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Contexte scientifique et objectifs principaux de la these

Le porc est la viande la plus consommée au monde. On recensait en effet 767.6 millions de
porcs vivants dans le monde en 2019. En conséquence, le rythme de production trés élevé
influence le bien-étre des animaux en imposant par exemple des conditions de vie en
confinement ou un sevrage précoce des animaux. Dans 1’industrie moderne, les porcs sont
élevés en « bandes » qui correspondent a des lots d’animaux a un méme stade physiologique
tels que les truies en insémination, les truies en gestation, les truies en lactation et leurs
porcelets, et les porcelets sevrés. Le sevrage est la période la plus critique dans la vie du porc.
I est pratiqué généralement a 3 ou 4 semaines alors qu’un Sevrage naturel aurait lieu a 17
semaines chez le porc. Cette période est associée a de nombreux stress d’ordre
environnementaux, sociaux et a un changement parfois brusque d’alimentation. Les porcelets
en allaitement se nourrissent du lait maternel couplé a un aliment pré-sevrage sous la mére
appelé « creep feeding » contenant majoritairement des produits lactés mais aussi des sucres,
fibres et protéines qui servent a habituer I’animal a ingérer et digérer des aliments solides et
d’origine végétale. Au sevrage, les animaux regoivent un aliment premier &ge contenant un taux
de protéines végétales et de céréales plus importantes. Bien qu’aidé par 1’aliment pré-sevrage,
le sevrage a notamment des conséquences comportementales néfastes pour les porcelets comme
une période d’anorexie. L’anorexie associée au sevrage peut toucher jusqu’a 50% des porcelets
et dure entre 12h et 48h dans la majorité des cas. Les conséquences physiologiques associées
au sevrage et a cette période d’anorexie sont nombreuses telles qu’un impact négatif sur la
croissance associée a une perte de poids, des modifications néfastes de la morphologie de
I’épithélium intestinal impactant les fonctions d’absorption et de perméabilité de 1’intestin, une

inflammation accrue et des modifications du microbiote intestinal.

Le microbiote intestinal, correspondant a I’ensemble des microorganismes présents dans le
tractus digestif, est responsable de nombreuses fonctions essentielles pour son héte notamment
la production de vitamines et divers métabolites énergétiques ou de signalisation cellulaire
comme les acides gras a chaine courtes (AGCC), la régulation des fonctions intestinales et
immunitaires ou la protection contre les pathogenes. La composition du microbiote du porcelet
varie en fonction des compartiments du tube digestif et aussi entre la lumiére intestinale et la
muqueuse. Elle est influencée par divers facteurs comme le pH, le gradient d’oxygene, le temps
de transit et les sécréetions digestives en fonction des segments. La majorité des recherches sur
le microbiote des porcelets au sevrage se concentre sur la composition bactérienne des féces.

Le microbiote fécal est composé majoritairement des phyla Bacteroidetes, Firmicutes et



Proteobacteria. Suite au sevrage, des modifications du microbiote, parfois contradictoires, ont
été relevées par des nombreuses etudes. La majorité rapporte une augmentation des familles
Prevotellaceae et Clostridiaceae et une réduction des genres Lactobacillus, Bacteroides et
Fusobacterium. Trés peu d’informations sur la composition des archées et des levures sont
disponibles chez le porcelet autour du sevrage, néanmoins un shift des especes au sein du du
genre Methanobrevibacter a été décrit. Chez les porcelets, le microbiote associé au mucus du
colon contient genéralement une proportion plus importante de protéobactéries que le
microbiote de la Ilumiére digestive, dont les familles Campylobacteriaceae et
Enterobacteriaceae. Jusqu’a présent peu étudié, le microbiote associé au mucus pourrait, en
raison de sa localisation au contact des cellules épithéliales de I’intestin, impacter la santé des
porcelets via, par exemple, une sur activation du systéme immunitaire en cas de modifications
de sa composition ou son activité. De plus, les bactéries du microbiote interagissent avec les
mucines composant la muqueuse intestinale en les dégradant ou en modulant leur structure via

la production d’acides gras a chaines courte.

Les modifications du microbiote au sevrage, également appelées dysbiose, sont associées aux
diarrhées colibacillaires survenant quelques jours apres le sevrage des porcelets. Les diarrhées
post-sevrages représentent un probléme majeur dans les élevages et sont responsables de 17%
des pertes totales des porcelets nés en Europe. Généralement, ces infections sont
majoritairement dues a des Escherichia coli (E. coli) pathogenes, les E. coli entérotoxinogenes
(ETEC). Une fois entrés dans le systeme digestif des porcelets par voie orale, les ETEC sont
capables de coloniser et proliférer au niveau de la lumicre digestive et de I’épithélium intestinal
par le biais de facteurs de virulence qui sont différents selon les souches d’ETEC. Les ETEC
responsables des diarrhées post-sevrage possédent majoritairement des fimbriae de type F4 qui
leur permettent d’adhérer aux entérocytes. Ces bactéries sont capables de secréter plusieurs
entérotoxines telles que les entérotoxines thermostables a et b (STa et STb), les « heat labile »
entérotoxines (LT) ou les EAEC entérotoxines thermolabiles (EAST1). Si ces toxines agissent
via des meécanismes cellulaires differents, leur effet principal est de déclencher de violentes

diarrhées aqueuses provoquant une déshydratation sévere parfois suivie de la mort de I’animal.

Les infections a ETEC sont généralement combattues a 1’aide de traitements antibiotiques
curatifs et préventifs. Ce recours systématique aux antibiotiques a favorisé I’expansion de génes
de résistance parmi les communautés bactériennes, ce qui représente maintenant un réel danger
pour la santé¢ publique. En conséquence, il est urgent de rechercher d’autres stratégies pour

prévenir et traiter les diarrhées post-sevrage chez le porcelet comme [’utilisation de



probiotiques. Parmi les probiotiques déja commercialisés dans la production porcine, certaines
levures vivantes sont d’ores et déja utilisées sous forme séche active chez les truies gestantes
ou allaitantes pour limiter la constipation et le stress a la mise bas, améliorer la digestibilité des
aliments, la qualité du lait, et la croissance des porcelets. Chez les jeunes porcelets, les levures
de types Saccharomyces cerevisiae (SC) ou Saccharomyces cerevisiae var Boulardii (SB) sont
recommandées pour lutter contre les diarrhées. Différents potentiels modes d’action des levures
pour lutter contre les pathogénes responsables de troubles digestifs chez les porcelets ont été
identifiés via des études in vivo ou in vitro. Ces mécanismes pourraient impliquer une
modulation du microbiote intestinal favorisant les populations bénéfiques pour I’hote, une
dégradation des toxines sécrétées par le pathogéne ou de leurs récepteurs situés sur les
entérocytes, la stimulation du systtme immunitaire de I’hote ou une régulation de

I’inflammation ou encore le blocage des sites adhésions du pathogene aux entérocytes.

Les études in vivo restent le « gold standard » pour étudier ces problématiques. Néanmoins, la
directive de I’Union Européenne 2010/63/EU visant a remplacer, réduire et raffiner 1’utilisation
des animaux dans la recherche encourage fortement les expérimentations impliquant des
alternatives in vitro. L’utilisation de mod¢les in vitro reproduisant 1’environnement digestif du
porc permet d’économiser du temps, offre une flexibilité technique appréciable et une
reproductibilité grace a des conditions plus standardisées par rapport a 1’in vivo, représente un
gain financier non négligeable et est éthiqguement mieux toléré du grand public. A ce jour,
plusieurs modeles in vitro de I’environnement colique du porc ou du porcelet, tel que le modéle
PolyFermS ou le baby-SPIME, ont été mis au point a partir de féces afin d’en reproduire la
composante microbienne. A notre connaissance, le baby-SPIME est le seul modele in vitro
visant a reproduire le microbiote du porcelet lors du sevrage. Néanmoins, en plus de reproduire
exclusivement le microbiote de la lumiére intestinale en excluant celui du mucus, plusieurs
parametres de ce modele manquent d’adaptation a I’environnement colique des porcelets de cet
age tels qu’un milieu nutritif reproduisant la composition des effluents iléaux, un pH ou un

temps de transit adaptés.

Dans ce contexte, ce projet de thése avait pour principaux objectifs d’apporter plus
d’informations sur la structure des communautés microbiennes des porcelets en age d’étre
sevrés au niveau de I’ensemble du tractus digestif et plus précisément de la lumiere et de la
muqueuse colique, mais aussi sur 1’activit¢é métabolique du microbiote et les parameétres
physico-chimiques du colon afin de les reproduire le plus fidelement possible dans le modele

in vitro. L’objectif suivant a ét¢ de développer le modele in vitro du colon des porcelets



implémenté de billes de mucines dans un compartiment externe relié au fermenteur principal
permettant de maintenir 1’anaérobiose par la seule activité du microbiote résident. Ce modele a
ensuite été utilisé pour simuler ’anorexie transitoire associée au sevrage et évaluer les effets
d’une souche de SB. L’objectif suivant étant de simuler complétement les effets du sevrage sur
le microbiote du porcelet, un changement alimentaire suivant la période de jelne alimentaire a
donc été ensuite introduit dans le modele. L’impact de 1’inoculation d’une souche pathogéne
porcine d’ETEC sur le microbiote et sur des cellules intestinales porcines juste apres la
simulation du sevrage a enfin été étudié ainsi que les effets d’une supplémentation avec la

souche de levure probiotique.

Organisation de la thése

Ce projet de thése CIFRE s’est déroulé au sein de I’'UMR 454 « Microbiologie Environnement
Digestif et Santé » (MEDIS), unité mixte entre INRAE (site de Theix en Auvergne-Rhoéne-
Alpes) et I’Université¢ Clermont Auvergne, en partenariat étroit avec la société Lallemand
Nutrition Animale. L’UMR MEDIS étudie principalement les interactions entre 1’hdte, le
microbiote intestinal, son environnement, les pathogénes et les probiotiques dans le but de
développer des stratégies innovantes pour améliorer la santé humaine et animale. De plus,
I"UMR MEDIS possede 25 ans d’expérience dans la simulation de I’environnement digestif et
a développé une plateforme unique en France qui combine différents modeles in vitro de
I’environnement digestif humain et animal. La société Lallemand Nutrition Animale figure
quant a elle parmi les leaders mondiaux de la fermentation microbienne et développe des
stratégies a base de levures et bactéries probiotiques pour améliorer la santé, la nutrition et le
bien-étre des animaux ruminants ou monogastriques. Le développement des billes de mucines
et de leur compartiment s’est fait en collaboration avec le Centre d’Ecologie Microbienne et de
Technologie (CMET) de I’Université de Gand (Belgique) qui collabore avec I’'UMR MEDIS
depuis plus de 10 ans et qui possede également une forte expertise sur les modeles de digestion
artificiels complémentaire de celle de ’'UMR MEDIS. Enfin, une collaboration avec le
Département de Génétique Animale de 1’Université de Cordoba en Espagne (Dr Garrido) et
comprenant une période expérimentale de 2 mois sur site en automne 2019 a été mise en place
afin de coupler des effluents du modéle in vitro développé avec des cellules intestinales porcines

en culture.



Organisation du manuscrit

Le Chapitre 1 consiste tout d’abord en une revue de la littérature publiée dans le journal Trends
in Microbiology en juin 2017 rassemblant les problématiques liées au sevrage des porcelets et
les possibles stratégies non pharmaceutiques pour lutter contre I’incidence des diarrhées post-
sevrage. Les Chapitres 2 a 7 de ce manuscrit sont dédiés a une exploration plus précise de 1’état
de I’art sur I’élevage porcin, le sevrage et ses conséquences, le microbiote du porcelet, les
infections 8 ETEC et les modeéles in vitro de I’environnement digestif. Les chapitres 8 a 11 sont
consacrés a la partie expérimentale. Enfin le Chapitre 12 discute les résultats obtenus dans la
partie expérimentale et décrit les perspectives futures pour continuer a explorer 1’étiologie de
la dysbiose post-sevrage et des infections associées a ETEC chez les porcelets ainsi qu’a évaluer
les stratégies de prévention basées sur I’utilisation de probiotiques a 1’aide du mod¢le in vitro

développé au cours de ce travail de thése.

Description des résultats de la partie expérimentale
Etude du microbiote du tractus digestif de porcelets

Le Chapitre 8 de ce manuscrit, valorisé par une publication dans le journal « Microorganisms »
(doi:10.3390/microorganisms7090343), décrit la premiére partie de ce travail de these qui a
consisté a ¢tudier le microbiote de porcelets de 28 jours provenant d’un élevage commercial
qui sera également le lieu de prélevement des inocula fécaux pour le démarrage des
fermentations. Cet élevage, la ferme Porc Aubenes, est situé en Haute-Loire (France) et produit
des porcelets élevés en bandes de maniére classique. La composition du microbiote de 6
porcelets males de 28 jours a été étudi¢e de 1’estomac aux feces grace aux techniques de PCR
quantitative (QPCR) et de séquencage partiel du géne 16S via une plateforme lllumina MiSeq.
La quantiteé de bactéries totales a été mesurée de 7 a 9 Logio de géne 16S par g d’échantillon
digestif pour 1’estomac et les différentes parties de I’intestin gréle. Au niveau du cecum, du
colon et des feces les bactéries totales ont été quantifiées a plus de 10.5 Logio de gene 16S par
g d’échantillon digestif et a 5.8 Logio de géne 16S par g de mucus colique en moyenne. Les
archées n’ont pas pu étre détectées dans la partie haute du tube digestif mais ont été¢ quantifiées
entre 8.5 et 10 Logio de gene 16S par g d’échantillon digestif dans le gros intestin et entre 7 et
8 Logio de gene 16S par g de mucus colique. Au niveau des phyla, les Firmicutes ont été
détectés globalement majoritaires dans tout le tube digestif suivis des Proteobacteria

essentiellement dans 1’estomac, le duodénum, le jéjunum et I’iléon et des Bacteroidetes au



niveau du cecum, colon proximal, colon distal et des feces. Les principales différences entre le
microbiote du mucus du colon par rapport a celui de la lumiére colique consistaient a des
proportions plus importantes des phyla Proteobacteria, Spirochaetes et Epsilonbacteraeota. A
plus bas niveau taxonomique, les échantillons de la partie haute du tube digestif étaient
majoritairement composés des familles Lactobacillaceae, Enterobacteriaceae, Pasteurellaceae
et Peptostreptococcaceae alors que la partie basse du tractus digestif, du cecum aux feces,
arborait préférentiellement les familles Ruminococcaceae, Lachnospiraceae, Prevotellaceae et
Bacteroidiaceae. Une des principales observations au niveau de la composition du microbiote
des porcelets, et ceci tout le long du tube digestif, a été la présence de genres comprenant des
pathogénes opportunistes tels que Escherichia/Shigella, Campylobacter, Acinetobacter,
Romboutsia ou Terrisporobacter. Ces pathogénes opportunistes pourraient en cas de stress au
cours du sevrage étre avantagés et entrainer potentiellement des pathologies digestives. Les
communautés archéennes, détectées en quantité importante dans le gros intestin, sont peu
diversifiées et composées tres majoritairement du genre Methanobrevibacter. L’activité
microbienne tout le long du tube digestif des porcelets a été analysée via des prédictions
fonctionnelles grace a 1’outil Tax4Fun et la mesure des concentrations des principaux AGCC
grace a la chromatographie en phase gazeuse dans le cecum, colon proximal et distal et les
feces. Les 3 principaux AGCC détectés dans les contenus digestifs étaient 1’acétate, le
propionate et le butyrate. L’analyse des prédictions fonctionnelles basées sur le géne 16S a
révélé une clusterisation de la partie haute de I’intestin, arborant principalement des fonctions
liées aux mécanismes cellulaires ainsi qu’a la communication entre bactéries, de la partie basse
du tube digestif comprenant une proportion plus importante des fonctions bactériennes liées a
la production de métabolites, et des féces ou la totalité des fonctions bactériennes détectées
appartenaient au métabolisme de divers composés et a la production d’énergie. Les principaux

résultats de ce chapitre sont resumés dans la Figure A.
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Figure A. Résumé des principaux résultats du chapitre 8 de ce manuscrit.

Développement du modeéle in vitro du colon du porcelet et application d’un jeiine alimentaire

et d’un traitement probiotique

Le Chapitre 9 décrit le développement du modeéle in vitro ainsi que 1’application d’un stress
de jeline alimentaire dans le but de mimer 1’anorexie des porcelets associée au sevrage. Enfin,
dans une dernicre partie, les résultats de I’étude de 1’effet d’une supplémentation quotidienne
en levure probiotique avant et aprés le stress de jelne alimentaire sont présentés. Le modéle in
vitro, nommé MPigut-1VM (« Mucosal Pig Gut In Vitro Model ») pour « modele in vitro du
colon du porcelet contenant des mucines », a été développé en utilisant des mini bioréacteurs
en fermentation continue. Plusieurs parametres sont contr6lés et mesurés en continu grace a des
sondes dans la cuve du bioréacteur, ont été adaptés a la physiologie du célon du porcelet, tels
que le pH fixé a 6 et la température fixée a 39°C. Le temps de rétention a quant a lui été fixé a
18h grace au réglage du débit entrant de milieu nutritif, apporté en continu, du débit du soutirage
de milieu fermentaire et du maintien constant du volume de la cuve par une sonde de niveau
(Figure BI). Le potentiel d’oxydo-réduction n’est que mesuré dans le bioréacteur. Le milieu
nutritif du MPigut-1VM reproduit la composition moyenne des effluents iléaux du porcelet. Il
a été formulé en calculant la digestibilité des aliments et la quantité de nutriments non absorbés
par I’intestin gréle et qui donc arrivent au colon des animaux, comme précédemment décrit dans
les modeéles in vitro de MacFarlane et al. (1998) et Tanner et al. (2014). Les pratiques courantes

d’¢élevage telles que le « creep feeding » ont aussi eté prises en compte pour la définition de la



composition de ce milieu. Le milieu du MPigut-1VM contient donc une grande proportion de
produits lactés, ainsi que des fibres et des protéines de nature végétale comme le soja et le blé.
Les mini bioréacteurs ont été associés a des compartiments faits sur mesure d’un volume de 50
ml, contenant des billes de mucines, formées de mucines gastriques de porc et d’alginate de
sodium, dans lesquelles le milieu de fermentation circule en continu pour faire le lien avec la
cuve du bioréacteur (Figure BIl). Les billes de mucines, dégradées continuellement par le
microbiote, doivent étre remplacées toutes les 48 heures. Une particularité du MPigut-1IVM est
le maintien de 1’anaérobiose grace a la seule activité du microbiote, le modéle étant flushé a
I’azote seulement au démarrage des fermentations. Le MPigut-1VM a été inoculé au début de
chaque run de fermentation avec un pool de féces fraiches provenant de 6 a 8 porcelets males
de 28 jours prélevés a la ferme et maintenus sous atmosphére anaérobie jusqu’a I’inoculation
dans la cuve des fermenteurs. Afin de vérifier si le MPigut-1VM était en mesure de reproduire
le microbiote luminal et mucosal du colon des porcelets de 28 jours, des fermentations contréle
comprenant 2 réplicats biologiques et 1 réplicat technique ont été réalisées sur une période 15
jours. Pendant la fermentation, des échantillons du milieu du bioréacteur et des billes de
mucines (lavées 3 fois en PBS stérile) ont été prélevés quotidiennement. Les analyses de la
composition du microbiote du MPigut-IVM ont été réalisées par des techniques de qPCR et de
séquencage haut débit via la plateforme Illumina MiSeq ; la production de gaz et &’AGCC a été
déterminée par chromatographie en phase gazeuse. Enfin, le microbiote adhérent aux billes de

mucines a été observé par microscopie électronique a balayage (MEB).

