling or
freezing canine faeces for 24 h on gas production and fermentation end-products was evaluated in 72h-batch
fermentation model (Bosch et al., 2013). Freezing decreased maximum rate of gas production and increased
overall indole or phenol concentrations depending on fermentation substrates. However, chilling for 24h in
crushed ice have maintained fermentation characteristics of initial fresh stools. Considering those results, it was
decided for all the experiments of this thesis to make a particular attention on homogenization of the entire
stool before sampling. In addition, as far as possible, fresh canine feces was used. If necessary, freezing raw

feces at -80°C for 12h without cryoprotectant and under anaerobic condition was applied.
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Chapter 2 — Canine Mucosal Artificial Colon: in vitro simulation of
physicochemical and microbial colonic ecosystem
adapted to different dog sizes

fter an in-depth review of the available literature to characterize both microbial, nutritional and

A physicochemical parameters of dog digestion, we observed that important modifications exist
between small, medium and large dogs, especially related to the large intestine. In particular, colonic transit
time, colonic pH, but also bile acids profiles and also industrial feed composition were different (e.g. type of
fibers or ratio of soluble/insoluble fiber) between the three sizes. Then, we referenced all available in vitro
canine gut models and emphasized that most of them reproduce canine lower (and not upper) gastrointestinal
tract but using simple batch vessels. Only one in vitro dynamic model (M-SCIME) reproduces efficiently the
canine colon of medium size dogs. In this context, the next step is this PhD work was to develop a new relevant
and dynamic in vitro colonic model reproducing the specific digestive conditions associated to different dog
sizes. This new model is based on M-ARCOL technology, first developed to simulate human then porcine large
intestine. Of interest this system allows to distinguish the luminal and mucus-associated microbiota thanks to a
mucin-beads compartment. In the frame of this work, we collaborated for stool collection with Dr Nathalie
Priymenko from Toxalim team and the ‘Ecole Nationale Vétérinaire de Toulouse’ (ENVT) to find canine donors
meeting our criteria for feeding, age and body weight. Main BCFA measurement and bile acid identification
and quantification were performed in collaboration with Pr Tom Van de Wiele (CMET, Ghent University,
Belgium), Dr Ignacio Ipharraguerre (Institute of Human Nutrition and Food Science of Kiel, Germany) and
Mrs. Inma Alvarez-Acero (Institute of Food Science of Madrid, Spain). This work was submitted for publication

in ALTEX.
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Abstract

Differences dog breeds sizes of are an important determinant of variations in digestive physiology,
mainly related to the large intestine. /n vitro gut models are increasingly used as an alternative to animal
experiments for technical, cost, societal and regulatory reasons. Up to now, only one in vitro model of the canine
colon incorporates the dynamics of different canine gut regions, yet no adaptations exist to reproduce size-
related digestive parameters. To address this limitation, we developed a new model of the canine colon, the
CANIne Mucosal ARtificial COLon (CANIM-ARCOL), simulating main physiochemical (pH, transit time,
anaerobiosis), nutritional (ileal effluent composition) and microbial (lumen and mucus-associated microbiota)
parameters of this ecosystem, and adapted to three dog sizes (i.e. small under 10 kg, medium 10-30 kg and large
over 30 kg). To validate the new model regarding microbiota composition and activities, in vitro fermentations
were performed in bioreactors inoculated with stools from 13 dogs (4 small, 5 medium and 4 large). After a
stabilization period, microbiota profiles clearly clustered depending on dog size. Bacteroidota and Firmicutes
abundances were positively correlated with dog size both in vitro and in vivo, while opposite trends were
observed for Actinobacteria and Proteobacteria. As observed in vivo, microbial activity also increased with dog
size in vitro, as evidenced from gas production, short-chain fatty acids, ammonia and bile acid dehydroxylation.
In line with the 3R regulation, CANIM-ARCOL could be a relevant platform to assess bilateral interactions
between food and pharma compounds and gut microbiota, capturing inter-individual or breed variabilities.

Keywords: dog, large intestine, microbiota, in vitro gut model, body weight

2.1. Introduction

Digestion is a complex and regionalized process involving physicochemical, mechanical and microbial
mechanisms and, as for other mammals, is acknowledged as a crucial element in canine health, with an increased
awareness of the central role of gut microbiota (Redfern et al., 2017; Mondo et al., 2019). Since dogs are
facultative carnivores, their digestion is processed by a short and simple gastrointestinal tract adapted to high-
protein and high-fat diets (Kararli, 1995). More than 400 canine breeds have been genetically selected by
humans, leading to huge variations in size, weight, and appearance, but also to changes in digestive anatomy
and genetic profile adaptation, such as the apparition of amylase-encoding gene (Axelsson et al., 2013; Botigué
et al., 2017). How canine digestion is influenced by dog size was recently reviewed (Deschamps ef al., 2022b),
highlighting that most of identified variations were related to the large intestinal compartment. Large intestine
length, area and volume were shown to increase with dog weight, in association with a higher colonic transit
time. In close relation with this longer transit time, fermentative capacity and especially fiber degradation seems
to be amplified with body weight (Weber ef al., 2002b; Detweiler et al., 2019; Nogueira et al., 2019), resulting
in an important production of short-chain fatty acids (SCFA) in large dogs and a lower colonic pH (Weber et
al.,2004). Fecal concentrations of phenol, indole, ammonium and branched-chain fatty acids (BCFA) were also
positively correlated with body weight, again probably in relation to the longer colonic transit time favoring

