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« Le hasard ne favorise que les esprits préparés » 

- Mon père citant Louis Pasteur quand j’étais petit  
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Résumé 

Titre : Les bactéries comme actrices du microbiote intestinal entre inflammation, métabolisme 
des acides biliaires et interaction avec les bactériophages. 

Résumé : Le microbiote intestinal et la santé humaine sont étroitement liés. Les bactéries et 
leur virus, les bactériophages, sont les plus abondants microorganismes de ce microbiote. Ces 
différents acteurs sont en relation entre eux mais aussi avec l’hôte, formant de dynamiques 
complexes qui restent encore peu comprises. 
Au cours de cette thèse, nous avons d’abord étudié les interactions entre bactériophages et 
bactéries dans l’intestin à l’état basal. Premièrement, nous avons constaté que 
l’environnement intestinal modulait l’expression génétique des bactéries. Parmi les gènes 
différentiellement exprimés, certains modifiaient leurs interactions avec les bactériophages. 
Deuxièmement, nous avons observé dans l’intestin que la répartition spatiale différentielle 
entre bactériophages et bactéries se manifestait par la présence de refuges pour les bactéries. 
Ces observations, en accord avec le modèle écologique « source-puits », permettent 
d’expliquer la coexistence entre ces deux populations antagonistes sans provoquer 
l’émergence de bactéries résistantes. 
Enfin, nous avons étudié l’effet de l’acide ursodésoxycholique, un acide biliaire épimérisé, sur 
l’inflammation intestinale. Un nouveau modèle d’inflammation intestinale induite par le 
pathogène murin Citrobacter rodentium a été mis au point et caractérisé chez des souris 
gnotobiotiques. La capacité anti-inflammatoire de cet acide biliaire passe par l’inhibition de la 
voie de l’IL-22, une cytokine clé de la réponse à l’infection par C. rodentium. 
Ces résultats nous ont permis de mieux comprendre comment les bactéries intestinales 
participent à l’homéostasie du tractus digestif et comment elles coexistent avec leurs virus 
prédateurs. 
 
Mot clés : Inflammation, Microbiote intestinal, Bactériophages, Infections intestinales, Acides 
biliaires 
 

Title: Bacteria as actors of the intestinal microbiota between inflammation, bile acid 
metabolism and interaction with bacteriophages. 

Abstract: The intestinal microbiota and human health are closely linked. Bacteria and their 
viruses, bacteriophages, are the most abundant microorganisms of the microbiota. These 
different actors are in relation with each other but also with the host, forming complex dynamics 
that are still poorly understood. 
In this thesis, we first studied the interactions between bacteriophages and bacteria in the gut 
in physiological condition. First, we found that the gut environment modulated bacterial gene 
expression. Among the differentially expressed genes, some modified their interactions with 
bacteriophages. Second, we observed that the differential spatial distribution between 
bacteriophages and bacteria in the gut was manifested by the presence of refuges for the 
bacteria. These observations, in agreement with the "source-sink" ecological model, explain 
the coexistence between these two antagonistic populations without causing the emergence 
of resistant bacteria. 
Finally, we studied the effect of ursodeoxycholic acid, an epimerized bile acid, on intestinal 
inflammation. A new model of intestinal inflammation induced by the murine pathogen 
Citrobacter rodentium was developed and characterized in gnotobiotic mice. The anti-
inflammatory capacity of this bile acid is mediated through the inhibition of the IL-22 pathway, 
a key cytokine in the response to C. rodentium infection. 
These results have allowed us to better understand how intestinal bacteria participate in the 
homeostasis of the digestive tract and how they coexist with their predatory viruses. 
 

Keywords: Inflammation, Gut microbiota, Bacteriophages, Intestinal infections, Bile acids 
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I – L’appareil digestif 
 

L’appareil digestif est un ensemble d’organes permettant l’assimilation de nutriment du milieu 

extérieur afin qu’ils soient utilisés comme source d’énergie ou participant au métabolisme de 

nouvelles molécules. Il permet aussi l’élimination de produits du catabolisme. Pour étudier cet 

appareil complexe, nous prendrons comme modèle de l’être humain un autre mammifère : la 

souris. 

 

A) Organisation générale du l’appareil digestif 
 
Anatomie 

L’appareil digestif est constitué du tractus digestif s’entendant de la bouche à l’anus ainsi que 

d’organes en relation avec ce tractus : le foie, la vésicule biliaire et le pancréas.  

L’œsophage, l’estomac, l’intestin grêle, le colon et le rectum font partie du tractus digestif. Lors 

de cette thèse, nous ne nous intéresserons qu’au tractus digestif à partir de l’intestin grêle 

ainsi qu’au foie et voies biliaires. L’intestin grêle est un organe en forme de tube creux de six 

à huit mètres de long chez l’humain. Il est séparé en trois parties : le duodénum, le jéjunum et 

l’iléon du plus proximal au plus distal. Chez l’humain le caecum n’est que légèrement plus 

large que le colon qui lui fait suite tandis qu’il est très développé et formant un organe bien 

délimité chez la souris, organisme modèle que nous étudierons. Chez l’humain, colon est 

également décrit en trois parties, le colon ascendant à droite, transverse puis descendant à 

gauche. Enfin le tractus se termine par le rectum et le sphincter anal. Le foie est en 

communication avec la vésicule biliaire par le canal hépatique commun et le canal cystique. 

La réunion de ces deux canaux forme le canal cholédoque qui s’abouche au niveau du 

duodénum par le sphincter d’Oddi. (Fig. 1) 

 

 

 



13 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 : Schéma du système digestif humain. Schéma de Mariana Ruiz (1) 

 

Histologie 

Bien que les caractéristiques histologiques varient le long du tractus digestif, certaines 

structures persistes tout au long de l’intestin. On retrouve ainsi les mêmes couches 

concentriques avec, de l’extérieur vers l’intérieur : la séreuse, la couche musculaire externe, 

la sous-muqueuse et enfin la muqueuse. La muqueuse comporte elle-même plusieurs 

couches concentriques : la musculaire muqueuse, la lamina propria (composé de tissu 

conjonctif), la lame basale et l’épithélium. L’épithélium est composé de nombreux types 

cellulaires avec des structures et des fonctions variées qui seront détaillés ci-après (2) (Fig. 

2). 

Au-delà de l’aspect tubulaire, des éléments caractéristiques différencient les sections 

intestinales. Au niveau de l’intestin grêle, on retrouve des projections de la muqueuse dans la 

lumière intestinale, appelées villosités, ainsi que des invaginations de celle-ci appelées cryptes 

de Lieberkühn augmentant la surface en contact avec la lumière intestinale. Le colon se 

différencie de l’intestin grêle par l’absence de villosité.  

Figure 1 : Schéma du système digestif humain 
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Parmi les différents types cellulaires, les cellules souches situées à la base de la crypte se 

différencient en cellules amplificatrices de transit, qui cessent de proliférer aux deux tiers des 

cryptes pour devenir des cellules épithéliales matures. 

Les entérocytes constituent les cellules majoritaires de l’épithélium intestinal. Elles ont pour 

fonction l’absorption des nutriments qui est facilité par leur pôle apical avec de nombreuse 

microvillosités formés de replis de la membrane plasmique augmentant grandement leur 

surface. Elles sont parfois appelées colonocytes dans le colon. Les entérocytes sont 

renouvelés très rapidement, avec une durée de vie de trois à cinq jours (3). 

Les cellules caliciformes, ou cellules à mucus ouvert, produisent les mucines qui sont le 

constituant majeur du mucus. Leur abondance augmente le long de l’intestin de l’intestin grêle, 

où elles sont absentes des villosités, au colon. Les cellules caliciformes, comme les 

entérocytes, migrent de la base des cryptes vers la lumière intestinale. 

Les cellules de Paneth sont regroupées au fond des cryptes intestinales de l’intestin grêle et 

produisent des peptides anti-microbiens (PAM).  

Les cellules entéro-endocrines sont des cellules isolées les unes des autres tous le long de 

l’intestin. Elles sont responsables de la sécrétion d’hormones et transmettent les signaux 

mécaniques et chimiques (4). 

Les cellules M font partis du tissu lymphoïde associé au tube digestif et du tissu lymphoïde 

associé aux muqueuses (ou GALT et MALT de l’anglais « gut associated lymphoid tissue » et 

« mucosal associated lymphoid tissue ») et sont regroupés au sein des plaques de Peyer. 

Elles se différencient des entérocytes par l’absence ou la faible concentration de 

microvillosités à leur pôle apical. Elles ont pour rôle le transport d’antigène de la lumière 

intestinale vers la lamina propria afin d’interagir avec le système immunitaire au niveau des 

follicules permettant d’initier rapidement une réponse face à une infection (5). 
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Figure 2 : Composition cellulaire de l’épithélium intestinal. 

 

Physiologie générale 

Les fonctions principales de l’intestin sont la digestion et l’absorption. La digestion regroupe 

les mécanismes permettant la transformation des aliments en nutriments qui pourront ensuite 

être absorbés. L’absorption des nutriments est réalisée par les entérocytes, cellules 

majoritaires de l’épithélium intestinal, transportant les nutriments de la lumière intestinale (pôle 

apical) vers le réseau sanguin et lymphatique (pôle basolatéral).  

De nombreuses hormones régulent ces deux fonctions, digestion et absorption, participant à 

la fonction endocrine de l’intestin. Ces hormones sont sécrétées par les cellules entéro-

endocrines influençant la physiologie intestinale comme le métabolisme du glucose. Par 

exemple, le Glucagon-Like Peptide 1 (GLP1) stimule la sécrétion d’insuline après le repas. 

Inversement, la ghréline inhibe la sécrétion d’insuline entre les repas (6). Les hormones jouent 

également un rôle important dans le métabolisme des acides biliaires. 

 

B) Le métabolisme des acides biliaires  
 
Les acides biliaires jouent un rôle important dans la physiologie intestinale, aussi bien dans la 

digestion que dans l’absorption des nutriments. Grace à leur propriété amphiphile, ils 

émulsifient les lipides et les vitamines liposolubles (A, D, E et K) en formant des micelles, 

augmentant la surface de contact pour les enzymes permettant leur digestion et facilitant leur 

Figure 2 : Composition cellulaire de l’épithélium intestinal 
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absorption (7). Ils forment également une voie du catabolisme du cholestérol. Ils interviennent 

également dans le métabolisme de glucides (8) et la prolifération cellulaire (9). 

Métabolisme intrahépatique des acides biliaires 

Le foie intervient dans la physiologie intestinale via la production de la bile. La bile est un 

liquide visqueux stocké dans la vésicule biliaire et sécrété sous l’action de la Cholécystokinine 

à la suite du passage d’aliments dans le duodénum (10). Elle participe à la digestion et à 

l’absorption des lipides et des vitamines liposolubles (A, D, E et K) ainsi qu’à l’excrétion de 

molécules issues des voies du catabolisme, comme la bilirubine issue de la dégradation de 

l’hème de l’hémoglobine et autres hémoprotéines ou encore de certains médicaments. Elle est 

composée à 97% d’eau, le reste étant formé d’acides biliaires, de cholestérol, de 

phospholipide, de bilirubines, d’ions et de vitamines (11). 

Les acides biliaires sont des petites molécules dérivées du cholestérol produites par le foie et 

sécrétées dans la bile. Chez l’humain, il existe deux voies du métabolisme des acides biliaires : 

une voie classique formant 90% des acides biliaires et une voie alternative formant les autres 

10%. La voie classique aboutit à une production équivalente d’acides choliques (CA) et 

d’acides chénodésoxycholiques (CDCA) tandis que la voie alternative ne produit que du CDCA 

(12). Chez la souris, le CDCA est en partie transformé en acide α-muricholique (αMCA) (13). 

Les souris produisent aussi de l’acide ursodéoxycholique (UDCA) qui est en grande partie 

transformé en acide β-muricholique (βMCA) avant d’être excrété (14). Ils sont alors sous forme 

de sels conjugués avec un acide aminé, glycine ou taurine. Les acides biliaires conjugués ont 

une capacité importante d’émulsification des lipides, les rendant plus accessibles à la lipase 

pancréatique et facilitant leur digestion (7).  

Métabolisme des acides biliaires par le microbiote intestinal 

Les acides biliaires produits du foie et sécrétés dans la lumière intestinale sont nommés acides 

biliaires primaires. Ils sont ensuite métabolisés par le microbiote intestinal formant les acides 

biliaires secondaires. Chez l’humain, seul de CA et le CDCA sont considérés comme étant 

primaire alors que chez la souris, l’αMCA et le βMCA le sont aussi. Étant produit par la souris, 

l’UDCA est aussi parfois catégorisé comme acide biliaire primaire, mais n’étant que faiblement 

excrété dans l’intestin et en grande partie issue de la transformation bactérienne, il est parfois 

considéré comme secondaire (15). 

Les acides biliaires primaires sécrétés sont conjugués à un acide aminé (glycine ou taurine). 

La première étape nécessaire à toutes les autres transformations microbiennes est la 

déconjugaison. Cette réaction nécessite la présence d’une enzyme bactérienne : la bile salt 

hydrolase (BSH). La BSH libère une molécule de taurine ou de glycine d’une part et une 
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molécule d’acide biliaire d’autre part, qui est toujours considérée comme primaire à cette 

étape. Cette enzyme est très rependue parmi les bactéries du microbiote et a notamment déjà 

été identifiée dans plusieurs genres : Lactobacillus, Bifidobacterium, Enterococcus, 

Clostridium spp., et Bacteroides (16). Ces acides biliaires déconjugués sont majoritairement 

réabsorbés au niveau de l’iléon terminal où ils sont transportés vers le foie par la veine porte. 

Ils sont ensuite reconjugués dans le foie et sécrétés de nouveau dans l’intestin, c’est le cycle 

entéro-hépatique (Fig. 3) (17).  

 

Figure 3 : Cycle entéro-hépatique des aci des biliaires  

Figure 3 : Cycle entéro-hépatique des acides biliaires.  

 

Au niveau du colon, les acides biliaires vont subir différentes transformations aboutissant à la 

production d’acides biliaires secondaires (18). L’une des réactions clés est la déshydroxylation 

du carbone 7, transformant le CA et le CDCA en acide désoxycholique (DCA) et acide 

lithocholique (LCA), respectivement. Cette réaction est réalisée par un ensemble d’enzymes 

réunies dans l’opéron bai présent dans certaines bactéries du genre Clostridium et notamment 

C. scindens, C. hylemonae et C. hiranoni (19,20). Une autre réaction importante est 

l’épimérisation qui nécessite deux étapes : une oxydation puis une réduction d’un groupement 

hydroxyle. Ainsi, le groupement hydroxyle du carbone 7 du CDCA est oxydé en 7-oxoLCA puis 
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réduit pour former de l’UDCA. Ces deux étapes nécessitent l’action de deux enzymes 

distinctes : la 7α-hydroxysteroid deshydrogenase et la 7β-hydroxysteroid deshydrogenase (7α 

et 7β HSDH) présentes chez Clostridium baratii (21). D’autres bactéries ne disposent que 

d’une des deux enzymes comme Ruminococcus gnavus (22). Des épimérisations sont aussi 

possibles sur les groupements hydroxyles des carbones 3 et 12. Par exemple, le DCA peut 

être transformé en 3oxo-DCA puis en iso-DCA par d’autres bactéries comme Eggerthella lenta 

et Ruminoccocus gnavus (23,24). L’UDCA peut aussi être transformé en LCA via une 7β-

dehydroxylation (Fig. 4) (25). Une très grande partie des acides biliaires secondaires est 

réabsorbée au niveau du colon et rejoint la circulation entéro-hépatique puisqu’en général, 

95% des acides biliaires sont réabsorbés (Fig. 3).  

 

Figure 4 : Principales voies métaboliques bactérienne s des acides biliaires  

Figure 4 : Principales voies métaboliques bactériennes des acides biliaires. T-CDCA : acide 
taurochénodésoxycholique ; G-CDCA : acide glycochénodésoxycholique ; T-CA : acide taurocholique ; 
G-CA : acide glycocholique ; CA : acide cholique ; CDCA : acide chénodésoxycholique ; DCA : acide 
désoxycholique ; LCA : acide lithocholique ; UDCA : acide ursodésoxycholique  
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C) La muqueuse intestinale, une barrière perméable 
 

Étant en continuité avec le milieu extérieur, l’intestin est l’hôte d’une population microbienne 

diverse composé de bactéries, de virus, d’archées, de champignons et de protistes formant 

ensemble le microbiote intestinal. La plupart des bactéries présentes dans l’intestin sont 

commensales ; elles ne provoquent pas d’infection et participent au métabolisme intestinal. 

Cependant certaines bactéries peuvent être à l’origine d’infections. Ces agents peuvent être 

des pathogènes strictes ou opportunistes s’ils provoquent des infections sur un terrain déjà 

pathologique ou avec un système immunitaire déficient. Les bactéries pathogènes 

opportunistes, aussi appelé pathobiontes, peuvent coloniser un individu sain sans provoquer 

de symptôme ou de maladie. Pour se protéger de ces bactéries, de multiples barrières et 

défenses sont mises en place par l’hôte. Ces barrières ne sont cependant pas parfaitement 

étanches, permettant le passage de petites molécules. Ces barrières jouent donc un rôle de 

filtre. On décrit plusieurs barrières successives : écologique et chimique. Le système 

immunitaire agit en parallèle de ces barrières, et peut être activé davantage lorsque celles-ci 

sont franchies.  

Barrière écologique 

Les ressources nutritionnelles étant riches et diverses, mais limitées, seules les bactéries les 

plus compétitives parviennent à coloniser le tractus digestif, réduisant la probabilité d’une 

infection par un pathogène qui serait moins compétitif. Les bactéries influent aussi sur les 

paramètres physico-chimiques tels que le pH et la concentration en oxygène empêchant la 

colonisation de certaines bactéries pathogènes (26). Ainsi, les bactéries commensales 

adaptées à l’intestin sont capables former une barrière écologique. Ce rôle spécifique du 

microbiote sera abordé dans la partie II-C. 

Barrière physique 

Recouvrant l’épithélium intestinal, le mucus forme la première barrière physique dans l’intestin 

permettant de maintenir à distance le microbiote de l’épithélium. Le mucus est produit par les 

cellules caliciformes et est composé de mucines, majoritairement MUC2. Les mucines sont 

des glycoprotéines formant des polymères par l'intermédiaire de ponts disulfures. Au niveau 

de l’intestin grêle, le mucus est sécrété à la base des cryptes et progresse le long des villosités. 

Il est discontinu et ne recouvre pas l’entièreté de l’épithélium, notamment les extrémités des 

villosités (27). Chez la souris, le caecum est également recouvert d’un mucus discontinu (28). 

Le mucus du colon est composé de deux couches, un mucus interne dense et fermement 

adhérent à l’épithélium et profond de 50 à 100µm. Ce mucus est une barrière physique 

séparant la lumière intestinale de la muqueuse et présente une forte concentration de PAM, 
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expliquant qu’il est exempt de bactérie (29,30). Ce mucus dense est lui-même recouvert d’un 

mucus peu dense régulièrement renouvelé et abritant de nombreuses bactéries. Il est d’une 

profondeur très variable (Fig. 2). 

Les cellules épithéliales sont unies par différentes jonctions. Les desmosomes relient les 

filaments intermédiaires entre les cellules, permettant de répartir les forces mécaniques sur 

tout l’épithélium (31). Les jonctions adhérentes relient l’actine des cellules adjacentes, formant 

une continuité morphologique au sein de l’épithélium (32). Enfin, les jonctions serrées forment 

la zonula occludens, composée des protéines ZO-1 et ZO-2, qui empêche le passage 

incontrôlé de macromolécules par voie paracellulaire (33). Les molécules traversant 

l’épithélium sont finement contrôlées, empruntant deux voies : la voie paracellulaire et la voie 

transcellulaire. La voie paracellulaire permet à l’eau et les petites molécules chargées comme 

les ions de diffuser à travers l’épithélium. La voie transcellulaire permet l’absorption de 

molécules activement ou passivement par le biais de canaux et de récepteurs spécifiques. De 

plus grosses molécules peuvent aussi traverser l’épithélium avec une faible capacité par voie 

paracellulaire (34).  

 

Barrière chimique 

A l’état basal, les microorganismes du microbiote sont isolés dans la lumière intestinale, 

séparés de l’hôte par l’intermédiaire de plusieurs mécanismes. Les cellules de Paneth sont 

primordiales pour accomplir cela. Elles sécrètent de nombreux peptides antimicrobiens (PAM) 

dans la lumière. Il existe plusieurs catégories de PAM qui agissent selon différents modes 

d’action. 

Les défensines induisent une déstabilisation de la membrane bactérienne en formant des 

pores. Chez l’humain et la souris, il existe deux types de défensines, α et β. Les α-défensines, 

appelées cryptidines chez la souris, sont sécrétées par les cellules de Paneth tandis que les 

β-défensines le sont par les entérocytes de l’intestin grêle et du colon (35). Proches des 

défensines, les cathélicidines ne sont produites que par les colonocytes. Un défaut de 

production des cathélicidines entraine une plus forte susceptibilité aux infections par des 

entérobactéries comme Escherichia coli ou Citrobacter rodentium (36,37).  

Comme les défensines, les lectines de types C sont bactéricides. Elles sont composées de la 

famille des protéines REG, notamment REG3α et REG3γ chez l’humain (REG3β et REG3γ 

chez la souris), qui agissent en formant des pores au niveau de la paroi bactérienne, ciblant 

principalement les bactéries Gram + (38). Cependant, certaines études montrent que REG3β 

peut aussi cibler les bactéries Gram - (39). En conditions physiologiques, REG3γ participe à 
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la barrière chimique séparant les bactéries du microbiote de l’épithélium intestinal (40). En cas 

d’infection, la production de REG3γ et REG3β est augmentée en réponse à la sécrétion d’IL-

22 (41). 

Sécrété par les cellules de Paneth, le lysozyme a une action de dégradation enzymatique de 

la membrane bactérienne ciblant préférentiellement les bactéries Gram +, mais agissant aussi 

sur les Gram - (42).  

Récemment, il a été montré que les chimiokines, molécules de signalisation du système 

immunitaire permettant la migration cellulaire, peuvent jouer un rôle antimicrobien. Les modes 

d’action des chimiokines sont diversifiés, ciblant la membrane bactérienne, la production 

d’enzymes ou les protéines transmembranaires (43,44). 

Certains PAM agissent en séquestrant des nutriments et cofacteurs essentiels à la croissance 

bactérienne et potentialisent la barrière écologique en favorisant la compétition. Les métaux 

de transitions sont une cible de choix étant nécessaires dans de nombreux processus 

cellulaires et étant finement régulé (45). Ainsi, le fer est souvent un facteur limitant au cours 

de l’infection par une bactérie pathogène (46). Pour améliorer la captation de fer dans 

l’environnement, les bactéries produisent des sidérophores, des protéines ayant une forte 

affinité pour le fer. En réponse, l’hôte produit de la lipocaline-2 qui séquestre les sidérophores 

bactériens, limitant la croissance des bactéries (47). En cas d’inflammation, la sécrétion de 

lipocalin-2 est stimulée par l’IL-17 et l’IL-22 (48,49).  

La réponse immunitaire innée 

Au-delà des fonctions décrites précédemment, les cellules épithéliales transmettent aussi des 

signaux au système immunitaire en produisant des cytokines et chimiokines (50). Une liste 

des cytokines et chimiokines produites par les cellules épithéliales humaines est présentée 

dans la Table 1. Pour détecter la présence de bactéries, les cellules épithéliales disposent de 

Pattern Recognition Receptor (PRR) qui peuvent être transmembranaires comme les Toll like 

receptor (TLR) ou intracellulaire comme les NOD like receptor (NLR). Les PRR reconnaissent 

des motifs moléculaires associés aux microorganismes (MAMP) ou aux pathogènes (PAMP), 

très conservés parmi les microorganismes. Il existe plusieurs types de TLR comme de NLR 

reconnaissant chacun des motifs non spécifiques différents. Par exemple, le TLR2 reconnait 

le peptidoglycane des bactéries Gram + tandis que le TLR4 reconnait le LPS des bactéries 

Gram -.  
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Table 1 : Liste non exhaustive des cytokines et chimiokines sécrétées par les cellules 
épithéliales intestinales humaines. Table réalisée par Garance Coquant (51). 

 

Les PRR sont aussi exprimés par les cellules de l’immunité innée : les cellules dendritiques, 

les monocytes et macrophages, les granulocytes (comprenant les neutrophiles, éosinophiles 

et basophiles) et les cellules lymphoïdes innées (ILC). Les cellules dendritiques, les 

macrophages et les granulocytes sont des phagocytes, ingérant débris cellulaires, corps 

étranger et microorganismes (52).  

Contrairement aux autres lymphocytes, les ILC ne nécessitent pas d’activation préalable et 

peuvent donc engendrer une réponse rapide face à une infection (53). Les ILC sont 

regroupées en trois catégories selon les cytokines qu’elles produisent. Les ILC1 produisent de 

l’IFN-γ tandis que les ILC2 et 3 produisent des cytokines coordonnant la défense contre les 

infections parasitaires et les pathogènes extracellulaires, respectivement. Les ILC3 produisent 

notamment de l’IL-17 et de l’IL-22, cytokines clés dans la réponse inflammatoire contre 

certaines bactéries comme Citrobacter rodentium (41). Ces cytokines entrainent la production 

des PAM comme la lipocaline-2 et les protéines REG3 (38,54). 

Tableau 1 : Liste non exhaustive des cytokines et chimiokines sécrétées par les cellules épithéliales intestinales humaines 
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La réponse immunitaire adaptative  

En complément du système immunitaire inné, d’autres cellules peuvent répondre à une 

infection, reparties selon deux lignages, les lymphocytes T et les lymphocytes B.  

Ces cellules font partie du système immunitaire adaptatif, qui apporte une réponse plus tardive 

que le système immunitaire inné, mais aussi plus efficace et spécifique. La réponse adaptative 

est mise en place lorsque des cellules présentatrices d’antigène entrent en contact avec un 

lymphocyte au sein des ganglions lymphatiques et des plaques de Peyer. Toutes les cellules 

présentent des antigènes, mais les cellules du système immunitaire inné, en particulier les 

cellules dendritiques, sont spécialisées dans ce rôle. Chaque lymphocyte est spécifique d’un 

antigène en particulier. À la suite de cette reconnaissance, le lymphocyte va se multiplier et 

s’activer (52). 

Lorsqu’ils sont activés, les lymphocytes B se différencient en plasmocytes capables de 

produire des immunoglobulines (Ig) et notamment des IgA qui sont transportés dans la lumière 

intestinale par voie transcellulaire via un transporteur spécifique (55). Les IgA vont alors former 

une couche protectrice à la surface des muqueuses avec le mucus, neutralisant les bactéries 

en s’adsorbant à leur surface.  

Les lymphocytes T se divisent en deux types, les lymphocytes T CD4+ et les lymphocytes T 

CD8+ qui déterminent le type de cellules pouvant les activer. Les CD8 sont activés en réponse 

à une infection d’un pathogène intracellulaire, se transforment en lymphocytes T cytotoxiques 

capables de tuer une cellule infectée.  

De manière complémentaire, les CD4 sont activés lors d’une infection par un pathogène 

extracellulaire. A la différence des CD8, elles n’interviennent pas directement, mais 

coordonnent la réponse immunitaire de la même manière que les ILC au cours de la réponse 

immunitaire innée. On retrouve d’ailleurs des CD4 correspondant aux types des ILC : les 

lymphocytes T CD4+ Th1 correspondent au ILC1, les Th2 aux ILC2 et les Th17 aux ILC3, 

répondant aux mêmes types de pathogènes et produisant un panel de cytokines similaire. Le 

rôle des CD4 est donc de produire des cytokines afin de recruter des cellules effectrices 

comme les neutrophiles. Comme les ILC3, les Th17 sont caractérisés par la production d’IL-

17 et d’IL-22 (52).  

Un dernier sous-type de lymphocytes T, les lymphocytes Treg, a pour rôle de contrôler la 

réaction immunitaire et de médier la tolérance immunitaire. Les Treg agissent en sécrétant 

des cytokines anti-inflammatoires comme l’IL-10, le TGF-β ou l’IL-35. La différenciation d’un 

lymphocyte T en Treg nécessite l’expression du gène FOXP3 (56). 

 



24 
 

D) Les acides biliaires en interaction avec l’hôte 
 

Les récepteurs des acides biliaires 

En plus de leurs actions sur la digestion, les acides biliaires agissent comme une molécule de 

signalisation par l’intermédiaire des récepteurs aux acides biliaires, les plaçant à l’interface 

entre l’hôte et le microbiote intestinal. Les récepteurs sont aussi bien transmembranaires 

comme le G-protein-coupled bile acid receptor 1 (GPBAR1, anciennement TGR5) que 

nucléaires comme le farnesoid X receptor (FXR) qui constituent les deux principaux récepteurs 

des acides biliaires. GPBAR1 est exprimé de manière quasi-ubiquitaire mais est très abondant 

chez les cellules épithéliales intestinales ainsi que chez certaines cellules immunitaires comme 

les monocytes/macrophages et les cellules dendritiques (57). Il est également exprimé par les 

cellules entéro-endocrines où son activation entraine la sécrétion de GLP-1 (58). L’activation 

de GPBAR1 entraine une augmentation d’AMP cyclique intracytoplasmique qui va enclencher 

une cascade de signalisation aboutissant à l’inhibition de la voie NF-κB, à la phosphorisation 

de AKT et à l’activation de ERK1 et 2 (59). 

FXR a une distribution tissulaire similaire à GPBAR1 à l’exception de l’épithélium du colon ou 

il n’est présent qu’en faible proportion. Les acides biliaires ont des affinités différentes selon 

les récepteurs. Les acides biliaires primaires montrent une plus grande affinité pour FXR et 

les secondaires pour GPBAR1. Une exception notable est l’UDCA qui est neutre envers FXR 

et montre une faible affinité pour GPBAR1 (60). 

Les acides biliaires primaires et secondaires activent d'autres récepteurs nucléaires, 

notamment le pregnane X receptor (PXR) (61), le constitutive androstane receptor (CAR) (62) 

et le vitamin D receptor (VDR) (63) ainsi que des récepteurs couplés aux protéines G, 

notamment le sphingosine 1-phosphate receptor (SP1R2) (64) et les récepteurs 

muscariniques M3. Il a aussi été démontré que le 3oxo-LCA pouvait se lier au retinoid-related 

orphan receptor γt (RORγt) (65). L’UDCA semble également pouvoir de se lier au récepteur 

aux glucocorticoïdes, inhibant la production d’IFN-γ (66). 

Les acides biliaires influencent la réponse immunitaire 

Par leurs récepteurs, les acides biliaires semblent avoir une action pléiotropique sur le système 

immunitaire. Les acides biliaires secondaires exercent une activité anti-inflammatoire tandis 

que les acides sulfatés inhibent cette activité (67,68). Le 3-OxoLCA inhibe la différenciation 

des cellules Th17 en se liant directement RORγt tandis que l'isoalloLCA favorise la 

différenciation des cellules Treg par la production d'espèces réactives de l'oxygène 

mitochondrial, ce qui conduit à une expression accrue de FOXP3 (65). L’iso-DCA, en inhibant 

l’immunostimulation des cellules dendritiques via le récepteur FXR, favorise aussi la 
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différenciation de cellules Treg (69). La présence de bactérie avec une activité de 

déconjugaison dans des souris axéniques contribuait à la différenciation des Treg par 

l’intermédiaire des récepteurs FXR et VDR (70). 

Les acides biliaires influencent également la réponse inflammatoire. Le LCA et le DCA 

favorisent la régénération d’organoïdes intestinaux via l'activation de GPBAR1 dans les 

cellules souches intestinales. Des souris dont GPBAR1 a été inhibé développent des colites 

plus sévères tandis que les souris traitées avec un agoniste de GPBAR1 présentent une 

meilleure régénération de leurs cellules souches (71). De plus, l’administration intra-rectal de 

DCA et de LCA démontre une activité anti-inflammatoire dans trois modèles murins (68). 

Cependant, dans certains modèles murins, le DCA semble avoir un effet pro-inflammatoire 

(72). Des effets anti-inflammatoires ont aussi été rapportés pour le LCA et l’UDCA dans un 

modèle de souris traité avec du dextran sulfate sodium (DSS) (73). L’UDCA inhibe également 

la progression tumorale dans un modèle de souris développant un cancer colorectal après un 

traitement par DSS (74). 

Inversement, un contexte inflammatoire modifie la composition intestinale en acides biliaires. 

Chez des patients atteints de Maladie Inflammatoire Chronique de l’Intestin (MICI), le ratio 

acides biliaires primaires sur acides biliaires secondaires est augmenté (67,75). 
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II – Les bactéries du microbiote  
 

A) Historique 
 

Longtemps inaccessible à l’œil humain, l’étude des microorganismes a débuté avec l’invention 

du microscope par Antonie van Leeuwenhoek dans les années 1670-80. Il observe alors des 

« animacules » qui seront appelés plus tard bactéries. Il décrit et compare les bactéries 

présentes dans sa bouche et ses selles (Fig. 5). Sans le savoir, il vient de faire la première 

description du microbiote.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 : Dessin des premières observations des “animalcules” de A. Leeuwenhoek provenant 
de sa propre bouche 

 

En 1846, Friedrich Theodor von Frerichs met en avant l’hypothèse que les microorganismes 

observés dans le tractus digestif sont inoffensifs (76). Dans les années 1880, Théodore 

Escherich isola une bactérie dans les selles d’enfants sains qu’il nomma Bacterium coli 

commune, qui deviendra Escherichia coli par la suite, confirmant l’hypothèse de Frerichs. 

Escherich pensait alors que E. coli constituait la bactérie la plus abondante présente dans 

l’intestin (77).  

Figure 5 : Dessin des premières observations des “animalcules” de A. Leeuwenhoek 
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Dans les décennies suivantes, Koch, Pasteur, Metchnikoff et bien d’autres se sont intéressés 

au microbiote ouvrant la voie à l’étude des interactions entre microbiote et hôte. Cependant la 

plupart des recherches se limitaient encore aux bactéries aérobies, facilement cultivables en 

laboratoire, qui, on le sait aujourd’hui, ne représentent qu’une infime partie de la diversité des 

espèces bactériennes.  

Ce n’est qu’à partir des années 1940-50 que la culture des bactéries anaérobies se développa, 

entrainant un essor considérable de ce domaine. Certaines bactéries restaient tout de même 

récalcitrantes à la culture en laboratoire telle que Helicobacter pylori, agent causal d’ulcères 

gastroduodénaux. Cette bactérie a été retrouvée par des observations histologiques dans 

l’estomac de patients atteints d’ulcères dès 1906 (78,79). Ce n’est que dans les années 80 

que Marshall et Warren réussirent à cultiver H. pylori en microaérobie. Cependant, ne 

parvenant pas à transmettre l’infection à un modèle animal, Berry Marshall décida d’ingérer 

lui-même une culture de H. pylori et développa un ulcère gastrique, démontrant définitivement 

le lien de causalité entre la bactérie et les ulcères gastriques (80,81). 

Au milieu du 20ème siècle, de nombreux microorganismes demeuraient invisibles aux yeux des 

scientifiques. Aucune méthode ne permettait d’identifier toutes les espèces bactériennes 

présentes au sein d’une population plurimicrobienne telle que le microbiote intestinal. Le bon 

technologique apporter par le séquençage de l’ADN permit de palier à ce problème. Il n’était 

plus nécessaire de cultiver ou d’observer une bactérie pour la caractériser. Il était même 

possible de retracer leur arbre phylogénétique. En 1985, Carl Woese tira profit de cette 

avancée pour mettre au point une nouvelle technique. Les gènes codant pour les ARN 

ribosomiques des bactéries étant très conservés parmi toutes les bactéries, il démontra que 

les quelques mutations présentent dans les séquences codant les ARN ribosomiques 16S et 

5S permettaient d’identifier les différents phyla bactériens, remontant parfois jusqu’à l’espèce 

(82). Cette technique révolutionna la microbiologie, permettant l’étude des populations, mais 

aussi de l’évolution des bactéries, cultivables ou non. 

De grands projets internationaux tel que le « Human Microbiota Project », débuté en 2007, 

tentent désormais de caractériser la complexité du microbiote (83). Aujourd’hui, les enjeux se 

portent sur le fonctionnement du microbiote et notamment ses interactions avec l’hôte. Le 

microbiote est considéré aujourd’hui comme un organe à part entière (84). L’implication du 

microbiote est également étudiée dans diverses pathologies telles que l’obésité (85), les 

Maladies Inflammatoires Chroniques de l’Intestin (MICI) (67,86), le cancer colorectal (87), le 

diabète (88) et bien d’autres encore. 
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B) Formation et composition du microbiote humain 
 

Toutes les muqueuses en contact avec le milieu extérieur sont colonisées par des 

microorganismes : des champignons, des archées, des protistes et, mais aussi des bactéries 

et des virus formant ensemble le microbiote (Fig. 6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 : Abondances des différents microorganismes présents dans l’intestin. Figure adaptée 

de (89) et (90). 

 

Ainsi, la peau, les voies respiratoires, le tractus urinaire, vaginal et digestif sont de véritables 

écosystèmes à l’échelle microscopique. (Fig. 7) Parmi ceux-ci, le microbiote intestinal est le 

plus riche en termes de diversité et de densité. Par la suite, nous n’étudierons que ce 

microbiote en particulier. La partie bactérienne du microbiote intestinal est la plus abondante 

avec 1011 bactéries par gramme de fèces et demeure la plus étudiée à ce jour.  

Figure 6 : Abondances des différents microorganismes présents dans l’intestin 
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La structure du microbiote intestinal est déterminée dès l’enfance et particulièrement à la 

naissance. Le mode d’accouchement influe fortement sur la composition du microbiote et aura 

un retentissement sur celle-ci à l’âge adulte (91). Lors d’un accouchement par voie basse, le 

nouveau-né est en contact avec la flore vaginale, fécale et de la peau de la mère. Durant les 

mois suivants la naissance, le lait maternel, contenant également une flore microbienne, 

participe à la formation du microbiote du nourrisson (92). Ainsi, un accouchement par 

césarienne, l’alimentation du nourrisson par du substitut de lait maternel (lait en poudre) ou un 

traitement antibiotique chez la femme enceinte ou pendant l’allaitement ont un impact sur la 

composition du microbiote de l’enfant (93–96). Juste après la naissance, les bactéries 

anaérobies facultatives comme les Entérobactéries sont prédominantes (97). Leur présence 

entraine une diminution la concentration en oxygène dans la lumière intestinale facilitant la 

colonisation du tractus digestif par des bactéries anaérobies strictes. La composition du 

Figure 7 : Diversités bactériennes des différents microbiotes du corps humain 

Figure 7 : Diversités bactériennes des différents microbiotes du corps humain. Figure de (248). 
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microbiote intestinal se stabilise autour à l’âge de 2,5-3 ans (98,99). À l’âge adulte, la 

composition du microbiote est stable au cours du temps chez un individu donné. Le microbiote 

intestinal bactérien d’un individu sain est composé à 90% par deux phyla : les Bacteroidetes 

(73.13 ± 22.16%) et les Firmicutes (22.2 ± 18.66%). Les 10% restant sont composés de 

Proteobacteria, Actinobacteria, Fusobacteria et Verrucomicrobia (83,100,101). Cependant, il 

existe une forte variabilité interindividuelle.  

En plus des facteurs influençant le microbiote dans l’enfance, la composition du microbiote 

adulte est impactée par de nombreux autres facteurs, le principal étant l’alimentation et, dans 

une plus faible mesure, l’âge, la pollution, la prise de médicament, le tabagisme et d’autres 

agents environnementaux (102,103). Le facteur génétique semble avoir un effet modéré sur 

le microbiote (104).  

Bien que certains travaux se soient basés sur l’étude de biopsies intestinales, la plupart des 

études portant sur le microbiote intestinal analysent des échantillons de selles reflétant la 

diversité présente au niveau du colon. Ces études ont permis d’observer une plus grande 

abondance des Enterobacteriaceae et des Lactobacillaceae au niveau de l’intestin grêle où la 

concentration en oxygène et en sucre est plus élevée et le pH bas (105). Au niveau du colon, 

les Bacteroidetes et les Firmicutes, principalement des Clostridiales, sont prédominants. Au 

sein d’une même section intestinale, il existe également une forte hétérogénéité spatiale. En 

effet, le mucus externe abrite une population bactérienne spécifique, comprenant 

majoritairement des Firmicutes, différente de celle présente dans la lumière intestinale, 

contenant plus de Bacteroidetes (Fig. 8) (106). Ainsi l’intestin n’est pas un environnement 

homogène, mais peut être décrit comme étant un ensemble de biotopes en communication 

les uns avec les autres, et avec le milieu extérieur. 
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Figure 8 : Composition et structure du microbiote intestinal humain. Le long des sections 
intestinales, on peut observer un gradient de pH, d'oxygène et de densité bactérienne. Parallèlement, 
le microbiote humain est dominé par les Bacteroides, Firmicutes, Proteobacteria, mais la composition 
exacte diffère selon chaque section. Cette hétérogénéité est également présente entre les parties 
luminales et mucosale de chaque section. UFC : Unité formant colonie. Figure adaptée depuis la thèse 
de Quentin Lamy-Besnier 

 

C) Les fonctions du microbiote intestinal 
 

Les microorganismes du microbiote intestinal et leur hôte ont une relation symbiotique : l’hôte 

offre aux microorganismes un environnement favorable à leur croissance ainsi que des 

nutriments tandis que le microbiote a un rôle important dans la physiologie d’un individu sain 

(Fig. 9). 

Figure 9 : Les principales fonctions du mi crobiote intestinal 

Rôle dans le métabolisme intestinal :  

L’une des premières fonctions du microbiote à avoir été identifiée est sa capacité à métaboliser 

certaines molécules d’origine alimentaire. Les Firmicutes sont capables de fermenter les 

glucides complexes non digérés par l’hôte en acides gras à chaine courte (AGCC) parmi 

lesquels on peut citer le butyrate, l’acétate ou le propionate. Les AGCC ont des rôles variés ; 

le butyrate, et dans une moindre mesure le propionate, sont une source d’énergie pour les 

cellules épithéliales intestinales et notamment les colonocytes (107). Les AGCC sont 

également une source d’énergie importante pour les autres bactéries du microbiote, par 

exemple Faecalibacterium prausnitzii ne pousse qu’en présence d’acétate (108). F. prausnitzii 

produit également du butyrate qui influence la colonisation de certaines bactéries et réduit la 

Figure 8 : Composition et structure du microbiote intestinal humain 



32 
 

pathogénicité de Salmonella enterica (109). De plus, les AGCC produits par les bactéries 

participent à leur compétitivité. Par exemple les bactéries du genre Bifidobacterium 

métabolisent de l’acétate empêchant l’infection de souris par une E. coli entérohémorragique 

(110). Les AGCC peuvent ensuite être absorbés par l’hôte via la veine porte et intégrer d’autres 

voies métaboliques comme celle du cholestérol pour l’acétate ou de la néoglucogenèse pour 

le butyrate et le propionate (111). L’acétate a aussi été lié à une masse corporelle plus faible 

due à son effet sur l’appétit (112). 

Le microbiote intestinal participe au métabolisme du tryptophane, un acide aminé essentiel 

retrouvé dans les protéines d’origines animales. Le tryptophane peut être métabolisé en 

dérivés de l’indole qui sont des ligands des aryl hydrocarbon receptor (AhR) impliqués dans la 

réponse immunitaire (113). 

Les bactéries du microbiote sont aussi impliquées dans la synthèse de vitamines. Dès les 

années 60, des chercheurs se sont aperçus que des rats axéniques avec un régime pauvre 

en vitamine K développaient un déficit en prothrombine et étaient plus susceptibles de 

développer des hémorragies que des rats avec un microbiote sain (114). Chez l’humain, un 

traitement antibiotique peut avoir le même effet (115). Le microbiote a un rôle dans la 

production de la plupart des vitamines B (1, 2, 3, 5, 6, 7, 9, et 12) autrement non synthétisables 

par l’hôte et il est estimé que 25% des vitamines B absorbées par les êtres humains sont 

produites par le microbiote (allant jusqu’à 86% pour la vitamine B6), le reste étant apporté par 

l’alimentation (116).  Comme décrit dans la partie I, le microbiote intestinal intervient aussi 

dans le métabolisme des acides biliaires. 

Figure 9 : Les principales fonctions du microbiote intestinal. 
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Rôle dans le maintien de l’intégrité de l’épithélium intestinal :  

Dès la naissance, le microbiote intestinal interagit avec son hôte et participe au développement 

et au maintien de l’intégrité de l’épithélium intestinal qui forme une barrière physique séparant 

la lumière intestinale du reste de l’organisme (voir partie I-C). La présence de molécules 

d’origines bactériennes telles que le peptidoglycane et l’acide lipotéichoïque active les TLR2 

favorisant le maintien des jonctions serrées de l’épithélium intestinal (117). La bactérie 

Bacteroides thetaiotaomicron promeut la maintenance des desmosomes et ainsi la résistance 

mécanique des villosités intestinales en induisant la production de la protéine SPR-2A par les 

cellules épithéliales (118). Le microbiote participe aussi à l’angiogenèse de la 

microvascularisation au niveau de l’intestin en induisant la production d’angiogenin-3 via les 

cellules de Paneth (119).  

Rôle de barrière écologique :  

En plus de l’épithélium, les bactéries présentent dans la lumière intestinale sont séparées du 

reste de l’organisme par de nombreuses barrières présentées dans la partie I-C. Mais le 

microbiote lui-même peut être considéré comme une barrière empêchant la colonisation de 

bactéries ne sont pas adaptées à cet environnement compétitif.  

Pour coloniser et persister dans l’intestin, bactéries disposent d’un système de sécrétion de 

type VI (T6SS) permettant de sécréter des toxines directement dans le cytoplasme d’une 

bactérie adjacente. Ces effecteurs présentent de nombreuses propriétés, notamment 

l'hydrolyse du peptidoglycane, la formation de pores membranaires et la fixation d'ions 

métalliques, ce qui confère un avantage compétitif aux bactéries possédant un T6SS (120–

122). Dans le microbiote, ce système de sécrétion est très rependu parmi les phyla des 

Bacteroidetes et des Proteobacteria (123,124). Le maintien d’un équilibre sain du microbiote 

intestinal, appelé eubiose, est donc nécessaire à la fonction de barrière écologique. Un 

microbiote riche et diversifié occupe toutes les niches écologiques disponibles dans l’intestin, 

empêchant la colonisation par de nouvelles bactéries. Ainsi, dans un modèle murin de 

microbiote contrôlé ne disposant pas d’entérobactéries, S. enterica sérovar Typhimurium est 

capable de coloniser et d’engendrer une infection intestinale. Par contre, les mêmes souris 

préalablement colonisées par E. coli deviennent résistantes à la colonisation par S. 

Typhimurium (125). Il a aussi été montré que la production d’acides biliaires secondaires par 

Clostridium scindens entraine une résistance à la colonisation par Clostridioides difficile (15). 

La perturbation de cet équilibre par la prise d’antibiotique peut favoriser la survenue d’infection 

intestinale comme la colite à C. difficile ou les infections par S. Typhimurium (126). 
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Les bactéries colonisant l’intestin ont ainsi développé de nombreux mécanismes pour occuper 

la plupart des niches écologiques et pour entrer en compétition avec d’autres microorganismes 

affluant via la nourriture.   

Interaction avec le système immunitaire : 

Le microbiote est en interaction constante avec son hôte rendant nécessaire une certaine 

tolérance immunitaire. Cependant, l’hôte doit aussi se prémunir des infections bactériennes. 

Une réponse immunitaire adaptée et ciblée et donc indispensable au maintien de l’eubiose.  

En fait, le microbiote intestinal participe à l’éducation du système immunitaire afin que celui-ci 

tolère les bactéries commensales tout en gardant la capacité de répondre efficacement à une 

infection.  Cette maturation du système immunitaire est limitée à une courte période dans 

l’enfance pendant la forte diversification du microbiote intestinal qui a lieu lors du sevrage. 

L’absence de cette maturation entraine une plus forte susceptibilité aux maladies 

inflammatoire à l’âge adulte (127). 

Toutes les bactéries présentent à leur surface des motifs moléculaires (PAMP et MAMP) 

reconnus par le système immunitaire inné (voir partie I-C). Celles du microbiote ne font pas 

exception. La reconnaissance des PAMP permet la maturation du système GALT. La 

production bactérienne d’AGCC influence le système immunitaire en promouvant la production 

d’IL-22 par les lymphocytes T CD4+ et les ILC3 (128). Le butyrate augmente aussi la 

concentration d’IgA dans le colon en induisant la production de TGF-β par les cellules 

dendritiques (129).  

Les acides biliaires métabolisés par le microbiote peuvent aussi modifier la réponse 

immunitaire. La transplantation de plusieurs espèces de Bacteroides possédant l’enzyme 

BSH, permettant la déconjugaison des acides biliaires, dans des souris axéniques induit la 

prolifération des lymphocytes Treg RORγ+ par l’intermédiaire des récepteurs VDR et FXR. 

Lorsque ces bactéries sont génétiquement modifiées pour ne plus exprimer la BSH et 

inoculées dans des souris axéniques, l’effet est perdu (70). 

Chez les souris axéniques, l’absence de microbiote entraine un défaut de maturation du 

système GALT avec une baisse de la concentration des plaques de Peyer et de ganglions 

lymphatiques ainsi qu’une plus faible production d’immunoglobulines démontrant l’importance 

du microbiote intestinal dans le développement du système immunitaire (130).  

L’axe microbiote-intestin-cerveau : 

De nombreuses études ont mis en évidence des liens entre l’intestin et le système nerveux 

central ayant un impact sur le développement de maladies ou même sur le comportement. 
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Ces liens sont regroupés sous le terme d’axe intestin-cerveau. Par exemple, des animaux 

peuvent développer une préférence pour des aliments sucrés, alors même qu’ils ne disposent 

pas de récepteurs du gout sucré, via l’activation d’une population de neurone du nerf vague 

(131). Plus récemment, des interactions entre le microbiote et le cerveau ont été mises en 

évidence, formant le concept d’axe microbiote-intestin-cerveau. Le microbiote peut interagir 

avec le système nerveux par la production de neurotransmetteur (dopamine, sérotonine) (132) 

ou de métabolites (AGCC) (133) qui seront transportés dans le sang jusqu’au cerveau. De 

nombreuses études ont démontré le rôle du microbiote dans la physiopathologie de certaines 

maladies neurodégénératives, comme Alzheimer et Parkinson, ou psychiatriques (134–136). 

En plus de ses rôles physiologiques, le microbiote peut avoir d’autres effets comme celui de 

métaboliser certains composés pharmacologiques. 271 médicaments administrés oralement 

dans des souris sont ainsi chimiquement modifiés (137). La métabolisation des médicaments 

par le microbiote pourrait expliquer une part de la variabilité interindividuelle observée en 

réponse aux traitements. Par exemple l’Irinotecan, un anticancéreux, peut être métabolisé par 

l’enzyme bactérienne β-glucoronidase en une forme toxique pour les cellules épithéliales, 

engendrant alors des diarrhées. Un inhibiteur de la β-glucoronidase offre une protection contre 

cet effet secondaire (138). 

 

D) Dysbiose et infection bactérienne intestinale 
 

Les bactéries intestinales peuvent aussi être associées à des états pathologiques, directement 

ou indirectement. Certaines bactéries provoquent des infections aiguës tandis que d’autres 

sont corrélées à des maladies non infectieuses.  