Une phase de 7 jours a été nécessaire pour stabiliser la composition et I’activité du microbiote
du MPigut-IVM. La présence d’un microbiote adhérent sur les billes aprés 48h de fermentation
a été confirmée par MEB. Les principaux résultats de ce Chapitre 9 sont présentés en Figure C.
Les analyses de séquencage haut débit ont mis en évidence une bonne reproductibilité du
microbiote du colon des porcelets de 28 jours grace a I’adaptation des populations fécales a
I’environnement colique simulé par les parametres physico-chimiques du modéle, par exemple,

une augmentation de 1’abondance relative des phyla des Bacteroidetes et Proteobacteria.
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Dix familles bactériennes sur les 15 principales ont été détectées dans le milieu du bioréacteur
en comparaison avec des contenus digestifs de colon de porcelets de 28 jours, et 14 familles sur
15 ont été retrouvées sur les billes de mucines en comparaison avec du mucus colique de
porcelets de 28 jours. En accord avec les données in vivo, le microbiote des billes de mucines
est clairement distinct de celui du milieu du bioréacteur. Les principales familles bactériennes
dans le milieu du bioréacteur étaient les Bacteroidiaceae, Prevotellaceae, Lachnospiraceae et
les Acidaminococcaceae tandis que les billes de mucines comprenaient majoritairement des
Clostridiaceae 1, Lachnospiraceae, Peptostreptococcaceae, Desulfovibrionaceae et
Clostridium Family XIII. De plus, le MPigut-IVM a permis de maintenir les populations
d’archées aprés la période de stabilisation avec, comme pour 1’in vivo, un microbiote
quantitativement  important mais presque exclusivement composé du genre
Methanobrevibacter. Les différences de population provenant des 2 réplicats biologiques ont
été maintenues suite a la période de stabilisation montrant que le MPigut-1VM est capable de
préserver les différences inter-inocula. Concernant ’activité fermentaire du microbiote, du
dioxyde de carbone, de I’hydrogéne et du méthane ont été détectés confirmant la présence de
populations microbiennes métaboliqguement actives et, notamment, des archées méthanogénes.
La proportion d’acétate, butyrate et propionate s’est révélée étre en concordance avec la
proportion d’AGCC dans les échantillons coliques in vivo. Enfin, le potentiel redox moyen de
-250 mV au cours des fermentations s’est révélé étre en accord avec les données de la littérature.
Une fois le modéle caractérisé, un stress de jelne alimentaire de 48h a été appliqué au MPigut-
IVM a la suite de la période de stabilisation afin d’en étudier I’impact sur le microbiote, sur 4
réplicats biologiques. Cette période de jeline a eu plusieurs conséquences, pour la plupart
transitoires, sur la composition des populations bactériennes du modéle, notamment une
augmentation des familles Prevotellaceae et Enterobacteriaceae (pour 2 répétitions sur 4) ainsi
qu’une diminution des Bacteroidiaceae, Ruminococcaceae et Clostridiaceae (sur les billes de
mucines). Ces informations sont en accord avec les rares études in vivo ayant étudié 1I’impact

de I’anorexie associée au sevrage sur le microbiote.

Concernant les conséquences sur ’activit¢ du microbiote, le jeune alimentaire a induit
également de légéres modifications transitoires d’AGCC et des proportions de gaz et surtout
une augmentation conséquente du potentiel redox traduisant un ralentissement important de la
fermentation. Le métabolome lors des fermentations reproduisant 1’effet du jeune alimentaire a
été étudié par la technique de résonance magnétique nucléaire (RMN) en collaboration avec
I’équipe GenPhySe de I'INRAE de Toulouse.

10



Bactéries ®®

S Prevoleltaceas

@ Bacteroidiaceae @ @

= Enterobacteriaceae

S Firmicutes Ac Acetate

W Autre
%= Archées

Developpement du MPigut-IVM:

v Potentiel redox similaire a I'in
vivo

v Proportion d'AGCC similaire & I'in
vivo

v Production de methane, carbon
dioxide et hydrogen

v 14/15 familles bactériennes sur les

billes de mucines en compraison
au mucus colique

+ Presence d'un microbiote
adhérent sur les billes de mucines

v 10/15 familles bactériennes sur les
billes de mucines en comparaison
au mucus colique

v Presence d'archées dans le
microbiote

Bu Butyrate
Pr Propionate

/l

Billes de
mucines

)
K

Developpement du MPigut-IVM

Metabolome

Conséquences du jeline alimentaire

sur le MPigut-IVM:

|= Medifications temporaires du microbiote,

gaz et AGCC

|. Augmentation du potentiel redox

= Clusters du métabolome avant et aprés
le jeline alimentaire

= Augmentation des Prevotellaceae et
dans 2/4 runs des Enterobacteriaceae

= Diminution des Bacteroidiaceae,
Ruminococcaceae, Clostridiaceae

Données in vivo sur
[anorexie post-sevrage:

= Diminution des Bacteroidiaceae,
et Clostridiaceae

= Augmentation des Prevotellaceae,
et autres genres bactériens

= Conséquences physiclogiques
néfastes

Lumiére
» intestinale

Piglet
life cycle

Figure C. Résumé graphique des principaux résultats obtenus dans le chapitre 9 de ce manuscrit.
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Le principal résultat de cette analyse RMN s’est traduit par une séparation distincte du
métabolome selon les trois phases de fermentations : stabilisation, fin du jeune alimentaire et
récupération (dés la reprise de 1’alimentation). Il est important de noter que 1’analyse
métabolomique des échantillons du MPigut-IVM a révélé la présence d’une large diversité de
métabolites tels que des amines biogenes (ex : cadavérine, 5-aminovalérate, et putrescine) et
des composés aromatiques (ex : 3-phénylpropionate, phénylacétate, p-crésol) ce qui démontre
que la fonctionnalité du microbiote est maintenue in vitro dans le MPigut-1IVM.

Dans la deuxieme partie du Chapitre 9, D’effet d’un traitement préventif avec une
supplémentation quotidienne de 108 UFC/ml de SB CNCM 1-1079 sur le microbiote du MPigut-
IVM a été étudié. La dose de probiotiques a été choisie grace a des données de Lallemand
Animal Nutrition et publiées rapportant la concentration de levures dans le colon de porcelets
aprés une supplémentation de 3x10° UFC/porcelet. La dose quotidienne de SB CNCM 1-1079,
bien que plutét faible comparée a la majorité des études in vitro impliquant des levures, a
démontré quelques effets significatifs sur le microbiote du MPigut-IVM et notamment une
augmentation des Escherichia coli dans le milieu du bioréacteur, et une augmentation de la
famille des Streptococcaceae et une diminution des Veillonellaceae sur les billes de mucines.
Concernant I’activité du microbiote, le traitement probiotique n’a pas eu d’effet sur les AGCC
ni sur la composition des gaz mais a tout de méme permis une atténuation significative de
I’augmentation du potentiel redox pendant le jeline alimentaire ce qui semblerait indiquer un

meilleur maintien de 1’activité fermentaire du microbiote pendent le manque de nutriments.

Impact de Uintroduction d’un pathogene et d’un stress alimentaire dans le MPigut-IVM

Le Chapitre 10, dont les principaux résultats sont présentés en Figure D, a consisté en 1’étude
des effets d’une simulation du sevrage plus compléte avec I’introduction d’un changement
alimentaire suite au jeine de 48h suivi ou non d’un challenge par une souche d’ETEC porcine
dans le MPigut-IVM. Le changement alimentaire a majoritairement consisté en une diminution
conséquente des ingrédients lactes et une augmentation et une diversification de la proportion
de céréales et protéines végétales. La souche d’ETEC de type F4 a été isolée d’un porcelet
diarrhéique en Espagne et a été mise a disposition par le Dr. Juan J. Garrido. Cette
expérimentation a été réalisée avec 3 réplicats biologiques pour chacune des deux conditions
(ETEC et CTRL). Une fois encore la composition du microbiote a été etudiée par qPCR et
[llumina MiSeq et I’activité du microbiote par chromatographie en phase gazeuse et RMN. Le
changement de régime alimentaire dans le modeéle in vitro a engendré plusieurs modifications

12



du microbiote du MPigut-IVM, qui ont cette fois-ci perduré jusqu’a la fin des fermentations, et
notamment une quantit¢é plus importante d’Escherichia/Shigella, une augmentation
conséquente de 1’abondance relative des genres Prevotella et Methanosphaera, et une
diminution des genres Bacteroides et Methanobrevibacter dans le milieu du bioréacteur et sur
les billes de mucines, ainsi qu’une diminution des Ruminococcus sur les billes de mucines. Le
changement d’alimentation a également induit des modifications de ’activité du microbiote
telles qu’une augmentation de la concentration totale d’AGCC, des modifications d’abondance
relatives d’acétate, butyrate, valérate et caproate différentes entre le milieu du bioréacteur et le
milieu du compartiment des billes de mucines, une augmentation du potentiel redox et une
augmentation de plusieurs métabolites tels que 1’éthanol, le phénylacetate et le 3-phényl-
propionate. L’inoculation de la souche ETEC F4 a été réalisée a une dose de 10’ UFC/ml,
choisie selon une estimation de la dose infectieuse chez les porcelets, et 24h apres la fin du
stress de jeune alimentaire et le changement d’alimentation. Concernant la composition du
microbiote du MPigut-IVM, ’exposition a la souche d’ETEC a induit une augmentation des
genres Prevotella, Enterococcus et une diminution des genres Bacteroides et Megasphaera en
comparaison de la condition contréle n’ayant pas été exposée au pathogéne. De plus, une
augmentation de I’abondance relative de différents composés comme le valérate, I’éthanol et le
3-phenyl-propionate a également été mesurée dans la condition ETEC. De maniére intéressante,
le suivi qPCR de la souche d’ETEC F4 par quantification du gene de toxine LT, a montré qu’elle
s’est préférentiellement maintenue, a hauteur de 8 Log de copies du gene LT/mL, dans le milieu
du compartiment des billes de mucines alors qu’elle a rapidement diminué dans le bioréacteur.
Enfin, la quantification par RT-qPCR de I’expression de génes de virulence de la souche ETEC
(STh, F4, LT et EAST1) a révélé que la souche a persisté de maniere métaboliquement active

dans le milieu du bioréacteur et du compartiment des billes de mucines MPigut-1VM.

De plus, afin d’étudier les interactions hote-microbiote, des surnageants du milieu du
compartiment du MPigut-IVM ont été appliqués a des cellules intestinales porcines IPI-2I en
culture. Cette partie du travail a été effectuée dans le laboratoire du Dr. Juan J. Garrido a
I’Université de Cordoba. L’incubation des surnageants du jour 15 de fermentation du MPigut-
IVM ayant été exposés a la souche ETEC F4 a entrainé une augmentation de I’expression des
génes cellulaires TNFa et MyD88 impliqués dans la réponse pro-inflammatoire, du gene MUC1
impliqué dans la production de mucines de type 1 et du gene CLDN4 impliqué dans la structure

des protéines de jonction de I’épithélium.
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Effets de la levure SB CNCM 1-1079

Le Chapitre 11 décrit les résultats obtenus (Figure E) en rapport avec I’effet d’un traitement
préventif quotidien de SB CNCM 1-1079 a hauteur de 107 UFC/mL dans le MPigut-IVM
simulant le sevrage des porcelets grace a un jeune et une transition alimentaire ainsi qu’une
exposition a la souche d’ETEC F4, comme décrit dans le Chapitre 10. La dose de probiotique
journaliére pour cette expérimentation a été augmentée par rapport a celle utilisée dans le
chapitre 9, afin de s’aligner sur la dose de 10’ UFC/mL de la souche d’ETEC et de permettre
un ratio 1/1 entre probiotique et pathogéne inoculés dans les fermenteurs. Cette expérimentation
a été réalisée avec 2 réplicats biologiques avec comme contréle des fermentations sans
supplémentation en SB mais également exposées a la souche d’ETEC. Les mémes techniques
d’analyses que celles utilisées au Chapitre 10 ont été appliquées. Les résultats préliminaires ont
permis 1’observation d’une diminution du genre Prevotella dans le milieu du bioréacteur
(comparativement au contréle sans probiotiques) qui était particulierement favorisé a la suite
de la transition alimentaire et de I’exposition au pathogéne. L’abondance relative d’autres
genres bactériens tels que Succiniclasticum et Olsenella a été diminuée alors que les genres
Bacteroides, Escherichia Shigella, Ruminococcus et Enterococcus ont été favorisés par le
traitement probiotique. Aucun effet du traitement probiotique n’a été observé sur les parameétres

fermentaires du microbiote (gaz, AGCC).

Deux expérimentations de culture cellulaire ont ensuite été réalisées a I’'Université de Cordoba.
La premicre a consisté a évaluer I’efficacité de la souche SB CNCM I-1079 sur I’adhésion de
la souche porcine d’ETEC F4 aux cellules intestinales porcines IPEC-J2, qui possedent le
récepteur au fimbriae F4. Cette expérimentation a été effectuée avec trois réplicats biologiques
et 3 réplicats techniques par réplicat biologique. L’effet d’un prétraitement de SB CNCM I-
1079 sur I’expression de genes impliqués dans la réponse immunitaire et la sécrétion de mucines
des cellules IPEC-J2 incubées avec la souche d’ETEC F4 a été étudié. Sur ces cellules IPEC-
J2, trois doses de SB de 10°, 107 et 108 UFC correspondant respectivement a 625, 62.5 et 6.25
UFC de SB par cellule IPEC-J2, ont été testées tandis que la souche d’ETEC F4 a été inoculée
a une dose de 100 UFC par cellule IPEC-J2. Un effet dose de SB a été clairement mis en
¢vidence sur 1’adhésion de la souche ETEC aux cellules IPEC-J2. En comparaison avec les
cellules n’ayant pas recu de prétraitement probiotique et correspondant a 100% d’adhésion, les
doses de 10°, 107 et 108 UFC de SB ont respectivement permis de réduire a 69, 53 et 13%
I’adhésion des ETEC aux cellules IPEC-J2. Un effet dose sur la réduction de I’expression des
geénes TNFa, TRL4, CCL20, CXCL2, IL1a, IL6 et IL8 impliqués dans l’expression de
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cytokines et chemokines pro-inflammatoires a également été observé ainsi qu’une légére

augmentation de 1’expression de MUCI.

Enfin, comme pour le Chapitre 10, la deuxiéme expérimentation a consisté a incuber des
cellules IPI-21 avec des surnageants de milieu du compartiment des billes du MPigut-1VM ayant
recu un traitement journalier de SB et une dose de souche d’ETEC aprés la simulation du
sevrage. Cette condition a été comparée avec la condition ayant été exposée a la souche
pathogeéne mais n’ayant pas regu de traitement probiotique. Comme pour la fermentation, cette
expérimentation a été réalisée avec 2 réplicats biologiques et 3 réplicats techniques par réplicat
biologique. Le méme jeu de génes que celui suivi dans le chapitre 10 a été sélectionné. Nos
résultats ont montré que les surnageants de la condition ayant recu des probiotiques et exposés
aux pathogénes | provoquaient une atténuation de I’expression des genes TNFa, MyD88,
MUCL1 et CLDN4 des cellules IPI-21, dont I’expression avait été activée par les surnageants

provenant de la condition ayant été exposés aux pathogenes sans probiotiques.
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Figure E. Résumé graphique de résultats principaux obtenus dans la Chapitre 11 de ce manuscrit.
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Discussion et perspectives

Le Chapitre 12 de ce manuscrit discute les résultats obtenus et décrit les perspectives de cette
these. Pour rappel, ce travail de these a été réalisé dans un contexte ou les diarrhées post-
sevrage, causant une mortalité importante chez les porcelets, devraient étre soignées avec une
quantité limitée d’antibiotiques afin d’enrayer 1’expansion inquiétante des génes de résistance
parmi la population bactérienne. Le développement d’autres traitements non pharmaceutiques
apparait comme essentiel et urgent. En paralléle, les nouvelles directives européennes,
engendrées par une pression sociétale forte, encouragent la mise en place de modeles in vitro
afin de limiter considérablement I’utilisation des animaux dans la recherche. Les modéles in
vitro de digestion/fermentation artificielle, continuellement optimisés pour se rapprocher au
mieux des conditions in vivo, se présentent comme une stratégie avantageuse tant en termes de
colt que de standardisation des conditions expérimentales et de reproductibilité. Le but de ce
projet était donc de développer un modele in vitro du c6lon du porcelet au sevrage présentant
I’originalité¢ d’intégrer une surface de mucines, afin d’étre utilisé pour mieux comprendre
I’étiologie de la dysbiose intestinale associée au sevrage et de rechercher des solutions
préventives ou curatives alternatives aux antibiotiques pour lutter contre les infections a ETEC
et les diarrhées associées. Dans ce cadre-la, un probiotique de la société Lallemand Animal
Nutrition, la souche de levure SB CNCM 1-1079 a fait I’objet de premiers tests.

Développement du MPigut-1VM : caractéristiques et parametres

Le développement d’un modéele in vitro complexe de 1’environnement colique du porcelet
nécessite 1’adaptation de nombreux paramétres tels que le pH, le temps de rétention, la
composition des effluents iléaux, approche qui s’avere souvent limitée par le manque de
données in vivo dans la littérature. En amont du développement du MPigut-1VM, une étude in
vivo a donc été réalisée pour récupérer les parametres nécessaires au développement du modeéle.
Cette étude nous a permis d’acquérir de précieuses données sur les profils d’AGCC dans le
cblon du porcelet, la composition du microbiote colique de la lumiére digestif et du mucus et le
pH colique de porcelets vivant dans les mémes conditions que ceux utilisés pour inoculer le
MPigut-IVM. Seul le temps de transit colique n’a pu étre déterminé dans cette étude et a été
fixé par rapport aux données de la littérature. Comparé a I’autre modele in vitro colique existant
du porcelet au sevrage, le baby-SPIME decrit dans une publication datant de 2019, le MPigut-
IVM a de nombreux avantages tels que : une adaptation du milieu nutritif pour qu’il reproduise
au mieux la composition des effluents iléaux des porcelets, une prise en compte du « creep

feeding » pour mettre au point la composition du milieu nutritif « pré-sevrage », un pH
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physiologique basé sur nos propres données in vivo, une adaptation du temps de rétention, une
anaérobiose maintenue par la seule activité du microbiote résident, la mesure du potentiel redox
et de la composition des gaz produits dans le modeéle et surtout une surface adhérente composée
de mucines pour mimer le microbiote associé au mucus. Ces paramétres sont repris un par un
et discutés par rapport a la littérature dans le Chapitre 12. Les billes de mucines utilisées dans
le MPigut-TVM ont permis 1’établissement d’un microbiote adhérent, comme démontré par
I’observation en MEB, diversifi¢ et fortement similaire a celui observé dans le mucus colique
de porcelets. Pour finir, il faut souligner que I’on observe dans le MPigut-IVM une bonne
reproductibilité des essais entre réplicats techniques (méme pool de féces) tout en captant la
variabilité due a I'utilisation de différents inocula (réplicats biologiques, pools de feces
différents), et ce malgré I’utilisation d’un pool de féces et non de féces provenant d’un unique
individu. Ce dernier point est important afin de reproduire les variabilités interindividuelles

observées in vivo entre animaux.
Effet d’un stress de jeiine alimentaire sur le microbiote colique

Dans le MPigut-1VM, un jelne alimentaire de 48h a provoqué des changements transitoires du
microbiote tels qu’une augmentation des Prevotella et une diminution des Bacteroides surtout
dans le milieu du bioréacteur. Dans les billes de mucines, des changements distincts ont été
remarques, notamment une diminution des Clostridium. In vivo, la diminution de ces
populations sécrétrices de butyrate dans le microbiote associé au mucus des porcelets pourrait
diminuer la quantité de butyrate absorbé par les entérocytes et contribuer aux modifications
physiologiques néfastes observées lors du sevrage, comme les modifications de la morphologie
de I’épithélium intestinal. Si le jeune a eu relativement peu d’effets sur les proportions d’AGCC,
potentiellement a cause de leur accumulation dans le bioréacteur, une augmentation drastique
du potentiel redox a caractérisé de maniére reproductible la période de jelne alimentaire. En
condition contrdle, I’activité fermentaire diminue le potentiel redox grace a la dégradation des
sucres et rend ainsi le milieu plus réducteur. L’augmentation du potentiel redox pendant le jeine
traduit une réduction du métabolisme des sucres et des protéines. Une augmentation des genres
Escherichia Shigella sur les billes de mucines dans 2 des 4 réplicats biologiques a été observée.
Les espéces du genre Escherichia sont connues pour étre particulierement résistantes au stress
oxydant. Une hypothése concernant cette expansion dans certains réplicats seulement serait que
dans ces réplicats le microbiote présenterait plus d’espéces sensibles aux stress oxydatifs, le
genre Escherichia Shigella pourrait alors tirer un avantage compétitif de la situation pour se

développer.
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Impact de la transition alimentaire aprés un jedne de 48h