protein fermentation (Goudez et al., 2011; Beloshapka, Wolff & Swanson, 2012; Beloshapka et al., 2014;
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Alexander et al., 2019). This is in accordance with an increased abundance of fecal Fusobacteria with body
weight (Gazzola et al., 2017; Kim et al., 2017; Algya et al., 2018). Fecal bile acid profiles are also impacted by
dog sizes, with an apparent decrease of total bile acids, as well as primary to secondary bile acid ratios, when
body weight increases (Guard ef al., 2019). Lastly, the intestinal mucosa of large dogs is also characterized by
a higher permeability which could induce a backflow of electrolyte absorbed and explain their poorer faecal
consistency (Bjarnason et al, 1995; Zentek & Meyer, 1995; Weber et al, 2002a, 2017). In-depth
characterization of the variations with dog sizes of colonic physicochemical parameters and microbiota
composition and functions is of high interest, especially because those factors can reshape not only essential
processes such as nutrient digestibility but also drug bio-accessibility (notably for colon-targeted formulations)
or probiotic/enteric pathogen survival and activity.

Even if in vivo experiments still remain the ultimate goal in nutrition or pharma studies, the use of animals
in research is more and more limited by ethical, regulatory and cost reasons. The number of dogs used in
research and testing has decrease of 26 % between 2018 and 2019 but 13,076 dogs were still involved in
European countries in 2019 (European Commission, 2022). Among them, more than 2000 were used for
legislation on medicinal products for veterinary use and over 8100 for human use (European Commission,
2022). The European 3Rs rules widely encourage the use of alternative strategies such as in vitro models
reproducing digestion or fermentation processes occurring within the gut. Up to now, most of the in vitro
systems developed to reproduce the canine large intestine are simple static batch models (Sunvold et al., 1995c;
Tzortzis et al., 2004; Bosch et al., 2008; Cutrignelli et al., 2009; Panasevich et al., 2013; Vierbaum et al., 2019;
Van den Abbeele et al., 2020b; Oba et al., 2020). These models are inoculated with dog stools, but most of them
have not been adapted to the canine specific digestive environment. In addition, they cannot simulate colonic
transit time and are limited to 24-72 h experiments due to a shift in major parameters such as pH, preventing
the evaluation of repeated administration of drugs or food compounds. Only one dynamic model called M-
SCIME (Mucosal Simulator of the Canine Intestinal Microbial Ecosystem) was very recently developed to
reproduce the canine GI tract from the stomach to the large intestine, with a distinction between the luminal and
mucus-associated microbiota in the colon (Duysburgh et al., 2020; Verstrepen et al., 2021). This model is based
on semi-continuous fermentation processes in the three colonic parts, allowing to reproduce in vivo parameters
such as pH evolution, transit time, supply of non-digested nutrients and anaerobiosis by continuous N flushing.
However, up to date, none of the available models, including the M-SCIME, was set up to differentiate colonic
conditions depending on dog’s size.

In this context, the aim of this study was to develop and in vivo validate a new in vitro model of the canine
colon adapted to dog body weight, as a relevant alternative to animal assays. Based on the continuous
fermentation Mucosal Artificial Colon Model (M-ARCOL) (Deschamps et al., 2020), the newly developed
system aims to accurately reproduce both the physicochemical, nutritive and microbial parameters specific to
the colonic ecosystem of three different dog’s sizes, namely “small” (under 10 kg), “medium” (from 10 to 30

kg) and “large” (over 30 kg).
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2.2. Materials and methods
2.2.1. Fecal sample collection and treatment

Feces from 13 clinically healthy dogs of several breeds, ages and weights (see Table II.1 and Figure I1.1
for details) were collected. All dogs were adult owner-pets and fed with commercial dry food. They had a body
score condition of 3 under a 5-points scale, meaning all of them had a normal body weight. Immediately after
defecation, fecal samples were transferred into a sterile recipient, placed in an airtight anaerobic box (GENbag
anaer gas pack systems, Biomerieux, France), transported and frozen at -80°C within 6 h until processing in the
next 24 h. In an anaerobic chamber (COY laboratories, USA), stool samples were manually homogenized, and
3.3 g of feces was resuspended with 30 mM sterile sodium phosphate buffer (pH 6.0) to reach a total volume of
100 mL. Because of the small amount of feces provided by small size dogs, only 1.8 g can be resuspended into
100 mL for donor S1 and 2.1 g for donor S2, S3 and S4. Feces were then mixed and filtered using a 500 um

1noX sieve.

