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Résumé: La nécessité d'améliorer le bien-étre animal, la
durabilité et la sécurité microbiologique des systemes de
production entraine des évolutions dans les itinéraires
techniques des élevages. En accord avec le concept "One
Health", des solutions préventives et complémentaires a
I'utilisation d'intrants tels que les biocides chimiques et les
antibiotiques sont en cours de développement.
L'application de bactéries capables de former des biofilms
positifs et de guider I'écologie microbienne de surface
pour limiter I'installation de microorganismes indésirables
est un procédé émergent pour aider a maintenir I'hygiene
des batiments d'élevage. Bien que les bénéfices des
biofilms positifs dans le contexte des exploitations
agricoles soient de plus en plus établis, leur(s) mode(s)
d'action ainsi que les techniques permettant de
sélectionner de maniere efficace les especes et/ou
souches appropriées pour composer ces solutions
innovantes sont encore peu documentés. Dans |'optique
d‘aider a développer une nouvelle génération de produits,
nous présentons une approche expérimentale adaptée a
la sélection rationnelle d'especes et de souches pour de
telles applications. Ce processus repose sur l'analyse
phénotypique des communautés constituants les biofilms
par microscopie confocale a balayage laser (HCS-CLSM)

et analyse d'images. Cette démarche a été utilisée pour
cribler une collection de souches candidates pour leurs
propriétés antagonistes vis-a-vis de microorganismes
indésirables, ainsi que pour caractériser les mécanismes
d'interaction au sein de différents modéles de biofilms
mixtes. La capacité des souches candidates a coexister de
maniére stable au sein de biofilms mixtes a été étudiée en
vue de créer des consortiums bénéfiques ayant une
capacité accrue a coloniser les surfaces et a éviter/réduire
le risque de colonisation par des communautés de
microorganismes indésirables. En parallele, une méthode
d'échantillonnage basée sur le préléevement de coupons
de matériaux représentatifs des surfaces de batiments
d'élevage a été mise en place pour caractériser les biofilms
environnementaux, et étudier in situ les effets de
I'application de biofilms positifs. A partir de ces résultats,
nous engageons une discussion portant sur les
opportunités d'amélioration en ce qui concerne la
formulation de biofilms positifs de nouvelle génération.
De plus, nous examinons les avantages et les bénéfices

inhérents a ces produits en tant qu'éléments
complémentaires aux méthodes de biosécurité
traditionnellement employées dans les batiments

d'élevage.

Title: Towards the rational use of positive biofilms to aid in the management of undesirable microorganisms in livestock

buildings

Keywords: positive biofilms, biosecurity, undesirable microorganisms, guided microbial ecology, HCS-CLSM, image

analysis

Abstract: The need to improve animal welfare,
sustainability, and microbiological safety of livestock
production systems is leading to changes in farm
management. In line with the "One Health" concept,
preventive and complementary solutions to the use of
inputs such as chemical biocides and antibiotics are being
developed. The application of bacteria capable of forming
positive biofilms and guiding surface microbial ecology to
limit the establishment of undesirable microorganisms is
an emerging process to help maintain the hygiene of
livestock buildings. Although the benefits of positive
biofilms in the context of animal farming are increasingly
established, their mode(s) of action as well as techniques
to efficiently select appropriate species and/or strains to
create these innovative solutions are still poorly
documented. In order to contribute to the development
of a new generation of products, we present an
experimental approach adapted for the rational selection
of species and strains for such applications. This process
relies on the phenotypic analysis of the communities
constituting the biofilms through confocal laser scanning

microscopy (HCS-CLSM) and image analysis. This
approach was used to screen a collection of candidate
strains for their antagonistic properties against
undesirable microorganisms, as well as to characterize
interaction mechanisms within different models of mixed
biofilms. The ability of candidate strains to stably coexist
within mixed biofilms was studied with the aim of creating
beneficial consortia with an increased capacity to colonize
surfaces and to prevent/reduce the risk of colonization by
undesirable microorganisms. In parallel, a sampling
method based on the collection of representative material
coupons from livestock building surfaces was established
to characterize environmental biofilms and to study the in
situ effects of applying positive biofilms. Based on these
results, we initiate a discussion regarding opportunities
for improvement in formulating next-generation positive
biofilms. Furthermore, we examine the advantages and
benefits inherent to these products as complementary
elements to biosafety methods traditionally employed in
livestock systems.
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1 INTRODUCTION




Ces derniéres décennies, la production de volaille destinée a I'alimentation
a connu une augmentation significative a I'échelle mondiale. Cette tendance est
étroitement liée a la croissance démographique et a une hausse de la
consommation, qui devrait selon les modéles se poursuivre dans les années a
venir, principalement en raison des besoins croissants des pays en voie de
développement [1]. Pour faire face a cette demande sociétale, une augmentation
du nombre et de la taille des exploitations agricoles ainsi qu'une densification des
animaux dans les batiments d'élevage sont envisagées. Cette densité d'animaux
peut faciliter I'émergence de maladies transmises par des microorganismes
pathogénes capables d'infecter directement les animaux et |'humain par
I'intermédiaire des animaux, phénomeéne appelé zoonose [2]. Des moyens
prophylactiques comme I'utilisation de la vaccination sont utilisés pour prévenir
I"apparition de symptdémes chez les animaux. D'autres pratiques curatives comme
l'utilisation des antibiotiques et de biocides peuvent étre employées afin de
prévenir les contaminations par des microorganismes pathogenes. Cependant,
l'utilisation d'antibiotiques est a I'origine de I'apparition de résistances génétiques
pouvant étre portées par les pathogénes [3,4]. Selon le rapport O'Neill (2016), plus
de 10 millions de déces pourraient étre causés par la résistance aux médicaments
anti-infectieux en 2050. Ces résistances deviendraient la premiere cause de déces
dans le monde d'ici 2050 si la situation actuelle ne change pas [5]. L'Organisation
Mondiale de la Santé (OMS) pointe la résistance aux antimicrobiens comme un
phénomene a l'origine d’'une crise mondiale de santé publique qui doit étre gérée
de toute urgence [6]. Ainsi, il devient impératif de rechercher des solutions
alternatives aux antibiotiques afin de réduire leur utilisation. Depuis plus de deux
décennies l'industrie mondiale des productions animales a progressivement
enclenché une mutation de ses pratiques vers une utilisation plus raisonnée des
antibiotiques. La réglementation Européenne de 2006 sur l'interdiction de l'usage
des antibiotiques facteurs de croissance chez les animaux d'élevage a été un point
de départ et nous assistons des lors a des évolutions réglementaires de ce type
dans d'autres régions du monde. En 2022 I'Union Européenne a étendu cette
interdiction par I'application du réglement (UE) 2019/6. Bien que plusieurs actes

juridiques doivent encore compléter ce reglement, celui-ci prévoit une interdiction
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de I'importation au sein de I'UE des produits animaux ayant été traités avec des

antibiotiques facteurs de croissance.

Dans le contexte de mon projet de these, nous nous sommes intéressés aux
élevages industriels hors-sols de poulets de chair. Les surfaces de ces batiments
peuvent constituer des réservoirs de pathogenes microbiens en contact direct avec
les animaux, agissant comme des vecteurs de maladies. Ainsi, des mesures de
biosécurité agissant sur I'environnement des animaux sont appliquées afin de
réduire cette charge microbienne, potentiellement indésirable. Des protocoles de
nettoyage et de désinfection (N&D) des surfaces impliquant l'utilisation de
molécules biocides sont appliqués entre deux lots successifs d'animaux. Les
molécules alors utilisées sont polluantes, entrainent I'apparition de résistance et
ne sont pas totalement efficaces [7]. Des réglementations de plus en plus
restrictives concernant l'utilisation de ce type de molécules émergent afin de
limiter une utilisation abusive, telles que la réglementation REACH en Europe
(Regulation EC No. 1907/2006). L'efficacité réduite des procédures de N&D est
directement liée a l'organisation des microorganismes sous forme de biofilms

adhérents aux surfaces [8].

Les biofilms sont des communautés complexes de microorganismes spatialement
organisées et intégrées dans une matrice extracellulaire sécrétée. Au sein de cette
matrice qui structure la communauté, les microorganismes interagissent entre eux

et avec leur environnement [9,10] (Figure 1).



Aggregation
and attachment

Growth and
accumulation

Figure 1: Le schéma présente le modéle de la formation des biofilms. Il inclut les trois principaux événements de la

formation des biofilms indépendamment des surfaces et de l'initiation a partir de bactéries planctoniques
unicellulaires, englobant ainsi les systémes in vitro, in situ et in vivo. Le présent modéle prend en compte différents
habitats, conditions et microenvironnements, ainsi que I'afflux possible de nouvelles cellules. En outre, le modéle
englobe a la fois les biofilms attachés a la surface (anneau extérieur) et les biofilms non attachés a la surface (anneau
intérieur), avec un échange possible entre les deux. Les bactéries peuvent entrer dans le modéle a n'importe quel
moment. Agrégation et attachement : au cours de cet événement, les bactéries s'agrégent les unes aux autres ou
s'attachent a des surfaces biotiques et abiotiques. Croissance et accumulation : au cours de cet événement, les
colonies bactériennes agrégées et attachées s'étendent par la croissance et le recrutement des cellules
environnantes. Désagrégation et détachement : au cours de cet événement, les bactéries peuvent quitter le biofilm
sous forme d'agrégats ou de cellules individuelles, en fonction du mécanisme. Ces trois événements caractérisent
et représentent la plupart, sinon la totalité, des scénarios de biofilms, indépendamment du temps et de la maturité.

Adapté de Karin Sauer et al. [10].

Ces communautés polymicrobiennes sont ubiquitaires et colonisent tous les
biotopes de notre planéte. Selon une étude bibliographique, I'ensemble des
biofilms qui recouvrent ces biotopes contiendraient jusqu'a 80% des
microorganismes présents sur Terre [11]. La matrice extracellulaire des biofilms se
compose principalement d'exopolysaccharides, de protéines, d'ADN extracellulaire

(ADNe) et d'eau [12]. La présence de la matrice favorise une architecture
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tridimensionnelle, au sein de laquelle se forment des gradients chimiques, gazeux
et nutritionnels qui dépendent de la densité cellulaire ainsi que de la composition
de la matrice [13]. Ces structures complexes peuvent héberger des bactéries et
des archées [11], des virus [14], des champignons [15-17], ou encore des
microalgues [18,19] et peuvent constituer des réservoirs de microorganismes
pathogenes [20]. La disposition spatiale, I'hétérogénéité cellulaire des membres
de la communauté microbienne, la diversité des composés de la matrice
extracellulaire et des gradients physico-chimiques qui sont générés dans le
biofilm, sont a I'origine de I'émergence de nouvelles propriétés au sein de ces
communautés [12,13,21,22]. Contrairement au mode de vie planctonique, les
bactéries au sein des biofilms sont capables d'une plus grande tolérance et
adaptabilité vis a vis des stress environnementaux, tels que lors du passage dans
le tractus digestif [23,24], ou lors de |'exposition a de fortes concentration de

biocides, de désinfectants [8] ou d'antibiotiques [25].

Les biofilms ont jusqu'a présent été étudiés essentiellement pour leurs impacts
négatifs sur la santé humaine [26,27], des animaux [28,29] et des plantes [17], dans
le cadre de contamination dans les procédés industriels [30] ou encore sur
I'intégrité des matériaux [31]. Le colt engendré par ces impacts des biofilms est
évalué a pres de 4 000 milliards de dollars par an a I'échelle mondiale, dont environ
deux tiers sont dus a la bio-corrosion [32]. The National Institutes of Health (NIH)
estime qu'environ 80% des infections humaines étaient associées a la formation
de biofilms [27]. Cependant, au-dela de ces impacts négatifs, il faut rappeler que
les biofilms représentent des intéréts majeurs au niveau environnemental et
industriel. A I'échelle écologique, les biofilms sont essentiels au bon
fonctionnement des écosystémes. En industrie agroalimentaire, ils sont aussi
largement impliqués dans la transformation d’aliments fermentés comme le
fromage ou le natto [33]. Actuellement, il est reconnu que le mode de vie en
biofilm est impliqué dans certains mécanismes de protection des cultures par des

agents de biocontrole microbiens [34].

En accord avec le concept "One Health", qui vise notamment a réduire I'utilisation

de biocides et d'antibiotiques tout en améliorant le bien-étre animal dans les
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élevages, des moyens innovants de lutte et de prévention contre I'émergence de
zoonoses sont développés. Une des approches novatrices consiste a appliquer des
bactéries bénéfiques capables de former des biofilms positifs sur les surfaces en
complément des procédures de N&D. Les biofilms positifs vont ainsi moduler le
microbiote des surfaces dans les batiments d'élevage avec comme objectif de
limiter I'implantation de microorganismes indésirables [35]. Ces biofilms positifs
sont sélectionnés en fonction de leurs capacités a coloniser les surfaces et a
exercer des activités compétitrices contre des microorganismes indésirables ciblés.
Les produits disponibles actuellement sur le marché sont essentiellement
composés d'assemblage de souches de Bacillus spp. et de bactéries lactiques
(LAB). En effet, de nombreuses especes de ces genres bactériens sont présentes
sur la liste de présomption d’innocuité reconnue (QSP) de l'autorité européenne
de sécurité des aliments (EFSA) [36] et possedent le statut "généralement reconnu
comme sans danger” (Generally Recognized As Safe, GRAS) de la Food and Drug
Administration (FDA).

Actuellement, il existe sur le marché des biofilms positifs commerciaux utilisés par
les éleveurs. Cependant, avant ce projet de thése, aucune étude n'avait mis en
évidence la possibilité de moduler les communautés de surfaces d'élevage par le
développement des biofilms positifs. En effet, les méthodes couramment
employées pour |'étude des communautés microbiennes de surface, telles que les
écouvillonnages, boites de contact, chiffonnettes, et éponges, ne sont pas
standardisées et sont fortement tributaires de I'expérimentateur [37]. Ces
méthodes sont invasives, alterent I'intégrité et modifient I'organisation spatiale
du biofilm. L'examen des biofilms revét une importance capitale en raison de leur
role fondamental dans la tolérance des microorganismes, notamment face aux

désinfectants [13].

De plus, les produits disponibles sur le marché sont des assemblages de souches
dont I'effet augmenté des mélanges par rapport aux souches individuelles n'a pas
été formellement démontré. Leur capacité a coloniser les surfaces sous forme de
biofilm ou a exercer un effet antagoniste contre des microorganismes indésirables

restent insuffisamment documentée. Cela s'explique par la présence de verrous
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technologiques rendant difficile le suivi individuel des partenaires du biofilm au
sein de la communauté. Cependant, I'acces a ces informations est essentiel pour
décrypter les mécanismes d'interactions entre les différentes souches qui

composent le biofilm.

Pour établir une base scientifique solide en vue de rationaliser I'utilisation de

biofilms positifs dans I'élevage, deux objectifs majeurs ont été fixés.

Objectif i) développer une méthodologie adaptée pour étudier de
maniére globale les communautés microbiennes associées aux surfaces des
batiments d’élevages hors-sols, et la valider dans le contexte d’un élevage

industriel.

Objectif ii) mettre en place une démarche expérimentale rationnelle
visant a sélectionner et assembler des souches présentant des caractéristiques

d’intérét pour la formation des biofilms positifs.