Les infections intestinales aiguës 

L’intestin, très riche en nutriments, est un environnement propice à la croissance de bactéries 

commensales ou pathogènes. L’ingestion d’eau ou de nourriture contaminées représentent 

les principales portes d’entrées par des pathogènes. Dans des environnements sans point 

d’eau potable et avec un manque d’hygiène, les contaminations par voie oro-fécale sont 

particulièrement fréquentes. Les contaminations sont aussi possibles dans l’alimentation 

produites industriellement comme ce fut le cas récemment avec les produits Kinder® 

contaminés par S. Typhimurium et les pizzas Buitoni® contaminées par des E. coli entrainant 

un syndrome hémolytique et urémique (139,140). La gravité des infections intestinales varie 

grandement selon le pathogène en cause ainsi que de la personne infectée. Les âges 

extrêmes (enfants de moins de cinq ans et personnes âgées), ainsi que les personnes ayant 
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une immunodéficience sont particulièrement vulnérables à la déshydratation provoquée par 

les diarrhées. L’accès aux antibiotiques joue un rôle majeur sur le pronostic de ces infections. 

Ainsi, la plupart des cas graves sont concentrés dans les pays en voie de développement où 

l’accès à une eau de qualité et aux traitements est difficile. Ainsi, les infections intestinales 

responsables de diarrhée aiguë sont un problème de santé publique mondial avec plus de 

1,7 milliard de cas pédiatriques chaque année entrainant la mort de plus de 500 000 enfants 

de moins de cinq ans (141). 

Parmi les pathogènes intestinaux, la bactérie E. coli est la plus étudiée. De nombreuses 

souches sont regroupées sous ce nom d’espèce présentant une immense diversité génétique 

témoignant d’une grande capacité d’adaptation. E. coli est accompagnée d’une multiplicité 

d’interactions avec l’hôte. Présente chez 90% de la population humaine, la plupart des 

souches sont commensales, mais d’autres sont des pathogènes opportunistes et quelques-

unes sont des pathogènes strictes (142,143). Au sein des E. coli entrainant une infection, il 

existe plusieurs pathotypes dont six sont responsables d’infections intestinales (144).  

Les E. coli entéropathogéniques (EPEC) ainsi que les E. coli entéro hémorragiques (EHEC) 

adhèrent aux microvilli des entérocytes et entrainent des lésions d’attachement/effacement 

(lésions A/E). Les EHEC produisent en plus des shigatoxines (stx1 et stx2) qui cible la N-

glycosidase de l’ARN des cellules de l’hôte. Ces shigatoxines sont codés par des 

bactériophages et peuvent être transmises horizontalement (145). Les E. coli entéro 

toxinogènes (ETEC) ne provoquent pas de lésion A/E, mais produise des entérotoxines. Les 

E. coli entéroaggrégatives (EAEC) forment un biofilm adhérent à l’épithélium intestinal et sont 

aussi capables de produire des entérotoxines et cytotoxines. Les E. coli entéroinvasives 

(EIEC) sont capables d’envahir les colonocytes et de se déplacer latéralement au sein de 

l’épithélium sans revenir dans la lumière intestinale. Les E. coli adhérentes diffuses (DAEC) 

provoquent la formation d’extension cytoplasmique qui enveloppent les bactéries.  

D’autres pathothypes sont décrits dans la littérature, comme les E. coli adhérentes invasives 

(AIEC) associées à la maladie de Crohn, mais aucun marqueur génétique ne permet de les 

identifier à ce jour. Les AIEC sont caractérisées par leur capacité à envahir et se répliquer au 

sein de macrophages et des cellules épithéliales (146).  

Citrobacter rodentium, anciennement Citrobacter freundii biotype 4280 est un pathogène 

intestinal murin très proche génétiquement de E. coli, à tel point qu’il fut nommé « mouse 

pathogenic Escherichia coli » par Itoh et al. lorsqu’ils l’ont isolé en 1988 (147). C. rodentium 

est un pathogène modèle dans l’étude des infections intestinales chez la souris entrainant des 

lésions d’attachements/effacement proches de celles provoquées par des EPEC et des EHEC 

(148). Sa pathogénicité dépend en partie du fond génétique des souris infectées, les C57BL/6 
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et les Swiss ne présentent qu’une colite résolutive spontanément, tandis que les souris C3H, 

FVB et AKR développent une maladie sévère et succombe en quelques jours (149).  

Une infection résolutive spontanément à C. rodentium peut être divisée en quatre phases : 1 

– la phase d’implantation 2 – la phase d’expansion 3 – l’état d’équilibre 4 – la clairance ; 

détaillées dans la figure 10. C. rodentium possède un ilot de pathogénicité similaire à celui 

retrouvé chez les EPEC et EHEC : le locus of enterocyte effacement (LEE) qui code pour un 

système de sécrétion de type III (T3SS) et des protéines effectrices. Cet ilot de pathogénicité 

est exprimé in vivo lors de la colonisation du caecum (150). LEE est régulé par Ler codé par 

dans l’unité de transcription LEE1 (151,152). Des signaux comme la température ou le butyrate 

produits par le microbiote ainsi que des contraintes mécaniques régulent l’expression de LEE 

(153–155). De plus, des ions, la cystéine et la sérine, des hormones et d’autres métabolites 

bactériens comme la biotine influencent la capacité de C. rodentium à coloniser l’intestin (156–

159).  

Pendant la phase d’expansion, C. rodentium entraine des lésions A/E dans la partie distale du 

colon. Ces lésions sont caractérisées par l’effacement de la bordure en brosse des 

colonocytes et l’attachement de la bactérie à la surface de l’épithélium. Les lésions A/E 

nécessite l’action du T3SS et de son effecteur translocated intimin receptor (Tir) en plus 

d’autres effecteurs (160). La clairance de C. rodentium se fait en deux étapes. Une première 

fait intervenir le système immunitaire adaptatif, et notamment les lymphocytes T helper de type 

1 (Th1) et T helper producteurs d'IL-17 (Th17) (Fig. 10) (161). La seconde, plus tardive, met 

en jeu les autres bactéries du microbiote et notamment les Enterobacteriaceae dont E. coli, 

qui entrent en compétition avec C. rodentium et parviennent à l’éliminer définitivement. Il faut 

donc une action combinée du microbiote et de l’hôte pour éliminer C. rodentium (162). 
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Figure 10 : La coloni sation de C. rodentium dans le cas d’une i nfe ction spontané ment résol utive 

Figure 10 : La colonisation de C. rodentium dans le cas d’une infection spontanément résolutive. 
Pendant la phase d'établissement (1 à 3 jours post infection - JPI), C. rodentium réside dans les patchs 
du cæcum (Wiles et al., 2004). Avant la colonisation du colon, les bactéries commensales (notamment 
les espèces de Clostridia) produisent du butyrate, qui est oxydé par les mitochondries des cellules 
épithéliales intestinales (CEI). Dans la phase d'expansion (4-8 JPI), C. rodentium colonise la muqueuse 
colique à partir de 4 JPI. Cela induit une régulation négative de la phosphorylation oxydative 
mitochondriale dans les CEI et un passage à la glycolyse aérobie, ce qui entraine une augmentation de 
la concentration en oxygène et de la sécrétion de lactate dans la lumière intestinale. Une hausse de la 
biosynthèse et de l'efflux du cholestérol dans les CEI se produit à partir de 4 JPI, entrainant une 
augmentation de l'excrétion du cholestérol. Ces changements sont associés à une diminution des 
bactéries anaérobies strictes associées aux tissus et à une expansion des bactéries anaérobies 
facultatives (par exemple, Enterobacteriaceae), qui peuvent être nécessaires à l'alimentation croisée de 
C. rodentium et également aider l'hôte à éliminer l'agent pathogène. Les CEI présentent une expression 
accrue des marqueurs de prolifération cellulaire à partir de 4 JPI, mais l'hyperplasie de la crypte colique 
(c'est-à-dire la prolifération des cellules amplificatrices de transit et des cellules souches, et la perte des 
cellules épithéliales matures, y compris les entérocytes et les cellules en gobelet) ne se développe pas 
avant 6 JPI. Au cours de l'infection précoce, les cellules dendritiques sécrètent de l'IL-23, qui induit la 
production de cytokines pro-inflammatoires IL-22 et IL-17. L'IL-22 agit sur les CEI et induit la sécrétion 
de peptides antimicrobiens (PAM ; par exemple, REG3β, REG3γ et lipocaline 2 (LCN2)). Dans la phase 
d'état stable (8-12 JPI), C. rodentium continue à coloniser la muqueuse du colon et sa concentration 
dans les selles se stabilise à environ 109 UFC/g de selles. Les neutrophiles tissulaires contribuent à la 
réponse IL-22. Dans la phase de clairance (à partir de 12 JPI), C. rodentium associé à la muqueuse est 
opsonisé par les immunoglobulines G (IgG) et phagocyté. Par la suite, les bactéries luminales sont 
éliminées par compétition via les bactéries commensales, dont Escherichia coli. Les lymphocytes T 
helper de type 1 (Th1) et T helper producteurs d'IL-17 (Th17) sécrètent de l'IL-22, de l'IL-21, de 
l'interféron-γ (IFNγ) et de l'IL-17. La surprolifération des cellules amplificatrices de transit et des cellules 
souches (entrainant une hyperplasie de la crypte colique) se poursuit après l'élimination des bactéries. 
On ne sait pas si et quand le métabolisme de la CEI revient à l'homéostasie préinfection. 

Figure de (148). 
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La dysbiose au sein du microbiote 

Les altérations en termes de composition et de fonction sont réunies sous le terme de 

dysbiose. La dysbiose se distingue de la simple variabilité interindividuelle lorsqu’elle est 

associée à une pathologie ou lorsque le microbiote ne remplit plus ses fonctions. Les 

dysbioses sont ainsi associées à de nombreuses pathologies, intestinales ou non : l’asthme 

(163), l’autisme (164), les maladies neurodégénératives (165), mais elles sont particulièrement 

étudiées et décrites pour le diabète (88), l’obésité (85) et les maladies inflammatoires 

chroniques de l’intestin (MICI) que nous prendrons pour exemple (86,166).  

Les MICI sont séparées en deux entités, la maladie de Crohn qui correspond une inflammation 

transmurale pouvant toucher l’ensemble du tube digestif, et la rectocolite hémorragique ne 

touchant que la partie superficielle du colon. La dysbiose dans les MICI est d’abord 

compositionnelle avec une diminution de la diversité, une baisse des Firmicutes, dont les 

Clostridium, et une augmentation des Enterobacteriaceae (167). On peut noter que des AIEC 

sont retrouvés plus fréquemment dans les selles de patients atteints de la maladie de Crohn 

que chez des individus  sains (168). L’abondance de la bactérie F. prausnitzii, qui possède de 

propriétés anti-inflammatoires, est diminuée aussi bien dans la maladie de Crohn que dans la 

rectocolite hémorragique (169). Les Bacteroidetes et les autres Proteobacteria voient leur 

abondance augmenter ou diminuer selon les études (170,171).  

Cette dysbiose compositionnelle est elle-même associé à une dysbiose fonctionnelle. Les 

acides biliaires sont en majorité des acides biliaires primaires chez les patients atteints de 

MICI alors qu’ils sont majoritairement métabolisés en acides biliaires secondaires chez les 

individus sains. On observe aussi une augmentation des acides biliaires sulfatés (67). Ce 

changement est à la fois une cause de la dysbiose compositionnelle, car moins de bactéries 

métabolisent les acides biliaires, mais il permet aussi un maintien de l’état inflammatoire, car 

les acides biliaires secondaires qui ont des propriétés anti-inflammatoires sont moins 

abondants (67). De même, les AGCC sont diminués chez les patients atteints de MICI, 

conséquence de la baisse des bactéries productrices d’AGCC comme F. prausnitzii ou les 

Clostridium (166). La diminution de l’abondance de F. prausnitzii est aussi associée à la 

diminution de la concentration du peptide microbial anti-inflammatory molecule (MAM) qui 

possède une activité anti-inflammatoire en inhibant la voie NF-κB (172). On observe aussi une 

diminution de l’épaisseur du mucus dû à l’abondance de bactéries mucolytiques comme 

Runinococcus gnavus et R. torques (173). Enfin, l’inflammation provoque une augmentation 

de la perméabilité de l’épithélium intestinal ce qui entraine une infiltration bactérienne au sein 

de la muqueuse (174). 
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E) Modèles d’études du microbiote 
 

Les chercheurs disposent d’un large éventail de modèles expérimentaux pour étudier la 

complexité des interactions au sein du microbiote. Les modèles cellulaires, comme les cellules 

épithéliales intestinales humaines différenciées Caco2/Tc7, permettent d’élucider les 

mécanismes moléculaires de certaines voies métaboliques (175). Des modèles plus 

complexes comme les organoïdes permettent de recréer un tissu fonctionnel (176). Les 

modèles « organ-on-chip », comme le « gut-on-chip » récapitule une unité fonctionnelle d’un 

organe en entier et peut même accueillir une population microbienne similaire à un microbiote 

(177).  Un des modèles in vitro les plus complexe à ce jour est le « simulator of the human 

intestinal microbial ecosystem » (SHIME) qui consiste en une succession de fermenteurs 

finement régulés afin de simuler un intestin entier (178). Ces modèles in vitro présentent 

cependant des limitations comme des difficultés d’entretenir des communautés bactériennes 

complexes pour les modèles les plus simples ou de coût pour les plus complexes comme le 

SHIME. Cependant, chaque modèle permet de répondre à des questions spécifiques 

Seuls les modèles in vivo permettent l’étude des différentes composantes en interaction les 

unes avec les autres. Il existe différents modèles in vivo pour étudier le microbiote intestinal. 

Étant proches des êtres humains génétiquement et anatomiquement, les souris sont de loin 

les animaux modèles les plus utilisés pour étudier les relations hôte-microbiote. Il existe 

cependant certaines différences importantes. La première est la présence d’un caecum large 

et anatomiquement distinct du colon chez les souris tandis qu’il n’y a qu’un vestige de cet 

organe chez l’être humain. En revanche, les humains possèdent un appendice absent chez 

les souris. Histologiquement, les souris disposent de cellules de Paneth uniquement dans 

l’intestin grêle alors qu’elles sont présente jusque dans le colon proximal chez l’être humain 

(179).  

De multiples modèles murins ont été mis au point, répondant chacun à des besoins 

particuliers. Le premier est le modèle de souris conventionnelles. La plupart des souris 

commercialisées à des fins de recherche sont passées au crible afin d’éliminer de potentiels 

pathogènes murins ou humains, elles sont alors qualifiées spécific pathogen free (SPF). Les 

souris SPF présentent un microbiote diversifié et, comme le microbiote humain, avec de fortes  

variations interindividuelles, dépendant notamment du fournisseurs (180). Les souris comme 

les humains présentent une majorité de bactéries appartenant aux phyla Bacteroidetes et de 

Firmicutes. Il existe en revanche des différences au sein de ces phyla avec une plus grande 

abondance de bactéries appartenant aux genres des Lactobacillus, Alistipes et Turicibacter 

chez la souris et aux genres des Prevotella, Faecalibacterium et Ruminococcus  chez l’humain 

(181).  
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La variabilité interindividuelle de composition du microbiote des souris SPF représente une 

limite expérimentale évidente, impactant la reproductibilité des expériences. De plus, l’ajout 

de bactéries au sein d’un microbiote riche déjà formé est difficile, la plupart des niches 

écologiques étant déjà occupées, et nécessite souvent l’utilisation d’antibiotiques entrainant 

une dysbiose majeure.  

Pour pallier ces limitations, des souris axéniques, ne disposant pas de microbiote et élevées 

dans un environnement stérile ont été largement utilisées, limitant la variabilité. Ces souris ont 

également permis d’étudier l’importance du microbiote dans la physiologie et certaines 

pathologies (182). Les souris axéniques permettent aussi l’ajout d’une, ou plusieurs, bactéries 

permettant l’étude de la relation entre ces bactéries spécifiquement et l’hôte (183). En 

revanche, les souris axéniques ne disposent pas d’un système immunitaire mature, car le 

microbiote est crucial pour la maturation de celui-ci (voir partie II-C), ce qui constitue une limite 

majeure dans l’étude des interactions hôte-microbiote.  

Afin de modéliser un microbiote sain et fonctionnel tout en maintenant une grande 

reproductibilité et modularité, des souris gnotobiotiques ont vu le jour. Le premier, connu sous 

le nom de flore de Schaedler a été obtenu par la combinaison de bactéries cultivées provenant 

de l'intestin de souris (183). Plus récemment, des souris disposant d’un microbiote 

« humanisé » ont été mise au point. Ces souris ont été inoculé par un consortium de bactéries 

représentatives du microbiote humain et non murin afin d’étudier des conditions plus proche 

de l’être humain (184). Cependant ces souris ne représentent ni le fonctionnement d’un 

microbiote humain ni d’un microbiote murin qui sont le résultat de millions d’années de 

coévolution. Les souches sélectionnées pour constituer le microbiote d’une souris 

gnotobiotique sont choisies en fonction de la question posée. Pour l’étude du rôle des acides 

biliaires, étudié dans ce travail de thèse, un modèle ne métabolisant pas les acides biliaires 

constitue une plateforme idéale. Le modèle Oligo Mouse Model 12 (OMM12) répond à ces 

critères et a donc été utilisé. Le microbiote des souris OMM12 dispose de 12 bactéries 

représentatives des cinq principaux phyla bactériens présents chez les souris 

conventionnelles. Ce microbiote est inoculé à des souris C57BL/6 axéniques. Le consortium 

OMM12 est ensuite transmis de la mère à la progéniture et est stable au cours des générations 

(Fig. 11). Cette stabilité permet une grande reproductibilité. De plus, la présence du microbiote 

dès la naissance les rapproche d’un modèle de souris conventionnelle avec une maturation 

du système immunitaire. Enfin, il est possible d’ajouter une ou plusieurs espèces bactériennes 

sans utilisation d’antibiotique. Les souris OMM12 constituent donc un modèle modulable et 

contrôlé dans l’étude du microbiote (125).  
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Figure 11 : Composition du microbiote bactérien des souris OMM12 au cours de sept générations. 
Abondances relatives des 12 souches du consortium OMM12, Bifidobacterium animalis YL2 et 
Acutalibacter muris KB18 n’ont pas atteints la limite de détection. Figure de (125). 

 

 

 

 

 

  

Figure 11 : Composition du microbiote bactérien des souris OMM12 au cours de sept générations 
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III – Les bactériophages 
 

A) Historique 
 
La découverte des bactériophages est souvent attribuée aux travaux de Félix d’Hérelle (185) 

et Frederick Twort (186), mais avant cela, certains articles mentionnaient déjà l’existence 

d’agents capables de lyser les bactéries. Le plus ancien remonte à 1896 lorsque Hankin 

démontra que les eaux filtrées du Gange et de la Jumna possédaient une activité 

antibactérienne. Cette activité était perdue lorsque l’eau était portée à ébullition, cependant il 

est difficile d’attribuer avec certitude l’effet antibactérien à l’action de bactériophages (187). 

Les premières observations effectuées par Frederick Twort en 1915 l’ont amené à émettre 

l’hypothèse de l’existence de « virus ultramicroscopiques » qui pouvaient être considérés 

comme des agents infectieux des bactéries. Cependant, il a privilégié d’autres hypothèses et 

notamment celle d’une action enzymatique (186).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12 : Félix d’Hérelle travaillant à la paillasse 

Figure 12 : Félix d’Hérelle travaillant à la paillasse. La photo a probablement été prise dans son 
laboratoire de production de bactériophages thérapeutiques créé en 1936. 
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Indépendamment, Félix d’Hérelle (Fig. 12) découvrit en 1917 un agent antagoniste des 

bactéries dans les selles filtrées de patients atteints de dysenterie. Cet agent provoque la lyse 

des bactéries en culture liquide et l’apparition de plages de lyse sur milieu solide. Il remarque 

également que cette action antimicrobienne est limitée à une seule espèce bactérienne même 

s’il suppose ce phénomène plus général. Différemment à Twort, il est persuadé qu’il s’agit d’un 

« microbe antibactérien » qu’il appela : bactériophage, dérivé du grec « phagein » (manger) 

(188). D’Hérelle poursuivit ses premières observations et chercha à appliquer les effets 

antibactériens des bactériophages en clinique, créant alors le concept de phagothérapie. En 

1919, il étudia pour la première fois les effets des bactériophages in vivo en administrant en 

prophylaxie des bactériophages de Salmonella gallinarum. En 1921 il effectua ses premiers 

traitements chez des patients atteints de dysenterie (189). La nature virale des bactériophages 

fut controversée jusqu’en 1940, date des premières observations directes en microscopie 

électronique effectuées par Ernst Ruska (Fig. 13) (190).  

.  

 

 

 

 

 

 

 

 

 

La phagothérapie fut très largement utilisée dans les années 1930 avant de tomber en 

désuétude face à l’apparition de nouveaux traitements antimicrobiens, les antibiotiques, qui 

présentaient les avantages d’être facilement produits en grande quantité et d’avoir un spectre 

large qui les rendaient efficaces dans de nombreuses situations (191). L’utilisation de la 

phagothérapie persista en URSS après la Seconde Guerre mondiale puis dans les pays 

d’Europe de l’Est pour des raisons économiques et d’indépendance vis-à-vis des puissances 

occidentales. Cet héritage prend sa source en Géorgie où un institut, aujourd’hui dénommé 

Figure 13 : Première photo de bactériophages par microscopie électronique par 

Ernst Ruska en 1940 

Figure 13 : Première photo de bactériophages par microscopie électronique par Ernst Ruska 
en 1940. Des bactériophages sont visibles à la surface de la bactérie E. coli.  



45 
 

l’Institut Eliava, fût fondé au milieu des années 20 suite à la visite de Georgyi Eliava à l’Institut 

Pasteur où il rencontra Félix d’Hérelle. Cet institut demeure spécialisé dans le traitement de 

maladies infectieuses par phagothérapie (192). 

La découverte des bactériophages a permis l’essor d’une recherche centrée sur la 

compréhension des mécanismes essentiels au vivant, donnant naissance au domaine de la 

biologie moléculaire. Hershey et Chase ont par exemple effectué en 1952 des expériences 

avec des bactériophages pour démontrer que l’ADN était le support de l’information génétique, 

travaux qui furent récompensés par un prix Nobel (193). De manière remarquable, six autres 

prix Nobel ont été attribués à des découvertes impliquant des bactériophages, la plus récente 

étant la découverte du système de défense bactérien CRISPR/Cas9 dont l’application dérivée 

facilite l’édition de génomes (194). 

Récemment, un regain d’intérêt pour la phagothérapie s’est manifesté à cause de l’émergence 

de la résistance aux antibiotiques et l’absence d’alternative qui posent un problème de santé 

publique majeur (195). L’utilisation massive d’antibiotiques, notamment pour l’élevage, 

entraine une modification des écosystèmes bactériens et favorise l’émergence de résistance. 

Plus largement, la réduction de l’utilisation des antibiotiques au profit d’alternatives plus ciblées 

s’inscrit dans le cadre d’une approche « santé globale » (« One health » en anglais) qui vise à 

réduire l’impact de l’être humain sur la biodiversité, notamment la biodiversité microbienne, 

afin de limiter l’émergence de bactéries résistantes aux antibiotiques (196). 

Au-delà de leur utilisation en thérapeutique ou comme outil de biologie moléculaire, les 

bactériophages sont également étudiés pour leurs rôles dans les écosystèmes microbiens. 

Ces prédateurs naturels des bactéries sont impliqués dans les dynamiques des populations 

bactériennes, que ce soit dans l’océan ou l’intestin (197,89). 

 

B) Diversité et classification 
 
Les bactériophages sont l’entité biologique la plus abondante sur terre avec une estimation de 

1031 particules virales, un nombre dont il est difficile d’apprécier la grandeur à l’échelle 

humaine. Il y aurait en moyenne 10 milliards de bactériophages par litre d’eau dans l’océan, 

soit plus que la population humaine sur terre (198,199). Il existe aussi une très grande diversité 

au sein des bactériophages, mais l’absence de marqueur universel, contrairement au 16S pour 

les bactéries, rend difficile le suivi de la phylogénie des bactériophages et donc leur 

classification. La première classification proposée, et encore largement utilisée aujourd’hui, 

repose sur l’aspect morphologique des bactériophages ainsi que le support de leur information 

génétique (Fig. 14) (200). La majorité des bactériophages caractérisés ont une molécule 
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d’ADN double brin, mais il existe des bactériophages ayant un ADN simple brin ou encore de 

l’ARN simple ou double brin. Leur taille varie de 20 à 200 nm de long et ils peuvent présenter 

des formes variées. Environ 95% des bactériophages observés en microscopie électronique 

font partie de l’ordre des Caudovirales (du latin « cauda » signifiant queue). Cela signifie qu’ils 

sont composés schématiquement d’une tête (la capside) contenant une molécule d’ADN 

double brin et d’une queue protéique à laquelle des fibres caudales sont attachées. Cet ordre 

viral est composé de trois familles : les Myoviridae avec une queue contractile, les Siphoviridae 

avec une queue souple et non contractile et les Podoviridae avec une queue courte et non 

contractile.  

 

Figure 14 : Diversité et classifi cation des bactériophage s  

Figure 14 : Diversité et classification des bactériophages selon leur morphologie et le support 
moléculaire de leur matériel génétique. Chaque famille est illustrée par l’un de ses membres les 
mieux caractérisés. Figure provenant de (201) 

 

Comme pour les bactéries, l’immense diversité des bactériophages n’a pu être appréhendée 

qu’avec la révolution métagénomique. Les bactériophages étant dépourvus de gènes 

universellement présents, des approches par comparaison de génomes entiers (202,203) ou 

basées sur des marqueurs protéiques (204) ont été proposées. Actuellement, la classification 

de l’International Committee for the Taxonomy of Viruses (ICTV) est en pleine évolution pour 
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prendre en compte de manière prioritaire la proximité génétique en lieu et place de la 

morphologie (205). 

 

C) Les cycles infectieux des bactériophages 
 
Au-delà de leur morphologie et de leur séquence, les bactériophages se différencient aussi 

selon leur type de cycle infectieux. Les deux principaux types sont les bactériophages virulents 

et les bactériophages tempérés (Fig. 15). 

Figure 15 : Les principaux cycles infectieux des bactériophages. Tous les cycles infectieux des 
bactériophages commencent par l’adsorption d’une particule virale à une bactérie et l’injection de leur 
génome. Certains bactériophages peuvent intégrer leur génome dans celui de leur hôte et commencer 
un cycle lysogénique. D’autres entament directement la production de nouveaux virions qui sont libérés 
lors de la lyse de la bactérie ou chroniquement sans entrainer la mort de leur hôte bactérien.  

 

Cycle infectieux d’un bactériophage virulent 

Les bactériophages virulents accomplissent un cycle lytique qui aboutit à la lyse de la bactérie 

et qui peut être décomposé en trois étapes : l’adsorption, l’infection (aussi appelée phase de 

latence) et la lyse avec libération de nouveaux virions (206). Un cycle lytique commence par 

la rencontre aléatoire d’un bactériophage et d’une bactérie. Les bactériophages n’ayant pas 

d’activité métabolique propre, ils sont incapables de s’approcher activement d’une bactérie 

cible et ne peuvent donc que diffuser dans l’environnement. Les interactions entre 

bactériophages et bactéries sont donc favorisées par une forte densité des deux populations. 

Le cycle se poursuit uniquement si le phage s’adsorbe à la surface de la bactérie grâce à la 

Figure 15 : Les principaux cycles infectieux des bactériophages 
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reconnaissance d’un motif moléculaire spécifique. Ces récepteurs moléculaires sont très 

divers et dépendent de chaque couple bactériophage/bactérie ; des exemples sont listés dans 

la table 2. 

 

Table 2 : Exemples de bactériophages infectant des bactéries pathogènes et leurs récepteurs. 
Table adaptée de (207) 

 

Le motif présent à la surface des bactéries est reconnu par les fibres caudales du 

bactériophage. Ainsi chaque bactériophage ne peut infecter qu’un nombre limité d’hôtes, 

définissant un « spectre d’hôtes ». Le bactériophage va ensuite injecter son matériel génétique 

dans la bactérie cible, laissant généralement son enveloppe protéique à l’extérieur de la 

bactérie. Le matériel génétique va alors permettre de pirater la machinerie cellulaire de l’hôte 

afin de répliquer le génome du bactériophage et de produire des protéines virales qui seront 

assemblées en nouveaux virions. Au cours de ce processus, le génome de la bactérie est 

parfois dégradé pour fournir des ressources supplémentaires à la production des nouveaux 

bactériophages. Le nombre de virions produits au cours d’un cycle varie en fonction du 

bactériophage, il est par exemple de 300 pour le bactériophage T4. Une fois les virions formés, 

la bactérie est lysée par l’action de protéines virales spécialisées telles que la holine qui forme 

Tableau 2 : Exemples de bactériophages infectant des bactéries pathogènes et leurs récepteurs 

Bactériophage Hôte Récepteurs Référence

Sf6 Shigella flexneri OmpA/OmpC Parent et al. 2014

SfMu Shigella flexneri Antigène O du LPS Jakhetia et al. 2015

KSF-1 Vibrio choleraa Pili de type IV Faruque et al. 2005

ICP1 Vibrio choleraa Antigène O1 du LPS Seed et al. 2012

PP01 Escherichia coli  O157:H7 OmpC Morita et al. 2002

φiV10 Escherichia coli  O157:H7 Antigène O157 Perry et al. 2009

P22 Salmonella  Typhimurium Antigène O du LPS Baxa et al. 1996

9NA Salmonella  Typhimurium Antigène O du LPS Schmidt et al. 2016

F336 Campilobacter jejuni Capsule Sørensen et al. 2011

F341 Campilobacter jejuni Flagelle Baldvinsson et al. 2014

JG004 Pseudomonas aeruginosa Antigène O du LPS Le et al. 2013

Phage K8 Pseudomonas aeruginosa Antigène O du LPS Mcshan et al. 2016

Bactériophage Hôte Récepteurs Référence

Gamma Phage Bacillus anthracis GamR Gillis et al. 2016

AP50c Bacillus anthracis CsaB Bishop-Lilly et al. 2012

φi11 Staphilococcus aureus Acide théicoique Xia et al. 2011

iSLT Staphilococcus aureus Acide lipothéicoique Kaneko et al.  2009

A118 Listeria monocytongenes Acide théicoique Bielmann et al. 2015

P35 Listeria monocytongenes Acide théicoique Bielmann et al. 2015

Gram -

Gram +
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des pores dans la membrane plasmique et l’endolysine qui dégrade le peptidoglycane, 

aboutissant à la libération des virions. 

Ce cycle infectieux à une durée variable selon le bactériophage et l’hôte, il est de 30 minutes 

pour le bactériophage T4 infectant la bactérie E. coli et de 6 heures pour le bactériophage LE4 

infectant Leptospira biflexa (208). 

Lors de la formation de nouvelles particules virales, des fragments du génome de la bactérie 

hôte peuvent être encapsidés par erreur. Une fois libérés, ces nouveaux virions ne seront pas 

capables de produire un cycle infectieux, mais pourront injecter ce fragment dans un nouvel 

hôte. Ce phénomène que l’on appelle transduction, peut être généralisé lorsque les fragments 

sont encapsidés au hasard, ou spécialisés lorsqu’il s’agit de bactériophages tempérés. 

Cycles infectieux d’un bactériophage tempéré 

Les bactériophages tempérés suivent en général les mêmes étapes que les bactériophages 

virulents lors de leur cycle infectieux. Cependant, après l’étape d’injection de leur ADN, ils 

possèdent la capacité d’insérer leur génome dans le chromosome de la bactérie hôte et 

prennent alors le nom de prophages. Le prophage se réplique alors en même temps que son 

hôte bactérien de manière quasi indéfinie. Sous certaines conditions, le prophage perçoit des 

signaux qui vont l’amener à reprendre un cycle infectieux lytique. Cette décision, dénommée 

induction, provoque l’excision du prophage afin que de nouveaux virions soient formés puis 

libérés. Le choix entre cycle lytique et cycle lysogénique a été très étudié pour le phage lambda 

où il dépend de l’état métabolique de l’hôte et du nombre de bactériophages co-infectant une 

même bactérie (209,210). Plus récemment, une molécule, l’arbitrium, impliquée dans la 

décision entre les deux cycles infectieux, a été identifiée au cours de l’étude de bactériophages 

infectant Bacillus subtilis. L’arbitrium est produit lors d’un cycle lytique et renseigne ainsi sur 

le nombre de nouvelles infections récentes dans l’environnement proche. Lorsque la 

concentration en arbitrium est élevée, le bactériophage entrera dans un cycle lysogénique 

(211). 

Les prophages peuvent être bénéfiques pour leur hôte. Par exemple, ils apportent 

généralement une protection contre l’infection de phages similaires. Ce mécanisme est appelé 

l’exclusion de surinfection ou homo-immunité (212). Ils peuvent également apporter des 

facteurs de pathogénicité comme les shigatoxines stx1 et stx2, présentes dans les EHEC et 

ETEC (voir partie II-C). 

Une partie du génome de l’hôte connexe à un prophage peut être excisé par erreur en même 

temps que le génome du prophage. Cela aboutie à l’empaquetage d’un génome chimère 

bactériophage/bactérie dans une particule virale qui peut rester infectieuse. Ce génome pourra 
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s’intégrer dans un nouvel hôte, transduisant ainsi une partie du génome de la bactérie d’origine 

du prophage. C’est la transduction spécialisée. De plus, un bactériophage peut échanger des 

gènes avec autre phage par recombinaison formant un génome mosaïque. La recombinaison 

est souvent médiée par des recombinases codées par les bactéries qui sont détournées par 

les bactériophages ou directement codées par les bactériophages (213). Ce phénomène 

participe activement à la diversité des bactériophages.  

Autres cycles infectieux  

Deux autres cycles infectieux ont été décrits dans la littérature, mais sont bien moins connus. 

Le premier, découle de l’observation de la persistance au sein de la bactérie, sous la forme 

d’un épisome, du génome du bactériophage. Sans lyse ni immobilisation dans le chromosome 

bactérien, ce cycle infectieux est qualifié de « pseudo-lysogénique » (214). 

Le deuxième concerne les bactériophages filamenteux de la famille des Inoviridae, qui 

présentent la particularité de ne pas lyser la bactérie, tout en produisant de nouvelles particules 

qui sont sécrétées en permanence. Cette situation est définie comme une infection chronique 

(215). 

 

D) Les systèmes de résistance bactériens aux bactériophages 
 
Loin de subir passivement la prédation des bactériophages, les bactéries ont développé de 

nombreux mécanismes de défense (Fig. 16). 

Mécanismes ciblant l’adsorption 

L’un des premiers mécanismes identifiés est lié à l’affinité des bactériophages pour le 

récepteur qu’ils reconnaissent à la surface des bactéries. Il suffit en effet de changer parfois 

un seul acide aminé du récepteur bactérien pour que l’adsorption soit fortement réduite, voire 

inexistante. Lorsque le récepteur du bactériophage est le produit d’une série de réactions 

enzymatiques impliquant de nombreuses protéines, comme c’est le cas pour le LPS chez les 

bactéries Gram -, une seule mutation peut aboutir à une modification de cette molécule et 

rendre ainsi les bactéries résistantes aux bactériophages (216). Un autre moyen d’empêcher 

l’adsorption est de masquer les sites d’adhésions aux bactériophages. Par exemple, la 

protéine TraT d’E. coli se lie aux protéines de membrane externe OmpA et OmpE et empêche 

ainsi l’infection par le bactériophage K3 (217). D’autres bactéries produisent des vésicules 

exposant des récepteurs aux bactériophages afin de les leurrer (218). Certains de ces 

mécanismes peuvent avoir un coût évolutif élevé lorsque les récepteurs impliqués remplissent 

un rôle prépondérant dans la physiologie bactérie (219). 
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Figure 16 : Les principaux mécanismes de résistance aux bactériophages  

Figure 16 : Les principaux mécanismes de résistance aux bactériophages. Les systèmes de 
restriction-modification et les systèmes CRISPR ciblent des motifs d'ADN spécifiques. Les mécanismes 
d'infection avortée déclenchent une mort bactérienne prématurée. D'autres mécanismes, médiés par 
des agents chimiques ou des systèmes de signalisation, sont également représentés, en plus d'autres 
systèmes de résistance putatifs. Adapté de (220). 

 

Mécanisme ciblant la production de nouveaux acides nucléiques 

Une fois adsorbé à la surface des bactéries, le bactériophage injecte son génome dans le 

cytoplasme, l’exposant à des mécanismes de défense intracellulaire. Les systèmes de 

restriction-modification ciblent et dégradent l’ADN « non-hôte » via la reconnaissance de 

courtes séquences. Dans le génome de l’hôte, ces séquences sont généralement méthylées 

afin qu’elles ne soient pas prises pour cible par les enzymes de restriction. D’autres manières 

de différencier le génome de l’hôte de celui du bactériophage ont été identifiées, comme l’ajout 

d’un groupe soufre à l’ADN bactérien (221). Le mécanisme de restriction-modification est très 

rependu parmi les bactéries puisque 74% des génomes procaryotes sont dotés d’au moins un 

système de restriction/modification (222). Ce système de défense n’est pas spécifique d’un 

bactériophage, ni même de l’ADN viral et il est donc considéré comme un système immunitaire 

inné (220).  
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Tout comme les systèmes de restriction-modification, le système CRISPR-Cas cible l’ADN 

viral. À la suite d’une infection par un bactériophage, un fragment du génome viral peut être 

incorporé au génome bactérien. Lorsque la bactérie survit à cette première infection, via 

l’action d’un système de restriction-modification par exemple, cette séquence peut alors être 

transcrite pour servir de guide à la machinerie enzymatique Cas afin de cibler et dégrader 

spécifiquement le génome d’un autre bactériophage présentant une séquence identique à 

celle intégrée au chromosome. Ce système en deux étapes est assimilé à un système 

immunitaire adaptatif (223). Il existe une grande diversité de systèmes CRISPR-Cas avec plus 

de 20 sous-types, certains ciblant les bactériophages à ADN et d’autres les bactériophages à 

ARN (224). 

L’infection abortive 

Les bactéries ont aussi développé des mécanismes de défense au niveau populationnel. 

Lorsqu’une bactérie est infectée par un bactériophage, ces mécanismes, apparentés à un 

suicide cellulaire, empêchent le bactériophage d’accomplir un cycle infectieux productif et 

évitent qu’il n’infecte d’autres bactéries. Le principal mécanisme, appelé système d’infection 

abortive (Abi), a été identifié chez de nombreuses espèces bactériennes, mais aussi chez les 

archées. Il repose généralement sur des protéines toxine-antitoxine (225). La plupart des 

toxines ciblent la traduction des ARNs chez les bactéries (226). 

Le système Abi peut être complémentaire à d’autres mécanismes de résistance. Par exemple 

chez certaines souches de E. coli, l’ARN bactérien est dégradé lorsque le système de 

restriction-modification est réprimé (227). Récemment, un nouveau système appelé Cyclic 

oligonucleotide Based Anti-phage Signalling System (CBASS) a été découvert. Dans ce 

système, une protéine cGAS détecte la présence d’ADN viral cytosolique et induit la production 

d’AMP et GMP cycliques qui vont à leur tour activer une phospholipase. Une fois activée, la 

phospholipase dégrade la membrane bactérienne, entrainant la mort de la bactérie (228). 

Nouveaux mécanismes de défense  

Récemment, un mécanisme de défense basé sur une molécule, la daunorubicine, a été 

identifié chez les Streptomyces. Cette molécule s’intercale dans l’ADN du bactériophage sans 

pour autant affecter la croissance de la bactérie hôte (229).  

Un autre mécanisme atypique, ne constituant pas un système de défense à proprement parler, 

consiste à interférer avec le cycle viral des bactériophages. Il s’agit des phage-inducible 

chromosomal islands (PICIs) mis en évidence chez les bactéries Gram + et plus récemment 

chez les bactéries Gram - (230). Ce mécanisme exploite la présence de bactériophages 

tempérés afin de transmettre par transfert horizontal de gènes une partie spécifique de leur 
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génome. Les virions formés vont ainsi empaqueter aussi bien leur propre génome que les 

PICIs de la bactérie hôte, entrainant la production de nombreuses particules virales défectives. 

(231). Ce phénomène de transduction latérale explique que certains éléments génétiques, 

souvent des ilots de pathogénicité, aient une fréquence de transduction multipliée par 105 

comparée à d’autres parties du génome (230). 

Enfin, comme pour l’homo-immunité, un nombre croissant d’autres systèmes de défense 

putatifs ont été identifiés par des approches bio-informatiques, mais leurs mécanismes 

moléculaires restent à élucider (232). 

Résistance phénotypique  

Au sein d’une population, les bactéries ne forment pas un ensemble homogène. Certaines 

expriment des gènes de manière stochastique. Lorsque ces gènes sont nécessaires à 

l’infection virale d’un bactériophage, ces bactéries peuvent alors manifester une résistance 

dite phénotypique à ce bactériophage (233,234). B. thetaiotaomicron alterne l’expression de 

huit lipoprotéines de capsules entrainant une modification de son spectre de susceptibilité aux 

bactériophages (235). Dans le cas du phage crAss001, les variations d’expression peuvent 

aussi entrainer un délai de la lyse de la bactérie B. intestinalis engendrant une persistance du 

bactériophage. Un mécanisme similaire de variation de phase a été observé chez 

Campylobacter jejuni qui peut modifier son expression génétique afin de s’adapter à son 

environnement. Ceci entraine une modification des protéines présentes à sa surfaces et 

empêche ainsi l’adsorption de certains bactériophages (236). Ce mécanisme permet au 

bactériophage et à la bactérie de se multiplier en parallèle et de coexister au sein d’un même 

environnement (237).  

Échappement des systèmes de défense bactériens par les bactériophages 

Malgré tous les systèmes de défense cités, les bactériophages demeurent nombreux, preuve 

en est qu’ils parviennent à se multiplier. Les bactéries sont en fait résistantes à l’immense 

majorité des bactériophages auxquels elles sont exposées. Cependant, une fraction de ceux-

ci a évolué conjointement avec un hôte bactérien, en développant des mécanismes de 

contournement des systèmes de défense. Ces bactériophages sont alors devenus spécialisés 

dans l’infection d’un spectre limité d’hôtes.  

Pour ce faire, les bactériophages disposent de plusieurs solutions. Ils peuvent muter leurs 

protéines de queue en réponse à une mutation du récepteur bactérien (238). Pour contourner 

les systèmes de restriction/modification, le bactériophage T4 incorpore dans son génome une 

base modifiée, l’hydroxymethylcytosine, au lieu de la cytosine (239). Certains bactériophages 

sont capables de détourner un système d’infection abortive en produisant une antitoxine (240). 
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Le phage ΦKZ infectant Pseudomonas aeruginosa peut former un compartiment protéique 

entourant son ADN le protégeant des DNAse de l’hôte, notamment celles associées aux 

systèmes CRISPR-Cas et de restriction-modification (241). Plus directement, certains 

bactériophages produisent des protéines inhibant le système CRISPR-Cas selon plusieurs 

mécanismes : en se liant à la protéine Cas, empêchant son recrutement dans le complexe 

CRISPR-Cas ou en bloquant l’attachement du complexe CRISPR-Cas à l’ADN viral (242). 

Afin de s’adapter au mieux à leur environnement et à leurs hôtes, les bactériophages sont en 

constante évolution, avec des mécanismes générant activement des mutations et des 

phénomènes de recombinaison (243). Les bactériophages sont ainsi capables d’échanger des 

régions fonctionnelles aboutissant à la formation de génomes mosaïques (244). 

 

E) Les bactériophages en interaction avec leur environnement 
 

Les bactériophages ont un impact majeur sur leur écosystème 

En tant que prédateurs des bactéries, les bactériophages participent à la régulation des 

populations bactériennes et à leur diversité. Les bactéries les plus abondantes et les plus 

homogènes génétiquement sont plus susceptibles aux bactériophages. Cette dynamique « kill 

the winner » limite l’expansion d’une population bactérienne dans un environnement donné 

(245). Un exemple parmi d’autre est le rôle particulièrement importantes des bactériophages 

dans l’océan où ils sont responsables de la mort d’environ 20% de la biomasse microbienne 

chaque jour, impactant grandement le cycle du carbone océanique (198,246). Les 

bactériophages participent également à la diversité et à l’évolution bactérienne en réalisant la 

transduction de plus de 1028pb d’ADN chaque année dans l’océan (247). 

L’environnement influence les interactions entre bactériophages et bactéries 

Réciproquement, l’environnement influence le cycle infectieux des bactériophages. Par 

exemple, le phage ΦS1 infecte P. fluorescens de manière optimale à 26°C, mais a une 

efficacité drastiquement diminuée à 4°C et nulle à 37°C. Ce même bactériophage est capable 

d’infecter son hôte dans un milieu riche, mais pas dans un milieu minimum supplémenté en 

glucose (248). Les conditions physico-chimiques et les conditions nutritionnelles peuvent donc 

exercer une influence sur l’efficacité des bactériophages.  

Cependant la majorité des études sur les interactions entre bactériophages et bactéries ont 

été réalisées au laboratoire dans un environnement riche, contrôlé et homogène, avec une 

forte concentration de bactérie et souvent avec un seul couple bactériophage – bactérie. Ces 

conditions ne sont pas celles présentent dans le tube digestif des mammifères qui est un 
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environnement abritant plus de 500 espèces bactériennes différentes (249). Au sein même de 

l’intestin, les conditions environnementales (pH, oxygène) varient et influencent la nature et le 

niveau d’expression des gènes bactériens (250). Ces différences de transcription de gènes 

peuvent directement impacter le cycle infectieux des bactériophages.  

Ainsi, des résultats observés au laboratoire ont montré que certains bactériophages ont une 

efficacité moindre à infecter la même bactérie in vivo que in vitro. Au sein même de l’intestin, 

certains sont plus efficaces dans l’intestin grêle (251,252) ou dans le colon (253). Des 

dynamiques nouvelles entre bactériophages et bactéries peuvent donc prendre place lorsque 

les conditions environnementales varient, pouvant aboutir à des situations de coexistence 

(251). De manière intéressante, cette coexistence n’est pas accompagnée d’une baisse 

importante du nombre de bactéries infectées ni de la sélection de clones résistants (253,254). 

Quels sont alors les mécanismes permettant la coexistence de ces deux populations 

antagonistes dans l’intestin ? Nous apporterons une partie des réponses au cours de ce travail. 

 

F) Composition et rôle du virome intestinal 

 
De la même manière que pour les bactéries, l’étude des bactériophages a connu un nouvel 

essor avec les avancées en bio-informatiques et en séquençage permettant l’étude du virome, 

c’est-à-dire l’ensemble des génome viraux retrouvés par séquençage métagénomique dans 

un environnement donné. Dès les premiers travaux, il a été remarqué que la composition virale 

dans l’intestin est dominée par les bactériophages (255,256). Même s’il est estimé qu’il y a 

environ 10 à 100 fois moins de bactériophages que de bactéries dans l’intestin, ils représentent 

109 à 1010 unité formant plage (UFP) par gramme de contenu intestinal (89). La majorité des 

bactériophages dans l’intestin appartient aux ordres des Caudovirales et des Microviridae. 

Malgré leur abondance la caractérisation expérimentale de ces bactériophages n’est pas 

aisée. Les analyses métagénomiques ont permis la découverte d’un bactériophage, le 

crAssphage, présent dans plus de la moitié de la population et représentant jusqu’à 90% des 

bactériophages de l’intestin chez certains individus (257,258) . Il a fallu plus de 4 ans entre sa 

découverte in silico et son isolement au laboratoire. 
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Table 3 : Exemples de modification du virome intestinal au cours de pathologies. Table adaptée 
de (259) 

 

Des études suivant des individus au cours du temps ont démontré qu’il y a une forte variabilité 

interindividuelle du virome mais que pour une personne donnée, le virome est très stable au 

cours du temps (260). Malgré cette variabilité interindividuelle, un « core virome » commun à 

plus de 50% de la population a pu être découvert (261). Chez un individu sain, les 

bactériophages virulents sont majoritaires (262). 

Un nombre croissant de facteurs influencent la composition du virome, tels que l’alimentation, 

la prise de médicaments, le contexte génétique et l’âge (259). Pour résumer, on peut s’attendre 

à ce que toute modification de l’équilibre bactérien au sein du tube digestif ait un impact sur la 

composition du virome. D’ailleurs les études comparatives entre sujets sains et patients 

confirment cette hypothèse. Des différences de composition entre des patients atteints de MICI 

et des individus sains ont rapporté une augmentation de l’abondance des bactériophages 

tempérés qui surpasse l’abondance des bactériophages virulents (262). Le virome est perturbé 

dans de nombreuses autres pathologies récapitulées dans la table 3. Cependant il est difficile 

de déterminer l’éventuelle présence de liens de causalités à partir d’études observationnelles 

chez l’humain. La nécessité de développer des modèles animaux pour étudier le virome est 

donc essentielle. L’intérêt de tels modèles est développé ci-après dans une revue publiée dans 

Current Opinion in Virology (263). 
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Mucosal surfaces in contact with the environment host specific

microbiota. The intestinal tract harbours the most abundant

and diverse bacterial and viral populations interacting with

each other as well as with the host. Viruses of the microbiota

are important components of this ecosystem, as shown by viral

alterations associated with various pathologies. However,

practical and ethical constraints limit functional studies of the

virome in humans, making animal models invaluable

experimental tools to understand its impact on intestinal

physiology. In this review, we present the recent advances in

the study of virome in animal models. We focus on the

strategies used to characterise viral changes in disease models

and approaches to modulate the microbiota using viruses. In

reviewing the interplay between viruses, bacteria, and the

animal host, we highlight the potential and limitations of these

models in elucidating the role of the virome in determining

human health and disease.
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Introduction
Several organs and mucosal membranes of animals are

colonised by symbiotic microbes, known as microbiota,

which include bacteria, archaea, fungi, protozoa and

viruses [1]. Viruses of the microbiota are highly diverse

and infect either eukaryotic or prokaryotic cells as obli-

gate parasites. Although viruses have mostly been studied

as pathogens, they can establish a mutualistic symbiosis

with infected cells. This is well illustrated with bacter-

iophages (phages), viruses that infect bacteria, the most

abundant viruses in the microbiota. Their life cycle is

often either virulent, leading to phage replication and

bacterial death, or temperate, conferring a possible fitness

advantage, acting as mobile genetic elements.

Differently from cellular organisms, the genetic informa-

tion of viruses is stored in DNA or RNA, single or double-

stranded, and lacks common genetic markers, consider-

ably limiting their study. Shotgun metagenomics partially

overcomes these limitations by being able to access

genomic information of different nature and is currently

the gold-standard approach to study many microbial

environments [2]. Although virome analysis is still chal-

lenging, bioinformatics tools are rapidly improving.

Indeed, several studies have associated variations in

virome composition with human disease, raising ques-

tions about their underlying mechanisms. Most have

focused on intestinal phages and their overall impact

on the bacteriome and gut physiology [3], whereas a

few have also examined eukaryotic viruses, which appear

to play similar roles as bacteria, affecting the develop-

ment of host physiology and immunity [4].

Pre-clinical approaches using animal models present sev-

eral advantages (ethics, costs, and reproducibility) in

preliminary investigations on the role of the virome in

host physiology and disease. In this review, we present

and discuss the most recent advances in the characterisa-

tion of the virome in animal models, the factors involved

in its variation, its mechanisms of interaction with the

host, and the possible clinical and therapeutic conse-

quences, with a focus on phages.