Un changement de milieu nutritif consécutivement a la période de jelne alimentaire a
essentiellement conduit a une réduction du ratio Bacteroides/ Prevotella dans le milieu du
bioréacteur et sur les billes de mucines qui a perduré jusqu’a 1’arrét des fermentations. Cette
observation a été raportée dans de nombreuses études in vivo chez les porcelets en cours de
sevrage. Le genre Prevotella pourrait mieux s’adapter aux changements alimentaires par
rapport a d’autres populations en raison de ses capacités métaboliques trés diverses. Dans les
billes de mucines, les populations Erysipelotrichaceae, Megasphaera, Olsenella et
Ruminococcus gauvreauii ont été augmentées suite au jeline alimentaire et au changement
d’alimentation alors que Romboutsia et Ruminococcus 2 ont été négativement impactés. En
raison de la similitude entre le microbiote associé aux billes de mucines et celui associé au
mucus colique de porcelets, ces modifications sur les billes de mucines aprés la simulation du
sevrage dans la MPigut-1VM pourraient étre une bonne indication des changements survenant
in Vivo et ces populations devraient étre considérées comme des populations d’intérét pour les
études a venir. Ces modifications, in vivo, pourraient impacter directement les interactions avec

I’hote en raison de la proximité du mucus avec les colonocytes.
Importance de la variabilité individuelle

Une des principales idées mises en lumiere dans le Chapitre 12 est le role de la variabilité
individuelle dans les changements de la composition du microbiote induits par la simulation du
sevrage dans le MPigut-IVM. En effet, ce modéle in vitro permettant de conserver les
variabilités entre inoculum, a permis de mettre en évidence que les changements des
abondances relatives des populations Prevotella, Bacteroides et Escherichia Shigella étaient
particulierement dépendants des réplicats biologiques. Or, plusieurs études in vivo ont souligné
que ces populations pourraient étre considérées comme des biomarqueurs de la susceptibilité
des porcelets a développer une dyshiose intestinale et donc a étre plus sensibles a la transition
alimentaire et aux stress du sevrage. En pratique, ces biomarqueurs pourraient étre quantifiés
dans les feéces des porcelets d’élevage par une technique de qPCR afin de prendre des mesures

préventives nécessaires si les animaux ont un profil a risque.
Colonization des ETEC dans le MPigut-1VM

Chez les porcelets, 9 a 10 Logio sont nécessaires pour provoquer des diarrhées chez les
porcelets. En conséquence, 2x 10° CFU d’une souche ETEC F4, précédemment isolée d’un

porcelet diarrhéique en Espagne, a été inoculée au MPigut-IVM 24h apres la simulation du
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sevrage. La survie de la souche d’ETEC dans le MPigut-1VM a été déterminée par qPCR en
suivant le gene LT afin de differencier la souche des Escherichia/Shigella commensaux
présents en grande nombre dans le modele. Aprés quelques jours dans le MPigut-1VM, la
souche d’ETEC a été détectée presque exclusivement dans le milieu du compartiment des billes
de mucines. Ce résultat confirme 1’affinité des ETEC pour les milieux riches en mucines, et est
cohérent avec leur capacité a dégrader le mucus grace a deux protéases EatA et YghJ. Dans 2
des 3 répétitions, la souche d’ETEC a été maintenue a son niveau d’inoculation dans le MPigut-
IVM. Cependant, dans un des réplicats biologiques, la souche d’ETEC a été pratiquement
éliminée du modeéle en fin de fermentation. La encore, il semble donc que certains profils de
microbiote soient plus susceptibles d’étre colonisés par des pathogénes que d’autres. Afin de
compléter nos connaissances sur ces points, différentes doses d’ETEC ainsi que différents
modes d’inoculation, pour simuler par exemple une exposition chronique de faible dose de
pathogéne, pourraient étre testés dans le MPigut-1VM. De maniére intéressante, la présence de
la souche d’ETEC dans le MPigut-IVM a été associée a une forte croissance du genre
Enterococcus au niveau des billes de mucines. L’introduction d’une nouvelle espéce, ici la
souche d’ETEC, pourrait provoquer des changements au niveau des interactions entre espéces
et modifier I’organisation au sein des niches écologiques de 1’écosystéeme. La possibilité de
s’implanter au sein d’une niche écologique Serait susceptible, in vitro comme in vivo, de
moduler la colonization des espéces microbiennes pathogenes ou non dans le tractus digestif.
Dans le tube digestif les niches écologiques dépendent de facteurs environnementaux tels que
la disponibilité en nutriments et pourraient étre majoritairement responsables de la composition
du microbiote. Le MPigut-IVM étant un environnement fermé, continuellement melangé et
supplémenté en nutriments, il apparait comme idéal pour étudier les modifications des niches
écologiques. Enfin, si des lignées de cellules intestinales porcines d’origine colique ne sont
encore pas disponibles, le couplage des surnageants du MPigut-IVM avec les cellules IPI-2]
provenant de I’iléon a permis de démontrer que la présence du pathogene dans le microbiote
modifie assez le métabolome pour engendrer des différences significatives dans 1’expression

de genes liés a I’inflammation.
Etude de la stratégie probiotique dans le MPigut-1VM

Pour lutter contre les pathogeénes, les souches probiotiques peuvent utiliser plusieurs modes
d’action. Au cours de ce projet de these, la capacite de la souche SB CNCM 1-1079 a moduler
le microbiote intestinal dans des fermenteurs soumis a un stress de jelne alimentaire seul puis

a une simulation du sevrage complet (jelne et changement alimentaire) avec exposition a une
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souche d’ETEC a été étudié dans le MPigut-IVM. Si la plupart des études in vitro en
fermenteurs utilisent de fortes doses de probiotiques telles que 10° UFC/ml afin d’en exacerber
les effets, notre souhait était de préserver le coté réaliste de notre projet en fixant une dose de
probiotique journaliére basée sur des données in vivo. Des doses de 10° et 10" UFC/ml ont été
donc utilisées respectivement pour I’étude des effets sur le jeline alimentaire seul et la
simulation du sevrage complete avec exposition au pathogene. Malgré la dose relativement
faible de 108 UFC/mL, le traitement journalier avec SB CNCM 1-1079 lors du je(ine alimentaire
a pu améliorer le métabolisme général du microbiote comme mis en évidence par un maintien
d’un potentiel redox fortement négatif dans le MPigut-1VM. Dans les deux expérimentations,
les effets du SB sur la composition du microbiote ont été particulierement remarqués sur les
genres Streptococcus et Escherichia/Shigella. Si un traitement avec des levures probiotiques a
déja été associé a une augmentation du genre Streptococcus dans la littérature, 1’association
avec les genres Escherichia/Shigella, souvent apparentés a des pathogénes opportunistes n’a
jamais été soulignée. Toutefois, il est important de rappeler que si certains individus de ces
genres bactériens sont effectivement pathogenes, la majorité de ces especes sont commensales.
De plus, plusieurs études in vivo effectuées chez des porcelets au cours du sevrage ont relevé
que les animaux arborant une plus grande proportion d’E. coli avant le sevrage étaient moins
susceptibles de développer des diarrhées post-sevrage. De plus, la souche probiotique E. coli
Nissle 1917 s’est déja montrée efficace chez des jeunes porcelets pour prévenir les infections a
ETEC. L’effet protecteur des E. coli commensaux pourrait s’expliquer par I’occupation de la
niche écologique des Escherichia/Shigella empéchant ainsi une implantation d’une souche
pathogéne d’E. coli au sein du microbiote. L’effet du SB conduisant a augmenter le ratio
Bacteroides/Prevotella a été particuliérement remarqué lors de 1’étude de ’effet probiotique
lors d’une simulation du sevrage avec exposition au pathogéne (Chapitre 11), et pourrait
représenter une modulation bénéfique supplémentaire du microbiote pour prévenir la dysbiose
post-sevrage.

Comme pour le Chapitre 10, les surnageants du milieu des billes de mucines des fermenteurs
ayant recu des probiotiques et ayant été exposés a une simulation du sevrage et a la présence
d’une souche ETEC F4 ont été incubés avec des cellules IP1-2]. Les résultats ont été comparés
a ceux obtenus avec les surnageants provenant des fermenteurs ayant été exposés a la simulation
du sevrage et au pathogene sans avoir recu de probiotiques. Les résultats ont montré une
atténuation de 1’expression des genes TNFa, MyD88, MUC1 et CLDN4 par les surnageants du
jour 15 de la condition SB par rapport au témoin sans SB. Hypothétiqguement, les levures

pourraient étre en mesure de lutter contre les effets d’une infection a ETEC soit en réduisant
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I’inflammation, soit par effet direct par exemple en dégradant les toxines secrétées par le
pathogéne. Ces deux mécanismes ont été largement documentés dans la littérature chez
différentes souches de levures avec cependant des effets souche-dépendants. Les propriétés
immunomodulatrices d’un prétraitement avec différentes doses de SB CNCM 1-1079 ont été
également étudiées sur des cellules épithéliales porcines IPEC-J2 incubées avec la souche
d’ETEC F4. Une diminution dose dépendante de 1’expression de geénes de cytokines et
chemokines pro-inflammatoires a été observée. Ainsi, la souche SB semble montrer des
propriétés d’immunomodulation ou de compétition directe contre la souche d’ETEC F4. La
capacité de la souche SB a réguler des génes de la souche d’ETEC F4 n’a pas pu étre étudiée
au cours de ce projet de these faute de temps mais une telle étude pourra étre effectuée dans un
futur proche. L’expérimentation, réalisée sur les cellules IPEC-J2, a également montré que SB
était en mesure de diminuer 1’adhésion des ETEC sur les cellules épithéliales avec un effet dose
dépendant, ce qui pourrait étre di a un encombrement stérique des récepteurs du fimbriae F4
sur les cellules intestinales du fait de la présence des cellules de levures dans 1’environnement

cellulaire.

Perspectives futures
La derniére partie du Chapitre 12 présente les perspectives réalisables avec le MPigut-1IVM.

A court terme, les perspectives pourraient se concentrer sur une optimisation technique du
compartiment des billes de mucines en mettant au point par exemple une fermeture par bouchon
a vis plus facile a manipuler, une enveloppe chauffante sur mesure évitant 1’utilisation d’un
bain marie et un systeme permettant de prélever du milieu du compartiment des billes sans
ouvrir le compartiment. Enfin, les autres perspectives a court terme décrites dans ce Chapitre
12 sont :

e la répétition de conditions SB et pathogéne afin de pouvoir appliquer des analyses
statistiques a cette partie du travail

e des tests de différentes doses de probiotique ainsi que différents modes d’inoculation
afin de caractériser au mieux ses effets et de définir le mode d’administration le plus
performant.

e la comparaison des effets du SB avec les effets des antibiotiques et de I’oxyde de zinc
classiqguement utilisés au sevrage, ce dernier etant efficace dans plusieurs études in vivo

pour lutter contre les ETEC. Néanmoins 1’oxyde de zinc provoque une baisse de la
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diversité du microbiote et présente de forts risques environnementaux, donc son
utilisation est actuellement tres controversée.

e le couplage de surnageants du MPigut-IVM avec des modeéles cellulaires plus
complexes tels que les organoides, en utilisant aussi des approches omiques telles que
le RNA-seq afin de faire des corrélations entre les métabolites présents dans les
surnageants du MPigut-IVM, I’expression de facteurs de virulence chez le pathogéne

et la réponse des cellules intestinales de 1’hote.

Les perspectives a long terme développées dans la discussion de ce manuscrit se concentrent
sur I’étude d’autres pathogenes digestifs associés au sevrage des porcelets tels que Salmonella
enterica serovar Typhimurium et I’effet du SB CNCM 1-1079, qui est le premier probiotique
autorisé en Europe pour lutter contre les Salmonelles chez les volailles, ou d’autres souches
probiotiques sur ce pathogéne, I’inoculation des fermenteurs avec des feces individuelles de
porcelets pour déterminer des biomarqueurs de susceptibilité individuelle chez les animaux, et

enfin, la mise au point d’un mode¢le de I’iléon.

Les expérimentations in vivo restent la solution optimale pour étudier les interactions hote —
microbiote, ou les effets d’un composé ou d’un pathogéne sur le systétme immunitaire ou
neuroendocrine ou sur la physiologie de 1’hdte que les alternatives in vitro ne peuvent
reproduire. Néanmoins, les modeéles in vitro, continuellement optimisés pour se rapprocher au
maximum de 1’in vivo, possédent plusieurs avantages scientifiques et pratiques. En plus d’une
bonne reproductibilité, d’un coflit avantageux et d’une mise en place rapide ne nécessitant pas
de formalités administration ou de comité d’éthique, ils sont particuliérement adaptés pour
étudier la dynamique du microbiote et sa réponse a divers événements et composes sans
influence de facteurs pouvant biaiser ces résultats tels que le comportement et la physiologie de

[’animal.

Pour conclure, ce travail de these a mis en évidence que le modeéle in vitro développé, le
MPigut-IVM, a permis I’obtention de résultats intéressants sur les modifications du
microbiote associées aux stress du sevrage, a la présence d’un pathogéne entérique et aux
effets antagonistes d’une souche de levure probiotique. De plus, le MPigut-1VM est un
modeéle reproduisant de maniere performante le microbiote des porcelets et pourra étre

utilisé dans des nombreuses perspectives de recherches.
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General Introduction

Pork is the world’s most consumed meat from  terrestrial  animals
[http://www.fao.org/ag/againfo/themes/en/meat/background.html]. Swine industry, such as
other livestock production, is confronted with the increasing pressure to improve efficiency and
sustainability while feeding the expanding human population (Garnett et al., 2013). Over the
last decades, the commercial production in industrialized countries has initiated considerable
changes from small family-run farms to very large production units (Pedersen, 2018).
Worldwide, the number of living pigs reached 767.6 million in 2019
(https://www.statista.com/statistics/263963/number-of-pigs-worldwide-since-1990/). The high

rhythm of production in swine industry induced practices impacting animal welfare such as the
use of indoor confinement housing systems or early weaning (Kingston, 1989; Lallés et al.,
2007a; Park et al., 2017; Pedersen, 2018). Weaning is the most critical and stressful event in
pig’s life (Gresse et al., 2017; Lalles et al., 2007a). Newly weaned piglets encounter numbers
of stresses having extensive behavioural and physiological consequences such as transient
anorexia or disruptions of the intestinal microbiota, also called dysbiosis, leading to a high
prevalence of colibacillar diarrhea (Gresse et al., 2017; Lallés et al., 2007a; Pié et al., 2004).
Post-weaning diarrhea account for approximately 17% of death of piglets born in Europe and
substantial economic losses (Lallés et al., 2007a). In the last decades, principal strategies
consisted in metaphylactic treatments of infected animals with antimicrobials but, before the
ban of antibiotics as feed additives in 2006, also prophylactic treatments with in-feed antibiotics
(Barton, 2014). The massive antimicrobial use has favoured the bloom of multi-resistant
bacterial strains which now represents a real threat for human and animal health (Gross, 2013).
Research is now more and more oriented towards finding non-pharmacological treatments
against PWD. Finding effective non-pharmacological strategies goes through a better
understanding of the role of intestinal microbiota in the etiology of post-weaning diarrhea. In
parallel, increasing concerns are raised by public opinion about animal welfare. The
2010/63/EU directive now consequently aims to replace, reduce and refine the use of animal in
research (the “3R” principle) and encourages investigations using in vitro alternative

experiments.
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In this context, this PhD project aimed to develop an innovative in vitro model of the piglet
colon at weaning implemented with mucin beads in order to simulate the microbiota of the
mucus environment which is thought to be an important regulator of health. The second goal of
this doctorate was to use this model to try to better understand the etiology of post-weaning
intestinal dysbiosis and evaluate the use of probiotics, such as live yeast additives, to prevent
or circumvent this dysbiosis and the establishment of intestinal pathogens such as
Enterotoxigenic Escherichia coli (ETEC).

The PhD was conducted in the Microbiology, Digestive Environment and Health (UMR 454
MEDIS) team, a joint research unit between Clermont Auvergne University and the INRAE
Centre of Auvergne-Rhone-Alpes, in which are studied interactions between gut microbes,
host, diet, environmental factors and foodborne pathogens with the aim to develop nutritional
strategies to improve health of humans and animals. MEDIS research unit possesses more than
25 years of expertise in the in vitro simulation of the digestive environment and has developed
a unique platform in France combining different dynamic gut models simulating the upper and
lower digestive tract of humans or monogastric animals. This doctorate was conducted under
industrial research partnership with Lallemand Animal Nutrition, a global leader in microbial
fermentation. Its Animal Nutrition business unit develops yeasts and bacteria products such as
probiotics, silage inoculants and yeast derivative solutions to improve positively animal
nutrition, health and well-being. Lallemand Animal Nutrition boasts a long-lasting partnership
with the MEDIS unit by means of a research group integrated in MEDIS. This Lallemand group
is focusing on gut microbiota in animal nutrition and welfare, and studies the effects of
probiotics, primarily on ruminant health and, more recently, on monogastric animals. The
development of the mucin phase of the in vitro model was performed in collaboration with the
Center for Microbial Ecology and Technology (CMET) of Ghent University in Belgium (Dr
Van de Wiele) which has a strong, and complementary to the MEDIS research unit, expertise
in in vitro gut simulators. Finally, a collaboration was settled with the Department of Genetics
of Cordoba University in Spain (Dr Garrido) which works on the interactions between
Salmonella and pig host cells, and has a recognized expertise in animal epithelial cell lines. A
PhD secondment of two months, during fall 2019 was coordinated to couple the newly

developed in vitro model with porcine intestinal cell lines.

The first part of this manuscript is dedicated to a literature review focusing on the critical steps
of weaning in swine industry, piglet microbiota and post-weaning diarrhea, the use of live yeasts

in the context of piglet gut health at weaning and, finally, in vitro gut models. The first chapter

27



of the literature review was valorised by a publication in the journal Trends in Microbiology in
June 2017. Briefly, this review focuses on the consequences of weaning in piglets, the possible
mechanisms leading to post-weaning diarrhea, alternatives to avoid the use of antibiotics and
the interests of using in vitro models for investigating the etiology of post-weaning diarrhea and
screening non-pharmacological alternatives. The following chapters of the literature section
complete the published review article by adding information about the practices in swine
industry, pig gastrointestinal tract, ETEC pathogenesis, and the use of live yeasts in pig nutrition
and health. In the chapters 2 to 6 of the literature review part, several updates have been also
introduced especially on piglet microbiota around weaning and in vitro colonic models. The

chapter 7 finally presents the research questions and objectives of this PhD project.

Then, chapters 8 to 11 report the experimental part of the PhD project presented under the form
of publications. The chapter 8 provides an overview of the microbiota in the gastrointestinal
tract of commercial weaning piglets and is exclusively composed of an article in the journal
Microorganisms published in September 2019. The chapter 9 is focused on the development of
an in vitro model of the piglet colon implemented with mucin beads and its validation towards
our in vivo data, especially our in vivo study. In this chapter 9, the impact of a weaning-
associated feed deprivation period on microbiota composition and function was then evaluated
as well as the impact of a daily supplementation with active dry yeasts provided in a distinct
unsubmitted part. The chapter 10 gathers results on the impact of a dietary change from a pre-
weaning to a post-weaning diet associated to a pathogen challenge on the microbiota of the in
vitro piglet colonic model in order to simulate more closely the conditions encountered by
piglets at weaning. The chapter 11 reports the effects of an active dry yeast on porcine intestinal
cell lines and on microbiota composition and functions of the in vitro piglet colonic model

subjected to the feed deprivation period, a dietary change and the presence of pathogens.

Finally, chapter 12, the last part of the manuscript, discusses the results of the work described
in this thesis as well as future perspectives to respond to the needs to find effective and

sustainable solutions to prevent post-weaning diarrhea in weaning piglets.
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Gut Microbiota Dysbiosis in
Postweaning Piglets:
Understanding the Keys 1o
Health

Raphaéle Gresse, ' Frédérique Chaucheyras-Durand,?
Mickaél Alain Fleury,® Tom Van de Wiele,* Evelyne Forano,’
and Stéphanie Blanquet-Diot’

Weaning is a critical event in the pig’s life cycle, frequently associated with
severe enteric infections and overuse of antibiotics; this raises serious eco-
nomic and public health concerns. In this review, we explain why gut micro-
biota dysbiosis, induced by abrupt changes in the diet and environment of
piglets, emerges as a leading cause of post-weaning diarrhea, even if the
exact underlying mechanisms remain unclear. Then, we focus on nonantimi-
crobial alternatives, such as zinc oxide, essential oils, and prebiotics or pro-
biotics, which are currently evaluated to restore intestinal balance and allow a
better management of the crucial weaning transition. Finally, we discuss how
in vitro models of the piglet gut could be advantageously used as a comple-
ment to ex vivo and in vivo studies for the development and testing of new feed
additives.