Pour répondre a ces objectifs, ce projet de these CIFRE a été mis en place. Il
s'inscrit dans une collaboration entre I|'équipe “Biofilms et Communautés
Spatialement Organisées” (B3D) de I'Institut Micalis et I'entreprise Lallemand

Animal Nutrition.

L'Institut Micalis est une unité mixte de recherche (UMR) associant I'INRAE,
AgroParisTech et I'Université Paris-Saclay (UPSaclay). Les travaux de recherche
menés portent sur la microbiologie de l'alimentation au service de la santé. Au
sein de I'UMR Micalis, I'équipe "Biofilms et Communautés Spatialement Organisées
(B3D) constitue I'une des dix équipes composant le pole "Adaptation Bactérienne
et Pathogenése”. Au sein de l'unité, I'équipe B3D occupe une position singuliere
en abordant la question de l'organisation spatiale des microorganismes dans un
contexte de santé publique. Son objectif principal réside dans la caractérisation
du comportement des agents pathogenes au sein de systemes tridimensionnels
complexes tout au long de la chaine alimentaire. Les travaux visent a développer
des approches innovantes pour maitriser ces pathogenes en manipulant leur
environnement local, en optimisant l'action d‘agents antimicrobiens et en

exploitant des microorganismes bénéfiques.
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De son cOté, Lallemand SAS fait partie du Groupe Lallemand, un groupe spécialisé
dans la recherche, le développement et la production de microorganismes pour
des applications dans divers domaines. L'un de ses domaines d'expertise de
premier plan concerne le développement de solutions a base de microorganismes
qui exercent une influence directe sur la stabilisation des microbiomes digestifs
humain et animaux, ainsi que sur les fonctions de barriere et les mécanismes de
régulation de la réponse immunitaire a I'échelle locale et systémique. Lallemand
Animal Nutrition (LAN) est l'unité d'affaires dédiée au développement et a la
commercialisation de solutions microbiennes a destination des animaux d'élevage
et des animaux de compagnie. La société n'a cessé d'innover par le développement
industriel de nouveaux produits et le développement de nouvelles applications
des microorganismes en alimentation animale et plus récemment dans

I'environnement des animaux d'élevages.

Cette theése a été dirigée par Romain Briandet, directeur de recherche INRAE a
I'Institut Micalis et responsable de |I'équipe B3D et co-encadrée par Mathieu

Castex, directeur R&D de Lallemand Animal Nutrition.

Le projet scientifique a été divisé en trois modules pour répondre aux objectifs

énoncés, illustrés dans la figure 2, et décrits ci-dessous.

N Modzl .

Caractérisation des communautés MOdU'e 2
microbiennes spatialement organisées
associées aux surfaces de batiments
d'élevage

Sélection de souches uniques par
I'évaluation et la caractérisation de
leur activité antagoniste en biofilms

sur des bactéries indésirables

1) nombre 2) structure 3D \ @ .((—‘\@
= Module 3

3) diversité Assemblage de souches

Produit nouvelle
génération

pour une action

renfercée du biofilm

: ﬂ\&__/’/
‘e

Figure 2: Schéma décrivant I'organisation des modules du projet scientifique.
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Module 1: Caractérisation des communautés microbiennes spatialement
organisées associées aux surfaces de batiments d’'élevage. Une procédure
d'échantillonnage in-situ utilisant des coupons de matériaux représentatifs des
batiments d'élevage a été mise au point, associée a une analyse ex-situ en
laboratoire. Cette technique d'échantillonnage permet de prélever la communauté
microbienne sans perturber l'organisation spatiale du biofilm, étudiée par
Microscopie Confocale a Balayage Laser (MCBL). Apres détachement mécanique
des biofilms développés sur les coupons, le nombre de bactéries a été déterminé
par dénombrement sur différents milieux sélectifs. De plus, la diversité de ces
communautés a été étudiée en séquencant le géne codant pour I'"ARNr 16S. Cette
approche a été mise au point sur un élevage expérimental de poulet de chair et
un élevage commercial porcin. Etant donné que le systéme d’élevage de poulet de
chair est plus facile a étudier par ces approches que celui des porcs, nous avons
choisi de le considérer comme systeme modele pour la suite du projet. Suite a
cette phase de mise au point, notre méthode d'échantillonnage a été appliquée
lors d'une étude visant a comprendre comment l'implantation d'un biofilm positif
pouvait moduler les communautés microbiennes présentes sur les surfaces de
batiments d’élevage de poulet de chair. Notre méthode de prélevement des
biofilms autochtones de |I'élevage a également permis d'isoler certaines souches

de Bacillus spp., caractérisées dans le cadre de ce projet.

Module 2: Sélection de souches uniques par l'évaluation et la
caractérisation de leur activité antagoniste en biofilms sur des bactéries
indésirables. Lors de ce module, des modeles in-vitro basés sur I'imagerie des
biofilms permettant de quantifier et caractériser I'activité antagoniste en biofilm
des souches candidates sur des bactéries indésirables ont été développés. Les
meilleures souches candidates ont été sélectionnées en vue de concevoir un
produit commercial de nouvelle génération. Des études approfondies ont
également été menées pour comprendre les grandes familles de mécanismes

impliquées dans |'activité antagoniste des souches sélectionnées.

Module 3: Assemblage de souches pour une action renforcée du biofilm

positif. Dans le cadre de ce module, des consortiums de souches bénéfiques ont
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été assemblés selon une approche innovante dans le domaine. Dans un premier
temps, la capacité des souches candidates a former des biofilms multi-
souches/especes stables et compatibles a été vérifiée. Dans un second temps, les
consortiums identifiés ont été évalués pour leur potentiel effet renforcé par
rapport aux souches individuelles les composant. Dans le cas d'associations
spécifiques, une activité antagoniste plus prononcée par rapport aux souches

individuelles a été observée.
Le manuscrit de these présenté est organisé en trois parties :

La premiére partie constitue une étude bibliographique sous forme d’'un
article de revue et d'un chapitre de livre. Elle expose i) le contexte global du projet,
en énoncant les avantages et limitations liés a I'utilisation des biofilms positifs
dans des élevages hors sols, et ii) les différentes utilisations de la microscopie de
fluorescence permettant I'analyse spatiale des biofilms bactériens multi-espéces,

qui représente la principale méthode utilisée tout au long du projet.

La deuxiéme partie présente les résultats expérimentaux et est organisée
en deux chapitres. Le premier chapitre se concentre sur la caractérisation des
communautés microbiennes associées aux surfaces de batiments d’élevage et sur
I'observation de leurs modulations suite a I'application d'un biofilm positif. Le
deuxieme décrit I'élaboration d'une stratégie innovante permettant la sélection et
I'association de souches bénéfiques formant des biofilms capables de limiter

I'implantation et la croissance des agents pathogenes.

La troisieme partie conclut ce manuscrit par une discussion et décrit les
perspectives scientifique et industrielle de I'étude. Elle met en avant les résultats
obtenus, les enseignements tirés, et propose des orientations futures pour les
recherches dans ce domaine, ainsi que des possibilités d'applications industrielles

pour les produits de biofilm positif développés.
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The increase in human consumption of animal proteins implies changes in the management of meat production.
This is followed by increasingly restrictive regulations on antimicrobial products such as chemical biocides and
antibiotics, used in particular to control pathogens that can spread zoonotic diseases. Aligned with the One
Health concept, alternative biological solutions are under development and are starting to be used in animal
production. Beneficial bacteria able to form positive biofilms and guide surface microbial ecology to limit mi-
crobial pathogen settlement are promising tools that could complement existing biosecurity practices to maintain
the hygiene of livestock buildings. Although the benefits of positive biofilms have already been documented, the
associated fundamental mechanisms and the rationale of the microbial composition of these new products are
still sparce. This review provides an overview of the envisioned modes of action of positive biofilms used on
livestock building surfaces and the resulting criteria for the selection of the appropriate microorganisms for this
specific application. Limits and advantages of this biosecurity approach are discussed as well as the impact of
such practices along the food chain, from farm to fork.

1. Introduction

Nowadays, a significant increase in the production of meat and fish is
observed around the world [1]. This is linked to the growing consumer
demand associated with the demographic and consumption increase in
developing countries. To cope with this societal demand, an increase in
the number and size of farms and a densification of animals in the
buildings are envisioned. High animal density, particularly in confined
buildings, can lead to the emergence of diseases, such as zoonosis. Ac-
cording to the World Organization for Animal Health, 60% of the 1400
human pathogens have an animal origin and 75% of emerging animal
diseases can infect humans. Microbial pathogens in farms can trigger
human diseases by direct contact with animals, but can also affect the
whole food chain up to processed products such as meat or dairy
products [2]. Characterizing pathogenic agents in livestock buildings
and finding appropriate means to reduce their establishment and their
propagation are therefore important challenges in the agrifood domain.

Prophylactic means of control such as vaccines to prevent the onset,
spread and worsening of diseases or curative methods such as antibiotic

therapy are mostly used to control these infectious diseases in animals.
To limit animal contamination in farms, the surfaces of livestock
buildings are cleaned and disinfected according to defined “biosecurity
schemes” between each batch of animals. These protocols are aimed at
limiting the microbial surface load that can be a reservoir of pathogens
in livestock buildings before animals enter. However, these protocols
may lack efficiency [3]. This variable effectiveness could be associated
with the formation of spatially organized biofilms by the surface mi-
crobial communities. Biofilms are three-dimensional microbial struc-
tures adhering to a surface and buried in self-produced extracellular
polymeric substances (EPS) [4]. They colonize all biotopes and are the
most prevalent mode of life of microorganisms in nature [5]. The pres-
ence of an EPS matrix, the heterogeneity of cell types and the existence
of specific intercellular communication phenomena such as the
density-dependent intercellular communication system called quorum
sensing give rise to emerging biofilm properties, including an extraor-
dinary adaptation to environmental fluctuations. Microorganisms
within a biofilm tolerate much more intense stresses than their plank-
tonic counterparts, such as dehydration or the action of disinfectants
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[6]. Besides, these complex communities can harbor bacteria, viruses,
yeasts, other fungi, microalgae, archaea, protists and can constitute
reservoirs of pathogenic microorganisms [7,8]. The National Institutes
of Health (NIH) have estimated that approximately 80% of human in-
fections are associated with microbial biofilms [9]. These biostructures
generate dramatic health issues and intensive efforts are used in the
medical field to find new control strategies [10-13]. In farms, biofilms
are found on walls, floors as well as in drinkers, feeders and even on the
animals themselves. Biofilms are frequently associated with disinfection
failure and pathogen persistency on surfaces [14-16].

Currently, there is strong pressure from consumers and legislators to
reduce chemical disinfectant inputs in livestock farming to limit envi-
ronmental impact and improve animal welfare and human health [17,
18]. To ensure both farming sustainability and biosafety management,
innovative solutions based on guided microbial ecology approaches
have emerged recently in livestock production. The use of beneficial
microorganisms to protect surfaces is applied under different usage
names depending on the sector [7]: e.g. biocontrol for plants [19], bio-
preservation for food [20,21] or bioremediation for environmental is-
sues [22]. In livestock buildings the term “positive biofilms” is now
widespread for biosafety issues [23]. In this review, “positive biofilms”
refers to the application of defined mixtures of bacteria in livestock
buildings, selected for their capacity to colonize this environment and
generate biofilms able to outcompete undesirable microorganisms. This
review describes the concept, functioning and current use of positive
biofilms and how they can complement conventional antimicrobial in-
terventions. Because of their action to limit pathogens in animal pro-
duction systems, the use of positive biofilms fits well in the One Health
concept [17]. This is intended to limit the use of antimicrobials in farms
and to propose additional solutions to prevent zoonoses.

2. Biosafety tools for the livestock sector
2.1. Direct actions on animals to limit diseases

2.1.1. Vaccines: successes and limitations

Vaccines are considered one of the greatest public health successes,
along with the discovery of antibiotics. Vaccination aims to induce
protective immunity to a targeted pathogen, thereby limiting the risk of
developing the disease and reducing its potential impact on health. The
principle is to inject a live attenuated pathogen, inactivated pathogen or
part of a pathogen into a host [24]. These can be cellular debris, surface
proteins or other molecules specific to the presence of the pathogen such
as RNA molecules that will be used by the host cell to produce a path-
ogenic protein. Vaccines allow the body to obtain a long-lasting immune
memory against the injected product. Typically, the active agent of a
vaccine is recognized by cells of the immune system, which will produce
large quantities of antibodies specifically directed against the pathogen.
When the virulent pathogen infects the host, it will be immediately
taken care of by a large number of cells secreting antibodies against it.
Vaccines can have beneficial effects against pathogens other than the
one initially targeted [25]. The use of vaccines helps to prevent the
proliferation of pathogens in farms. It is a prophylactic action performed
under the prescription of veterinarians. Because a vaccination plan is
preventive, a strategy linked to a global prevention and control plan
must be undertaken. The latter comprises local and global health rec-
ommendations [26]. The price of global vaccination in one farm is high,
but the cost of diseases is higher [27,28]. One limit of the utilization of
vaccines is silent infection [29]. Administration protocols may also be a
limitation for some species and vaccines are not available for all infec-
tious diseases in farms.

2.1.2. Antibiotic use for animals

Antibiotics are molecules that kill or inhibit the growth of susceptible
bacteria. They are naturally secreted by fungi or other microorganisms
and can be produced synthetically or by large-scale fermentation. The
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use of such molecules has saved countless lives, both human and animal,
but their use is subject to worrying abuses [17]. Antibiotic sales increase
in proportion to population growth. In some countries, they can be
purchased without a medical prescription and in others they are used as
growth promoters for livestock and aquaculture productions [30].
Antibiotic consumption may increase by 67% between 2010 and 2030
worldwide [31].

Careless use of antibiotics leads to the emergence of resistance in
bacteria that may be transmitted to human microbiota. Antibiotic
resistance is a genetically encoded mechanism in bacteria that allows a
change in the target of the antibiotic or a reduction in the concentration
of the antibiotic in the cell, preventing destruction [32,33]. The World
Health Organization characterizes antimicrobial resistance (AMR) as a
global public health crisis that must be managed with the utmost ur-
gency [34]. Due to poor absorption by the body, 30-90% of antibiotics
used in the animal food-producing industry are released into the envi-
ronment [35,36]. The intensive exposure of environmental microbial
communities to antibiotics can promote the emergence of intrinsic
resistance and the transfer of resistance genes between bacteria (ac-
quired resistance genes). Hence, animal carcasses can be contaminated
in slaughterhouses with antibiotic-resistant pathogens [37]. As a
consequence, food can contain bacteria harboring acquired antibiotic
resistance genes that can be transmitted horizontally to bacteria from
our gut microbiota [32]. The major health issue related to AMR is linked
to the acquisition of resistance genes by bacteria capable of zoonosis.
Some pathogenic bacteria such as S. aureus and Escherichia coli can
become resistant to a very large spectrum of antibiotics [38,39].

According to the O’Neill report, more than 10 million deaths could
have been caused by resistance to anti-infective drugs in 2016 which
may become the leading cause of death in the world by 2050 if the
situation does not change [40]. The economic cost could reach US $ 100
billion in this case [40]. To address this risk, the European Union
implemented a regulation to ban antibiotics as growth promoters in
animal feed in 2003 (Regulation 1831/2003/EC) and in June 2022 a
new regulation will ban the use of therapeutic dose of zinc oxide, which
is known to contribute to the emergence of bacterial resistance. The goal
is not to ban their curative usage but to foster more reasonable use to
limit the spread of antibiotic-resistant bacteria in the food chain. This is
of particular interest as antibiotics used in veterinary medicine are often
the same molecules as in human medicine. In the European Union,
legislation will oblige member states to transmit sales and usage data of
antimicrobials by species, before January 28, 2024, for cattle (including
cattle of less than a year in age), pigs, poultry (chickens and turkeys).