The intestinal virome of laboratory mice
The use of mice as robust models of virome-associated

disorders requires that the baseline viral composition is

known and comparable to that observed in clinical stud-

ies. Professional providers of laboratory mice raise them

under specific pathogen-free (SPF) conditions, which

implies that they are only screened for the absence of

certain eukaryotic viruses. A major difference in the

virome of laboratory mice compared to wild ones is

indeed the much lower abundance of eukaryotic viruses,

a factor that should be taken into account when discussing

the outcome of functional microbiome studies [5].

To date, no facilities control for the presence of phages, as

they are generally recognised as safe (GRAS) for animals,
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including humans. The composition of intestinal phages

reflects the composition of the intestinal bacteria, which

varies between animal facilities and mouse lines. Recent

studies have consistently showed that most phages in SPF

mice belong to the Microviridae family (from 1–10 to 60–

85%, depending on the mouse supplier) and Caudovirales

order (1–10 to 80–99%), whereas a minority are still

unknown or unclassified (1–10 to 25%) [5,6�,7�].

These results are coherent with observations in humans,

in whom phages, Microviridae and Caudovirales, are the

major viral component of the intestinal microbiota rela-

tive to eukaryotic viruses, as reviewed extensively else-

where [8,9], further justifying the use of mice in pre-

clinical research. Also, certain phage taxa are consistently

found in mice from the same vendor, suggesting the

existence of a core virome specific to breeding facilities

[6�].

However, the lack of common standards in virome extrac-

tion, sequencing and analysis makes it hard to compare

the high variability in composition observed in these

studies. Sources of differences include the nature of

the starting material (intestinal content [6�], faeces [7�]

or caecal content [5]), the filtration method, the nucleic

acid extraction (DNA and RNA viruses [5] or DNA

viruses only [6�,7�]) and the sequencing technology (Illu-

mina [5,6�] or Ion Torrent [7�]). Increasing cycles of DNA

amplification during the preparation of Illumina sequenc-

ing libraries was also shown to enrich single-stranded viral

DNA, which is consistent with the variability found in the

proportion of Microviridae [2].

Overall, the impact of the virome on most animal studies

is still unclear. It is possible that experimental reproduc-

ibility within and between laboratories could be per-

turbed by differences in the composition of the virome,

as already shown for the bacterial microbiota [10,11].

Exploring virome diversity in these studies would have

the double function of improving experimental practice

and our understanding of the impact of viruses on host

physiology.

The influence of diet on the animal virome
The diet is a source of microbiome variability [12] and a

major parameter of several widely used models, such as

those employing high-fat (HFD) and low-fat diets (LFD)

to study diseases such as obesity or type-2 diabetes. Thus,

the effect of diet on the virome is of particular interest.

After dietary intervention with a HFD or LFD, a study of

six mice showed no significant differences in the compo-

sition of the core faecal virome [6�] but a significant

change in the alpha diversity (Box 1) of phage popula-

tions. The bacteria, however, did not vary in alpha diver-

sity in caecal samples after 13 weeks, although the dif-

ferent taxonomic level of analysis (strains versus genera)

prevents a direct comparison between the viral and the

bacterial component [6�]. However, Schulfer et al.

obtained different results for the faeces of 24 mice,

16 weeks after transitioning to a HFD, showing a non-

significant increase in alpha diversity of the viral commu-

nity but a significant reduction in that of the bacterial

population [7�]. In terms of beta diversity (Box 1), there

was a significant shift after transitioning to a HFD from a

standard diet (SD) in both the bacterial and viral popula-

tions in both studies [6�,7�]. A drop in the ratio of

temperate to virulent phages was also observed in mice

transitioning to a HFD [7�]. The results of these studies

are consistent concerning HFD-related changes in the

relative abundance of phage, showing an increase in

Microviridae [6�,7�] and a decrease in Caudovirales, espe-

cially Siphoviridae, relative to a LFD [7�].

The virome of mice is not only affected by diet but is also

altered in several pathological conditions. Moreover, in

certain diseases, such as diabetes, the microbiota is a key

factor in the development of the pathology [13]. Although

current evidence suggests a connection between the

microbiota and disease, the role of the virome in this

context is still unknown.

Models of disease and their impact on the
virome
Mice are often used as a proxy for human diseases to

decipher their pathophysiology or test new therapeutics.

Virome diversity correlates with several pathological con-

ditions, such as inflammatory bowel disease [14], arthritis

[15], and child growth impairment [16].

In a mouse model, neurotoxic chemicals were adminis-

tered to induce symptoms of Gulf War illness, a chronic

multisystemic disorder characterised by inflammatory

bowel disease and neuroinflammation, among other con-

ditions. The authors observed significant changes in the

richness and composition of the virome associated with

neuroinflammation driven by a decrease in the levels of

the proteins which ensure epithelial cell–cell junctions in

the gut and blood brain barrier. Additional antibiotic

treatment did not significantly affect these differences

but a wide-spectrum anti-viral agent partially reversed

them to a level similar to that of the healthy control group

142 The virome in health and disease

Box 1 Definitions of viral diversities from virome data

In ecology, diversity reflects the relative abundance of different

species while the richness represents the number of different spe-

cies. Within a specific ecosystem, the diversity is defined as alpha

diversity, whereas beta diversity measures differences in diversity

between two or more ecosystems. For the microbiota, the local

ecosystem is the intestinal tract of a specific individual, therefore the

alpha diversity represents the intra-individual diversity while the beta

diversity represents the inter-individual diversity.
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[17]. Overall, these results suggest a role of the virome in

neuroinflammation and thus in the ‘gut-brain’ axis

[17,18].

In another mouse model, Cao et al. examined the effect of

vaccination with a full-length spike protein on the virome

of mice infected with SARS-CoV2. Metagenomics

showed a significant increase in alpha diversity in the

virome of vaccinated mice relative to controls, without

evidence of viral infection in the gastrointestinal tract,

suggesting either an undetectable infection or modula-

tion of the immune landscape that altered the gut micro-

biome [19].

Given the known involvement of the virome in the

physiopathology of diseases associated with intestinal

dysbiosis, the use of viruses to re-establish the micro-

bial equilibrium has been proposed. Strategies of faecal

viral transfer have thus been developed in animal

models.

Modifying the microbiota of animal models in
virome studies
Faecal microbiota transplantation (FMT) and faecal viral

transfer (FVT) (Figure 1) are used to modify the gut

microbiota of animal models, either to correct dysbiosis or

to study the resulting specific perturbations.

A HFD induces glucose intolerance and weight gain in

mice [20�]. These symptoms are significantly reduced

after FVT from LFD mice. However, depleting gut

bacteria with antibiotics neutralises the efficacy of

FVT treatment, suggesting a crucial role for the gut

bacteria of the recipient in the success of FVT in control-

ling the symptoms of diabetes [20�].

Mice fed a standard diet (SD) and treated by FMT or

FVT from mice fed a HFD for 30 days had a significantly

different bacterial composition in the small intestine than

untreated mice and a beta diversity of bacteria compara-

ble to that of mice fed a HFD. This shows that FMT and

FVT can specifically shift the gut microbiota towards the

donor composition with similar efficacy [21].

Thus, the effect of FVT depends on both the recipient

and the donor [21] and the choice of donors is of utmost

importance [22]. As mentioned previously, the composi-

tion of the murine virome is highly variable depending on

environmental factors, such as the vendors or diet. Dif-

ferences in the transferred material (faecal of caecal) also

lead to grafting different viral populations. To minimise

these factors in animal studies, mixing caecal contents or

faeces of mice from different origins has been proposed

[7�,20�].

The FVT can also originate from the recipient itself.

Autochthonous FVT was shown to restore the antibiotic-

treated microbiota of mice to a closer composition to that

of the pre-antibiotic status relative to heat-inactivated

FVT and increased the ratio between the bacterial phyla

Bacteroidetes and Firmicutes, which was lowered by the

antibiotic treatment [23�].

FVT can be an effective tool to modulate the micro-

biota. However, this raises the question of which

viruses are necessary or sufficient for the therapeutic

action of FVT.

The virome of animal models Chaffringeon et al. 143

Figure 1

Filtration

FVTFMT Inactivated
FVT

Inactivation

Current Opinion in Virology

Faecal microbial and viral transplantation.

Faecal Microbial Transplantation (FMT) is the procedure used to transfer the faecal microbiota of an individual to himself or to another individual. It

is used to correct dysbiosis and has proven to be effective to treat recurrent infections from Clostridioides difficile [49]. Faecal Viral

Transplantation (FVT) is a similar approach that includes an additional filtration step during the preparatory procedure. This method is aimed at

eliminating intestinal bacteria while keeping only viruses and small molecules. It is sometimes also referred to as sterile Faecal Filtrate Transfer

(FFT). FVT can be exposed to UV treatment or heat shock to inactivate viruses and determine if the effect of the FVT is due to viral activity or

other small metabolites. Conversely, the effect of small molecules can be eliminated by a supplementary filtration step that will retain viral particles

while excluding other small compounds. FVT has shown similar efficacy as FMT in treating C. difficile infection in a small clinical assay with

5 patients [50] while alleviating potential secondary effects such as the implantation of pathogenic bacteria. FVT is used in animal models to

decipher the importance of the virome in the mechanisms governing physiology and pathology, as described in section ‘Modifying the microbiota

of animal models in virome studies’.
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Mechanisms underlying interactions with the
virome
The virome, bacteriome, and animal host coexist. Animal

models reunite all three actors of this tripartite interaction

and allow its study in a controlled environment by sepa-

rating the myriad of parameters affecting its development

(Figure 2).

Virome–host interactions

The virome can affect the host by infecting it or by

stimulating its immune system, either directly or via

the bacteriome. Animal models offer the possibility to

study the mechanisms behind such interactions. The

advantages include the possibility of using genetic engi-

neering to decipher the molecular mechanisms at play in

vivo [24��] and measuring gene expression of various host

cells by RNA sequencing [19].

Phages can also interact directly with the mammalian

host. Sweere et al. found that a temperate filamentous

phage of Pseudomonas aeruginosa can impair the murine

immune system in a wound-infection model by acti-

vating the TLR3 pathway and inhibiting the produc-

tion of TNF and phagocytosis, thus facilitating infec-

tion by its bacterial host [24��]. In addition, phages

infecting the genera Lactobacillus, Escherichia, and

Bacteroides, as well as the phage DNA, triggered a

specific inflammatory response in dendritic cells by

stimulating the INFg response via TLR9 and exacer-

bated the inflammation in a DSS-induced colitis in

wild-type but not IFNg
�/� or TLR9�/� mice [25]. A

recent article demonstrated that a prophage integrated

into Enterococcus hirae interacts with the class I major

histocompatibility complex and enhances the efficacy

of anti-tumour immune treatment in mice bearing this

bacteria, confirming the hypothesis resulting from

metagenomic studies in human patients with a differ-

ential response to treatment [26�]. Overall, these stud-

ies show that the prokaryotic virome can directly

interact with the host immune system. [24��,26�].
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Virome, bacteriome, host: three actors and a myriad of interactions.

Schematic representation of the interactions between the viral, the bacterial compartments and the host. Most of the studies on the microbiota

have focused on the bacteria–host interactions as reviewed by Ahern and Maloy [51] (dashed arrow). Viruses (blue arrows) have a strong

connection to bacteria (green arrows): both populations regulate each other, directly (e.g. by phage predation or mutualism) or indirectly (via the

immune system of the host). In turn, the virome can shift the metabolome by modulating bacterial populations and indirectly impacting the barrier

and immunity (production cytokine is shown as coloured circles) of the host [31]. Antibiotic treatments can alter the alpha diversity of eukaryotic

viruses, demonstrating that bacteria can also affect the diversity of eukaryotic viruses. The host (orange arrows) is interacting with eukaryotic and

prokaryotic viruses that modulate its immune landscape and the epithelial barrier. The host offers a particular environment for phage–bacteria

interactions and modulates their populations by secreting small regulatory molecules or by its spatial heterogeneity affecting their interactions. All

displayed connections were drawn from studies in animal models, as described in this review.
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Virome–bacteria interactions

The interactions between phages and bacteria in vivo

have already been reviewed [27–30]. Here, we will focus

on a few examples that illustrate the value of animal

models in these studies.

Phages can directly modulate the gut microbiota by

infecting their bacterial hosts, as well as indirectly, by

modulating the diversity of bacterial populations. The

addition of four phages, specific to a set of bacteria,

profoundly shaped the microbiota of a gnotobiotic mouse

model composed of 10 bacterial strains (either phage–

hosts or not) coupled with shifts in secreted bacterial

metabolites [31].

The host can affect both the virome and the bacteriome.

Lourenço et al. demonstrated that the spatial heterogene-

ity of the gut creates refuges that protect bacteria against

phage infection in a gnotobiotic mouse model [32��].

However, Green et al. [33] showed that specific phages

can have a strong affinity for glycans, enhancing their

effectiveness in the mucus layer. Thus, phage–bacteria

interactions vary greatly between phage studies depend-

ing on the specificity of the phages, making it difficult to

draw general conclusions.

De Sordi et al. characterised the phenomenon of ‘host

jump’ (change of host) occurring in the murine gut. In this

study, the diversity of the microbiota favoured the selec-

tion of genetic modifications that allowed phage infection

of an originally resistant host strain via adaptation to

intermediate intestinal hosts. This study shows the

importance of the complexity of the environment in

phage–bacteria interactions that can be modelled in ani-

mals [34].

Conversely, bacteria can modulate the virome. Depletion

of the bacterial community with antibiotics in a rhesus

monkey model was shown to reduce the alpha diversity

and altered the virome composition of both phages and

eukaryotic viruses (Box 2). The authors proposed a mech-

anism in which metabolites produced by the bacteria

could shift, inhibit, or promote replication of the viruses

[35].

Most of this work relies on reductionist approaches using

defined couples of phages and bacteria that can be moni-

tored within intestinal microbiota of different complexity.

The necessity of simple model is partly driven by the fact

that predicting the bacterial hosts of gut phages is a

challenging task in natural communities. However, new

advances in experimental and computational approaches

show promise in tackling these limitations. As an exam-

ple, meta3C, derived from the chromosome conformation

capture method (3C), was used in mice microbiomes to

assign putative bacterial hosts to specific phages using the

physical proximity between their genomes [36].

Animal models offer the possibility to unravel the com-

plex relationships in which each population influences

the other two. They reunite all three actors, viruses,

bacteria, and the host, and each can be specifically modi-

fied to aid in the deciphering of this tripartite association

(Figure 2). Models with a controlled microbiota, also

called gnotobiotic models, facilitate the study of the

virome using a simpler, characterised microbial

environment.

Non mouse models
Although mice are the most widely used laboratory ani-

mals, other mammals are also suitable for the study of the

intestinal microbiota. Macaques are genetically closely

related to humans and are therefore a pertinent model to

study parameters that influence the human virome. Cyno-

molgus macaques have recently been used to analyse the

effect of aging on the gut virome [37]. Aging is already

known to have an effect on the bacteriome [38], however,

the consequences of aging on the composition of the

virome are mostly unknown. The macaque virome has

been found to be dominated by phages and alpha diver-

sity is not significantly altered with aging. However, the

viral species change with age, which was also shown to be

the case for the KEGG pathways present in the virome,

suggesting a role for the virome in regulating metabolism
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Box 2 Roles of the eukaryotic virome in animal models

SPF mice have a low abundance of eukaryotic viruses. When

detected, the most represented are DNA viruses of families Phy-

codnaviridae and Mimiviridae [7�,43] or the RNA viruses of the

Astroviridae family [5]. However, viral annotation might be a limiting

step in these analysis since two studies detected high amounts of

giant Mimiviridae (with capsid of approximately 0.7 mm in diameter)

that should have been excluded by filtration at 0.45 and 0.22 mm [7�].

Like for phages, the proportions of intestinal eukaryotic viruses are

impacted by the diet, as shown by HFD-fed mice showing significant

relative increase in the most abundant intestinal families [7�].

Eukaryotic viruses also do interact with the immune system of the

host. Dallari et al. systematically assessed the immune response to

six viruses belonging to different enteric families. The authors found

that these viruses have an immunomodulatory properties indepen-

dent of their capacity to induce gastroenteritis [44]. In another study,

an intestinal murine astrovirus could confer protection from norovirus

and rotavirus infections by complementing the animal immunodefi-

ciency via the stimulation of IFN-l-mediated signalling in epithelial

cells [45��]. Here, the authors identify the active viral component by

metagenomic comparison of active and inactive FVT in transferring

protection to viral pathogens. Viral immunomodulation can also alter

the physiopathology of bacterial infections. Both murine norovirus

and astrovirus were shown to confer protection from to pathogenic

E. coli in the gastrointestinal tract [46,47]. Conversely, mice treated

with antibiotics are less susceptible to poliovirus infection, suggest-

ing a facilitating role of bacteria in the infection process [48].

Eukaryotic viruses are less abundant than phages in the microbiota,

but their influence on the host and its immune system is major.

Whether a connection exists between the immune response elicited

by eukaryotic viruses and the diversity of phage populations is still

unexplored territory.
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[37]. The bacteriome and virome thus appear to be linked

and to evolve together as the animals age.

Zhao et al. characterised the enteric virome of rhesus

macaques with chronic diarrhoea [39]. They found the

virome to be dominated by phages of the Caudovirales

order and Microviridae family, much like the intestinal

virome of mice and humans, as also confirmed in a second

study [35]. They also used biogeographical analysis, to

find that the rectal virome is similar to the one of the colon

but distinct to the virome of the ileum. A recent study also

confirmed the distinction in virome composition between

the large and the small intestine in rhesus monkey and

pigs with a higher phage diversity in the lumen and

predominance of eukaryotic viruses in mucosal samples

[40]. Recently, the faecal, oral, blood, and skin virome of

laboratory rabbits were described leading to the identifi-

cation of a novel polyomavirus [41]. Finally, swine models

have also been used for virome studies. For example,

FVT was shown to protect preterm pigs against necrotis-

ing enterocolitis [42].

Overall, these results show that different animals have a

similar virome structure, with the presence of key eukary-

otic viruses and quantitative domination by phages. How-

ever, further and more detailed characterisation of the

components is required for a better understanding their

differences and roles.

Conclusions
The virome has been increasingly linked to health and

disease. Although animal models have been spearheading

new discoveries in this field, the study of their virome is

still in its infancy. As for humans, phages are the most

abundant component of the animal virome and new

mechanisms of their physiological roles remain to be

characterised in relation to their direct effect on the host

and indirect effect as a modulator of bacterial populations.

Further studies, taking advantage of the flexibility of

animal models, are required to investigate the interac-

tions of the virome with both other elements of the

microbiome and the host. In addition, future research

needs to tackle the issue of determining the active actors

in the microbiota in physiology and pathophysiology. The

challenge lies in dissociating the actions of viruses from

those of bacteria and between individual viruses, with the

objective of identifying key players in human health.
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Objectifs de thèse 
 

Cette thèse a pour objectif de comprendre les interactions entre les différents partenaires du 

microbiote intestinal dans un contexte physiologique ou pathologique. Les résultats sont 

organisés selon deux axes principaux. Tous les travaux sont présentés sous forme d’article, 

publié ou non. 

Le premier est centré sur l’étude des interactions entre bactériophages virulent et bactéries 

dans l’intestin. Dans une première étude, nous avons étudié les différences transcriptomiques 

de souche la Escherichia coli dans différents environnements, in vitro et in vivo dans l’intestin 

de souris. Nous avons alors pu identifier plusieurs gènes pouvant impacter les interactions 

bactériophages-bactéries. Nous avons démontré expérimentalement que ces gènes 

modulaient le cycle infectieux de bactériophages. Confirmant ainsi que l’environnement 

intestinal modifiait l’expression génétique bactérienne qui à son tour influençait la susceptibilité 

des bactéries aux bactériophages. 

Dans une seconde étude, nous avons colonisé des souris avec une souche de E. coli puis 

ajouté un cocktail de trois bactériophages ciblant cette souche. Nous avons observé une 

baisse transitoire de la colonisation puis une coexistence entre les bactériophages et les 

bactéries sans émergence de clones résistants. La répartition hétérogène des bactériophages 

et des bactéries entre les parties mucosale et luminale nous ont conduit à proposer un modèle 

« source-puits » expliquant cette cohabitation. Ces résultats ont été confirmé avec une 

seconde souche de E. coli ciblé cette fois par un unique bactériophage.  

Le second axe se concentre sur les effets des acides biliaires issu du métabolisme bactérien 

sur l’inflammation. Pour cela, l’élaboration d’un modèle in vivo a été nécessaire. Des souris 

OMM12 disposant d’un microbiote contrôlé ne métabolisant pas les acides biliaires, ont été 

colonisé par l’entéropathogène murin Citrobacter rodentium. Une fois le modèle caractérisé, 

nous avons ajouté de l’UDCA dans la nourriture des souris OMM12 infectées par C. rodentium. 

Nous avons alors observé que l’UDCA inhibait la production d’IL-22, une cytokine clé de la 

réponse inflammatoire contre C. rodentium. 

Enfin, un objectif qui n’a pas pu être atteint concerne la possibilité de combiner l’action anti-

inflammatoire de l’UDCA et l’action antibactérienne des bactériophages. L’intérêt de cet 

objectif à la lumière des résultats acquis est abordé dans la discussion. 
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I – Caractériser les interactions entre bactéries et 
bactériophages dans l’intestin  
 

A) L’environnement intestinal régule l’expression des gènes 
bactériens qui modifient la susceptibilité aux bactériophages 

 

Un des modèles utilisés au laboratoire pour étudier les interactions bactériophages-bactéries 

dans l’intestin est constitué de la souche Escherichia coli 55989, une souche 

entéroaggrégative et de trois bactériophages, CLB_P1 un podoviridae, CLB_P2 un myoviridae 

et CLB_P3 un siphoviridae. In vitro ces bactériophages entrainent une baisse rapide de la 

densité optique d’une culture de E. coli 55989 avec apparition de clones résistant quelques 

heures plus tard pour CLB_P1 et CLB_P3 mais pas CLB_P2. In vivo, l’addition du cocktail des 

trois bactériophages virulents dans l’eau de boissons de souris conventionnelles colonisées 

par E. coli ne provoque qu’une réduction transitoire de la quantité de 55989 dans les fèces. 

En revanche les bactériophages restent abondants pendant au moins deux semaines, 

témoignant d’une multiplication in situ, ainsi que d’une coexistence entre ces deux populations 

antagonistes (1). Ces données nous ont conduits à envisager une étude transcriptomique de 

la souche 55989. 

Nous avons comparé trois environnements différents: in vitro en phase stationnaire et 

exponentielle et in vivo dans le colon. Nous avons alors identifié des gènes différentiellement 

exprimés dans de nombreuses voies métaboliques. Parmi ceux-ci nous nous sommes 

intéressés à quatre gènes (bssR, fliA, lsrC et rfaL) pouvant impacter le cycle infectieux d’un 

bactériophage. Nous avons ensuite confirmé expérimentalement que chacun de ces gènes 

modulaient les interactions bactériophages-bactéries pour au moins un des trois 

bactériophages. Nous avons ainsi démontré que la croissance de la bactérie dans le tube 

digestif modifiait l’expression de gènes qui à son tour influençait la susceptibilité des bactéries 

aux bactériophages. 

Ce travail a été initié par Marta Lourenço, une ancienne doctorante qui a soutenu sa thèse en 

avril 2019. J’ai effectué tous les tests phénotypiques sur les biofilms ainsi que les analyses 

statistiques et figures correspondantes. J’ai également participé à la rédaction du manuscrit.  

1.  Maura D, Morello E, du Merle L, Bomme P, Le Bouguénec C, Debarbieux L. Intestinal colonization 

by enteroaggregative Escherichia coli supports long-term bacteriophage replication in mice. 

Environmental Microbiology. 2012;14(8):1844‑54.  
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Paris Cité, 75015 Paris, France
7Bioinformatics and Biostatistics Hub, Department of Computational Biology, Institut Pasteur, Université Paris Cité, 75015 Paris, France
8Institut Pasteur, Université Paris Cité, DT, Animalerie Centrale, Centre de Gnotobiologie, 75724 Paris, France
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SUMMARY

Abundance and diversity of bacteria and their viral predators, bacteriophages (phages), in the digestive tract

are associated with human health. Particularly intriguing is the long-term coexistence of these two antago-

nistic populations. We performed genome-wide RNA sequencing on a human enteroaggregative Escherichia

coli isolate to identify genes differentially expressed between in vitro conditions and in murine intestines. We

experimentally demonstrated that four of these differentially expressed genes modified the interactions be-

tween E. coli and three virulent phages by either increasing or decreasing its susceptibility/resistance pattern

and also by interfering with biofilm formation. Therefore, the regulation of bacterial genes expression during

the colonization of the digestive tract influences the coexistence of phages and bacteria, highlighting the in-

tricacy of tripartite relationships between phages, bacteria, and the animal host in intestinal homeostasis.

INTRODUCTION

The microbiota of the mammalian gut include bacteria and their

viral predators, bacteriophages (phages). In healthy individuals,

these two antagonistic populations generally remain stable

over time, but variations in their density and diversity have

been associated with several human diseases or disorders

(Gregory et al., 2020; Manrique et al., 2017; Mirzaei andMaurice,

2017; Shkoporov et al., 2019; Zuo et al., 2020). The long-term

coexistence of populations of phages and bacteria in vivo prob-

ably results from a combination of mechanisms deployed by

each of the three partners: phages, bacteria, and the host (Kirsch

et al., 2021; Mirzaei and Maurice, 2017).

Multiple molecular mechanisms regulate the dynamics of

phage-bacterium interactions. These include mutations of the

genes encoding phage receptors to prevent attachment, restric-

tion-modification enzymes, and CRISPR systems to degrade

phage genomes, mutations of genes encoding proteins essential

for phage infection and replication, abortive infection, and super-

infection exclusion systems (Labrie et al., 2010). Genome data

mining has recently identified a growing number of bacterial

genes involved in phage-defense systems experimentally tested

only in vitro (Bernheim and Sorek, 2020; Millman et al., 2020;

Rousset et al., 2021). In addition, other mechanisms, such as

phenotypic resistance, a reversible state providing bacteria

with temporary resistance to phages (Bull et al., 2014;

Chapman-McQuiston and Wu, 2008; Levin et al., 2013), and

leaky resistance (Chaudhry et al., 2018), have been proposed

as means of prolonging the coexistence of phages and bacteria

in microcosms in vitro. Moreover, abiotic (temperature, oxygen,

and nutrients) and biotic (microbial and mammalian cells) factors

have been shown to influence phage-bacterium interactions in

both in vitro and in vivo environments (Alseth et al., 2019; Golec

et al., 2014; Hadas et al., 1997; Labedan, 1984; Lourenço et al.,

2020; Scanlan et al., 2019; Sillankorva et al., 2004). However, the

relevance and preponderance of these mechanisms in the

mammalian gut remain poorly explored (Cornuault et al., 2020;

De Sordi et al., 2019).
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Bacteria modulate gene expression during their establishment

in the digestive tract of mammals. Whether and how this could

affect their susceptibility to phages remain unknown. However,

there have been several observations indicating that phages

with a similar efficacy in vitro behave differently in the gastroin-

testinal tract of mice (Maura and Debarbieux, 2012; Weiss

et al., 2009). Likewise, we showed that phage replication in ho-

mogenized intestinal sections from colonized mice (ex vivo) is

different not only from that in vitro but also between different

gut sections (Galtier et al., 2017; Lourenço et al., 2020; Maura

et al., 2012a). These findings suggest that the gut environment

modulates phage-bacterium interactions.

Here, we aimed to identify bacterial genes for which regulation

within the digestive tract modifies bacterial susceptibility to

phages. We performed a genome-wide transcriptomic analysis

comparing in vitro and in vivo conditions for the Escherichia

coli strain 55989. This strain is an enteroaggregative O104:H4

clinical isolate (EAEC pathotype frequently associated with

traveler’s diarrhea) (L€a€averi et al., 2021) that is known to form

biofilms and that carries a pAA plasmid encoding virulence de-

terminants (Touchon et al., 2009). We previously isolated and

characterized three virulent phages (Podoviridae CLB_P1,

Myoviridae CLB_P2, and Siphoviridae CLB_P3) infecting strain

55989 (Maura et al., 2012b). Associated in a cocktail, these three

phages rapidly decreased the intestinal load of strain 55989

colonizing the gut of conventional mice (Maura et al., 2012a)

before to promote a long-term coexistence with this strain

(Maura et al., 2012b).

We identified chromosome- and plasmid-encoded genes

differentially expressed by the E. coli strain 55989 during gut

colonization, encoding proteins with functions relating to iron

acquisition, aerobic and anaerobic respiration, sugar meta-

bolism, motility, adhesion, aggregation, biofilm regulation, and

lipopolysaccharide (LPS) biosynthesis. We studied four of these

genes (bssR, fliA, lsrC, and rfaL), encoding proteins with func-

tions expected to affect phage-bacterium interactions. Using a

combination of phenotypic assays, we experimentally confirmed

that each of these four genes modulated phage-bacterium

interactions for at least one of the phages. This study reveals a

molecular mechanism, i.e., the modification of bacterial gene

expression by the gut environment, which influences the sus-

ceptibility of bacteria to phages, thereby contributing to the

coexistence of these two antagonistic populations.

RESULTS

The efficacy of phage replication on E. coli cells grown

in vitro differs from homogenized E. coli-colonized gut

samples

We previously tested individually the ability of phages CLB_P1,

CLB_P2, and CLB_P3 to establish a long-term coexistence

with the strain 55989 colonizing conventional mice. Each of

these phages behave differently. Phage CLB_P2 lasted over

4 weeks, whereas CLP_P3 and CLB_P1 fell below the threshold

of detection after 11 and 4 days, respectively (Maura and Debar-

bieux, 2012). These data, together with in vitro and ex vivo phage

replication assays performed on 55989 cells (Maura et al.,

2012a), supported the hypothesis that the regulation of bacterial

genes may influence phage-bacteria interactions. To test this

hypothesis, we aimed to perform in vivo transcriptomics on sam-

ples from monocolonized mice (axenic mice colonized only with

strain 55989). First, we assessed the individual phage replication

on 55989 cells recovered from homogenized gut sections (ileum

and colon) of monocolonized mice, as well as on 55989 cells

collected from liquid medium during the exponential and station-

ary growth phases (Figure 1). As a control, we tested the stability

of the three phages in absence of strain 55989 and found that

during the assay (5 h), the number of phages decreased by about

1-log in LB and gut samples from axenic mice (Figure 1, left). We

also evaluated the behavior of exponential and stationary grown

55989 cells when added to gut homogenates from axenic mice

during 5 h.We found that exponentially grown cells were capable

of growing by about 2-log in both ileum and colon sections,

whereas stationary grown cells could not (Figure 1, right).

The three phages displayed an amplification of three to four or-

ders of magnitude relative to the initial phage dose on exponen-

tially growing 55989 cells (Figure 1, central). In sharp contrast,

the level of phages CLB_P1 and CLB_P3 that was recovered af-

ter incubation with the cells collected during the stationary

growth phase was several orders of magnitude lower than that

during the initial dose, showing that these phages did not

amplify, whereas phage CLB_P2 displayed a moderately

impaired amplification (two orders ofmagnitude lower compared

with the exponential growth condition) (Figure 1, central part).

The strong reduction of the amount of recovered phage

CLB_P1 upon incubation with stationary cells suggests that it

binds to cells but is unable to infect them. A similar situation

was previously reported for phage T7 that was exposed to

E. coli cells lacking flhDC and overexpressing curli in biofilms

(Vidakovic et al., 2018). Perhaps, the inability of phage CLB_P1

to persist in the murine gut could be linked to its inability to infect

55989 cells colonizing the gut of mice.

On homogenized ileal samples from monocolonized mice, the

three phages amplified to a similar degree in cells collected dur-

ing exponential growth. On colon samples from monocolonized

mice, CLB_P2 and CLB_P3 amplification were similar to that on

ileal samples, but the amplification of CLB_P1 was strongly

reduced by 4-log (Figure 1, central part). These data are consis-

tent with a previous assessment of the amplification of these

phages in intestinal sections collected from conventional mice

colonized with strain 55989, demonstrating that the presence

of other microbes is not involved in the differences observed

between in vitro and ex vivo conditions (Maura et al., 2012a).

Therefore, the replication of each of the three phages was differ-

entially affected by the growth of strain 55989 in different envi-

ronments. Since the regulation of gene expression is a hallmark

of the adaptation of bacteria to changing environments, we next

looked for relationships between bacterial gene expression and

phage-bacterium interactions.

E. coli strain 55989 experiences metabolic shifts during

gut colonization

For identification of the set of genes from strain 55989 specif-

ically expressed in the gut, we compared the genome-wide

pool of mRNAs extracted in three sets of growth conditions: (1)

in vitro exponential growth (OD600nm = 0.5; ‘‘exponential’’ sam-

ples n = 4), (2) in vitro stationary growth (equivalent OD600nm =

5; ‘‘stationary’’ samples n = 4), and (3) in vivo growth in the colon

ll

Article

Cell Host & Microbe 30, 556–569, April 13, 2022 557



of monocolonized mice (‘‘colon’’ samples n = 4; see STAR

Methods). A principal component analysis (PCA) showed that

the three conditions were very different, and within each condi-

tion, the replicates were very similar, resulting in a remarkable

differentiation and supporting further analysis (Figure 2A). Inter-

estingly, the global gene expression pattern of colon samples

was more similar to exponential samples than to stationary sam-

ples (Figure 2B). We then compared the transcriptomes of the

colon with exponential and stationary samples separately to

identify the set of genes differentially expressed between these

sets of conditions (Figure 2C). Next, we cross-checked genes

from these comparisons with the differentially expressed genes

between exponential and stationary samples to remove those in

common and identify genes that were differentially expressed

during the growth of strain 55989 in the colon. We obtained a

list of 156 overexpressed and 53 underexpressed genes, the

functions of which were determined using a GeneOntology anal-

ysis (http://geneontology.org/) and the EcoCyc database (Kes-

eler et al., 2011; Tables S1 and S2).

A large proportion of the functions of genes overexpressed in

the colon concerned sugar metabolism and transport (Figure 3A;

Table S1A). The most significantly overexpressed gene, ompG,

encodes a specific porin involved in carbohydrate transport

(Fajardo et al., 1998). Several carbohydrate pathways (sucrose,

gluconate, glucurate, galactarate, and galactonate) were

overexpressed, consistent with previous reports of E. coli adap-

tation to the gut environment (Conway and Cohen, 2015; Fabich

et al., 2008; Lourenço et al., 2016). We also found that the

genes involved in carnitine metabolism (fixA, fixB, fixC, and

caiT), were overexpressed. Furthermore, genes involved in the

utilization of ethanolamine (eutN, eutG, eutJ, and eutP) were

overexpressed.

As expected, we observed differential expression for genes

involved in the transition from aerobic to anaerobic environ-

ments. Together with the genes involved in carnitinemetabolism,

the frdBCD genes encoding the fumarate reductase and fumB,

encoding a fumarase, were all found to be overexpressed, as

previously reported (Condon and Weiner, 1988; Meadows and

Wargo, 2015; Woods and Guest, 1987). Conversely, the full

operon cyoABCDE, encoding the subunits of the cytochrome

bo terminal oxidase and haem O synthase, was strongly under-

expressed, which is a hallmark of decreased oxygen availability

(Figure 3B; Table S1B; Cotter et al., 1990). The second most

significantly underexpressed set of genes was related to iron

acquisition and included enterobactin biosynthesis and export

genes (entC, entS, fepD, and fhuD), together with fecI, yncD,

and yncE genes, all of which encode proteins with functions

relating to iron transport. These observations not only validated

our approach to identify bacterial genes whose expression could

affect phage-bacteria interactions in the gut but also highlighted

a number of specific features putatively involved in the intestinal

colonization process of this enteroaggregative E. coli strain and

that require further investigations.

Plasmid-encoded virulence determinants are

upregulated during E. coli growth in the gut

The EAEC strain 55989 carries a plasmid (p55989) from the pAA

family (Croxen and Finlay, 2010) that harbors several genes en-

coding factors involved in adhesion to epithelial cells (Boll

et al., 2017; Weintraub, 2007). In our analysis of in vivo differen-

tially expressed plasmid-encoded genes, we identified seven

overexpressed genes, four of them with functions relating to

adhesion (agg3B, agg3C, agg3D, and p55989_0069) (Figure S1;

Table S1C), consistent with the phenotype of EAEC strains,

Figure 1. The replication of phages CLB_P1, CLB_P2, and CLB_P3 on strain 55989 is affected by growth conditions in vitro and ex vivo

Phages CLB_P1, CLB_P2, or CLB_P3 were added to LB (green) or to homogenized gut sections (ile, ileum, dark blue; col, colon, light blue) from axenic mice and

incubated for 5 h before quantification (left part). The amplification of phages (CLB_P1, CLB_P2, andCLB_P3, each added at anMOI of�0.01) is reported after 5 h

of incubation with strain 55989 (central part) in the indicated conditions: exponentially growing cells (exp, dark green; OD600nm = 0.5); cells in stationary phase (sta,

light green; equivalent OD600nm = 5); homogenized gut sections frommonocolonized mice (ile, ileum, dark blue; col, colon, light blue). 55989 cells collected from

exponential or stationary growth conditions were incubated with homogenized gut sections from axenic mice for 5 h, and their density was reported (right part).

Median n-fold multiplication is shown relative to the initial number of plaque-forming units (PFUs) or colony-forming units (CFUs). n = 2–5 biological replicates with

1–3 technical replicates.
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which form aggregates at the surface of intestinal cells. We also

found two plasmid genes encoding putative transposases to be

overexpressed, consistent with the mechanisms involved in the

genetic adaptation of E. coli cells to the gut environment (Bar-

roso-Batista et al., 2014; Lourenço et al., 2016). Regarding other

mobile genetic elements, the in silico analysis of the genome of

strain 55989 revealed that it contains seven intact prophage re-

gions, one incomplete and one questionable (see STAR

Methods). None of these regions were differentially expressed

in our RNA-seq data.

Comparative transcriptomic analysis highlights

bacterial genes related to phage infection

Since phage replication is altered in both stationary phase and

colon compared with exponential phase samples (Figure 1), we

analyzed the above transcriptomics dataset by performing pair-

wise comparisons between exponential phase with either colon

or stationary phase samples to identify genes potentially linked

to these changes in phage replication. Then, we removed genes

differentially expressed between colon and stationary phase

samples (see STAR Methods; Figure 2D). In total, 238 genes

(73 overexpressed and 143 underexpressed) were identified,

and about 50% of them have no known function (Tables S1D

and S1E, respectively). The underexpressed genes (Table S1E)

with known functions included genes involved in the biosynthetic

pathway for flagella (including fliA) and LPS (including rfaL), both

of which act as cell wall receptors for phages (Choi et al., 2013;

Feugeas et al., 2016; Shin et al., 2012). All genes encoding

proteins involved in the flagellum apparatus were indeed under-

expressed, suggesting that phages relying on this structure for

entry would less efficiently infect strain 55989 in both stationary

phase and colonic samples. None of the overexpressed genes

with known functions were previously associated with phage

infection (Table S1D). However, the most significantly overex-

pressed gene, bssR, has been implicated in biofilm formation,

and another two genes (lsrC and ego) are involved in the import

of autoinducer-2, a quorum sensing molecule. Interestingly, the

function of these genes is related to bacterial community lifestyle

and could possibly affect phage-bacterium interactions as previ-

ously shown for Vibrio cholerae (Hoque et al., 2016; Pires et al.,

2021). Therefore, we experimentally tested the contribution of

these four genes (bssR, fliA, lsrC, and rfaL) to the infectivity of

each of the three phages.

The impact on phage-bacterium interactions of the two

underexpressed genes— fliA, the master regulator of flagellum

assembly (Helmann and Chamberlin, 1987) and rfaL (also known

as waaL), which encodes the O-antigen ligase (Klena et al.,

Figure 2. The mRNA content of E. coli cells growing in the gut is

different from that of cells grown in vitro

(A) Cells of E. coli strain 55989 were collected from in vitro cultures (LB

medium, 37�C with shaking) at an OD600nm of 0.5 (exponential, n = 4) and an

equivalent OD600nm of 5 (stationary, n = 4) or from in vivo tissues (colon of

monocolonized mice, n = 4), and their mRNA was extracted, sequenced,

and subjected to principal component analysis (biological variability was the

main source of variance).

(B) Heatmap and dendrogram obtained for VST-transformed data for

sequenced mRNAs from the samples analyzed in (A) (see STAR Methods).

(C) Numbers of overexpressed (O/E) and underexpressed (U/E) genes from

pairwise comparisons between colon and either exponential or stationary

phase samples.

(D) Numbers of overexpressed (O/E) and underexpressed (U/E) genes from

pairwise comparisons between exponential and either stationary or colon

samples.
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1992)— was assessed using 55989 strains in which either gene

was deleted (55989DfliA and 55989DrfaL). To investigate the

role of the two overexpressed genes, namely, bssR, which en-

codes a global transcriptional regulator involved in biofilm forma-

tion (Domka et al., 2006), and lsrC, which encodes a subunit of

the autoinducer-2 membrane transporter (Xavier and Bassler,

2005), we introduced a plasmid carrying either of these genes

into strain 55989 under the control of an isopropyl b-D-1-thioga-

lactopyranoside (IPTG)-inducible promoter.

The lack of rfaL decreases the susceptibility of strain

55989 to phage CLB_P1

We first assessed the efficiency of plating (EOP) of phage

CLB_P1 and found that it dropped by 3-log (2.10 3 10�3 ±

3.11 3 10�4) on the 55989DrfaL strain but remained unchanged

in the 55989DfliA strain (1.19 ± 0.28), as well as in the strain

55989, overexpressing either bssR (1.08 ± 0.33) or lsrC (1.18 ±

0.45) genes. The growth and lysis of cells over time in liquid

medium following exposure to phage CLB_P1 confirmed these

results with notably the lack of lysis of the 55989DrfaL strain

(Figures 4A and 4B). As rfaL encodes the O-antigen ligase, we

hypothesized that the O-antigen could act as a receptor for

this phage. In fact, phage CLB_P1 could not bind to the

55989DrfaL strain comparedwith either theWTor the 55989DfliA

strain (Figures 4C–4E). Moreover, cell aggregation by a O104

serotype specific antibody was prevented when 55989 cells

were incubated with phage CLB_P1 but not with another unre-

lated phage, showing that phage CLB_P1 recognizes the

O-antigen part of the LPS as a receptor (Figure 4F). We then eval-

uated the impact of phage CLB_P1 when added to 24-h-old bio-

films formed by either 55989DfliA, 55989DrfaL, 55989-pbssR, or

55989-plsrC strains (Figure S2). The overexpression of either

bssR or lsrC genes had no significant effect on the amount of

biofilm produced compared with the strain 55989 carrying the

empty plasmid between 24 and 48 h in absence or presence of

phage CLB_P1 as assessed by crystal violet quantification (Fig-

ure S2A; Tables S2A and S2B). Likewise, the amount of CFUs

recovered at 48 h from the corresponding experiments did

not reveal any significant differences (Figure S2B; Tables S2A

and S2B). We obtained similar results with 55989DfliA and

55989DrfaL strains (Figures S2C and S2D; Tables S2A and

S2B). In conclusion, these data show that the downregulation

of rfaL when 55989 cells inhabit the colon of mice likely impairs

their infection by phage CLB_P1, which by itself does not affect

biofilm formation.

Phage CLB_P2 infection is insensitive to the lack of rfaL

or fliA genes, as well as the overexpression of bssR or

lsrC genes

Neither the EOP of CLB_P2 (Table S2C) nor the lysis of

55989DfliA or 55989DrfaL strains nor the lysis of 55989 cells car-

rying the plasmids pbssR or plsrC was affected in comparison

with their corresponding control strains (WT and pempty),

showing that none of these genes interfere with CLB_P2 infec-

tion in these growth conditions (Figures 5A and 5B). Unexpect-

edly, the presence of CLB_P2 significantly increased the amount

of biofilm when either bssR (p = 0.0029) or lsrC (p = 0.0007) was

IPTG-induced in comparison with the control strain (Figure 5C;

Table S2A). This was not correlated to the changes of CFUs in

Figure 3. The growth of E. coli strain 55989 in the colon involves the

activation of carbohydrate metabolism and a decrease in aerobic

respiration

(AandB)Anetworkanalysiswasperformed,basedon translatedprotein-protein

interactions,with theSTRINGwebserver (string-db.org) using strainMG1655 as

template on genes overexpressed (A) and underexpressed (B) in the colon of

monocolonized mice relative to cells in the stationary and exponential growth

phases. The full list of genes analyzed is available in Tables S1 and S2. The large

closed circles (orange for overexpressed and blue for underexpressed genes)

correspond to pathways indicated in bold and discussed in the text.
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the overexpressing strains compared with the control (Figure 5D;

Table S2B). We even noticed that the presence of CLB_P2 led to

a significant reduction of the level of CFUs of all strains

compared with its absence (p = 0.005 and below) (Figure 5D;

Table S2B). This moderate drop of 1- to 2-logs of CFUs indicates

that some phage CLB_P2 infected cells embedded in the biofilm

Figure 4. Phage CLB_P1 does not infect 55989DrfaL cells and recognizes the O104-antigen moiety of the LPS

(A) Growth curves in LB of the E. coli strains 55989 (WT), 55989DrfaL, and 55989DfliA (supplemented with kanamycin for DrfaL and DfliA strains) in the presence

and absence of phage CLB_P1, added at t = 0, at an MOI of 0.01 (n = 2–3 for each set of conditions). Error = standard error of the mean.

(B) Growth curves in LB of E. coli strain 55989 (WT), WT + pbssR (supplemented with 0.05 mM IPTG) and WT + plsrC (supplemented with 0.01 mM IPTG) in

presence or absence of phage CLB_P1 added at t = 0 and a MOI of 0.01 (n = 2–3 for each condition). Errors = standard error of the mean.

(C–E) The adsorption of phage CLB_P1 on strains 55989DrfaL (C), 55989 (D), and 55989DfliA (E) was evaluated according to standard procedures (see STAR

Methods). Adsorption constants and adsorption kinetics (90%of phages bound) were calculated by applying an exponential decay function to the corresponding

data.

(F) Microscopic observations of 55989 cells (1 3 107 CFU) mixed with either PBS or phage CLB_P1 (2.5 3 107 PFU) or a Pseudomonas aeruginosa phage

(2.5 3 107 PFU) during 10 min, followed by the addition of either O104 anti-serum or PBS. Scale bars, 20 mm.
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matrix. We hypothesize that this phage displays some affinity

to the biofilm matrix, which leads to carry over some particles

during the washing steps before the cells are resuspended

and mixed with this residual phage population. This was

further supported by the data obtained from biofilm assays

performed with 55989DfliA or 55989DrfaL strains and their

plasmid-complemented counterparts. For all of these strains,

phage CLB_P2 did not change the amount of biofilms

produced, but its presence led again to a significant reduction

of the level of CFUs recovered (Figures S3A and S3B;

Tables S2A and S2B). Therefore, none of the four candidate

genes were affecting the capacity of phage CLB_P2 to infect

55989 cells, but we uncovered that the presence of CLB_P2 in-

creases biofilm formation by the cells overexpressing genes

related to community lifestyle, perhaps as a defense response

against this phage.

Phage CLB_P3 strongly promotes biofilm formation of

55989DfliA and 55989DrfaL strains

The EOP of phage CLB_P3 (Table S2C) on strain 55989DrfaL

was slightly higher compared with the control, whereas it re-

mained unchanged for the strains 55989DfliA, 55989pbssR,

and 55989plsrC. The lysis kinetics of strain 55989DrfaL by

CLB_P3 was not affected during early time points in contrast

to late time points compared with all the other strains tested

that were not different from their respective controls (WT and

pempty) (Figures 6A and 6B). We then observed that the pres-

ence of CLB_P3 significantly increased the amount of biofilm

formed by both the 55989DfliA (p = 0.0040) and 55989DrfaL

(p < 0.0001) strains (Figure 6C; Table S2B). Particularly surprising

was the amount of biofilm formed by the 55989DrfaL strain that

increased by a factor of 5 on the OD scale compared with

the highest values observed in all the other conditions tested

Figure 5. Phage CLB_P2 increases the formation of biofilms in 55989 cells overexpressing either bssR or lsrC genes

(A) Growth curves in LB of E. coli strain 55989 (WT), WT + pbssR (supplemented with 0.05 mM IPTG) and WT + plsrC (supplemented with 0.01 mM IPTG) in

presence or absence of phage CLB_P2 added at t = 0 and a MOI of 0.01 (n = 2–3 for each condition). Errors = standard error of the mean.

(B) Growth curves in LB of the E. coli strains 55989 (WT), 55989DrfaL, and 55989DfliA (supplemented with kanamycin for DrfaL and DfliA strains), in the presence

and absence of phage CLB_P2, added at t=0, at an MOI of 0.01 (n = 2–3 for each set of conditions). Error = standard error of the mean.

(C) Biofilm formation, reported as variations of OD570nm recorded at 48 h relative to 24 h for the indicated E. coli strains in the presence or absence of phage

CLB_P2 added at 24 h (1 3 107 PFU/mL) and IPTG at 0.05 mM for empty and bssR plasmids or 0.01 mM for the lsrC plasmid, as well as kanamycin; n = 3–4

independent experiments. The boxes indicate the interquartile range, the horizontal bars correspond to the median and the vertical bars indicated the minimum

and maximum values (within 1.5 interquartile intervals), p = p value of the Tukey post hoc tests (Table S2A).

(D) Number of CFU resuspended from biofilms recovered from microplates setup in parallel to those used for biofilm quantification shown in (C) (see STAR

Methods).
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(0.1 versus 0.02). When trans-complemented with a plasmid ex-

pressing either fliA or rfaL, the corresponding defective strains

formed as much biofilm as the wild-type strain (Figure 6C).

This large increase in biofilms was not correlated to an increase

in CFUs (Figure 6D; Table S2C). Moreover, adsorption assays of

phage CLB_P3 revealed that its affinity to each of the 55989DfliA

and the 55989DrfaL strains was nearly 1-log lower compared

with the wild-type strain, excluding the hypothesis that a stron-

ger binding of this phage elicits an elevated biofilm formation

(Figure S4). In contrast, no significant impact of phage CLB_P3

was observed on the amount of biofilms formed by strains

overexpressing either bssR or lsrC (Figure S5A; Table S2A).

Nevertheless, the amount of CFUs recovered from 55989 plsrC

biofilms exposed to CLB_P3 was significantly higher compared

with the corresponding control cells (p = 0.0016), a result that is

the opposite of those obtained with phage CLB_P2 (Figure S5B;

Table S2B). Here, we found that cells that are lacking either fliA or

rfaL gene strongly increase biofilm formation only in presence of

phage CLB_P3, perhaps eliciting a phage-defense system.