The Swine Industry and Antibiotic Resistance

Pork is the world's most consumed meat from terrestrial animals [http://www.fao.org/ag/
againfo/themes/en/meat/background.html]. In modern swine breeding conditions, weaning is
the main critical period in the course of the pig's life due to sudden dietary, social, and
environmental changes [1]. Multiple stressors encountered at piglet weaning induce transient
anorexia, intestinal inflammation, and unbalanced gut microbiota [1,2]. The circumstances of
weaning transition generally cause gastrointestinal (Gl) infections, mainly colibacillosis diarrhea
[3], that have been associated with the death of around 17% of piglets born in Europe [1].
Despite the ban on antibiotic growth promoters in the European Union since 2006, antimicro-
bials are still massively used in the swine industry for therapeutic purposes, but are also used as
prophylactic or metaphylactic treatments to prevent Gl infections in farms and their associated
economic losses [4]. The overuse of antibiotics is closely related to the growing number of
antimicrobial-resistant agents and raises important concems about animal and also human
health (Box 1). For instance, a new Clostridium difficile resistant strain causing life-threatening
diarrhea is estimated to provoke 14 000 deaths per year in the USA [5]. Additionally, some
bacterial families, such as Enterobacteriaceae, are resistant to all, or nearly all, antibiatics,
including last-resort drugs [5]. Regarding this pessimistic context, finding antibiotic alternatives
to both maintain piglet health at the critical weaning period and preserve public health becomes
a real emergency.
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Overuse of antibiotics raises serious
public health concerms due to the
increasing emergence of multidrug-
resistant bacteria.

Gut microbiota dysbiosis has emerged
as a leading cause of postweaning
diarrhea and associated infections in
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A current challenge is finding new
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In vitro models of the piglet gastroin-
testinal tract at weaning would accel-
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Box 1. Antimicrobial Resistance: A Major Public Health Concern

Antibiotics have been recognized as one of the most successful therapies in medicine but are now compromised by the growing number of antibiotic-resistant
bacteria. Antibiotics are administered in both human and veterinary medicine and lead to the development of resistant bacterial strains within human and animal gut
microbiota (Figure I). Bacteria become resistant to antibiotics when a mutation affects (j) the production of enzymes that can inactivate the antibiotic molecule, (i) the
recognition pathway between antibiotics and bacterial cells, or (jii) the mechanisms of entry and transport of the antibiotic molecule through the cells. When resistant
strains are extracted from their host, they are disseminated into the environment, and increase the spread of resistant genes among bacterial populations [116,117]
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Figure |. Mechanisms of Antibiotic Resistance Dissemination. Several mechanisms allow bacteria to acquire antimicrobial resistance such as (A) conjugation
or cell fusion occurring through cell contact between donor and recipient, (B) phage transduction, or (C) transformation from DNA fragments taken up directly from

the environment.

In this review, we first describe the main characteristics of weaning in the swine industry with a
focus on diet and intestinal physiology. Secondly, we discuss the hypothesis surrounding the
disruption of piglet intestinal microbial balance at weaning and its possible involvement in
postweaning infections. Then, we examine nonantibiotic solutions to maintain gut ecosystem
integrity in newly weaned piglets — such as zinc oxide, essential oils, prebiotics or probiotics.
Finally, the usefulness of pig gut models in the development and testing of such nonantibiotic

solutions is developed.
32
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Weaning As a Critical Part of Pig Life

In the modern swine industry, weaning is generally practiced at around 3-4 weeks of age,
although natural weaning would occur arcund 17 weeks after birth [6]. Weaning is a sudden,
stressful, short, and complex event characterized by changes in diet, social, and environmental
life conditions, which profoundly impacts piglet health and leads to decreased performance
and sometimes mortality [7]. In intensive production, piglets can even be weaned at only 1 or 2
weeks of age, which consistently amplifies the physiclogical and behavioral effects of weaning
[8-11]. Social and environmental stresses are generated by separation from the mother,
handling, transport, different physical environments, and mixing litters [7,9]. These diverse
factors induce vocalizations and even fighting, and are associated with elevated heart rates and
the secretion of stress-linked factors [9,12]. The switch from highly digestible liquid milk to a
less-digestible, more complex solid feed has also critical consequences on piglet behavior and
the physiology of their still-immature Gl tract [1]. Dietary change is associated with low and
erratic feed and water intake, resulting in a fasting period of mostly 24 10 48 h — and thus a
transiently reduced growth rate [1,2]. Weaning anorexia has been shown to contribute to local
inflammation in the piglet's small intestine [13]. Numbers of other Gl changes have been
associated with the overall weaning transition, such as activation of pathways related to
inflammatory responses, changes in hormonal activity, reduction in gastric maotility, induction
of small-intestine atrophy and reduced villous height, reduction in nutrient, fluid and electrolyte
absorption, and increased permeability to antigens and toxins [14-17]. Finally, it is now more
and more accepted that dietary transition and environmental changes at weaning are linked to
modifications in piglet intestinal microbiota which could be invalved in the eticlogy of post-
weaning diarrhea and enteric infections [15].

Gut Microbiota Dysbiosis and Postweaning Enteric Infections

The gut microbiota of mammals has numerous roles benefiting the host — such as digestion and
fermentation of carbohydrates, production of vitamins, maintenance of normal functions of the
intestinal villi, regulation of the immune responses, and protection from pathogenic bacteria
[18,19]. Among the physiological and Gl factors impacted by the weaning transition, gut
microbiota disruption is likely to be recognized as one of the keys leading to postweaning
diarrhea. The pig gut microbiota is a very complex ecosystem showing dynamic composition
and diversity which shifts over time and along the entire Gl tract [20]. Colonization is initiated at
birth and is shaped by consumption of the sow's milk — which provides nutritional advantages
to the population of lactic acid bacteria, building a milk-oriented microbiome [21]. Escherichia
coli and Streptococcus spp. create an anaerobic environment favoring the establishment of
other colonizers such as Bacteroides, Lactobacillus, Bifidobacterium, and Clostridium [22].
During the suckling period, the breed and nursing mother lead to further differentiation of the
fecal microbiota of piglets [23]. A study by Bian et al. [23], conducted in suckling animals,
highlighted that the switch of nursing mother milk and host genetics strongly influenced the
development of the gut bacterial community. Therefore, the suckling period offers a peculiar
window of gut microbiota modifications.

At weaning, piglets are suddenly fed with a diet containing cereals and a relatively high
concentration of crude proteins, although modern diets tend to pay more attention to amino
acid balance. In addition, a prestarted diet is generally proposed for suckling piglets with the
aim of attenuating the abrupt change of food encountered at weaning. Most of the studies
conducted during the weaning transition have reported a decrease in bacteria of the Lactoba-
cillus group and a loss of microbial diversity, whereas Clostridium spp., Prevotella spp. or
facultative anaerobes such as Proteobacteriaceae, including E. coli, were positively impacted
(Table 1). Levels and sources of proteins or fibers shape the diversity and composition of the gut
microbiome of weaning piglets [24,25]. For instance, in weaning pigs, enriched pectin diets as

well as a soybean meal decreased the relative abundance of Lactobacillus and increased that 33
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Table 1. Influence of Weaning Transition on the Characteristics of Piglet Gut Microbiota

19 days

7 to 35 days

4 10 6 weeks

7 to 32 days

14 to 70 days

21daysto3
weeks

0 to 7 weeks

35 days

32 piglets weaned with a
cereal and protein-based
diet

~30 piglets from 3 different
litters, fed with cereal-
based diet and no
antibiotics

15 piglets weaned at
28 days and housed in
controlled environmental
conditions

Piglets weaned at 25 days,
randomly divided into 4
litters

31 piglets weaned at

28 days fed with
carbohydrate-based
concentrate

36 crossbred castrated
male pigs weaned at

21 days and fed with mash
diet

40 Meishan and Yorkshire
piglets weaned at 28 days
and separated in mixed
groups at birth

120 piglets weaned at
2 days and fed with basal
diet for 14 days

lleum
Colon

Stomach
Jejunum
lleum

Stomach
lleum Colon

PCR-DGGE
qPCR

16S amplicon
sequencing

PCR-DGGE

qPCR

168 amplicon
sequencing

16S amplicon
sequencing

(454- pyrosequencing)

PCR DGGE
qPCR

16S amplicon
sequencing (454-
pyrosequencing)

gPCR

16S amplicon
sequencing (lllumina
MiSeq)

16S amplicon
sequencing (454-
pyrosequencing)

qPCR

Decrease in Lactobacilius in the ileum

Decrease in Lactobacillus spp. relative
abundance in the stomach, jejunum
and ileum

Increase in Prevotella relative
abundance

Increase in Shannon-Weaver diversity
index

Shift from Firmicutes to Bacteroidetes
New species of Clostridium detected

Decrease in diversity in the ileum and
colon
No change in the stomach

Increase in Acetivibrio, Dialister,
Oribacerium and Prevotelia

Increase in Proteobacteria relative
abundance at 1 week postweaning and
decrease at 3 weeks postweaning
Increase in anaerobic fiber-fermenting
Firmicutes

Disappearance of Fusobacterium
Lower relative abundance of
Lactobacillus

Prevotella, Ruminococcaceae,
Spirochaetaceae more abundant

Decrease in Lactobacilius
Increase in Enterococcus and
Escherichia coli

No clones of E. coli in the ileum
and colon

7.1+ 1.3 x 107 of total
Lactobacillus in ileal samples
of unweaned piglets

Streptococcus suis not
detected

54.0% of Firmicutes
38.7% of Bacteroidetes
4.2% of Proteobacteria
0.7% of Spirochates

ND®

At 14 days:
~9% of Bacteroides

~2% of Escherichia/Shigelia
~3% of Lactobacillus
~0.5% of Prevotella

ND

~45-70% of Firmicutes
~20-40% of Bacteroidetes
~3-20% of Fusobacterium

ND

30% of clones highly similar to
E. coli and Shigella flexneri
4.4 + 0.5 x 10° of total
Lactobacillus in ileal samples
2 days postweaning

107 copies/g of potentially
harmful Streptococcus suis

35.8% of Firmicutes
59.6% of Bacteroidetes
1.0% of Proteobacteria
2.0% of Spirochates

ND

Al 36 days:

~0% of Bacteroides

~0% of Escherichia/Shigelia
~0.5% of Lactobacillus
~28% of Prevotella

40.8-45.8% of Bacteroidetes
35.8-45.1% of Firmicutes
0.9-12.9% of Proteobacteria
0.7-5.2% of Tenericutes

1.4-3.1% of Spirochaetes
0-1.3% of Planctomycetes

~55~70% of Firmicutes
~20-30% of Bacteroidetes
~0-10% of Fusobacterium

ND
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Table 1. (continued)

Mymmwﬁm

3to 5 weeks 6 piglets weaned at 3
weeks, 3 of the 6
supplemented with 100 g/
ton of chlortetracycline
+ 100 g/ton of
sulfamethazone + 100 g/
ton of penicillin

48 piglets weaned at 3
weeks and fed with high
complexity diet with 2.73 g
of chlortetracycline

3 to 5 weeks

Oto 7 weeks 27 piglets housed in
pathogen- free facilities
and weaned at 21 days
with oat-based diet

+ 444 mg/kg
chlortetracycline + 39 mg/
ka tiamulin

25 days 24 piglets weaned at
21 days and fed with
commercial diet, among
them 2 experimentally
infected and 2 naturally
infected with S.

s

71047 days 20 piglets weaned at
21 days housed in poor
conditions, among them 13
suffered from postweaning
diarrhea (D) and 7 were
healthy (H)

“ND, not determined.

Feces

lleal mucosa

16S amplicon
sequencing (454-
pyrosequencing)

16S amplicon
sequencing (454-
pyrosequencing)

16S amplicon
sequencing (llumina

16S amplicon
sequencing (FLX
pyrosequencing)

gPCR

16S amplicon
sequencing (llumina
MiSeq)

Dramatic increase in E. coli populations
and Proteobacteria

Increase in Succinivibrio and
Ruminococcus

Decrease in Bacteroidetes,
Anaerobacter, Barnesiella,
Sporacetigeniuma and Sarcina

Dramatic decrease in Lactobacillus
Increase in Clostridium and
Proteobacteriaceae, including E. colf

Decrease in Lactobacilius,
Bacteroidaceae and
Enterobacteriaceae

Increase in Prevotellaceae,
Lactobacillaceae, Ruminococcaceae,
and Veillonellaceae

Top genera of infected piglets:
Clostridium, Staphylococcus,
Helicobacter and Lactobacillus

High relative abundance of

Enterobacteriaceae in D pigs after
weaning

High relative abundance of
Bacteroidetes in H pigs after weaning
Lower Simpson diversity index in D
than H pigs

Decrease in evenness index before
weaning in both group, and after
weaning in D pigs

Higher evenness in D pigs before
weaning

ND

ND

0.3% of Prevotellaceae
15.4% of Bacteroidaceae
1.7% of Ruminococcaceae

ND

ND

88.5% of Firmicutes

21.9% of Lactobacillus
49% of Clostridium

9.9% of Proteobacteriaceae
8.4% of Escherichia

14.8% of Prevotellaceae
1.4% of Bacteroidaceae
9.6% of Ruminococcaceae

ND

-
3
5
a
w
=
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of Prevolelia in the colon [26], and a fish protein source was linked to a large expansion of the
Escherichia/Shigella group [27]. Such disturbances of the gut microbial ecosystem and loss of
diversity at early times of life [28,29] can dramatically increase the risk of Gl diseases [30]. In
particular, as Lactobacillus spp. are major players in disease prevention, their abrupt decrease
during weaning transition can contribute to an increase in the risk of disease [31]. In-feed
antibiotics can also introduce differences in piglet gut microbiota at weaning [21,32,33] due to
their wide spectrum activity and thus their potential ability to kill or prevent the growth of both
pathogenic and beneficial microbes. The diversity of the microbiota may be even more
decreased [32,34]. Prolonged use of subtherapeutic doses of antibiotics, but also therapeutic
treatments, can increase opportunities for pathogenic microorganisms to colonize and trigger
diseases [30,35]. The two major pathogens impacting the swine industry are Salmonella
enterica serovar Typhimurium (S. Typhimurium) and E. coli [36]. Among pathogenic E. cofi,
enterotoxigenic E. coli (ETEC) is the main infectious agent of postweaning diarrhea in piglets,
being responsible for 50% of piglet deaths worldwide per year [37]. The genetic background of
the host, which has a key role in driving the settlement of the gut microbiota, also represents a
predisposing factor to infections in piglets. Indeed, F4 ETEC and F18™ pathogenic E. coli-high
susceptibility phenotypes have been recently detected, for instance in Flemish pigs [38]. On the
other hand, a polymorphism within an intron of the Mucin 4 gene on the porcine genome can
invalidate the production of the specific ETEC F4 receptor and subsequently protect these pigs
from ETEC F4 infections [39]. ETEC-susceptible pigs (based on Mucin 4 gene polymorphism)
also display a reduced gut bacterial diversity compared to nonsusceptible pigs [40].

Hence, in piglets, weaning transition has been associated with a disrupted state of the
microbiota that can be referred to as ‘dysbiosis’ [1]. The characteristics of such a state are
not completely clear, although dysbiosis has been defined in mammals as a gut microbial
imbalance identified by a marked decrease in the representation of obligate anaerobic bacteria,
such as members of the classes Clostridia and Bacteroidia, and an increased relative abun-
dance of facultative anaerobic bacteria such as members of Enterobacteriaceae [41]. The
process leading to dysbiosis and Gl infections is, at this moment, poorly documented in piglets.
However, there are several hypotheses which can be translated from in vitro, mice, or human
studies (Figure 1). The decrease in gut microbial diversity at weaning makes the glycans which
compose the mucus layer protecting the gut epithelium more available for pathogenic micro-
organisms [42]. The degradation of mucus polysaccharides by commensals can release
sugars, such as fucose, galactose, or mannose, which can promote the growth of pathogenic
species. For instance, an in vitro study has revealed that the commensal species Bacteroides
thetaiotaomicron produces fucose from mucus carbohydrates, used by enterohaemorrhagic £
coli to activate type lll secretion system (T3SS) gene expression [43]. T3SS is the system
deployed by some pathogenic E. coli and Salmonelia to sense and adhere to host enterocytes
[36]. Besides a loss of gut microbiota diversity, weaning transition is alsc associated with an
increase in permeability which could favor the crossing of toxing and pathogens through the
epithelium [14]. Also, change of diet and stresses occurring at weaning promote intestinal
inflammation that can be exacerbated by enteric infections [42]. The inflamed gut appears to
provide a favorable environment for expansion of Enterobacteriaceae [44]. Indeed, gut inflam-
matory host-response produces reactive species such as nitric oxide (NO) which shows
antimicrobial properties [42,44]. However, NO released into the intestinal lumen is rapidly
transformed into nitrate [42,44]. The nitrate-rich environment of the inflamed gut confers growth
advantages on strains of E. coli which possess nitrate reductase genes that are absent in
species of Clostridia or Bacteroidia [41,45]. Interestingly, a recent study in piglets supports this
hypothesis by reporting an increased concentration of reactive oxygen species in the intestine
coupled with an expansion of the E. coli population 7 days after weaning [46]. Additionally, the
concentration of oxygen in the inflamed intestine, which is enhanced by the higher blood flow,
may favor the bloom of facultative anaerobes such as members of the Enterobacteriaceae,
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Figure 1. Impact of Weaning Transition on Piglet Gut Microbiota and Expansion of Infectious Agents. At weaning, piglets undergo the abrupt change from
sow's milk to solid feed as well as social and environmental stresses. These modifications result in disruption of gut microbiota composition and intestinal inflammation
that can lead to the expansion of enteric pathogens and postweaning diarrhea. Some hypotheses have been raised to explain underlying mechanisms. During weaning,
the nutritional landscape of the piglet gut is modified, and mucus polysaccharides may be more available for commensal bacteria (such as Bacteroides thetaio-
taomicron). Long-term feed antibiotics and therapeutic doses of antimicrobials may contribute to this vicious circle by decreasing bacterial diversity and increasing
intestinal inflammation.

decrease obligate anaerobes, and consequently induce a loss of bacterial diversity [44]. Thus,
the succession of postweaning events in piglets could drive a real vicious circle, leading to
enteric infections (Figure 1). As antibiotics can promote intestinal inflammation [44,47], and are
associated with decreased microbiota diversity, antimicrobial compounds may fuel and exac-
erbate the vicious circle process during weaning transition.
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Nonantibiotic Alternatives to Restore Gut Microbial Balance and Prevent
Infections

Given the majer role of antibiotics in gut microbiota dysbiosis, and the rise in important public
health concems about the spread of multiresistant bacteria, there is an urgent need for
developing nonantibiotic alternative strategies to restore microbial balance and control Gl
infections associated with weaning transition in piglets. Several kinds of solution exist to fight
against dysbiosis and infections at weaning.

For instance, a live oral vaccine against ETEC F4 is already commercialized and recommended
for healthy piglets from 17 days of age [48]. Weaned piglets have already been successfully
vaccinated using this product. The vaccine, administered in drinking water, resulted in a
significant reduction in the incidence of diarrhea, ileal colonization, and fecal shedding of ETEC
F4 in challenged postweaning piglets [49]. However, protection occurs several days after
weaning, meaning that piglets are not protected during the short period in which ETEC
infections strongly arise [48]. Vaccination should ideally take place during the suckling period,
but vaccines would be susceptible to neutralization by the high level of maternal IgA antibodies
present in the suckling piglet gut [48]. Then, there is a need for clarifications regarding the use of
vaccination, which, in addition, has for now been developed mostly to target one particular
strain or species of pathogen.