2.1.3. Probiotics to maintain animals in good health

Probiotics are defined by the World Health Organization and the
Food and Agriculture Organization of the United Nations as live strains
of strictly selected microorganisms which, when administered in
adequate amounts, confer a health benefit on the host [41,42]. Pro-
biotics are given to animals or humans in aqueous solution, feed or in
lyophilized form. They can be used to confer benefits such as promoting
a beneficial microbiota and result in growth-promoting effects and
morbidity reduction. The main microorganisms used as probiotics are
Saccharomyces spp., Bifidobacterium spp., Pediococcus spp., Lactobacillus
spp., Lactococcus spp., Bacillus spp., Streptococcus spp. Enterococcus spp.
and Escherichia coli [43,44]. Research is under way to find new candi-
dates as live biotherapeutics with specific probiotic properties such as
Faecalibacterium prausnitzii, which has shown anti-inflammatory activity
in the gut [45,46]. Probiotics can have positive effects on animal wel-
fare, for instance by alleviating the stress of farming animals tran-
sitioning to a different production stage (such as the weaning phase in
piglets). Probiotics can also stabilize animal intestinal flora and reduce
the need for antibiotic treatments and associated propagation of AMR
strains [47]. Probiotics are usually administrated to the host in
“planktonic” form and are typically freeze-dried or spray dried. Recent
reports have explored the possibility of formulating probiotics in a
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Table 1
Major microbial pathogens isolated from biofilms in animal farms.
Zoonosis Pathogens Place Surface of Sources
rank’ development
1 Campylobacter poultry, stainless steel, [68-70]
spp. slaughterhouse surface-water
isolates, human
epithelial cells
2 Salmonella spp. pig farm, poultry eggshells, glass, [15,
broiler bedding 71-74]
material,
polystyrene
3 Escherichia coli broiler material broeiler bedding [75]
material, air-
handling
system, water
4 Yersinia mammals flea intestine [76,77]
enterocolitica (vector of
disease),
polystyrene
5 Listeria pork processing stainless steel, [78-82]
monocytogenes industry, floor glass
drain and drain
water, poultry
meat
Staphylococcus bovines bovine magpie [83]
aureus
Enterococcus cattle farm intestine [84]
faecalis
Mycoplasma pig farm tracheal [85]
hyopneumoniae epithelium from
pigs, glass
Pseudomonas drinking water of stainless steel, [86]
aeruginosa broiler houses, glass
floor drain
Clostridium poultry livestock [87,88]
perfringens building (water
supply lines,
wall, feed)
FPasteurella pigs and poultry glass, calf [89]
multocida trachea
Streptococcus pigs endothelial [90,91]
suis cells
Mycobacterium cattle lung, liquid/air [92,03]
spp. interface
Vibrio spp. aquaculture glass, surface of  [94,95]

the digestive
tract of shrimp

? The European Union One Health 2019 Zoonoses Report [67].

biofilm form, allowing better tolerance to stressors encountered in the
digestive tract and to boost the beneficial effect [48-50].

2.2. Management of undesirable microbes in the holobiont environment

2.2.1. Microbial flows in the farm influence the equilibrium of the holobiont

The holobiont is a biological organization composed of the host and
the microbial communities associated with it, including viruses, and
prokaryotic and eukaryotic organisms [51]. The whole genome of the
holobiont is called a hologenome. If there is a disorder in the organi-
zation of the hologenome, it can affect the phenotype of the host and its
microbiota. Comprehension of the relation between the host, its
microbiota, and the environment is essential to understand how the
addition of positive bacteria on farms can have beneficial effects on the
host [52]. To safeguard animal health and holobiont balance, a set of
biosecurity measures can be taken. Biosecurity is defined by the Food
and Agriculture Organization as a strategic and integrated approach to
the analysis and management of risks to the life and health of people,
animals, plants and associated risks to the environment [53]. Good
farming practices and effective biosecurity measures are essential, as
they are the first barrier to the entry of pathogens into farms. External
biosecurity measures designate strategies used to reduce disease intro-
duction like fencing, quarantine, movement restriction, cleaning and
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disinfection procedures, and transport. Internal biosecurity measures
are strategies used to reduce disease spread with, for example, the
isolation of sick animals, and the control of rodents and insects. Bio-
security management is complex but first involves daily animal moni-
toring. Humans and animals present in the farm (e.g. cats, dogs, insects,
rodents) can be vectors of contamination and may be responsible for
transmitting them [54]. For example, flies are carriers of Enterobacteria,
which are possibly pathogenic e.g. Salmonella spp. [55]. For 20 flies
caught in pig farms, 10* to 10° E. coli were quantified [56]. To control
these vectors, semi-containment measures are used in certain farms,
along with airlocks that limit the risk of external contamination. Next
comes hygienic practices such as the use of overshoes, hand cleaning,
taking a shower, or the management of inputs including water, feed,
litter and effluents such as manure. Indeed, water and feed can also
transmit diseases to animals, which can lead to zoonoses [57,58]. Bio-
security management measures must be taken until the end of the chain
and not only during breeding. Organic waste from livestock can be used
as fertilizer for crops and thus disseminate pathogens in the environment
[59].

Among internal biosecurity measures to limit the persistence and
proliferation of pathogenic bacteria in livestock buildings, cleaning and
disinfection (C&D) protocols are applied between each breeding cycle.
In addition to environmental and safety concerns associated with their
use, several studies have shown that these chemical biocides are poorly
effective on biofilms and only allow the elimination of a small fraction of
the microbiota present on surfaces [3,60,61]. Hence, it has been shown
in avian farms that C&D protocols are not totally effective in eradicating
residual pathogens responsible for cross-contamination between
different batches of animals such as Salmonella spp., Campylobacter
Jjejuni, Enterococcus spp. and Escherichia coli [62-66]. This decrease in
efficiency of C&D is directly associated with the formation of biofilms by
these surface-associated communities. As shown in Table 1, microbial
pathogens of major public health interest that can trigger zoonoses are
able to form biofilms on surfaces typically encountered in livestock
buildings [67].

2.2.2. Towards innovative biosecurity approaches in livestock buildings
For more than two decades, the international scientific community
has been searching for alternative strategies to chemical biocides to
control unwanted microorganisms. While physical processes (e.g
pulsed-light or plasma gas decontamination devices) are promising for
specific industrial applications, their high demand in energy and cost
limit large-scale use [96]. Most of the alternative processes considered
nowadays for livestock building applications are based on biological
systems. For instance, enzyme-based detergents improve the cleaning
and disinfection process [97]. Different enzymes can be used such as
proteases, cellulases, polysaccharide depolymerases, alginate lyase,
dispersin B, or DNAse [98,99]. In industrial environments, numerous
microbial species can grow within the same biofilm, thus increasing the
biochemical heterogeneity of the matrix composition. Therefore, for-
mulations used to destroy biofilm organization are generally composed
of mixtures of enzymes with different substrate spectra. Novel anti-
biofilm approaches targeting quorum sensing systems are emerging
[100]. Several quorum sensing inhibitors, such as brominated furanones,
interfering with biofilm formation in lab conditions [101,102]. Simi-
larly, cyclic-di-GMP pathways that are involved in many biofilm for-
mation processes could be promising drug targets [102-104].
Antimicrobial molecules extracted from natural compounds are also
considered for use in livestock buildings. These are screened for having a
high antagonistic effect against undesirable microorganisms while
having a very low environmental impact. Honey bee products (bee
venom, propolis or honey), plant essential oils and microorganism me-
tabolites have shown antibacterial and antibiofilm activities [105-107].
A wide variety of organisms such as insects and amphibians can also
secrete antimicrobial peptides with anti-biofilm activities against path-
ogenic bacteria [108-110]. The use of phages (viruses that infect
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Fig. 1. Schematic representation of the concept of
positive biofilms to guide the microbial ecology on
the surface of livestock buildings. Biofilm commu-

Legend: nities that colonize livestock buildings are composed
) of background microorganisms that may contain un-
Community :

desirable bacteria. When animals leave the building,
the microbial density on the surface is at its highest
level. C&D protocols are used to reduce microbial
load on surfaces (black curve). After the C&D pro-
cedures, two situations are possible: i) a positive
biofilm is applied to the surface (green curve), ii) no
application (red curve). In the first situation, the
bacteria that are sprayed in large quantity adhere to
surface to initiate a positive biofilm. This biofilm has
an antagonistic effect on pathogens and prevents their
proliferation. The objective is to have a mature posi-
tive biofilm before the entrance of animals in the
building. In the second situation symbolized by the
red curve, only the residual community that persisted
after C&D is initiating a biofilm from a very low

°® positive bacteria

- background bacteria
@ undesirable bacteria

Curves :
initial situation

with positive bacteria
application

without application

» Time

cleaning and

disinfection step empty building

entrance of animals

contamination level. Organic matter including feces
or food projection is brought into surfaces when an-
imals come into the livestock building. At that time,
some undesirable bacteria that have survived the
C&D protocols and that are competitive can prolif-
erate with low competitive pressure. Figure created
with https://biorender.com/. (For interpretation of

the references to colour in this figure legend, the reader is referred to the Web version of this article.)

bacteria) to attack target pathogens is a promising solution that is
already used in different sectors in some countries [111]. Phages can
diffuse through the biofilm matrix [112] and are active on established
biofilms [113]. They are already used in livestock buildings in poultry
farms [114,115], and increasing research is being carried out to find
new candidates [116]. Bacteria themselves can be used to sensitize
unwanted biofilms to antimicrobial action. In a proof of concept study,
Houry et al. [117] demonstrated that selected bacilli were able to swim
inside exogenic biofilm matrix of pathogens such as S. aureus. Their
infiltration generated a network of transient pores vascularizing the
biofilm and increasing the efficacy of biocides. The authors also
demonstrated that swimming bacilli that produce antimicrobial com-
pounds could eradicate unwanted target biofilm [117].

None of these agents proved to be universal anti-biofilm molecules
and combined approaches appear of value in limiting the emergence of
resistance mechanisms [118]. Another way to use microorganisms in
biosecurity applications is to guide the ecology of a surface by settling
positive biofilms that will colonize and protect the surface from path-
ogen multiplication.

3. Positive biofilms to protect surfaces
3.1. Lessons from nature

Multispecies biofilms colonize most ecological niches. Antagonistic
but also synergistic interactions can take place between species in these
natural communities. A disorder of host microbial diversity (dysbiosis)
can lead to the emergence of pathogens and associated diseases. This
phenomenon is described with Clostridium difficile gastrointestinal
infection which occurs essentially after antibiotic treatment alters
competitive microbiota [119]. Similar situations can occur on the sur-
face of livestock buildings after C&D protocols that leave free habitats on
the surface for microbial pathogen settlement.

Many examples of natural positive biofilms illustrate competition
with microbial pathogens. Indeed, selected bacteria, such as some
strains of Bacillus, can act as plant growth-promoting rhizobacteria with
the capacity to form a biofilm on the root [120-122]. In this case,
bacteria can actively migrate by chemotaxis directed by root exudate.
There it will form a biofilm preventing pathogen settlement by a set of
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complementary mechanisms of competition and interference. Similarly,
some lactic acid bacteria (LAB) can naturally colonize amphibian skin
and form biofilms that exclude the fungal pathogen Batrachochytrium
dendrobatidis [123]. Lactobacillus spp. and Bifidobacterium spp. can form
biofilms on the wall of honey crops with beneficial effects on beehive
health through antimicrobial secretion [124]. Bacterial biofilms are also
able to colonize coastal reefs and attract or repulse opportunistic algae
[125]. These few examples of complex synergic and antagonist in-
teractions inside a microbial community and its associated hosts are the
subject of numerous mechanistic studies designed to decipher the mode
of action of these positive biofilms against undesirable microorganisms.

3.2. Practical use of positive biofilms

3.2.1. Positive biofilms are already used in many sectors

Natural properties of positive biofilms have been used for centuries
for many applications, particularly in fermented food production
[126-129]. Biopreservation of food can use positive microorganisms,
fermentation processes, metabolites or purified molecules to preserve
food against pathogens. For example, Lactococcus piscium, a bacterium
isolated from rainbow trout, has shown anti-Listeria monocytogenes ac-
tivity in diverse foods [130]. Several products are commercialized as
biocontrol agents for plants [131,132]. Bacteria from the rhizosphere
used as biocontrol agents in plant culture have shown the capability to
combat pathogens [133]. Pseudomonas spp. has shown anti-Phytophthora
infestans activity in a potato model [134]. With the same principle, Ba-
cillus velezensis QST713 can form biofilm on Agaricus bisporus compost
excluding the green mold pathogen Trichoderma aggressivum [135,136].
Using microbial solutions to maintain the microbiological quality of
inert surfaces is also envisioned in specific sectors. Some Bacillus spp.
strains used as cleaning products on hard surfaces in hospitals can
reduce by 50-89% healthcare-associated infections in comparison with
conventional cleaning protocols [137]. The application of positive
bacteria on building surfaces is an innovative solution already used in
several sectors to control the establishment of microbial pathogens and
limit the spread of AMR while reducing the use of toxic chemicals [138,
139].
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3.2.2. The case of positive biofilms in livestock buildings

Selected bacteria can be applied to building surfaces to guide the
microbial ecology of biofilm after cleaning and disinfection procedures.
As described previously, biosecurity is crucial for livestock production.
Current C&D protocols have shown their limits due to the development
of negative biofilms on surfaces e.g. biofilm with microbial pathogens.
These biofilms can persist between two production batches despite the
application of biosecurity measures [3,60,61]. After C&D protocols and
before the entry of animals, positive bacteria can be sprayed on the
building surface and material to colonize the “empty” biotope and help
to prevent the settlement of undesirable microorganisms. This concept is
illustrated in Fig. 1.

This concept has already turned into practical products and appli-
cations. The products currently available on the market are composed of
selected bacteria and form a biofilm on the surface of livestock buildings
after application of the required C&D protocols. These positive biofilms
limit the proliferation of undesirable microorganisms in the buildings
through nutritional and spatial competition. Most products are
composed of LAB, such as Lactococcus spp, Lactobacillus spp. or Ped-
iococcus spp., often in combination with Bacillus spp. [140]. Large-scale
evaluation of those products in field is still sparce due to experimental
limitations in livestock buildings, and demonstrations toward pathogens
are still mainly performed at lab scale [141].

3.3. How does it work?

Several mechanisms of exclusion of undesirable microorganisms by
positive biofilms can be invoked. They are detailed in Fig. 2 and in the
next sections.