The replication of phage CLB_P1 is abolished in the

ileum of 55989DrfaL-colonized mice

The two strongest phenotypes associated with the four gene

candidates were observed with phage CLB_P1 that is severely

impaired in infecting 55989DrfaL cells and phage CLB_P3 that

strongly promotes biofilm formation of both 55989DfliA and

55989DrfaL cells. We then asked to what extent these pheno-

types would translate into modifications of phage-bacteria inter-

actions in the mouse gut. For this, we tested the ex vivo replica-

tion of the three phages (CLB_P2 serving as a control phage) in

intestinal organs from 55989DfliA- and 55989DrfaL-colonized

mice. As expected, we found that the amplification of phage

CLB_P1 is strongly affected on ileal and colonic homogenates

from 55989DrfaL-colonized mice compared with phages

CLB_P2 and CLB_P3 (Figure 7). These data demonstrate that

a 3-log reduction of the EOP observed in vitro translates into a

weak replication in organ homogenates, preventing the further

in vivo evaluation of phage CLB_P1. The results obtained with

homogenates from 55989DfliA-colonized mice were not dissim-

ilar to those obtained fromwild-type-colonizedmice for the three

phages (Figure 1), showing that this gene has no impact on

phage infection in organs (Figure 7). Therefore, the increased

biofilm formation promoted by the presence of CLB_P3 during

Figure 6. Phage CLB_P3 increases biofilms formation in 55989 cells

deleted for either fliA or rfaL genes

(A) Growth curves in LB of E. coli strain 55989 (WT), WT + pbssR (supple-

mented with 0.05 mM IPTG), and WT + plsrC (supplemented with 0.01 mM

IPTG) in presence or absence of phage CLB_P3 added at t = 0 and a MOI of

0.01 (n = 2–3 for each condition). Errors = standard error of the mean.

(B) Growth curves in LB of the E. coli strains 55989 (WT), 55989DrfaL, and

55989DfliA (supplemented with kanamycin for DrfaL and DfliA strains) in the

presence and absence of phage CLB_P3, added at t = 0, at anMOI of 0.01 (n =

2–3 for each set of conditions). Errors = standard error of the mean.

(C) Biofilm formation, reported as change in OD570nm at 48 h relative to 24 h for

the indicated E. coli strains in the presence or absence of phage CLB_P3

added at 24 h (1 3 107 PFU/mL); n = 3–4 independent experiments. When

necessary, IPTG was added at 0.05 mM. The boxes represent the interquartile

range; the horizontal bars represent the median; and the vertical bars repre-

sent the minimum and maximum values (within 1.5 interquartile intervals),

p = p value for post hoc Tukey tests (Table S2A).

(D) Number of CFU resuspended from biofilms recovered from microplates

setup in parallel with those used to quantify biofilms shown in (C) (see STAR

Methods).
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the in vitro assays does not translate into an impaired phage

infection in organs. Nevertheless, during this assay, we observed

that the number of CFUs of the 55989DfliA strain did not increase

in the colon compared with the ileal samples. This suggests that

some genes under fliA regulation may be required for optimal

growth in this gut section. This could also explain the trend of

a lower amplification in colon compared with ileal sections

observed with the three phages.

DISCUSSION

Bacteria and virulent phages coexist over time in the digestive

tract of mammals, raising questions about the predator-prey dy-

namics of these two antagonistic populations (Lourenço et al.,

2020;Mirzaei andMaurice, 2017). Here, we investigatedwhether

the regulation of bacterial gene expression occurring during their

colonization of the gut environment affects their susceptibility to

phages (Lourenço et al., 2018). We performed a genome-wide

transcriptomic analysis of the E. coli strain 55989, an enteroag-

gregative pathogenic strain for which we had already character-

ized three virulent phages, CLB_P1, CLB_P2, and CLB_P3.

Comparisons of the transcriptomics data from colon samples

with exponentially and stationary grown cells revealed the differ-

ential expression of several genes. In addition to expected genes

related to anaerobic growth, as well as sugar metabolism and

transport in the gut, we identified some genes related to host

adaptation. For instance, the overexpression of ompG implies

the activation of the transcriptional regulator ycjW (Luhachack

et al., 2019), which in turn, also regulates the production of

H2S, which has been shown to protect pathogens against the

host immune response (Toliver-Kinsky et al., 2019). We also

report the overexpression of genes involved in the metabolism

of carnitine and ethanolamine, which are compounds derived

from the host cells membrane. Both are known to play roles in

the gut microbiota, with carnitine being used for osmoprotection

or as a source of nutrients (Meadows andWargo, 2015), whereas

ethanolamine has been previously shown to be used by enter-

oaggregative E. coli for improving its ability to outcompete

commensal E. coli (Bertin et al., 2011). Among the underex-

pressed genes, we found several iron acquisition systems,

including enterobactin. This counterintuitive observation—since

it is well established that iron acquisition systems are required for

gut colonization (Deriu et al., 2013)—must be counterbalanced

by the diversity of multiple iron acquisition systems identified in

E. coli genomes, some of which, such as Feo, are expressed in

anaerobic conditions (Lau et al., 2016). Moreover, fumB, the

expression of which decreases in conditions of iron limitation,

was found to be overexpressed in the colon, suggesting that

iron supply was not a limiting factor in our experimental condi-

tions (Figure 3A; Table S1A). In addition, the analysis of the

Figure 7. Phage CLB_P1 cannot replicate on intestinal homogenates of 55989DrfaL-colonized mice

Amplification (n = 2 biological replicates) of phages (CLB_P1, CLB_P2, and CLB_P3, each added at an MOI of �0.01) after 5 h of incubation with either strain

55989DrfaL or 55989DfliA from homogenized gut sections from either 55989DrfaL- or 55989DfliA-monocolonizedmice (ile, ileum, dark blue; col, colon, light blue).

The median n-fold multiplication is shown relative to the initial number of PFUs or CFUs.
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55989 plasmid-encoded genes identified four overexpressed

genes with functions related to adhesion. Together with the

concomitant overexpression of uspF (Table S1A) and underex-

pression of ompX (Table S1B), both of which are located on

the chromosome, these observations support that bacterial

motility is reduced in the colon (Nachin et al., 2005; Otto et al.,

2001). Beyond the specificities linked to this particular entero-

pathogenic strain of E. coli, which would deserve further investi-

gations, our data are congruent with similar studies using

comparative transcriptomics between in vitro and in vivo condi-

tions for intestinal bacteria (Denou et al., 2007).

The untargeted approach (whole intestinal sections) used for

this work has some limitations despite its success for identifying

genes involved in phage susceptibility. For instance, the

transcriptomic profiles were treated as belonging to a single

homogeneous bacterial population, whereas bacteria within an

intestinal section actually face different physiological conditions

(Li et al., 2015). Moreover, about 50% of the candidate genes

that were identified had no predicted functions. Some may

then encode proteins involved in phage-bacterium interactions,

warranting additional studies to determine their mode of action.

We showed that four of the genes that were identified from

transcriptomic comparisons alter the interactions of strain

55989 with at least one of the three phages, CLB_P1, CLB_P2,

or CLB_P3. When overexpressed or deleted, these genes led

to phenotypes that could be related to a global response pro-

tecting cells against phages. However, the elicited response

was specific to each of the three phages (only 55989DrfaL cells

for CLB_P1, both 55989pbssR and 55989plsrC cells for CLB_P2,

and both 55989DfliA and 55989DrfaL cells for CLB_P3), high-

lighting the complexity of predicting the in vivo efficacy of phages

from in vitro experiments.

In E. coli, LPS is one of the receptors most frequently used by

phages (Hantke, 2020). However, as K12 strains (the most

frequently used in laboratories) do not synthesize O-antigen

(Liu and Reeves, 1994), rfaL (the gene encoding the O-antigen

ligase) has not previously been identified as a gene involved in

phage infection, including a recent systematic study (Maffei

et al., 2021). Here, we demonstrated that phage CLB_P1 recog-

nizes the O104 antigen as a receptor, consistent with its host

range toward the ECOR collection (Maura et al., 2012b). Interest-

ingly, the lack of rfaL does not completely abolish the capacity of

phage CLB_P1 to form plaques on the 55989DrfaL lawns, sug-

gesting that CLB_P1 recognizes a secondary receptor. Howev-

er, neither in liquid broth with agitation nor in gut homogenates,

this secondary receptor was sufficient to allow phage CLB_P1

infection. Therefore, the low rates of replication of phage

CLB_P1 on cells in the stationary phase or in colon samples (Fig-

ure 1) can be attributed to the underexpression of rfaL that is

identified during the comparative analysis of transcriptomics

data. More broadly, when considering application in humans,

our data suggest that a phage that displays a 3-log reduction

of the EOP on a clinical isolate would likely be inefficient in vivo.

The strong stimulation of biofilm formation by the CLB_P3

phage in the 55989DfliA and 55989DrfaL strains was both strik-

ing and puzzling, as the functions of these genes are unrelated to

each other. Furthermore, these two strains remained as suscep-

tible to CLB_P3 as the WT on both solid and liquid media. It is

therefore tempting to speculate that the presence of CLB_P3

led to an increase in the production of an extracellular polysac-

charide matrix in these two mutant strains but not in the wild

type, perhaps as a defense against phage CLB_P3. Since fliA

is a sigma factor, we hypothesize that its absence unlocks a ge-

netic regulation that is otherwise inactive, only in the presence of

phage CLB_P3 but not of CLB_P1 or CLB_P2. As the lack of rfaL

affects the structure of the LPS, we hypothesize that the pres-

ence of CLB_P3, but not of CLB_P1 or CLB_P2, uncovers a bac-

terial receptor not involved in phage infection but instead in a

signaling process promoting matrix production, perhaps as a

phage-defense system. Interestingly, these two hypotheses

are not exclusive.

The presence of phage CLB_P2 increased the formation of

biofilms by the strains overexpressing either bssR or lsrC with

similar amplitude. Again, it is tempting to suggest that the in-

crease in biofilm formation is linked to the induction of a

phage-defense mechanism, as exopolysaccharide production

has been shown to protect cells from phage infection in many

bacterial species (Darch et al., 2017; de Sousa et al., 2020;

Radke and Siegel, 1971). It is worth noting that the presence of

CLB_P2, compared with its absence, resulted in the recovery

of significantly fewer cells from biofilm for all strains tested.

This observation suggests that CLB_P2 may be the most potent

of the three phages at killing cells embedded in biofilms. Alterna-

tively, this phage may have a loose affinity for the biofilm matrix

(Barr et al., 2013) and decrease the number of CFUs at the

plating step instead of within the biofilm.

The phenotypes observed with the four genes converged to

lower bacterial susceptibility to phages, in other words

increasing phage resistance in both the presence (in vitro) and

absence (in vivo) of phages. This suggests that bacteria become

less susceptible to phages when they colonize the gut. Here, the

formation of biofilms at the surface of epithelial cells could be

invoked as a phage-defense response that could have a nega-

tive impact on health when such biofilms are linked to virulence

as for the enteroaggregative strain 55989. Moreover, gene regu-

lation entails a lesser fitness cost than loss-of-function due to ge-

netic mutations, which may be crucial to ensure persistence

within a fluctuating environment, including the competition be-

tween bacteria.

Experiments in animals with a cocktail of these three

phages, or other phage cocktails, have shown that despite

the initial reduction of bacterial levels in the gut, coexistence

of phages with their hosts is rapidly established (Hsu et al.,

2019; Maura et al., 2012b). This coexistence is supported by

multiple overlapping mechanisms, including the regulation of

bacterial gene expression as shown here (Javaudin et al.,

2021; Lourenço et al., 2018). Aligning the composition of

phage cocktails to the environmental conditions in which

they are to be used may be the best option for optimizing

phage applications. In addition, repeated phage applications,

prescribed similar to a standard anti-microbial drug, might

result in more effective treatments by preventing the establish-

ment of coexistence.

In conclusion, tripartite interactions occur between phages,

bacteria, and the host, all of which influence each other. The

mammalian gut environment and its response to bacterial colo-

nization affects bacterial gene expression, which in turn, influ-

ences phage infection. Conversely, phage variants may be
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selected to improve efficacy against established bacterial clones

by adaptation (De Sordi et al., 2017; Mathieu et al., 2020), poten-

tially inducing a response in the bacteria (De Sordi et al., 2019)

affecting their relationship with the host (intestinal epithelial

and immune cells) (Diard et al., 2017; Sausset et al., 2020). Glob-

ally, the balance between these equilibria governs gut homeo-

stasis and health.
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la Recherche, France, École Doctorale 394. Q.L.-B. is funded by École Doctor-

ale FIRE - Programme Bettencourt. M.T. received a fellowship from Fondation

DigestScience (Lille, France). The transcriptome and epigenome Platform is

part of the France Génomique consortium (ANR10-NBS-09-08).

AUTHOR CONTRIBUTIONS

Conceptualization and methodology, L.D., L.D.S., and M.L.; investigations,

L.C., M.L., M.T., O.S., Q.L.-B., and T.P.; formal analysis, J.-Y.C., R.L., M.L.,

and H.V.; resources, M.B.; supervision and funding acquisition, L.D.;

writing—original draft, M.L. and L.D.; writing—review and editing, L.C., L.D.,

L.D.S., Q.L.-B., M.L., and T.P.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: June 22, 2021

Revised: January 14, 2022

Accepted: March 10, 2022

Published: April 13, 2022

REFERENCES

Alseth, E.O., Pursey, E., Luján, A.M., McLeod, I., Rollie, C., and Westra, E.R.

(2019). Bacterial biodiversity drives the evolution of CRISPR-based phage

resistance. Nature 574, 549–552. https://doi.org/10.1038/s41586-019-

1662-9.

Anders, S., and Huber,W. (2010). Differential expression analysis for sequence

count data. Genome Biol. 11, R106. https://doi.org/10.1186/gb-2010-11-

10-r106.

Arndt, D., Grant, J.R., Marcu, A., Sajed, T., Pon, A., Liang, Y., andWishart, D.S.

(2016). PHASTER: a better, faster version of the PHAST phage search tool.

Nucleic Acids Res. 44, W16–W21. https://doi.org/10.1093/nar/gkw387.

Ashburner, M., Ball, C.A., Blake, J.A., Botstein, D., Butler, H., Cherry, J.M.,

Davis, A.P., Dolinsk, i, K., Dwight, S.S., and Eppig, J.T.. (2000). Gene ontology:

tool for the unification of biology. The Gene Ontology Consortium. Nat. Genet.

1, 25–29. https://doi.org/10.1038/75556.

Aziz, R.K., Bartels, D., Best, A.A., DeJongh, M., Disz, T., Edwards, R.A.,

Formsma, K., Gerdes, S., Glass, E.M., Kubal, M., et al. (2008). The RAST

Server: rapid annotations using subsystems technology. BMC Genomics 9,

75. https://doi.org/10.1186/1471-2164-9-75.

Barr, J.J., Auro, R., Furlan, M., Whiteson, K.L., Erb, M.L., Pogliano, J.,

Stotland, A., Wolkowicz, R., Cutting, A.S., Doran, K.S., et al. (2013).

Bacteriophage adhering to mucus provide a non-host-derived immunity.

Proc. Natl. Acad. Sci. U. S. A. 110, 10771–10776. https://doi.org/10.1073/

pnas.1305923110.

Barroso-Batista, J., Sousa, A., Lourenço, M., Bergman, M.L., Sobral, D.,

Demengeot, J., Xavier, K.B., and Gordo, I. (2014). The first steps of adaptation

of Escherichia coli to the gut are dominated by soft sweeps. PLoS Genet. 10,

e1004182. https://doi.org/10.1371/journal.pgen.1004182.

Bates, D., M€achler, M., Bolker, B., and Walker, S. (2015). Fitting linear mixed-

effects models using lme4. J. Stat. Softw. 67, 1–48. https://doi.org/10.18637/

jss.v067.i01.

Bernheim, A., and Sorek, R. (2020). The pan-immune system of bacteria: anti-

viral defence as a community resource. Nat. Rev. Microbiol. 18, 113–119.

https://doi.org/10.1038/s41579-019-0278-2.

Bertin, Y., Girardeau, J.P., Chaucheyras-Durand, F., Lyan, B., Pujos-Guillot,

E., Harel, J., and Martin, C. (2011). Enterohaemorrhagic Escherichia coli gains

a competitive advantage by using ethanolamine as a nitrogen source in the

bovine intestinal content. Environ. Microbiol. 13, 365–377. https://doi.org/10.

1111/j.1462-2920.2010.02334.x.

Boll, E.J., Ayala-Lujan, J., Szabady, R.L., Louissaint, C., Smith, R.Z., Krogfelt,

K.A., Nataro, J.P., Ruiz-Perez, F., and McCormick, B.A. (2017).

Enteroaggregative Escherichia coli adherence fimbriae drive inflammatory

cell recruitment via interactions with epithelial MUC1. mBio 8, e00717.

https://doi.org/10.1128/mBio.00717-17.

Bull, J.J., Vegge, C.S., Schmerer, M., Chaudhry, W.N., and Levin, B.R. (2014).

Phenotypic resistance and the dynamics of bacterial escape from phage con-

trol. PLoS One 9, e94690. https://doi.org/10.1371/journal.pone.0094690.

Chapman-McQuiston, E., andWu, X.L. (2008). Stochastic receptor expression

allows sensitive bacteria to evade phage attack. Part I: experiments. Biophys.

J. 94, 4525–4536. https://doi.org/10.1529/biophysj.107.120212.

Chaudhry, W.N., Ple�ska, M., Shah, N.N., Weiss, H., McCall, I.C., Meyer, J.R.,

Gupta, A., Guet, C.C., and Levin, B.R. (2018). Leaky resistance and the condi-

tions for the existence of lytic bacteriophage. PLoS Biol. 16, e2005971. https://

doi.org/10.1371/journal.pbio.2005971.

ll

Article

566 Cell Host & Microbe 30, 556–569, April 13, 2022



Chaveroche,M.K., Ghigo, J.M., and d’Enfert, C. (2000). A rapidmethod for effi-

cient gene replacement in the filamentous fungus Aspergillus nidulans. Nucleic

Acids Res. 28, E97. https://doi.org/10.1093/nar/28.22.e97.

Chevallereau, A., Blasdel, B.G., De Smet, J., Monot, M., Zimmermann, M.,

Kogadeeva, M., Sauer, U., Jorth, P., Whiteley, M., Debarbieux, L., and

Lavigne, R. (2016). Next-generation ‘‘-omics’’ approaches reveal a massive

alteration of host RNA metabolism during bacteriophage infection of

Pseudomonas aeruginosa. PLoS Genet. 12, e1006134. https://doi.org/10.

1371/journal.pgen.1006134.

Choi, Y., Shin, H., Lee, J.H., and Ryu, S. (2013). Identification and character-

ization of a novel flagellum-dependent Salmonella-infecting bacteriophage.

iEPS5. Appl. Environ. Microbiol. 79, 4829–4837. https://doi.org/10.1128/

AEM.00706-13.

Condon, C., and Weiner, J.H. (1988). Fumarate reductase of Escherichia coli:

an investigation of function and assembly using in vivo complementation. Mol.

Microbiol. 2, 43–52. https://doi.org/10.1111/j.1365-2958.1988.tb00005.x.

Conway, T., and Cohen, P.S. (2015). Commensal and pathogenic Escherichia

coli metabolism in the gut. Microbiol. Spec. 3. https://doi.org/10.1128/micro-

biolspec.MBP-0006-2014.

Cornuault, J.K., Moncaut, E., Loux, V., Mathieu, A., Sokol, H., Petit, M.A., and

De Paepe, M. (2020). The enemy from within: a prophage of Roseburia intes-

tinalis systematically turns lytic in the mouse gut, driving bacterial adaptation

by CRISPR spacer acquisition. ISME J. 14, 771–787. https://doi.org/10.1038/

s41396-019-0566-x.

Cotter, P.A., Chepuri, V., Gennis, R.B., andGunsalus, R.P. (1990). Cytochrome

o (cyoABCDE) and d (cydAB) oxidase gene expression in Escherichia coli is

regulated by oxygen, pH, and the fnr gene product. J. Bacteriol. 172, 6333–

6338. https://doi.org/10.1128/jb.172.11.6333-6338.1990.

Croxen, M.A., and Finlay, B.B. (2010). Molecular mechanisms of Escherichia

coli pathogenicity. Nat. Rev. Microbiol. 8, 26–38. https://doi.org/10.1038/

nrmicro2265.

Darch, S.E., Kragh, K.N., Abbott, E.A., Bjarnsholt, T., Bull, J.J., and Whiteley,

M. (2017). Phage inhibit pathogen dissemination by targeting bacterial mi-

grants in a chronic infection model. mBio 8. e00240–e00217. https://doi.org/

10.1128/mBio.00240-17.

De Sordi, L., Khanna, V., and Debarbieux, L. (2017). The gut microbiota facil-

itates drifts in the genetic diversity and infectivity of bacterial viruses. Cell Host

Microbe 22, 801–808.e3. https://doi.org/10.1016/j.chom.2017.10.010.

De Sordi, L., Lourenço, M., and Debarbieux, L. (2019). I will survive": a tale of

bacteriophage-bacteria coevolution in the gut. Gut Microbes 10, 92–99.

https://doi.org/10.1080/19490976.2018.1474322.

de Sousa, J.A.M., Buffet, A., Haudiquet, M., Rocha, E.P.C., and Rendueles, O.

(2020). Modular prophage interactions driven by capsule serotype select for

capsule loss under phage predation. ISME J. 14, 2980–2996. https://doi.org/

10.1038/s41396-020-0726-z.

Denou, E., Berger, B., Barretto, C., Panoff, J.M., Arigoni, F., and Br€ussow, H.

(2007). Gene expression of commensal Lactobacillus johnsonii strain NCC533

during in vitro growth and in the murine gut. J. Bacteriol. 189, 8109–8119.

https://doi.org/10.1128/JB.00991-07.

Deriu, E., Liu, J.Z., Pezeshki, M., Edwards, R.A., Ochoa, R.J., Contreras, H.,

Libby, S.J., Fang, F.C., and Raffatellu, M. (2013). Probiotic bacteria reduce

Salmonella typhimurium intestinal colonization by competing for iron. Cell

Host Microbe 14, 26–37. https://doi.org/10.1016/j.chom.2013.06.007.

Diard, M., Bakkeren, E., Cornuault, J.K., Moor, K., Hausmann, A., Sellin, M.E.,

Loverdo, C., Aertsen, A., Ackermann, M., De Paepe, M., et al. (2017).

Inflammation boosts bacteriophage transfer between Salmonella spp.

Science 355, 1211–1215. https://doi.org/10.1126/science.aaf8451.

Domka, J., Lee, J., and Wood, T.K. (2006). YliH (BssR) and YceP (BssS) regu-

late Escherichia coli K-12 biofilm formation by influencing cell signaling. Appl.

Environ. Microbiol. 72, 2449–2459. https://doi.org/10.1128/AEM.72.4.2449-

2459.2006.

Fabich, A.J., Jones, S.A., Chowdhury, F.Z., Cernosek, A., Anderson, A.,

Smalley, D., McHargue, J.W., Hightower, G.A., Smith, J.T., Autieri, S.M.,

et al. (2008). Comparison of carbon nutrition for pathogenic and commensal

Escherichia coli strains in the mouse intestine. Infect. Immun. 76, 1143–

1152. https://doi.org/10.1128/IAI.01386-07.

Fajardo, D.A., Cheung, J., Ito, C., Sugawara, E., Nikaido, H., and Misra, R.

(1998). Biochemistry and regulation of a novel Escherichia coli K-12 porin pro-

tein, OmpG, which produces unusually large channels. J. Bacteriol. 180, 4452–

4459. https://doi.org/10.1128/JB.180.17.4452-4459.1998.

Feugeas, J.P., Tourret, J., Launay, A., Bouvet, O., Hoede, C., Denamur, E., and

Tenaillon, O. (2016). Links between transcription, environmental adaptation

and gene variability in Escherichia coli: correlations between gene expression

and gene variability reflect growth efficiencies. Mol. Biol. Evol. 33, 2515–2529.

https://doi.org/10.1093/molbev/msw105.

Fox, J., and Weisberg, S. (2018). An R Companion to Applied Regression

(SAGE Publications).

Galtier, M., De Sordi, L., Sivignon, A., de Vallée, A., Maura, D., Neut, C.,

Rahmouni, O., Wannerberger, K., Darfeuille-Michaud, A., Desreumaux, P.,

et al. (2017). Bacteriophages targeting adherent invasive Escherichia coli

Strains as a promising new treatment for Crohn’s disease. J. Crohns Colitis

11, 840–847. https://doi.org/10.1093/ecco-jcc/jjw224.

Gentleman, R.C., Carey, V.J., Bates, D.M., Bolstad, B., Dettling, M., Dudoit, S.,

Ellis, B., Gautier, L., Ge, Y., Gentry, J., et al. (2004). Bioconductor: open soft-

ware development for computational biology and bioinformatics. Genome

Biol. 5, R80. https://doi.org/10.1186/gb-2004-5-10-r80.

Golec, P., Karczewska-Golec, J., qo�s, M., and Węgrzyn, G. (2014).
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Maura, D., Galtier, M., Le Bouguénec, C., and Debarbieux, L. (2012a). Virulent

bacteriophages can target O104:H4 enteroaggregative Escherichia coli in the

mouse intestine. Antimicrob. Agents Chemother. 56, 6235–6242. https://doi.

org/10.1128/AAC.00602-12.

Maura, D., Morello, E., du Merle, L., Bomme, P., Le Bouguénec, C., and
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

rabbit monoclonal antibody anti E. coli O104 SSI diagnostica Cat#45840

Bacterial and Virus Strains

Escherichia coli Strain 55989 Mossoro et al., 2002 CRBIP14.5

Escherichia coli Strain 55989DfliA This manuscript N/A

Escherichia coli Strain 55989pbssR This manuscript N/A

Escherichia coli Strain 55989plsrC This manuscript N/A

Escherichia coli Strain 55989DrfaL This manuscript N/A

Escherichia coli Strain MG1655 This manuscript N/A

ASKA collection Kitagawa et al., 2005 N/A

Bacteriophage CLB_P1 Maura et al., 2012b Genbank: KC109329.1

Bacteriophage CLB_P2 Maura et al., 2012b Genbank: OL770107

Bacteriophage CLB_P3 Maura et al., 2012b Genbank: OL770108

Bacteriophage PAK_P3 Henry et al., 2013 Genbank: NC_022970.1

Chemicals, Peptides, and Recombinant Proteins

Drigalski CONDA Cat# 1344

LB Lennox broth or agar Difco Cat# 240230 and 240110

Streptomycin Sigma-Aldrich Cat# S6501

Kanamycin Sigma-Aldrich Cat# K1637

Chloramphenicol Sigma-Aldrich Cat# C0378

TRIzol Sigma-Aldrich Cat# T-9424

Chloroform N/A Cat# 288306

Crystal violet Sigma-Aldrich Cat# V5265

Critical commercial assays

RNeasy mini kit Qiagen Cat# 74104

on-column RNAse-free DNAse Qiagen Cat# 79254

Ribo-Zero rRNA depletion kit Illumina Cat# 20040525

TruSeq Stranded RNA LT prep kit Illumina Cat# 20020596

"Quant-It" assay kit Invitrogen Cat# Q33232

Deposited Data

Bacteriophage CLB_P1 This manuscript Genbank: KC109329.1

Bacteriophage CLB_P2 This manuscript Genbank: OL770107

Bacteriophage CLB_P3 This manuscript Genbank: OL770108

RNA-seq data from Ec55989 Colon 1 (Col1) sample This manuscript GEO: GSM5047178

RNA-seq data from Ec55989 Colon 2 (Col2) sample This manuscript GEO: GSM5047179

RNA-seq data from Ec55989 Colon 3 (Col3) sample This manuscript GEO: GSM5047180

RNA-seq data from Ec55989 Colon 4 (Col4) sample This manuscript GEO: GSM5047181

RNA-seq data from Ec55989 Exponential 1 (Exp1) sample This manuscript GEO: GSM5047182

RNA-seq data from Ec55989 Exponential 2 (Exp2) sample This manuscript GEO: GSM5047183

RNA-seq data from Ec55989 Exponential 3 (Exp3) sample This manuscript GEO: GSM5047184

RNA-seq data from Ec55989 Exponential 4 (Exp4) sample This manuscript GEO: GSM5047185

RNA-seq data from Ec55989 Stationary 1 (Sta1) sample This manuscript GEO: GSM5047186

RNA-seq data from Ec55989 Stationary 2 (Sta2) sample This manuscript GEO: GSM5047187

RNA-seq data from Ec55989 Stationary 3 (Sta3) sample This manuscript GEO: GSM5047188

RNA-seq data from Ec55989 Stationary 4 (Sta4) sample This manuscript GEO: GSM5047189

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Laurent

Debarbieux (laurent.debarbieux@pasteur.fr).

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental Models: Organisms/Strains

C3H axenic mice Institut Pasteur N/A

Oligonucleotides

rfaL_bf_F (3-step PCR rfaL gene deletion and insertion

of kanR – up) : 5’- ATCACGGTTTATGGACCAAC -3’

This manuscript N/A

rfaL_bf_R_kan (3-step PCR rfaL gene deletion and

insertion of kanR – up) : 5’-gtgagctatgagaaagcgcc

CTTATCTCCGATGTCAACTT -3’

This manuscript N/A

rfaL_bf_F_kan (3-step PCR rfaL gene deletion and

insertion of kanR – down) : 5’- aaacaaataggggttcc

gcgAAAATAAAAAAGGCTGCATA -3’

This manuscript N/A

rfaL_af_R (3-step PCR rfaL gene deletion and

insertion of kanR – down) : 5’- GCAAAGCAAG

GTCAGGACTT -3’

This manuscript N/A

fliA_bf_F (3-step PCR fliA gene deletion and insertion

of kanR – up) : 5’- TAAGAACTCCTGGTAGTCA -3’

This manuscript N/A

fliA_bf_kan_R2 (3-step PCR fliA gene deletion

and insertion of kanR – up) : 5’- gtgagctatgag

aaagcgccCGTCAGTAAATGCCGCACT -3’

This manuscript N/A

fliA_bf_kan_F (3-step PCR fliA gene deletion

and insertion of kanR – down) : 5’- aaacaaat

aggggttccgcgGATAAACAGCCCTGCGTTAT -3’

This manuscript N/A

fliA_bf_R (3-step PCR fliA gene deletion and

insertion of kanR – down) : 5’- AACCTGCCT

GACCCCGCTA -3’

This manuscript N/A

KanF (kanamycin resistance cassete Forward) :

5’- GGCGCTTTCTCATAGCTCAC -3’

This manuscript N/A

KanR (kanamycin resistance cassete Reverse) :

5’- CGCGGAACCCCTATTTGTTT -3’

This manuscript N/A

Software and Algorithms

FastQC Brabraham Bioinformatics RRID: SCR_005539

cutadapt Martin, 2011 RRID: SCR_011841

RAST Aziz et al., 2008 RRID: SCR_014806

Bowtie Li et al., 2009 RRID: SCR_005476

Subread (featureCounts) Gentleman et al., 2004 RRID: SCR_009803

R R Core Team, 2020 RRID: SCR_001905

DESeq2 package Anders and Huber, 2010;

Love et al., 2014

RRID: SCR_015687

SARTools package Varet et al., 2016 RRID: SCR_016533

Geneontology Ashburner et al., 2000 (http://geneontology.org/).

EcoCyc database Keseler et al., 2011 RRID: SCR_002433

STRING webserver Szklarczyk et al., 2019 RRID: SCR_005223

PHASTER (PHAge Search Tool - Enhanced Release) Arndt et al., 2016 https://phaster.ca/

lme4 package Bates et al., 2015 RRID: SCR_015654

lmerTest package Kuznetsova et al., 2017 RRID: SCR_015656

car package Fox and Weisberg, 2018 https://cran.r-project.org/web/packages/car/

lsmeans R package Lenth, 2016 https://cran.r-project.org/web/packages/

lsmeans/index.html
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Materials availability

The bacterial strains 55989DrfaL and 55989DfliA aswell as phages are available from the lead contact upon completion of aMaterials

Transfer Agreement (MTA).

Data and code availability

RNA-Seq data have been deposited at GEO and are publicly available as of the date of publication. Accession numbers are listed in

the key resources table.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Ethics statement

C3H axenic mice (seven to nine weeks old) reared at Institut Pasteur (Paris, France) were housed in an animal facility in accordance

with Institut Pasteur guidelines and European recommendations. Food and drinking water were provided ad libitum. Protocols were

approved by the veterinary staff of the Institut Pasteur animal facility (Ref.#18.271) and the National Ethics Committee

(APAFIS#26874-2020081309052574 v1). We used 17 mice (2 males and 15 female) for this study.

Phages and bacterial strains

The Escherichia coli strain 55989 was previously described (Mossoro et al., 2002) and other strains are listed in the key re-

sources table.

Phages CLB_P1 (KC109329.1), CLB_P2 (OL770107) and CLB_P3 (OL770108) have been described elsewhere (Maura et al.,

2012b). The 55989 mutants were obtained by a three-step PCR in which each gene (rfaL and fliA) was disrupted by the insertion

of a kanamycin resistance marker gene by lambda Red-mediated homologous recombination (Chaveroche et al., 2000). Primers

used for this study are listed in key resources table. ASKA plasmids (chloramphenicol resistant) were used for the overexpression

of bssR and lsrC and the complementation of 55989DrfaL and 55989DfliA strains (Kitagawa et al., 2005).

Strains were routinely cultured in lysogeny broth (LB Lennox - BD), or on LB Lennox agar (BD) or Drigalski agar (lactose agar with

bromothymol blue and crystal violet- CONDA) plates, at 37C. When required for selection, streptomycin (100 mg/mL) or kanamycin

(100 mg/mL) or chloramphenicol (30 mg/ml) (Sigma) was added.

METHODS DETAILS

Ex vivo assay

C3H axenic mice received 200 mL of PBS or strains 55989 or 55989DfliA or 55989DrfaL (107 CFU prepared from an overnight culture

in LB at 37�C) in sterile sucrose sodium bicarbonate solution (20% sucrose and 2.6% sodium bicarbonate, pH 8) by oral gavage.

Three days later, they were killed, and intestinal sections (ileum and colon) were collected and weighed. PBS was added to each

sample (1.75 mL for ileum and colon) before homogenisation (Oligo-Macs, Miltenyi Biotec). We dispensed 140 mL of each homog-

enized sample into the wells of a 96-well plate and 10 mL of each individual phage was added, to reach an MOI of 1 x 10-2, and the

plate was incubated at 37�C. A fraction of the homogenized samples was also serially diluted in PBS and plated on Drigalski medium

for the counting of E. coli colonies at t=0. Following five hours of incubation, samples were serially diluted in PBS and plated on

Drigalski medium and on LB agar plates overlaid with strain 55989. Both sets of plates were incubated at 37�C overnight. The

same procedure was followed for in vitro assays with bacteria collected during the exponential (OD600nm=0.5) or stationary (24 h;

equivalent OD600nm=5) growth phases, at 37�C, with shaking. These cells were also incubated during 5 h with homogenized gut sam-

ples from axenic mice as a control of experiments performed with samples from monocolonized mice.

Transcriptomics

Strain 55989 was grown overnight at 37�C with shaking (n=4 replicates). Cultures were diluted in fresh medium and incubated until

they reached an OD600nm of about 0.5, at which point, half the volume was collected for RNA extraction, the other half being main-

tained at 37�C, with shaking, up to 24 h at which time point they reached an equivalent OD600nm of 5, corresponding to stationary

phase. RNA was extracted by centrifuging the cells and incubating them with TRIzol (Sigma T-9424) for lysis.

For intestinal samples, axenic mice received 200 mL of strain 55989 (107 CFU prepared from an overnight culture in LB at 37�C) in

sterile sucrose sodium bicarbonate solution (20% sucrose and 2.6% sodium bicarbonate, pH 8) by oral gavage. Three days later, the

mice were killed, and intestinal sections were collected and immediately frozen in liquid nitrogen (ileum and colon). TRIzol was then

added to the frozen samples, which were homogenized (Oligo-Macs, Miltenyi Biotec). Total RNA from both in vitro and in vivo sam-

ples was purified by standard organic extraction (phenol/chloroform) followed by ethanol precipitation. It was then treated with the

RNeasy mini kit (Qiagen) for final purification, and the remaining genomic DNA was removed with an on-column RNAse-free DNAse

set protocol (Qiagen). RNA integrity was assessed with the Bioanalyser system (Agilent) and RNA integrity number (RIN) and ribo-

somal ratio (23S/16S) were determined. We obtained rRNA-depleted RNA with the Ribo-Zero rRNA depletion kit for eukaryotic

and prokaryotic RNA (Illumina). Libraries were prepared with the TruSeq Stranded RNA LT prep kit (Illumina), with final validation
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on the Bioanalyser system. Final DNA quantification was performed with sensitive fluorescence-based quantification assays

("Quant-It" assay kit and aQuBit fluorometer, Invitrogen). Librairies were then normalised to a concentration of 2 nM andmultiplexed.

The samples were then denatured at a concentration of 1 nMwith 0.1 NNaOH at room temperature, andwere finally diluted to 9.5 pM

for loading onto the sequencing flowcell. Sequencing was performed on an Illumina HiSeq 2500 machine, producing 65 bp single-

reads. A mean of 266 M and 2 M of reads was obtained for colonic and in vitro samples, respectively.

Data analysis

After sequencing, we performed a first quality checkwith fastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/), and

then cleaned up the reads with cutadapt (Martin, 2011). Bowtie was used for read alignment and files were transformed into BAMand

SAM formats with samtools software (Li et al., 2009). Finally, reads were counted with featureCounts and the statistical analysis was

performed with R software (https://www.r-project.org/) (Gentleman et al., 2004) packages including DESeq2 (Anders and Huber,

2010; Love et al., 2014) and the SARTools package (Varet et al., 2016). Normalisation and differential analysis were performed

with the DESeq2 model and package. This report comes with additional tab-delimited text files containing lists of differentially ex-

pressed features. A gene ontology analysis was performed on the lists of under- and overexpressed genes (http://geneontology.

org/). Gene functions were verified with the EcoCyc database (Keseler et al., 2011). A comparative analysis was performed with a

customised R script performing all possible pairwise comparisons between the gene lists for the different samples. A variance sta-

bilizing transformation (VST) representation of the data was obtained with the DESeq2 package (Love et al., 2014). Protein-protein

association networks were generated with the STRING webserver (https://string-db.org/network/) using the MG1655 strain as a

template (Szklarczyk et al., 2019). Putative prophages in the E. coli 55989 genome were identified using PHASTER (PHAge Search

Tool - Enhanced Release) (Arndt et al., 2016) and are listed below.

Phage efficiency of plating (EOP) test

The efficiency of plating (EOP) was calculated (ratio of the number of plaques formed by the phage on each strain tested to the num-

ber of plaques formed on the host strain 55989) for each phage. Three independent replicates were performed using bacterial cul-

tures grown to an OD600nm of approximately 0.2 and spread on LB plates onto which phage dilutions were spotted. Plates were incu-

bated at 37�C overnight.

Adsorption assays and phage growth

Three independent adsorption assays were performed for each phage, in accordance with a previously described protocol (Cheval-

lereau et al., 2016). Data were approximated with an exponential decay function and adsorption times were defined as the time

required to reach a threshold of 10% non-adsorbed phage particles. Phage growth and bacterial lysis were assessed by diluting

an overnight culture of each strain in LB broth and culturing the cells to an OD600nm of 0.2. We then dispensed 140 mL of this culture

into each of the wells of a 96-well plate (Microtest 96 plates, Falcon). We added 10 mL of sterile phage lysate diluted in PBS to obtain a

multiplicity of infection (MOI) of 1 x 10-2 to each well. Plates were incubated in a microplate reader at 37�C, with shaking 30 s before

the automatic recording of OD600nm at 15-minute intervals over a period of 20 h (GloMax�-Multi Detection System, Promega, USA).

Biofilm formation and quantification

Overnight bacterial cultures were diluted 1:100 in LB medium with, when required, chloramphenicol or kanamycin, and dispensed

into UV-sterilised 96-well PVC microplates. The wells located at the edge of the microplates were filled with 200 mL water to prevent

evaporation during incubation in a static chamber, at 37�C, for 24 h and 48 h. Two microplates were used after 24 h, for biofilm stain-

ing and CFU counts. Biofilm staining was performed by adding 125 mL of 1% crystal violet (V5265; Sigma-Aldrich) to wells previously

washed twice with water. After 15min of staining, the crystal violet solution was removed by flicking, and biofilms were washed three

times with water. For CFU counts, aggregates were homogenized within the wells by repeated pipetting and serial dilutions were

prediction start end size (kb)

questionable 821138 866847 45.7

intact 1093207 1140290 45.0

incomplete 1408037 1417268 9.2

intact 1420060 1456075 36.0

intact 1758317 1808332 50.0

intact 2141235 2180631 39.3

intact 2664274 2710113 45.8

intact 3339788 3384869 45.0

intact 4784434 4810665 26.2
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plated on LB agar plates. For the other eight microplates, the LB medium was removed at 24 h by pipetting. Two microplates were

filled with LB and incubated for a further 24 h and the treated as described above for the 24 h time point. A similar pair of microplates

was filled with one of the three phages (2x106PFU in 200 mL in LB) and incubated for a further 24 h. Thesemicroplates were treated as

described above for the 24 h time point. Stained microplates were left to dry overnight under a hood and the crystal violet was then

resuspended in a 1:4 acetone:ethanol mixture, for the reading of absorbance at 570 nm (Tecan Infinite M200 PRO). For each micro-

plate, we measured the OD for five technical replicates (five wells), and three to five independent experiments were performed for

each strain.

Agglutination assay

The O104 immun-serum (Monospecific O Rabbit antiserum, réf #45840, lot O104L11H11, SSI Diagnostica) was used as recommen-

ded by the provider. Briefly, a volume of 700 mL of a stationary phase liquid culture of strain 55989 grown in LB at 37�C under agitation

was centrifuged 10 min at 5.000g and after discarding the supernatant, the pellet was resuspended in 700 mL of PBS. This sample

was heated during 80min at 99�C and then cooled to room temperature as recommended. Then 5 mL (1x107CFU) of this sample was

introduce in different wells of a 96-well plates (Microtest 96 plates, Falcon). Then either 5 mL of PBS, or phageCLB_P1 (2.53 107PFU)

or phage PAK_P3 (2.53 107 PFU). After 10 min at room temperature either 10 mL of PBS or O104 immun-serum was added and the

plate was incubated 1 h at 37�C. Next, a drop (5 mL) of each condition was put on a glass slide and covered with a cover slip for direct

examination under a phase contrast microscope (Olympus IX81). Pictures were taken at X20 magnification.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification and statistical analysis of the transcriptomics data are reported in the corresponding STARMethods section and in the

Table S1.

For the growth curves of bacterial strains (n=2 to 3 for each condition) error bars represent standard error of the mean (SEM) as

indicate in the legends of Figures 4, 5, and 6. Statistical analysis on the number of bacteria and the OD570nm generated by the biofilm

experiments were carried out using the lme4, lmerTest and car packages of R (Bates et al., 2015; Fox and Weisberg, 2018; Kuznet-

sova et al., 2017). CFUwere log10-transformed prior to analysis. Linear mixed-models were used to account for random experimental

effects (i.e. the effect of the plate and experiments). Prior analysis, normality was assessed with a QQ-plot. Overall effects were as-

sessed with Analysis of Variance (ANOVA) and post-hoc Tukey’s comparisons and were performed using the lsmeans R package

(Lenth, 2016). p< 0.05 was considered statistically significant. The results of the comparisons are recapitulated in Tables S2A

and S2B.
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Figure S1 related to main Figure 2. Differentially expressed genes encoded by plasmid p55989 

Plasmid-encoded genes overexpressed (orange) in the colon of mice relative to cells cultured in vitro to the 

exponential and stationary growth phases. Only genes with a Log2-fold change >2 and adjusted p-value ≤ 0.05 

are represented on the plasmid map. 

 

 

 

  



Figure S2 related to main Figure 4. Phage CLB_P1 has no impact on biofilm formation 

A. Biofilm formation, reported as variations of OD570nm recorded at 48 h relative to 24 h for the indicated E. 

coli strains in the presence or absence of phage CLB_P1 added at 24 h (1x107 PFU/mL) and IPTG at 0.05 mM 

for empty and bssR plasmids or 0.01 mM for the lsrC plasmid, as well as kanamycin; n=3 to 4 independent 

experiments. The boxes indicate the interquartile range; the horizontal bars correspond to the median and 

the vertical bars indicated the minimum and maximum values (within 1.5 interquartile intervals), p=p-value of 

the Tukey post-hoc tests (Table S6). 

B. Number of CFU resuspended from biofilms recovered from microplates set up in parallel to those used for 

biofilm quantification shown in panel C (see methods). 

C. Biofilm formation, reported as change in OD570nm at 48 h relative to 24 h for the indicated E. coli strains in 

the presence or absence of phage CLB_P1 added at 24 h (1x107 PFU/mL); n=3 to 4 independent experiments. 

When necessary IPTG was added at 0.05 mM. The boxes represents the interquartile range; the horizontal 

bars represent the median and the vertical bars represent the minimum and maximum values (within 1.5 

interquartile intervals), p=p-value for post hoc Tukey tests (Table S6). 

D. Number of CFU resuspended from biofilms recovered from microplates set up in parallel with those used 

to quantify biofilms shown in panel C (see methods). 

 



Figure S3 related to main Figure 5. Phage CLB_P2 does not alter biofilm formation of 55989∆fliA or 

55989∆rfaL strains 

A. Biofilm formation, reported as change in OD570nm at 48 h relative to 24 h for the indicated E. coli strains in 

the presence or absence of phage CLB_P2 added at 24 h (1x107 PFU/mL); n=3 to 5 independent experiments. 

When necessary IPTG was added at 0.05 mM. The boxes represent the interquartile range; the horizontal bars 

represent the median and the vertical bars represent the minimum and maximum values (within 1.5 

interquartile intervals), p=p-value for post hoc Tukey tests (Table S6). 

B. Number of CFU resuspended from biofilms recovered from microplates set up in parallel with those used 

to quantify biofilms shown in panel C (see methods). 

 

 

 

  



Figure S4 related to main Figure 6. Adsorption of phages CLB_P2 and CLB_P3 on 55989, 55989ΔrfaL and 

55989ΔfliA cells. 

 

 

  



Figure S5 related to main Figure 6. Phage CLB_P3 has no impact on biofilm formation of 55989 cells 

overexpressing either bssR or lsrC genes 

A. Biofilm formation, reported as variations of OD570nm recorded at 48 h relative to 24 h for the indicated E. 

coli strains in the presence or absence of phage CLB_P3 added at 24 h (1x107 PFU/mL) and IPTG at 0.05 mM 

for empty and bssR plasmids or 0.01 mM for the lsrC plasmid, as well as kanamycin; n=3 to 4 independent 

experiments. The boxes indicate the interquartile range; the horizontal bars correspond to the median and 

the vertical bars indicated the minimum and maximum values (within 1.5 interquartile intervals), p=p-value of 

the Tukey post-hoc tests (Table S6). 

B. Number of CFU resuspended from biofilms recovered from microplates set up in parallel to those used for 

biofilm quantification shown in panel C (see methods). 
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B) L'hétérogénéité spatiale de l'intestin limite la prédation et favorise 

la coexistence des bactéries et des bactériophages 
 

Afin de poursuivre l’étude sur la coexistence entre bactériophages et bactéries dans l’intestin, 

nous avons utilisé un modèle murin disposant d’un microbiote caractérisé et stable, le modèle 

OMM12. Ces animaux ont été colonisé avec deux souches de Escherichia coli: E. coli Mt1B1, 

une souche bactérienne commensale murine ainsi que E. coli 55989 utilisée dans l’étude 

précédente. Dans un premier temps, nous avons vérifié que le phénotype de coexistence entre 

bactériophages et bactéries était reproduit avec ces deux souches chez ces souris. 

Pour ceci nous avons utilisé un cocktail de trois bactériophages ciblant la souche E. coli Mt1B1 

et le bactériophage CLB_P2 ciblant la souche E. coli 55989. Dans les deux cas, la coexistence 

a été vérifiée. De plus, aucun clone résistant à leurs bactériophages respectifs n’a été détecté. 

Nous avons cependant fait l’observation que le ratio de bactériophages sur bactéries était 

significativement diminué dans les muqueuses, par comparaison avec la lumière intestinale. 

Ces observations sont en accord avec le modèle écologique « source-puits » dans lequel 

l’hétérogénéité spatiale crée des niches où les bactéries peuvent se multiplier sans être en 

contact avec des bactériophages. Ainsi, lorsque ces bactéries diffusent dans le lumen 

certaines d’entre elles permettent aux bactériophages de se multiplier. In fine, la coexistence 

entre ces deux populations antagonistes peut se mettre en place sans émergence de clone 

résistant. 

 

Ce travail a également été initié par Marta Lourenço, une ancienne doctorante qui a soutenu 

sa thèse en avril 2019. J’ai pu y prendre part en participant à toutes les expériences incluant 

la souche E. coli 55989, lors de l’analyse statistiques des résultats, la réalisation de figures et 

la rédaction de l’article 
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4Université Paris Descartes, Paris, France
5Bioinformatics and Biostatistics Hub, Institut Pasteur, Paris 75015, France
6Max von Pettenkofer Institute of Hygiene and Medical Microbiology, Faculty of Medicine, Ludwig Maximilian University of Munich, Munich,

Germany
7Institut Pasteur, DTPS, Animalerie Centrale, Centre de Gnotobiologie, Paris 75724, France
8German Center for Infection Research (DZIF), Partner Site Munich, Munich, Germany
9Lead Contact

*Correspondence: laurent.debarbieux@pasteur.fr (L.D.), luisa.de_sordi@sorbonne-universite.fr (L.D.S.)

https://doi.org/10.1016/j.chom.2020.06.002

SUMMARY

The ecological dynamics underlying the coexistence between antagonistic populations of bacteria and their

viruses, bacteriophages (phages), in the mammalian gut microbiota remain poorly understood. We chal-

lenged a murine synthetic bacterial community with phages to study the factors allowing phages-bacteria

coexistence. Coexistence was not dependent on the development of phage-resistant clones nor on the abil-

ity of phages to extend their host range. Instead, our data suggest that phage-inaccessible sites in the mu-

cosa serve as a spatial refuge for bacteria. From there, bacteria disseminate in the gut lumen where they are

predated by luminal phages fostering the presence of intestinal phage populations. The heterogeneous

biogeography of microbes contributes to the long-term coexistence of phages with phage-susceptible bac-

teria. This observation could explain the persistence of intestinal phages in humans as well as the low effi-

ciency of oral phage therapy against enteric pathogens in animal models and clinical trials.

INTRODUCTION

The mammalian gut is a highly complex and structured organ

lined by a variety of eukaryotic cell types that serve the establish-

ment of a mutualistic relationship between the host and different

enteric microbes, including viruses. Bacteriophages (phages)

are the most abundant viruses residing in the gut, but their pre-

cise role in shaping the microbiome remains unclear (Manrique

et al., 2017). Changes in the viral and bacterial communities of

the gut are increasingly reported to be associated with patholog-

ical conditions in humans, including diabetes, inflammatory

bowel diseases, and colorectal cancer (Hannigan et al., 2018b;

Manrique et al., 2017; Zhao et al., 2017). Although fluctuations

in the viral communities have been reported in a recent longitu-

dinal study in humans, a large proportion of individual-specific

viral contigs remain detectable over time (months to years), sug-

gesting that individuals possess their own viral fingerprint (Man-

rique et al., 2016; Shkoporov et al., 2019). However, it remains

understudied how phages and their corresponding bacterial tar-

gets persist together in the gut.