Table II.1: Characteristics of healthy adult dogs included in the study and ranked by small, medium and
large dog sizes. M: male, F: female, BCS: body condition score (ranging from 1 -very thin- to 5 -obese-, 3
corresponding to ideal weight)

Age Weight Garden

Size Dog id Breed Sex  Sterilization (vears) (kg) access Feed
Small S1 Shih Tzu M No 6 3 5 No Dry
S2 Chihuahua F No 7 3 1,9 Yes Dry

S3 Cavalier King Charles F No 5.5 3 8 No Dry

S4 Spitz F Yes 2 3 4 No Dry

Medium M1 Border collie x Beauceron M Yes 2.5 3 30 Yes Dry
M2 French bulldogged F Yes 6 3 13 Yes Dry

M3 Border collie M Yes 6 3 18 Yes Dry

M4 Flat coater Retriever F No 2.5 3 28 Yes Dry

M5 Golden Retriever F No 6.5 3 29 Yes Dry

Large L1 Saint-Bernard M No 6 3 80 Yes Dry
L2 Beauceron F Yes 3 3 40 Yes Dry

L3 Leonberg F No 3 3 52 Yes Dry

L4 German Shepherd M No 5 3 42 Yes Dry

-122 -



IL.1:
experimental design in
CANIM-ARCOL model.

Overview of
the

Figure

Once adapted to three dog sizes
conditions, the CANIM-ARCOL
was inoculated with fecal samples
from 13 healthy dogs (n=4 small
in green, n=5 medium in yellow
and n=6 large in orange) and
fermentations were run for 21
days. Age and weight of all dogs
involved in the study (males and
females are represented by square
and circle, respectively) were
plotted and significant differences
were analyzed by one-way
ANOVA (mean + SD, *: p<0.05;
*Ek p<0.001; ****: p<0.0001).
Samples were regularly collected
in the atmospheric phase, in the
luminal compartment and from
beads to  monitor
microbiota

mucin
composition  and

metabolic activities.

CANIM-ARCOL

v

Bioreactor

Fermentation
medium

Section |l - Chapter 2 CANIM-ARCOL

medium (simulated ileal effluents)

Mucin
beads Mucin bead
compartment
10
8
% 6
=
S 4
<
2
Anaerobiosis, pH, transit time, nutritive 0

Total gas volume

Gas composition

Experimental design

MEDIUM

Continuous fermentation

20 days

Sampling

9
O S —

(6) ybrap

LARGE

\%} U g
R

E:
/’/":{’/b\\

/’/ [
- Y P
/ ey &
_ \,% ¢
- @ AT T y
= QS [

Microbiota structure

16S gPCR

16S rDNA
metabarcoding

~
~
~
5 ~
S ~
N
~

Microbiota functions

SCFA and BCFA

Ammonia lI I

Bile acids

Microbiota structure
16S gPCR

16S rDNA
metabarcoding

-123 -

II-2



Section |l - Chapter 2 CANIM-ARCOL

2.2.2. Description and parameters of CANIM-ARCOL model

The newly developed Canine Mucosal Artificial Colon (CANIM-ARCOL) was adapted from the one
stage continuous fermentation system previously set-up under human condition and called M-ARCOL
(Deschamps et al., 2020). The in vitro model allows to reproduce both luminal and mucosal phases of the large
intestine by the use of respectively a bioreactor (MiniBio, Applikon, The Netherlands) and an airtight glass
vessel connected to the bioreactor and containing mucin beads (Figure I1.1). At the beginning of the experiment,
100 mL of faecal suspension were added per bioreactor to 200 mL of canine-adapted nutritive medium
simulating the composition of ileal effluents (Table II.2) and containing various sources of carbohydrates,
proteins, lipids, minerals, and vitamins. After an initial sparging of O»-free N»-gas, anaerobiosis was maintained
during the total course of the fermentation by the sole activity of the resident microbiota and through ensuring
the system airtightness. Bioreactor was kept at body temperature. Colonic pH and redox potential were
constantly recorded (Applikon, The Netherlands) and pH was adjusted with 2 M NaOH. The nutritive medium
was continuously introduced into the bioreactor, while the fermentation medium was automatically withdrawn,
ensuring the appropriate mean retention time and maintaining the colonic volume constant. The mucosal
compartment was dived in a water bath maintained at body temperature. It was filled with mucin-alginate beads
offering an overall surface of 556 cm2 in average. The mucin/alginate solution was dropped using a peristaltic
pump into a sterile solution of 0.2 M CaCl, dihydrate under agitation. Every 2 days, mucin/alginate beads
remaining into the mucosal compartment were renewed by fresh sterile ones under a constant flow of CO, to
avoid oxygen entrance.

In the present study, the in vitro colon model was adapted to reproduce the mean conditions found in the
large intestine of healthy adult dogs and adapted to three canine sizes as summarized in Table I1.2 and detailed
in the result part. Briefly, temperature was set at 39°C, residence time and pH were revised according to in vivo
data and set-up at 5 h and pH 6.5 for small, 9 h and pH 6.5 for medium and 15 h and pH 6.2 for large dog
conditions, respectively. The composition of the nutritive medium was also adapted to three dog size diet and
digestive physiology.