3.3.1. Competition for substrate

Within a microbial community, bacteria with competitive advan-
tages to access and consume nutrients essential for their growth will be
favored. Nutrients essential for pathogen growth can be consumed by
the bacteria within the positive biofilm and thus prevent pathogen
proliferation, a phenomenon called the Jamson effect [142]. Enzymes
can be secreted to metabolize specific substrates in the environment and
other secreted proteins can bind to the product before being recognized
by the bacteria for transport into the cell [143,144]. Cheating bacteria
that can produce cellular receptors homologous to other
enzyme-producer bacteria to incorporate specific substrates through
proteins will then have an advantage [145]. Substrate availability with
coevolution of different species exerts selection pressure to find the most
economical way to use substrates in the environment. Interactions like
cooperation, competition, or cheating drive the diversity profile of
bacteria in the natural environment, which is modified by the avail-
ability of the substrate [144].

nutritional
competition

T
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Fig. 2. Schematic representation of the mechanisms
triggering exclusion of undesirable microorganisms
by the settlement of positive biofilms. A positive
biofilm can reduce the implantation of undesirable
bacteria by several complementary mechanisms. i) An
antiadhesive effect: the presence of the positive bio-
film itself, or surface-active molecules it produces,
can limit the initial adhesion of free planktonic
pathogens on the surface. ii) A spatial and nutritional
competition; by occupying the space and consuming
available nutritional resources, the positive biofilm
can limit the proliferation of pathogens recruited on
the surface. iii) Microbial interference: through the
secretion of specific effectors such as organic acids or
antagonistic molecules, positive biofilm can reduce
the presence of undesirable microorganisms on the
surface. Figure created with https://biorender.com/.

SO,

un:IesirabIe
biofilm

3.3.2. Spatial competition

Motility gives bacteria the capacity to find a favorable place to settle
and multiply [146]. The ability to sense food gradients and orientate the
cell movement along this gradient is a phenomenon called chemotaxis. It
uses two-component systems that detect a molecule by specific chemo-
receptors on the membrane allowing the cell to move in the right di-
rection. For planktonic cells, swimming using flagella is the most
widespread process of movement. Surface-associated bacteria can
migrate through several mechanisms and use flagella to migrate in
groups in a highly regulated process named swarming. Secretion of
biosurfactants like cyclic lipopeptides can help bacteria to migrate on
the surface by reducing the surface tension [147-149], preventing also
the adhesion of other species. The most studied molecule is surfactin
which can be secreted by Bacillus spp. and has been described in a
biocontrol effect on plants [150,151]. Another example is Lysinibacillus
fusiformis S9 which produces a biosurfactant that inhibits biofilm for-
mation and adhesion of other bacteria without any bactericidal activity
[152]. Bacteria can also “twitch” on surfaces by anchoring and retrac-
tion of dedicated pili [153,154] or colonized surfaces only by cell divi-
sion [155].

Two-dimensional spatial competition on a surface is transformed
into three-dimensional nutritional competition within biofilms; nutri-
ents are consumed faster than they can diffuse through the biofilm
matrix, thus generating sharp nutrient gradients [156,157]. These gra-
dients, which influence the competition in biofilms, are influenced by
their three-dimensional structures [158]. Flagella and pili participate in
the adhesion step inherent in biofilm formation, as well as in biofilm
structuration. For example, it has been reported that Lactococcus lactis
has pili implicated in the structuring of the biofilm [159]. The apparent
volume of the cell with a polysaccharide capsule is an advantage in
space competition because it allows the bacteria to occupy a larger
volume and increase cell fitness and this is implicated in biofilm for-
mation [160]. For the same number of bacteria of the same size, those
that will produce a capsule will take up more space and will therefore
have access to more nutrients. Bacteria that are able to grow faster will
have an advantage in the mixed biofilm because they will colonize
surfaces faster, preventing other community members from accessing
nutrients [155].

3.3.3. Interspecies interference

Interference includes all negative specific interactions other than
those of bacterial cells of a given strain with themselves [161,162]. One
of the best-known examples of microbial interference is the secretion of
antimicrobials by bacteria [163,164]. Bacillus strains used as plant
biocontrol agents typically contain between 5 and 8% of their total
genome dedicated to the biosynthesis of antimicrobials [165]. LAB
frequently used in the food industry produce a wide variety of antimi-
crobials such as bacteriocins [166] or organic acid preventing in
particular fungal food spoilage [167]. Similarly, some LAB can inhibit
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biofilm formation of food-borne pathogens on abiotic surfaces by
secretion of bacteriocins or hydrogen peroxide [168-170]. Some of
these mechanisms require physical contact between the two cells as
shown for a bacteriocin of Lactococcus piscium inhibiting Listeria mono-
cytogenes [171,172]. Lactococcus lactis used in cheesemaking can secrete
nisin with strong anti-Listeria monocytogenes activity in milk [173].

All bacteria have a growth/no-growth interface in relation to envi-
ronmental physicochemical parameters (temperatures, pH and ay
(water activity)). LAB can secrete organic acid such as lactic acid that
lowers the pH value of their microenvironment thus limiting the growth
of pathogens [174,175]. pH fluctuation can be modulated by gradients
in biofilms or EPS secretion [176]. The activity of organic acids involves
the pH, but also the effects of undissociated acids. For example, for a
given pH, the growth of S. aureus is more affected if the acidification of
the medium is due to the addition of lactic acid rather than HCI [177].

Another example of interspecies interference involves intercellular
communication systems. Most virulence factors of Staphylococcus aureus
are under the control of the agr quorum sensing system. Staphylococcus
simulans, a commensal coagulase-negative Staphylococcus, can secrete a
peptide that interferes with the agr system of S. aureus [178]. Similarly
Bacillus licheniformis DAHB1 shows biofilm-inhibitory activity against
the shrimp pathogen Vibrio parahaemolyticus by this mechanism [179],
as described in several interspecies mechanisms [180,181].

All these competition phenomena can be involved in pathogen
exclusion by positive biofilms on the surfaces of livestock buildings.

4. Bottlenecks and trends for positive biofilms in livestock
4.1. Regulatory positions on positive biofilms

As microbial-based products used in animal surroundings can be in
contact with the animals, it is appropriate in Europe to refer to the
General Food Law (ie. Regulation (EC) No 178/2002, as amended) as
regards to the safety of those products. The Classification, Labelling,
Packaging (CLP) regulation, the directive on safety of microorganisms as
well as other elements such as those of the QSP (Qualified Presumption
of Safety) list of the EFSA (European Food Safety Authority) guidance or
the GRAS (generally recognized as safe) criteria of the FDA (U.S. Food
and Drug Administration (i.e. qualified presumption of safety list) on the
characterization of microorganisms used as feed additives or as pro-
duction organisms may also be taken into consideration [182]. Today,
C&D in livestock buildings mainly involves chemical products based on
detergents and disinfectants. The Biocidal Product Regulation (BPR) (i.e.
Regulation (EC) no. 528/212) establishes the legal framework for
placing on the market new C&D molecules. The chemically oriented
requirements of the BPR are, however, not adapted to microbial solu-
tions such as positive biofilms.

4.2. Point of vigilance with the use of positive biofilm

The development of positive biofilm in livestock buildings has some
limitations and points of vigilance to consider. The biosafety of the
strains used as positive agents must be documented and must comply
with national and international regulations (e.g. on the list of authorized
strains, without AMR genes). Despite biosecurity efforts, bioprotective
products can be spread outside the farm environment by water, insects,
wind, manure, or humans, making it important to evaluate their safety
with standards similar to those for food use. For example, the use of the
biocontrol agent B. thuringiensis, which has been used for many years in
the field, has recently raised questions in the scientific community on
their possible involvement in human foodborne infections [183]. In
addition, in some conditions, biofilms can protect microbial pathogens
from C&D. It has been shown for example that the strain Bacillus subtilis
NDmed isolated in an endoscope washer disinfector was able to protect
S. aureus from biocide action in a mixed community [184]. A recent
bioinformatics study highlighted the presence of acquired and
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potentially mobile AMR genes in commercial probiotic strains [185].
The demonstration of intrinsic versus acquired resistance is a complex
topic with regulatory agencies around the world having different re-
quirements [185-187]. The identification and monitoring of these ge-
netic elements and the AMR genes are to be considered during the
development of the products.

4.3. Rational selection of strains able to form positive biofilms

Environmental conditions on surface livestock buildings are far
different from synthetic biofilms grown in laboratories. These synthetic
ecosystems are of prime importance to simplify, control and model
microbial interactions [188], but on-site field analyses are also required
to identify and validate rational screening criteria for strain selection.
Data describing natural biofilm structures and composition in livestock
buildings are very scarce, due to the lack of adapted tools. Sampling
methodology such as scrubbing, rinsing, sonication, scraping and
grinding destroys the 3D structure of the biofilm, but is very dependent
on the experimenter and leads to only limited community recovery
[189]. In-situ sampling methodologies on coupons are emerging strate-
gies to capture the whole community with preserved spatial organiza-
tion [190]. Diversity studies using metabarcoding, metagenomics or
other molecular methods such as PCR or qPCR are also interesting to
pinpoint community members associated with pathogen prevalence
[191-194]. Dynamic models of interaction networks such as the
generalized Lotka-Volterra model can be used in an experiment of
community dynamics to identify the species involved in a coexistence or
species exclusion effect [195]. For example, it has been shown using the
Lotka-Volterra model that the resistance of pathogen infection of Clos-
tridium difficile was associated with Clostridium scindens, a bile acid
7-dehydroxylating intestinal bacterium [196]. One application of these
models is to understand the relationship between surface-attached mi-
crobial communities and animal disease by studying the microbial
communities of healthy livestock buildings and comparing them with
buildings where pathogenic bacteria are reported to be present. If there
are differences between the two, a selection of positive bacteria from
“healthy” livestock buildings identified by the model as barrier effect
bacteria against pathogens can be used to guide the microbial ecology in
other buildings.

One important criterion for selecting candidate strains for use in
positive biofilms is their fitness in the farm environment. Bacterial strain
selection is mainly done using laboratory conditions, which is optimal
for growth. The physico-chemical and biological parameters of the farm
environment, such as temperature, humidity, pH, composition of the
culture medium, indigenous microbiota and material, must be taken into
consideration to develop a more rational and field-like model [197].

Most current commercial products are mixtures of LAB and Bacillus
spp., but there are few scientific studies demonstrating synergistic
mechanisms between these species. Bacillus subtilis biofilm can protect
LAB from desiccation and there is a synergy between them against
S. aureus proliferation in laboratory models [198]. Multispecies positive
biofilms can have enhanced properties in comparison to strains culti-
vated alone [199-201] and new methodologies are emerging to screen
strains alone and in combination. High-throughput methods like kChip
screening have been developed to screen around 100,000 different
communities per day using droplet assay and different optical growth
assays. In this case, the communities can be screened quickly for their
capacity to inhibit pathogen growth [202].

The application methodology like spraying or atomizing of the
agents has also to be carefully adapted to the strains and the environ-
ment of application. Nutrients can be added to the formulation to
initiate the growth of the positive bacteria. Other molecules like sur-
factants and sugars can also help to enhance the initial adhesion or
surface colonization. Recently, it has been shown that sucrose enhances
root colonization by Bacillus subtilis by increasing surfactin secretion
[203]. One other important parameter is that the selected strains must
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be easy to produce on an industrial scale. For example, Bacillus can form
spores that are less costly energetically to produce than the lyophiliza-
tion process used for LAB.

4.4. Beyond excluding pathogens on livestock surfaces

Positive biofilms used in livestock buildings prevent the settlement of
undesirable microorganisms on the surfaces. Microorganisms from the
positive biofilm may also have side effects outside the farm, e.g. by
reducing the spreading of pathogenic organisms and by seeding bene-
ficial bacteria in the food chain (Fig. 3). In close contact with animals,
especially in early life stages, they can modulate their microbiota and be
beneficial for their health. In this regard, it has been demonstrated that a
probiotic-based cleaning product applied to poultry farm litter can
modify the litter's microbial diversity, but also the chicken caeca
microbiota compared with an un-exposed control group [204].

Natural surface communities in livestock buildings can harbor bac-
teria containing genes of antibiotic resistance [205]. The application of a
positive biofilm with selected strains dilutes those organisms and limits
the spread of antibiotic resistance genes in the food chain.

The organic matter left at the end of a cycle in a livestock building
(bedding, manure, slurry) can contain microbial pathogens and is
frequently used as fertilizer in crop fields. Bacteria used in the formu-
lation of positive biofilms can enrich the population of strains able to
ferment these products (e.g LAB) and prevent the development of
pathogens before spreading [206,207]. Bacteria from positive biofilms
such as Bacillus spp. have also been shown to have beneficial effects on
plants by producing growth-promoting factors or by excluding patho-
gens from the roots [131,165,208].

5. Conclusion

Political and societal demand to reduce the use of chemical products
and antibiotics in farms has triggered the development of alternative
biosecurity approaches, including the use of microbial positive biofilms
to protect surfaces. This biological approach has shifted from labs to
farms in recent years with various commercial products now on the
market in several countries. However, these promising approaches need
a deeper understanding of the associated microbial interactions and
their variability in different breeding contexts to be used successfully.
Research is also needed to further assess their benefits from the farm to
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Fig. 3. Potential impact of the addition of positive
biofilm in livestock buildings on the spread of unde-
sirable bacteria from farm to fork. Positive bacteria
that are applied to livestock building surfaces and
that form positive biofilms have an antagonistic effect
on undesirable bacteria that can be present as harmful
bacteria reservoirs. By limiting the establishment of
these undesirable bacteria, animal diseases are
directly reduced, as is the abundance of undesirable
bacteria in manure used to fertilize the soil (red
arrow). Overall, positive biofilm establishment limits
proliferation of undesirable bacteria at the beginning
of the food chain. This leads to a reduction of spread
from animals to consumers via slaughter and the
conditioning steps, but also to a reduction of spread
via manure to the environment and to fields that
finally reach the consumer (black arrow). Finally, the
positive biofilm can have a direct positive impact on
the fermentation process of manure. Likewise, the
positive bacteria that enter in direct contact with
animals can also have a positive effect on the hol-
obiont with, for example, a positive effect on the gut
like probiotics (green arrow). Figure created with htt
ps://biorender.com/. (For interpretation of the ref-
erences to colour in this figure legend, the reader is
referred to the Web version of this article.)

)

Conditioning

the fork, in particular by limiting the spread of undesirable bacteria in
the food chain and the environment. Finally, national and international
regulations should adapt to these innovative sustainable solutions to
encourage research, development and their use on farms.
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1 Introduction

Life in sessile communities known as biofilms constitutes the main microbial state
over the earth. Biofilms profoundly affect our everyday life through their involve-
ment in natural and ecological processes as well as through their deleterious impact
on health or industrial productivity. In such biological structures, bacteria are close to
each other and embedded in a complex 3D polymeric matrix, which shapes the
specific features of the biofilm and is composed of diverse polysaccharides, proteins,
nucleic acids and lipids (Karygianni, Ren, Koo, & Thurnheer, 2020). This communal
lifestyle greatly influences the emergence of functional properties, which directly
result from the biofilm spatial organization, phenotypic heterogeneity and social
interactions of individuals in the community (Arnaouteli, Bamford, Stanley-
Wall, & Kovics, 2021; Jo, Price-Whelan, & Dietrich, 2022; Sadiq et al., 2021).
Recently, Diaz-Pascual et al. (2021) demonstrated that alanine metabolism is spa-
tially and temporally heterogeneous and determines local growth dynamics in
E. coli colonies. They highlighted an interplay between the anoxic base of the colony
close to nutritive agar where alanine was secreted and the oxic nutrient-deprived
region at the top of the colony where alanine was then used as a carbon source. This
resulted in the metabolic specialization of subpopulations according to their spatial
location and governed the shaping of the colony architecture and functions. Like-
wise, focusing on dental caries Kim et al. (2020) revealed a corona-like 3D
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Biofilms spatial analysis

architecture of polymicrobial biofilm with the pathogen Streptococcus mutans in the
inner core. They observed that such specific micron-scale spatial organization
modulated pathogen virulence potential and interactions with the host. Such findings
illustrate the close relationships between spatial organization and functions in multi-
cellular bacterial communities. Reciprocally, the plasticity of biofilm architecture
constitutes a collective way to adapt to the dynamics of such internal subpopulation
interactions and to face the environmental fluctuations that finally affect the survival
of biofilm-dwelling cells (Bridier et al., 2017). Several studies reported, for instance,
the effective protection against antibiotic or biocidal stresses of bacteria living in a
biofilm in comparison to their planktonic counterparts (Bowler, Murphy, & Wolcott,
2020; Bridier, Briandet, Thomas, & Dubois-Brissonnet, 2011; Hgiby, Bjarnsholt,
Givskov, Molin, & Ciofu, 2010).