Using phage-bacterial model systems, dynamics of the

coexistence of predators and preys have been the subject of

theoretical and experimental studies, mostly performed

in vitro and in silico (Betts et al., 2014; Brockhurst et al., 2006;

Hannigan et al., 2018a; Lenski and Levin, 1985; Weitz et al.,

2013). In the mammalian gut, the interaction of phages and

bacteria has been explored in mice and pigs (Galtier et al.,

2016; Looft et al., 2014; Maura et al., 2012a, 2012b; Reyes

et al., 2013; Weiss et al., 2009; Yen et al., 2017), while human

data are derived from metagenomics studies (Manrique et al.,

2017; Shkoporov et al., 2019) and few clinical trials of phage

therapy (Sarker and Br€ussow, 2016).

Studies in mice have shown that virulent phages have a

limited effect on the targeted bacterial populations within the

gut (Bhandare et al., 2019; Galtier et al., 2017; Maura et al.,

2012a; Weiss et al., 2009). Nevertheless, both phage and bac-

terial populations could persist in the gut of animals for several

weeks (Maura and Debarbieux, 2012; Maura et al., 2012b).

Likewise, a large randomized phage therapy trial targeting

Escherichia coli diarrhea in Bangladeshi children showed no
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evidence for in vivo amplification of oral phages in the gut

despite their persistence (Sarker et al., 2016). A similar situation

was described in the human gut where the crAssphage coex-

ists with its highly abundant Bacteriodetes bacterial host (Gue-

rin et al., 2018; Shkoporov et al., 2018; Yutin et al., 2018). Three

recent studies showed that administration of virulent phages

can also strongly impact the intestinal colonization of their tar-

geted bacteria and nevertheless, still support long-term coex-

istence (Duan et al., 2019; Gogokhia et al., 2019; Hsu et al.,

2019). The experimental settings of these studies could ac-

count for differences in the amplitude of the impact, notably

because of the use of axenic mice, characterized by an imma-

ture immune system, and thus, unstable colonization of bacte-

ria of human origin. Moreover, the limited number of phages

and bacteria couples that have been studied in the gut environ-

ment does not allow yet drawing conclusions on the type and

prominence of factors that influence phage-bacterium

interactions.

Since phages are proposed as a treatment for the major pub-

lic health threat of antibiotic-resistant bacterial infections

(Roach and Debarbieux, 2017) as well as means to precisely

engineer the intestinal microbiota, further insight into the variety

of phage-bacterium interactions and their coexistence in the

mammalian gut are deeply needed (Br€ussow, 2017). Several

factors were shown or proposed to be involved in this coexis-

tence, such as (1) arms race dynamics with resistance develop-

ment to phage infection and viral counter-resistance, (2) the

inherent or evolved ability of the phage to infect multiple hosts,

and (3) the distribution of these two antagonistic populations

into distinct spatial structures (Brockhurst et al., 2006; De Sorti

et al., 2017; Doron et al., 2018; Heilmann et al., 2012; Hilborn,

1975; Labrie et al., 2010). In this report, we investigated the

contribution of these factors using the synthetic oligo-mouse-

microbiota comprising 12 distinct strains (OMM12) (Brugiroux

et al., 2016).

This animal model allows following defined pairs of phages

and bacteria in the gut without the need of antibiotic treatments

as a confounding factor commonly used to study enteric path-

ogens in murine models (Croswell et al., 2009). In addition, it

provides more realistic conditions than mono-colonized mice

that lack aspects of competitive and synergistic interspecies in-

teractions of microbes (Weiss et al., 2009). We established sta-

ble colonization of two E. coli strains in gnotobiotic OMM12

mice and studied the population dynamics of these strains in

the presence of virulent phages. We found that phages were

less abundant in the mucosal part of the gut compared with

E. coli levels. Our data are in agreement with the ecological the-

ory of source-sink dynamics (Holt, 1985), providing an explana-

tion for the lack for phage-resistant mutant selection and the

limited efficacy of virulent phages in reducing intestinal bacte-

rial loads.

RESULTS

E. coli Commensal Strain Mt1B1 Colonizes the Gut of

OMM12 Mice

Mice harboring the OMM12 consortium (Acutalibacter muris,

Akkermansia muciniphila,Bacteroides caecimuris,Bifidobacte-

rium longum subsp animalis, Blautia coccoides, Clostridium

clostridioforme, Clostridium innocuum, Enterococcus faecalis,

Flavonifractor plautii, Lactobacillus reuteri, Muribaculum intes-

tinale, and Turicimonas muris) were exposed to the murine

E. coli commensal strain Mt1B1 to test its capacity to establish

in this synthetic community. Mice became colonized with this

strain within 2 to 3 days. The fecal levels of strain Mt1B1 re-

mained stable over a period of 2 weeks (Figure 1A). Mice did

not exhibit signs of discomfort or change in feces consistency.

Twelve days after inoculation of strain Mt1B1, intestinal sec-

tions (ileum and colon) were examined, and the location of

strain Mt1B1 was determined by fluorescence in situ hybridiza-

tion (FISH) (Figures 1B and S1). Strain Mt1B1 was found in all

sections of the gut, including the ileum, consistent with the

location from which it was isolated (mucosa from the ileum of

conventional laboratory mice) (Garzetti et al., 2018; Lagkouvar-

dos et al., 2016).

Figure 1. The E. coli Strain Mt1B1 Stably Colonizes the Gut of the

OMM12 Mice

(A) Fecal levels of the E. coli strain Mt1B1 at the indicated time points for each

OMM12mouse (n = 11) receiving a single dose of 108CFU by oral gavage at d0.

Red dots, individual values; horizontal bar, median; box, 25th–75th quantiles,

vertical bars, min and max values (within 1.5 3 interquartile interval).

(B) Localization by FISH of the strain Mt1B1 in the ileal section of Mt1B1-

colonizedOMM12mice. Intestinal cells (nuclei) were stainedwith DAPI (purple),

Mt1B1 (red + green = yellow), and Eubacteria (red) were stained with specific

FISH probes. A representative image from a group of four mice is presented.

Scale bar, 50 mm. See also Figure S1.
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Selected Virulent Phages Replicate Only on Strain

Mt1B1 in the Gut Environment of OMM12 Mice

We isolated several phages infecting strain Mt1B1 from the envi-

ronment and selected three (Mt1B1_P3, Mt1B1_P10, and

Mt1B1_P17) with different characteristics (host range, adsorp-

tion and lysis kinetics, and genomic content) (Figure S2; Tables

1, S1, S2, and S3). Both, Podoviridae P3 and P10 are close to

E. coli phages K1F and K1E, respectively, which are capsule-

specific phages. Myoviridae P17 is closely related to E. coli

phages phAPEC8 and ESCO13. Like ESCO13 and by contrast

to phAPEC8, Mt1B1_P17 does not carry an endo-N-acetylneur-

aminidase gene involved in the degradation of the K1 capsule

and, therefore, is most likely not capsule specific (Trotereau

et al., 2017). In liquid broth phages P3 and P10 displayed similar

infection kinetics patterns on strain Mt1B1, with rapid lysis fol-

lowed by a moderate bacterial regrowth at 1.5 h. In contrast,

phage P17 halted the growth of strain Mt1B1 for several hours

and slow bacterial regrowth resumed only after more than 10 h

(Figure 2A). When used in combination, these three phages

caused rapid lysis of strain Mt1B1 followed by very slow re-

growth (Figure 2A). Then, we assessed the capacity of each

phage to replicate in gut sections collected from Mt1B1-colo-

nized OMM12 mice in an ex vivo assay previously used to reveal

the activities of phages along different gut sections (Galtier et al.,

2017; Maura et al., 2012a). We collected samples of the ileum

and colon from Mt1B1-colonized OMM12 mice. We then sepa-

rated out the mucosal and luminal parts of the ileum and colonic

tissues. We compared the replication of the three phages in

these samples ex vivo with their replication on Mt1B1 planktonic

cultures, at both exponential and stationary growth phases. All

three phages displayed similar patterns with efficient replication

in all tested gut sections and in exponential growth phase liquid

culture, whereas no amplification was observed in cells at sta-

tionary phase (Figure 2B). As strain Mt1B1 did not multiply in

the stationary growth phase (gray bars in Figure 2B), we

concluded that Mt1B1 cell growth is necessary for amplification

of these three phages.

Next, we evaluated the transit time of Mt1B1 phages at 6, 24,

48, and 72 h in axenic mice that received a single oral dose (63

107 plaque-forming unit [PFU]) of a mixture of the three phages

(equal amounts of each phage). The fecal level of Mt1B1 phages

was below the threshold at 6 h, maximum at 24 h and then

decreased at 48 h and finally reached the limit of detection at

72 h (Figure 3A). In gut sections, we found that the level of

phages at 6 h reached 106, 104, and 103 PFU/g in the luminal

part of the ileum, the mucosal part of the ileum, and the luminal

part of the colon, respectively, whereas it remained undetected

in the mucosal part of the colon. At 24 h the level of phages in

the ileum dropped, whereas it increased in the colon, and at

48 h it was barely detectable in the ileum while only present in

the luminal part of the colon. At 72 h the level of phages was

below the threshold of detection in all gut sections tested (Fig-

ure 3B). Then, we performed a similar experiment in OMM12

mice, not inoculated with strain Mt1B1, by taking samples at

24 and 48 h post-gavage (same dose as above). Phage levels

in feces were slightly lower than those observed in axenic

mice. We could detect phages only in the luminal part of the co-

lon at both 24 and 48 h post-gavage as anticipated from exper-

iments with axenic mice (Figure 3C). These findings indicate that

none of the Mt1B1 phages amplified in vivo on any of the 12

strains ruling out a possible off-target amplification. These data

are in agreement with previous results on phage safety from hu-

man volunteers and from conventional mice not colonized with

the targeted bacteria (Bruttin and Br€ussow, 2005; Maura et al.,

2012b; Weiss et al., 2009).

In Vivo Infection of Mt1B1-Colonized OMM12 Mice by a

Phage Cocktail

We next investigated how Mt1B1-colonized OMM12 mice re-

sponded to an identical single oral dose of the three phages

(6 3 107 PFU). The fecal levels of phages and bacteria were

monitored at short (4 and 6 h post-oral dose) and long (during

2 weeks) periods of time (Figure S3A). At all time points but

one (day 18 [d18]) following phage administration, levels of

Mt1B1 in the phage group were lower than in the control group,

despite remaining within one-log of variation and not reaching

significance. Within the two weeks of observation phage levels

fluctuated within 2 logs (Figure S3B). Nevertheless, phage:bac-

teria ratios remained stable (less than 1 log variation) over time

(Figure S3C). These data show that a single dose of these three

phages is sufficient to initiate their long-term replication in

Mt1B1-colonized OMM12 mice indicating that this animal model

is suitable to study the coexistence of phages and bacteria in

the gut.

Afterward, we asked whether repeating the phages

administration during three consecutive days could disturb

this coexistence between phages and strain Mt1B1. Such a

setting mimics a phage therapy treatment targeting bacterial

pathogens residing in the human gut (Corbellino et al.,

2020). In two independent experiments, we observed a

Table 1. Main Characteristics of Mt1B1 Phages P3, P10, and P17

Mt1B1_P3 Mt1B1_P10 Mt1B1_P17

Family Podoviridae Podoviridae Myoviridae

Subfamily Autographivirinae Autographivirinae unclassified

Genus Teseptimavirus Zindervirus unclassified

Genome size (kb) 40.3 45.4 151.2

Number of predicted ORFs 47 54 284

Genes unknown function (%) 40.4 64.3 94.7

Affinity constant (mL.min�1) 5.26 3 10�10

± 2.8 3 10�10

4.60 3 10�10

± 2.15 3 10�10

1.83 3 10�10

± 5.60 3 10�11

Adsorption of 90% of phage (min) 2.8 ± 0.14 2.03 ± 0.19 5.53 ± 1.28
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small but significant decrease in the fecal levels of strain

Mt1B1 when comparing phage-treated and control groups

(d15, p = 0.0001; d16, p = 0.002; d17, p = 0.023) (Figure 4A;

Table S4). Despite this significant impact, phage levels and

phage:bacteria ratios remained stable (within 1-log) (Figures

4B and 4C) and were comparable to data obtained with a sin-

gle dose of phages showing that the three consecutive phage

administrations did not destabilize phage-bacteria coexis-

tence (Figure S3).

Phage Replication Does Not Trigger Shifts in the OMM12

Bacterial Community

We next assessed the stability of the gut microbiota of both

phage-treated (n = 6) and non-treated (n = 5) mice groups by

two methods, 16S rRNA specific qPCR (Brugiroux et al., 2016)

and 16S amplicon sequencing. This quantification was per-

formed at d0 (before colonization with strain Mt1B1), d14 (before

the gavage with the three phages), and d17 (1 day after the third

phages gavage), and both methods showed similar results (Fig-

ure S4). Changes in the bacterial community (qPCR data) were

analyzed by performing a between-class principal component

analysis (PCA), taking into account days, cages, and phage inoc-

ulation. Results identified daily fluctuations as themain source of

the observed variations regardless of the presence or absence of

phages (Figure 4D; Table S5). This finding is also consistent with

the passive transit of these phages in OMM12 devoid of E. coli

strain Mt1B1 (Figure 3C). Therefore, the replication of phages

observed in Mt1B1-colonized OMM12 mice result exclusively

from their capacity to infect strain Mt1B1 in the gut environment,

confirming the lack of a possible off-target amplification to

support phage coexistence.

Maintenance of Bacterial Populations Is Not Caused by

the Emergence of Phage-Resistant Clones

Next, we tested whether the emergence of phage-resistant

clones could explain how bacteria can coexist with phages. A to-

tal of 280 isolated fecal clones of strain Mt1B1 from 13 mice

exposed to the three phages cocktail (from both short and

long-term colonization) were susceptible to each of the three

phages. We also tested for the emergence of phage-resistant

clones from several gut sections (luminal and mucosal parts

from ileum and colon). Again, all of these clones (n = 800) were

susceptible to each of the three phages. Thus, phage resistance

development does not explain the maintenance of susceptible

bacterial populations in presence of phages.

Heterogeneous Spatial Localization of Bacteria in the

Gut Can Explain Phage-Bacteria Coexistence

In the absence of evidence for off-target phage amplification on

heterologous bacteria and a lack of support for the emergence of

phage-resistant bacteria, we wondered whether the spatial het-

erogeneity of themammalian gutmight create nicheswhere bac-

teria remain protected against phage predation (Heilmann et al.,

2012). We tested this hypothesis by examining luminal and

mucosal parts from ileum and colon sections from Mt1B1-colo-

nized OMM12 mice exposed or not to phages. Compared with

Mt1B1 titers in control mice, phage cocktail application was

associated with small but significant Mt1B1 titer decreases in

both, the luminal andmucosal parts of the ileum and themucosal

part of the colon (Figure 4E; Table S4). This indicates that these

regions harbor Mt1B1 cells susceptible to phage infection. We

observed an average of 2-log and 1-log lower phage titers in

the mucosal compared with the luminal parts of the ileum

and colon, respectively (Figure 4F). Consequently, in mucosal

Figure 2. Mt1B1 Phages P3, P10, and P17 Infect Strain Mt1B1 Both

In Vitro and Ex Vivo

(A) Growth curves for strain Mt1B1 (n = 3 for each condition) measured via

OD600nm reading in liquid broth in the absence (gray) or presence of phage P3

(orange), P10 (blue), or P17 (green), or of a cocktail of these three phages

(purple; equal proportions of each) added at t = 0 at multiplicity of infection

(MOI) of 13 10�2. The inset shows an enlargement for early time points. (Error

bars represent standard error of the mean, SEM)

(B) Amplification over 5 h (n = 3 biological replicates) of individual phages (P3,

orange; P10, blue; P17, green; each at an MOI of 1 3 10�2) and Mt1B1 cells

(gray) in indicated homogenized gut sections (lu, luminal; mu, mucosal) from

Mt1B1-colonized OMM12 mice (ex vivo) and flasks with Mt1B1 cells in expo-

nential (exp.) (OD600nm = 0.5) or stationary (stat.; 24 h) growth phases (in vitro).

N-fold multiplication relative to the initial number of phages added at t = 0,

which was approximately 100-fold lower than the amount of Mt1B1 cells, is

shown. The n-fold multiplication of strain Mt1B1 was calculated by plating

samples before and after the 5-h incubation (means with standard deviation).
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parts we found a parallel reduction of the density of both

phages and bacteria. However, phage:bacteria ratios revealed

a significant (p = 0.006) lower relative abundance of phages in

the mucosal part of the ileum suggesting that at this location

some Mt1B1 bacteria might not be exposed to phages (Fig-

ure 4G; Table S4). We concluded that a heterogeneous spatial

localization of strain Mt1B1 in the ileum reduces accessibility

to phages by providing phage-free refuges.

Coexistence of a Single Phage (CLB_P2) with Its

Targeted Bacterium (E. coli Strain 55989) Is Also

Explained by Spatial Refuges

To challenge and strengthen the causal role of spatial localiza-

tion of bacteria in their coexistence with virulent phages, we

investigated the behavior of the Myoviridae phage CLB_P2 in-

fecting the human pathobiont enteroaggregative E. coli strain

55989. This phage was previously shown to efficiently infect

strain 55989 in gut sections and to coexist with it over 3 weeks

(Maura and Debarbieux, 2012; Maura et al., 2012b). First, we

showed that strain 55989 colonizes the gut of OMM12 mice (Fig-

ure S5A) as previously reported in conventional mice (Maura

et al., 2012b) and did likewise not result in any sign of intestinal

disease. Second, when 55989-colonized OMM12 mice received

a single oral dose of phage CLB_P2 (1 3 108 PFU) we observed

that fecal levels of strain 55989 in presence or absence of phage

CLB_P2 were similar around 108 CFU/g and the phage titers re-

mained stable around 107 PFU/g (Figures 5A and 5B), showing

that this model reproduces conditions for stable phage:bacteria

ratios (Figure 5C). No significant difference in the fecal levels of

strain 55989 was observed on individual days between phage

CLB_P2-treated and control groups (Table S6). However, the

ANOVA comparison between these two groups, when including

the 3 days, reached significance (p = 0.0268) (Table S7). Third,

we examined the luminal and mucosal parts of both ileum and

colon from 55989-colonized OMM12 mice 3 days after the

administration of the single dose of phage CLB_P2. In all sec-

tions, but the mucosal part of the colon, the level of strain

55989 was significantly lower in the phage CLB_P2 group than

in the control group (Figure 5D; Table S6). Phage CLB_P2 levels

were similar in all sections except in themucosal part of the ileum

in which it was about 2-log lower (Figure 5E). Phage

CLB_P2:strain 55959 ratios in gut sections indicate a significant

difference between luminal and mucosal parts of the ileum,

whereas no such differencewasobserved in the colon (Figure 5F;

Table S6). Fourth, we tested 165 and 822 colonies isolated from

feces and gut sections, respectively, for their susceptibility to

phage CLB_P2 and found that they were all susceptible,

showing that development of phage resistance to a single phage

could not explain the maintenance of susceptible bacterial pop-

ulations in presence of this phage (Figure S5B). In addition, we

determined the frequency of phage-resistant clones in fecal pel-

lets from 55989-colonized OMM12 mice that received either

phage CLB_P2 or PBS and found that they were at the same

range for both groups and equivalent to the frequency obtained

with a fresh culture of strain 55989 (Table S7).

To support further our conclusions, we quantified the abun-

dance of strain 55989 in unwashed gut sections using immuno-

histochemistry (Figures 6A and S6). We found no difference in

the abundance of strain 55989 in the mucosal parts of both ileal

Figure 3. Passive Phage Transit in Axenic and OMM12 Mice

Axenic (n = 8) and OMM12 (n = 4) mice received a single dose of the three

Mt1B1 phages (33 107 PFU; phages mixed in equal proportions). Phage titers

were determined in fecal pellets and intestinal sections at indicated time

points. Dots represent individual data and horizontal bars represent the

average.

(A) Fecal phage titers from axenic mice.

(B) Phage titers in organs from axenic mice.

(C) Phage titers from OMM12 mice feces and organs.
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and colonic sections from phage CLB_P2-treated mice

comparedwith controls, which is in agreement with the presence

of bacterial refuges on the mucosal parts of the gut (Figure 6B;

Table S8). In the luminal parts of both ileum and colonic sections

the abundance of strain 55989 (quantified by fluorescence inten-

sity) was not different between the two conditions, while a signif-

icant difference was reached when comparing colony-forming

unit (CFU) data (Figure 5D). This underlines the difficulty to

compare indirect (microscopy) with direct (plating) quantifica-

tions. To conclude, the lower abundance of phages in the

mucosal parts of the ileum provides opportunities for bacteria

to reside in phage-free niches thus escaping phage predation.

Taken together, data from two independent models (Mt1B1-

and 55989-colonized OMM12 mice) using different phages

Figure 4. Virulent Mt1B1 Phages Do Not

Affect the Microbiota Composition of the

OMM12 Mice and Display an Heterogeneous

Repartition in Gut Sections Supporting Their

Coexistence with Strain Mt1B1

Mt1B1-colonized OMM12 mice (n = 25) received at

d14, d15, and d16 PBS (red, n = 11) or the three

Mt1B1 phages P3, P10, and P17 together (blue, n =

14; 6 3 107 PFU per dose made of the same

amount of each phage) by oral gavage.

(A) Levels of E. coli strain Mt1B1 in the feces.

(B) Titers of Mt1B1 phages in the fecal samples

reported in (A).

(C) Phage:bacteria ratios for fecal samples

collected on d15, d16, and d17.

(D) Between-group PCA (BCA, axes 1 and 2) for the

16S rRNA qPCR data for mice receiving PBS (n = 5,

filled circle) or the phage cocktail (n = 6, filled tri-

angle) by oral gavage at the indicated time points

(see the colors indicated) for 10 bacteria from the

fecal microbiota of OMM12 mice (strains YL2 and

KB18 were not detected). On d17 mice were

sacrificed and gut section analyzed.

(E) Levels of the E.coli strainMt1B1 in indicated gut

sections (lu, luminal; mu, mucosal).

(F) Titers of Mt1B1 phages in the samples reported

in (E).

(G) Phage:bacteria ratios for the indicated gut

sections reported in (E and F).

Dots, individual values; horizontal bar, median;

box, 25th–75th quantiles, vertical bars, min and

max values (within 1.53 interquartile interval). See

also Tables S4 and S5.

show that the biogeography of bacteria

participates to the coexistence of phages

and phage-susceptible bacteria in

the gut.

DISCUSSION

The intestinal microbiota of mammals is

relatively stable over time in healthy sub-

jects while it contains large antagonistic

populations of bacteria and phages. The

mechanisms that underlie this apparently

peaceful coexistence are unknown. Several hypotheses can be

drawn from years of in vitro studies of isolated systems (one

phage/one bacterium) or more recently from environmental

studies (Buckling and Rainey, 2002; Fortuna et al., 2019; Horne,

1970; Laanto et al., 2017; Meyer et al., 2016). However, none of

them has yet been tested in a relevant intestinal environment.

Using a gnotobiotic mouse model, two E. coli strains, and four

different virulent phages, we showed that the emergence of

phage-resistant bacteria and the possibility to infect off-target

bacteria can be excluded as major factors supporting coexis-

tence. Instead, we found that the spatial distribution of phages

and bacteria along the radial axis of the gut fits the classical

ecological theory of source-sink dynamics (Holt, 1985). Our

data suggest that refuges for bacteria in the mucosal layer serve
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as a source, with the lumen acting as a sink in which the phages

can infect their target. As phages do not exert a major direct se-

lective pressure on the source, the bacteria reaching the gut

lumen remain susceptible enabling the phages to maintain their

density in the lumen over time (Figure 6C). This different luminal-

mucosal distribution of phages was significant in ileal but not in

Figure 5. Spatial Heterogeneity of the E. coli Strain 55989 in the Gut Sections Participates to the Coexistence with Virulent Phage CLB_P2

OMM12mice (n = 28) were colonizedwith the E. coli strain 55989 during 7 days before receiving a single administration of PBS (red, n = 12) or phageCLB_P2 (blue,

n = 16; 1 3 108 PFU) by oral gavage.

(A) Levels of the E. coli strain 55989 in the feces.

(B) Phage CLB_P2 titers from the fecal samples reported in (A).

(C) Phage:bacteria ratios for fecal samples collected on d8, d9, and d10. On d10 mice were sacrificed and gut section analyzed.

(D) Levels of the E. coli strain 55989 in indicated gut sections

(E) Titers of phage CLB_P2 in the samples reported in (D).

(F) Phage:bacteria ratios for the indicated gut sections reported in (D and E).

Dots, individual values; horizontal bar, median; box, 25th–75th quantiles, vertical bars, min and max values (within 1.53 interquartile interval). See also Table S6.
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colonic sections. This might not be the case in the human colon

that displays organizational differences compared with mice co-

lon, the latter being essentially filled with structured fecal pellets

in which phage-bacteria interactions are likely to be less intense

(Nguyen et al., 2015).

In phage-bacteria interaction studies, the prey-predator dy-

namics have been classically studied through the prism of

phage-resistant bacteria and counter resistant phages.

Recently, an in vitro study has proposed themodel named ‘‘leaky

resistance’’ to explain the maintenance of virulent phages by the

high rate of transitions between phage-resistant and phage-sus-

ceptible bacteria within the populations (Chaudhry et al., 2018;

Silveira and Rohwer, 2016). However, we failed to isolate

phage-resistant bacteria within the entire gut during this work

performed with two couples of phages and bacteria. This sug-

gests that phage-resistant bacteria may, in vivo, either carry a

high cost or have a low selective value in both single and

repeated phage application (Gómez and Buckling, 2011; Kos-

kella et al., 2012). Coupled with the concept of costly phage

resistance mutations, our results are in agreement with observa-

tions from in silico individual-based stochastic spatial models,

which showed that structured environments can create spatial

refuges that lead to coexistence between bacteria and phages

without the emergence of resistant clones (Heilmann et al.,

2012; Sousa and Rocha, 2019).

The lower abundance of phages in the mucosal parts could

be triggered by the reduced bacterial density compared with

luminal parts, according to a density-dependent phenomenon

that was previously observed in several in vitro structured

environments (Eriksen et al., 2018). This density-dependent

phenomenon was linked to the ‘‘proliferation threshold’’,

which proposes that a minimum number of bacteria is needed

for phages to initiate infection and amplify (Payne et al., 2000;

Wiggins and Alexander, 1985). Note that the source-sink and

the ‘‘proliferation threshold’’ hypotheses are not mutually

exclusive to support the presence of bacterial refuges driving

the long-term coexistence of phages and susceptible bacte-

ria. We propose that the gut displays a mucosal-luminal

gradient of phage density exposing bacterial populations to

different phage concentrations (Figure 6C). Such a gradient

can explain the persistence for months and years of phage

populations in human fecal samples without major variations

of the microbiota composition.

Nevertheless, the heterogeneous spatial distribution of bac-

teria in the gut does not exclude other factors or processes

that could also participate to the long-term coexistence of

phage with susceptible bacteria. Some of these processes

were not directly tackled in this study like the influence of

Figure 6. Source-Sink Dynamics Support the Coexistence of Viru-

lent Phages and Bacteria in the Gut

(A) Representative photograph (scale bar, 200 mm) of immunofluorescence

staining of strain 55989 (red) and mucus (green) in unwashed ileum section

with nuclei of epithelial cells stained with DAPI (blue).

(B) Quantification of the red fluorescence per pixel in mucosal and luminal

parts of ileal and colonic sections from 55989-colonized OMM12 mice at d10

(n = 4 to 5). Dots, individual values; horizontal bar, median; box, 25th–

75th quantiles, vertical bars, min/max values (within 1.5 3 interquartile in-

terval).

(C) Schematic representation of the source-sink dynamics between virulent

phage and bacteria populations in the gut. Bacteria located close to the

mucosal layer (in yellow) form refuges that phages cannot reached. Bacteria

located in the intestinal lumen are killed (dotted lines) by phages that can

persist through the gut. Bacteria and phage populations coexist without the

strong selection of phage-resistant bacteria.
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abiotic factors (Lourenço et al., 2018; Scanlan et al., 2019). In

particular, phenotypic resistance that is described as the abil-

ity of bacteria to oscillate between phage-susceptible and

phage-resistant cells could be involved in some of our obser-

vations. This phenotypic resistance is led by environmental or

cellular stochasticity that modulate the expression of genes,

for example those encoding for phage receptors (Bull et al.,

2014; Chapman-McQuiston and Wu, 2008). Phage diffusion

may be limited by mucins and other glycoproteins, lipids,

and DNA molecules (Johansson et al., 2011; Qi et al., 2017).

Immunoglobulin motifs in structural phage proteins were

also shown to favor phage binding to mucus (Barr et al.,

2013). However, only ORF118 of phage Mt1B1_P17 pos-

sesses such a motif (identified by a specific in silico search)

homologous to the bacterial immunoglobin (Ig)-like domain

(Big_2) (bit score = 29.5, individual E value = 5.1 3 10�9

and conditional E value = 2.8 3 10�11) (Fraser et al., 2006).

The absence of such motifs in three out of the four phages

and in particular in CLB_P2 is consistent with our in vivo

observation that these phages are less abundant in the

mucosal parts of gut sections.

Our data show that the gnotobiotic OMM12 model is particu-

larly well suited to study the mechanisms involved in phage-

bacteria dynamics in the gut. OMM12 community establishes

a long-term stable composition over several mouse genera-

tions and can be used as platform to flexibly incorporate addi-

tional bacterial strains (Brugiroux et al., 2016; Herp et al., 2019;

Studer et al., 2016). Interestingly, Hsu and colleagues recently

reported the use of similar synthetic microbiotamodels to study

phage-bacteria interactions with two major differences. First,

axenic mice were inoculated with bacterial strains during

2 weeks before the inoculation of phages, compared with sta-

bly colonized OMM12 mice. Second, the 10 bacterial strains

chosen are from human origin, instead of mouse origin for

OMM12, and may rapidly undergo genetic adaptation to the

mouse environment (Barroso-Batista et al., 2014; Lourenço

et al., 2016). Despite these differences, both mouse models

confirm that the inoculation of virulent phages in the gut gener-

ally leads to the coexistence of phages and bacteria. Hsu et al.

found that Enterococcus faecalis phage-resistant mutants

increased over time and that the microbial community structure

was affected. Here, we could not detect any of these two

events. In addition, they found that some phages have strong

impact on abundance of cognate host bacteria, while such

impact was not previously observed in several mouse models

(Maura et al., 2012a; Weiss et al., 2009). This suggests that

different phage-bacteria couples may exhibit distinct eco-

evolutionary dynamics, increasing the complexity of studying

these interactions in natural environments (Shkoporov and

Hill, 2019). A recent example of such complexity was reported

when studying the in vivo prophage induction of Roseburia in-

testinalis, a dominant bacterium of the human gut, which leads

to the coexistence of phages and bacteria with the selection of

CRISPR-mediated bacterial resistance along with hypervirulent

phage variants (Cornuault et al., 2019).

Deciphering the dynamics of phage-bacteria interactions

in the gut is required to develop efficient phage-guided

therapeutic strategies and ultimately obtain firm clinical

evidences that are still lacking for intestinal infections

(Br€ussow, 2017; Duan et al., 2019; Sarker et al., 2016). A

recent case report showed that the in vitro isolation of a

single virulent phage, used to target a multidrug resistant

strain of Klebsiella pneumoniae, led to the eradication of this

pathogen from the patient’s gut (Corbellino et al., 2020). While

lacking mechanistic insights, this work confirms the medical

potential of phages to selectively target bacteria residing in

the gut.
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Pasteur (Thierry Angélique, Eddie Maranghi, Martine Jacob, and Marisa

Gabriela Lopez Dieguez) for their help with the animal work. We thank Cé-
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

mouse monoclonal antibody anti Muc2-A488 Santa Cruz Biotechnology Cat#sc-515032; RRID:AB_2815005

rabbit monoclonal antibody anti E. coli O104 SSI diagnostica Cat#45840

fluorescence-labeled secondary antibodies anti-

mouse-A488

Life Technologies Cat#A11029; RRID:AB_2534088

fluorescence-labeled secondary antibodies anti-

rabbit-A555

Life Technologies Cat#A32732; RRID:AB_2633281

Bacterial and Virus Strains

Escherichia coli Strain Mt1B1 (DSM-28618) Garzetti et al., 2018 Genbank: NZ_CP028714.1

Escherichia coli Strain 55989 (CRBIP14.5) Mossoro et al., 2002 Genbank: CU928145.2

Bacteriophage Mt1B1_P3 This manuscript Genbank: MT496969

Bacteriophage Mt1B1_P10 This manuscript Genbank: MT496971

Bacteriophage Mt1B1_P17 This manuscript Genbank: MT496970

Bacteriophage CLB_P2 Maura et al., 2012b CNCM: I-4675

Chemicals, Peptides, and Recombinant Proteins

Drigalski Bio-Rad Cat#64664

SsoAdvancedTM Universal Probes Supermix BioRad Cat#1725280

Retrievagen A BD BIOSCIENCES Cat#550524

Protein Block Serum Free DAKO Cat#X0909

Deposited Data

Bacteriophage Mt1B1_P3 This manuscript Genbank: MT496969

Bacteriophage Mt1B1_P10 This manuscript Genbank: MT496971

Bacteriophage Mt1B1_P17 This manuscript Genbank: MT496970

Experimental Models: Organisms/Strains

C57Bl/6J OMM12 mice Institut Pasteur, LMU Munich Brugiroux et al., 2016

C57Bl/6J axenic mice Institut Pasteur N/A

Oligonucleotides

V3-V4 16S region forward primer: 5’-TCG

TCGGCAGCGTCAGATGTGTATAAGAGACA

GCCTACGGGNGGCWGCAG-3’

Illumina N/A

V3-V4 16S region reverse primer: 5’-GTCTCGTGG

GCTCGGAGATGTGTATAAGAGACAGGACTACH

VGGGTATCTAATCC-3’

Illumina N/A

FISH probe:

Ent186-2xCy3: 5’-CCC CCW CTT TGG TCT TGC-3’

Brugiroux et al., 2016 N/A

FISH probe:

Eub338I-2xCy5:(5’-GCT GCC TCC CGT AGG AGT-3’

Brugiroux et al., 2016 N/A

FISH probe:

Eub338III-2xCy5: 5’-GCT GCC ACC CGT AGG TGT-3’

Brugiroux et al., 2016 N/A

Software and Algorithms

FastQC Brabraham Bioinformatics v0.10.1, https://www.bioinformatics.babraham.

ac.uk/projects/fastqc/

CLC Genomics CLC Bio, Qiagen v4.4.2

RAST Aziz et al., 2008 v2.0, https://rast.nmpdr.org/

PhageTerm Garneau et al., 2017 https://sourceforge.net/projects/phageterm/
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RESOURCE AVAILABILITY

Lead Contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Laurent

Debarbieux (laurent.debarbieux@pasteur.fr).

Materials Availability

This study did not generate new unique reagents

Data and Code Availability

The accession numbers for phage genomes reported in this paper will be accessible upon publication and are: Genbank: MT496969

for Mt1B1_P3, Genbank: MT496971 for Mt1B1_P10 and Genbank:MT496970 for Mt1B1_P17.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Microorganisms

Bacterial strains includingMt1B1 and 55989 are listed in Table S1. Bacteriophage CLB_P2 isolation and characterization is described

on Maura et al. (Maura et al., 2012b).

Bacteriophage Mt1B1_P3, P10 and P17 were isolated and purified from sewage water, with an enrichment technique (explained

in method details below) using E. coli strain Mt1B1. All phages used were amplified in exponential growing cultures of the respective

host strain for approximately 4 h. Cell lysate supernatants containing amplified phageswere 0.22 mmfilter sterilized and stored at 4�C.

Strains were routinely cultured in lysogeny broth (LB), or on LB agar or Drigalski agar (Bio-Rad, Hercules, CA) plates, at 37�C.

Animals and Ethics

C57Bl/6J mice (seven to nine-week-old) OMM12 were bred at Institut Pasteur (Paris, France). A total of 72 OMM12 and 8 C57Bl/6J

axenic healthymice were used. For all the experiments littermates of the same sex (both females andmales) were randomly assigned

to experimental groups. Food and drinking water were provided ad libitum. All mice were housed in isocages and in an animal facility

in accordance with Institut Pasteur guidelines and European recommendations. All animal experiments were approved by the com-

mittee on animal experimentation of the Institut Pasteur and by the French Ministry of Research.

METHOD DETAILS

Phage Isolation

First, sewage water from four locations was filtered at 0.45mm and mixed with an equal volume of 2X Luria- Bertani (LB) medium.

Second, these four mixtures were inoculated with a fresh growing culture of Mt1B1 OD600nm of 0.4 at 600nm, final dilution 1/200)

and incubated on a shaker at 37�C overnight. The next day chloroform (1/10 vol./vol.) was added to the flasks and incubated

at room temperature for one hour. Following centrifugation at 8000g for 10 min 1 mL of the supernatant was mixed with 1/10 vol./vol.

of chloroform and centrifuged at 8000g for 5min. A 100-fold dilution in TN buffer (10mMTris HCl pH7.5, 100mMNaCl) of the aqueous

phase was prepared. 10mL of the undiluted and diluted solutions were spread with an inoculation loop on the top of two separate

LB agar plates and allowed to dry for 30 min under a safety cabinet. Subsequently, 1mL of an exponentially growing culture of

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

HMMER Potter et al., 2018 https://www.ebi.ac.uk/Tools/hmmer/search/

hmmscan

SHAMAN Quereda et al., 2016 shaman.c3bi.pasteur.fr

R R core team 2020 https://www.r-project.org/

lme4 R package Bates et al., 2015 https://cran.r-project.org/web/packages/

lme4/index.html

lmerTest R package Kuznetsova et al., 2017 https://cran.r-project.org/web/packages/

lmerTest/index.html

lsmeans R package Lenth, 2016 https://cran.r-project.org/web/packages/

lsmeans/index.html

car R package Fox and Weisberg, 2019 https://cran.r-project.org/web/packages/

car/index.html

ade4 R package Dray and Dufour, 2007 https://cran.r-project.org/web/packages/

ade4/index.html
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Mt1B1 was applied to fully cover each plate; the excess of liquid culture was removed and plates were incubated at 37�C overnight.

The next day, individual plaques were picked and resuspended in tubes containing 200ml TN buffer. 1/10 vol/vol. chloroform was

mixed and tubes were centrifuged at 8000g for 5 min. These steps of plaque purification were performed three times. Finally,

10mL of the last resuspended plaque were added to 1mL of a liquid culture of Mt1B1 (OD600nm of 0.4 at 600nm) and incubated at

37�C in a shaker for 5 h. 1/10 vol./vol. of chloroform was mixed and after centrifugation at 8000g for 5min this stock was stored

at 4�C and served as starting solution for large scale lysates (Henry et al., 2013).

Host Range Tests

Host range tests were performed as follows: 3mL of PBS-diluted phage solutions (0.2mm filtered sterilized crude lysates adjusted to

107 PFU/mL) were deposited side by side on the lawn of each tested bacterium on agar LB plates. Plates were incubated at 37�C

overnight. Phages were grouped according to their host range and three representative phages (Mt1B1_P3, Mt1B1_P10 and

Mt1B1_P17) of the main groups were chosen (Table S1).

Adsorption Assays and Phage Growth

Three independent adsorption assays were performed for each phage according to the protocol previously described (Chevallereau

et al., 2016). Data were fitted using an exponential function and adsorption times were defined as the time required to reach a

threshold of 10% of non-adsorbed phage particles. To record phage growth and bacteria lysis, an overnight culture of strain

Mt1B1 was diluted in LB broth and grown to an OD600nm of 0.2 from which 150mL were distributed into each of the wells of a 96-

well plate (Microtest 96 plates, Falcon). 10 mL of sterile phage lysates diluted in PBS to obtain a multiplicity of infection (MOI) of 1

x 10-2 in each well. Plates were incubated in amicroplate reader at 37�C, with a shaking step of 30sec before the automatic recording

of OD600nm every 15min over 20 h (Glomax MultiDetection System, Promega, USA).

Phage Genomes Sequencing and Analysis

Sterile phage lysates were treated by DNase (120 U) and RNase (240 mg/mL) and incubated for 30 min at 37�C before adding EDTA

(20 mM). Lysates were treated with proteinase K (100 mg/mL) and SDS (0.5%) and incubated at 55�C for 30min. DNA was extracted

by a phenol-chloroform protocol modified from Pickard (Pickard, 2009). Sequencing was performed using Illumina technology (Illu-

mina Inc., SanDiego, CA)MiSeqNanowith paired-end reads of 250bp. Quality of readswas visualised by FastQC v0.10.1 Brabraham

Bioinformatics (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Assembly was performed using a workflow imple-

mented in Galaxy-Institut Pasteur using clc_assembler v4.4.2 and clc_mapper v4.4.2 (CLC Bio, Qiagen). Phage termini were deter-

mined by PhageTerm (Garneau et al., 2017) and annotations were performed by the RAST v2.0 server (Aziz et al., 2008). According to

the nomenclature proposed for naming viruses (Adriaenssens and Brister, 2017), the full names for phages P3, P10 and P17 are

vB_EcoP_Mt1B1_P3, vB_EcoP_Mt1B1_P10 and vB_EcoM_Mt1B1_P17, respectively. The Accession numbers for the phage ge-

nomes can be found on the Data and Code Availability section.

Search for Ig-like Domains on Phage Genomes

Protein sequences of the four phages were scanned for homologs on Pfam database using the HMMER website (Potter et al., 2018).

The results were compared to a comprehensive HMM (Hidden Markov Models) database of Ig-like domains found on Pfam that was

kindly provided by Dr. Sean Benler.

Ex Vivo Phage Replication Assay

Oligo-MM12 mice received 200mL of strain Mt1B1 (107 CFU prepared from an overnight culture in LB at 37�C) in sterile sucrose so-

dium bicarbonate solution (20% sucrose and 2.6% sodium bicarbonate, pH 8) by oral gavage and three days after were sacrificed to

collect and weight intestinal sections (ileum and colon). PBS was added to each sample (1.75mL) before homogenization (gentle-

Macs Octo Dossociator, Milteny Biotec). A volume of 150mL of each homogenized gut sample was distributed in the wells of a

96-well plate and 10mL of each individual phage were added to reach an MOI of 1 x 10-2, and the plate was incubated at 37�C. A

fraction of the homogenized samples was also serially diluted in PBS and plated on Drigalski medium to count Mt1B1 colonies at

t=0. Following five hours of incubation, samples were serially diluted in PBS and plated on Drigalski medium as well as on LB

agar plates overlaid with strain Mt1B1. Both set of plates were incubated at 37�C overnight. The same procedure was followed

for in vitro growth assays with bacteria taken during exponential (OD600nm 0.5) or stationary (24 h) growth phase at 37�Cwith shaking.

Passive Phages Transit in Axenic and OMM12 Mice

Axenic (n=8 divided in 4 cages) or OMM12 (n=4 divided in 2 cages) mice were orally gavaged once by 200mL of a cocktail of Mt1B1

phages (1x107PFU of each of the three phages) diluted in PBS. Fecal pellets were collected before phage gavage and at 6, 24, 48 and

72 h post-gavage for axenic mice and at 24 and 48 h post-gavage for OMM12 mice. Pellets were transferred in pre-weighted, sterile,

2mL tubes, weighted and resuspended in 1mL of PBS. Serial dilutions in PBSwere performed and plated onto LB plates overlaid with

strain Mt1B1 to assess phage titers. Two mice were sacrificed on each time point to collect intestinal sections, which were homog-

enized (as above) in PBS and then plated on LB plates overlaid with strainMt1B1. The luminal part corresponds to the gut content that

was recovered by squeezing the intestinal tube with the back of a scalpel, which was subsequently homogenized in 1mL of PBS. The
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mucosal part corresponds to the remaining tissues (empty intestinal tube) that were washed in 10mL of PBS before being transferred

into a new tube with 1.75mL of fresh PBS and then homogenized.

Murine Model of E. coli Colonization

The long-term coexistence experiment with strain Mt1B1 included 7 mice (5 that received phages and 2 that did not) and lasted

23 days. At day0 mice feces were collected prior to Mt1B1 administration by oral gavage (200 mL of bacteria resuspended in sodium

bicarbonate buffer (see above)). Fecal pellets were transferred in pre-weighted, sterile, 2mL tubes, weighted and resuspended in 1mL

of PBS. Serial dilutions in PBSwere performed and plated onto Drigalski plates. The three phages (2x107PFU of each phage in 200mL

of PBS) were administered as a mixture once by oral gavage at day9. The level of phages was assessed from serial dilutions in PBS

spotted on LB plates overlaid with strain Mt1B1.

Two shorter independent experiments with repeated phage administration were performed with 11 (6 with phages and 5 without

divided in 4 cages) and 14 (8 with phages and 6 without divided in 4 cages) Mt1B1-colonized mice, respectively. At day0 mice feces

were collected prior to Mt1B1 administration (as described above) by oral gavage. Fecal pellets were prepared as above. The three

phages (2x107 PFU of each phage in 200mL of PBS) were administered altogether once by oral gavage at day14, 15 and 16. The level

of phages was assessed as above. Each mouse was sacrificed at day17 to collect feces and intestinal sections, the latest being ho-

mogenized (as above) in PBS and all samples were plated on both Drigalski plates and LB plates overlaid with strain Mt1B1. Luminal

and mucosal part of gut sections were recovered as described above.

For experiments with E. coli strain 55989 fecal samples were collected on days0, 1, 3, 7, 8, 9 and 10. On day0, after collecting fecal

samples, oral gavage of E. coli strain 55989 was performed as described above for strain Mt1B1. At day7, after collecting

fecal sample, 200mL of either phage CLB_P2 (2x108 PFU/mL) (16 mice divided in 6 cages) or PBS (12 mice divided in 5 cages)

were administered to themice by oral gavage (two independent experiments were performed). At day10, feces were collected before

sacrifice and dissection of the mice and assessment of the levels of bacteria and phages as above.

Identification of Resistant Clones

For the experiments with Mt1B1-colonized OMM12 mice and the phage cocktail, 20 clones from each gut section from mice (n=8)

exposed to the cocktail during three days and sacrificed at day17, as well as from fecal samples frommice (n=5) exposed to a single

dose of the cocktail at days10, 16 and 24, were streaked vertically in LB agar plates and subsequently each of the three phages was

horizontally streaked across. Plates were incubated at 37�C and phenotype was checked after 5h and overnight.

For the experiments using 55989-colonized OMM12 mice and phage CLB_P2, 75 to 94 isolated colonies per sample (gut sections

and feces from n=8 mice sacrificed at day10) were randomly chosen by a robot (Qpix 420; Molecular Devices, Sunnyvale, USA) and

cultured overnight in 150mL of LB in 96 well microplates. The next day, 10mL were added to a new plate filled with 140mL of LB and

incubated at 37�C for 2 h. Then, 8mL of each clone were spotted on two separated LB agar plates and let dry for 20 min. Then, on one

plate spots of 4mL of phage CLB_P2 (400 PFU) were spotted on top of each bacterial spot. On the second plate phage spots were 100

fold more concentrated (40,000 PFU). Susceptible clones are defined by the clearance of the bacterial spot at one or both phage

concentrations (often full clearance was observed with 40,000 PFU and partial clearance with 400 PFU), while clones not affected

by the phage at any concentration are defined as resistant. The frequency of phage-resistant clones in fecal samples from 55989-

colonized OMM12 mice was assessed by plating 2.25x104 to 3.42x105 55989 cells on Drigalski plates inundated with 3x107 PFU

of phage CLB_P2. The number of phage-resistant clones was recorded after overnight incubation at 37�C and compared to plates

inundated with the same amount of phage CLB_P2 and on which 3.83x106 cells from an exponential growing culture of strain 55989

was spread.

Histological Analysis by FISH and Immunochemistry

Fluorescence in situ hybridization was performed as previously described on intestinal samples from E. coliMt1B1 colonized OMM12

mice bred at the LMU Munich where the fecal level of strain Mt1B1 reached 109 CFU/g (Brugiroux et al., 2016). Ileal and colonic

tissues were fixed in 4% paraformaldehyde (4�C overnight), washed in 20% sucrose (4�C overnight), embedded in O.C.T (Sakura),

and flash frozen in liquid nitrogen. FISH was performed on 7mm sections, using double 30and 50-labelled 16S rRNA targeted probes

specific for Enterobacteriaceae (Ent186-2xCy3 (CCC CCW CTT TGG TCT TGC)) and Eubacteria (1:1 mix of Eub338I-2xCy5 (GCT

GCC TCC CGT AGG AGT) and Eub338III-2xCy5 (GCT GCC ACC CGT AGG TGT)). 1mg/mL–1 40,6-diamidino-2-phenylindole

(Roth) was used for DNA staining. Images were recorded with a Leica TCS SP5 confocal microscope (Leica, Wetzlar).

For immunofluorescence staining unflushed ileal and colonic tissues from E. coli 55989-colonized OMM12 mice bred at Institut

Pasteur were fixed in Carnoy (ethanol/chloroform/acetic acid 60:30:10) for mucus preservation, dehydrated, and embedded in

paraffin according to the standard protocol. All the stainings were done on dewaxed 8mm sections. Antigen retrieval was performed

with Retrievagen A (BD BIOSCIENCES) during 10min at 97�C, followed by 20min at room temperature. After blocking with Protein

Block SerumFree (DAKO) during 15min at room temperature, immunofluorescence staining was performed usingmousemonoclonal

antibody anti Muc2-A488, 1/100 (Santa Cruz Biotechnology) and rabbit anti E. coli O104, 1/50 (SSI diagnostica) during 4 h at room

temperature, then overnight at 4�C. After washings in PBS, the following fluorescence-labeled secondary antibodies were used: anti-

mouse-A488, 1/200 (Life Technologies) and anti-rabbit-A555, 1/200 (Life Technologies) during 4.30 h at room temperature, and
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nuclei stained with DAPI. Slides were examined under an Olympus IX81 microscope equipped with a charge-coupled device (CCD)

camera, and red fluorescence (E. coli O104) per pixel was quantified with ImageJ software. An example of the different regions de-

limited for the quantifications is shown in Figure S6.

OMM12 Community Composition

From homogenized fecal samples, 500mL were centrifuged at 8.000g for 10min and the supernatant was removed. Pellets were

diluted in 500mL of lysis buffer (500mMNaCl, 50mMTris-HCl, pH 8.0, 50mMEDTA, 4% sodiumdodecyl sulfate (SDS) and incubated

for 15min at 50�C (Yu and Morrison, 2004). Then, 100mL of lysozyme (25mg/ml) was added and samples were incubated at 37�C for

2 h. DNA extraction was performed using the Maxwell Cell tissue kit (Promega) and samples were frozen at -20�C until use. The

primers, probes and qPCR protocol were used in conformity with previously described methods (Brugiroux et al., 2016) with the

exception of the SsoAdvancedTM Universal Probes Supermix (BioRad). The qPCR reactions were performed in duplicate and in

two independent runs using MasterCycler realplex4 from Eppendorf. Amplicon libraries targeting the V3-V4 16S region were ampli-

fied by PCR (25 cycles) using Illumina primers (forward primer: 5’-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCC

TACGGGNGGCWGCAG-3’, reverse primer: 5’-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATC

TAATCC-3’) and then sequenced (Illumina MiSeq 2x300 bp). Sequences and statistical analyses were performed with SHAMAN

(shaman.c3bi.pasteur.fr) (Quereda et al., 2016).

QUANTIFICATION AND STATISTICAL ANALYSIS

For the growth curves for strain Mt1B1 (n=3 for each condition) error bars represent standard error of the mean (SEM). The n-fold

multiplication of strain Mt1B1 on the ex vivo experiment, represented on Figure 2 was calculated by plating samples before and after

the 5 h incubation and the error bars represent means with standard deviation.