2.2.1. Experimental design and sampling

Experimental design in the CANIM-ARCOL is presented in Figure II.1. In all the experiments, each bioreactor
was inoculated with a fecal sample from a unique donor (from either small, medium or large dogs). Bioreactors
corresponding to one dog size were run in parallel (n=4 for small and large conditions and n=5 for medium
ones) and set-up with specific parameters. Fermentations were run under batch conditions for 24 h and then
under continuous conditions for 20 additional days. Samples were collected daily in the fermentative medium
(corresponding to the luminal phase) for analysis of microbiota composition (qQPCR and 16S Metabarcoding)
and metabolic activities through short chain fatty acids (SCFA), branched chain fatty acids (BCFA), total bile
acids and ammonia dosage. The atmospheric phase was also sampled to follow anaerobiosis and evaluate gas

composition and production thanks to a sampling bag connected to the condenser (Figure I1.1).
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Table I1.2: Adaptation of physicochemical and nutritional parameters of CANIM-ARCOL to three dog
sizes. rpm: rotation per minute.

Size Small Medium Large CA  mm DCA
Weight (kg) <10 10-30 >30 cro0g
Bioreactor’s parameters 3
Temperature 39°C 39 °C 39°C % 754
Residence time 5h 9h 15h %
pH 6.6 6.5 6.2 2 s0]
Stirring 400 rpm 400 rpm 400 rpm z
Nutritive medium composition (in %) "E 257
Proteins 17.2 27.0 35.6 <
Carbohydrates 0.9 1.3 1.8 Small Medium Large
Lipids 1.6 2.4 3.2
Fibers 33 5.2 6.8 -
Bile acids composition in the nutritive medium (mg/L) @ g
Cholicacid (c4y | '%5me  >3mg  32mg £s
o 35% 10 % 5% ‘E::,"E
Chenodeoxycholic acid 31 mg 27 mg 32 mg £o
(CDCA) 10 % 5% 5% <E
Deoxycholic acid 124 mg 327 mg 418 mg . E
(DCA) 40 % 60 % 65 % -
Lithocholic acid 46 mg 136 mg 161 mg
(LCA) 15 % 25% 25%

Every two days, mucin beads were collected for mucus-associated microbiota analysis (QPCR and 16S
metabarcoding). Mucin beads were washed twice in sterile sodium phosphate buffer and stored at -80°C before

downstream analysis.

2.2.2. DNA extraction

Genomic DNA was extracted from fermentative medium samples and mucin/alginate beads using the
QIAamp Fast DNA Stool Mini Kit (Qiagen, Germany) following manufacturer’s instructions with the following
modifications. Prior to DNA extraction, luminal samples were centrifuged (18 000 rcf, 15 min, 4°C) and the
pellets were collected. Pellets and mucin/alginate beads samples were then incubated 10 min with sterile citrate
buffer (sodium citrate 55 mM and NaCl 154 mM) at 37°C (Capone et al., 2013), before vortexing (maximal
speed, 15 sec) and centrifuge again (8000 rcf, 1 min). Then, a step of mechanical disruption using a bead beater
(5 min, 20 beat/s) was made with 300 mg sterile glass beads (diameter ranging from 100 to 600 um). DNA
quantity was evaluated using the Qubit dsSDNA Broad Range Assay Kit (Invitrogen, USA) with a Qubit 3.0
Fluorometer (Invitrogen, USA). Samples were stored at -20°C prior to microbiota analysis (JPCR and rRNA
16S Metabarcoding).

2.2.3. Quantitative PCR

Total bacteria were quantified by qPCR using primers described in Table I1.3. Real-time PCR assays
were performed in a Biorad CFX96TM Real-Time System (Bio-Rad Laboratories, USA) using Takyon Low
ROX SYBR 2X MasterMix blue dTTP kit (Eurogentec, Belgium). Each reaction was run in duplicate in a final
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volume of 10 pL with 5 pL of MasterMix, 0.45 pL of each primer (10 uM), 1 pL of DNA sample, and 3.1 pL
of ultra-pure water. Amplifications were carried out using the following ramping profile: 1 cycle at 95 °C for 5
min, followed by 40 cycles of 95 °C for 30 s, 58 °C for 30 sec. A melting step was added to ensure primer
specificity. Standard curve was generated from 10-fold dilutions of bacterial DNA (isolated from a pure culture

of bacteria), allowing the calculation of DNA concentrations from extracted samples.