In industrial and natural environments, biofilms are mostly complex associations
of different bacterial strains or species rather than pure cultures. Such ecological het-
erogeneity reinforces the complexity of social relationships within the biofilm 3D
structure depending on the cooperative or competitive nature of social phenotypes
and their dynamics, and greatly affects bacterial phenotype and fitness (Elias &
Banin, 2012). Along the food chain, in certain conditions, some bacteria are poor
biofilm formers alone, but benefit from the association with other species in mixed
communities. It has been reported that biofilms of various foodborne pathogens
including Listeria monocytogenes, E. coli, or Salmonella enterica may thus be
promoted by the presence of other bacteria in mixed communities (Giaouris et al.,
2015; Xu, Hu, Han, & Chen, 2022). Moreover, interactions in multispecies biofilms
can also lead to a better tolerance of bacterial subpopulations to disinfectants
(Li et al., 2021). Phenomena of pathogen protection by resident flora against the
effect of biocides, especially due to spatial organization and matrix components shar-
ing was indeed described as reviewed earlier (Sanchez-Vizuete, Orgaz, Aymerich,
Le Coq, & Briandet, 2015). Recent work performed on meat processing plant micro-
cosms showed, for instance, that resident microflora may affect the colonization and
the subsequent sanitizer tolerance of the pathogen E. coli O157:H7 (Chitlapilly Dass
et al., 2020). Observations indicated a link between the degree of species diversity of
resident biofilm and the level of protection provided. Conversely, the presence of
resident microbiota can limit the colonization of surfaces by pathogenic bacteria
due to nutrient and spatial competition. Relations between the composition and
diversity of the resident microflora and the presence of specific bacterial species
have also been associated with a lower prevalence of L. monocytogenes in mixed
communities (Fagerlund, Langsrud, & Mgretrg, 2021). A better deciphering of these
ecological interactions and their impact on biofilm emergent properties is therefore
of prime importance from a health perspective and constitutes a scientific challenge.

In this perspective, the analysis of species spatial organization gives crucial
information on the nature of interactions in 3D multicellular communities since spe-
cific architectural patterns reflect the way individual bacterial strains interplay
through deleterious, neutral or beneficial processes (Liu et al., 2016). Different stud-
ies using synthetic communities and/or computational approaches indeed demonstrated
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that the analysis of spatiotemporal community structures enabled a comprehensive
understanding of the roles of pairwise social interactions in the structuration of dual-
species agar colonies (Blanchard & Lu, 2015; Bonicoli, Angelini, Riela, & Taiani,
1987). In previous work, we proposed an approach relying on the comparison of
4D confocal image series of biofilm development in flow-cells with a simple math-
ematical null model of biofilm growth to detect non-trivial interspecific interactions
between pairs of Pseudomonas species expressing distinct fluorescent proteins
(Bridier, Briandet, Bouchez, & Jabot, 2014). Such a structure-based approach has
proven to be successful to identify how bacterial interactions vary depending on
bacterial strains.

These last years, dramatic improvements in biofilm imaging methods were
achieved, through the development of microscopy techniques, fluorescence-
associated tools, genetic engineering, computing and artificial intelligence for image
processing, and their integration, which provide an unprecedented opportunity to
dive deep into our understanding of bacterial interactions in biofilms (Bridier &
Briandet, 2022). The possibility of differentially tagged distinct species in biofilm
structure using specific fluorescent genetic constructs makes it possible to monitor
independently each subpopulation at the single-cell resolution during biofilm
development.

2 General workflow for biofilms spatial analysis

The experimental process for biofilm spatial analysis is composed of four major
steps: the biofilm model choice, the fluorescent probe choice and labelling, the image
vizualisation and the data treatment. All these steps are summarized in Fig. 1.

2.1 Generating and capturing biofilms for spatial analysis

2.1.1 In vitro biofilms

Many setups with different geometries and hydrodynamics have been developed to
study biofilms in vitro (Azeredo et al., 2017). The choice of the assay will deeply
impact the observed effects on biofilm formation as illustrated in Yarwood,
Bartels, Volper, and Greenberg (2004). Historically, the first setups allowed axenic
biofilms to grow reproducibly in the lab compatibly with Confocal Laser Scanning
Microscopy (CLSM) were based on millifluidic flowcells mounted on microscopic
grade glass slides (Habimana, Guillier, Kulakauskas, & Briandet, 2011; Pamp,
Sternberg, & Tolker-Nielsen, 2009; Tolker-Nielsen & Sternberg, 2011, 2014).
The main drawback of these millifluidic systems was the low throughput of exper-
iments (typically only a few flowcells every week). To overcome this limitation,
protocols of biofilm formation based on microscopic grade microtiter plates were
combined with High-Content-Screening CLSM, both in static (Bridier, Dubois-
Brissonnet, Boubetra, Thomas, & Briandet, 2010) or dynamic microfluidic systems
(Pouget et al., 2021). These high-throughput approaches allowed the exploration of
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Workflow to study mixed biofilms using fluorescence microscopy. First, the biofilm type

of growth must be chosen from a large list of in vitro, ex situ and in vivo methods available.
Then, genetic and chemical fluorescent markers are used to stain bacterial cells inside
the biofilm. Consequently, excitation of these markers allows for the observation of the
biofilms under fluorescence microscopy. Finally, images can be processed using various
softwares to perform 3D reconstruction, spatial quantitative analysis or more in-depth
analysis using artificial intelligence. Figure created with https://biorender.com/.

interspecies diversity of biofilms formation and to pinpoint genetic determinants and
their regulations, but also to access dynamic processes at different time scales
(Béchon et al., 2022; Canette, Deschamps, & Briandet, 2019; Guilbaud, Piveteau,
Desvaux, Brisse, & Briandet, 2015; Sanchez-Vizuete et al., 2022).

Polymeric 3D printing was recently used to generate a large variety of device
geometries to grow biofilms in vitro under various hydrodynamic regimes (Hall,
Palmer, Ji, Ehrlich, & Krol, 2021; Kristensen, Leonhardt, Neland, & Schlafer,
2020; Zaborskyté, Wistrand-Yuen, Hjort, Andersson, & Sandegren, 2021).
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To study the impact of the local microenvironment on biofilm formation, bacteria
can be loaded on hydrogels with specific compositions (Heumann et al., 2020; Saint
Martin et al., 2022). Depending on the texture of the gel and its physicochemical
properties, different morphologies of biofilms can emerge and affect microbial
behaviour (van Tatenhove-Pel et al., 2021). 3D bioprinting of simplified structured
matrixes with patterned microbial ecosystems allows the exploration of cellular
diversification and modelling of interaction between species within structured com-
munities (Connell, Ritschdorff, Whiteley, & Shear, 2013; Huang, Xia, Yang, & Jin,
2018; Krishna Kumar et al., 2021; Ning et al., 2019). An illustrative example of these
3D polymicrobial structures is the formation of autoreplicative kefir granules used in
fermented beverages with reported beneficial effects on health. These granule
starters that can measure up to a couple of centimetres in diameter are symbiotic
communities (often described as functional superorganisms) including lactic acid
bacteria and yeasts embedded in a dense extracellular polymeric matrix (Lu et al.,
2014). Nowadays, no report has described sucessful initiation of kefir grain from
assembled planktonic communities and 3D bioprinting is envisioned to nucleate such
communities in synthetic ecology approaches.

2.1.2 Environmental samples

Numerous techniques using swabs, wipes or sponges are used to collect environmen-
tal biofilms for studying their composition using DNA sequencing or enumeration on
agar. However, these techniques can at best recover <<90% of the biofilm community
(Grand et al., 2011). In addition, these approaches are based on biofilm disruption for
their collection and hence are not compatible with microscopic exploration
(Guéneau et al., 2021). As it has been demonstrated that biofilm spatial organization
is an important trait of biofilm properties, microscopy has been applied on environ-
mental samples that could be transferred to a lab, or on coupons of relevant materials
previously deposited on the surface and sampled in situ after biofilms developed in
the local ecosystem (Douterelo, Jackson, Solomon, & Boxall, 2016; Guéneau et al.,
2021; O’Donnell, Young, Rushton, Shirley, & Crawford, 2007; Romani, Carrion,
Fernandez, Lebaron, & Lami, 2021; Shank et al., 2011; Silva et al., 2018).

2.1.3 Biofilms associated with host cells

Tissues and associated biofilms removed from the host (biopsies) can be analysed
under the microscope to visualize patterns of the microbial-host interaction. As
an example, dental plaque can be sampled and marked with a genus-specific fluo-
rescent label to show the highly complex stratification of surface communities
attached to teeth (Mark Welch, Rossetti, Rieken, Dewhirst, & Borisy, 2016;
Zijnge et al., 2010). Microscopic observations of histological sections of mouse gas-
trointestinal tract tissues pinpointed in vive biofilm formation by bacterial patho-
bionts (Barnes et al., 2017). Organoid 3D models of cell cultures are increasingly
being developed. The advantage of these models is that they mimic the organization
of organs using human cells, sometimes taken directly from patients (Clevers, 2016).
Interaction studies between organoids and microorganisms can be done using
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fluorescence microscopy (Dekkers et al., 2019; Han et al., 2021). A human epidermis
organoid model was developed to study the development of methicillin-resistant
Staphylococcus aureus and P. aeruginosa biofilms (Wu et al., 2021). Organoids
can also mimic the natural environment of the pathogen (Helicobacter pylori)
responsible for gastric cancer, increasing the knowledge about this bacterium
(Amieva & Peek, 2016). Gut-on-chips that mimic the organization of digestive tract
tissues are also used to study biofilm formation on epithelial tissue cells (Yuan
et al., 2020).

Plant—microbe interactions are also intensively explored by imaging techno-
logies: plants are, for example, used as laboratory models to study bacterial
colonization on roots. P. fluorescens and B. subtilis biofilm formation on Populus
tremuloides roots were studied using microfluidic chips coupled with confocal
microscopy (Noirot-Gros et al., 2020). Exclusion of the fungal pathogen Trichoderma
aggressivum by B. velezensis that developed on hyphae of Agaricus bisporus was also
deciphered with fluorescent tools (Pandin et al., 2019). Interactions between micro-
algae and bacteria can be studied in polymicrobial biofilms taking advantage of the
autofluorescence of photosynthetic organisms to discriminate the different species in
the community (Doiron et al., 2012).

2.2 Biofilm labelling for fluorescence microscopy

2.2.1 Chemical fluorophores
2.2.1.1 Geolocation of cells and matrix components
Fluorophores that specifically target cell compounds can be used to label biofilms.
Probes able to penetrate cells and intercalate into the nucleic acids such as
4’ 6-diamidino-2-phenylindole (DAPI) or SYTO fluorescently label the entire mi-
crobial population (Johnson & Criss, 2013). These treatments do not destructure
the biofilm organization but are toxic to the bacteria and they can not be used for
live dynamic experiments. In contrast, cell membrane-intercalating markers such
as FM4-64 or matrix contrasting EbbaBiolight can be used to perform real-time ki-
netics of biofilm formation when used at an appropriate concentration (Basséres
etal., 2021; Choong et al., 2021; Sanchez-Vizuete et al., 2022). Immunofluorescence
can be used to pinpoint a specific organism within the community by using anti-
bodies targeting specific surface antigens. Primary antibodies targeting several
pathogenic microorganisms such as Staphylococcus aureus and Listeria monocy-
togenes are commercially available (Kiihbacher, Cossart, & Pizarro-Cerda, 2021).
Antibodies can be directly coupled with a fluorophore, or a second fluorescent
antibody directed towards antibodies produced by a specific animal species can
be used in a second reaction (Deshmukh, Joshi, Bhand, & Roy, 2016).
Fluorescent /n Situ Hybridization (FISH) is based on fluorescent oligonucleotides
able to fix a strain-specific sequence of the genome allowing the visualization of
specific members in the microbial community (Frickmann et al., 2017). Biofilms
must be chemically fixed and cells permeabilized to allow the probes to penetrate
the cells, thus altering the native biofilm architecture. The coupling of several
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species-specific oligonucleotides tagged with different fluorophores allowed the
visualization of the very specific and stratified spatial organization of environmental
multispecies biofilms (Mark Welch et al., 2016).

A biofilm matrix is a complex mixture of extracellular biomolecules. It is often
described as the biofilm dark matter as it is complex to visualize (Flemming, Neu, &
Wingender, 2017). No universal matrix dyes exist and it is often necessary to use a
combination of probes to obtain only partial contrast of this biofilm component.
Exopolysaccharides can be contrasted by fluorescent lectins such as concanavalin
A or wheat germ agglutinin (WGA) (Farasin et al., 2017; Neu & Lawrence,
1999). However, a biofilm matrix is often a mixture of several polysaccharides
and often there is no other choice than to screen different lectins to find the ones
reacting with the sample being studied. Around 80 fluorescent lectins are commer-
cially available and some suppliers provide kits with small aliquots of dozen of
lectins to screen them. Another important component of the biofilm matrix is extra-
cellular DNA (eDNA). It can be targeted by several nucleic acid binding fluoro-
phores, but the preferred molecules would be cell impermeant so they do not
label intracellular DNA. This is the case for SYTOX green or TOTO1 (Béchon
et al., 2022). Dyes labelling proteins (Sypro Ruby, DyLight) or amyloid plaque core
proteins (Thioflavin T) were also used to contrast specific regions of the matrices
(Bridier, Meylheuc, & Briandet, 2013; Hernandez-Galan et al., 2017).

2.2.1.2 Microbial physiology

Several fluorophores have specific functions, providing information on the physio-
logical state of the biofilm organisms, thereby the coupling of these fluorophores can
provide a large panel of information on global lifestyle. Several fluorophore combi-
nations can be used to discern living from dead bacteria (Tawakoli, Al-Ahmad, Hoth-
Hannig, Hannig, & Hannig, 2013). For example, the use of the cell-permeant SYTO
9 which targets nucleic acids, marking the whole population in green, coupled with
the cell impermeant propidium iodide that only marks the DNA of bacteria whose
membrane is damaged, allows the spatial visualization and quantification of the dead
microbial fraction (Dubois et al., 2019). Some non-fluorescent molecules can enter
cells and be metabolized to release a fluorophore. Calcein-AM, cFDA or triembarine
are used to visualize metabolically active bacteria by fluorescently reporting esterase
activity in situ (Guéneau et al., 2021; Guilini et al., 2015). A bias of this labelling is
the existence of strains able to expel these fluorophores by efflux pumps, especially
within Gram-negative bacterial species (Reuter et al., 2020). Reactive nitrogen and
oxygen intermediates involved in many metabolism pathways inside biofilms can
also be quantified using fluorescent molecules (Barraud et al., 2006).