Statistical analysis on the number of bacteria and phages generated by the animal experiments were carried out using the

lme4, lmerTest and car packages of R (Bates et al., 2015; Fox and Weisberg, 2019; Kuznetsova et al., 2017). Both cfu and PFU

were log10-transformed prior to analysis. In each experiment, two groups of mice were considered, a group exposed to phages

and an unexposed control group. The impact of phages could be assessed based on the abundance of phages (log-PFU). Given

the non-linearity of responses, the day at which a measure was performed was considered as a categorical variable. Linear

mixed-models were used to account for random experimental effects (i.e., individuals, experiments and cage effects).

Overall effects were assessed with Analysis of Variance (ANOVA) and post-hoc Tukey’s comparisons and were performed

using the lsmeans R package (Lenth, 2016). p< 0.05 was considered statistically significant.

16S-quantification data were analysed using multivariate analysis after standard normalization. A principal component analysis

(PCA) was performed with the R package ade4 on the matrix of DCt values of 10 bacterial strains (strains YL2 and KB18 were

not detected) (Dray and Dufour, 2007). In addition, a between-group PCA was done in order to assess experimental effects,

based on 12 groups of observations: 3 days (0, 14, and 17) and 4 cages (2 exposed, 2 unexposed).
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Figure S1, related to Figure 1. Localization by FISH of the E. coli strain Mt1B1 in gut sections 

from Mt1B1-colonized OMM12 mice. 

Intestinal cells (nuclei) were stained with DAPI, and Mt1B1 (red+greenyellow) and Eubacteria 

(red) were stained with specific FISH probes. Representative images from a group of five mice are 

presented. Scale bar, 50µm. 

 

 

  



Figure S2, related to Table 1. Mt1B1 phages have different adsorption rates. 

An exponentially growing culture of strain Mt1B1 in LB medium was infected separately by phages 

P3, P10 or P17 (MOI= 1 x 10-2) and samples were collected over time for counting non-adsorbed 

phages. For phages P3 and P10, samples were taken every 30sec over a period of 10 minutes. For 

phage P17, sampling was performed every 30sec until 5min, and then every minute until 15min. 

The percentage of non-adsorbed phages is plotted against time (mean with standard deviations; 

n=3). 

 

 

  



Figure S3, related to Figure 4. Mt1B1-colonized OMM12 mice provide in vivo conditions for the 

long-term coexistence of phage and bacteria in the mammalian gut. 

OMM12 mice (n=7) were colonized during 14 days before a single administration of PBS (red, n=2) 

or the three phages P3, P10 and P17 together (blue, n=5; 6x107 pfu per dose, consisting of equal 

proportions of each phage) by oral gavage on day9. A. Fecal titer of strain Mt1B1. B. Fecal titers 

of phages. C. Representation of the ratios phage:bacteria over time showing the stability of the 

coexistence. Dots, individual values; horizontal bar, median; box, 25th-75th quantiles, vertical bars, 

min/max values (within 1.5 x interquartile interval). 

 

 

  



Figure S4, related to Figure 4D. Community composition of the OMM12 mice during Mt1B1 

colonization and phage treatment. 

Fecal pellets of OMM12 mice (n=11) were collected before Mt1B1 gavage (day0), after 14 days of 

colonization (day14) and after 3 repetitive phages (cocktail of three Mt1B1 phages, equal amount 

of each) administration (day17). DNA was extracted from pellets and the 16S rRNA content was 

quantified by qPCR (panel A). The same DNA samples were also subjected to 16S amplicon 

sequencing and results were compared day by day to qPCR quantifications (panel B). 

 

 



Figure S5, related to Figure 5. The E. coli strain 55989 can stably colonize the gut of OMM12 mice 

and does not become resistant to phage CLB_P2. 

A. Fecal titers of E. coli strain 55989 at the indicated time points for each 55989-colonized OMM12 

mouse (n=10) receiving a single dose of 108 cfu by oral gavage at day0. Red dots, individual values; 

horizontal bar, median; box, 25th-75th quantiles, vertical bars, min/max values (within 1.5 x 

interquartile interval). 

B. Spots of 8 µL of 55989 clones grown in LB were placed on agar plates and dried under a safety 

cabinet for at least 20min before a second spot of 4µL of phage CLB_P2 containing 400 pfu (left 

side) or 40,000 pfu (right side) was placed on top of each bacterial spot. Plates were incubated 

overnight at 37°C and then scanned. Pictures shown are representative of tests performed along 

this study. R, correspond to a control strain that is resistant to CLB_P2, while S correspond to 

individual fecal clones isolated from 55989-colonized OMM12 mice treated with phage CLB_P2. 

 

 

  



Figure S6, related to Figure 6. Regions of interest for red fluorescence quantification in ileal and 

colonic sections. 

A. Ileum. Upper panel, representative photograph of immunofluorescence staining of E. coli strain 

55989 (red) and mucus (green) in a whole unwashed ileum section (epithelial cells stained with 

DAPI, blue). Lower panel, the yellow lines defined the three regions used for the red fluorescence 

quantification. The red fluorescence mean per pixel from the background region was subtracted 

to the red fluorescence mean of the mucosal or luminal regions of the tissue. 

B. Colon. Upper panel, representative photograph of immunofluorescence staining of E. coli strain 

55989 (red) and mucus (green) in a whole unwashed colon section (epithelial cells stained with 

DAPI, blue). Lower panel, the yellow lines defined the three regions used for the red fluorescence 

quantification. The red fluorescence mean per pixel from the background region was subtracted 

to the red fluorescence mean of the mucosal or luminal regions of the tissue. 

 

 

  



Supplemental Tables 

Table S1, related to Table1. Host range of the 28 candidate phages isolated for strain Mt1B1. 
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Reference

536 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Brzuszkiewicz E et al ., 2006 (PMID:16912116)

7074 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 AIEC collection from University of Lille, France, via N. Barnich

55989 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Mossoro et al ., 2002 (PMID:12149388)

AL505 1 0 0 0 0 0 0 0 0 1 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Galtier et al ., 2016 (PMID:26971586)

BE 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Laboratory collection, gift from H. Krisch

BW25113 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Datsenko and Wanner, 2000 (PMID:10829079)

CR63 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Laboratory collection, gift from H. Krisch

E22a 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Camguilhem and Milon, 1989 (PMID:2656746)

ECOR 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 11 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 12 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 13 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 14 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 15 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 17 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 18 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 19 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 21 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 22 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 23 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 24 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 25 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 26 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 27 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 28 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 29 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 30 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 31 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 32 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 33 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 34 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 35 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 36 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 37 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 38 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 39 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 40 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 41 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 42 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 43 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 44 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 45 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 46 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 47 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 48 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 49 1 0 0 0 0 0 0 0 0 1 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 50 1 0 0 0 0 0 0 0 0 1 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 51 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 52 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 53 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 54 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 55 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 56 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 57 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 58 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 59 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 60 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 61 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 62 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 63 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 64 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 65 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 66 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 67 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 68 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 69 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 70 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

ECOR 9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ochman, H., and Selander, R.K. (1984) (PMID: 6363394)

LF110 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Darfeuille-Michaud et al ., 2004 (PMID:15300573)

LF31 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 Darfeuille-Michaud et al ., 2004 (PMID:15300573)

LF50 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 Darfeuille-Michaud et al ., 2004 (PMID:15300573)

LF73 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Darfeuille-Michaud et al ., 2004 (PMID:15300573) 

LF82 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Miquel et al ., 2010 (PMID:20862302)

LM33 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Dufour et al., 2016 (PMID:27387322)

M1/5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Laboratory collection, gift from E. Oswald

MG1655 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Laboratory collection

Mt1B1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 Garzetti et al 2018 (DSM-28618)

Nissle 1917 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 Laboratory collection, gift from E. Oswald

NRG857c 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Small et al ., 2013 (PMID:23748852)

O42 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Laboratory collection, gift from C. Le Bouguénec

OP50 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Laboratory collection, gift from J. Ewbank

PDP110 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 laboratory collection, gift from E. Denamur

PDP351 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 laboratory collection, gift from E. Denamur

SE15 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Laboratory collection

Sp15 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Laboratory collection, gift from E. Oswald

ST24 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Laboratory collection

T145 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 laboratory collection, gift from E. Denamur

T147 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 laboratory collection, gift from E. Denamur

total score 11 9 8 8 8 8 8 8 8 11 8 11 11 8 8 8 17 8 8 8 8 8 8 8 8 8 8 8

scoring 0 was given to phages that were not able to clear the lawn of bacteria with a spot of 30.000 PFU (3µL of 10^7 PFU/mL)

1 was given to phages that were able to clear the lawn of bacteria with a spot of  30.000 PFU (3µL of 10^7 PFU/mL)

Table S1. Host range of the 28 candidate phages isolated using strain Mt1B1 



Table S2 related to Table 1. Closest phage homologs to phages P3, P10 and P17. 

 

  

Description Max score Total score Query cover E value Identity Accession

Enterobacteria phage K1F, complete genome 26378 58105 92% 0.0 95.90% AM084414.1

Escherichia phage vB_EcoP_F, complete genome 26092 59661 93% 0.0 95.82% KY295894.1

Escherichia phage LM33_P1, complete genome 17570 52746 87% 0.0 94.66% LT594300.1

Escherichia phage PE3-1, complete genome 17538 51871 84% 0.0 94.98% KJ748011.1

Escherichia phage JSS1, complete genome 17533 51844 84% 0.0 94.98% KX689784.2

Escherichia virus Vec13, complete genome 17457 52867 87% 0.0 94.16% MH400309.1

Description Max score Total score Query cover E value Ident Accession

Escherichia virus AAPEc6, complete genome 31124 60643 89% 0.0 92.77% KX279892.2

Escherichia virus VEc3, complete genome 29724 53841 83% 0.0 92.75% MG251390.1

Escherichia phage vB_EcoP_C, complete genome 27353 62103 90% 0.0 94.08% KY295892.1

Escherichia virus mutPK1A2, complete genome 25453 59969 90% 0.0 93.81% MG004687.1

Escherichia virus K1E, complete genome 25340 62944 89% 0.0 94.36% KY435490.1

Escherichia phage vB_EcoP_KAW1A4500, complete genome 23865 57685 88% 0.0 92.75% MK373773.1

Description Max score Total score Query cover E value Ident Accession

Escherichia phage ESCO13, complete genome 63247 2.407e+05 93% 0.0 98.10% KX552041.2

Escherichia phage vB_EcoM-Ro121lw, complete genome 63032 2.440e+05 94% 0.0 98.28% MH160766.1

Escherichia phage vB_EcoM_Schickermooser, complete genome 62626 2.396e+05 93% 0.0 98.17% MK373788.1

Escherichia phage phAPEC8, complete genome 45930 2.345e+05 91% 0.0 97.74% JX561091.1

Escherichia phage vB_EcoM-Ro121c4YLVW, complete genome 43886 2.459e+05 94% 0.0 98.33% MH051333.1

Escherichia phage ESCO5, complete genome 43853 2.332e+05 91% 0.0 98.29% KX664695.2

Homologs to Phage P3 (40.1 kb)

Homologs to Phage P10 (45.1 kb)

Homologs to Phage P17 (150.9 kb)

Magablast tool from NCBI (https://blast.ncbi.nlm.nih.gov/Blast.cgi) was used to search for the closest 

homologs ranked in decreasing values of query cover (Last update august 2019). Only the top 6 

homologs are shown.



Table S3, related to Table 1. Genome annotations of Mt1B1 phages P3, P10 and P17.  

Genome annotations can be found with the following accession numbers: 

GenBank: MT496969 for Mt1B1_P3 

GenBank: MT496971 for Mt1B1_P10 

GenBank: MT496970 for Mt1B1_P17 

 



Table S4, related to Figure 4. Statistical analysis with a mixed-effects model of the abundance 

of strain Mt1B1 and PFU/CFU ratios in feces and intestinal sections. 

  

ANOVA

Response: scale(log10(CFU.g))

Chisq Df Pr(>Chisq)

day 13.6891 3 0.0033

phage 29.0024 1 7.23E-08

day:phage 1.6313 3 0.4423

Post-hoc tests

contrast estimate SE df t.ratio p.value

Day=15 no phage vs. phage 1.247 0.306 91.9 4.071 0.0001

Day=16 no phage vs. phage 0.976 0.306 91.9 3.185 0.002

Day=17 no phage vs. phage 0.708 0.306 91.9 2.311 0.023

ANOVA

groups: testing the difference between groups at day 14 before phage application 

Response: scale(log10(CFU.g))

Chisq Df Pr(>Chisq)

groups 1.1798 1 0.2774

ANOVA/ANODE

Chisq Df Pr(>Chisq)

section 77.354 4 6.33E-16

phage 25.713 1 3.96E-07

section:phage 10.113 4 0.0385

Post-hoc tests

contrast estimate SE df t.ratio p.value

ileum_lumen no phage vs. phage 1.0723044 0.2959727 110.16 3.623 0.0004

ileum_mucosa no phage vs. phage 0.9855932 0.2959727 110.16 3.33 0.0012

colon_lumen no phage vs. phage 0.525542 0.2959727 110.16 1.776 0.0786

colon_mucosa no phage vs. phage 1.2514249 0.2959727 110.16 4.228 <.0001

PFU/CFU ratios

Response: scale(L.ratio)

Chisq Df Pr(>Chisq)

gut section 2.4925 2 0.2875

parta 9.7241 1 0.0018

section:part 0.7109 1 0.3991

a group= luminal or mucosal

organ contrast estimate SE df t.ratio p.value

ileum lumen-mucosa 0.9637997 0.3440682 62.13 2.801 0.0068

colon lumen-mucosa 0.5535417 0.3440682 62.13 1.609 0.1127

phage: effect of the phage exposure

Comparison between “phage” and “no phage” at the different time points

Bacterial abundance (CFU) as a function of time (day) and exposure to phages.

The post-hoc Tukey comparisons were performed between the luminal and mucosal data and revealed 

a significant difference for the ileum (p=0.0068) but not for the colon (p=0.1127).

CFU abundance in feces

The post-hoc Tukey comparisons displayed below were performed between the mice exposed to phage 

and not exposed within each section (il. lum, p<0.0004; il. muc, p=0.0012; col. lum, p=0.0786; col muc, 

p<0.0001)

ANOVA – ANODE

Post-hoc test

The ratios of phages over bacteria abundance (PFU/CFU) as a function of gut section and part (mucosa 

or lumen). 

Random effects include individual IDs, experiments, as well as the cage in which they were reared. 

Overall analysis of variance (ANOVA) reveals no significant effect of the gut sections  (p=0.2875) and 

section vs parts (luminal or mucosal, p=0.3991), but a significant difference of parts (luminal or mucosal, 

CFU abundance in sections

scale(log10(CFU.g+1))

Comparison between “phage” and “no phage” in the different sections

Bacterial abundance (CFU) as a function of gut section and exposure to phages.

Random effects include individual IDs, experiments, as well as the cage in which they were reared. 

Overall analysis of variance (ANOVA) reveals significant effects of gut section  (p<6.33E-16), phage 

(p=3.96E-07) and their interaction  (p=0.0385).

Random effects include individual IDs, experiments, as well as the cage in which they were 

reared. Overall analysis of variance (ANOVA) reveals significant effects of day (p=0.0033), 

phage (p=7.23E-08) and their interaction (p=0.4423).

The post-hoc Tukey comparisons displayed below were performed between mice exposed to 

phage and not exposed within each day (d15, p=0.0001; d16, p=0.002, d17, p=0.023).

Random effects include  experiment, as well as the cage in which they were reared. Overall 

analysis of variance (ANOVA) reveals no significant effects on groups (p=0.2774). 

day: testing difference between the different days



Table S5, related to Figure 4. p-values associated with the mixed models applied to the 

abundance of the 12 strains assessed from qPCR data. 

 

  

day 14: variations within samples day 14

day 17: variations within samples day 17

experiment: variations taking in account the 3 days (0, 14 and 17)

phage: variations caused by phage exposition

ref# I48 YL44 YL27 YL32

Strain name Bacteroides caecimuris Akkermansia muciniphila Muribaculum intestinale Clostridium clostridioforme

day 14 0.238 0.354 0.403 0.182

day 17 0.45 0.01 0.838 0.01

experiment 0.078 0.862 0.442 0.179

phage 0.28 0.071 0.867 0.275

ref# I46 I49 YL58 YL45

Strain name Clostridium innocuum Lactobacillus reuteri Blautia coccoides Turicimonas muris

day 14 0 0.279 0 0.55

day 17 0.782 0.256 0.022 0.035

experiment 0.509 0.556 0.338 0.295

phage 0.269 0.269 0.434 0.434

ref# KB1 YL31 YL2 KB18

Strain name Enterococcus faecalis Flavonifractor plautii bacterium longum subsp. an Acutalibacter muris

day 14 0.022 0.078 NA NA

day 17 0.269 0.011 NA NA

experiment 0.112 0.684 NA NA

phage 0.403 0.579 NA NA

The model tested variations within day 14, within day 17 and also variations on the samples taking into account days 0, 14 and 17.

The model also tested variations on each strain taking into account the phage exposure.



Table S6, related to Figure 5. Statistical analysis with a mixed-effects model of the abundance 

of strain 55989 and PFU/CFU ratios in feces and intestinal sections. 

  

ANOVA

Response: scale(log10(CFU.g))

Chisq Df Pr(>Chisq)

day 11.837 3 0.0079

phage 4.898 1 0.0268

day:phage 0.1911 3 0.9088

Post-hoc tests

contrast estimate SE df t.ratio p.value

Day=8 no phage vs. phage 0.497 0.379 105 1.311 0.1926

Day=9 no phage vs. phage 0.344 0.379 105 0.907 0.3666

Day=10 no phage vs. phage 0.565 0.379 105 1.49 0.1391

ANOVA

groups: testing the difference between groups at day 7 before phage application 

Response: scale(log10(CFU.g))

Chisq Df Pr(>Chisq)

groups 0.5245 1 0.4689

ANOVA/ANODE

Chisq Df Pr(>Chisq)

gut section 206.950 4 < 2.2E-16

phage 18.987 1 1.31E-05

gut section:phag 18.550 4 0.0009

Post-hoc tests

contrast estimate SE df t.ratio p.value

ileum_lumen no phage vs. phage 1.18250 0.244 121 4.838 <.0001

ileum_mucosa no phage vs. phage 0.7306 0.244 121 2.978 0.0035

colon_lumen no phage vs. phage 0.7935 0.244 121 3.158 0.0020

colon_mucosa no phage vs. phage 0.0881 0.244 121 -0.030 0.9761

PFU/CFU ratios

Response: scale(L.ratio)

Chisq Df Pr(>Chisq)

gut section 0.2531 1 0.6149

parta 6.2674 1 0.0123

section:part 0.4592 1 0.498

a part= luminal or mucosal

organ contrast estimate SE df t.ratio p.value

ileum lumen-mucosa 0.929 0.41 44 2.261 0.0287

colon lumen-mucosa 0.53 0.418 44.5 1.269 0.2112

The post-hoc Tukey comparisons were performed between the luminal and mucosal data and 

revealed a significant difference for the ileum (p=0.0287) but not for the colon (p=0.2112).

CFU abundance in feces

The post-hoc Tukey comparisons displayed below were performed between the mice exposed to 

phage and not exposed within each section (il. lum, p<0.0001; il. muc, p=0.0035; col. lum, p=0.002; col 

muc, p=0.9761)

ANOVA – ANODE

Post-hoc test

The ratios of phages over bacteria abundance (PFU/CFU) as a function of gut section and part (mucosa 

or lumen). 

Random effects include individual IDs, experiments, as well as the cage in which they were reared. 

Overall analysis of variance (ANOVA) reveals no significant effect of the gut sections  (p=0.6149) and 

section vs parts (luminal or mucosal, p=0.498), but a significant difference of parts (luminal or mucosal, 

CFU abundance in sections

scale(log10(CFU.g+1))

Comparison between “phage” and “no phage” in the different sections

Bacterial abundance (CFU) as a function of gut section and exposure to phages.

Random effects include individual IDs, experiments, as well as the cage in which they were reared. 

Overall analysis of variance (ANOVA) reveals significant effects of gut section  (p<2.2E-16), phage 

(p=1.31E-05) and their interaction  (p=0.0009).

The post-hoc Tukey comparisons displayed below were performed between mice exposed 

to phage and not exposed within each day (d8, p=0.1926; d9, p=0.3666, d10, p=0.1391).

Random effects include  experiment, as well as the cage in which they were reared. Overall 

analysis of variance (ANOVA) reveals no significant effects on groups (p=0.4689). 

day: testing difference between the different days

phage: effect of the phage exposure

Comparison between “phage” and “no phage” at the different time points

Bacterial abundance (CFU) as a function of time (day) and exposure to phages.

Random effects include individual IDs, experiments, as well as the cage in which they were 

reared. Overall analysis of variance (ANOVA) reveals significant effects of day (p=0.0079), 

phage (p=0.0268) and their interaction (p=0.9088).



Table S7, related to Figure 5. Frequencies of CLB_P2 resistant clones 

 

  

Group

Mice /   

Sample

Nb of 55989 

cells

Nb of phage-

resistant
Frequency Mean

NM2 2,00E+05 9,00E+00 4,50E-04

OD2 2,83E+05 4,00E+00 1,41E-04

NM6 3,42E+05 1,00E+01 1,63E-03

OD6 1,75E+05 2,30E+01 7,80E-04

NM4 4,92E+04 8,00E+00 2,93E-04

OD4 1,67E+05 1,30E+01 1,31E-03

NM7 2,25E+04 1,00E+00 4,44E-04

OD7 9,17E+04 1,70E+01 1,85E-03

5,10E+01 2,66E-04

5,00E+01 2,61E-04

2,70E+01 1,41E-03

2,50E+01 1,30E-03

Tube 1 (n=4) 3,83E+05

PBS

55989

CLB_P2 7,50E-04

9,76E-04

8,10E-04



Table S8, related to Figure 6. Statistical analysis of the amount of fluorescence in histological 

samples 

 

 

ANOVA

Chisq Df Pr(>Chisq)

organ 28.3714 3 3.04E-06

phage 0.024 1 0.8768

organ:phage 4.2361 3 0.2371

Post-hoc tests

contrast estimate SE df t.ratio p.value

ileum_lumen no phage vs. phage -0.768 0.565 8.24 -1.358 0.2106

ileum_mucosa no phage vs. phage -0.269 0.565 8.24 -0.476 0.6463

colon_lumen no phage vs. phage 0.216 0.557 8.86 0.387 0.7078

colon_mucosa no phage vs. phage 0.602 0.557 8.86 1.081 0.3084

Ratios of the fluorescence (red channel) in mucosal over luminal parts.

ANOVA

Chisq Df Pr(>Chisq)

organ 2.7542 1 0.097

phage 2.4938 1 0.1143

organ:phage 0.1911 1 0.662

Post-hoc tests

contrast estimate SE df t.ratio p.value

ileum no phage vs. phage 0.966 0.681 14 1.1419 0.1779

colon no phage vs. phage 0.6 0.681 14 0.881 0.393

Fluorescence (red channel) in sections

Comparison between “phage” and “no phage” in the different sections

ratio muc/lum

The fluorescence (red channel) density per pixel as a function of organ and expsure to phages.

Random effect include individual IDs as well as cage in which mice were reared. Overall analysis of variance 

(ANOVA) reveals significant effect of organ (p=3.04E-06) but not of phage (p=0.8768) and their interaction 

(p=0.2371).

The post-hoc test of Tukey comparisons displayed below were performed between mice exposed and not 

exposed to phage CLB_P2 for each organ. 

Ratios of the fluorescence (red channel) in mucosal over luminal parts as a function of organ and exposure to 

phages.

Random effect include individual IDs as well as cage in which mice were reared. Overall analysis of variance 

(ANOVA) reveals no significant effect of organ (p=0.097) of phage (p=0.1143) and their interaction (p=0.662).

The post-hoc test of Tukey comparisons were performed between mice exposed and not exposed  to phages 

for each organ. 

Comparison between “phage” and “no phage” in the different sections

scale(log10(CFU.g))
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II – Caractériser les effets de l’acide biliaire épimérisé, UDCA, 
sur une inflammation intestinale induite par un entéropathogène 
 

Les acides biliaires sont produits par le foie sous forme d’acides biliaires primaire qui sont 

métabolisés en acides biliaires secondaires par les bactéries du microbiote intestinal. Ces 

acides biliaires secondaires possèdent de nombreuses fonctions dans dont celle de facilité la 

digestion des lipides ou encore comme molécules de signalisation en agissant comme 

hormone.  

L’acide ursodéoxycholique (UDCA) est un acide biliaire secondaire obtenu par l’épimérisation 

de l’acide chénodésoxycholique.  Les effets anti-inflammatoires de l’UDCA ont été caractérisés 

in vitro (1,2) et in vivo dans des souris présentant une inflammation induite par du DSS (1). 

Cependant, l’étude des effets des acides biliaires in vivo est complexe en raison de leur 

métabolisation par le microbiote intestinal.  

Afin de s’affranchir de cet écueil, nous avons choisi d’utiliser des souris OMM12. En effet, le 

consortium OMM12 présente l’avantage de ne pas métaboliser les acides biliaires, convenant 

ainsi à leur étude in vivo (3). Dans un deuxième temps, nous avons mis au point un modèle 

d’inflammation induite par un entéropathogène, Citrobacter rodentium. A l’aide de ce nouveau 

modèle expérimental, nous avons étudié les effets anti-inflammatoires de l’UDCA in vivo. 

L’ajout d’UDCA dans la nourriture des souris OMM12 infectées par C. rodentium a permis 

d’observer une inhibition de la voie de l’IL-22, une cytokine clé de la réponse inflammatoire 

contre C. rodentium. 

Dans ce projet, j’ai pris part à l’ensemble des expériences animales avec l’aide de Thierry 

Pédron, Quentin Lamy-Besnier et Marie Titécat.  J’ai mis au point et réalisé les expériences in 

vitro. J’ai effectué l’analyse statistique des données, réalisé les figures et rédigé le manuscrit.  

1.  Ward JBJ, Lajczak NK, Kelly OB, O’Dwyer AM, Giddam AK, Ní Gabhann J, et al. Ursodeoxycholic 

acid and lithocholic acid exert anti-inflammatory actions in the colon. Am J Physiol Gastrointest Liver 

Physiol. 1 juin 2017;312(6):G550‑8.  

2.  Ko WK, Lee SH, Kim SJ, Jo MJ, Kumar H, Han IB, et al. Anti-inflammatory effects of 

ursodeoxycholic acid by lipopolysaccharide-stimulated inflammatory responses in RAW 264.7 

macrophages. PLoS One. 2017;12(6):e0180673.  

3.  Studer N, Desharnais L, Beutler M, Brugiroux S, Terrazos MA, Menin L, et al. Functional 

Intestinal Bile Acid 7α-Dehydroxylation by Clostridium scindens Associated with Protection from 

Clostridium difficile Infection in a Gnotobiotic Mouse Model. Front Cell Infect Microbiol. 2016;6:191.  
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INTRODUCTION 

Primary bile acids, such as chenodeoxycholic acid (CDCA), are molecules synthesized by the 

liver that are excreted in the digestive tract where they are metabolized by intestinal bacteria in 

a family of molecules called secondary bile acids. Secondary bile acids exert a large panel of 

functions from the emulsification of lipids during digestion to signalization through bile acid 

receptors. Ursodeoxycholic acid (UDCA) is an epimerized bile acid metabolised from 

chenodeoxycholic acid (CDCA) by bacteria in the colon and is used in the treatment of primary 

sclerosing cholangitis, a form of inflammation of the bile duct (1). In this condition, the anti-

inflammatory property of UDCA leads to the stimulation of the hepatobiliary secretion that 

reduces the hydrophobicity and toxicity of the bile (1). It was also reported that the level of 

UDCA is reduced in colorectal cancer (2) and increased in remittent patients with inflammatory 

bowel diseases (3). 

The anti-inflammatory and anti-apoptotic properties of UDCA have been studied with several 

in vitro systems such as the murine macrophage RAW264.7 stimulated with LPS (4), the human 

intestinal cells T84 stimulated with poly IC (5), or the primary culture of monocyte induced 

with TNFα (6). Using a DSS induced colitis model in conventional mice the anti-inflammatory 

capacity of UDCA was confirmed in vivo (5,7). Likewise, the intestinal inflammation driven 

by the pathogen Clostridiodes difficile was reduced by UDCA (8,9) . However, in these studies 

UDCA was transformed into lithocholic acid (LCA) by the gut microbiota of the mice (5,7). 

Finally, UDCA was found to exacerbate the intestinal inflammation of rats treated with 

indomethacin (10). Therefore, the demonstration and the mechanism of action of UDCA per se 

as a molecule reducing bacterial pathogen-induced intestinal inflammation remains to be 

demonstrated. 

Animal models of pathogen-induced intestinal inflammation often rely on lethal pathogens 

(e.g., Salmonella or C. difficile) that offers a narrow window of observation to study the kinetics 

of anti-inflammatory compounds. The alternatives are pathogens that induce on a transitory 

inflammation such as the murine pathogen Citrobacter rodentium, which provokes a intestinal 

inflammation in mice that resolves itself by the combined action of the immune response and 

the niche competition provided by the resident microbiota. This murine enteropathogen is 

widely used to model several human infectious and inflammatory intestinal disorders (11–13). 

The infection process of C. rodentium in conventional mice includes four steps (14,15): (i) a 

caecal colonisation within the first 3 days post-gavage during which bacteria adapt to the gastro-

intestinal environment of the host; (ii) a colonic expansion associated to a rarefaction of 



anaerobes commensals (14,16); (iii) a peak of the bacterial load followed by a plateau and (iv) 

a clearance phase within the 3 weeks post infection. Conventionally, C. rodentium induces a 

self-limiting infection, triggers robust colitis, colonic crypt hyperplasia and dysbiosis (17,18). 

One way to circumvent the metabolization of UDCA by the intestinal microbiota would be to 

use animals lacking bacteria encoding enzymes required for this transformation. This can be 

achieved through the use of gnotobiotic animals such as the OMM12 mice, which are axenic 

mice colonized by 12 bacteria representative of the five most abundant phyla of the murine 

gastrointestinal tract (19–21). In these animals, bile acids are not metabolized beyond their 

deconjugation, making them suitable to study secondary bile acids such as UDCA (22). 

Here we first investigated the anti-inflammatory properties of UDCA in vitro on the human 

epithelial cell line Caco/Tc7 co-incubated with the human pathogen enteroaggregative E. coli 

strain 55989. Second, we developed and characterized C. rodentium induced intestinal 

inflammation in isobiotic OMM12 mice. Third, we assessed the anti-inflammatory impact of 

UDCA in C. rodentium-induced inflamed OMM12 mice and found that it relies on the IL-22 

pathway.  

 

RESULTS 

UDCA reduces IL-8 secretion induced by the enteroaggregative E. coli strain 55989 

To study the impact of UDCA on the intestinal inflammation induced by a bacterial pathogen, 

we incubated Caco2-Tc7 human epithelial cells with increasing concentration of UDCA (10-

4M, 2x10-4M, 5x10-4M, 10-3M) for 18h before addition of the enteropathogenic E. coli strain 

55959. We observed a UDCA dose-dependent reduction of the level of the inflammatory 

marker IL-8 (CXCL8) (Fig. 1A). Neither the LDH nor the E. coli levels measured in the 

supernatant at final time points were affected by the presence of UDCA compared to the control 

(Fig. 1B,1C). Moreover, the assessment of the ratio of free bacteria in the supernatant over 

adherent bacteria in presence/absence of UDCA (Fig. 1D) revealed no significant difference. 

Therefore, the presence of UDCA reduces the inflammatory response induced by a bacterial 

pathogen, without affecting cell viability as well as bacteria-cell interactions. 

 

 



 

Figure 1: UDCA reduces IL-8 production by Caco2-Tc7 cells in the presence of E. coli strain 

55989. 

Caco2-Tc7 cells were incubated for 24h with concentrations of UDCA ranging from 0 to 10-3M added 
in the medium prior to a 6 h incubation with (red) or without (blue) the bacteria E. coli strain 55989 
(106CFU/ml). A. IL-8 concertation (pg/ml) at end point, B. LDH level and C. Bacteria concentration in 
the supernatant of cells culture after the co-incubation (n=3 to 9). D. Log ratio of free bacteria over 
adherent bacteria in the supernatant after a 6h co-incubation (n=4). p-value are compared to control 
condition in presence of E. coli strain 55959.  
 

Citrobacter rodentium colonizes the gut of OMM12 mice without severe symptoms 

Moving towards the evaluation of UDCA in a suitable murine model, we developed a C. 

rodentium-induced inflammation model in isobiotic OMM12 mice. 

To determine the relationship between the infectious dose and the rate of infection we orally 

administered mice with decreasing doses of C. rodentium (107, 105, 103 and 10 CFU) and 

followed the fecal counts over 20 days as well monitored weight and health status. 



The progressive increase of C. rodentium counts in feces reached the highest density (around 

108 CFU/g) in all animals but was faster for mice that received the higher dose (day 6 post-

gavage) than the lowest dose (day 10 post-gavage) (Fig. 2A). Accordingly, the body weight and 

the clinical status of these animals varied over time in function of the infectious dose (Fig. S1, 

Table S1). This demonstrates that OMM12 mice are highly permissive to C. rodentium, which 

colonization dynamic is dose-dependent. We also noticed that after reaching a peak the fecal 

levels of C. rodentium decreased in all groups by approximately 2-log during the next 5 days 

and then remained stable around 106 CFU/g up to day 20. 

Fecal lipocalin-2 levels were measured at multiple time points to record the progression of 

intestinal inflammation (23) over time. The overall trend of an expected increase followed by a 

decline (according to the fecal levels of C. rodentium) was observed for all groups with 

variations being faster for the group that received the highest dose (Fig. 2B). These data showed 

that the fecal level of lipocalin-2 is linked to the fecal density of C. rodentium. The C. rodentium 

density in intestinal organs collected at day 20 showed no difference between the groups (Fig. 

2C). This suggests that the host response controlling the intestinal colonization is unaffected by 

the initial dose of C. rodentium. 

C. rodentium infection does not alter the OMM12 resident microbiota nor the population 

of induced prophages 

The infectious process of C. rodentium in mice is well known (24). To evaluate whether this 

process was affected in OMM12 mice, we administered 107 CFU of C. rodentium to mice and 

monitored them mice during 20 days (Fig. 3A). The combination of three independent 

experiments consolidated the colonization kinetics that peaked at day 8 post-infection with C. 

rodentium levels reaching around 109 CFU/g of feces (Fig. 3B). Then, between day 8 and day 

15, these levels decreased by approximately 3-log before they stabilized around 106 CFU/g of 

feces up to day 20 (Fig. 3B). These clearly show that in contrast to conventional mice C. 

rodentium is not eliminated from the gut of OMM12 within 20 days post. 

The monitoring of weight and clinical signs of an intestinal disease revealed that animals 

slightly lose weight during the first 10 days post-infection and subsequently gained weight (Fig. 

S2), while symptoms were reported in all animals only between days 8 and 17 (Fig. S3). 

 



 

Figure 2: OMM12 are permissive to C rodentium infection. 

Mice were fed different doses of C. rodentium: green, 10 CFU (n=3); blue, 103 CFU (n=3); orange, 105 

CFU (n=3); red, 107 CFU (n=3). A. Fecal levels of C. rodentium (CFU/g). B. Fecal lipocalin-2 levels 
(pg/g) over time. C. Levels of C. rodentium (CFU/g) in organs at day 20 post infection.  
 



 

Figure 3: C. rodentium colonizes and cause inflammation in OMM12 mice 

A. Experimental design. B. Amount of C. rodentium (CFU/g) in fecal samples. C. Amount of C. 

rodentium (CFU/g) in intestinal organs. D. Levels of fecal lipocalin-2 (pg/g) over time.  

 

C. rodentium is known to induce a dysbiosis while inflammation has previously been shown to 

induce prophage induction in a mice model (24,25), thus we studied the effect of C. rodentium-

induced inflammation on the OMM12 consortium and abundance of the prophages of the 

OMM12 strains.  

Next, we monitored in fecal samples collected at day 0, 10 and 20 the microbial and viral 

composition of the intestinal microbiota by performing 16S sequencing and virus-like particles 

(VLP) sequencing (see Methods). We found that the composition of the bacterial community 

between the three time points was highly similar with the obvious exception of the abundance 

of C. rodentium that rose at day 10 and decreased at day 20 (Fig 4A). The virome analysis 

showed that the population of induced prophages was similar at the three time points, for the 

nine strains for which sufficient data could be obtained (Fig. 4B). In particular, no region was 

found to be uniquely induced at any time point. A slight variation of the coverage depth of the 

prophages of B. caecimuris and F. plautii was observed in presence of C. rodentium compared 

to uninfected mice, which would require deeper investigation to be confirmed. Moreover, we 



could not find any evidence of the induction of prophages from the C. rodentium strain, which 

contains 10 putative prophages. Therefore, the C. rodentium infection of the OMM12 mice is 

highly reproducible and does not affect the relative abundance of the 12 resident bacteria nor 

the resident prophages, making it a robust bacterial-driven inflammatory model. 

Figure 4: C. rodentium infection does not affect microbiota composition nor prophage induction 

of OMM12 mice. 

A. Relative abundance of the bacteria present in the OMM12 
consortium and C. rodentium assessed by 

16S sequencing performed on the feces of the mice at days 0, 10, 20. B. Virome sequencing was 
performed on six mice at days 0, 10 and 20. The reads obtained were mapped on the 12 OMM12 strains, 
and the resulting sequencing depth was merged per day. The resulting data for the three days are 
represented on the same graph for each strain: green, day 0; orange, day 10; blue, day 20. Two of 12 
strains, Acutalibacter muris and Bifidobacterium longum subs. animalis were below the detection 
threshold. 

 



In-depth characterization of the intestinal inflammation of C. rodentium-infected OMM12 

mice 

From the same set of experiments reported above, lipocalin-2 levels were measured at days 0, 

10 and 20 and showed a 4-log increase between days 0 and 10 followed by a return to basal 

levels at day 20 post-infection (Fig. 3C, Table S2). 

On day 0 (n=8), 10 (n=13) and 20 (n=14), intestinal organs (ileum, caecum, colon) were 

collected and C. rodentium CFUs counted. C. rodentium is present in all organs being more 

abundant in the caecum and colon compared to ileum, as expected for this pathogen (Fig. 3C). 

The bacterial load was approximately 2-log higher at day 10 compared to day 20, as expected 

from fecal counts. 

Next, we measured the weight-to-size ratio of the colon, which has been reported to increase 

upon C. rodentium colonization (26). Our results indicated a significant increase of this ratio 

between day 0 and day 10 for the colon (Fig 5A, Table S3) but not for the ileum (Fig. S4) nor 

the caecum (Fig. S5).  

Then, we measured the cell proliferation in the colon, which was significantly higher on day 10 

compared to both day 0 and day 20 (Fig. 5B, Table S4). In addition, we measured crypt length 

in colon samples and observed again an increase at day 10 compared to both day 0 and day 20 

(Fig. 5C, Table S5). We also quantified the lectin binding to goblet cells as a proxy of mucus 

abundance, which is decreased during C. rodentium infection (18). While mucus production 

tended to decrease between day 0 and day 10 (no significant difference) (Fig. 5D, Table S6), 

we noted a significant increase between day 10 and day 20. These observations were 

accompanied by a decrease in the number of goblet cells per crypt on day 10 compared to days 

0 and 20 (Fig. 5E, Table S7). 

Finally, from independent colon samples collected at day 0 (n=6), 10 (n=6) and 20 (n=6) post-

C. rodentium infection, we performed qPCR to investigate the role of IL-17 and IL-22 pathways 

known to be involved in the immune response against C. rodentium in conventional mice. We 

observed an increased level of IL-17 and IL-22 at day 10 compared day 0 and day 20 (Fig. 6A 

and 6B). Next, we assessed the levels of the anti-microbial peptide REG3γ, the pro-

inflammatory cytokines TNFα and IL1β and the chemokines CXCL1, 2 and 3 that all exhibit 

the same pattern as IL-17 and IL-22 (Fig. 6E-I). The level of the anti-inflammatory cytokines, 

TGFβ, IFNγ and IL-10 were either unchanged or tend to a reduction on day 10 compared to day 

0 and day 20 (Fig. S5A-C).  



Figure 5: Macroscopic and cellular alterations of the colon of C. rodentium-infected OMM12 mice 

The colon of OMM12 mice collected at day 0, 10 and 20 post C. rodentium infection was examined to 
evaluate A. Weight/size ratio; B. Percentage of Ki67 positive cells; C. Crypt depth (µm) and D. lectin 
staining of goblet cells (fluorescence mean). E. Mean number of goblet cells per crypt. 
 

The expression of the anti-microbial peptides: cryptidin-1 and 4, CRAMP and LZP and the 

main protein of the mucus, Muc2, were also not increased on day 10 (Fig. S5D-H). The level 

of IL23, a cytokine necessary for the induction of the production of IL22, was surprisingly low 

on day 10 (Fig. 6 I). However, it should be noted that the expression of IL23 in the response 

against C. rodentium takes places in the early days of the infection (24). 

Altogether, the results show that the C. rodentium infection process in OMM12 mice is highly 

similar towards the host response, being much closer to conventional mice than axenic mice. 

These data demonstrate that C. rodentium-infected OMM12 mice are a suitable model to assess 

the property of anti-inflammatory compounds towards intestinal bacterial infections. 



 

Figure 6: The C. rodentium infection upregulates the expression of genes involved in the IL-17 and 

IL-22 pathways.  

OMM12 mice colonized by C. rodentium were sacrificed at day 0 (n=6), day 10 (n=6) and day 20 (n=6).  
A-I. Relative expression level of the indicated genes in the colon at days 10 and 20 compared to day 0. 
 

UDCA inhibits the IL-22 pathway in the colon of mice infected by C. rodentium 

To assess the anti-inflammatory potential of UDCA in vivo, three groups of mice received a 

diet completed with either 0 (n=4), 0.5 (n=6) or 1 g/kg (n=6) of UDCA four days before C. 

rodentium infection. 

 The fecal concentration of UDCA was determined one day before as well as three and nine 

days after its addition. We observe a sharp concentration dependent increase of UDCA 

concentration on day -1 and day 9 both compared to day -4 (Fig. 7A). The conjugated forms of 

UDCA, glycoursodeoxycholic (GUDCA) and tauroursodeoxycholic (TUDCA) followed the 

same variations as UDCA, showing that UDCA enters the entero-hepatic circulation (Fig7B 

and C). The level sulfated derivative of UDCA, ursodeoxycholic acid 3-sulfate (UDCA 3S) was 

increased on day -1 and day 9 both compared to day -4, but with a high variability between 



animals (Fig. 7D). We also confirmed the UDCA was not metabolized into LCA or its 

derivative (Fig. 7E-G).  

 

Figure 7: UDCA incorporated in the food is assimilated by OMM12 mice and reaches the 

enterohepatic circulation.  

OMM12 mice were fed with 0 (grey; n=4), or 0.5 (blue; n=6) or 1 g/kg (red; n=6) of UDCA four days 
before the infection by C. rodentium (107 CFU) initiated at day 0. Fecal samples were taken at the 
indicated time points to measure A. UDCA levels and B-D. its derivatives. On day 9, E. LCA level and 
F-G its derivatives were measured. GUDCA: glycoursodeoxycholic; TUDCA: tauroursodeoxycholic; 
UDCA 3S: ursodeoxycholic acid 3-sulfate. IsoLCA: isolithocholic acid ; isoalloLCA: isoallolithocholic 
acid 
 



During the course of these experiments the fecal levels of C. rodentium colonization were 

unaffected by the presence of UDCA (Fig. 8A) nor was the level of lipocalin 2 (Fig. 7C). 

Moreover, the density of C. rodentium in gut sections (ileum, caecum, colon) collected 10 days 

post-infection was undistinguishable between the three groups (Fig 8B) and very similar to 

those observed previously (Fig. 3B). Accordingly, the weight variation of all animals remains 

within 10% of their initial weight (Fig. 8D). Therefore, the addition of UDCA in the food of 

mice led to its assimilation reaching the liver where it is conjugated, but any of the two doses 

had an impact on the colonization pattern of C. rodentium in OMM12 mice, neither on fecal 

lipocalin-2 levels. Nevertheless, we performed qPCR quantification of the expression of genes 

related to IL-17 and IL-22 pathways. While no change was observed on the IL-17 pathway (Fig. 

9A), the levels of genes coding for IL-22, REG3γ and REG3β were all decreased in the two 

groups that received UDCA compared to the control group (Fig 9B-D). Therefore, UDCA 

lowers the activation of the IL-22 pathway in the colon of OMM12 mice infected by C. 

rodentium. An attempt with a higher dose of UDCA (5 g/kg) was initiated but the mice showed 

a prolonged loss of weight that affected the C. rodentium infection, suggesting that this elevated 

dose of UDCA is toxic (data not shown). 

 

DISCUSSION 

 

Inflammatory bowel disease is a multifactorial affection for which there is no treatment 

providing a definitive relapse (27). Experimental models of intestinal inflammation are then 

pivotal to decipher the molecular mechanisms involved as well as to develop anti-inflammatory 

treatments. Amongst the recent advances in treatment, a particular attention was given to the 

immunomodulatory effect of secondary bile acids. These molecules are metabolised by the gut 

microbiota to produce a family of secondary bile acids with both pro- and anti-inflammatory 

properties (28,29). However, the study of these molecules in vivo has been jeopardized by their 

metabolisation by the gut microbiota of conventional murine model. On the other hand, axenic 

mice are not suitable as they provide a perturbed inflammatory response.  

The inability of the OMM12 isobiotic mice to metabolise bile acids makes it a candidate to assess 

their property in vivo. Moreover, these mice have been shown to be permissive to intestinal 

pathogens such as Salmonella enterica serovar Typhimurium(30). Here, we showed that a 

single administration of as low as 10 CFU of C. rodentium to OMM12 mice is sufficient to 



 

Figure 8: UDCA does not affect the colonization of C. rodentium. 

OMM12 mice were fed with 0 (grey; n=4), or 0.5 (blue; n=6) or 1 g/kg (red; n=6) of UDCA four days 
before the infection by C. rodentium (107 CFU) initiated at day 0. A. Fecal levels of C. rodentium (Log 
CFU/g). B. Levels of C. rodentium (Log CFU/g) in organs collected at day 10 post infection. C. Fecal 
lipocalin-2 levels (Log pg/g) over time.  D. Variation of the OMM12 mice weight over time (% of their 
initial weight). 
 
 
induce a non-lethal intestinal infection. This infection kinetic is highly reproducible and leads 

to a peak of intestinal inflammation as witnessed by macroscopic damages and induced immune 

response (IL-17 and IL-22 pathways). Interestingly, this process is not associated with 

variations of neither the resident bacteria nor the resident induced prophages. The latest is 

surprising since it was shown that the context of IBD increases the proportion of temperate 

compared to virulent phages (31). Furthermore, an experimental assay showed that intestinal 

inflammation driven by a bacterial infection boosts the prophage transfert from one Salmonella 

strain to another, suggesting that intestinal inflammation induces prophage excision (32). As 

the lipocalin-2 levels observed in Salmonella-infected OMM12 is mice was about 100 fold 

higher than those obtained with C. rodentium, it remains possible that is intestinal inflammation 

was strong enough to induce additional prophages. 



 

Figure 9: UDCA inhibits the IL-22 pathways in C. rodentium-infected OMM12 mice.  

OMM12 mice were fed with 0 (grey; n=4), or 0.5 (blue; n=6) or 1 g/kg (red; n=6) of UDCA four days 
before the infection by C. rodentium (107 CFU) initiated at day 0. Colon samples were collected at day 
10 and mRNA extracted to quantify the relative expression level of the indicated genes in the two UDCA 
groups compared to the group without UDCA. A-D. 

 

We observed one key difference in the process of C. rodentium infection in OMM12 compared 

to conventional mice. This pathogen is not eliminated after the induction of the host response. 

It is proposed that in conventional mice the inflammation drives the reduction of C. rodentium 

that is further eliminated by the competition provided by resident bacteria. Here, due to the low, 

if not the lack, of competition provided by the 12 strains, the level of C. rodentium stabilizes 

around 106 CFU/g of feces. This observation revealed that the host response of OMM12 mice is 

effective to reduce the colonization by 3 log but no more. It opens new questions such as how, 

post-inflammation, C. rodentium is not anymore perceived as an intestinal pathogen, which 

may uncover how bacteria can transition from intestinal pathogens to commensal-like 



colonization. It also opens the possibility to individually test the role of commensal bacteria 

that were proposed to be competing with C. rodentium colonization (33,34). 

While the anti-inflammatory effects of UDCA have been known for a long time, its mechanism 

of action to putatively modulate intestinal inflammation in vivo remains unclear. UDCA was 

shown to affect antigen-presenting cell by repressing the major histocompatibility complex of 

class II (35) and to inhibit the cyclooxygenase 2 (36). 

Using C. rodentium-infected OMM12 mice, we assessed the immunomodulatory property of 

UDCA and found that it does not reduce the fecal level of lipocaline-2, but lowers the IL-22 

response, which is critical for the control of C. rodentium. Indeed, IL22 reinforces the epithelial 

barrier and induces the production of antimicrobial peptides such as REG3γ, REG3β, and 

lipocalin-2 (37). Surprisingly, the level of IL-17 that is often co-regulated with IL-22, was not 

decreased in the presence of UDCA (18). Since IL-17 also induces the production of lipocalin-

2, this could explain why UDCA had no impact on lipocaline-2 levels. Both cytokines are 

produced by the innate lymphoid cells 3 (ILC3) and the T-lymphocyte Th17. However, the sub-

population of ILC3 NKp46+, important in the early reaction against attaching effacing 

pathogens like C. rodentium, displays a production of IL-22 without affecting the production 

of IL-17, which fits with our observations (38). The level of IL-22 can also be modulated by 

the IL-22 binding protein (IL-22PB) which blocks the activity of IL-22. IL-22PB is highly 

expressed by the dendritic cells in the colon (39) and its production could be affected by the 

presence of UDCA that affects antigen-presenting cell by repressing the major 

histocompatibility complex of class II. 

To conclude, we characterized an original murine model to study the immunomodulatory 

property of UDCA and highlight its mechanism of action via the inhibition of the IL-22 

response independently of the IL-17 pathway. This model could be used to study other bile 

acids and potentially any other drugs that could lower the intestinal inflammation induced by 

the pathogen C. rodentium. It also provides opportunities to test the bacterial competition 

between commensal and pathogens in absence of animal mortality. 

 

 

 

 

 



MATERIAL AND METHODS  

 

Ethics statement  

All animal experiments were approved by the committee on animal experimentation at the 

Institut Pasteur (Paris, France) and by the French Ministry of Research. A total of 86 OMM12 

(C57Bl/6J) mice from seven to nine-weeks old bred at Institut Pasteur were used. 

Bacterial strains and culture conditions  

Citrobacter rodentium strain ICC180, derived from strain DBS100 (14), and Escherichia coli 

strain 55989, described in (40), were used and routinely cultured in lysogeny broth (LB), LB 

agar or Drigalski agar (Bio-Rad, Hercules, CA) plates, at 37°C. For oral administration of 

ICC180, an overnight liquid culture in LB (around 1 x 109 CFU/mL) and subsequently diluted 

in sucrose bicarbonate buffer (20% sucrose and 2.6% sodium bicarbonate, pH 8).  