Table I1.3: Primers used for qPCR and 16S Metabarcoding analysis

Annealing
Primer names Sequence 5'-3' Target temperature References
°O

qPCR primers

BAC338R | ACTCCTACGGGAGGCAG Total 58 Yu et al. (2005)

BACS516F | GTATTACCGCGGCTGCTG bacteria erar
Metabarcoding primers

V3 F357 N | CCTACGGGNGGCWGCAG . .
V4 RS0S | GACTACHVGGGTATCTAATCC — bacteria - Klindworth et al. (2013)
Arch349F | GYGCASCAGKCGMGAAW . . .
Arch806R | SGGACTACVSGGGTATCTAAT ~ “Ar¢haea - Takai and Horikoshi (2000)

2.2.4. 16S Metabarcoding and data analysis

Bacterial V3-V4 regions of 16S ribosomal DNA (rRNA) and the archaeal 16S rRNA were amplified
using primers described in Table I1.3. Amplicons were generated using a Fluidigm Access Array followed by
high throughput sequencing on an Illumina MiSeq system (Illumina, USA) performed at the Carver
Biotechnology Center of the University of Illinois (Urbana, USA). Raw data are available at NCBI under the
Sequence Read Archive database with accession number PRINA955438. Bioinformatic analysis were
performed using R studio software and helped by rANOMALY package (Theil & Rifa, 2021). Prior to analysis,
raw data were demultiplexed and quality filtered using DADA2 R-package (Callahan et al., 2016). Reads with
quality score under 2 were truncated. Reads under 100 pb length were removed as well as sequences similar to
PhiX DNA used as a spike-in control for MiSeq runs. Filtered sequences were dereplicated and cleaned for
chimeras (DADA?2). Taxonomic classification of the sequences was then performed with DECIPHER package
(Murali et al, 2018). Assignations from both SILVA 138 release (Quast et al, 2013) and
GTDB bac120 arc122 (Parks et al., 2022) databases were merged using the assign taxo fun function from
rANOMALY R-package based on IDTAXA, with a 60% confidence cut-off (Theil & Rifa, 2021). A
phylogenetic tree was then reconstructed using DECIPHER.

2.2.5. Gas analysis

Analysis of O2, N2, CO,, CH4, and H, gas produced during the fermentation process was performed using
490 micro-gas chromatography (Agilent Technologies, USA) coupled with a micro-TCD detector (Agilent
Technologies, USA). Molecular Sieve SA and Porapack Q (Aligent Technologies, USA) series columns were
used. Gas composition was determined using calibration curves made from ambient air (78.09 % N», 20.95 %

02, 0.04 % CO») and three gas mixtures A (5 % COa, 5 % H», 90 % N»), B (20 % CO», 80 % H>), and C (20 %
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COg, 20 % CHa, 20 % Ha, 40 % N»). Technical replicates were performed for each sample and results were

expressed as relative percentages.

2.2.6. Fatty acid analysis

For SCFA analysis, 1.5 mL of luminal samples were centrifuged (18 000 rcf, 15 min, 4°C) and 900 uL
of supernatant was diluted at 1/10 into H>SO40.04 M mobile phase, vortexed, and filtered (0.22 um). The three
major SCFAs (acetate, propionate, and butyrate) were quantified by high-performance liquid chromatography
(HPLC) (Elite LaChrom, Merck HITACHI, USA) coupled with a DAD diode. The HPLC column (Concise
Separations, ICE-99-9865) and its guard column were maintained at 50°C. Sulfuric acid 0.04 M was used as
mobile phase and SCFA were separated at a flow rate of 0.6 mL/min. Data were obtained and analyzed by the
EZChrom Elite software at 205 nm. SCFA concentrations were calculated from calibration curves established
from known concentration solutions of acetate, propionate, and butyrate (0, 10, 25, and 40 mM) and data
expressed as mM or relative percentages. BCFA (isobutyrate, isovalerate, valerate, isocaproate, caproate,
heptanoate) were measured by gas chromatography (GC-2014, Shimadzu®, The Netherlands) with a DB-FFAP
123-3232 column (30 m x 0.32 mm x 0.25 um; Agilent, Belgium) and a flame ionization detector (FID). Liquid
samples were conditioned with sulfuric acid and sodium chloride and 2-methyl hexanoic acid as internal
standard for quantification and further extracted with diethyl ether. Prepared sample (1 uL) was injected at
280°C with a split ratio of 60 and a purge flow of 3 mL min™'. The oven temperature increased by 6°C min-1
from 110°C to 158°C and by 8°C min-1 from 158°C to 175°C where it was kept for 1 min. FID had a temperature
of 220°C. The carrier gas was nitrogen at a flow rate of 2.49 mL/min. BCFA concentrations were calculated
from calibration curves established from known concentration of pure solutions of each fatty acid and data

expressed as mM or relative percentages.

2.2.7. Bile acids quantification and ammonia dosage

For bile acids extraction water:acetonitrile (1:1) and CDCA-d4 as the internal standard were used. Bile
acids were quantified by HPLC-QQQ-MS, employing as external standards cholic acid (CA), deoxycholic acid
(DCA), lithocholic acid (LCA), chenodeoxycholic acid (CDCA), glycodesoxycholic acid (GDCA), glycolic
acid (GCA), taurodeoxycholic acid (TDCA), taurocholic acid (TCA), hyodeoxycholic acid (HDCA),
ursodeoxycholic acid (UDCA), and hyocholic acid (HCA) in a range of concentrations between 5 and 0.001
ug/mL. The separation was done using a Phenomenex Kinetex XB-C18 100A column, ammonium acetate 2
mM in water and acetonitrile: methanol (1:1) as mobile phases and a constant flow rate of 1 mL/min at a
temperature of 50°C. The HPLC used was an Agilent 1200 coupled to a Triple Quadrupole (QQQ) Agilent
(G6410B). Data processing was performed with Masshunter Qualitative Analysis (B.07.00), and quantification
performed in the multiple reaction monitoring mode by integration of ion areas based on standard curves using
authentic standards and chenodeoxycholic acid-d4 as internal standard (IS).