Another solution is the use of phages which generally attack a specific bacterium or a narrow
group of bacteria without negatively affecting autochthonous bacteria [50]. The oral admin-
istration of a bacteriophage cocktail in postweaning piglets challenged with ETEC K88 has
been proposed to alleviate the symptoms of infection [51]. In another recent study, a
bacteriophage cocktail increased the relative abundance of Bffidobacterium spp. and Lac-
tobacillus spp. and decreased coliforms and Clostridium spp. in weaning piglets [52].
Nonetheless, the disadvantages of this therapy are (i) the requirement for a large number
of target bacteria, (i) the need for rapid administration of the phages after infection, (i)
neutralization of the phages by the host immune system, and (iv) the possible development of
resistance [50].

The nutritional components of the animal diet can also be adjusted using various feed additives
showing specific properties. Up to now, most of the nutritional studies conducted in weaning
piglets have focused on increased feed intake, daily gain weight, improved immune function, or
enhanced digestive functions and metabolism [16]. Indeed, rather few in vivo studies have
investigated the effects of feed additives on piglet intestinal microbiota at weaning, as reviewed
in Table 2 and described below.

Zinc Oxide

Zinc oxide (ZnQ) has been proposed as one of the most effective feed additives to replace
antibiotics and is already widely commercialized in several countries. High levels of ZnO have
shown antimicrobial properties and are used to fight against postweaning infections [53].
Nevertheless, the effect of high levels of ZnO on resident microbiota of newly weaned piglets
remains controversial. Starke et al. [53] showed a reductionin E. colf and Enterobacteriaceae in
the stomach and small intestine, while Vahjen et al. [54] and Hejberg et al. [55] noticed opposite
trends. In addition, all of these studies reported a reduction in health-associated lactic acid
bacteria such as Lactobacillus spp. [53-56]. Thus, the beneficial effects of ZnO are not
universally acknowledged, especially since it can negatively impact animal health due to the
accumulation of Znin the liver, pancreas, and kidney [57], as well as human health by increasing
the proportion of multiresistant E. coli in the Gl tract of piglets [58]. Moreover, the European
legislation limits the use of ZnO in animal production to a maximum of 150 mg/kg because of
suspected environmental pollution [53].

858  Trends in Microbiclogy, October 2017, Vol. 25, No. 10

Cell

REVIEWS

38



658 0L "ON ‘SZ 'IOA '£1L0Z 48QOI00 “ABOIOIGOIOIN Ul SPUBI |

Literature review

Table 2. Effects of the Main Nonantibiotic Alternatives on the Gut Microbiota of Healthy or Pathogen-Challenged Piglets at Weaning

42 days

42 days

40 to 42 days

25 to 53 days

32 piglets weaned at 28 days
' incivicuslly
208 piglets weaned at around

22 days with a basal diet and
housed in pens

Caecum
Colon

fleum

12 piglets weaned at 28 days and  lleum

housed in controlled conditions

Piglets weaned at 25 to 26 days  Stomach

and housed in pens

Jejunum
lleum
Colon

Culture

Culture

16S amplicon
sequencing
(454-
pyrosequencing)

qPCR

Zinc oxide

Zinc oxide

Zinc oxide

Zinc oxide

2500 mg/kg

3100 mg/kg

3042 mg/kg

2420 mg/kg

Reduction in lactic acid bacteria

Increase in coliforms and enterococci
Reduction of anaerobic and lactic acid

bacteria
No effects on Escherichia coli

Increase in Enterobacteriaceae relative

abundance and diversity

Reduction of Lactobacillus reuteri relative

abundance

Increase in Weisella cibaria, Weisella

confuse, Leuconostoc citreum,
Streptococcus equinus and

Streptococcus lutetiensis relative

abundances

Reduction of Enterobacteriaceae, E. coli
and Lactobacillus spp. especially in the
stomach and small intestine 1 week

postweaning

Reduction of ATP
accumulation

No effect on
performance

ND*

Reduction of
bacterial
metabolites such as
SCFA"

Lower lactate
concentrations

55]

58]

[54]

53]

AB0J0IOIDIA Ul SPUBLL

3 to 5 weeks

0 to 35 days
post-weaning

8 weeks

6 pens of 6 piglets per treatment,

weaned at 16 to 19 days

96 piglets weaned with a basal
diet and housed in pens with
controlled conditions

14 piglets weaned at 28 days
receiving a control diet of
3400 keal’kg for 28 days

lleum
Colon
feces

Caecum

Caecum
Colon

Culture
PCR DGGE

Culture

Culture

Herbal extract

containing
cinnamon,
thyme and
oregano extract

Essential oil
blend with 18%
thymol and
cinnamaldehyde

Essential oil
blend with 4.5%
cinnamaldehyde
and 13.5%
thymol

0.75%

0.01%

0.025%

Reduction of coliforms at day 14
No difference in the carriage in E. colf K88

Reduction of E. coli number in the

caecum, colon and rectum

Lactobacilli to E. coli ratio increased in

the colon

Decrease in E. coli and total anaerobes in

the colon and rectum

No effect on
intestinal
morphology

Lower level of
Interleukin 6

Higher level of tumor
necrosis factor-a
Higher villous height
to crept depth ratio
in the jejunum
Increase in average
daily gain

Greater jejunum
villus height

[60]

[61]

[59]
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Table 2. (continued) -
-
Q.
w
120 piglets weaned at 21 days Jejunum Carvacol-thymol 100 mg/ kg Increase in Lactobacilius Decrease mRNA [46] 5
with the basal diet + essential oil blend Decrease in Enterococcus spp. and £, levels of TNF-« g
for 14 days colf =
32 to 59 days 64 weaned piglets of 24 days Feces Culture Thymol 1% No change in fecal excretion in S. Reduction of feed [62] g
challenged with 10° CFU of S. Typhimurium intake o
Typhimurium Higher o
immunoglobulin ‘.2
concentrations in
serum before
challenge
3 to 5 weeks 6 pens of 6 piglets per treatment,  lleum Culture Acid 1: Acetic, 1.1% for each Lower fecal counts of coliforms at day 4  No effect on [60]
weaned at 16 to 19 days Colon PCR DGGE formic, mixture for both treatment intestinal
Feces propionic, No difference in the carriage of E. col morphology
phosphoric, and K88
citric acids
Acid 2: 50% of
lactic acid and
50% of acid
mixture
4 weeks Piglets weaned at 16 to 19days  lleum PCR DGGE Acid blend 1.1t021% No change in bacterial diversity ND [67]
and housed in standard pens qPCR Increase in Lactobacillus relative
16S amplicon abundance
sequencing
(454-
pyrosequencing)
53 to 55 days 96 male piglets of 25 days old Jejunum gPCR Organic acids OA: 0.416% OA: Increase in Bacteroides, OA": decrease in (68]
castrated and housed in pens fleum (OA) fumaric acid and  Porphyromonas, Prevotella and intestinal pH
Colon Medium chain 0.328% lactic Clostridium cluster XiVa, | and IV in the
fatty acids acid stomach
(MCFA) MCFA: 0.15% Decrease in Streptococcus in the colon
caprylic and MCFA: Increase in Escherichia, Hafnia,
capric acids Shigella groups in the jejunum
26 to 37 days 27 piglets weaned at 19 to Stomach Culture Fumaric or citric ~ 1.5% No effect on E. coli carriage or Higher volatile fatty  [69] —
23 days and challenged with 10'°  Jgjunum acids commensal microbiota acids in the jejunum - U
CFU of ETEC K88 Caecum m
Colon <
Feces m
=
»
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Table 2. (continued)

3 to 6 weeks

24 10 49 days

3 to 5 weeks

21 to 49 days

27 to 37 days

4 10 7 weeks

4 1o 6 weeks

128 piglets weaned at 18 to
22 days and housed in pens

240 piglets weaned at 24 days
and housed in pens

144 piglets weaned at 21 days
and housed in pens

Piglets weaned at 12 days orally

challenged with 107 CFU of S.
Typhimurium

105 piglets weaned at 25 to
32 days kept in level 2

biocontainment facilities and orally

challenged with 10° CFU of S,
Typhimurium
~11 piglets weaned at 28 days

challenged with 10% CFU of S,
Typhimurium

72 weaned pigs of 23 to 27 days
challenged with 10° CFU of ETEC

K88

Jejunum

Feces

Jejunum

lleum
Colon

lleum
Caecum
Colon

lleum
Colon

lleum Colon
Feces
lleal mucosa

Culture

Culture

Culture

PFGE

qPCR

qPCR

gPCR

Lactose (L)
Seaweed (SWE)
containing
laminarin and

Cello-
oligosaccharides

Fructooligosac
charides (FOS)

Sugar beet pulp
(SBP)

Wheat distillers
dried grains with
solubles (DDGS)

Beta glucans
hulless barley

Lactulose

0.2%

L: 150 or 250 g/
kg
SWE: 2.8 g/kg

1.5, 3.0 and
4.5 g/kg

1% in water or
feed

15% of DDGS
6% of SBP

ND

109/kg

Decrease in Enterobacteriaceae in the
jejunum

No difference for Lactobacillus spp.
Reduced counts of E. colf with SWE or
high L diet

Increase in Lactobacillus
Decrease in Clostridium
No effect on Bifidobacterium and E. coli

Tendency of reduction of S. Typhimurium
shedding in feces when FOS
administered in water only

No effect on infection or S. Typhimurium
shedding

No prevention of Salmonella colonization

or persistance

Increase in total lactobacilli
No effect on ETEC carriage

No difference in [73]
ileum weight or crypt

depth

Higher average daily  [74]
gain with high L diet
Increase in nitrogen
digestioility and

gross energy with

SWE

Increase in villus [72]
height
Increase in villus

surface area

ND 78]

ND 76)

No change in SCFA  [77]
concentrations

Increase in daily (78]
weight gain

Increase in the

amount of butyrate

in the colon

52 to 54 days

360 piglets weaned at 24 to
26 days and housed in pens

Feces

PCR DGGE
Real-time PCR

Enterococcus
fagcalis

0.5x10% 1.0x
10° or 2.5x10°
CFU/kg of feed

Increase in Lactobacilius

Lower incidence of  [81]
diarrhea

Higher average daily

gain

Higher feed

conversion

efficiency
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Table 2. (continued)

42 days

10 to 37 days

28 to 180 days

50 days

40 days

24 piglets weaned at 21 days fed
with a basal diet and probiotic and
housed in controlled conditions

Piglets receiving from birth
probiotic treatment diluted in 2 mL
of peptone. At weaning, piglets
continued to receive probiotic in a
basal diet

36 piglets weaned at 28 days

8 piglets weaned at 28 days but a
cereal-based diet with probiotic
mixture was offered from 10 days

30 piglets weaned at 30 days
supplemented either with a
probiotic or an antibiotic

lleum
Colon
Feces

Feces

Caecum

Jejunum
Caecum
Colon

T-RFLP profiling

Culture

RT-PCR

16S amplicon
sequencing
(llumina MiSeq)

Lactobacillus
Johnosii or
Lactobacillus
mucosae

Pediococcus
acidilactici (PA)
or

Saccharomyces
cerevisiae (SC)

Lactobacillus
acidophilus or
Pediococcus
acidilactici

Probiotic mixture
of 10° CFU of
Lactococcus

L. reuteri {LAB) or
chlortetracycline
(ATB)

5x107 or 10°
CFU/g/piglet/
day of each
strain

2x10% CFU/kg
of feed of each
strain

10° CFU/g of
fermented feed

0.5 g of probiotic
mixture/kg of
feed

2x10% CFU/mL
(LAB)
100 mg/kg (ATB)

Increase in Lactobacilfus
Decrease in E. coli

Decrease in ileal diversity with PA
treatment

Increase in Firmicutes with PA treatment
Increase in Porphyromonadaceae and
Ruminococcus in the colon with SC
treatment

Increase in fecal counts in LAB and
bifidobacteria
Decreased in E. coli and clostridia

No effect on the relative amount in
selected bacterial population

Increase in the species richness with LAB
compared to ATB where several taxa
were eliminated

Decrease relative abundance in
Firmicutes and Prevotella in the colon
and caecum with LAB compared to ATB

Higher feed intake
Higher body weight
gain

[82]

ND

Higher average daily  [83]
weight gain

Higher average dry
matter intake
Higher gain to feed
ratio

Higher lactic acid
concentration in
feces

Decrease in
incidence of
diarrhea

Increase in villus
height

Decrease in crypt
depth

Increase in acetic
acid concentrations

and total SCFA in
the caecum

(4]

ND 85]

[123]
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T . i
able 2. (continued) v ‘ :‘.4
] @®
gy =
: w
3 to 4 weeks 16 piglets weaned at 21 days Feces gPCR Lactobacillus 10" CFU/piglet/  Significant reduction in ETEC levelsinthe  Improvementindaily  [86] g
challenged with 5x10'° CFU sobrius day ileum and colon weight gain o
ETEC F4 3
26 to 36 days 18 piglets weaned at 18 days Stomach Culture Lactobacillus 10'' CFU/piglet/  Decrease in fecal coliforms Attenuation of [87] g
challenged with 10° CFU of ETEC  lleum rhamnosus day Increase in lactobacilli and bifidobacteria  serum IL-6 induced ,Q_
Kes Caecum by E. coli Q
Colon Higher 3
concentrations of
TNF-a
Decrease in diarrhea
incidence
28 to 35 days 36 piglets weaned at 21 days Colon Culture Lactobacillus 10"® CFU/piglet/  Tendency to increase ETEC in the feces  No effect on vilus to  [91]
challenged with 1.5x10° CFU of  Feces rhamnosus day No effect on lactic acid bacteria, crypt ratio
ETEC F4 enterobacteria, yeasts in the colon Tendency to
decrease villus
height
Reduction of total
IgA in the blood
serum
4 to 6 weeks 72 weaned pigs of 23 to 27 days  lleum Colon  gPCR Lactulose (L) 10g/kg of feed  Increasein Lactobacillus plantaruminthe  Reduction of 78]
challenged with 10 CFU of Feces with L ileum and colon and in total lactobacilliin  diarrhea incidence
ETEC K88 lleal mucosa Lactobacilus 2x10'° CFU/ the colon
plantarum (LP) piglet/day (LP) No effect on ETEC levels
36 days Piglets weaned at 21 days Feces qPCR Bacillus subtilis 3.9x10% or Reduction of E. coli abundance in feces Upregulation of the  [88]
challenged with 10" CFU of and B. 7.8x10° CFU/ expression of TLR4,
ETEC F4 fichenformis piglet/day NOD2, iNOS, IL-8
mixture and IL-22
4 to 7 weeks 50 piglets weaned at 24 days Feces Culture Saccharomyces 5x10'° CFU/kg  Reduction of ETEC excretion No effect on other [89]
challenged with 1.5x10° CFU of cerevisiae of feed parameters
ETEC F4

*ND, not determined.
"SCFA, short-chain fatty acid.
“OA, organic acid.
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Essential Qils

Essential oils are a complex mixture of volatile organic compounds obtained from many diverse
plants which have antimicrobial, antioxidant, or antiviral properties [59). In all available in vivo
studies, the supplementation of piglet diet with essential cils has been associated with an
increase in the Lactobacillus group and a decrease in E. colf or total coliforms [46,59-61]. Li
et al. [61] have even reported a decrease in E. coli carriage in piglets fed with thymol and
cinnamaldehyde at a similar level to that obtained with in-feed antibiotics, suggesting that
essential oils could be a candidate to replace traditional antibiotics. However, in piglets, herbal
extracts and thymol have shown no effect on the colonization of pathogenic strains of E. coli
and S. Typhimurium, respectively [60,62]. The characterization of active principles as well as
the mode of action of essential oils remain relatively unclear, and there is no real agreement
about their effects against Gram-negative or Gram-positive bacteria [63]. Therefore, more
investigations are needed to develop essential oils with adapted antimicrobial properties.
Because of their lipophilic characteristics, essential oil compounds may raise concerns about
their potential toxicity and possible negative impact on animal and human health [64]. At least,
individual constituents of carvacol, citral, and limonene oxide at subinhibitory concentrations
were shown to favor the emergence of a hyper-resistant £. coli strain [65].

Organic Acids

Short- and medium-chain organic acids (OAs), such as citric, propionic, lactic, or fumaric acids,
are already used in high dose in piglet diet for feed preservation because of their bacteriostatic
and bactericidal effects and very low cost [66]. The use of OAs in newly weaned piglets has been
mostly related to a decrease in coliforms [60] and an increase in Lactobacilius [67], atthough they
seem to impact the microbiota composition from the stomach to the colon in a broader manner
|68). Despite their reviewed antimicrobial properties, citric and fumaric acids demonstrated a lack
of efficiency toward an ETEC K88 challenge [69], and mixtures of OAs had no influence on the
natural carriage of this pathogenic bacterium [B0]. Conversely, they have a demonstrated
antimicrobial effect against Gram-positive bacteria [66]. Besides, it has been reported that
the pathogenic E. coli strain O157:H7 may display a mechanism of resistance against an acetic
acid treatment [70]. Further investigations are thus needed to endorse the interest in OAs, fully
understand their mode of action, and avoid inhibition of the resident microbiota.

Prebiotics

Prebiotics are fibers defined as selectively fermented dietary ingredients that allow specific
changes both in the composition and/or activity of the Gl microbiota that confer a beneficial
physiological effect on the host [71]. Most prebiotics belong to nonstarch oligosaccharides
such as fructooligosaccharides (FOS) or galactooligosaccharides (GOS) [71]. They can stimu-
late short-chain fatty acid (SCFA)-producing bacteria, such as butyrate-producing bacteria,
which provide substrates and promote normal proliferation and differentiation of intestinal cells
[30]. Recent investigations reported interesting effects of prebiotics on the intestinal microbiota
of weaning piglets, such as an increased proportion of Lactobacillus [72] and a decreased
amount of potentially harmful groups such as Closfridium [72] and Enterobacteriaceae [73,74].
Unfortunately, no study has yet reported a significant effect of prebiotics on the carriage of
ETEC K88 or S. Typhimurium in orally challenged weaning piglets [75-78]. Future research
should confirm the potential interest of prebiotics in the management of the weaning phase and
outline the specificity of the different available fibers.

Probiotics

Probiotics are defined as living microorganisms that, when administered in adequate amounts,
confer a health benefit to the host [79]. The effects of probiotics on weaning piglets are widely
documented. Lactic acid bacteria such as Lactobacillus, Bifidobacterium, Enterococcus, or
Streptococcus, and yeasts from the genus Saccharomyces, are the most frequently used
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microorganisms [80]. Several recent studies with lactic acid bacteria, run in newly weaned
piglets, noted an increased abundance of Lactobacillus or Bifidobacterium spp., a decrease in
E. coli, or a higher production of SCFA [81-85]. However, a consensus cannot be established yet
as there are noticeable differences between bacteria and yeasts regarding their effects, which, in
addition, remain strain-dependent. The ability of probiotics (lactic acid bacteria and Saccharo-
myces cerevisiag) to inhibit colonization by ETEC K88/F4 has been also demonstrated in a
number of studies [78,86-89], as recently reviewed by Roussel et al. [90]. Again, the effect of
probiotics on ETEC seems 1o be strain-specific as Trevisi et al. [91] found that Lactobacilius
rhamnosus GG (L. rhamnosus GG) impairs the health of ETEC K4-challenged piglets. A study
from Liet al. [92] also reported that a high dose of L. rhamnosus in piglets negated the preventive
effect against ETEC F4 compared to the administration of a 100-times lower dose.

Among the available alternatives, probiotics seem to have the highest potential as they
constitute the only feed additive that is efficient towards pathogenic strains in piglets. Then,
probiotics could represent a safe opportunity to fight against postweaning dysbiosis and
enteric infections in the swine industry. Although the underlying mechanisms are not fully
understood, protection of piglets from postweaning infections by probiotics could notably
occur through inhibition of pathogen growth and adhesion to intestinal mucosa, stimulation of
the piglet immune system, or modulation of the composition and activity of the resident
microbiota (Figure 2). Regarding the last mechanism, the composition of a healthy and
disturbed microbiota needs to be more accurately defined to select relevant probiotics able
to restore gut microbial balance at weaning. The composition of the healthy piglet gut micro-
biota is not well established yet. In a broader manner, the early definition of a healthy gut
microbiota generally focused on sets of taxa that might be expected to be found in a healthy
individual [93]. Investigations in the last decade tended to modify this definition towards a set of
functional core which should include housekeeping functions necessary for individual microbial
life and processes that are not carried out by host cells, thus building the symbiotic host-
microbiota relationship [93]. Yet, an important part of gut microbial gene families remains
functionally uncharacterized, which represents a huge knowledge gap [93]. Taken together,
these findings suggest that further research is needed to investigate the actual effectiveness
and dose for probiotic treatments in weaning piglets.