IL-8 secretion of Caco2/Tc7 exposed to E. coli strain 55989 

Caco-2/TC7 cells were seeded at 105 cells/well in 6-well plastic culture plates and maintained 

in high glucose medium (DMEM GlutaMAX 4.5 g/L glucose, ThermoFisher Scientific 

Waltham, MA, USA) supplemented with 20% heat-inactivated fetal calf serum (FCS, GE 

Healthcare, Life Science, Chicago, IL, USA), 1% non-essential amino acids NEAA, and 1% 

penicillin-streptomycin (ThermoFisher Scientific, Waltham, MA, USA). The cells were 

cultured at 37 ◦C in a 10% CO2/air atmosphere. The media were changed every day. 

Confluency was reached on day 6. On day 19, the cells were serum-starved, and supplemented 

with doses of UDCA from 0 to 10-3M. The cells were incubated for 18 h before the addition of 

20µL of an exponential culture of E. coli strain 55989 grown in LB and adjusted to OD600nm 

of 0.125 into the each well. 20µL of LB were added in control wells. After a 6 h co-incubation, 

the supernatants were collected, and stored at −80 ◦C before IL-8 quantification by ELISA 

(Duoset Human CXCL8/IL-8, R&D Systems, Minneapolis, MN, USA), according to 

manufacturer’s instructions. Cytotoxicity was monitored via the dosage of LDH released. LDH 

assays (Roche, Basel, Switzerland) were performed immediately before freezing. Serial 

dilutions in PBS were performed and plated onto LB plates for E. coli quantification (CFU) in 

the supernatant. For the quantification of adherent bacteria, each well was washed three times 

with 1ml of PBS, then scratch and resuspended in 1ml of PBS to harvest the adherent cells. The 

suspension was homogenized by pipetting then serial dilutions were platted on LB agar. 



C. rodentium infection of OMM12 mice 

In all experiments, mice were randomly assigned to a group and each group included 

approximately the same number of male and female animals kept in separate cages. Mice were 

observed at least once every two days, weighed and feces were collected at indicated time 

points. Fecal pellets were then transferred in pre-weighed, sterile 2 mL tubes, weighed and then 

resuspended in 1 mL of PBS. An aliquot was centrifuged, and the supernatant was stored at -

20°C. Serial dilutions in PBS of the resuspended pellets were performed and plated onto 

Drigalski plates for C. rodentium quantification (CFU/g of feces).  

200 µL of Citrobacter (1 x 107, 1 x 105, 1 x 103 or 10 CFU) was administered by oral gavage 

to the mice. Control mice received 200 µL of PBS instead. At the end of all experiments, mice 

were sacrificed by cervical dislocation and intestinal sections (i.e., ileum, caecum, and colon) 

were collected. These sections were weighted (ileum, caecum, colon) and measured (ileum, 

colon) and a section was taken for histology examination. The residual organs were weighted 

and homogenized in PBS using gentleMACSTM OctoDissociator (Miltenyi Biotec), serially 

diluted in PBS and plated on Drigalski plates. 5 mice were used for control in the first set of 

experiment and no organ were recovered from them. 

UDCA (Sigma-Aldrich, St. Louis, MO) was added to the standard chow (Safe digest, R03-40) 

by mixing food pellet into powder. UDCA powder was then mixed at the final concentration of 

0.1% or 0.05% (weight/weight). Food pellets were reformed with the addition of sterile water, 

dried and subsequently treated with X-ray (1100Gy with Faxitron). 

Bile acids analysis 

Mice feces were weighted (around 50mg) and supplemented with acidified water (1% formic 

acid) to a final concentration of 100 mg/mL. Feces were homogenised using ceramic beads and 

the « soft » program of the Precellys Evolution instrument until complete homogenization. For 

the extraction, a volume equivalent to 20 mg feces (200 µl homogenate) was supplemented with 

deuterated internal standards and 1400 μL acetonitrile for protein precipitation. Mixture was 

vortexed and centrifuged at 10 000 g, for 1 minute and left at 4 C for 1 h for total precipitation. 

Mixture was centrifuged at 20 000 g for 20 min at 4 C and 100 μL of the upper phase collected 

dried and resuspended in 100 μL methanol/water 50-50 v/v) 

An LC MS/MS analysis of UDCA and UDCA derived bile acids was then performed. UDCA, 

TUDCA, UDCA 3S and GUDCA were analysed by LC ESI/MS/MS using a Prominence UFLC 



and a QTrap 4000 mass spectrometer. Sample (4 µL) was injected to a Ascentis Express C 18 

column 2.1 x 150. Mobile phases consisted of water and acetonitrile containing 0 1 formic acid 

and 2 mM ammonium acetate. Bile acids were detected using scheduled multiple reaction 

monitoring sMRM in the negative ion mode. 

Lipocalin-2 assay 

Frozen supernatants of fecal samples were thawed before lipocalin-2 quantification using a 

commercial ELISA kit (#DY1857, R&D Systems), according to the manufacturer's 

instructions.  

Histological analysis 

The distal colon sample (1 cm) was fixed overnight in Carnoy (ethanol/chloroform/acetic acid 

60:30:10) at 4°C for mucus preservation, dehydrated, and embedded in paraffin. All the 

stainings were done on dewaxed 8-μm sections by submersing them in Xylene twice for 10 

min, 100% ethanol (EtOH) twice for 10 min, 90% EtOH once for 10 min, 70% EtOH once for 

10 min, and PBS once for 10 min. Sections were then stained with hematoxylin and eosin 

(H&E) or processed for immunofluorescence (IF). In IF experiments, sections were then heated 

for 20 min in demasking solution (citric acid buffer, 10 mM, pH 6, in distilled H2O). Once 

cooled, slides were first blocked with 100 L of Protein Block, Serum-Free (Agilent, 

#X090930-2) for 30 min in a humid chamber before being incubated with primary antibody 

diluted in PBS with 10% Protein Block overnight at 4°C. The primary rabbit polyclonal anti‐C. 

rodentium antibody (Covalab) was diluted 1:200, rabbit anti-Ki67 (abcam, #ab16667) was 

diluted 1:100. For goblet cells detection, a combination of fluorescent lectins WGA-FITC and 

UEA1-FITC, each diluted 1:500, (Vector Laboratories, #FLK-2100) were used. Slides were 

rinsed twice for 10 min each time in PBS, followed by incubation with goat anti-rabbit A555 

diluted 1:100 (Fischer Scientific, #15636746) for 2 h at room temperature. After two washing 

steps slides were incubated with DAPI (4’,6-diamidino-2-phenylindole) diluted 1:1000 for 5 

min (ThermoFisher Scientific, #D1306). Washing steps were repeated before slides were 

mounted with ProLong Gold antifade reagent (ThermoFisher Scientific, #P36930). 

H&E-stained sections were analyzed on the IX81 Olympus microscope. At least 20 well-

oriented crypts from each gut section per individual mouse were examined and staining was 

measured. Similarly, Ki67 staining was also measured by this method and divided by the total 

number of cells to calculate the percentage of Ki67 cells per crypt. The density of goblet cells 



was calculated by measuring the fluorescence mean of the lectin staining. All images were 

analyzed using ImageJ (Fiji) (41). 

RNA Extraction and cDNA synthesis 

One centimeter of distal colon was homogenized in 1 mL Trizol. After extraction with 

chloroform, precipitation with isopropanol and washings with 70% (vol/vol) ethanol, extracted 

RNA was resuspended in 100 μL of sterile distilled water. A clean-up of the RNA was 

performed with the RNEasy Mini kit (Qiagen). cDNA synthesis was performed from 2 μg of 

RNA using oligo-dT (Promega) and SuperScript II (Life Technologies). 

RT-qPCR Analysis of Colonic Cell Gene Expression 

Colonic RNAs were analyzed by RT-qPCR. The list of the genes detected using the SYBR 

Green PCR system and the primers associated are listed in Table S9. Differences were 

calculated using the comparative 2-ΔΔCt method (42). Results obtained with the QuantStudio 

7 Flex Real-Time PCR System, 384-well (Life Technologies) were normalized to those for the 

Gapdh gene and compared with the mean target gene expression in uninfected mice. 

 

Virome preparation and sequencing 

Fecal samples (2 pellets minimum) were frozen at -20°C upon collection and subsequently 

thawed and resuspended in 14 mL Tris 10 mM, pH 8 and centrifuged for 10 min at 5,200g, 4°C. 

The supernatant was then filtered (0.45 µm and then 0.22 µm) and ultracentrifuged for 3 h at 

270,000 g. Pellets were resuspended in 500 µL of TN buffer (10 mM Tris, 150 M, pH 7.5). To 

remove free DNA and RNA, 4 U of Turbo DNaseI (Ambion, #AM2239) and 10 µL of RNAse 

(A/T1 mix, ThermoFisher, #EN0551) were added for 30 min at 37°C. EDTA (15 mM final), 

proteinase K (100 µg/mL, Eurobio) and SDS (10% final) were added and samples were 

incubated 30 min at 37°C. The viral DNA was extracted by adding a volume of phenol-

chloroform-isoamyl alcohol (25:24:1). After vortexing for 30 sec and a centrifugation for 5 min 

at 12,000 g, the aqueous phase was recovered and treated again with phenol-chloroform-

isoamyl alcohol similarly. Sodium acetate (300 mM final), 2 volumes of 100% EtOH and 

glycogen (1 µL) were added to recovered DNA. The sample was mixed by inversion and 

incubated for 2 h at -80°C before centrifugation for 20 min at 15,000 g, 4°C. The supernatants 

were discarded, and pellets were dried and then resuspended in 20 µL Tris 10 mM, pH 8. The 



DNA concentration was measured with Qubit (Invitrogen). Libraries were prepared using 

TruSeq Nano DNA Sample Preparation Kit (Illumina) and were sequenced on a MiSeq 

(Illumina, #20015964), 2 x 150 nucleotides, paired end. 

Prophage annotation 

Prophage annotation for Citrobacter rodentium strain ICC180 was realized with Phaster (43). 

Virome read analysis 

The quality of the reads was assessed with FastQC (44). The reads were cleaned with fastp, 

with default parameters (45). They were then mapped against the most recent version of each 

of the 12 reference genomes of the OMM12 (46). The resulting mapping files were used to 

generate the sequencing depth at each position of the genomes using SAMtools (47). This depth 

was added for the six mice for each bacterium and time point and was then normalized by the 

total sequencing depth. The depth was then averaged in 1 kb windows, and then three time 

points (day 0, 10 and 20) were plotted in the same graph. Bacteria for which less than 100 reads 

per sample mapped on their genome were excluded from the analysis. Two of 12 strains, 

Acutalibacter muris and Bifidobacterium longum subs. animalis were below the detection 

threshold. 

16S rRNA gene analysis 

 Resuspended fecal samples (500 µL) were centrifuged at 8,000 g for 10 min, and the 

supernatant removed. Pellets were resuspended in 500 µL of lysis buffer (500 mM NaCl, 50 

mM Tris-HCl, pH 8.0, 50 mM EDTA, 4% sodium dodecyl sulfate) and incubated for 15 min at 

50°C (40). Then, 100 µL of lysozyme (25 mg/mL) was added and samples were incubated at 

37°C for 2 h. DNA extraction was performed using the Maxwell 16 tissue DNA purification kit 

(Promega). Amplicon libraries targeting the V3-V4 16S rRNA gene region were then 

constructed using Illumina primers (forward primer, 5’-TCGTCGGCAGCGTCAGA 

TGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3’, and reverse primer, 5’-

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC

-3’) and amplified by PCR for 25 cycles. The libraries were sequenced on an Illumina MiSeq 

instrument (2x300 bp). FastQC (http://www.bioinformatics.babraham.ac.uk/projects/ fastqc/) 

was used for the quality control of the reads. Read filtering, operational taxonomic unit (OTU) 

clustering, and annotation were performed with the MASQUE pipeline 



(https://github.com/aghozlane/masque). All statistical analyses were performed with 

SHAMAN (http://shaman.c3bi.pasteur.fr) as previously described (48). 
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Figure S1: Variation over time of the weight of OMM12 mice infected by different doses 

of C. rodentium  

OMM12 mice were fed different doses (Green, 10 CFU (n=3); blue, 103 CFU (n=3); orange, 105 

CFU (n=3); red, 107 CFU (n=3)) of C. rodentium at day 0, and their weight was measured at 
the indicated timepoints. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S2: Weight variation of OMM12 mice infected by C. rodentium  

OMM12 mice (n=40) were infected with 2 x 107 CFU of C. rodentium. At day 0 (n=8), day 10 



(n=13) and day 20 (n=14), mice were sacrificed for the analysis of their gut content.  
 

Figure S3: Clinical symptoms of OMM12 mice infected by C. rodentium  

Clinical signs and symptoms of mice over time (days 0 to 20) were scored based on animal 
behavior (e.g., activity, hunching) and consistency of fecal pellets (e.g., formed/no liquid, 
formed/liquid, liquid). Green, normal; yellow, mild signs of disease; red, severe signs of 
disease (see methods). 
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Figure S4: Dimention of the ileum and caecum of OMM12 mice infected by C. rodentium

  

A. The ileum sections and B. caecum were obtained from OMM12 mice sacrificed at day 0 
(n=8), day 10 (n=13) and day 20 (n=14) after C. rodentium introduction. 

 

 



 

Figure S5: Expression level of genes downregulated or with an unchanged expression in 

the response against C. rodentium.  

OMM12 mice colonized by C. rodentium were sacrificed at day 0 (n=6), day 10 (n=6) and day 
20 (n=6).  A-I. Relative gene expression level in the colon of mice infected by C. rodentium 
compared to the mean of D0 post-infection. 

 

 

 

 

 

 

 

 

 

 



SUPPLEMENTARY TABLES 

 

Table S1: Clinical status of mice infected by different doses of C. rodentium.  

Clinical signs and symptoms over time (days 0 to 20) are scored based on animal behavior (e.g., 
activity, hunching) and consistency of fecal pellets (e.g., formed/no liquid, formed/liquid, 
liquid). Green, normal; yellow, mild signs of disease; red, severe signs of disease. Mice OD4 
died inadvertently on day 2 

 

  

Table S2: Statistical analysis of the log10 concentration lipocalin-2 in feces 

Mouse D0 D1 D3 D6 D8 D10 D13 D15 D17 D20

NM1

OD1

OG1

NM2

OD2

OG2

NM3

OD3

OG3

NM4

OD4

OG4

10
7 

CFU

10
5 

CFU

10
3 

CFU

10
 
CFU

ANOVA

Response: scale(log10(CFU.g))

Chisq Df Pr(>Chisq)

day 526.5 2 < 2.2e-16 ***

Post-hoc tests

Comparison between days

contrast estimate SE df t.ratio p.value

d0 vs. d10 -2.006 0.0932 54.8 -21.528 <.0001

d0 vs. d20 -0.317 0.1331 52.7 -2.378 0.0541

d10 vs. d20 1.690 0.1289 58.6 13.109 <.0001

testing difference between the different days



  

Table S3: Statistical analysis of the weight/size ratio of the colon samples 

 

 

Table S4: Statistical analysis of the Ki67 staining of colon samples 

ANOVA

Response: scale(log10(CFU.g))

Chisq Df Pr(>Chisq)

day 13.524 2 0.001157 **

Post-hoc tests

Comparison between days

contrast estimate SE df t.ratio p.value

d0 vs. d10 -11.028 3.27 27.6 -3.376 0.0060

d0 vs. d20 -10.701 3.77 29.8 -2.838 0.0214

d10 vs. d20 0.326 3.30 28.0 0.099 0.9946

testing difference between the different days

ANOVA

Response: scale(log10(CFU.g))

Chisq Df Pr(>Chisq)

day 83.524 2 < 2.2e-16 ***

Post-hoc tests

Comparison between days

contrast estimate SE df t.ratio p.value

d0 vs. d10 -20.90 2.50 20.8 -8.353 <.0001

d0 vs. d20 -5.58 3.88 16.6 -1.437 0.3455

d10 vs. d20 15.32 3.53 15.9 4.345 0.0014

testing difference between the different days



 

Table S5: Statistical analysis of the crypt depth of the colon samples 

 

 

Table S6: Statistical analysis of the mean fluorescence of lectins staining of colon 

samples 

 

ANOVA

Response: scale(log10(CFU.g))

Chisq Df Pr(>Chisq)

day 162.5 2 < 2.2e-16 ***

Post-hoc tests

Comparison between days

contrast estimate SE df t.ratio p.value

d0 vs. d10 -68.8 6.41 25.1 -10.733 <.0001

d0 vs. d20 -10.3 8.94 12.1 -1.156 0.4999

d10 vs. d20 58.4 7.69 14.0 7.595 <.0001

testing difference between the different days

ANOVA

Response: scale(log10(CFU.g))

Chisq Df Pr(>Chisq)

day 32.245 2 9.956e-8 ***

Post-hoc tests

Comparison between days

contrast estimate SE df t.ratio p.value

d0 vs. d10 126 56.8 20.8 2.222 0.0907

d0 vs. d20 -201 88.2 16.6 -2.275 0.0876

d10 vs. d20 -327 80.1 15.9 -4.084 0.0024

testing difference between the different days



 

Table S7.  Statistical analysis of the number of goblet cells per colon crypt 

 

 

Table S8.  Statistical analysis of the gene expression level of gene involved in the response 

against C. rodentium with UDCA 

ANOVA

Response: scale(log10(CFU.g))

Chisq Df Pr(>Chisq)

Day 85.639 2 <2.2e-16 ***

Post-hoc tests

Comparison between days

contrast estimate SE df t.ratio p.value

D0 vs. D10 3.827 0.603 13.9 6.346 0.0001 ***

D0 vs. D20 -0.988 0.667 12.4 -1.481 0.3327

D10 vs. D20 -4.815 0.643 13.3 -7.488 <.0001 ***

day: testing difference between the different days

IL22

ANOVA

Response: scale(log10(CFU.g))

Chisq Df Pr(>Chisq)

Traetment 8.5717  1 0.003414 **

Post-hoc tests

Comparison between days

contrast estimate SE df t.ratio p.value

Control vs UDCA 0.812 0.277 4.3 2.928 0.0393 *

REG3γ
ANOVA

Response: scale(log10(CFU.g))

Chisq Df Pr(>Chisq)

Traetment 8.3421 1 0.003874 **

Post-hoc tests

Comparison between days

contrast estimate SE df t.ratio p.value

Control vs UDCA 0.597 0.207 3.72 2.888 0.0488

testing difference between the different days

testing difference between the different days



 

 

Gene Sequence

mGAPDH Forward CTTATCAGGCCAAGTATGATG

mGAPDH Reverse CAACCTGGTCCTCAGTGTAGC

IL‐1β Forward GATCCACACTCTCCAGCTGCA

IL‐1β Reverse CAACCAACAAGTGATATTCTCCATG

IL-10 Forward CCACAAAGCAGCCTTGCA

IL-10 Reverse AGTAAGAGCAGGCAGCATAGCA

IL-17 Forward CCACGTCACCCTGGACTCTC

IL-17 Reverse CTCCGCATTGACACAGCG

IL-22 Forward CAATCTTCCAGCAGCCATACA

IL-22 Reverse TCCTTAGCACTGACTCCTCG

IL-23 Forward CCTTCTCCGTTCCAAGATCCT 

IL-23 Reverse ACTAAGGGCTCAGTCAGAGTTGCT 

IFNγ Forward TCAAGTGGCATAGATGTGGAAGAA

IFNγ Reverse TGGCTCTGCAGGATTTTCATG

TNFα Forward CCCTCACACTCAGATCATCTTCT

TNFα Reverse GCTACGACGTGGGCTACAG

CXCL1 Forward ACCCAAACCGAAGTCATAGC

CXCL1 Reverse TGGGGACACCTTTTAGCATC

CXCL2 Forward AGCCTGGATCGTACGTACCTGATG

CXCL2 Reverse TAACAACATCTGGGCAATGG

CXCL3 Forward CAAGGGTTGATTTTGAGACC

CXCL3 Reverse GGCAAACTTCTTGACCATCC

TGFβ Forward GGACTCTCCACCTGCAAGAC

TGFβ Reverse GACTGGCGAGCCTTAGTTTG

cryptdin1 Forward AAGAGACTAAAACTGAGGAGCAGC

cryptdin1 Reverse CGACAGCAGAGCGTGTA

cryptdin4 Forward AAGAGACTAAAACTGAGGAGCAGC

cryptdin4 Reverse CGGCGGGGGCAGCAGTA

Reg3γ Forward TTCCTGTCCTCCATGATCAAAA

Reg3γ Reverse CATCCACCTCTGTTGGGTTCA

Cramp Forward GCCGCTGATTCTTTTGACAT

Cramp Reverse GCCAAGGCAGGCCTACTACT

Lzp Forward GAGACCGAAGCACCGACTATG

Lzp Reverse CGGTTTTGACATTGTGTTCGC

MUC2 Forward GTCCGAAGTGTTACCCTGGAAT

MUC2 Reverse CAGCTCTCGATGTGTGTGTAGGT

Reg3β Forward CTCCTGCCTGATGCTCTTAT

Reg3β Reverse TTGTTACTCCATTCCCATCC

Table S9.  List of qPCR primers used in this study 
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Lors de ce travail de thèse nous avons pu observer la complexité des interactions entre les 

différents acteurs du microbiote intestinal à travers trois projets dont les résultats ont été 

discutés individuellement. Ici, nous présenterons des résultats préliminaires qui complètent et 

étendent les discussions précédentes.  

 

I – Comprendre comment Citrobacter rodentium se 
comporte dans l’intestin des souris OMM12 

 

A) Identifier le mécanisme de la persistance de C. rodentium dans les 
souris OMM12  

 

Lors de la colonisation des souris OMM12 par Citrobacter rodentium, nous avons pu reproduire 

une infection proche de celle retrouvée dans des souris conventionnelles (1). Nous avons 

observé ainsi une colonisation rapide du tube digestif, un pic de colonisation atteignant 109 

CFU/g de fèces au jour huit, suivi d’un pic d’inflammation. Les caractéristiques de 

l’inflammation causée par C. rodentium sont également présentes avec une hyperplasie des 

cryptes, une augmentation de la prolifération cellulaire, une production de cytokines pro-

inflammatoires telles que l’IL-22 et l’IL-17 et des peptides antimicrobiens comme la lipocaline-

2, REG3γ et REG3β. Cette forte réponse inflammatoire est accompagnée d’une baisse de la 

colonisation de C. rodentium. Cependant, après une baisse d’un facteur 100 à 1000, le titre 

de C. rodentium se stabilise entre 106 et 107 CFU/g de fèces, ce qui n’est jamais observé avec 

des souris conventionnelles où la baisse de colonisation se poursuit par l’élimination de C. 

rodentium par compétition de bactéries commensales métaboliquement proches (2). 

L’absence d’entérobactérie dans le consortium OMM12 pourrait donc expliquer cette 

persistance de C. rodentium dans l’intestin. Afin de tester cette hypothèse, nous avons 

colonisé des souris OMM12 avec la souche Escherichia coli dn15.6244.1 (dn15), dont il a déjà 

été démontré qu’elle entre en compétition nutritionnelle avec C. rodentium dans l’intestin de 

souris axénique (2). Sept jour après la colonisation de la souche dn15 dans les souris OMM12, 

nous avons gavé ces animaux avec C. rodentium et suivi la colonisation des deux souches au 

cours du temps (Fig. 17).  

La colonisation initiale de C. rodentium est similaire dans les souris contrôles et dans les souris 

colonisées par E. coli dn15, avec un léger retard de colonisation en présence de E. coli dn15. 

À partir du jour 15 post infection par C. rodentium, la concentration de C. rodentium dans les 

fèces des animaux colonisés par la souche dn15 diminue drastiquement jusqu’à passer sous 
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le seuil de détection dans plusieurs souris, alors qu’elle est stable dans le groupe contrôle. 

Ces données indiquent que cette souche d’E. coli permet de retrouver une compétition 

nutritionnelle vis-à-vis de C. rodentium. 

Nous pouvons alors faire le lien avec une autre étude publiée par Brugiroux et al. Dans ce 

travail, les auteurs ont pu observer que les souris OMM12 sont susceptibles à une infection par 

Salmonella enterica serovar Typhimurium, mais que la présence de la souche E. coli Mt1B1 

introduite chez des souris OMM12, protégeait les souris contre la colonisation de S. 

Typhimurium (3). Ces différentes observations démontrent l’existence d’une niche écologique 

disponible pour les entérobactéries dans les souris OMM12 pouvant servir de modèle d’étude 

de la compétition bactérienne au sein de l’intestin. 

Cette compétition est particulièrement importante à étudier in vivo afin de comprendre quel 

sont les mécanismes de résistance à la colonisation. Par exemple, au cours de la première 

phase de colonisation dans des souris conventionnelles, C. rodentium utilise un système de 

sécrétion de type 6 (T6SS) afin d’éliminer les bactéries en compétition pour la même niche 

écologique. La souche E. coli Mt1B1 peut se défendre activement également grâce à un T6SS 

(4). Ainsi les bactéries possédant un T6SS semblent favorisées dans cet environnement, 

notamment en présence d’autres bactéries possédant un T6SS. Nous pouvons même aller 

jusqu’à nous demander si l’accumulation de bactéries avec un T6SS pourraient engendrer un 

microbiote plus hostile à la colonisation de nouvelles bactéries.  

 

Figure 17 : Suivi de la colonisation de C. rodentium en présence de E. coli dn15 
Des souris OMM12 ont été gavées par une suspension de E. coli dn15 ou par du PBS puis sept jours 
plus tard, toutes les souris ont été gavées par C. rodentium. Suivi de la colonisation de A. E. coli dn15 
et B. de C. rodentium en présence (en bleu, n=6) ou en absence (en rouge, n=2) de E. coli dn15 au 
cours du temps. 

Figure 17 : Suivi de la colonisation de C. rodentium en présence de E. coli dn15 
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B) Le contrôle de la colonisation de C. rodentium n’est pas lié à une 
perte de virulence 

 

La persistance de C. rodentium, dans l’intestin des souris OMM12 soulève d’autres questions. 

Nous observons au jour 20 post-infection une concentration entre 106 et 107 CFU/g de fèces, 

alors que la plupart des marqueurs de l’inflammation sont revenus à un niveau pré-infection.  

Des travaux réalisés dans des souris axéniques ont déjà montré que C. rodentium pouvait 

maintenir un niveau de colonisation de 1010 CFU/g de fèces sur plusieurs semaines (2). Mais 

bien que la colonisation reste stable, un changement de phénotype est observé. À partir du 

jour 12 post infection, l’expression du locus d’effacement entérocytaire (LEE) est diminuée. 

Lorsque ces clones ayant une expression abaissée de LEE sont transférés dans des souris 

conventionnelles, ils parviennent à les coloniser et déclenchent tout de même une 

inflammation. Ceci montre que ces clones sont toujours virulents et que c’est l’hôte qui contrôle 

l’inflammation. Cependant, ces observations ont été faites dans des souris axéniques 

disposant d’un système immunitaire déficient. Cela soulève également une nouvelle question 

qui est de savoir par quoi est provoquée cette baisse d’expression de LEE. Sachant que le 

système adaptatif produit des IgG anti-LEE, une hypothèse serait que ces immunoglobulines 

contre-sélectionneraient les bactéries exprimant LEE, donnant ainsi l’avantage aux bactéries 

qui expriment moins ce facteur de virulence 

Nous nous sommes tout d’abord demandé si nous pouvions reproduire ces observations dans 

les souris OMM12. Nous avons donc colonisé un premier groupe de souris avec C. rodentium 

puis attendu 20 jours afin que l’inflammation soit résolue avant d’introduire un nouveau groupe 

de souris OMM12 naïves dans les cages contenant le premier groupe. Les souris étant 

coprophages, elles se sont alors infectées en ingérant les fèces des souris préalablement 

colonisées par C. rodentium. Nous avons alors suivi le transfert de C. rodentium des souris 

colonisées vers des souris naïves (Fig. 18). 

Nous observons que la colonisation de C. rodentium dans le premier groupe suit le pattern 

retrouvé dans les études précédentes, avec une un pic puis une baisse de la colonisation. 

Lorsque le deuxième groupe de souris est transféré dans les cages 21 jours après que le 

premier groupe a été infecté, le même pattern avec un pic de colonisation au jour huit puis une 

baisse de la concentration en C. rodentium dans les fèces des souris est observée du 

deuxième groupe. De plus, la colonisation de C. rodentium dans le premier groupe à la suite 

du pic de colonisation au jour huit dans le second groupe n’est pas modifiée. 
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Figure 18 : Suivi de la colonisation lors du transfert de souris OMM12 naïves dans des cages 
hébergeant des souris infectées par C. rodentium 

Un premier groupe (rouge, n=6) de souris OMM12 a été gavé avec C. rodentium 21 jour avant le transfert 
d’un second groupe (vert, n=6) de souris OMM12 dans les mêmes cages. 
 
Ainsi, lorsque les souris du premier groupe sont exposées à une dose plus importante de C. 

rodentium, cela ne se traduit pas par une augmentation du niveau de colonisation, ce qui 

signifie que l’hôte a mis en place une réponse ayant pour objectif de limiter le niveau de 

colonisation de C. rodentium. 

Pour confirmer définitivement cette hypothèse, nous avons prévu d’effectuer un premier 

gavage dans des souris OMM12 avec C. rodentium suivi d’un un second gavage 20 jours plus 

tard, cette fois avec le même clone ancestral.  

Ces résultats ouvrent la voie à une étude des acteurs et mécanismes de la réponse de l’hôte. 

Sachant que si le système immunitaire des souris OMM12 est proche de celui des souris 

conventionnelles, nous pouvons proposer qu’un défaut de maturation des lymphocytes Th17 

est impliqué en raison de l’absence de bactéries filamenteuses segmentées (5). 
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II – Explorer les rôles de l’UDCA dans la physiologie 
intestinale 
 

A) L’effet immunomodulateur de l’UDCA est peu compris 
 

Dans la troisième partie de ce travail de thèse, nous avons observé que l’UDCA inhibait la voie 

de l’IL-22. Ce résultat n’était pas attendu et révèle le manque de compréhension de l’effets 

immunomodulateur de l’UDCA. 

Les acides biliaires secondaires présentent une fonction de molécule de signalisation chez 

l’hôte par l’intermédiaire de récepteurs spécifiques et peuvent par ce biais avoir une action 

immunomodulatrice (6). Cependant l’UDCA fait figure d’exception, ne présentant qu’une 

affinité faible pour le récepteur GPBAR1, voire nulle pour FXR ou VDR (7–9). Des études in 

vitro ont tout de même montré que l’UDCA, malgré sa faible affinité pour GPBAR1, pouvait 

agir selon cette voie (13), mais son importance in vivo reste à démontrer.  En revanche son 

précurseur, le CDCA, présente une meilleure affinité que l’UDCA pour GPBAR1et FXR (10). 

L’UDCA présente tout de même une activité immunomodulatrice et même anti-inflammatoire 

dans de nombreux modèles in vitro et in vivo (11–13) et est même utilisé en clinique dans le 

traitement de la cholangite biliaire primitive (14). Ceci implique une interaction, directe ou 

indirecte, avec l’hôte, mais les mécanismes restent encore très flous. Une ancienne étude a 

montré que l’UDCA réprimait l’expression du complexe majeur d’histocompatibilité via le 

récepteur aux glucocorticoïdes (15). Plus récemment, des travaux ont montré que l’UDCA 

inhibait la cyclooxygénase 2 (COX2) et stimulait ainsi la régénération épithéliale (16). On ne 

peut pas exclure que l’UDCA interagisse avec d’autres acteurs clés de la réponse immunitaire. 

De récents travaux ont par exemple démontré que le le 3-oxoLCA et l’isoalloLCA pouvaient se 

lier au facteur de transcription retinoid-related orphan receptor-γt (RORγt) et inhibait d’une part 

la différenciation des lymphocytes Th17 et favorisaient d’autre part la différenciation de 

lymphocytes Treg (17,18). 
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B) La balance CDCA - UDCA dans la physiologie intestinale 
 

Le CDCA est un acide biliaire primaire pouvant être métabolisé en UDCA par épimérisation 

ou en LCA par déshydroxylation par le microbiote (19). Outre les effets directs de l’UDCA sur 

le système immunitaire, nous pourrions également nous intéresser à l’effet de cette 

épimérisation qui diminue le ratio CDCA/UDCA. Lors d’études préliminaires, nous nous 

sommes intéressés au caractère cytotoxique de l’UDCA et du CDCA (Fig. 19). 

Nous avons observé qu’une dose intermédiaire (5x10-4M) de CDCA provoquait une forte 

libération de lactate déshydrogénase (LDH) dans le surnageant, ce qui n’était pas le cas pour 

l’UDCA. Une forte dose d’UDCA  (10-3M) semblait malgré tout entrainer une mort cellulaire. 

L’épimérisation du CDCA en UDCA pourrait alors être bénéfique à deux niveaux, en réduisant 

d’un côté la concentration en CDCA et en augmentant de l’autre celle de l’UDCA (Fig. 19).  

Figure 19 : Le CDCA est cytotoxique à plus faible concentration que l’UDCA 

Densité optique (490nm) mesurée dans le surnageant de cellule RAW 264.7 à la suite d’une induction 
(en rouge, n=3 par condition) ou non (en bleu, n=3 par condition) par un mélange d’IFNγ et de LPS en 
présence de doses croissantes de CDCA et d’UDCA. 
 

Ce caractère cytotoxique doit aussi prendre en compte les bactéries du microbiote intestinal 

et non seulement les cellules de l’hôte. De la même manière nous avons observé qu’une forte 

concentration d’UDCA (5g/kg de nourriture) pouvait impacter le microbiote intestinal des souris 

OMM12 avec notamment une baisse significative de l’abondance de Muribaculum intestinale 

et de Clostridium clostridrioforme. Parallèlement, le pattern de colonisation C. rodentium a été 

Figure 19 : Le CDCA est cytotoxique à plus faible concentration que l’UDCA 
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radicalement modifié avec une concentration de près de 1010CFU/g de fèces au jour 3 post-

infection et restant à ce niveau pendant les jours suivant. Cette dysbiose a ainsi pu directement 

influencer la capacité de C. rodentium à coloniser les souris OMM12. 

Comme nous avions observé in vitro une plus grande cytotoxicité du CDCA, nous nous 

sommes demandé si le CDCA pouvait également affecter la croissance bactérienne des 

souches OMM12 et notamment de M. intestinale et C. clostridioforme (Fig. 20). 

Nous observons que l’UDCA perturbe faiblement la croissance à 24h de C. clostridioforme et 

de M. intestinale à des concentrations de 0.5 et 1mM. De manière surprenante, à une 

concentration en UDCA de 2mM, la croissance est égale au milieu sans UDCA. Cette 

observation pourrait s’expliquer par une réponse non linéaire, ou la formation de cristaux à 

une forte concentration d’UDCA dans un milieu acidifié par les bactéries.  Le CDCA en 

revanche impacte fortement la croissance de ces deux souches, notamment aux plus fortes 

concentrations (Fig. 20).  

On peut se demander alors si la balance CDCA/UDCA peut entraîner des répercussions sur 

la colonisation de C. rodentium dans les souris OMM12. L’ajout de CDCA dans la nourriture 

des souris OMM12 pourrait entrainer un dysbiose qui faciliterait la colonisation de C. rodentium. 

Plus largement, cela souligne l’intérêt de caractériser les acides biliaires dans leur ensemble 

et non pas uniquement une molécule à la fois. En effet, les acides biliaires sont capables de 

moduler la composition du microbiote intestinal et sont eux-même métabolisés par le 

microbiote, ce qui entraine des dynamiques des populations complexes. La stabilité de la 

composition du microbiote au sein d’un individu implique l’existence de mécanismes 

d’autorégulation, qu’ils soient médiés par les bactéries du microbiote ou par l’hôte. 

 

Figure 20 : Le CD CA, mai s pas l’UDCA, inhibe la croissance de bactéries du consortium OMM1 2  

Figure 20 : Le CDCA, mais pas l’UDCA, inhibe la croissance de bactéries du consortium OMM12 
Densité optique (600nm) mesurée à l’issue de 24h de culture à 37°C dans du milieu LYBHI en anaérobie 
A. de C. clostridioforme ou B. de M. intestinale en présence d’UDCA (en bleu) ou de CDCA (en orange) 
à différentes concentrations 
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III – Les interactions bactériophages - bactéries dans un 
contexte inflammatoire 
 

A) L’importance de l’environnement dans les interactions 
bactériophages – bactéries 

 

Les interactions bactériophages virulents – bactéries, extensivement caractérisées in vitro, 

sont encore mal comprises in vivo et notamment dans l’intestin. Lors de la première partie de 

ce travail de thèse, nous avons étudié le rôle de l’environnement intestinal dans les interactions 

bactériophages - bactéries. 

Dans une première étude, nous nous sommes intéressés aux différences d’expression 

génétique des bactéries dans l’intestin. En effet, les bactéries doivent s’adapter à ce milieu 

très compétitif avec des conditions physico-chimiques particulières. Pour cela les bactéries 

modifient l’expression génétique de certains gènes par rapport à un milieu de culture simple. 

Nous avons retrouvé de nombreux gènes sur- ou sous-exprimés, impliqué dans l’acquisition 

de fer, la respiration aérobie et anaérobie, le métabolisme des glucides, la mobilité, l’adhésion, 

l’agrégation, la formation de biofilm et la biosynthèse du LPS. Nous avons alors identifié quatre 

gènes (bssR, lsrC, fliA et rfaL) et confirmé leur implication dans les interactions bactériophages 

– bactéries .  

Dans une seconde étude, nous avons pu observer que l’hétérogénéité spatiale de 

l’environnement intestinal permettait la formation de réservoirs de bactéries au sein du mucus, 

peu accessibles aux bactériophages. Cela a pour conséquence le maintien d’une population 

bactérienne sensible aux bactériophages, car n’étant pas au contact de ceux-ci; mais cela 

permet aussi de maintenir des bactériophages qui se multiplient au détriment des bactéries 

qui diffusent depuis la partie mucosale vers la lumière intestinale. 

Nous avons pu voir dans la première partie de ce travail de thèse que l’environnement jouait 

un rôle majeur. Nous pouvons alors nous demander si une perturbation de l’environnement 

intestinal pourrait entraîner des conséquences sur les interactions bactériophages – bactéries.  
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B) Étudier les interactions bactériophages - bactéries dans l’intestin 
lors d’une perturbation 

 

L’inflammation dans l’intestin modifie grandement l’environnement intestinal. Selon l’origine de 

l’inflammation, nous pouvons observer une augmentation de la concentration en oxygène, 

d’espèces réactives de l’oxygène et une perturbation de la barrière intestinale (1,20) par une 

augmentation de sa perméabilité (21). Ces facteurs peuvent d’une part modifier l’expression 

des gènes bactériens dans l’intestin et d’autre part altérer la localisation des bactéries, le tout 

modulant potentiellement les interactions bactériophages-bactéries.  

Bien que complexe, il est critique d’étudier les bactériophages dans de tels environnements. 

Il a été remarqué que l’abondance et la diversité des différentes populations de bactériophages 

est perturbée dans différentes pathologies comme les MICI (22,23). Mais ces études ne sont 

qu’observationnelles et ne permettent pas de comprendre comment interagissent les 

bactéries, les bactériophages et l’hôte dans ces circonstances. Notamment, des liens de 

causalité ne peuvent pas être déterminés. 

C’est dans ce cadre que nous avons initié une étude des interactions bactériophages - 

bactéries chez des souris infectées par C. rodentium.  Nous avons isolé et testé in vivo 

plusieurs bactériophages virulents qui se comportent tous de la même manière. Tout d’abord 

les bactériophages ne se répliquent pas durant la phase précoce de la colonisation dans les 

patchs du ceacum (au jour deux post-infection) ni dans à la phase tardive de l’infection lorsque 

l’inflammation est résolue dans le colon. Lors de la colonisation du colon (à partir du jour quatre 

post-infection) et au pic de colonisation (au jour huit post-infection), les différents 

bactériophages se répliquent et réduisent modérément la colonisation fécale de C. rodentium. 

L’absence d’efficacité des bactériophages aux jours précoces et tardifs peut être sujette à 

différents facteurs. Par exemple, le ceacum pourrait ne pas être propices à la réplication des 

bactériophages virulents testés. C. rodentium voit aussi son activité transcriptomique 

grandement modifiée lors de la progression de l’infection, ce qui pourrait entraîner des 

répercussions sur sa susceptibilité aux bactériophages, comme cela a été observé dans le 

premier article présenté dans cette thèse. Un autre facteur est que la densité des bactéries 

est réduite, limitant les possibilités de contact entre les deux populations antagonistes, ce qui 

pourrait s’avérer problématique pour une utilisation thérapeutique des bactériophages. 

L’autre intérêt d’étudier les bactériophages dans un contexte pathologiques est l’élaboration 

de traitements antibactériens. Le développement de la phagothérapie dans l’intestin est 

aujourd’hui infructueux du fait de la complexité des interactions bactériophages-bactéries dans 

l’intestin. En effet, nous avons pu observer dans la première étude qu’un bactériophage 
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efficace in vitro ne le sera pas forcément in vivo. Et même si le bactériophage se réplique dans 

l’intestin, des réservoirs de bactéries pourront se former, comme nous l’avons montré dans la 

seconde étude. Cependant, le fait de connaitre ces limitations nous permet de commencer à 

trouver des solutions. Par exemple, des bactériophages avec une forte affinité pour le mucus 

pourraient permettre de mieux éliminer les réservoirs bactériens qui s’y trouvent (24). 

L’administration prophylactique de bactériophages pourrait aussi améliorer la résistance à la 

colonisation de  bactéries pathogènes (25).  

Dans le travail présenté en annexe, nous avons ainsi traité quotidiennement 

prophylactiquement des souris OMM12 infectées par Salmonella enterica Serovar 

Typhimurium. Le traitement (un cocktail commercial de bactériophages) était maintenu après 

le gavage des souris par S. Typhimurium. Nous avons observé que ce traitement permettait 

de retarder la colonisation de la bactérie pathogène, mais pas d’empêcher une infection (26).  

L’élimination d’une population bactérienne de l’intestin par l’utilisation uniquement de 

bactériophages semble donc difficile. Mais l’association de bactériophages avec un 

probiotique pourrait permettre de décoloniser un pathogène plus facilement et ainsi favoriser 

la colonisation par la souche compétitrice. La double pression de sélection dans ce milieu très 

compétitif pourrait alors être suffisante pour remplacer une souche par une autre. Ceci pourrait 

constituer une avancée vers la modification ciblée du microbiote intestinal afin, par exemple, 

de limiter la susceptibilité a certaines pathologies. 

Enfin, la combinaison de l’effet antibactérien des bactériophages et de l’effet anti-inflammatoire 

des acides biliaires pourrait être envisagée. Cette perspective s’inscrit dans une nouvelle 

approche du traitement des maladies inflammatoires intestinales, qui vise à agir à la fois sur 

l’hôte et le microbiote intestinal. Très peu de données sont actuellement disponibles sur cette 

combinaison et les effets des acides biliaires sur les interactions bactériophages – bactéries 

restent encore à étudier (27).  
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ABSTRACT Nontyphoidal Salmonella bacteria are the causative agent of salmonellosis,

which accounts for the majority of foodborne illness of bacterial etiology in humans. Here,

we demonstrate the safety and efficacy of the prophylactic administration of a bacterio-

phage preparation termed FOP (foodborne outbreak pill), which contains lytic phages tar-

geting Salmonella (SalmoFresh phage cocktail), Shiga toxin-producing Escherichia coli (STEC),

and Listeria monocytogenes, for lowering Salmonella burdens in OMM12 gnotobiotic mice.

Prophylactic administration of FOP significantly reduced the levels of Salmonella in feces

and in intestinal sections compared to the levels in controls. Moreover, the overall symp-

toms of the disease were also considerably lessened. Dose-dependent administration of

FOP showed that phage amplification reached similarly high levels in less than 48 h inde-

pendent of dose. In addition, 16S rRNA gene analysis showed that FOP did not alter the in-

testinal microbiota of healthy OMM12 mice and reduced microbiota perturbations induced

by Salmonella. FOP maintained its full potency against Salmonella in comparison to that of

SalmoFresh, its Salmonella-targeting component phages alone. Altogether, the data support

that preventive administration of FOP may offer a safe and effective approach for reducing

the risk of foodborne infections caused by Salmonella and, potentially, other foodborne bac-

teria (namely, STEC and L. monocytogenes) targeted by the FOP preparation.

IMPORTANCE Foodborne bacterial infections cause worldwide economic loss. During

an epidemic, the use of antibiotics to slow down the spread of the disease is not recom-

mended because of their side effects on the resident microbiota and the selection of antibi-

otic-resistant bacteria. Here, we investigated the potential for the prophylactic administration

of bacteriophages (viruses infecting bacteria) to reduce the burden of Salmonella in vivo

using mice colonized by a synthetic microbiota. We found that the repeated administration

of bacteriophages was safe and efficient in lowering the Salmonella burden. Perturbations

of the microbiota by the Salmonella infection were also reduced when mice received bacte-

riophages. Altogether, these data support the use of bacteriophages as a prophylactic inter-

vention to lower the spread of foodborne epidemics.

KEYWORDS foodborne disease, gnotobiotic model, epidemic, prevention, food-borne

disease

Foodborne illnesses are a major cause of morbidity and mortality, with an estimated

600 million foodborne infections and.400,000 deaths worldwide in 2010 (1, 2). The

majority of foodborne disease (FBD) is caused by bacterial pathogens, where nontyphoidal

Salmonella (NTS) strains are among those most commonly associated with invasive disease
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(3) and gastroenteritis (4). NTS infections are consistently the leading cause of an estimated

80 million cases of FBD worldwide, and approximately 1 million cases of FBD occur in the

United States each year. NTS strains are Gram-negative, facultative, anaerobic bacteria con-

sisting of multiple serovars of Salmonella enterica subsp. enterica. Salmonella infections (i.e.,

salmonellosis) in humans typically are acquired during transmission from the consumption

of contaminated food or water, often from animal sources (5, 6).

Salmonellosis, a form of gastroenteritis, is often self-limiting, resulting in nausea, ab-

dominal cramps, vomiting, and diarrhea that, while often lasting several days in

healthy individuals, can lead to serious and deadly complications in vulnerable popula-

tions, such as the immunocompromised, elderly, or very young (7, 8). Salmonellosis

may be treated using broad-spectrum antibiotics, but recent developments, including

antibiotic resistance, have exposed limitations and risks with this approach (9–13).

Thus, considerable effort is increasingly directed at finding prevention strategies to

lower the dissemination of foodborne pathogens in a more specific manner (14).

Bacteriophages (or phages) offer one such approach. Phages are bacterial viruses that,

unlike antibiotics, are highly specific and effective at killing their targeted host bacteria. In addi-

tion, the mechanisms by which antibiotics and phages kill bacteria and, conversely, the mech-

anisms of bacterial resistance to antibiotics or phages are fundamentally different (15–17).

There is a long history of using phages to treat bacterial infections in humans, namely, phage

therapy (18, 19), and currently, the number of successful compassionate treatments is increas-

ing worldwide (20, 21). In contrast, the prophylactic use of phages remains underevaluated, in

particular in the field of FBD.

Here, we utilize gnotobiotic mice (OMM12) to examine the tolerability and efficacy of

the prophylactic administration of a phage preparation to target an intestinal foodborne

pathogen. The OMM12 mice harbor a defined and stable intestinal community composed

of 12 bacterial strains of mouse origin, which represent the five most prevalent and abun-

dant phyla of the native laboratory mouse intestine (22). Importantly, when challenged by

the human foodborne pathogen Salmonella enterica subsp. enterica serovar Typhimurium,

OMM12 mice exhibited symptoms similar to those of salmonellosis in humans, without the

need to use an antibiotic treatment to favor intestinal colonization, making these mice a

relevant model for assessing the prophylactic impact of phages (22, 23).

We evaluated two phage preparations, SalmoFresh and FOP (foodborne outbreak

pill), that target Salmonella Typhimurium. SalmoFresh is a cocktail of 6 phages target-

ing multiple Salmonella strains, and FOP is a cocktail of 15 phages that includes those

from SalmoFresh, 6 phages targeting Listeria monocytogenes strains, and 3 phages tar-

geting Shiga toxin-producing Escherichia coli (STEC) strains, including E. coli O157:H7

(24). FOP was equally as effective as SalmoFresh in reducing the Salmonella burden in

feces and intestinal sections and in reducing symptoms of the disease. The prophylac-

tic administration of FOP to healthy mice did not perturb the native gut microbiome,

and FOP alone did not induce a gut inflammatory response as measured by the bio-

marker lipocalin-2. Altogether, these observations show that the prophylactic adminis-

tration of FOP is both safe and effective to reduce Salmonella burdens in vivo.

RESULTS

SalmoFresh delays the burden of Salmonella in OMM12 mice. To assess the impact

of the prophylactic administration of phage products on the burden of Salmonella in

vivo, we first evaluated SalmoFresh, a product that contains six lytic phages (Fig. 1A

and Table 1) (24, 25). Animals (3 groups) received for 2 days (days 0 and 1) either phos-

phate-buffered saline (PBS) (1 group) or SalmoFresh (2 groups) administered twice a

day by oral gavage to reduce variability between animals and to ensure appropriate

dosing and efficient delivery of the treatments and control. On day 2, the PBS group

and one of the SalmoFresh groups received a single administration of Salmonella

Typhimurium strain ST784 (1� 108 CFU by oral gavage) (referred to as the ST784 PBS

and ST784 SalmoFresh groups), while the other SalmoFresh group received PBS as a

SalmoFresh control (referred to as the PBS SalmoFresh group). SalmoFresh (1� 109
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PFU/dose, quantified on strain ST784 prior to use) and PBS were then administered to

the respective groups by oral gavage twice a day for an additional 4 days (from day 2

to day 5). Of note, four of the six phages included in SalmoFresh infect strain ST784

with similar efficiencies in vitro (see Materials and Methods). The single oral administra-

tion of ST784 in OMM12 mice receiving PBS (ST784 PBS group) led to a significant loss

of weight compared to the weight loss in uninfected mice (PBS SalmoFresh group),

starting 48 h post-ST784 administration and lasting two more days before animals

reached the experimental endpoint (loss of 25% of their initial weight) (Fig. 1B and

FIG 1 SalmoFresh delays the burden of Salmonella after challenge in OMM12 mice. (A) Experimental design. Groups of 4 to 6 OMM12 mice were orally

administered PBS or SalmoFresh (1� 109 PFU) on the indicated days. On day 2, mice were challenged with ST784 (1� 108 CFU) or a PBS control as

indicated. (B) Mice were weighed daily. Shown are the percentages of weight loss compared to starting weights of OMM12 mice over time. (C and D) The

amounts of ST784 (CFU) (C) and phages (PFU) (D) in OMM12 mouse feces were quantitated daily (day 2 corresponds to 3 h after ST784 challenge). (E and F)

Intestinal organs were collected on day 6 and homogenized, and the amounts of ST784 (CFU) (E) and phage (PFU) (F) were quantitated. Statistical analyses

are described in Materials and Methods and reported in Table S1.
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Table S1). Infected animals that received SalmoFresh twice a day (ST784 SalmoFresh

group) displayed significant weight loss compared to the weight loss in uninfected

mice (PBS SalmoFresh group). No significant weight variations were observed between

ST784 PBS and ST784 SalmoFresh groups post-ST784 administration (Fig. 1B and Table

S1). Additionally, symptoms of the disease (fur appearance, mobility, weight loss, and

fecal consistency) were delayed in ST784 SalmoFresh animals compared to the onset

in the ST784 PBS controls (Table 1). Concomitant to these observations, the levels of

Salmonella in fecal samples increased steadily over time in both infected groups

(Fig. 1C and Table S1). However, this increase was delayed by approximately 24 h in

the ST784 SalmoFresh group and trended lower than in the ST784 PBS group (Fig. 1C

and Table S1). This suggests that phages were able to infect ST784 in vivo, which was

confirmed by the highly significant difference in the fecal phage levels when compar-

ing uninfected and infected groups receiving SalmoFresh, which culminated with a 4-

log difference by day 6 (Fig. 1D). Intestinal gut sections (ileum, cecum, and colon) were

collected at day 6, and the Salmonella and phage levels were measured (Fig. 1E and F).