Total ammonia was measured using the Ammonia assay kit (LIBIOS, France) following manufacturer’s

instructions. Results were expressed in mM.
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2.2.8. Statistical analysis

Statistical analyses on microbiota activity (gas, SCFA, BCFA, ammonia, total bile salts) and a-diversity
indexes (number of observed ASVs and Shannon index) from metabarcoding data were processed using
GraphPad Prism software version 9.4.1 (GraphPad Software, USA). Data normal distribution was verified by
combining Anderson-Darling, D’Agostino & Pearson, Shapiro-Wilk and Kolmogorov-Smirnov tests and
homoscedasticity was checked using the Fisher test. Then, appropriate statistical analysis was applied (either
one-way ANOVA, t-test, Mann-Whitney or Welch’s tests). First, principal coordinate analysis (PCoA, data not
shown) were performed followed by Non-Metric Multidimensional Scaling (NMDS), highlighting important
size and microenvironment (i.e. luminal medium and mucin beads) effects. Constraint Redundancy analysis
(RDA) were then performed with age, weight, sex, size, microenvironment, donor and time as variables of the
model, first will all parameters and then with removal of either size or microenvironment variables. Bray Curtis
distances were used for each analysis and significance between groups was assessed with a one or two-way
Anova. Discriminant analyses (SPLS-DA) were finally performed using MixOmics package (Lé Cao, Gonzalez

& Déjean, 2009).

2.3. Results

2.3.1. Characterization of canine donors and faecal microbiota

Stool samples from 13 adult dogs (including 5 females and 8 males), gathered into three size groups as
previously defined (i.e. small, medium and large), were collected to inoculate CANIM-ARCOL bioreactors.
Mean body weights of the dogs were respectively 4.7 £ 1.3, 23.6 = 3.4 and 53.5 + 9.2 kg for small, medium and
large dogs with, as expected, significant differences between those three groups (Figure I1.1). Mean ages were
respectively 5.1 + 1.0, 4.7 £ 0.9 and 4.3 £ 0.8 years, with no significant differences between groups (Figure
IL.1).

Microbiota composition and key microbial metabolites were characterized in the initial stools as a global
description of the biological material used for bioreactor inoculation (Suppl. Figure I1.1). Metabarcoding
analysis showed at phylum level a higher abundance of Firmicutes and a lower amount of Fusobacteriota in the
large dogs compared to other sizes (Suppl. Figure I1.1D). A high variability in microbial profiles at the family
level was also noticed between different dog sizes and between individuals (Suppl. Figure I1.1D), body weight
being the predominant explanatory variable (P=0.001) for dissimilarities in fecal microbiota composition
(Suppl. Figure I1.1B). Interestingly, total SCFA increased with dog size (p>0.05, Suppl. Figure II.1E) while
BCFA showed opposite trends (p<0.0001, Suppl Figure II.1G) and no clear tendency was observed for
ammonia (Suppl. Figure IL.1I) and total bile acids (data not shown). Profiles obtained for SCFAs (Suppl.
Figure I1.1F), BCFAs (Suppl. Figure II.1H) and bile salts (Suppl. Figure I1.1J) also showed size-dependent
effects. Note that heptanoic acid was found only in the fecal samples from small dogs, and in high relative

abundance (Suppl. Figure IL.1H).
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2.3.2. Set-up of the in vitro model with specific canine size-related colonic parameters
2.3.2.1. Colonic physicochemical parameters

Temperature was set at 39°C for all size groups according to veterinary recommendations. Regarding pH,
there is no study evaluating colonic pH of small and large dogs and only two in medium dogs. Koziolek et al.,
(2019) described a pH from 5 to 8 and Smith, (1965) reported a pH of 6.5 but none specified dog diet even if it
is well known to influence gastrointestinal pH (Scarsella et al., 2020). From our previous literature review
(Deschamps et al., 2022b), we determined faecal pH mean values of 6.6, 6.5 and 6.2 respectively for small,
medium and large dogs. Since these data are in accordance with the negative correlation between fecal pH and
canine body weight described in the literature (reviewed in Deschamps et al., (2022b)), and the value for
medium dogs was in line with that of Smith (1965), those three values were chosen for the model set-up
(Table I1.2). Lastly, a previous study showed that large intestinal transit time can be estimated as a percentage
of total transit time, with a positive correlation between large intestinal transit time and body weight (Hernot et
al., 2006). Authors established that the large intestinal transit time represents 40, 55 and 70 % of total transit
time for small, medium and large dogs, respectively. Applicated to the mean total transit times established from
our literature review for each dog size (in total 23 studies, (Deschamps et al., 2022b), we calculated average
large intestinal transit time of 10, 18 and 30 h for small, medium and large dog, respectively. Those estimations
were fully in line with in vivo data from studies which estimated this digestive parameter in various dog sizes
(Bruce et al., 1999; Hernot et al., 2006; Boillat et al., 2010; Lidbury et al., 2012; Gazzola et al., 2017; Koziolek
et al., 2019). When applied to the in vitro model, this led to residence time (time for renewal of half of

fermentation medium) of 5, 9 and 15h, respectively (Table 11.2).