In Vitro Modelisation of the Pig Gut Ecosystem: A Key Towards Better
Understanding

The extreme complexity of the pig's gut favors the use of animal experiments — which remain
the best strategy for evaluating phages, feed additives, or probiotic effectiveness. Ex vivo
experiments, consisting in the isolation of a living organ from the animal to carry out analyses,
are an alternative to in vivo studies. Such practices would take the immaturity of the piglet Gl
tract and immune system into account, being representative of the weaning phase conditions.
For instance, ex vivo models of the small intestine or colon were considered as particularly
suitable for investigations on the immune response of piglets toward some feed additives [94] or
ETEC infections [95]. Nevertheless, ex vivo techniques do not maintain the integrity of the gut
microbiota, and they are still invasive because they require the sacrifice of the animals. For
technical, cost, and ethical reasons, especially when pathogenic strains are involved, in vitro
models can be advantageously used as an alternative to ex vivo and in vivo assays [96,97].
Such in vitro techniques can save labor and time, offer flexibility, and allow a good reproduc-
ibility between experiments due to standardized conditions, and getting rid of inter- or intra-
individual variability. In addition, in vitro alternatives are fully in line with the 2010/63/EU directive
which aims to replace, reduce, and refine the use of animals in research.

Hitherto, a restrictive number of in vitro models of the pig’s gut have been developed to mimic
the upper or lower Gl tract of pigs (Table 3). Currently, the most relevant model of the upper Gl
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Figure 2. Possible Mechanisms of Probiotic Strains to Fight against Postweaning Infections in Piglets. Several in vivo studies have established the
beneficial effects of probiotics in healthy and pathogen-challenged piglets. Probiotics may act through three different mechanisms: (i) direct inhibition of pathogen
growth and virulence by secretion of antimicrobial substances, (i} modulation of resident microbiota composition and activity, and (i) stimulation of the host immune
system and improvement in intestinal barrier function. SCFA, short-chain fatty acid.
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Table 3. Main /n Vitro Models of the Pig Digestive Tract and Their Characteristicsin Vitro abe
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Table 3. (continued)

Continucus fermentation models
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tract is the TNO Gastrointestinal Model (TIM) that has been adapted by Meunier et al. [98,99] to
simulate the stomach and small intestine of growing pigs. The major feature of this dynamic
porcine digestion model is its ability to simulate the main digestive parameters of the stomach,
duodenum, jejunum, and ileumn, namely body temperature, kinetics of pH, peristaltic mixing and
transit, salivary, gastric, biliary, and pancreatic secretions, as well as absorption of small
molecules and water. It should be emphasised that, even though the TIM is a very pertinent
medel for studying physicochemical parameters of the Gl tract, it does not include resident
microbiota. In favor of their low cost and simple use, batch systems have been largely used to
reproduce the pig colonic environment and related microbial fermentations [36,100,101].
However, batch cultures are restricted by substrate depletion and the continuous change
in pH and redox potential which limit the experimental duration to only several hours [96].
GContinuous in vitro fermentation models can more closely mimic pig colonic physiology due to
integration of essential digestive parameters, such as realistic transit time and the supply of nutrient
medium simulating ileal/caecal effluents while maintaining a functional microbiota [102-105].
Such kinds of model are designed for long-term experimental periods — up to 54 days for the
PolyFermS model developed by Tanner et al. [102] — which allows increased microbiota stability
through immobilization on gel beads. None of these models reproduces the specific colonic
conditions of the piglet, except forthe PigutlvVM (Piglet Gut In vitro Model) recently set up by Fleury
etal. [103]. The PigutlVM has been validated compared toin vivo data in 8-week-old piglets under
untreated conditions, and when colistin, an antibiotic widely used to treat colibacillosis diarrhea,
was administered. The distinctive feature of this model is the reproduction of anaerobiosis by the
sole activity of resident microbiota, and not by flushing with CO. or N, as is usually done.

In vitro models of the pig gut have been used in a large number of nutritional applications aiming
to study carbohydrate and protein digestibility [99,106] or follow microbial fermentation of
starch and fibers (including prebictics) [101,104,107]. Regarding microbiological applications,
pig digestion models have been used to assess the effect of probiotic yeast strains on pig [108]
or piglet [103] microbiota, as well as to study pathogen inhibition by medium-chain fatty acids
[105] or probiotics [109]. Forinstance, in the PigutlVM, the addition of Saccharomyces boulardii
led to a significant decrease in E. coli in the resident in vitro microbiota, as observed during
colistin treatment [103]. In the PolyFerm$, Bifidobacterium thermophilum, combined with FOS
and GOS, inhibited colonization of S. typhimurium in the swine proximal colon [109].

To keep the peculiarity of the lumen and mucosal environment and facilitate host-micrcbicta
interactions under representative conditions of the Gl-microbe interface, piglet in vitro models
could be optimized to integrate a mucosal microenvironment [110,111]. A study by Tran et al.
[111] revealed that adding mucins to a pig in vitro batch fermentation model increased the
proportion of some genera, such as members of the Proteobacteriaceae, which rely on the
mucus layer to increase their activity. In addition, to include the interactions between the host,
the immune system, and the gut microbiota, future in vitro digestion models should be coupled
with intestinal porcine cells in culture such as the IPEC-J2 cell ling, isolated from neonatal piglet
jejlunum [112] and porcine immune cell lines [113]. It would be of great interest to adapt in vitro
maodels of the pig Gl tract to the particular conditions encountered during the critical weaning
stage. Such development would allow a better understanding of dysbiosis eticlogy by testing, in
an independent manner, the different parameters that are supposed to be involved (e.q.,
anorexia, dietary changes, and antibiotics). Such in vitro models of the weaning phase could be
also advantageously used by researchers, feed producers, or veterinarians for an efficient and
cost-effective development and testing of nonantibiotic alternative strategies such as phages,
feed ingredients, prebiotics, or probiotics. They could provide additional information on the
cellular and molecular mechanisms of action of new in-feed compounds and their appropriate
conditions of use (dose and mode of administration), which are questions that need to be
addressed before commercialization.
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Besides, due to the high similarity between the porcine and human gut, the pigcanbeusedasa ~ Outstanding Questions

disease model for humans, especially for infants [114]. For instance, a piglet model of intestinal ~ What is the relative importance of gut

failure, a state of inadequate intestinal surface area following the removal of necrotic intestine, ~ Microbiota dysbiosis in the stiology of

has already been used for studying the impact of prebiotics on ileal mucosa [115]. Thus, it is Rastieana v hect

conceivable that a piglet model of dysbiosis could also bring translatable knowledge to the field . 4 ectoration of microbial balance

of pediatric nutritional research. in the piglet gut be sufficient to counter
gastrointestinal disorders at weaning?

Concluding Remarks

Weaning is a critical event in the swine industry which frequently leads to severe intestinal :{'fl’c“:‘t"ew m:at‘“ibbm Sda”r:ﬂi,""? be

disorders and the overuse of antibiotics, raising serious economic and public health concerns. 6 in mma‘;;mwd wg'm'cr;

Gut microbiota dysbiosis induced by changes in diet and environment of piglets is pronetobe  transition?

one of the main causes of postweaning diarrhea and enteric infections. However, further

research should be undertaken to better understand the succession of events leading to  Can in vitro models accurately repro-

dysbiosis, as well as the relative involvement of influencing factors (see Outstanding Questions). gﬁ;";mﬁ;ﬁs;“m%m

For a better management of the weaning transition, it is of the utmost importance to find

nonantibiotic strategies that are able to restore a balanced gut microbiota — such as prebiotics

and probiotics. Even though in vivo experiments are the gold standard for evaluating such

compounds, in vitro digestion models of the piglet gut constitute first-choice alternatives for

ethical, technical, cost, and regulatory reasons. The forthcoming development of a ‘dysbiosis’

model — integrating the key parameters encountered in the field at weaning and host dimension

—would be a great help for a better understanding of the etiology of postweaning disorders and

evaluation of new in-feed additives.
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Regarding this published literature review, the following chapters aim to develop, update or
complete several points which needed to be further reviewed for a better understanding of the

questions and objectives of this PhD project.
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Chapter 2. Piglets at the Critical Time of
Weaning

1. General practices in conventional swine industry

In intensive swine industry, animals are mostly reared indoor (Park et al., 2017) and housed in
individual stalls or in groups depending on the usual practice of each production unit, specific
label requirements, country legislation and the step of production (Pedersen, 2018). Most of the
time, the housing systems consist in slurry based floors which are partly slatted providing
limited bedding (Kemp and Soede, 2012; Park et al., 2017; Pedersen, 2018). Usually, few days
after weaning, sows are placed in a specific mating unit allowing contact with a mature boar
then they are artificially inseminated (Kemp and Soede, 2012; Pedersen, 2018). After the
mating period, lasting approximately 1 month, sows are moved to the gestation units until 5 or
7 days prior to the estimate date of birth, the gestation period lasting on average 3 months, 3
weeks and 3 days (Kemp and Soede, 2012; Pedersen, 2018). In the farrowing unit, sows give
birth to a litter of 10 to 25 piglets (Pedersen, 2018). The farrowing crate is a confined
environment where sows are individually housed and cannot turn around to limit accidental
crushing of piglets (Barnett et al., 2001). Suckling piglets stay in the farrowing unit with their
mother until the artificial weaning date which mostly occurs around 3 to 4 weeks of age when
animals weight around 6 to 8 kg (Pedersen, 2018). At weaning, piglets are separated from the
mother and relocated in a nursery called weaner unit by groups sharing approximatively the
same weight is order to adapt to the diet (Sutherland et al., 2014). In the weaner unit,
atmospheric conditions such as temperature, humidity, air speed are precisely controlled to limit
the transmission of pathogens. When weaner pigs reach around 25 to 30 kg they are considered
as rearing, fattening or finisher pigs (Pedersen, 2018). Slaughter is mostly performed when pigs
weight from 80 to 120 kg (Pedersen, 2018), but the age for slaughtering may vary depending
on the production method and can even sometimes occur right after weaning. Sows can be
culled, generally after having several litters, at certain steps of production, such as after weaning

or after the mating unit due to failures to breed, decrease in productivity, lameness, low
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farrowing and weaning performances or behavioural issues (Dagorn and Aumaitre, 1979;
Friendship et al., 1986).

There are three types of commercial pig production units: a breeding only unit which houses
only the inseminated sows, suckling piglets and weaned piglets up to 25 kg; a rearing/finishing
only unit which houses pigs from 25kg to slaughter and a combined unit which includes both a
breeding and a finishing unit (Marchant-Forde, 2008). The cycle of production of sows and

piglets is presented in figure 3.

- Post-weaning

Farrowing
’.Q(}h
Sows' life @“ﬁjf

CYC'G ‘eanihg ' ' “rasl

M \ Culled sos
Mating |
£

Slaughter
Figure 3. lllustration of life of sows and piglets in conventional swine industry (w =

Gestation

Rearing
115-120 kg

weeks) (© Raphaéle Gresse).

2. Social, environmental and dietary stresses in weaning piglets

2.1.  Social and environmental conditions

In modern swine industry, weaning is generally practiced around 3 to 4 weeks of age although
natural weaning would occur around 17 weeks after birth (Jensen, 1986). For piglets, weaning
is a sudden, stressful, short, and complex event characterized by changes in diet, social and
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environmental life conditions, which profoundly impacts piglet health and leads to decreased
performance and sometimes mortality (Campbell et al., 2013). In intensive production, piglets
can even be weaned at only 1 or 2 weeks of age which consistently amplifies the physiological
and behavioral effects of weaning (McLamb et al., 2013; Sutherland et al., 2014; Worobec et
al., 1999). Social and environmental stresses are generated by abrupt separation from the
mother, handling, transport, different physical environments, and mixing litters (Sutherland et
al., 2014; Worobec et al., 1999). These diverse factors induce behavioral consequences in
piglets such as vocalizations, aggressiveness, fighting or tail biting (Campbell et al., 2013;
Tallet et al., 2019).

2.2.  Nutritional management and feed intake

At weaning, piglets switch from highly-digestible liquid milk, essentially composed of lactose,
proteins and lipids, associated with a high meal frequency to a less-digestible, more complex
solid feed (Lallés et al., 2007a; Le Dividich and Séve, 2000). For an increased familiarity to
solid feed, suckling piglets of around 3 weeks are frequently offered ad libitum a highly
palatable and digestible diet called creep feed (Bruininx et al., 2002; Collins et al., 2013; Muns
and Magowan, 2018). Creep feed is generally formulated with milk based products and plasma
proteins to maximize nutrient uptake from the undeveloped piglet digestive system and is
presented under a pelleted form which can be humidified (Heo et al., 2018; Okai et al., 1976).
Consumption of creep feed has usually a positive impact on feed intake and body weight of
piglets (Bruininx et al., 2002), although this can be variable between individuals (Middelkoop
et al.,, 2019; Muns and Magowan, 2018; Wattanakul et al., 2005). Creep feed eaters,
representing approximatively 40 to 65% of the litter, displayed better post-weaning behaviors,
feed intake and performance than non-eaters (Pluske et al., 2018). After weaning, a first starter
diet containing up to 20% of milk derived products and meeting the nutritional needs of piglets
is provided during 1 or 2 weeks (Gao et al., 2019; Muns and Magowan, 2018; Wu et al., 2018).
Special attention is given to a good balance of proteins, fibers, electrolytes and starch to
improve piglets performance (Gao et al., 2019). Most of the time, starter diets are adapted to
piglet weight and change regularly post-weaning. Modifications are made towards a reduction

of milk derived products and an increased level of cereals and proteins (table 1).
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Table 4. Example of diets for weaned piglets in European pig farms (adapted from

WWW.pigprogress.net).

Body weight range (kg)

Ingredients (%) 4-6 6-8 8-12 12-20  20-30

Cereals
20-30 30-40 40-50 50-60 60-70
Wheat, corn, barley, oat, tapioca...

Oils
0-10 0-8 0-6 0-4 0-2
Soybean oil, sunflower oil, coconut oil

Sugar beet products
0-10 0-10  0-10 0-10 0-10
Molasses, sugar beet pulp

Lactose sources
20-40 10-20 5-15 0-5 0
Skim milk, condensed milk, whey, lactose

Animal proteins
5-15 5-10 0-10 0-5 0
Milk proteins, fish meal, blood products

Plant proteins
Refined proteins from soy, potato, wheat, soybean meal, peas, 10-30 15-30 20-30 20-30 20-30

sunflower meal

Despite optimized nutritional strategies, dietary change is associated with low and erratic feed
and water intake in newly weaned piglets (Lallés et al., 2007a; Sutherland et al., 2014). In a
study of Bruininx et al., 50% of newly weaned piglets refused feed during the first 12 hours
and 20% during the 24 hours following weaning transition (Bruininx et al., 2002). This fasting
period can last up to 48h and considerably impacts the physiology and the growth performance
of weaning piglets (Lallés et al., 2007a; Le Dividich and Séve, 2000; Orgeur et al., 2001;
Spreeuwenberg et al., 2001; Sutherland et al., 2014; Worobec et al., 1999).

3. Piglet gastrointestinal tract

3.1.  Morphology and functions

The gastrointestinal tract (GIT) of piglets encompasses several functions, the principal being

digestion of feed into nutrients absorbed by the host for energy intake, and is composed of
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several successive organs (figure 4). The development of the morphology and segmentation of
piglet GIT starts during the prenatal period (Pluske etal., 2003). At birth, ingestion of colostrum
which contains various nutrients and growth factors induces a fast growth of the intestine with
an increase of 75% and 33% of total weight during the first 24 hours of life respectively for the
small and large intestine (Xu et al., 1992; Zhang et al., 1997). Digestion starts in the mouth via
mechanical action of mastication and chemical actions of digestive enzymes from saliva
(Hudman et al., 1957). After transit through the oesophagus, digestion continues in the stomach.
The stomach of weaning piglets possesses a low pH of around 4 (Wilson and Leibholz, 1981),
and a variety of digestive enzymes such as lipase, pepsin or trypsin (Hedemann and Jensen,
2004). The small intestine, following the stomach, is composed of 3 parts: duodenum, jejunum
and ileum and is the principal location of digestion of lipids, proteins and soluble carbohydrates
helped by the release of pancreatic enzymes such as lipase or amylase and bile salts production
by the liver. Retention time in piglets from 2 to 5 weeks was estimated to be around 30 min in
duodenum and jejunum and 2h in the ileum while the pH gradually increases from 5.9 in the
duodenum until 6.7 in the ileum (Wilson and Leibholz, 1981). The large intestine of pigs is
composed of four sections: the cecum being an appendix possessing a blind end, the proximal
colon, distal colon and the rectum. The pH of 2 to 5 week-old piglets was previously measured
at 6 in the cecum and 6.3 in the large intestine (Wilson and Leibholz, 1981). Mixing of the
digestive content continues in the large intestine due slow contractions of the colonic border
(Wilson, 2010). The large intestine is also characterized by high capacities for microbial
degradation and fermentation of fibers, proteins and complex carbohydrates, non-digested in
the small intestine. An important role of proximal colon of mammals is the absorption of water
and electrolytes while the distal colon is specialized in the storage of digestive content and
evacuation of waste from nutrient digestion (Wilson, 2010). The large intestine also plays a role
in ionic composition of feces by absorbing sodium and chloride while releasing potassium and
bicarbonate (Wilson, 2010). The mean retention time of 2 and 5 week-old piglets was
previously estimated at respectively 3 and 6h in the cecum and 18 and 21h in the colon (Wilson
and Leibholz, 1981).
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Figure 4. Gastrointestinal tract of pigs (© Raphaéle Gresse).

3.2.  The mucus layer

The luminal content of the GIT is separated from host intestinal epithelial cells by the mucus
layer, a highly hydrated gel found from the stomach to the large intestine (Etienne-Mesmin et
al., 2019; Leal et al., 2017). The mucus layer has numerous functions in the GIT such as serving
as a lubricant for digestive content, a biological habitat for various microorganisms, keeping
intestinal homeostasis, exchanging gases and nutrients and protecting the epithelium like a
biological, physical and chemical barrier against invaders, including pathogens (Etienne-
Mesmin et al., 2019; Johansson et al., 2013; Leal et al., 2017). The mucus layer displays several
physicochemical properties such as pore size, viscoelasticity or a neutral or acid pH which
regulates the permeability to molecules and particles (Leal et al., 2017). Mucus thickness varies
depending on species (Varum et al., 2012). In adult pigs, the mucus layer gradually increases
from around 25 pm in the duodenum to 60 pm in the distal colon (Varum et al., 2012). Mucus
is secreted by the specialized goblet cells located in the crypt on the intestine epithelial layer
(figure 5) (Etienne-Mesmin et al., 2019; Johansson et al., 2013; Sicard et al., 2017). In the small
intestine of mammals the single mucus layer is unattached and easy to remove while the colon
harbours a two-layered mucus including an outer loose layer and an inner thick layer (Johansson
et al., 2013). Mucus is composed of unattached mucins harbouring different glycosylation
patterns, water, globular proteins, salts, DNA, cells and cellular debris (Bansil and Turner,
2006; Leal et al., 2017; Thornton and Sheehan, 2004). Mucins are the main components
responsible for the viscoelasticity of the mucus layer (Leal et al., 2017). They can be
differentiated between bound and secreted mucins (figure 6) and are large and extracellular
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glycoproteins containing around 80 % of carbohydrates such as y N-acetylgalactosamine, N-
acetylglucosamine, fucose, galactose, and sialic acid (Bansil and Turner, 2006; Leal et al.,
2017). The principal type of mucins in the whole GIT of mammals is MUC2, an endogenous
protease-resistant large glycoprotein (Johansson et al., 2013; Strugala et al., 2003). At birth, the
mucus layer of piglets is generally composed of a high percentage of acidic mucins acting like
a real defence against pathogens which is of a particular importance due to their immature
immune system (Deplancke and Gaskins, 2001). The ratio of neutral to acidic mucins generally
increases until weaning (Macierzanka et al., 2014). Finally, weaning piglet mucus layer in the
jejunum is less elastic and concentrated than the mucus layer of mature pigs making it much

more permeable (Macierzanka et al., 2014).
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Figure 6. Structure of bound and secreted mucins in the gut. Inspired from (Moran et al., 2011).