Studying the different expression profiles of several genes at the same time and at
the single-cell level within a biofilm without the loss of structural information is a
challenge. Using P. aeruginosa as a biofilm-forming bacterium model, Daniel Dar
et al. recently developed the parallel sequential fluorescence in situ hybridization
(par-seqFISH) technique for this purpose (Dar, Dar, Cai, & Newman, 2021).

38



8

Biofilms spatial analysis

Some general drawbacks of the use of chemical fluorophores within a biofilm are
their non-specific reactions that can contrast untargeted biofilm compartments and
possible diffusion-reaction limitations that can prevent their availability at the target
sites (Flemming et al., 2016).

2.2.2 Genetically encoded fluorescent proteins

Genetically encoded reporters represent the second important family of microbial
fluorescent markers. As for chemical reporters, they can be used for several types
of analyses.

Soluble fluorescent proteins can be expressed under constitutive promoters for
live geo-localization purposes (Bridier, Piard, Briandet, & Bouchez, 2020). They
can also be expressed under the natural promoter of a specific gene of interest, which
leads to fluorescence proportional to gene expression (transcriptional fusion)
(Hautefort, Proenga, & Hinton, 2003). DNA sequences can be engineered to fuse
the fluorescent protein-coding sequence to a specific protein-coding sequence, which
allows protein location analysis in the cell or in the environment (translational
fusion) (Billaudeau, Yao, Cornilleau, Carballido-Lépez, & Chastanet, 2019).

2.2.2.1 Fluorescent proteins
The Green Fluorescent Protein (GFP) has been, over the last decades, extensively
used as a fluorescent marker in biological organisms. Originating from the medusa
Aequoria victoria, this protein was purified in 1962 (Shimomura, Johnson, & Saiga,
1962). Since then, this protein has been much studied and the mechanism implicated
in its fluorescence unravelled. The protein is composed of 11 beta-sheets enrolled in
a cylinder structure that surrounds the fluorochrome, composed of three amino acids,
Ser65-Tyr66-Gly67. This fluorochrome matures in three steps: cyclisation, dehydra-
tion and oxidation of these amino acids (Day & Davidson, 2009). This maturation is
induced by a 488 nm wavelength and generates an emission of 509 nm wavelength,
causing the green fluorescence of the protein. Through molecular engineering, this
protein has been adapted in numerous clones, to enable emission in other wave-
lengths, covering a large part of the visible spectrum (Day & Davidson, 2009).
The large list of fluorochromes available (GFP, YFP, CFP, etc.) allows in vivo multi
staining and multispecies biofilm studies (Lee et al., 2014; Oliveira et al., 2015).
Another fluorescent protein is DsRed, originating from Discosoma corals, and
has been one of the main precursors for Red Fluorescent Proteins (RFP). Several
proteins derived from DsRed have been engineered and called mFruits (Shaner
et al., 2004). These proteins emit in different wavelengths, between 550 and
650nm, and are more efficient than the initial natural DsRed, in terms of photost-
ability, maturation speed and brightness (Shaner et al., 2004). They also work in a
similar manner to GFP, notably with the absolute need for oxygen to fluoresce.
The best known of these proteins is mCherry, a protein emitting fluorescence at
610nm. This efficient fluorescent protein has been used in many studies and notably
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in several studies analysing multispecies biofilms, thanks to its different emission
spectrum from GFP (Bridier et al., 2020; Lagendijk, Validov, Lamers, de Weert, &
Bloemberg, 2010; Lee et al., 2014).

However, the main problem with these markers is the requirement of oxygen in
the maturation steps of the fluorochromes. In fact, biofilms are 3-Dimensional
structures wherein oxygen is consumed faster than it can diffuse, creating sharp
gradients of oxygen that can be absent in the deepest layers where organisms can
exhibit anaerobic metabolisms (de Beer, Stoodley, Roe, & Lewandowski, 1994;
Karampatzakis et al., 2017). Fluorescence of these proteins can also be limited in
mature biofilms by low microbial metabolism associated with low protein synthesis
(Monmeyran et al., 2018). Another limitation is the energetic cost they burden the
producing cells with by their large weight (27kb for GFP and mCherry). This impor-
tant size can also be disadvantageous in the observation of fusion proteins, increasing
the risk of functional interference with the fused protein. Finally, their use is limited
to pH above 5 which can be in specific conditions, an important limiting factor.
Hence, the development of new fluorescent reporters, overcoming these constraints
has been necessary as discussed in the next section.

2.2.2.2 FMN-binding proteins

FMN-binding proteins were developed to overcome the sensitivity of GFP and RFP
to environmental conditions. This method relies on the Light Oxygen Voltage (LOV)
domain present in the phototropin proteins found in certain bacteria and plants. This
domain, under blue light excitation, binds the flavin mononucleotide protein (FMN)
which induces a green fluorescence in the bacteria. In 2007, Drepper et al. engineered
several of these proteins to enhance their fluorescence and created new fluorescent
markers called BsFbFP, EcFbFP (derived from the YtvA protein in B. subtilis) and
PpFbFP (derived from the SB2 protein in P. putida) (Drepper et al., 2007). Other
markers including iLOV (Chapman et al., 2008) and creiLOV (Mukherjee et al.,
2015) were developed later from other phototropins and consequently adapted to
more photostable versions, such as phiLOV (Christie et al., 2012). The main advan-
tage of these markers is that they do not require oxygen, making them a more
efficient tool in biofilm studies. They are also smaller molecules than GFP and
are not sensitive to pH (Christie et al., 2012). However, their use is limited by the
very weak fluorescent signal they produce, thus often being difficult to differentiate
from the fluorescent background. In addition, all these dyes emit fluorescence in
the same wavelength range, limiting their use to one species studies or to the require-
ment of other markers.

2.2.3 Fluorogenic reporting systems

2.2.3.1 Self-labelling proteins

Fluorogenic systems consist of a non-fluorescent protein encoded in the genome that
can bind various ligands, called fluorogens, which are able to fluoresce at different

wavelengths. Several fluorogenic complexes were developed such as SNAP-Tag
(Keppler et al., 2003) and HALO-Tag (Los et al., 2008). These new markers are
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eliminating most of the disadvantages of the methods cited before. Indeed, they are
not dependent on oxygen and have fluorescence levels comparable to the ones of
GFP or mCherry. SNAP-Tag is relatively small (19kDa) and HALO-Tag relatively
fast to mature (15 min), enabling the choice to select the ideal method depending on
the experiment. Nevertheless, most of the existing fluorogens are fluorescing even
when not bound to the protein, requiring an additional washing step to eliminate free
molecules. However, new fluorogens, notably for HALO-Tag, have been developed,
in which fluorescence is only activated when bound to the protein (Streett,
Charubin, & Papoutsakis, 2021). These fluorogenic systems have been used success-
fully in multispecies biofilms, such as for example SNAP-Tag, which was used in a
dual-species biofilm model composed of S. gordonii and Porphyromonas gingivalis
(Nicolle et al., 2010) and allowed an efficient differentiation thanks to the collection
of fluorogens available. A possible limitation of these systems is that the diffusion of
fluorogen molecules is not always efficient in the biofilm. Of note, the costs of these
fluorogens can be an issue, particularly in flowcell systems.

2.2.3.2 FAST (fluorescence-activating and absorption-shifting-tag)
Recently, a new fluorogenic system, called “Fluorescence-Activating and absorption-
Shifting-Tag” (FAST), has been developed by Plamont et al. (2016). Derived from the
Blue-light receptor PYP of Halorhodospira halophila, this system works slightly
differently from the previously described ones. First, the fluorogen only fluoresces
when bound to the FAST protein tag, avoiding any extra washing step. Then, its
fixation with its fluorogen is reversible, when other fluorogenic systems usually bind
their ligands irreversibly. Its 14 kDa size makes it very useful in the construction of
fusion proteins. Finally, a big advantage of FAST is its instantaneous maturation.
Thus, its immediate fluorescence allows the study of transitory conditions while
other fluorochromes can take a considerable amount of time to maturate and miss
carly transient phenomena. FAST available ligands are increasing quickly and are
already covering a large part of the visible spectrum (Benaissa et al., 2021). FAST
has already been tested in biofilm conditions and shown to be more efficient in
displaying the biofilm growth than GFP or mCherry, whose signals quickly saturate
(Monmeyran et al., 2018). FAST has also been used successfully with SNAP-Tag
and HALO-Tag in multi-species cultures (Charubin, Streett, & Papoutsakis, 2020),
without any cross-reactivity, demonstrating that it is an interesting complementary
tool for multispecies biofilm studies.

2.2.4 Combining different families of fluorophores

To differentiate several species inside of a biofilm, a combination of chemical and
genetic approaches can be done as described by the protocol proposed in Section 3.
The association of a genetically labelled strain with other bacterial species marked
with nonspecific chemicals was performed here using an E. coli GFP and Bacillus
spp. In this case, the specific spatial organization of the pathogen inside the
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community was studied. In our example, there is only one species background mem-
ber. Therefore, the subtraction of the red signal from the green signal gives the
localization of the Bacillus. The same approach can be used for environmental or
defined mixed-species background communities.

2.2 Imaging biofilms

Imaging micro-organisms is a challenging field for optical microscopy systems, due
to the small cell size but also due to delicate mounting strategies, such as for live
cells, for instance. Between 10 and 100 pm into the biofilm, the analysis of biofilm
spatial organization can be limited by its opacity and thickness that limits light
penetration.

In this part, we compare different strategies of optical microscopy that can be
applied to image biofilms or that need further development to be applied to biofilm
imaging.

Individual bacterial cells range roughly from 0.5 pm large to a couple of microns
long, so microscopes with good optical sectioning capabilities are needed to obtain
information at single cell resolution. We refer here to Confocal Laser Scanning
Microscopy (CLSM) systems, two or multi-photon confocal systems, light sheet
microscopes, structured illumination (SIM), stimulated-emission-depletion (STED),
super-resolution technologies that use Total Internal Reflection Fluorescence (TIRF)
approaches, with respect to conventional wide field epi-fluorescence microscopy.

Since the invention of the confocal microscope by Marvin Minsky in the 1950s
(Minsky, 1988) and the first commercial laser scanning confocal systems in the late
1980s, CLSM has become one of the most widely used optical sectioning approaches
for fluorescence microscopy in biology during the last 20 years.

The CLSM uses a pinhole system, an opening of about 100pm large in front of
the light detectors, that eliminates out of focus emitted light, when a fluorescent
sample undergoes laser excitation (Batt & Tortorello, 2014). The micrograph image
is formed when the laser beam scans point by point the sample, and the photons are
transformed into an electrical signal by a photomultiplier (PMT) detector or an
avalanche photodiode, that is a more sensitive detector, such as the Hybrid system
(HyD) from Leica Microsystems or the GaAsP produced by Zeiss. CLSM systems
allow a good penetration of the light through the sample and a slightly increased
lateral and mostly axial resolution, when the pinhole opening is not more than
1 AU (Airy Unit) (Batt & Tortorello, 2014). The micro-morphologies of microbe
interaction within a porous material was achieved at a depth of around 50 pm without
incising samples (Munir et al., 2021). Scanning the sample with the laser beam
implies rather slow acquisition of large images (i.e. more than 512 x 512 pixels).
To acquire images faster, the use of a resonant scanner coupled to the CLSM, that
allows high frequency scanning is possible but the obtained images can be very noisy
so less informative to answer biological questions. Another solution would be the
spinning-disc confocal, that enables faster imaging as it uses a camera like widefield
systems. The optical sectioning is generated when the emitted light is filtered through
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a fast spinning Nipkow disc. A major drawback for this kind of confocal technology
is the poor penetration depth of the light, but recent commercial systems have imple-
mented different pinhole sizes to overcome this limitation.

Conventional commercial CLSM systems allow functional measures for live
samples such as precise decaging or photoconversion of fluorophores to follow a
subpopulation (Costache et al., 2017) or FRAP (fluorescence recovery after photo-
bleaching) to measure a flux, drift or protein turn-over (Hauth, Chodorski, Wirsen, &
Ulber, 2020; Schulmeister et al., 2008).

If phototoxicity to the cells, photobleaching of fluorophores or the penetration
depth of the light becomes an issue when imaging a biofilm with a conventional
CLSM, this may be overcome by using a two-photon (2P) or a multi-photon (MP)
excitation laser (Olpe, Glatt, Laszlo, & Schellenberg, 1980; Tran et al., 2021). 2P
microscopy uses femtosecond pulsed lasers. Compared to a conventional mono-
photon laser, 2P lasers deliver twice the wavelength of the desired excitation wave-
length in a non-linear way. For instance, to excite a GFP at 488 nm, the 2P laser gen-
erates photons of 976nm that travel at different speeds, so two photons of 976 nm
meet exactly at the focal plane, where the excitation light will become 488 nm.
The advantage of this technique is that longer wavelength photons, i.e., near infrared
light, produce less photodamage, as they display lower energy than blue and UV
photons. The penetration depth of 2P lasers is greater, for instance 143 pum for a
Kombucha biofilm (Schulmeister et al., 2008). MP like 2P lasers induce the excita-
tion wavelength at the focal plane. Two or more photons with long wavelengths are
generated in a more stochastic manner, to restore the desired excitation light at the
focal plane (Thomsen, Graf, Farewell, & Ericson, 2018). Thus, 2P and MP illumi-
nation induces an optical sectioning that is limited by the size of the point spread
function (PSF) in z at the focal plane, even though most of the commercial micro-
scopes couple the MP excitation laser to a CLSM system, to benefit also from the
pinhole optical sectioning. Another advantage of MP lasers is that they can be used
for precise laser ablation experiments while acquiring images on the microscope and
this can be useful for functional imaging of live cells, for instance, to measure force
generation at the cell wall or within the matrix of a biofilm.

When analysing many samples, high content screening modules (HCS) within
CLSM systems allow 5D imaging (3D+multi-position+time-lapse) of multiple
conditions for live biofilms that develop on 2D support, such as the coverslip glass
bottom of a multi-well plate.