2.3.2.2. Nutrient supply in simulated ileal effluents

The canine nutritive medium simulating ileal effluent composition was adapted from that initially
developed for human by Macfarlane et al. (1998) and typically used in the M-ARCOL model (Deschamps et
al., 2020), as summarized in Table I1.2. Composition was adapted to consider canine dry diet composition and
energetical requirements for the three dog sizes, as well ileal digestibility indices for each type of nutrients.
Calculations were based on a mean energy requirement of respectively 730, 1160 and 1523 kcal/day for small,
medium and large dogs (Case ef al., 2011). Quantities of nutrients supplied to the in vitro model (simulated ileal
effluents) were calculated assuming that they are corresponding to the fraction that has been not digested and
absorbed in the upper gut. Thus, the percentage of nutrients delivered into the colon was estimated as the
difference between food intake and ileal digestibility. Since no study had evaluated the ileal digestibility of
macronutrients in small and large dogs, we used the data available from medium dogs for all size conditions
(Bednar et al., 2000; Flickinger et al., 2003; Propst et al., 2003; Hendriks et al., 2013), i.e. 77, 95 and 99 % of
initial intake for protein, lipid and carbohydrate, respectively. Protein sources were adapted with 80 and 20 %
from animal and vegetal origin, respectively, to cover the entire set of amino acids (FEDIAF, 2019). Lipids

were given by addition of linoleic acid (poly-unsaturated omega-6 fatty-acid) and palmitic acid (essential
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saturated fatty acid for dogs) (FEDIAF, 2019). Regarding carbohydrate sources, purified starch from corn, rice
and wheat (1/3 each) were added in the in vitro nutritive medium based on in-field proportion (commercial dry
food). The same quantity of fiber per day and per kg body weight was provided for each size group but the ratio
between soluble to insoluble fibers was changed according to dog size (Weber et al., 2017). Therefore, a 70/30,
50/50 and 30/70 soluble to insoluble ratio was applied for small, medium and large conditions, respectively.
Based on 2 g fibers/100 g of dry food, soluble fibers were provided in the in vitro nutritive medium by 22 %
pectin, 53 % inulin and 25 % oligosaccharides (2/3 fructo-oligosaccharides and 1/3 mano-oligosaccharides),

while insoluble fibers were given by a 50/50 ratio of arabinogalactan and cellulose.

2.3.2.3. Bile acid content

Faecal total bile acids were quantified in all dog sizes in only one study (Guard et al., 2019) and measured
5.1,4.7 and 3.4 pg bile acids/mg lyophilized feces for small, medium and large dogs, respectively. The amount
of total bile acids per gram of fresh stools was then estimated as 1657.5, 1428.8 and 958.8 pg for small, medium
and large dogs, respectively, based on a faccal moisture tendency curve established by Weber’s team (Weber et
al., 2004). To further estimate bile acids amount transiting in the large intestine within 24 h, we considered in
the calculations the colonic transit time associated to each size group and the amount of feces produced per day,
i.e. 5.6 g feces/kg body weight/24 h (Algya et al., 2018). This led to a total amount of bile acids in the nutritive
medium per 24 h of 445, 432 and 257.5 for small, medium and large dogs, respectively (Table I1.2). Primary
to secondary bile acids ratio of 40/60, 15/85 and 10/90 for small, medium and large conditions, respectively,
were determined according to Guard et al., (2019). Composition in major bile acids (i.e. cholic acid,

chenodeoxycholic acid, lithocholic acid and deoxycholic acid) was also estimated using Guard quantifications.

2.3.2.4. In vitro stabilization of colonic microbiota

CANIM-ARCOL was used to run colonic fermentations using small, medium or large parameters (as
described above) and inoculated respectively with small, medium and large canine stools. Gut microbiota
activity and composition were followed daily to determine the time period necessary for microbiota
stabilization. The stabilization state was generally reached after 7 to 10 days based on individual gas (Suppl.
Figure I1.2) and SCFA (Suppl. Figure I1.3) profiles, even if gas profiles for most of small dogs still fluctuated
at the end of fermentation (especially methane production). As expected, after stabilization, anaerobiosis was
efficiently maintained by the sole activity of resident microbiota with percentages of oxygen remaining below
4 %. At the phylum level (Suppl. Figure I1.4), microbiota composition was also generally stabilized after 10
days both in the luminal and mucosal compartments, even if in some donors and/or under large dog conditions,
stabilization was difficult to reach. Taken together, those data indicated that at least 10 days were necessary to
stabilize the canine microbiota composition and activity. Redundancy analysis (RDA) confirmed that this time
period is sufficient to reach stabilization in the in vitro colon model since no significant time effect could be
observed from day 10 to day 21 in both luminal and mucosal compartments, whatever the dog size (time effect
was significant including days 1 to 21, data not shown) (Figure I1.2C). Stabilization in the CANIM-ARCOL