Significant differences in Salmonella counts between the ST784 SalmoFresh and ST784

PBS groups were confirmed in all gut sections (Fig. 1E and Table S1). Phage levels in all

three gut sections from ST784 SalmoFresh mice reached 108 PFU/g of feces, while in

PBS SalmoFresh mice, the levels only reached 104 PFU/g in the cecum and were below the

threshold of detection in both the ileum and colon (Fig. 1F). Phages were undetectable in the

gut sections of the ST784 PBS group. These data demonstrate that the prophylactic adminis-

tration of phages delays the burden of Salmonella in OMM12 mice. They are congruent with

results previously obtained when testing SalmoFresh to reduce Salmonella contamination on

fresh products (25). Additionally, the repeated administration of SalmoFresh in uninfected

mice (PBS SalmoFresh group) did not impact their overall health (i.e., behavior and weight),

showing that in the absence of their bacterial target, phages are innocuous.

FOP strongly reduces Salmonella burden in vivo. Using an experiment similar to

the one described above, we next assessed the impact of FOP, which contains a combination

of products including SalmoFresh (Fig. 2A and Table 2). In two independent experiments, two

groups of mice were administered by oral gavage either FOP (1� 109 PFU/dose; n=14) or

PBS (n=11) twice a day for 6days. Both groups were challenged with ST784 (1� 108 CFU) on

day 2 (ST784 PBS and ST784 FOP groups). We observed in both groups a median weight loss

of approximately 10% of their initial weights within 24 h after Salmonella administration

(Fig. 2B and Table S2). During the following 3 days (days 3 to 5), the median weight loss

increased to 20% in the ST784 PBS group, while it stayed roughly stable in the ST784 FOP

group (Fig. 2B and Table S2). Fecal pellets collected 3 h after Salmonella administration

showed that in the ST784 PBS group, Salmonella levels reached 106 CFU/g of feces in all but

two mice (Fig. 2C and Table S2). This was in sharp contrast to the ST784 FOP group, in which

only 6 of 14 mice had Salmonella levels above the detection threshold (Fig. 2C and Table S2).

During the next 4 days (days 3 to 6), the initial impact of the FOP product was significantly

TABLE 1 SalmoFresh reduces disease symptoms associated with the burden of Salmonella in OMM12 mice

Treatment groupa

No. of mice

that wereb: Treatment Challenge Clinical signs and symptoms on dayd:

M F SFc PBS ST784 PBS 0 1 2 3 4 5 6

ST784 SalmoFresh 2 2 1 2 1 2 None None None None None Mild Mod

2 4 1 2 1 2 None None None None None None Mod

PBS SalmoFresh 2 2 1 2 2 1 None None None None None None None

2 3 1 2 2 1 None None None None None None None

ST784 PBS 2 2 2 1 1 2 None None None None None Mod Mod

2 4 2 1 1 2 None None None None Mod Mod Sev

aTreatment groups were as shown in Fig. 1A.
bM, male; F, female.
cSF, SalmoFresh.
dClinical signs and symptoms over time (days 0 to 6) are scored based on animal behavior (e.g., activity, hunching) and consistency of fecal pellets (e.g., formed/no liquid,

formed/liquid, liquid) as follows: None, no signs of disease;Mild, 50% of animals in group exhibited mild signs of disease; Mod, all animals in group exhibited moderate

disease; Sev, all animals in group exhibited severe disease.
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maintained, despite a progressive increase of fecal Salmonella levels, where the Salmonella

burden in the ST784 FOP group was .1-log lower than in the ST784 PBS group (Fig. 2C and

Table S2). Additionally, clinical signs and symptoms were significantly reduced and delayed in

the ST784 FOP group compared to the clinical signs and symptoms in the ST784 PBS group

(Table 2). Fecal phage levels were approximately 107 PFU/g 3 h after Salmonella administra-

tion, remained stable during the next 2 days (days 3 and 4), and increased up to 108 to 1010

PFU/g during the last 2 days (days 5 and 6), which is a pattern expected from continuous

FIG 2 FOP reduces Salmonella burden in vivo. (A) Experimental design. OMM12 mice were orally administered PBS or FOP (1� 109 PFU) on the indicated

days. On day 2, all mice were challenged with strain ST784 (1� 108 CFU). Stars indicate the time points at which samples were taken for the 16S rRNA

gene analysis reported in Fig. 3. (B) Mice were weighed daily. Shown are the percentages of weight loss compared to starting weights of OMM12 mice over

time. (C and D) The amounts of ST784 (CFU) (C) and phages (PFU) (D) in OMM12 mouse feces were quantitated daily (day 2 corresponds to 3 h after ST784

challenge). (E and F) Intestinal organs were collected on day 6, and the amounts of ST784 (CFU) (E) and phages (PFU) quantitated. Statistical analyses are

described in Materials and Methods and reported in Table S2.
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infection of increasing levels of Salmonella in the intestine (Fig. 2D). The levels of both

Salmonella and phages in gut sections examined at day 6 were in agreement with the obser-

vations presented in Fig. 2C and D, where smaller amounts of Salmonella were measured in

the ST784 FOP group than in the ST784 PBS group (Fig. 2E and Table S2), together with con-

comitant elevated levels of phages (Fig. 2F).

An independent experiment was performed with uninfected OMM12 mice to assess

the safety of repeated administration of FOP, evaluated by observation of mouse

behavior and measures of weight and fecal levels of lipocalin-2, a marker of intestinal

inflammation (26), over time (Fig. S1A). When comparing groups of mice that received

either FOP or PBS, we observed that all animals lost a slight amount of weight in both

groups, which was attributed to repeated handling (i.e., twice-daily gavage) (Fig. S1B).

No changes in overall health were observed (i.e., fur appearance, mobility, and fecal

consistency). Fecal levels of phages were high and remained stable over time (Fig.

S1C). Fecal levels of lipocalin-2 were quantitated before and 24 h and 96 h after FOP or

PBS administration (Fig. S1D). Overall, lipocalin-2 levels remained below the threshold

of inflammation (5 ng/g of feces [26]), and no increases were observed in the FOP

group compared to the PBS group, indicating that FOP does not induce gastrointesti-

nal tract inflammation (Fig. S1D).

The FOP treatment lowers Salmonella-induced perturbation of the bacterial

consortium of the OMM12 mice. We next assessed whether the prophylactic adminis-

tration of the FOP product to Salmonella-infected OMM12 mice would affect the relative abun-

dances of the resident bacteria of the gut. Fecal DNA was extracted from samples (Fig. 2C) at

three time points: before FOP or PBS administrations (day 0), before ST784 challenge (day 2),

and before sacrifice on day 6. Samples were subjected to 16S rRNA gene amplification and

sequencing (Fig. 3A). No significant differences in bacterial abundance were seen between

day 0 and day 2 for each of the PBS and FOP groups of animals. Additionally, no significant dif-

ferences in bacterial abundance were seen between the FOP or PBS groups on day 2 prior to

the bacterial challenge (Fig. 3B and Table S3). As expected, Salmonella bacteria were substan-

tially more abundant in day 6 samples but significantly lower in ST784 FOP than in ST784 PBS

samples, further demonstrating the efficacy of FOP in reducing Salmonella burdens in vivo

(Fig. 3B). In the ST784 PBS group (day 6 versus day 0), the relative abundances of four strains

(Clostridium clostridioforme, Muribaculum intestinale, Lactobacillus reuteri, and Enterococcus fae-

calis) were altered by the presence of Salmonella (Tables S3). Interestingly, in ST784 FOP sam-

ples, the abundances of C. clostridioforme and M. intestinale were not significantly altered,

while the abundances of L. reuteri and E. faecalis were. These results indicate that the latter

two strains were strongly associated with the burden of Salmonella, while the other two were

not, suggesting that FOP prevented their variation (Table S3). These data are consistent with

those previously obtained with an in vitro humanmodel system (24) showing that FOP admin-

istration does not alter the resident gastrointestinal microbial community.

Decreasing the FOP dose does not reduce its in vivo efficacy. To assess whether

there was a dose-dependent effect on the ability of FOP to reduce Salmonella in vivo,

three groups of 4 to 6 OMM12 mice were orally administered FOP twice a day for 7 days

TABLE 2 FOP reduces disease symptoms associated with the burden of Salmonella in OMM12 mice

Treatment groupa

No. of mice

that wereb: Treatment Clinical signs and symptoms on dayc:

M F FOP PBS 0 1 2 3 4 5 6

ST784 FOP 6 2 1 2 None None None None None None Mild

2 8 1 2 None None None None None None Mild

ST784 PBS 6 2 2 1 None None None None None Mod Sev

2 5 2 1 None None None None Mild Mod Mod

aTreatment groups were as shown in Fig. 2.
bM, male; F, female.
cClinical signs and symptoms over time (days 0 to 6) are scored based on animal behavior (e.g., activity, hunching) and consistency of fecal pellets (e.g., formed/no liquid,

formed/liquid, liquid) as follows: None, indicates no signs of disease;Mild, indicates 50% of animals in group exhibited mild signs of disease; Mod, indicates all animals in

group exhibited moderate disease; Sev, indicates 50% of animals in group exhibited severe disease.
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at different doses with 10-fold reductions between doses, ranging from 1� 109 to 1� 107

PFU (Fig. 4A). All animals received a single dose of ST784 (1� 108 CFU) on day 2. No differ-

ences in mouse behavior or weight were observed between the three groups (Fig. 4B and

Table S4). At 3h post-Salmonella administration, all mice that received the lowest dose of

FOP (1� 107 PFU) had detectable levels of Salmonella in feces, while only one mouse in the

group receiving the middle dose (1� 108 PFU) and none receiving the highest dose

(1� 109 PFU) had detectable ST784 counts (Fig. 4C and Table S4). This indicates that the

highest prophylactic dose of FOP had a stronger impact on the ST784 inoculum. During the

FIG 3 Salmonella infection disturbs the microbiota in OMM12 mice but FOP does not. (A) Shown is a

principal-component analysis (PCA) plot of 16S rRNA gene data obtained from fecal pellets taken at

days 0 (baseline), 2 (just before the ST784 challenge), and 6 (before sacrifice) from OMM12 mice that

received FOP (n= 10) or PBS (n= 7). All animals were infected with strain ST784 on day 2 (see Fig. 2A

for the experimental design). (B) The relative abundances of the ST784 challenge strain and OMM12

mouse origin bacteria from the fecal samples are shown. A comparison of log2-fold changes of 16S

rRNA gene read abundances between days and conditions with statistical values is given in Table S3.

Note that only 10 of the 12 mouse origin bacteria are detectable by either 16S rRNA gene or

quantitative PCR (qPCR), as reported previously (31).
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next 3 days (days 3 to 5), fecal levels of Salmonella rose in all three groups with no significant

differences; however, the levels trended inversely proportional to the FOP dose (Fig. 4C and

Table S4). During the last 2 days (days 5 and 6), Salmonella levels reached a median value of

108 CFU/g in feces and the difference between the groups vanished. Fecal levels of phages

showed initial differences between the three groups on days 1 and 2 in agreement with the

administered doses. Then, over the next several days, phage levels progressively increased,

mirroring Salmonella fecal levels, with diminishing differences between the dosing groups

until reaching a plateau where the median phage level was approximately 109 PFU/g

FIG 4 Dose dependence of effect of FOP on ST784 burden in OMM12 mice. (A) Experimental design. OMM12 mice (n=4 to 6) were orally administered the

indicated doses of FOP (107 PFU, white squares; 108 PFU, gray squares; 109 PFU, black squares) on the indicated days. On day 2, all mice were challenged

with strain ST784 (1� 108 CFU). (B) Mice were weighed daily. Shown are the percentages of weight loss compared to starting weights of OMM12 mice over

time. (C and D) The amounts of ST784 (CFU) (C) and phages (PFU) (D) in OMM12 mouse feces were quantitated daily (day 2 corresponds to 3 h after ST784

challenge). (E and F) Intestinal organs were collected on day 6, and the amounts of ST784 (CFU) (E) and phages (PFU) quantitated. Statistical analyses are

described in Materials and Methods and reported in Table S4.
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(Fig. 4D and Table S4). We measured Salmonella (Fig. 4E) and phage (Fig. 4F) levels from gut

sections on day 7 (1 day later than the experiments whose results are shown in Fig. 1 and

2). No significant differences in levels of ST784 between the three gut compartments were

discerned, as expected from fecal contents (Fig. 4C), while a significant difference in phage

counts could only be detected in the ileum between the highest and lowest dose groups

(Fig. 4F and Table S4).

DISCUSSION

Several phage products have been granted generally recognized as safe (GRAS) status

by the U.S. Food and Drug Administration (FDA), which is in agreement with a large body of

literature that has shown that phages are innocuous when ingested by humans (27–29).

This is not surprising, given the large and diverse amount of phages already present in the

human gut (1015) (30). Nevertheless, the characterization of any new phage product for

human applications must include information on safety as well as efficacy. Here, we eval-

uated the prophylactic application of FOP, a novel phage cocktail designed to target FBDs,

including gut infections of Salmonella, which remains one of the most common causes of

FBD worldwide. We attempted to mimic a real-life situation where individuals at risk, resid-

ing in the close proximity of an ongoing foodborne epidemic, would prophylactically take

a phage product to lower the probability of contracting a disease. For this purpose, we

used OMM12 mice that do not provide colonization resistance to Salmonella and there-

fore do not require antibiotic treatment (22, 23), in order to perform our study with an in

vivo controlled-microbiota environment.

Given the expected rate of passive transit of phages in the guts of mice (31), we

administered phages twice a day to maintain a high level of phages in order to maxi-

mize their impact on incoming Salmonella bacteria. The safety of such repetitive treat-

ment was confirmed by the lack of any abnormal behavior or clinical symptoms, as

well as the quantitation of an intestinal inflammatory marker (lipocalin-2), which

remained below the threshold of inflammation. In addition, no impact on the micro-

biota structure was observed following 48 h of such treatment. Altogether, these data

confirm that FOP is equally as safe as any of the three GRAS phage cocktails that com-

pose it (i.e., EcoShield, ListShield, and SalmoFresh) (32).

We show that the prophylactic administration of SalmoFresh or FOP delayed the

onset and lessened the most severe symptoms of Salmonella infection compared to

the time of onset and severity of symptoms in PBS controls. Remarkably, the nearly 2-

log decrease in CFU in the feces of mice that received FOP was also observed in each

gut section, showing that phages can kill Salmonella with the same efficacy throughout

the intestine. When comparing three different doses of FOP, we observed that 3 h after

the ST784 challenge, the highest dose was sufficient to reduce the shedding of the

inoculum to below the limit of detection. This rapid efficacy is congruent with data

obtained with an in vitro human gut simulation model, which showed that FOP treat-

ment killed$90% of ST784 after 5 h while simultaneously inhibiting the ability of

ST784 to invade human intestinal cells (24). This strong impact on the Salmonella inoc-

ulum is encouraging for the prophylactic application of phages. Indeed, the Salmonella

dose used in mice (1� 108 CFU for a 20-g mouse) would correspond to a dose of 3.5� 1011

CFU for a 70-kg human, which is several log higher than the infective dose for nontyphoidal

salmonellosis (,103 CFU) (33, 34), as well as the most probable numbers (MPNs) of con-

taminating bacteria in retail settings, which are estimated to be even lower (35–37).

Therefore, an FOP dose of 1� 109 PFU would still remain several log higher than the target

dose of Salmonella.

During all experiments, and more strikingly during the FOP dose experiments, the

fecal levels of phages rose rapidly following ST784 challenge, demonstrating that orally

administered FOP is actively replicating in the gut at the expense of ST784. Interestingly,

during the dose experiment, within 24 h there was already no difference between the

phage levels in mice that received the middle and the high doses, and within another 24 h,

the phage levels resulting from the three doses were undistinguishable, while all three doses
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were significantly different before the challenge. These data showed that within 48 h, a 100-

fold-lower dose of FOP reached a similar density in the gut that was associated with an

equivalent impact on the Salmonella burden.

The relative abundances of 4 of the 12 intestinal bacteria of OMM12 mice were

altered by increased levels of ST784 Salmonella. However, the FOP treatment limited

these variations to increased abundances of L. reuteri and E. faecalis, suggesting that

these two strains benefit from the presence of Salmonella. These observations illustrate

that the growth of a pathogen has a direct impact on microbiota structure and that a

phage intervention can limit such impact. They also demonstrate that murine gnotobi-

otic models, despite their limitations, are suitable to study mechanisms involved in the

role of the gut microbiota during infection by Salmonella (22) and, potentially, other in-

testinal pathogens.

Finally, we showed that the prophylactic administration of phage products like FOP

lowers the burden of a foodborne intestinal pathogen and could represent a strategy

to reduce the dissemination of FBD during an outbreak. Lowering the spread of the

contamination until the identification of its source, which can last several weeks, would

have direct economic impact (38). In addition, the use of phages instead of antibiotics

will be beneficial to the resident microbiota and will not increase the selection for anti-

biotic-resistant pathogens.

MATERIALS ANDMETHODS

Ethics statement. All animal experiments were approved by the committee on animal experimenta-

tion at the Institut Pasteur (Paris, France) and by the French Ministry of Research. A total of 68 OMM12

(C57BL/6J) mice from 7 to 9 weeks old, bred at Institut Pasteur, were used.

Bacterial strains and phage products. S. enterica subsp. enterica serovar Typhimurium strain ST784

was obtained from Intralytix, Inc. (Columbia, MD), and routinely cultured in lysogeny broth (LB), on LB

agar, or on Drigalski agar (Bio-Rad, Hercules, CA) at 37°C. For oral administration of ST784, an overnight

liquid culture in LB was diluted 1/10 in sucrose bicarbonate buffer (20% sucrose and 2.6% sodium bicar-

bonate, pH 8). SalmoFresh (25, 39) and FOP (24) phage preparations were obtained from Intralytix.

SalmoFresh is a commercially available phage cocktail consisting of 6 lytic phages at approximately

equivalent titers targeting Salmonella spp., 4 of which infect strain ST784 with similar efficiencies. The

FOP phage cocktail, which includes 15 phages at approximately equivalent titers, was prepared as

described previously (24). It is a combination of three previously described commercial FDA-affirmed

generally recognized as safe (GRAS) phage cocktails (i.e., ListShield, EcoShield PX, and SalmoFresh) that,

combined, target Listeria monocytogenes, E. coli (STEC), and Salmonella, respectively (24). Before use, the

phage cocktails were diluted in PBS to the indicated concentrations, which were calculated from the titration

of these products on strain ST784. Salmonella-specific-phage quantification was performed by spotting serial

dilutions of fecal or intestinal-section samples on LB plates overlaid with strain ST784 (24).

Murine model. In all experiments, mice were randomly assigned to a group, and each group

included approximately the same numbers of male and female animals kept in separate cages. Every

day, mice were observed and weighed and feces were collected. Fecal pellets were transferred into

preweighed, sterile, 2 ml tubes, weighed, and then resuspended in 1ml of PBS. Serial dilutions in

PBS were performed and plated onto Drigalski plates for Salmonella quantitation (CFU) and onto LB

plates overlaid with ST784 for phage titration (PFU).

SalmoFresh, FOP, or PBS was administered by oral gavage in 200ml twice daily, 6h apart. The dose of phages

administered through each gavage was 1� 109 PFU, or lower as specified. Strain ST784 (1� 108 CFU) was admin-

istered by oral gavage in 200ml on day 2, 3 h after the first phage gavage on that day. Control mice not receiving

ST784 received PBS instead. At the end of all experiments, mice were sacrificed by cervical dislocation, and intesti-

nal sections (i.e., ileum, cecum, and colon) were collected without the separation of luminal and mucosal con-

tents. These sections were homogenized in PBS using the gentleMACS OctoDissociator (Miltenyi Biotec), serially

diluted in PBS, and plated on both Drigalski plates and LB plates overlaid with strain ST784.

Lipocalin-2 assay. Frozen supernatants of fecal samples resuspended in PBS were thawed before

lipocalin-2 quantification using a commercial enzyme-linked immunosorbent assay (ELISA) kit (catalog

number DY1857; R&D Systems) according to the manufacturer’s instructions. The threshold of inflamma-

tion (5 ng/g of feces) was defined according to the method in reference 26.

16S rRNA gene analysis. Resuspended fecal samples (500ml) were centrifuged at 8,000� g for

10min, and the supernatant removed. Pellets were resuspended in 500ml of lysis buffer (500mM NaCl,

50mM Tris-HCl, pH 8.0, 50mM EDTA, 4% sodium dodecyl sulfate) and incubated for 15min at 50°C (40). Then,

100ml of lysozyme (25mg/ml) was added and samples were incubated at 37°C for 2 h. DNA extraction was per-

formed using the Maxwell 16 tissue DNA purification kit (Promega). Amplicon libraries targeting the V3-V4 16S

rRNA gene region were then constructed using Illumina primers (forward primer, 59-TCGTCGGCAGCGTCAGA

TGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-39, and reverse primer, 59-GTCTCGTGGGCTCGGAGATGTGTATA

AGAGACAGGACTACHVGGGTATCTAATCC-39) and amplified by PCR for 25 cycles. The libraries were sequenced

on an Illumina MiSeq instrument (2� 300 bp). FastQC (http://www.bioinformatics.babraham.ac.uk/projects/

fastqc/) was used for the quality control of the reads. Read filtering, operational taxonomic unit (OTU) clustering,
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and annotation were performed with the MASQUE pipeline (https://github.com/aghozlane/masque). All statistical

analyses were performed with SHAMAN (http://shaman.c3bi.pasteur.fr) as previously described (41).

Statistical analysis. Statistical analysis on the numbers of bacteria (CFU) and phages (PFU), as well

as mouse weights, were carried out using the lme4 and lmerTest packages of R (42, 43). Both CFU and

PFU were log10 transformed prior to analysis. Given the nonlinearity of responses, the day at which a

measure was performed was considered a categorical variable. Linear mixed models were used to

account for random experimental effects (i.e., individuals, experiments, and cage effects). Overall effects

were assessed with analysis of variance (ANOVA) and post hoc Tukey’s comparisons and were performed

using the lsmeans R package (44). A P value of,0.05 was considered statistically significant.
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Figure S1. Repeated administration of FOP to OMM12 mice is safe 

A. Experimental design. OMM12 mice (n = 6) were orally administered FOP (109 PFU), black 

triangles) or PBS (white triangles) on the indicated days. B. Mice were weighed daily. Shown 

is the percentage of weight loss compared to starting weight of OMM12 mice over time. C. The 

amount of phage in OMM12 mice feces were quantitated daily. Shown are the PFU counts in 

OMM12 mice that received the indicated doses of FOP. D. Fecal lipocalin-2 was quantitated 

(ng/g) over time. The horizontal dash line represents the threshold of inflammation (TOI) as 

defined in (26). 

 



Table S1. Statistical analysis of data obtained during the evaluation of SalmoFresh (related to Figure 1)
This Excel file includes 3 data sheets related to the statistical tests shown in Figure 1
Statistical analysis of the weight as a function of time (day), exposure to SalmoFresh and colonization by ST784 (related to Figure 1B)

day: testing difference between the different days

Response: scale(log10(CFU.g))
Chisq Df Pr(>Chisq)

day 331.162  5 < 2.2e-16 ***
Phage/ST784 administration 36.933  2 9.554e-09 ***
day:phage 139.431 10 < 2.2e-16 ***

Post-hoc tests

group # 1 PBS + ST784
group # 2 SalmoFresh + ST784
group # 3 SalmoFresh + PBS

contrast estimate SE df t.ratio p.value
1-2 0.143 2.48 43.8 0.058 0.9982
1-3 -3.609 2.58 43.8 -1.399 0.3501
2-3 -3.752 2.33 43.8 -1.612 0.2515
1-2 1.407 2.48 43.8 0.567 0.8383
1-3 2.338 2.58 43.8 0.907 0.6390
2-3 0.932 2.33 43.8 0.400 0.9157
1-2 -2.513 2.48 43.8 -1.012 0.5730
1-3 -3.777 2.58 43.8 -1.464 0.3177
2-3 -1.264 2.33 43.8 -0.543 0.8505
1-2 -2.475 2.48 43.8 -0.997 0.5825
1-3 -11.305 2.58 43.8 -4.383 0.0002
2-3 -8.830 2.33 43.8 -3.793 0.0013
1-2 -2.803 2.48 43.8 -1.130 0.5012
1-3 -18.127 2.58 43.8 -7.029 <.0001
2-3 -15.324 2.33 43.8 -6.583 <.0001
1-2 -4.255 2.48 43.8 -1.715 0.2112
1-3 -23.457 2.58 43.8 -9.096 <.0001
2-3 -19.202 2.33 43.8 -8.248 <.0001

Response: scale(log10(CFU.g))
Chisq Df Pr(>Chisq)

day 103.651 4 2.2e-16 ***
phage 15.866 1 6.799e-05 ***
day:phage 12.319 4 0.01513 *

Post-hoc tests

contrast estimate SE df t.ratio p.value
Day=2 no phage vs. phage1.631 0.328 22.3 4.966 0.0001
Day=3 no phage vs. phage0.457 0.328 22.3 1.392 0.1776
Day=4 no phage vs. phage0.332 0.343 25.8 0.970 0.3411
Day=5 no phage vs. phage0.419 0.346 24.3 1.211 0.2374
Day=6 no phage vs. phage0.304 0.388 28.7 0.782 0.4407

Statistical analysis of the abundance of phage in feces as a function of time (day) and colonization by ST784 (related to Figure 1D)

Response: scale(log10(CFU.g))
Chisq Df Pr(>Chisq)

day 63.464 5 2.333e-12 ***
ST784 level 105.657 1 < 2.2e-16 ***
day:phage 70.603 5 7.676e-14 ***

Post-hoc tests

contrast estimate SE df t.ratio p.value
Day=1 Bacteria vs no bacteria-0.1963 0.281 50 -0.699 0.4876
Day=2 Bacteria vs no bacteria-0.0201 0.301 50 -0.067 0.9470
Day=3 Bacteria vs no bacteria1.6490 0.301 50 5.484 <.0001
Day=4 Bacteria vs no bacteria1.4531 0.281 50 5.178 <.0001
Day=5 Bacteria vs no bacteria2.1354 0.294 50 7.259 <.0001
Day=6 Bacteria vs no bacteria2.3722 0.294 50 8.064 <.0001

The post-hoc Tukey comparisons displayed below were performed between mice colonized with ST784 and not colonized within each day.

Analysis of Deviance Table (Type II Wald chisquare tests)
day: testing difference between the different days
phage: effect of the phage exposure

Comparison between “Bacteria” and “no bacteria” at the different time points

Phage abundance (PFU) as a function of time (day) and the coloniszation by ST784.
Random effects include individual IDs, experiments, as well as the cage in which they were reared. 
Overall analysis of variance (ANOVA) reveals significant effects of day (p=2.333e-12), the ST784 colonization (p< 2.2e-16) and their interaction (p=7.676e-14).

phage: effect of the phage exposure

Comparison between “phage” and “no phage” at the different time points

Bacterial abundance (CFU) as a function of time (day) and exposure to phages.
Random effects include individual IDs, as well as the cage in which they were reared. Overall analysis of variance (ANOVA) reveals significant effects of day (p< 2.2e-16), 
phage (p=6.799e-05) and their interaction (p=0.01513).

The post-hoc Tukey comparisons displayed below were performed between mice exposed to phage and not exposed within each day.

Weight (% of initial weight) as a function of time (day), exposure to phages and colonization by ST784
Random effects include individual IDs, as well as the cage in which they were reared. Overall analysis of variance (ANOVA) 

The post-hoc Tukey comparisons displayed below were performed between mice exposed to phage and not exposed and 

Statistical analysis of the abundance of strain ST784 in feces as a function of time (day) and exposure to SalmoFresh (related to Figure 1C)

Analysis of Deviance Table (Type II Wald chisquare tests)
day: testing difference between the different days

Day=1

Day=2

Day=3

Day=4

Day=5

Day=6

Analysis of Deviance Table (Type II Wald chisquare tests)

phage: effect of the phage exposure

Comparison between “phage” and “no phage” at the different time points



Statistical analysis of the abundance of strain ST784 in intestinal sections with SalmoFresh (related to Figure 1 E)

Response: scale(log10(CFU.g))
Chisq Df Pr(>Chisq)

day 37.6828 2 6.566e-09 ***
phage 68.3591 1 < 2.2e-16 ***
day:phage 2.0798 2 0.3535

Post-hoc tests

contrast estimate SE df t.ratio p.value
Ileum no phage vs. phage1.42 0.299 13.3 4.753 0.0004
Caecum no phage vs. phage1.08 0.299 13.3 3.604 0.0031
Colon no phage vs. phage1.67 0.299 13.3 5.581 0.0001

Statistical analysis of the abundance of phage in intestinal sections with ST784 (related to Figure 1F)

Response: scale(log10(CFU.g))
Chisq Df Pr(>Chisq)

day 48.194 2 3.426e-11 ***
ST784 level 588.053 1 < 2.2e-16 ***
day:phage 158.216 2 < 2.2e-16 ***

Post-hoc tests

contrast estimate SE df t.ratio p.value
Ileum Bacteria vs no bacteria1.92 0.102 22.8 18.716 <.0001
Caecum Bacteria vs no bacteria1.02 0.102 22.8 9.913 <.0001
Colon Bacteria vs no bacteria2.53 0.102 22.8 24.654 <.0001

This Excel file includes 3 data sheets related to the statistical tests shown in Figure 2
Statistical analysis of the weight as a function of time (day) and exposure to FOP (related to Figure 2B)

Response: scale(log10(CFU.g))
Chisq Df Pr(>Chisq)

day 481.4459 5 <2.2e-16 ***
phage 6.8987 1 0.008626 **
day:phage 28.0246 5 3.6e-05 ***

Post-hoc tests

contrast estimate SE df t.ratio p.value
Day=1 no phage vs. phage-0.1006 0.246 14.1 -0.408 0.6891
Day=2 no phage vs. phage-0.2722 0.246 14.1 -1.106 0.2874
Day=3 no phage vs. phage0.0414 0.246 14.1 0.168 0.8689
Day=4 no phage vs. phage-0.9863 0.246 14.1 -4.006 0.0013
Day=5 no phage vs. phage-0.7151 0.246 14.1 -2.905 0.0115
Day=6 no phage vs. phage-0.7853 0.246 14.1 -3.190 0.0065

Statistical analysis of the abundance of strain ST784 in feces as a function of time (day) and exposure to FOP (related to Figure 2C)

Response: scale(log10(CFU.g))
Chisq Df Pr(>Chisq)

day 410.0303 4 < 2.2e-16 ***
phage 84.4760 1 < 2.2e-16 ***
day:phage 3.1808 4 0.528

Post-hoc tests

contrast estimate SE df t.ratio p.value
Day=2 no phage vs. phage 0.632 0.199 59.2 3.171 0.0024
Day=3 no phage vs. phage 0.874 0.181 55.5 4.822 <.0001
Day=4 no phage vs. phage 0.889 0.187 58.7 4.749 <.0001
Day=5 no phage vs. phage 0.822 0.181 55.5 4.535 <.0001
Day=6 no phage vs. phage 0.519 0.186 55.7 2.786 0.0073

Bacterial abundance (CFU) as a function of time (day) and exposure to phages.
Random effects include individual IDs, experiments, as well as the cage in which they were reared. 
Overall analysis of variance (ANOVA) reveals significant effects of day (p< 2.2e-16), phage (p<2.2e-16) but not of their interaction (p=0.528).

The post-hoc Tukey comparisons displayed below were performed between mice exposed to phage and not exposed within each day.

Analysis of Deviance Table (Type II Wald chisquare tests)
day: testing difference between the different days
phage: effect of the phage exposure

Comparison between “phage” and “no phage” at the different time points

Weight (% of initial weight) as a function of time (day) and exposure to phages.
Random effects include individual IDs, experiments, as well as the cage in which they were reared. Overall analysis of variance (ANOVA) reveals significant effects of day (p< 
2.2e-16), phage (p=0.008626) but not of their interaction (p=3.6e-05).

The post-hoc Tukey comparisons displayed below were performed between mice exposed to phage and not exposed within each day.

Analysis of Deviance Table (Type II Wald chisquare tests)
day: testing difference between the different days
phage: effect of the phage exposure

Comparison between “phage” and “no phage” at the different time points

phage: effect of the phage exposure

Comparison between “Bacteria” and “no bacteria” at the different time points

Phage abundance (PFU) as a function of gut section and the presence of ST784.
Random effects include individual IDs, as well as the cage in which they were reared. 
Overall analysis of variance (ANOVA) reveals significant effects of gut section  (p=3.426e-11), the ST784 colonization (p=< 2.2e-16) and their interaction  (p< 2.2e-16).

The post-hoc Tukey comparisons displayed below were performed between the mice colonized with ST784 and not colonized within each section.

Table S2. Statistical analysis of data obtained during the evaluation of FOP (related to Figure 2)

Bacterial abundance (CFU) as a function of gut section and exposure to phages.
Random effects include individual IDs, as well as the cage in which they were reared. 
Overall analysis of variance (ANOVA) reveals significant effects of gut section  (p=6.566e-09), phage  (p=< 2.2e-16) but not of their interaction  (p=0.3535).

The post-hoc Tukey comparisons displayed below were performed between the mice exposed to phage and not exposed within each section.

Analysis of Deviance Table (Type II Wald chisquare tests)
day: testing difference between the different days

Analysis of Deviance Table (Type II Wald chisquare tests)
day: testing difference between the different days
phage: effect of the phage exposure

Comparison between “phage” and “no phage” at the different time points



Statistical analysis of the abundance of strain ST784 in intestinal sections with FOP (related to Figure 2E)

Response: scale(log10(CFU.g))
Chisq Df Pr(>Chisq)

day 43.2895 2 3.979e-10 ***
phage 20.4129 1 6.241e-06 ***
day:phage 2.0188 2 0.3644

Post-hoc tests

contrast estimate SE df t.ratio p.value
Ileum no phage vs. phage1.393 0.356 5.99 3.910 0.0079
Caecum no phage vs. phage0.872 0.356 5.99 2.447 0.0500
Colon no phage vs. phage1.344 0.356 5.99 3.774 0.0093

Table S3. Variations of 16S reads abundance for each strain in the indicated comparisons (log2 fold change and associated p-values)

log2FoldChange pvalue_adjusted log2FoldChange pvalue_adjusted
Salmonella ST784 0.6 0.977 Salmonella ST784 0.7 0.932

Bacteroides caecimuris 0.2 0.977 Bacteroides caecimuris0.1 0.932
Akkermansia muciniphila 0.0 0.977 Akkermansia muciniphila0.1 0.932

Clostridium clostridioforme 0.0 0.977 Clostridium clostridioforme-0.4 0.932
Muribaculum intestinale 0.1 0.977 Muribaculum intestinale-0.1 0.932

Clostridium innocuum -0.2 0.977 Clostridium innocuum-0.4 0.932
Flavonifractor plautii -0.2 0.977 Flavonifractor plautii-0.1 0.932

Turicimonas muris 0.2 0.977 Turicimonas muris 0.0 0.998
Blautia coccoides -0.2 0.977 Blautia coccoides -0.5 0.932

Lactobacillus reuteri 0.0 0.977 Lactobacillus reuteri0.1 0.932
Enterococcus faecalis 2.1 0.499 Enterococcus faecalis1.1 0.932

log2FoldChange pvalue_adjusted log2FoldChange pvalue_adjusted
Salmonella ST784 0.1 0.975 Salmonella ST784 0.7 0.932

Bacteroides caecimuris 0.1 0.975 Bacteroides caecimuris0.1 0.932
Akkermansia muciniphila -0.2 0.975 Akkermansia muciniphila0.1 0.932

Clostridium clostridioforme 0.8 0.975 Clostridium clostridioforme-0.4 0.932
Muribaculum intestinale 0.2 0.975 Muribaculum intestinale-0.1 0.932

Clostridium innocuum -0.1 0.975 Clostridium innocuum-0.4 0.932
Flavonifractor plautii 0.0 0.975 Flavonifractor plautii-0.1 0.932

Turicimonas muris 0.1 0.975 Turicimonas muris 0.0 0.998
Blautia coccoides 0.2 0.975 Blautia coccoides -0.5 0.932

Lactobacillus reuteri 0.2 0.975 Lactobacillus reuteri0.1 0.932
Enterococcus faecalis -0.3 0.975 Enterococcus faecalis1.1 0.932

log2FoldChange pvalue_adjusted log2FoldChange pvalue_adjusted
Salmonella ST784 16.9 5.13E-96 Salmonella ST784 16.7 6.98E-81

Bacteroides caecimuris -0.9 0.103 Bacteroides caecimuris-1.0 0.104
Akkermansia muciniphila -0.2 0.673 Akkermansia muciniphila-0.2 0.729

Clostridium clostridioforme -3.3 3.85E-06 Clostridium clostridioforme-3.7 2.92E-07
Muribaculum intestinale -2.2 0.002 Muribaculum intestinale-2.1 0.003

Clostridium innocuum 0.3 0.673 Clostridium innocuum0.5 0.398
Flavonifractor plautii -0.5 0.363 Flavonifractor plautii-0.5 0.347

Turicimonas muris -1.7 0.008 Turicimonas muris -1.7 0.015
Blautia coccoides -1.2 0.103 Blautia coccoides -1.2 0.118

Lactobacillus reuteri 6.8 8.54E-17 Lactobacillus reuteri6.5 1.28E-14
Enterococcus faecalis 8.8 2.75E-25 Enterococcus faecalis10.1 1.86E-23

log2FoldChange pvalue_adjusted log2FoldChange pvalue_adjusted
Salmonella ST784 13.3 2.01E-65 Salmonella ST784 12.7 5.43E-62

Bacteroides caecimuris -1.2 0.023 Bacteroides caecimuris-1.3 0.010
Akkermansia muciniphila -0.2 0.854 Akkermansia muciniphila-0.3 0.643

Clostridium clostridioforme -1.0 0.162 Clostridium clostridioforme-0.6 0.492
Muribaculum intestinale -1.3 0.034 Muribaculum intestinale-1.2 0.049

Clostridium innocuum 2.0 3.35E-05 Clostridium innocuum2.3 6.43E-07
Flavonifractor plautii -0.1 0.918 Flavonifractor plautii0.1 0.837

Turicimonas muris -0.1 0.918 Turicimonas muris -0.1 0.837
Blautia coccoides -0.1 0.918 Blautia coccoides 0.4 0.643

Lactobacillus reuteri 3.1 4.32E-05 Lactobacillus reuteri3.0 9.91E-05
Enterococcus faecalis 6.6 1.76E-12 Enterococcus faecalis5.5 1.88E-10

log2FoldChange pvalue_adjusted
Salmonella ST784 4.2 1.24E-08

Bacteroides caecimuris 0.5 0.381
Akkermansia muciniphila -0.1 0.874

Clostridium clostridioforme -2.3 0.001
Muribaculum intestinale -0.8 0.214

Clostridium innocuum -1.9 0.001
Flavonifractor plautii -0.6 0.209

Turicimonas muris -1.5 0.019
Blautia coccoides -1.3 0.066

Lactobacillus reuteri 3.7 8.69E-07
Enterococcus faecalis 4.3 2.60E-08

PBS PBS

FOP FOP

Day 6

Day 0 PBS

Day 2 FOP

Day 6 vs. Day 0 Day 6 vs. Day 2

PBS vs. FOP Day 2 vs. Day 0

green: significantly (p-value < 0.05) more abundant strains (log2FC>2) 
red: significantly  (p-value < 0.05) less abundant strains (log2FC<-2)

phage: effect of the phage exposure

Comparison between “phage” and “no phage” at the different time points

Bacterial abundance (CFU) as a function of gut section and exposure to phages.
Random effects include individual IDs, as well as the cage in which they were reared. 
Overall analysis of variance (ANOVA) reveals significant effects of gut section  (p=3.979e-10), phage  (p=6.241e-06) but not of their interaction  (p=0.3644).

The post-hoc Tukey comparisons displayed below were performed between the mice exposed to phage and not exposed within each section.

Analysis of Deviance Table (Type II Wald chisquare tests)
day: testing difference between the different days



Table S4. Statistical analysis of data obtained during the evaluation of three doses of FOP (related to Figure 4)
This Excel file includes 3 data sheets related to the statistical tests shown in Figure 4
Statistical analysis of the weight as a function of time (day) and exposure to FOP dilutions (related to Figure 4B)

Response: scale(log10(CFU.g))
Chisq Df Pr(>Chisq)

day 2557.2026 6 <2e-16 ***
phage dilutions 1.1293 2 0.5685
day:phage 11.9863 12 0.4468

Post-hoc tests Comparison between “phage” and “no phage” at the different time points

contrast estimate SE df t.ratio p.value
FOP -0.2052 0.199 7.14 -1.029 0.5830
FOP/10 -0.2220 0.204 6.70 -1.087 0.5523
FOP/100 -0.0168 0.186 4.52 -0.090 0.9955
FOP -0.1644 0.199 7.14 -0.825 0.7006
FOP/10 -0.2165 0.204 6.70 -1.060 0.5673
FOP/100 -0.0520 0.186 4.52 -0.280 0.9582
FOP -0.3828 0.199 7.14 -1.920 0.2017
FOP/10 -0.4430 0.204 6.70 -2.169 0.1480
FOP/100 -0.0602 0.186 4.52 -0.324 0.9446
FOP -0.0237 0.199 7.14 -0.119 0.9923
FOP/10 -0.0886 0.204 6.70 -0.434 0.9029
FOP/100 -0.0650 0.186 4.52 -0.349 0.9359
FOP -0.1295 0.208 8.45 -0.621 0.8127
FOP/10 -0.0238 0.204 6.70 -0.117 0.9925
FOP/100 0.1056 0.196 5.54 0.540 0.8555
FOP -0.1881 0.208 8.45 -0.903 0.6530
FOP/10 -0.0752 0.204 6.70 -0.368 0.9288
FOP/100 0.1130 0.196 5.54 0.577 0.8371
FOP -0.0227 0.217 9.76 -0.105 0.9939
FOP/10 0.0409 0.213 7.85 0.192 0.9799
FOP/100 0.0636 0.196 5.54 0.325 0.9440

Statistical analysis of the abundance of strain ST784 in feces as a function of time (day) and exposure to FOP dilutions (related to Figure 4C)

Response: scale(log10(CFU.g))
Chisq Df Pr(>Chisq)

day 678.522  5 < 2.2e-16 ***
phage dilution 43.963  2 2.842e-10 ***
day:phage 133.812 10 < 2.2e-16 ***

Post-hoc tests Comparison between “phage” and “no phage” at the different time points

contrast estimate SE df t.ratio p.value
FOP -0.23923 0.208 46.5 -1.150 0.4887
FOP/10 -2.27317 0.216 48.0 -10.518 <.0001
FOP/100 -2.03394 0.178 35.8 -11.417 <.0001
FOP -0.10554 0.188 41.7 -0.561 0.8413
FOP/10 -0.27565 0.190 39.5 -1.450 0.3256
FOP/100 -0.17011 0.170 30.6 -0.998 0.5837
FOP -0.06516 0.196 43.8 -0.332 0.9411
FOP/10 -0.08276 0.190 39.5 -0.435 0.9010
FOP/100 -0.01760 0.179 33.6 -0.098 0.9947
FOP -0.11060 0.225 51.5 -0.491 0.8760
FOP/10 -0.39078 0.197 43.8 -1.984 0.1283
FOP/100 -0.28018 0.217 48.0 -1.290 0.4076
FOP -0.06612 0.225 51.5 -0.294 0.9536
FOP/10 0.05106 0.210 44.6 0.243 0.9679
FOP/100 0.11718 0.191 39.5 0.614 0.8136
FOP 0.04846 0.242 53.9 0.200 0.9782
FOP/10 -0.00343 0.210 44.6 -0.016 0.9999
FOP/100 -0.05189 0.211 44.6 -0.246 0.9672

The post-hoc Tukey comparisons displayed below were performed between mice exposed tovarious phage dilutions within each day.

Analysis of Deviance Table (Type II Wald chisquare tests)
day: testing difference between the different days
phage: effect of the phage exposure

Day=2

Day=3

Day=4

Day=5

Day=6

Day=7

Bacterial abundance (CFU) as a function of time (day) and exposure to different phage dilutions.
Random effects include individual IDs, as well as the cage in which they were reared. 
Overall analysis of variance (ANOVA) reveals significant effects of day (p< 2.2e-16), phage dilutions (2.842e-10) and their interaction (p< 2.2e-16).

Day=2

Analysis of Deviance Table (Type II Wald chisquare tests)
day: testing difference between the different days
phage: effect of the phage exposure

Day=1

Random effects include individual IDs, as well as the cage in which they were reared. 
Overall analysis of variance (ANOVA) reveals significant effects of day (p< 2.2e-16) but not of phage dilutions (p=0.5685) and their interaction (p=0.4468).

The post-hoc Tukey comparisons displayed below were performed between mice exposed to phage and not exposed within each day.

Day=3

Day=4

Day=5

Day=6

Day=7

Weight (% of initial weight) as a function of time (day) and exposure to diffrent phage dilutions.



Statistical analysis of the abundance of phage in feces as a function of time (day) and exposure to FOP dilutions (related to Figure 4D)

Response: scale(log10(CFU.g))
Chisq Df Pr(>Chisq)

day 758.4840  6 < 2.2e-16 ***
phage dilution 4.7212  2 0.0943642 ***
day:phage 37.5082 12 0.0001847 ***

Post-hoc tests

contrast estimate SE df t.ratio p.value
FOP 0.4465 0.236 74.9 1.894 0.1475
FOP/10 0.7946 0.244 74.9 3.259 0.0047
FOP/100 0.3481 0.202 74.8 1.727 0.2020
FOP 0.5673 0.236 74.9 2.407 0.0482
FOP/10 0.9725 0.244 74.9 3.989 0.0004
FOP/100 0.4052 0.202 74.8 2.010 0.1169
FOP -0.1917 0.214 74.7 -0.894 0.6459
FOP/10 0.2810 0.214 74.7 1.310 0.3939
FOP/100 0.4726 0.192 74.7 2.464 0.0419
FOP -0.1799 0.223 74.8 -0.806 0.7003
FOP/10 -0.1238 0.214 74.7 -0.577 0.8327
FOP/100 0.0561 0.201 74.8 0.279 0.9581
FOP 0.1336 0.255 74.9 0.523 0.8601
FOP/10 -0.3067 0.223 74.8 -1.374 0.3597
FOP/100 -0.4404 0.245 75.0 -1.801 0.1764
FOP -0.3756 0.255 74.9 -1.472 0.3103
FOP/10 -0.0900 0.236 74.9 -0.382 0.9229
FOP/100 0.2855 0.215 74.8 1.327 0.3848
FOP 0.2517 0.273 75.0 0.920 0.6293
FOP/10 -0.0787 0.236 74.9 -0.334 0.9405
FOP/100 -0.3303 0.237 75.0 -1.397 0.3479

Statistical analysis of the abundance of strain ST784 in intestinal sections with FOP dilutions (related to Figure 4E)

Response: scale(log10(CFU.g))
Chisq Df Pr(>Chisq)

day 33.8027 2 4.569e-08 ***
phage dilutions 4.0631 2 0.1311
day:phage 5.6678 4 0.2254

Post-hoc tests Comparison between “phage” and “no phage” at the different time points

contrast estimate SE df t.ratio p.value
FOP -0.1021 0.557 19.1 -0.183 0.9817
FOP/10 -0.8772 0.527 15.1 -1.665 0.2503
FOP/100 -0.7751 0.478 12.5 -1.620 0.2737
FOP 0.5329 0.557 19.1 0.957 0.6120
FOP/10 -0.0389 0.527 15.1 -0.074 0.9970
FOP/100 -0.5718 0.478 12.5 -1.195 0.4773
FOP -1.0686 0.557 19.1 -1.919 0.1604
FOP/10 -0.8052 0.527 15.1 -1.528 0.3061
FOP/100 0.2634 0.478 12.5 0.550 0.8481

The post-hoc Tukey comparisons displayed below were performed between the mice exposed to different phage dilutions within each section.

Statistical analysis of the abundance of phage in intestinal sections with FOP dilutions (related to Figure 4F)

Response: scale(log10(CFU.g))
Chisq Df Pr(>Chisq)

day 19.7282 2 5.201e-05 ***
phage dilutions 3.6322 2 0.16266
day:phage 10.5874 4 0.03161 *

Post-hoc tests

contrast estimate SE df t.ratio p.value
FOP -1.2631 0.649 20.2 -1.946 0.1517
FOP/10 -2.0008 0.601 20.2 -3.329 0.0089
FOP/100 -0.7377 0.549 20.2 -1.345 0.3878
FOP 0.1604 0.649 20.2 0.247 0.9670
FOP/10 -0.3865 0.601 20.2 -0.643 0.7983
FOP/100 -0.5469 0.549 20.2 -0.997 0.5872
FOP -0.3273 0.649 20.2 -0.504 0.8701
FOP/10 -0.3661 0.601 20.2 -0.609 0.8168
FOP/100 -0.0388 0.549 20.2 -0.071 0.9972

Analysis of Deviance Table (Type II Wald chisquare tests)
day: testing difference between the different days

phage: effect of the phage exposure

Ileum

Caecum

Phage abundance (PFU) as a function of gut section and exposure to different phage dilutions.
Random effects include individual IDs, as well as the cage in which they were reared. 
Overall analysis of variance (ANOVA) reveals significant effects of gut section  (p=5.201e-05) and their interaction (p=0.03161) but not of the phage dilutions  (p=0.16266).

The post-hoc Tukey comparisons displayed below were performed between the mice exposed to different phage dilutions within each section.

day: testing difference between the different days
phage: effect of the phage exposure

Comparison between “phage” and “no phage” at the different time points

Ileum

Caecum

Colon

Colon

Bacterial abundance (CFU) as a function of gut section and exposure to different phage dilutions.
Random effects include individual IDs, as well as the cage in which they were reared. 
Overall analysis of variance (ANOVA) reveals significant effects of gut section  (p=4.569e-08) but not of the phage dilutions  (p=0.1311) and their interaction  (p=0.2254).

Analysis of Deviance Table (Type II Wald chisquare tests)

Random effects include individual IDs, as well as the cage in which they were reared. 
Overall analysis of variance (ANOVA) reveals significant effects of day (p< 2.2e-16), phage dilutions (0.0943642) and their interaction (p=0.0001847 ).

The post-hoc Tukey comparisons displayed below were performed between mice exposed tovarious phage dilutions within each day.

Day=3

Day=4

Day=5

Day=6

Day=7

Phage abundance (PFU) as a function of time (day) and exposure to different phage dilutions.

Analysis of Deviance Table (Type II Wald chisquare tests)
day: testing difference between the different days
phage: effect of the phage exposure

Comparison between “phage” and “no phage” at the different time points

Day=1

Day=2
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