Studying biofilms that develop on a 3D support would enhance understanding of
biofilm formation, dynamics and functioning mechanisms. To overcome this tech-
nical challenge, light sheet microscopy is a well adapted optical sectioning approach
that illuminates only the focal plane using a second objective rather than the whole
sample as in CLSM (Fig. 2). This approach has low phototoxicicity and is very fast,
as the image is formed on one or two cameras, like for widefield conventional
microscopes. The optical sectioning in common commercial light sheet solutions
does not perform as well as CLSM and the detection objective needs greater working
distance, but the illumination techniques allow very fast imaging of large samples
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Comparison of microscopy excitation strategies to detect fluorescence emission of a biofilm,
using three optical sectioning approaches: Confocal Laser Scanning Microscopy (CLSM),
Two-photon (2P) and Lightsheet (LS) microscopy, with respect to widefield epifluorescence
(left). Here, the light from a multichromatic halogene lamp is filtered (grey rectangles),
illuminates the whole sample and the signal is detected by a camera. The excitation optical
trajectory is in blue and the emission signal in green. (1) CLSM often uses monochromatic
laser excitation and the emission signal is filtered through a pinhole that eliminates out of
focus blur. Thus, the PMT detects only signal coming from the focal plane. (2) 2P CLSM uses
pulsed laser, often in the infrared domain. The excitation wavelength (twice lower) is reached
only at the focal plane, which diminishes the photoxicity. See the sample illumination

(at the desired excitation wavelength) that is less than in widefield and conventional CLSM.
(3) LS microscope allows mounting on large 3D supports that can be rotated while
imaging the sample. This is useful to overcome shaded areas comparing to conventional
2D mounting with a cover slip. Excitation light often comes from two objectifs, each one
illuminating as a light sheet at the focal plane only. The excitation lightpath is orthogonal and
fast camera detectors can be used, as for widefield microscopy. Figure created with https://
biorender.com/.

and biofilms or cultures in 3D (Qin et al., 2020). This is mostly thanks to the
alternative mounting strategies, i.e., within agarose cylinders or directly suspended
in front of the objective with the possibility of rotating the sample for different view
angles. Thus, the advantage of light sheet imaging is that the sample is more homo-
geneously illuminated as most commercial microscopes use two light sheets, on each
side of the sample. This favours more precise volume reconstruction during 3D
segmentation of the acquired images.
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A milestone in optical imaging is the development of super resolution techniques
bringing down lateral resolution to about 50nm with respect to the light diffraction
limited resolution that is about 200nm. A major challenge for biofilm imaging is to
better adapt super resolution techniques to help biofilm assessment at the nanoscale
by using structured illumination (SIM), stimulated-emission-depletion (STED), and
blinking strategies (PALM, STORM) (Berk et al., 2012; Billaudeau et al., 2017;
Neu & Lawrence, 1999),

SIM uses several acquired images (3—7) on a camera through differently oriented
grids that produce Moiré patterns enabling the enhancement of lateral resolution up
to 150nm, after image processing.

STED technology is coupled to CLSM and uses specific fluorescent dyes and a
supplementary laser for emission-depletion as a donut shape during scanning to
diminish the dimensions of each PSF to about 80nm (xy). The laser power used
is often too high for living cells, but there is no need for image processing to obtain
the super-resolved image at the end of the acquisition.

The STORM/PALM strategies need the acquisition of many images, i.e.,
2500-5000 frames, each one having only several fluorophores that emit, and that
their precise localization allows to obtain a lateral resolution of the final image of
about 10-30nm (Altinoglu, Merrifield, & Yamaichi, 2019). These stochastic blink-
ing methods are implemented in a TIRF microscope (Total Internal Reflection
Fluorescence) that is one of the best optical sectioning strategies, illuminating only
about 100nm in thickness (z), but this illumination section has to be next to a
coverslip. So, it is impossible to acquire images deeper than a couple of microns,
even when near-TIRF or HILO (Highly Inclined Laminated Optics) are used.

Biofilm imaging would greatly benefit from super-resolved acquired images, but
further development and adaptation of these technologies are needed to efficiently
provide biological information, mostly for time-lapse of live biofilms.

2.4 Image analysis

Following acquisition, image analysis constitutes a crucial step enabling the extrac-
tion of meaningful qualitative and quantitative data from raw fluorescence micros-
copy image series. Recent advances in image analysis techniques open novel
opportunities for spatial and temporal characterization of cells inside biofilms,
and tremendous effort has been put into the development of powerful software tools
for this purpose as recently reviewed (Jeckel & Drescher, 2021). Technically, several
steps are required from pre-processing of raw images to spatial statistic extraction
and object detection.

First, raw images from microscopic acquisition, which can be single 2D-images,
3D- or even 4D-image confocal series, should often be filtered to enable background
noise reduction and enhance fluorescence signal contrast. Then, in the case of bio-
films, 3D reconstructions, volumetric or isosurface projections or sections are mostly
performed after filtering using dedicated commercial or freely available software
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from confocal z-stack series to visualize 3D structure (Canette et al., 2019). In the
example of Section 3, we used Imaris 9.31 (Bitplane).

Filtered images can also be quantified to extract numeric structural descriptors of
biofilm and cell morphology that mostly require an upstream segmentation step.
Segmentation is a critical step because it governs downstream analyses and greatly
depends on image quality and resolution. The goal of segmentation is the partition of
raw images into multiple regions to facilitate its quantitative analysis through the
detection of objects (for instance, bacteria) and their separation from the background.
Different methods of segmentation can be considered: semantic segmentation,
instance segmentation or their combination (panoptic segmentation (Petrovai &
Nedevschi, 2022). Semantic segmentation assigns a class label to each pixel,
whereas instance segmentation detects and segments each object individually. With
regards to biofilms, biovolume detection is an illustration of semantic segmentation
as multiple objects identified as bacteria are treated as a single entity, and
biofilm biomass can be quantified. Likewise, other global descriptors of biofilm
architecture can be extracted as roughness, mean and maximum thickness, surface
area, etc. Otherwise, instance segmentation treats multiple objects identified as
bacteria as distinct individual instances. These features make instance segmenta-
tion a relevant approach for single-cell scale downstream analyses (Jeckel &
Drescher, 2021). Recently, the concept of biofilm image cytometry was proposed
in the BiofilmQ tool (Hartmann et al., 2021). BiofilmQ typically divides biofilm
volume into cubes with user-defined size (which can correspond to the volume
occupied by a single bacterium, i.e., pseudo-cell cubes), and fluorescence data
and other cytometric properties in each cube are measured. This allows computing
local spatio-temporal data in the biofilm as fluorescence intensity, the local density
of cells, local porosity, local structure and texture, the spatial distribution of
different markers, etc.

When using different fluorescent markers and reporters or working with differ-
entially labelled bacterial strains, it is possible to analyse multi-channel fluorescent
images to better decipher how the different fluorescent signals spatially interact.
Focusing on multispecies bacterial biofilms is especially relevant for studying the
nature of interactions in the 3D structure by analysing the spatial distribution patterns
of bacterial species. Different methods can be applied to analyse colocalization from
fluorescence images and can be divided into pixel-based methods and object-based
methods (Lagache, Sauvonnet, Danglot, & Olivo-Marin, 2015). In pixel-based
methods, individual pixels are analysed by the spectral information that they contain
for the different channels and the overlap between fluorescence signals is measured.
In object-based methods, the upstream segmentation of bacterial/cluster spots
enables their representation as objects and the subsequent analysis of spatial distri-
butions (Lagache et al., 2015).

The point-pattern analysis is classically used in spatial organization studies
to extract quantitative spatial area-based or distance-based statistics (Lagache,
Lang, Sauvonnet, & Olivo-Marin, 2013). Different coefficients such as Ripley’s
K function and derivative, pair-correlation or nearest neighbour functions for
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instance constitute reference tools in this perspective (Lagache et al., 2015). Numerous
studies have applied such analysis to bacterial communities to test if bacteria (points)
are randomly distributed or colocalized, and therefore help to better understand inter-
species microscale interactions (Esser, Leveau, Meyer, & Wiegand, 2015; Steinberg
et al., 2021). The daime image analysis programme (Daims, Lucker, & Wagner,
2006) has been widely used for quantifying spatial arrangement patterns and relations
between different species in FISH images using co-localization/co-aggregation and
pair cross-correlation functions in mixed biofilms (Almstrand, Daims, Persson,
Sorensson, & Hermansson, 2013; Ramirez-Puebla et al., 2022; Schillinger et al.,
2012). These approaches enable a better understanding of the link between the spatial
organization of strains and the biological activities of the community (Liu et al., 2016).
The recent BiofilmQ tool also offers various parameters to quantify correlation and
separation distances between species clusters in multispecies biofilm through compar-
isons of their respective biovolumes and other descriptors such as the Mander’s or the
Pearson’s correlation coefficients (see examples in Section 3) (Hartmann et al., 2021).
Complex bacterial 3D organization can thereby be quantitatively characterized includ-
ing data on bacterial interactions based on spatial distribution. Both these coefficients
have also been widely used to quantify probe co-localization in biclogical microscopy
including to elucidate molecule functions in subcellular processes for instance
(Dunn, Kamocka, & McDonald, 2011; Lagache et al., 2015).

The rise of artificial intelligence (Al) with machine and deep learning using
convolutional neural networks (CNN) has provided an unprecedented opportunity
to increase the flow and the power of image analysis. Therefore, the building and
use of Al-driven automated workflows stand out as promising approaches for struc-
tural analysis of bacterial communities and complex biofilms from microscopy
images (Ragi et al., 2021). Recently, a new deep-learning based 2D segmentation
tool called Misic that is able to perform automatic semantic and instance segmenta-
tion of bacteria inside of bacterial communities images was proposed (Panigrahi
etal., 2021). As a major advantage, this tool can be applied for the analysis of species
interactions in 2D multispecies bacterial communities images using an interaction
model, at a very high throughput independently from imaging modalities. Likewise,
using an agent-based model combined with deep learning from both in silico and
experimental microscopic data, a new network inference method was developed that
allows prediction of interspecies interactions from self-organized spatiotemporal pat-
terns (Lee et al., 2020). Toolboxes for studying 3D biofilms are also emerging as
BCM3D or the already mentioned BiofilmQ (Hartmann et al., 2021; Zhang et al.,
2020). These software tools enable automated morphometric cell classifications in mul-
tispecies biofilms and the deciphering of cell-to-cell interactions within the 3D structure.

Furthermore, the increase of computing power makes it possible to directly
optimize images during acquisition through adaptive microscopy relying on feed-
back between acquisition, live Al-based image analysis, and microscope control
(Jeckel & Drescher, 2021). All-in-one solutions are being proposed by microscope
manufacturers in commercial systems (e.g. MICA from Leica) that will really extend
our ability to explore biofilms at the single-cell scale and bacterial interactions within
the 3D structure.
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3 Experimental protocol

The objective of this experimental protocol is to study the spatial bacterial interac-
tions within a mixed bi-species biofilm. The experimental protocol described here
was used to generate the multispecies biofilm images presented Fig. 3 and the

Section Iso-surfaces

E. coli GFP

B. pumilus

B. licheniformis

B. polymyxa

E. coli GFP
+

B. pumilus

E. coli GFP

+
B. licheniformis

E. coli GFP
+

B. polymyxa

FIG. 3

Biofilm visualization using CLSM images with different modes of representation. Bacillus spp.
strains were observed alone, or in a mixture with an E. coli strain that expresses GFP
constitutively. SYTO 61 was used as a nonspecific marker to label in red all the cells.

3D projections of stacks using easy 3D mode are shown. The section mode allows the
visualization of a fine (x,y) section of the base of the biofilm with a (z,y) section. 3D observation
of isosurfaces of the mixed biofilm after binarization of both channels was made. All images
were analysed using IMARIS software. The white scale bar represents 40 pm.
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FIG. 4

Spatial analysis of mixed E. coliand Bacillus spp. biofiims. (A) Biovolume of each partner in
mixed biofilms. The entire hiofilm was labelled with SYTO 61 which targets nucleic acids and
penetrates the cells allowing the labelling of the entire population (red). The monitoring

of each partner is possible because E. coliexpressed constitutively the GFP. The green bars in
the graph correspond to the E. coli biovolume values in the total biofilm corresponding to
the red bar values (n=4). (B) Pearson’s correlation coefficient of mixed biofilms (n=12).
(C) Kymographs of mixed biofilms fluorescence ratio intensity as a function of the distance to
the substrate. A ratio value >1 means that there is more red intensity than green, so the
higher the value, the more Bacillus spp. there are compared to £. coli. The yellow in the mixed
biofilms of £. coliwith B. licheniformis or B. polymyxais consistent with the clusters of Bacillus
spp. on the top of E. coli biofilm (Fig. 3). Each column corresponds to a replicate (n=4).
The image stacks were taken with a CLSM. Error bars correspond to standard deviation and
the asterisks correspond to P< 0.05. Statistical analysis were performed using two-way
ANOVA and the uncorrected Fisher's least with PRISM software (GraphPad, San Diego,
California, USA).

associated quantitative spatial analysis presented in Fig. 4. E. coli and Bacillus spp.
biofilms were used as an example of multi-species biofilms to illustrate the
experimental protocol.

3.1 Before you begin

Using fluorescent imaging to visualize spatial patterns of colonization in a multispe-
cies biofilm is feasible only when it is possible to contrast both species with specific
fluorophores. Having one partner expressing a fluorescent reporter (i.e. GFP) is
enough as it can be combined with a second dye (i.e. nucleic acid probe SYTO
61) to label all the population in a second colour. The contrast between strains
can be obtained with Gram staining, fluorescently labelled antibody or DNA probe
(see Section 2.2).

All bacterial strains do not exhibit a similar adhesion rate on a specific surface.
Hence to obtain a target initial ratio of adhering cells, it is necessary to calibrate the
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relation between the number of planktonic cells added in the well and the number
of adherent cells after incubation and rinsing.

In our example, we target a ratio of 0.50+0.25 of each bacterial partner as
estimated by quantifying the biovolume of adherent cells by CLSM using their
respective fluorescent signatures (GFP or SYTO 61). If the value is not in the range,
adjust the relative proportion of Bacillus spp. and E. coli to perform the adhesion
phase. The protocol for this step is described below.

3.2 Materials

Equipment

* Laboratory incubator at 30°C

+  Polystyrene 96-well microtiter plate with a pclear™ base (Greiner Bio-one,
France)

+ Leica SP8 AOBS inverted confocal laser scanning microscope (CLSM, LEICA
Microsystems, Germany) equipped with a water immersion X63 objective
(Numerical aperture =1.2), a water pump, high-content screening module, two
next-generation ultrasensitive detectors (HyD®)

+ Leica Application Suite X (LAS X) software (LEICA Microsystems, Germany)

» IMARIS® 9.3.1 software (Bitplane, Ziirich, Switzerland) with the batch option

» BiofilmQ software (Hartmann et al., 2021)

Chemicals and media

*+ SYTO 61 (Invitrogen, Carlsbad, CA, USA)

* Tryptic Soy Broth (TSB)

» TSB agar (1.5%) plate supplemented with ampicillin at 100 pg/mL (TSA Amp 100)

Strains

* A strain that constitutively expresses GFP. Here, we used E. coli CIRMBP 0248
isolated from a chick intestine that contains the pCM11 plasmid carrying the gfp
expression system and amp gene encoding ampicillin (Amp) resistance for its
selection (Malone et al., 2009).

* Non-labelled strains. Here, we used B. pumilus 1273, B. licheniformis 1218, and
B. polymyxa 1167.

3.2 Methods

Growth of multi-species biofilms

1. Froma —80°C cryotube, plate the E. coli strain on a TSA Amp 100 Petri dish and
incubate it for 24h at 30°C

2. Transfer a representative clone into a tube containing 5mL of TSB without
antibiotics. Scrape the surface of the —80 °C cryotubes containing the Bacillus
spp. strains and inoculate tubes containing 5mL of TSB. Incubate the cultures
over night (~16h) at 30°C without agitation
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Vortex the overnight cultures 3 s to homogenize the cell suspensions, and dilute at
1:100 in TSB for all the strains. For mixed biofilms, do the same but dilute
in the same tube at 1:100 E. coli and one of the Bacillus spp. cultures

Note: Read part “Quantification to make the ratio of the initial adhesion”.
If the ratio GFP/SYTO 61 is not between 0.25 and 0.75 with 1:100 dilution, adjust
the proportion of Bacillus spp. in this step.
Adhesion phase: load 200 pL of the diluted solution in 2 different wells as
technical replicates in polystyrene 96-well microtiter plates with a pclear® base.
Incubate the plate for 90min at 30°C
Replace the medium in each well with 200 pL of fresh TSB. The plate is
ready for labelling to verify initial adhesion. Once the ratio check has been
performed, incubate the plate for 24h at 30 °C for observation of the
mixed biofilm.