3.3.  The GIT epithelium

At birth, the development of intestinal epithelium and intestinal epithelial cell proliferation are
the principal reasons of the consequent augmentation of GIT volume and weight (Xu et al.,
1992; Zhang et al., 1997). The intestinal epithelium consists in a monolayer of polarized
epithelial cells forming a barrier against toxic substances and microorganisms ( Yang et al.,
2016). The principal cell type are enterocytes, covering over 80% of the villi, which secrete
hydrolytic enzymes, help for the digestion of soluble polysaccharides and peptides, regulate pH
through the secretion of CI” and HCOs™ ions, and immunoglobulins and play an important role
in nutrient absorption (Moeser et al., 2017; Yang et al., 2013). Apart from the previously
evocated goblet cells secreting mucus, GIT epithelium is also composed of Paneth cells,
secreting antimicrobial peptides, and enteroendocrine cells releasing hormones or molecules
into the blood stream and acting like chemoreceptors (figure 5) (Kong et al., 2018). However,
in piglets of 27 days, only Paneth-like cells were could be identified due to the lack of Paneth
cell typical acidophil granules (Verdile et al., 2019). In the small intestine, the epithelium is
organized into crypts and villi (Yang et al., 2016). The length, circumference and size of villi
and crypt are especially growing during the first days of life in order to maximize contact with
nutrients (Xu et al., 1992; Zhang et al., 1997) and are progressively shortened and widened

during farrowing especially in the large intestine (Cera et al., 1988). At birth, the cecum and
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proximal colon epithelium (figure 7) of piglets are composed of villus-like structures which are
considerably reduced three days after birth (Brunsgaard, 1997; Xu et al., 1992). Located
between epithelial cells, tight junctions are structures composed of numerous intracellular and
apical intercellular membrane proteins such as zonula occludens, occludins and claudins
(Edelblum and Turner, 2009; Turner, 2009). Tight junctions regulate the permeability of the
intestinal barrier and play a critical role in the establishment of epithelial polarity (Moeser et
al., 2017).

Figure 7. Transversal section of the proximal colon of 27 day old female piglets coloured
with paraformaldehyde and observed by microscope (©Raphaéle Gresse). On this picture

mucins located in Goblet cells are coloured in blue.

3.4.  The intestinal immune system

An important mucosal immune system (figure 5) is associated with intestinal epithelium
throughout the GIT and is in charge of the recognition of pathogenic and non-pathogenic

antigens (Stokes, 2017). Intestinal immune cells are called Gut Associated Lymphoid Tissue
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(GALT) and constitute the largest immune organ in the body (Pluske et al., 2018). GALT is
composed of a part made of diffuse cells, lymphocytes or macrophages, allocated inside the
GIT epithelium and beneath, in the thin layer of connective tissue, called lamina propria. The
other part of the GALT is concentrated under organized lymphoid follicles made of lymphoid
nodules named Peyer’s patches and mesenteric nodules located under the enterocytes of the
small intestine (Stokes et al., 1994). Epithelial cells located on top of Peyer’s patches contain
only few digestive enzymes and contain M cells specialized in the translocation of antigens to
immune cells (Stokes et al., 1994). Dendritic cells are immune cells present in sub epithelial
area and can directly capture antigens from the lumen (Forchielli and Walker, 2005). Newborn
piglets are profoundly immunocompromised and need the immunoglobulins present in the
colostrum to develop passive immunity responses (Lalles et al., 2004b). Regarding active
immunity, piglets are able to induce limited lymphocyte responses against pathogens (Lalles et
al., 2004b). The development of piglet GALT is highly dependent of stimuli encountered during
the first weeks of life such as immunoglobulins contained in sow milk (Lallés et al., 2004b).

4. Physiological consequences of weaning transition

4.1.  Impact on growth performance and metabolism

The abrupt reduction of feed intake after weaning leads to a slowdown of growth and even a
reduced body mass index (Le Dividich and Seve, 2000). Piglets loose up to 100 to 250 g on the
first day following the weaning transition (Le Dividich and Séve, 2000). If the loss of body
weight is generally recovered in a few days, some studies reported that piglets gaining body
mass rapidly during the first week post-weaning could reach market weight much earlier than
light weight piglets (Kats et al., 1992; Le Dividich and Séve, 2000). The transient fasting period
also induces modifications of piglet metabolism. In a study of Whittemore et al., the
concentration of lipids in the body of piglets decreased from 80 g during the first 8 days after
weaning (Whittemore et al., 1981). Reduced feed intake obviously induces a reduction in the
plasma concentration of glucose and thus an increased consumption of hepatic and kidney
glycogen stock (Xie et al., 2016). The high protein needs of growing piglets cannot be fulfilled
due to the reduced feed intake which negatively impacts the development of muscle mass

(Pluske et al., 2003). Finally, a link was established between weaning and oxidative stress due
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to a reduced activity of antioxidant enzymes and an increased concentration of reactive oxygen
species in the intestine (Sauerwein et al., 2007; Wang et al., 2008; Zhu et al., 2012).

4.2.  Impact on intestinal morphology

Numbers of gastrointestinal changes have been associated with weaning transition.
Spreeuwenberg et al. demonstrated that the weight of the small intestine decreased to more than
20% in the first few days following weaning (Spreeuwenberg, 2002). Several impairments of
gut structure were previously highlighted in post-weaning piglets. Depending on studies, the
height of intestinal villi was reduced from 40 to 65 % of their pre-weaning height in the
duodenum and jejunum and from 10% to 20% in the ileum in post-weaning piglets (Hedemann
et al., 2003; Pluske et al., 1997; Spreeuwenberg et al., 2001; van Beers-Schreurs et al., 1998;
Vente-Spreeuwenberg et al., 2003, 2003; Wiese et al., 2003). Villus atrophy persisted as villi
recovered only 70% of their initial height between 8 to 15 days post-weaning (Pluske et al.,
2003). The length of villi is responsible for optimal digestive and absorption functionality of
the gut (Pluske et al., 1997). The principal cause of the disruption of intestinal barrier
morphology could be the non-fulfilment of the nutritional needs of piglets at weaning induced
by the transient period of reduced feed intake which under stimulates the GIT epithelium
(Pluske et al., 2003; Spreeuwenberg et al., 2001). Additionally, while a 48h weaning anorexia
is associated with villi atrophy, a positive relationship exists between feed intake and the height
of villi in the GIT of weaning piglets (Boudry et al., 2004; Pluske et al., 2003).

4.3.  Impact on intestinal functions and the immune system

Functional changes also occur in the GIT of post-weaning piglets such as a failure in the
intestinal epithelial barrier. Indeed, in the few days following weaning, a reduction of
transepithelial resistance (Boudry et al., 2004; Hu et al., 2013; Wijtten et al., 2011) due to tight
junction opening and reduced gene expression of occluding and claudin proteins (Hu et al.,
2013) was observed which provokes increased permeability and leaky gut. Spreeuwenberg et

al. also highlighted an augmentation of transepithelial transport in the jejunum of piglets at 4
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days post-weaning (Spreeuwenberg et al., 2001). A reduction in gut digestive functions due to
decreased enzyme activity, such as lactase, and sucrase, was observed in several studies
(Boudry et al., 2004; Pié et al., 2004; Pluske et al., 1997), as well as decrease in absorbing
capacity and general enterocyte activity (van Beers-Schreurs et al.,, 1998; Vente-
Spreeuwenberg et al., 2004) and a high level of apoptosis (Zhou et al., 2018). An abrupt
weaning transition suddenly deprives piglets from the passive immunity delivered by sow milk
(Moeser et al., 2017, 2007; Wagstrom et al., 2000). The immature immune system of weaning
piglets is not yet able to fully regulate immune and inflammatory responses towards antigens
from pathogenic, commensal or dietary origins (Lallés et al., 2007b, 2004a). The increased
intestinal permeability allows the translocation of more antigens to the lamina propria and thus
could induce hyperactivation of the immune system (Boudry et al., 2004). Weaning was indeed
associated with induction of antimicrobial and inflammatory responses (Bomba et al., 2014).
At gene level, an overexpression of genes encoding proinflammatory cytokines such as IL-1,
IL-6 or TNFa was reported 24h after weaning in the small intestine and several days post-
weaning in the colon (Pié et al., 2004). Several studies also reported an accumulation of immune
cells such as lymphocytes or macrophages in the gut mucosa few days post-weaning (B. A.
McCracken et al., 1999; McLamb et al., 2013).

To conclude on this chapter, consequences of the critical weaning period such as transient
anorexia, loss of body weight, oxidative stress, activation of pathways related to
inflammatory responses, changes in hormonal activity, induction of small intestine
atrophy, reduced villous height, reduction of nutrient digestion, fluid and electrolytes
absorption and increased intestinal permeability to antigens, have been extensively
reviewed. The complex interactions between gut health, nutrition and immunity is, in
addition, in close relation with the gut microbiota which further impacts weaning

associated physiological changes.
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Chapter 3. The Piglet Gut Microbiota

1. Major functions of the gut microbiota

The gut microbiota is the total population of bacteria, archaea, protozoa, viruses and fungi
inhabiting the GIT (Fouhse et al., 2016). Beside the degradation of diet components arriving in
the intestine, the gut microbiota of mammals has other numerous roles benefiting their host
such as production of vitamins, maintenance of normal functions of the intestinal villi,
regulation of the immune responses, communication with enteric nervous system and protection
from pathogenic microorganisms (Buffie and Pamer, 2013; Cryan et al., 2019; Kamada et al.,
2013).

1.1. Production of metabolites

In the GIT, nutrients from the diet that have not been digested and absorbed in the upper tract
reach the lumen of the lower gut where they are fermented by the microbiota into various
metabolites. In pig GIT, the highest concentration of bacterial metabolites is found in the
caecum and the colon due to the high fermentative activity of the microbiota in these segments
(Fouhse et al., 2016). Gut microorganisms are involved in the breakdown of plant cell wall
polysaccharides, polyphenols, proteins and the synthesis of vitamins (Macfarlane and
Macfarlane, 2003; Rist et al., 2013). One of the major functions of the pig intestinal microbiota
is to provide energy to the host through the synthesis of short chain fatty acids (SCFA) through
digestion and fermentation of carbohydrates by microorganisms called SCFA-producers, such
as Clostridiaceae or Ruminococcaceae families (Fouhse et al., 2016). For example, SCFA are
thought to provide 30% of the maintenance energy requirements of enterocytes for growing
pigs, (Morita et al., 2004; Rist et al., 2013). The fermentation activity of the microbiota can also
lead to the production of lactic, formic, succinic acids and ethanol which are generally rapidly
transformed into acetate, propionate and butyrate, the principal SCFA in the gut, by a number
of cross-feeding organisms (Figure 8) (Macfarlane and Macfarlane, 2003; Morrison and
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Preston, 2016). A wide diversity of bacterial groups can produce acetate while the pathways for
butyrate and propionate production appear more conserved and substrate specific (Morrison
and Preston, 2016). Butyrate is the preferred source of energy for intestinal epithelial cells
which use it for normal proliferation and differentiation (Fouhse et al., 2016; Macfarlane and
Macfarlane, 2003). Potentially toxic compounds for the host such as ammonia, phenols, p-
cresol, indols or biogenic amines can also be synthetized by the microbiota via deamination of
amino acids or proteins (A. Williams et al., 2005; Rist et al., 2013) and play important roles in
the initiation or progression of a leaky gut or inflammation (Marchesi et al., 2016; Windey et
al., 2012). The fermentation of dietary substrates by the gut microbiota also leads to the
production of gases such as carbon dioxide, hydrogen, methane or hydrogen sulphide which
varies between GIT segments by their concentration and volumes (Figure 8) (Kalantar-Zadeh
et al., 2019). The relative proportion of gases in the gut of mammals is predominantly
influenced by the composition of the microbiota and their related metabolism and, in case of
imbalance, can generate abdominal symptoms and discomfort (Kalantar-Zadeh et al., 2019).
Microbial activity and production of metabolites influence two principal physico-chemical
parameters of the GIT: pH and redox potential (Fonty and Chaucheyras-Durand, 2007). Gut
redox potential represents the capacity of the intestine for reducing chemical reactions and is
influenced by various factors such as the presence of oxygen, reactive oxygen or nitrate species,
differential microbial metabolism and host interactions (Reese et al., 2018). The redox potential
evolves throughout the entire GIT and is associated to the presence of strictly anaerobic bacteria
(figure 9) (Fonty and Chaucheyras-Durand, 2007). A disruption of redox homeostasis can
impact the physiology of the gut epithelium via self-renewal, proliferation, migration and
differentiation processes and the immune system (Pérez et al., 2017).
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1.2. Interactions with the GALT

The gut microbiota of mammals shapes the development and functions of the immune system
since birth (Stokes, 2017). Germ free animal studies have shown that the development of
Peyer’s patches, mesenteric lymph nodes and lymphoid follicles as well as induction of immune
responses in the gut are enhanced by the microbiota (Round and Mazmanian, 2009). The
mucosal immune system is indeed continuously challenged by the massive antigenic luminal
environment and tightly regulated via wide molecular pathways (Pluske et al., 2018). Microbial
molecular patterns (MAMPS) produced by bacteria are recognized via Toll Like receptors
(TLRs) or myeloid differentiation primary responses 88 (MyD88) harboured by intestinal
epithelial cells and GALT cells (Pickard et al., 2017; Pluske et al., 2018). The recognition of
pathogenic signal molecules among commensals induces the secretion of interleukins |,
molecules having immunomodulatory properties, which trigger immune responses (Pluske et
al., 2018).

1.3. Resistance to pathogen colonization

A stable symbiotic microbial community is known to resist to the colonization of autochthonous
bacteria via direct and indirect mechanisms. First, commensal microorganisms can compete for
the same limited nutrients which makes them unavailable for pathogens (Pickard et al., 2017).
Some commensal bacterial populations possess the ability to secrete bacteriocins, small
antimicrobial peptides able to kill or inhibit the growth of specific other bacteria (Hou et al.,
2015; Pickard et al., 2017; Pultz et al., 2005). The secretion of SCFA in the lumen can also
inhibit indirectly the growth of pathogens by decreasing the gut pH (Morrison and Preston,
2016).

2. The piglet luminal gut microbiota

2.1. Generalities

The GIT microbiota varies in population density and diversity across the successive gut organs

and between the lumen and the mucosa (Holman et al., 2017; Leser et al., 2002; Pluske et al.,
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2018; Zhao et al., 2015). The number of culturable bacteria was previously reported to range
from 102 per gram of content in the stomach to 10* in the colon of pig (Pluske et al., 2002).
However, the fecal microbiota is much more investigated, despite its differences with other GIT
segments, due to its advantageous accessibility. Microbiota composition is indeed directly
influenced by gut intrinsic factors such as pH, oxygen gradient, transit time, digestive secretions
varying between compartments (Holman et al., 2017; Leser et al., 2002; Pluske et al., 2018;
Zhao et al., 2015). The colonization of piglet GIT also highly depends on the environment,
allowance and composition of creep feed, genetics or feed additives in sow diet (Fouhse et al.,
2016). Many recent reviews have reported the composition of the adult pig GIT microbiota and
its interactions with the diet and the host, as well as its relationship with the animal health, feed
efficiency and diseases (Aluthge et al., 2019; Maltecca et al., 2020; Patil et al., 2019). In the
literature review presented below we will only focus on what is known about the piglet

microbiota.

2.2. Colonization of piglet GIT

2.2.1. Bacterial microbiota

In piglets, colonization is initiated at birth by contact with skin, feces or vagina of the sow and
shaped by the consumption of sow milk which provides nutritional advantages to lactic acid
bacterial population, building a milk oriented microbiome (Frese et al., 2015). Escherichia coli
(E. coli), Lactobacillus and Clostridium are the major genera detected in the feces of newborn
piglets (Chen et al., 2018; Konstantinov et al., 2006). Petri et al. hypothesized that the
facultative anaerobes E. coli and Streptococcus spp. create an anaerobic environment favoring
the establishment of other colonizers such as Bacteroides, Lactobacillus, Bifidobacterium and
Clostridium (Petri et al., 2010). During the suckling period, the fecal microbiota is more and
more diversified and predominantly contains Firmicutes, Bacteroidetes, Proteobacteria and
Fusobacteria at phylum level and Lactobacillus, Fusobacterium, or Bacteroides at genus level
(Chen et al., 2018; Hasan et al., 2018; Poulsen et al., 2018; Schokker et al., 2018; Wang et al.,
2016). De Rodas et al. investigated the microbiota of newborn and suckling piglets along the
GIT. Right after birth, the microbiota of newborn was similarly composed between all segments
of a great majority of Bacilli followed by Clostridia and Gammaproteobacteria (De Rodas et
al., 2018). Ten days after birth, the major changes consisted in the augmentation of Clostridia
and Bacteroidia relative abundance in the ileum, cecum and colon microbiota of suckling
piglets (De Rodas et al., 2018).
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2.2.2. Fungal and archaeal microbiota

The fungal part of the microbiota is considered as the “rare biosphere” due to its low quantity
in the GIT and has been only recently investigated (Huffnagle and Noverr, 2013). Colonization
of the yeast microbiota starts at birth with Netricaceae and Cladosporicaeae families, though
at a low and unstable level, which rapidly disappear during the suckling period possible due to
the contamination of creep feed by fungi (Summers et al., 2019). Very few data are available
about the archaeal microbiota of piglets (and even of adult pigs). Yet, archaea represent a
functionally important community within the microbiota which notably converts bacterial -
metabolites into methane (Luo et al., 2017; Moissl-Eichinger et al., 2018). Up to date, no studies
reported the colonization of archaeal microbiota in piglets.

2.3. Piglet microbiota at weaning

2.3.1 Bacterial microbiota

At weaning, piglets are suddenly fed with protein or cereal-based diet containing more complex
nutrient sources which may influence small intestine absorption capacity, piglet growth and
feed efficiency (Guevarra et al., 2018). Consequently to the change of the diet, the piglet gut
microbiota also encounters numerous changes at weaning which are considered as a real
microbial shift (Guevarra et al., 2018; Kim and Isaacson, 2015). The establishment of adult-
like bacterial species into early-life is of particular importance due to potential lifelong effects
on piglet immune system and health (Dou et al., 2017; Guevarra et al., 2018; Kim et al., 2011).
Increase or decrease in bacterial richness and diversity were reported in feces or intestine
content of weaned piglets compared to suckling period (Alain B. Pajarillo et al., 2014; Chen et
al., 2017; Frese et al., 2015; Poulsen et al., 2018; Slifierz et al., 2015; Tao et al., 2015). We
have previously reviewed the changes in microbiota of piglets at weaning, as reported in Gresse
et al., 2017 presented in chapter 1. The changes in microbiota composition of weaning piglets
reported in the literature after 2017 are thus presented in Table 5. Briefly, sharp increases in
Prevotellaceae, increases in Clostridiaceae, reductions in Lactobacillus, Bacteroides and
complete disappearance of Fusobacterium have been reported both in fecal samples and large
intestine contents (Adhikari et al., 2019; Pajarillo et al., 2014; Bian et al., 2016; De Rodas et
al., 2018; Guevarra et al., 2018; Konstantinov et al., 2006; Li et al., 2018; Mach et al., 2015; Su
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et al., 2008; Summers et al.,, 2019; Wang et al., 2017). In several studies, the
Firmicutes/Bacteroidetes ratio was modified, though inconsistently, in the feces or in the colon,
suggesting an even more profound impact of weaning on bacterial communities at the phylum
level (Alain B. Pajarillo et al., 2014; Bian et al., 2016; Li et al., 2018). However, diet
composition (amount and sources of the dietary ingredients) shape the diversity and
composition of the gut microbiome of weaning piglets and can thus further impact the bacterial
shifts at weaning (Rist et al., 2013). This may explain the differences observed between studies
as well as the different techniques used, genetic factors, environmental conditions, age of
animals and the sampling methods. For instance, enriched pectin diets as well as a soybean
meal decreased the relative abundance of Lactobacillus and increased that of Prevotella in the
colon (Tian et al., 2017) whereas a fish protein source was linked to a high expansion of
Escherichia/Shigella group (Cao et al., 2016). Also, weaning before the recommended 28 days
of age could have a stronger impact on bacterial composition and could favor the post-weaning
expansion of Escherichia/ Shigella group (Konstantinov et al., 2006; C. C. Xu et al., 2014; G.-
Y. Yang et al., 2016).