was also associated to a decrease in microbial richness and evenness compared to the initial stool (Figure IL2A
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and 2B and Suppl. Figure II.1A), as previously reported in other in vifro models (Van den Abbeele et al.,
2010b; Deschamps et al., 2020). The stabilization was also associated with a shift from faecal (Suppl. Figure
I1.1D) to colonic profiles (Suppl. Figure I1.4), mainly characterized by an increase in relative abundance of

Bacteroidota in accordance with in vivo data (Suchodolski et al., 2008; Honneffer et al., 2017).
2.3.3. Region-specific colonic microbiota composition and inter-individual

variability

We also observed for the first time in a canine in vitro colon model, whatever the size conditions, a
significant difference using constraint RDA approach (p<0.001) between lumen and mucus associated
microbiota after stabilization, as shown by RDA analysis of microbiota composition (Figure I1.2D). At the
phylum level (Suppl. Figure 11.4), for all dog sizes, higher abundances in Firmicutes together with lower
amounts of Fusobacteriota were noticed in the mucosal microenvironment compared to the luminal one.
Discriminant analysis showed that ASVs identified as Ruminococcus sp. and Sporanaerobacter acetigenes were
enriched in the mucosal compartment (Figure II.3A). On the contrary, the luminal phase was enriched in
Fusobacterium mortiferum and different ASVs identified as Sutterella stercoricanis. Of note, the mucus
compartment was associated to a higher number of observed ASVs compared to the luminal phase, whatever
the dog size (Figure II.2A and 2B). The CANIM-ARCOL model also allows to capture inter-individual
variabilities in microbial profiles. As an example, Rikenellaceae and Dethiosulfovibrionaceae were only found
in the bioreactor inoculated with the fecal sample from donor S3, while Negativicocacceae were only observed
for M1 and Anaerovoraceae for L2 (Figure 11.4). Regarding metabolic profiles, important methane levels (up
25 % at the end of fermentation) were observed in the small dogs (especially in bioreactors inoculated with
stools from S2 and S3 dogs), while CH4 production did not exceed 0.1 % in the medium and large size
conditions. This was linked with the identification of methanogenic Archaea sequences (Suppl. Figure IL5) in
both the lumen and mucus-associated microbiota of small dog bioreactors only. Whatever the colonic

microenvironment, Archaea were identified as Methanobrevibacter smithii (data not shown).
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Figure I1.2: Impact of dog
sizes on o and B-diversity of
microbial populations in
the CANIM-ARCOL
model. Fermentations were
performed in the CANIM-
ARCOL under three dog size
conditions.  Lumen and
mucus-associated microbiota
composition were analyzed
by 16S Metabarcoding and
diversity  indexes  were
calculated based on ASV
table. Only stabilized points
(from days 10 to 21) are
represented.
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Figure I1.3: Impact of colonic microenvironment and dog size on microbiota composition in the CANIM-
ARCOL. Fermentations were performed in the CANIM-ARCOL under three dog size conditions. Lumen and
mucus-associated microbiota compositions were analyzed by 16S Metabarcoding and differential analysis were
further performed at the ASV level. Only stabilized points (from days 10 to 21) were included in the analysis.
sPLS-DA analysis was performed to generate loading plots of the 15 most contributing ASVs between the
luminal medium and mucin beads -all size confounded- (A) and between sizes -whatever the microenvironment-
on component 1 (D) and 2 (E). Bars are colored according to the group in which the median abundance is
maximal, which for each ASV, the relative abundancy indicated in grey. Species annotations are provided when
a sequence identity percentage higher than 97 % was identified using BLAST (given into bracket). Venn
diagrams based on ASV repartition were also generated on both luminal medium (B) and mucin beads (C).
ASV numbers and corresponding percentages (sequence number of ASV over total sequence number) are
indicated.
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2.3.1. Size-specific colonic microbiota composition

As mentioned before, three dog size conditions were reproduced in the CANIM-ARCOL, leading to clear
different microbial profiles between sizes after stabilization (Figure 11.4). At the phylum level (Figure I1.5A),
stabilized microbiota in the luminal fraction displayed from small to large size conditions an increase in
Firmicutes (12, 17 and 33 % for small, medium and large, respectively, p<0.0001) and Bacteroidota (39, 38
and 63 %, respectively, p<0.0001 between small/medium versus large), whereas Fusobacteriota decreased with
size (40, 36 and 0.1 %, respectively, p<0.0001 between small/medium versus large). At the family level (Figure
IL.5B), there were slight differences between small and medium sizes. However, Lachnospiraceae,
Prevotellaceae, and Sutterellaceae decreased with size while Clostridiaceae and <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>