2.3.2. Fungal and archaeal microbiota

Recently, two studies investigated the mycobiome of newborn to post-weaning piglets using
culture independent techniques (Arfken et al., 2019; Summers et al., 2019). Both studies
reported Shannon diversity indices below 2 for fungal microbiota in the GIT or feces of all
piglets (Arfken et al., 2019; Summers et al., 2019). Arfken et al. described the mycobiome of
piglets two weeks post-weaning and reported, overall, that the genera Kazachstania from family
Saccharomycetaceae, Hyphopichia from family Debaryomycetaceae and Wallemia from
family Wallemiaceae were the most abundant with mean relative abundances of respectively
50, 23 and 6% (Arfken et al., 2019) Summers et al. highlighted that weaning induced a great
increase of Saccharomycetaceae relative abundance from around 10 to around 90 % in piglet
feces as well as a smaller increase of the Dipodascaceae (Summers et al., 2019). However,

knowledge about the functionality of fungal microbiota in weaning piglets are very limited.

Regarding archaeal microbiota around weaning, Federici et al. analysed the archaeal microbiota

in the feces of commercial piglets and detected from 10° to 10'° 16S gene copy number/ g of
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feces of total archaea, which slightly decreased after weaning (Federici et al., 2015).
Additionally a shift from Methanobrevibacter smithii to Methanobrevibacter boviskoreani was
observed in piglet feces throughout the weaning transition (Federici et al., 2015).

The figure 10 summarizes the early-life major microbial shifts reported in feces of healthy

piglets.
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Figure 10. Schematic summary of healthy piglet fecal microbiota over time considering

up to date knowledge (© Raphaéle Gresse).
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Table 5. Impact of weaning transition on the gut microbiota of healthy piglets (© Raphaéle Gresse). (Only studies published after 2017 are

reviewed, for literature published before 2017 see Gresse et al., 2017 in chapter 1).

Age of :
. Diet and
oS breeding
at o
conditions

sampling
14 day to
34 days

17 piglets were
weaned at 3-
week-old and
housed in a
commercial farm
16 commercial
piglets were
weaned at 28 days
and fed with corn
and soybean meal
3 litters of 21d
commercial
suckling piglets
were weaned at
21 days. 6 piglets
were slaughtered
before and 3 days
after weaning
Piglets were
weaned at 28 day-
old and housed
litter-wise in
controlled
conditions

Birth to
35 days

21 and

24 days

28 and
42 days

Samples

Feces

Feces

Colon

Small
intestine
Colon
Feces

Techniques

Illumina MiSeq

454
pyrosequencing

Ilumina MiSeq

Illumina MiSeq

Qualitative modifications
of gut microbiota

Increase of alpha diversity
Decrease of Fusobacteria and
Proteobacteria

Increase of Bacteroidetes

Decrease of Bacteroides genus
Increase of Prevotella genus
Disappearance of
Fusobacterium

Decrease of Bacteroides genus
Increase of Prevotella genus
Other bacterial genera were
increased after weaning such
as Lachnospiraceae,
Negativicutes,
Selenomonadales,
Campylobacterales

In the colon and feces,
increase of Firmicutes and
Lactobacillus

Decrease of Prevotella in the
colon but increase in the feces
Disappearance of
Fusobacterium in feces

In the small intestine changes
of unknown Firmicutes were
observed

Composition of the gut microbiota

~50 % of Firmicutes

~29 % of Bacteroidetes
~6 % of Proteobacteria
~16 % of Fusobacteria

4.9 % of Bacteroides
23 % of Prevotella
10.7% of Fusobacteria

35 % of Bacteroidetes

51 % of Firmicutes

9% of Proteobacteria

20 % of Prevotella

20 % of Lachnospiraceae
10% of Bacteroides

In the ileum:

98 % of Firmicutes
53% of Lactobacillus
In the colon:

51 % of Firmicutes
38 % of Bacteroidetes
15 % of Prevotella

7 % of Lactobacillus

~50 % of Firmicutes

~40 % of Bacteroidetes
~1.5 % of Proteobacteria
~0 % of Fusobacteria

1.4 % of Bacteroides
34% of Prevotella
0% of Fusobacteria

56 % of Bacteroidetes
35 % of Firmicutes

3 % of Proteobacteria
37 % of Prevotella

7 % of Lachnospiraceae
4 9% of Bacteroides

In the ileum:

99 % of Firmicutes
50 % of Lactobacillus
In the colon:

72 % of Firmicutes
21 % of Bacteroidetes
8 % of Prevotella

27 % of Lactobacillus

References

(Chenetal.,
2017)

(Wang et al.,
2017)

(Lietal., 2018)

(Poulsen et al.,
2018)
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10 and
33 days

21 and
28 days

21 and
28 days

7 and 27
days

392 piglets were
weaned at 20 days
and housed by
groups of 6/7
piglets

10 piglets were
sampled at 21
days just prior to
weaning and fed
with a typical
corn and soybean
diet

112 piglets were
weaned at 21 days
using a
conventional diet

From 10 piglets, 5
were euthanized
atday 7 and 5
were weaned at
21 days and
sacrificed at 27
days

All GIT
segments

Feces

Feces

Proximal
jejunum (PJ)
Distal
jejunum
(D))

Colon (C)

Illumina MiSeq

Illumina MiSeq

Illumina MiSeq

Illumina MiSeq

In all the GIT segments:
Reduction of Lactobacillus
Increased Clostridia and
Ruminococcaceae

Enrichment of Prevotella,
Lactobacillus and
Lachnospiraceae

Decrease of Treponema and
Ruminococcaceae

Increase of Family XIlII
Clostridiaceae and
Rickenellaceae

Decrease of Bacteroidiaceae,

and Enterococaceae
Increase of alpha diversity
Increase of Bacteroidetes
Decrease of Proteobacteria
Decrease of Campylobacter,
Helicobacter, Veillonella
Increase of Clostridium,
Streptococcus, Prevotella

ND

44 % of Bacteroidetes

41 % of Firmicutes

10 % of Spirochaetes

13 % of Prevotella

20 % of Ruminococcaceae

=~ 2.5 % of Family XlII
~15 % of Bacteroidiaceae
~ 4 % of Enterococaceae
~ 2 % of Rickenellaceae

59% of Firmicutes

17 % of Bacteroidetes

13 % of Proteobacteria

43 % of Prevotella (PJ)

80 % of Lactobacillus (DJ)
43 % of Lactobacillus (C)

ND

63 % of Bacteroidetes

34 % of Firmicutes

0 % of Spirochaetes

57 % of Prevotella

10 % of Ruminococcaceae

=7 % of Family XIl1I

~0 % of Bacteroidiaceae
~ 0 % of Enterococaceae
~ 5 % of Rickenellaceae

54% of Firmicutes

30 % of Bacteroidetes

0.3 % of Proteobacteria
38 % of Prevotella (C)

55 % of Lactobacillus (DJ)
50 % of Lactobacillus (PJ)

(De Rodas et
al., 2018)

(Guevarra et
al., 2018)

(Summers et
al., 2019)

(Adhikari et al.,
2019)

76



3. The piglet mucosal microbiota

3.1. Mucin-bacteria interactions

Although some microbial species are mainly found in the luminal part of the GIT, the mucus

layer constitutes a competitive physical niche colonized by numbers of bacteria like mucin-

binding and mucin-degrading bacteria. To our knowledge the specificity of mucin-bacteria

interactions in piglets is not yet known, but these interactions have been reviewed recently in

the human context for example by (Etienne-Mesmin et al., 2019) or Sicard et al., 2017. The

mucus associated microbiota is more and more considered to greatly influence host health

(Etienne-Mesmin et al., 2019; Sicard et al., 2017). Bacteria can bind to mucins via mucin-

binding proteins, cell surface proteins, blood group binding adhesins, flagella or pili, degrade

mucins using lipoproteins, proteases and glycoside hydrolases (figure 11) or modulate mucin

composition by bacterial products such as SCFA (Burger-van Paassen et al., 2009); (Etienne-

Mesmin et al., 2019; Sicard et al., 2017).
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Figure 11. Interactions between mucins and the mucus associated microbiota. (Modified

from Etienne-Mesmin et al. 2019; original figure realization: Raphaéle Gresse)
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The integrity of the mucus layer is of great importance for host health and for limiting access
of invading pathogens to the intestinal epithelial cells (Donaldson et al., 2016; Etienne-Mesmin
et al., 2019). Consequently, it can be hypothesized that the disruption of mucosa-associated
microbiota, also called mucobiota, further impacts piglet health for example by triggering
immune activation (Kelly et al., 2017; Metzler-Zebeli et al., 2018).

3.2. Composition of the piglet mucosal microbiota

Despite its significance, the piglet mucobiome just begins to be investigated. Up to date, few
studies have investigated the mucobiome of piglets in different GIT segments (Adhikari et al.,
2019; Arguello et al., 2018; Kelly et al., 2017; Mu et al., 2017; Schokker et al., 2018; J. Wang
et al., 2019; Zwirzitz et al., 2019). During the early suckling period, mucosal microbiota is
mainly composed of Firmicutes and Bacteroidetes with an emphasis of Proteobacteria in the
small intestine (Adhikari et al., 2019; J. Wang et al., 2019). Mu et al. reported that, 2 weeks
after weaning, the small intestinal mucobiota was mainly composed of Proteobacteria (~50 %),
Firmicutes (~30 %) and a small proportion of Tenericutes (Mu et al., 2017). Kelly et al.
highlighted in 28 day-old newly weaned piglets a very similar composition in the duodenum
and jejunum mucosa, which both harboured around 80 % of Proteobacteria including around
45 % of Campylobacteriaceae, 30 % of Helicobacteraceae and 5 % of Enterobacteriaceae
(Kelly etal., 2017). The major changes between duodenum/jejunum and ileum were an increase
in Enterobacteriaceae and a decrease in Campylobacteriaceae and Helicobacteraceae in
weaned piglets (Kelly et al., 2017). The mucus-associated colonic microbiota displayed higher
relative abundance of Prevotellaceae and lower Enterobacteriaceae compared to that of the
ileum. Finally, results of Kelly et al. showed that, compared to luminal cecum microbiota,
mucosal cecum microbiota of weaned piglets harboured lower relative abundance of
Prevotellaceae, Lachnospiraceae, Ruminococcaceae and Veillonellaceae whereas
Helicobacteraceae and Campylobacteriaceae showed a greater abundance. Mucosal
microbiota also seems to be shaped and more diversified across time, as mucosa ileal microbiota
of 6-month-old pigs harboured, in comparison with that of newly weaned piglets, principally
Firmicutes members such as Clostridiaceae, Streptococcaceae, Lactobacillaceae,

Lachnospiraceae and Veillonellaceae, few members of Bifidobacterium and around 8% of
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Proteobacteria (Zwirzitz et al., 2019). To our knowledge, no data have been published on the

fungal and archaeal piglet mucosal microbiota.

To conclude on this chapter, the composition, diversity and functionality of the luminal
microbiota have consequent impacts on piglet health. Due to its proximity with
enterocytes, the mucobiota could further impact host physiology. In weaning piglets, this
complex microbial ecosystem is still evolving and influenced by numbers of factors such
as diet or age of weaning. Further investigations are needed to precisely understand the

impact of microbiota changes at weaning.
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Chapter 4. ETEC-mediated Post-Weaning

Diarrhea in Swine Industry

1. ETEC infections in swine industry

E. coli is one of the most common pathogenic agents in humans and animals and is responsible
for a wide range of intestinal and extra-intestinal diseases (Allocati et al., 2013; Gomes et al.,
2016). Diarrheagenic E. coli (DEC) pathotypes are classified as enteroinvasive E. coli (EIEC),
enteroaggregative E. coli (EAEC), enteropathogenic E. coli (EPEC), enterohemorrhagic (Shiga
toxin-producing) E. coli (EHEC/STEC), and enterotoxigenic E. coli (ETEC) depending on their
colonization sites, virulence mechanisms, and associated symptoms (Croxen et al., 2013;
Gomes et al., 2016). As reported in chapter 1, the ETEC pathotype is the most common in pigs
but EPEC or STEC pathotypes can also induce diarrhea in piglets (Mandakini et al., 2015;
Rhouma et al., 2017). ETEC can be carried without symptoms in 16.6% of healthy suckling
piglets, 66 % of healthy weaned piglets and 17.3 % of healthy finisher pigs (Moredo et al.,
2015). ETEC is responsible of colibacillosis occurring mainly in the neonatal period and post-
weaning until 8 weeks of age (Rhouma et al., 2017). ETEC prevalence has been estimated to
60 to 80 % of piglets between day 1 and 4 post-weaning (Girard et al., 2018). The economic
losses associated with ETEC infections in swine industry are estimated between 40 and 314 €
per sow depending on the country and breeding conditions (Rhouma et al., 2017). However,
despite the high prevalence of ETEC in piglets, post-weaning diarrhea is a multifactorial disease
(Figure 12) with an exact etiology not yet clearly identified and which account for

approximately 17% of death of piglets born in Europe (Lalles et al., 2007b).
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Figure 12. The multifactorial genesis of post-weaning diarrhea in piglets (modified from
Rhouma et al., 2017).

2. Pathogenesis of ETEC mediated infections

ETEC include several virotypes characterized by different combinations of toxins and virulence
factors (Fairbrother et al., 2005; Luppi, 2017). ETEC enter piglets by initial oral route and, in
the presence of favourable conditions, colonize and proliferate in the small intestine by means
of virulence factors (Luppi, 2017) which were extensively reviewed by Dubreuil et al. (Dubreuil
et al., 2016). Once in the GIT, ETEC strains must access to the epithelium which is, under
normal condition, covered by a mucus layer which, as seen in chapter 2, could be impaired after
weaning due to disruptions of intestinal functions. Two mucinases, EatA, a serine protease
autotransporter of Enterobacteriaceae, and YghJ, a mucin-binding metalloprotease highly
conserved in ETEC, are able to degrade mucin proteins such as MUC2 and allow ETEC strains
to temporary access to piglet enterocytes (Dubreuil et al., 2016). Most ETEC strains responsible
for post-weaning diarrhea in piglets possess adhesins, surface proteins called fimbriae,
predominantly F4 (also called K88) and F18, or non-fimbrial adhesins identified as adhesin
involved in diffuse adherence (AIDA) (Dubreuil et al., 2016; Luppi, 2017; Luppi et al., 2016).
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The role of the fimbriae is to allow the bacteria to adhere to specific receptors located on the
brush boarder of piglet enterocytes (figure 13) (Dubreuil et al., 2016; Luppi, 2017). ETEC
possessing fimbriae F4 colonize preferentially the whole length of jejunum and ileum while
ETEC with fimbriae F5, F6, F41 mostly colonize the posterior jejunum and ileum (Fairbrother
et al., 2005; Luppi, 2017). Susceptibility of piglets to ETEC virotypes changes with age.
Neonatal piglets are mostly infected by F5, F6 and F41 while weaned piglets have increased
susceptibility to F4 and F18 due to the presence of age-dependent receptors on piglet epithelial
cells (Conway et al., 1990; Luppi, 2017; Luppi et al., 2016). The genetic background of piglets
can also determine their susceptibility, for instance Flemish pigs have been diagnosed as highly
susceptible to F4 and F18 ETEC strains (Nguyen et al., 2017). ETEC strains produce one or
several enterotoxins, including heat stable enterotoxins (STa, STb), heat-labile enterotoxin LT
and EAEC heat-stable enterotoxin (EAST1) (Dubreuil et al., 2016; Fairbrother et al., 2005;
Gomes et al., 2016; Luppi et al., 2016). STa toxin binds to the extracellular domain of guanylyl
cyclase (GC) and expresses its toxicity by stimulation of cyclic guanosine monophosphate
(cGMP) production, a cyclic nucleotide, which induces electrolytes and fluid secretion by
enterocytes and thus severe watery diarrhea (DUBREUIL, 2017; Dubreuil et al., 2016; Luppi,
2017). STb toxin binds to sulfatide (S), a glycosphingolipid widely distributed on the surface
of epithelial cells which leads to assimilation of calcium into enterocytes inducing secretion of
water, bicarbonate and electrolytes (DUBREUIL, 2017; Dubreuil et al., 2016; Luppi, 2017).
LT delivery to host cells most probably occurs via vesicle after binding to its receptor, the
glandioside GM1, which activates adenyl cyclase (AC) in enterocytes inducing cyclic
adenosine monophosphate (CAMP) and thus, hypersecretion of water and electrolytes such
chloride and bicarbonate into the lumen leading to dehydration (DUBREUIL, 2017; Dubreuil
et al., 2016; Luppi, 2017). LT also shows to promote colonization of ETEC strains in the
intestine of gnotobiotic piglets (Berberov et al., 2004) and the adherence of ETEC on the apical
sites of porcine epithelial cells (Johnson et al., 2009). Very little is known about the role of
EAST1, carried by many commensal and ETEC strains, in the etiology of diarrhea but, due to
its 50% shared similarity with STa, EAST1 toxin is thought to possess the same pathogenicity
(Dubreuil et al., 2016; Luppi, 2017). A recent study in ETEC-challenged piglets reported that
ETEC could active the production of caspase-9, the extrinsic pathway of apoptosis in the
jejunum (Xia et al., 2018). ETEC infections causes no important mucosal destruction or
inflammation (DUBREUIL, 2017). However, ETEC secreted toxins and virulence factors
disrupting enterocyte functions and facilitating bacterial colonization which induces pro- and

anti-inflammatory responses that favour bacterial survival and growth (DUBREUIL, 2017).
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Literature review

The exact mechanism of ETEC-induced apoptosis remains however to be fully investigated.

Figure 14 summarizes the pathogenesis of ETEC strains in weaned piglets.

Figure 13. E. coli positive to F4 adhering to the apical face of an enterocyte located in the
small intestine of weaned 45 days old piglets which died from post-weaning diarrhea
(Wada et al., 1996).
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Figure 14. Overview of current knowledge about ETEC colonization and pathogenicity

in newly weaned piglets (© Raphaéle Gresse).
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3. Clinical symptoms and diagnosis of ETEC infections in piglets

The diagnosis of post-weaning diarrhea starts from the observation of clinical signs and gross
lesions during necropsy prior to bacteriological investigations in order to determine the bacterial
strain pathotype (Luppi, 2017). Post-weaning colibacillosis lasts around one week and is
generally characterized by yellowish, grey or pink watery diarrhea with a characteristic smell
(Luppi, 2017; Wada et al., 1996). Most of the infected piglets usually suffer from depression,
reduced appetite and severe dehydration (DUBREUIL, 2017; Luppi, 2017). If the death of
infected piglets is mostly due to severe dehydration, the increase in intestinal permeability due
to disruptions of tight junctions during infections could also lead to death by septicaemia or
endotemia (Fairbrother et al., 2005). At necropsy, ETEC infected piglets displayed dilated
stomachs filled with clotted milk or dried feed and with severe hyperaemia, as well as dilated,
oedematous and hyperaemic small intestine, and enlarged and hyperaemic mesenteric lymph
nodes (Luppi, 2017; Wada et al., 1996). In piglets, ETEC infections are mostly diagnosed via
the euthanasia of untreated diarrheic individuals or spontaneously dead animals which allow to
collect samples and send them to a laboratory for pathogen analysis. Polymerase chain reaction
(PCR) is used to identify virulence factors and confirm the presence of ETEC strains in
intestinal piglet content (Luppi, 2017).

4. Dysbiotic microbiota and post-weaning infections

4.1. Microbiota driven susceptibility to infections

Such as highlighted in chapters 1 and 3, the weaning transition has been associated with a
disrupted gut microbiota composition, also called dysbiosis, notably due to dietary changes and
weaning stress factors like transient anorexia which could induce a vicious circle involving
inflammation and leading to the production of oxygen and nitrate which could favour the
growth of E. coli strains (figure 1). Studies investigating microbiota composition of diarrheic
or ETEC challenged piglets published before 2017 were reported in Gresse et al. (chapter 1);
the table 6 gives an update by presenting recent findings. Several studies related a decrease in
Proteobacteria, Enterobacteriaceae or commensal E. coli species in the jejunal or fecal
microbiota of diarrheic or ETEC challenged post-weaning piglets compared to healthy ones

(Binetal., 2018; Koo et al., 2020; Yang et al., 2019). Lachnospiraceae, Ruminococcaceae and
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Prevotellaceae were increased while Fusobacterium and Coryne