Fluorescence labelling

1.
2.
3.

Add SYTO 61 in 1mL of TSB to obtain 15pM final. Vortex the solution for 5s
Load 50pL of the SYTO 61 solution into ecach well

Protect from light and incubate for 10 min at room temperature. The plate is ready
for image acquisition

Image acquisition

1.

o N

Turn on the confocal microscope with all the necessary components for its use
(water pump, computer, microscope stand, controller, scan head, laser power
and security)

Open LAS X software to set up the confocal microscope. Set the intensity of the
488 nm argon laser to 30% and switch on the HeNe 633 nm laser. Wait for
15min to reach the power stability

Set one HyD detector photon collection between 500 and 550 nm to detect the
fluorescence emitted by GFP. Use a second HyD detector to collect the
fluorescence emitted by SYTO 61 between 650 and 750 nm. For both detectors,
use the gain of 10%

Use the 63 x water immersion lens. Turn on the water pump to get a drop of
water on the lens. Remove air bubbles if needed. Carefully place the 96-well
plate on the confocal platform and check the stability of the plate. Open
shutter or brightfield and find the right well with the light intensity. Position the
lens in the centre of the well

Set the image acquisition parameters. Set image definition at 512 x 512 pixels
(pixel size =360nm). Choose a scan frequency value of 600 Hz for acquisition
with the bidirectional scanning mode (image rate = 1.90/s). Use 1 as the
pinhole value (value calculated with the Airy algorithm that optimizes the
pinhole size for the acquisition parameters). Each image is taken by choosing a
z-step of 1 pm for bacterial biofilms

Set the 488 nm laser intensity at 70% and the 633 nm at 40% with the acousto
optical tunable filter (AOTF)

Raise the objective to find the base of the well

Create a new project for each well where the different stacks of images will be
saved
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9. Select the area to be imaged, in our case from the bottom of the well to the
top of the biofilm and acquire the stack. In our example, two stacks of
images per well were taken (4 zones per condition as there were two identical
wells per plate)

10. Save image stacks in “.LIF” format

Image analysis
Visualization of the biofilms
(1) Open IMARIS and create a new “observed file” with the stacks in LIF
format
(2) A background substraction with a threshold automatically calculated by
the software is applied manually before each image stack observation

Notes: A batch can be created to do this step automatically if all images
are in the same observed file.

(3) Open an image stack in the file to be analysed

(4) Select the easy 3D visualization with the blend mode, the section mode
or 3D mode to visualize the mixed-species biofilm. The blend mode
allows to obtain a reconstruction of the biofilm seen from above by the
compilation of the stack images with a projection of the yz axis given by the
shadow on the right of the image to obtain a representation of the relief.
Thin sections of the biofilm along the xy, xz and yz axes are given by the
section mode which allows a more precise visualization of the species
between them. In the 3D mode, you have the possibility to binarize
fluorescence signals of the two channels to perform isosurfaces. To do that,
select the surface option and follow the steps indicated.

Notes: For all different representations, adjust the range of fluorescence
of the two channels for optimized visualization.. For iso-surface, the
binarization threshold can be adjusted manually.

(5) Take a snapshot to save the processed image projection

Quantification of the ratio of the initial adhesion

(1) Open BiofilmQ software and browse the LIF image stacks. In the folder
where all the images are located, a new folder per project is created

(2) With BiofilmQ, open one newly created folder content and load the image
stacks in the software

Notes: If there are a lot of images (i.e. confocal project), you have the

possibility to make batches to analyse everything in the same way. To do
this, create new files and copy the contents of each new folder into it. Set all

LI LS

desired parameters of “image preparation”, “segmentation”, “parameter
calculation”, “time-series analysis” and ‘“data export” before going to
“processe shortcuts” and select task that you want to batch. Click on
“perform selected tasks on current experiment folder” to start the batch.
(3) Select channel 1 that corresponds to the GFP in the segmentation option. Set
thresholding using OTSU class 2 with a sensitivity of 0.5. Segment image
stacks using other default parameters of the segmentation option window.

Check every image stack if the two segmentations correspond to the raw
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image stack without background noise and over- or under-interpreting the
size of the biofilm. Do the same with channel 2, which corresponds to
SYTO 61
Notes: If the segmentation is not good, all the following steps must be

restarted: adjust the segmentation sensitivity if needed.

(4) In parameter calculation, check the “global biofilm properties” option.
Click on “Calculate object parameter” for both channels

(5) In data export, extract .csv files for both channels. One file is created per
channel

(6) In every .csv file, extract the biovolume value. Calculate the GFP/SYTO
61 ratio with the control (E. coli alone). If the ratio is between (.95 and 1.05,
go to the next step. If not, check that the segmentations are correct with the
segmentation preview option and adjust if necessary

(7) Calculate the GFP/SYTO 61 ratio with all images using the biovolume
value of the csv files. The ratio must be between (.25 and 0.75. If not, adjust
the amount of Bacillus spp. in the 96-well plate and repeat all steps to be
within the range.

Spatial analysis of the 24h mix species biofilms

1.

As in the above steps, images of 24h mixed biofilms are loaded into BiofilmQ.
The segmentation using thresholding OTSU class 2 with a sensitivity of 0.5 and a
dissection method using cubes of 10 voxels side length (3.61 pm) is performed
Notes: As above, a good segmentation is needed for the next steps. Adjust
the sensitivity if needed.
In parameter calculation, check “Global biofilm properties”, “Distance to
surface”, and “Fluorescence properties™ withfor the last, “Mean intensity ratio
per object channel 1 and channel 2 and the “Pearson coefficient calculation”
Export .csv files as previously described and extract values to graph biovolume
and Pearson coefficient
Kymographs are made using the visualization window in BiofilmQ. One channel
is loaded and in the Options window, choose “3D Heatmap/kymograph as
calculated per title according method™ as graph type. In the parameter choose
“Frame” for X-axis, “Distance_From substrate” for Y_axis and
“Intensity_Mean_Ch2_Ch1” for the colour code.

Arrange the range and Bins as needed to get the desired graph size (i.e. column size
and sensitivity of the column split) and plot to obtain the Kymograph.

Summary of the analysis

The example analysis that was done to illustrate the experimental protocol has the
objective to study the bacterial interaction inside a mixed bi-species biofilm.
First, the structure of mono-specie biofilm was generated with IMARIS
software and compared to mixed bi-species biofilm of E. coli GFP and the
Bacillus spp. (Fig. 3). All mono-specie biofilm covered the surface, very densely
for E. coli GFP. The Bacillus spp. strains formed 3D structured biofilms
filamentous for B. licheniformis and clusters for B. pumilus and B. polymyxa.
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Bi-species mixed biofilms showed different phenotypes in comparaison to mono-
specie biofilms. Large clusters of B. licheniformis or B. polymyxa with a
dense and flat biofilm of E. coli GFP around them are observed in mixed biofilm.
These clusters seems to be on the biofilm of E. coli GFP.

To validate these observations, quantitative analysis were performed using
BiofilmQ software with 4 images for each conditions (Fig. 4). The total
biovolume of mono- and bi-species biofilms were calculated with the E. coli GFP
and Bacillus spp. fractions (Fig. 4A). The biovolume of E. coli GFP was lower
than the Bacilus spp. and B. pumilus and B. polymyxa had more biovolume in
comparaison to B. licheniformis. The biovolume of E. coli GFP in bi-species
biofilms were the same as the mono-specie biofilm of E. coli GFP unlike Bacillus
spp. which decrease their biovolume in the presence of E. coli GFP. To
quantify the organization of one partner in relation to the other within the mixed
biofilm, the calculation of the Pearson’s correlation coefficient was done

(Fig. 4B). The value of E. coli GFP with B. pumilus was higher compared to the
other two mixed biofilms, showing a more homogeneous organization of both
partners in this case. To completment these analysis, a kymograph showing ratio
of the intensitysyroe1/Intensityggp was performed to further investigate the
stratification of bi-species biofilms (Fig. 4C). The results showed more SYTO61
intensity values on the top of the biofilm for B. licheniformis and B. polymyxa
with E. coli GFP, corresponding to the clusters observed previously. All
quantitative analyses confirmed the observations.
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3.1 CHAPITRE 1 - CARACTERISATION DES COMMUNAUTES
MICROBIENNES ASSOCIEES AUX SURFACES DE BATIMENTS
D'ELEVAGE ET OBSERVATION DE LEURS MODULATIONS PAR
L’APPLICATION D'UN BIOFILM POSITIF

3.1.1 Préambule

Le premier objectif de mon projet de recherche a été de développer une
méthode de prélévement des communautés microbiennes spatialement organisées
sur les surfaces des batiments d'élevage. Cette approche, basée sur
I"échantillonnage de coupons, a été associée a une analyse ex-situ en laboratoire.
Dans ce chapitre, je présente dans un premier temps les résultats des études
terrains qui ont permis de mettre au point cette méthode, la rendant standardisée
et reproductible. Les techniques couramment utilisées, basées sur les
écouvillonnages, boites de contact, chiffonnettes, ou éponges ne permettent pas
le décrochement total des microorganismes associés et déstructurent les biofilms
[37]. Or, cette formation du biofilm est une caractéristique importante car elle est
intimement liée a la tolérance des microorganismes aux stress environnementaux
et est impliquée dans les mécanismes d'interaction entre les différentes especes
de la communauté. L'utilisation de la MCBL, couplée a I'analyse d'image, a permis
d'étudier la structuration en 3D des biofilms. Parallélement, des dénombrements
sur différents milieux sélectifs ont été effectués pour étudier le nombre de
bactéries viables et cultivables présentes dans ces communautés. Enfin, une
analyse de la diversité des espéces a été réalisée par séquencage a haut débit du

geéne de I'ARNr 16S.

L'approche d'étude des biofilms de surface a tout d'abord été testée dans un
élevage de poulet expérimental de la société Lallemand. Cette étude a constitué
un préalable a sa mise en ceuvre au sein d'élevages commerciaux a plus grande
échelle. La méme stratégie de prélevement et d'étude des biofilms a également

été reproduite dans un élevage commercial porcin. Des coupons composés de
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matériaux représentatifs de batiment d'élevage tels que le PVC, l'acier galvanisé
ou inoxydable ont été placés sur les surfaces en contact avec les animaux avant
leur arrivée dans le batiment. L'échantillonnage au fil du temps, suivi d'une analyse
ex-situ au laboratoire, a permis d'étudier de maniere globale les communautés
attachées aux surfaces des coupons dans ces environnements. Suite aux résultats
obtenus, nous avons décidé de nous focaliser pour la suite du projet sur |I'élevage
avicole comme systeme d'étude, moins contraignant que le systeme porcin.
L'observation de I'expérimentation préliminaire en élevage de poulet de chair est
décrite en annexe, tandis que I'étude en élevage porcin est détaillée dans |'article

3.

La méthodologie d'échantillonnage a l'aide des coupons a également permis
I'isolement de souches environnementales. Par exemple, des souches sporulantes
d'intérét ont été isolées sur un milieu gélosé riche (TSA) a partir des biofilms sur
les coupons puis cultivées en milieu liquide (TSB). La suspension résultante a été
traitée a 80°C pendant 10 minutes pour sélectionner les spores. Apres criblage de
leurs propriétés bénéfiques en condition de biofilm, ces souches pourront étre
considérées comme des candidates pour une utilisation potentielle en biofilm
positif dans un contexte similaire (ou identique) a celui de leur isolement.
Certaines de ces souches ont été caractérisées comme formant spontanément de
larges quantités de biofilms et leurs génomes ont été séquencés. Un exemple avec
la souche B. velezensis P1, isolée d'un coupon prélevé dans un élevage porcin, est

décrit dans |'article 4.

L'effet d'un produit commercial (Lalfilm Pro®, Lallemand SAS, France) sur la
modulation de la composition du microbiote de surface d'un batiment d'élevage
de poulets de chair, apres le processus de nettoyage et de désinfection, et avant
I'entrée des animaux dans le batiment, a été étudié. Le microbiote de surface de
4 batiments (2 traités et 2 témoins) a été suivi au cours du temps, en présence des
animaux, par la méthode de prélevement précédemment établie. Les résultats ont
mis en évidence |'effet des biofilms positifs sur la modulation du microbiote de
surface des batiments d'élevage. De plus, cette étude a permis de générer des

connaissances sur la composition et la structure des communautés microbiennes
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qui composent les microbiotes présents dans ces environnements jusqu'alors peu

étudiés dans la littérature. Les résultats de cette étude sont décrits dans |'article5.

Les communautés de microorganismes qui composent les biofilms de surfaces au
sein des élevages ne sont pas connues alors méme qu'elles exercent un impact
direct sur la santé des animaux. La pré-existence, apres l'application d'un
processus de nettoyage et de désinfection tels que décrit dans I'article 5 [38], de
grandes quantités de spores sur la surface des coupons avant I'arrivée des animaux
dans le batiment, a constitué une observation cruciale. En effet, environ 3 log
d'Unités Formant Colonie par cm? (UFC/cm?) de spores bactériennes ont été
dénombrées dans les deux batiments n’ayant jamais recu de solution de biofilm
positif. Le séquencage a haut débit du gene de I'ARNr 16S suivi d'une analyse de
la diversité basée sur les séquences obtenues a mis en évidence une abondance
relative du genre Bacillus représentant jusqu'a 30 % de la population totale
endémique dans ces batiments. Certaines souches formant des spores et ayant des
phénotypes de biofilm remarquables ont été prélevées au cours du temps dans les
batiments témoins et leurs génomes séquencés. Une étude des génomes et des
phénotypes de biofilms a été réalisée dans le but de caractériser ces souches, afin
d'identifier de possibles bactéries indésirables ou, au contraire, des souches
potentiellement candidates pour une utilisation en biofilm positif dans ces mémes
environnements. Les résultats de cette étude sont décrits dans |'article 6, en

préparation.

En conclusion de ce chapitre, une approche combinée a été employée pour la
premiére fois avec succes afin d'acquérir des images microscopiques de la
structure des communautés présentes sur les surfaces des batiments élevages,
tout en permettant de suivre de maniere fiable, précise et reproductible leur
évolution en termes de nombre et de composition au fil du temps. De plus,
certaines souches du genre Bacillus, autochtones des batiments d'élevage, ont été
caractérisées en se basant sur leur génome et leur phénotype en biofilm, révéelant

ainsi leur potentiel dans le cadre d'utilisations industrielles.
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3.1.2 Article 3 : Capture and ex-situ analysis of environmental biofilms in
livestock buildings
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Abstract: Little information about biofilm microbial communities on the surface of livestock buildings
is available yet. While these spatially organized communities proliferate in close contact with animals
and can harbor undesirable microorganisms, no standardized methods have been described to sample
them non-destructively. We propose a reproducible coupon-based capture method associated with a
set of complementary ex-situ analysis tools to describe the major features of those communities. To
demonstrate the biofilm dynamics in a pig farm building, we analyzed the coupons on polymeric and
metallic materials, as representative of these environments, over 4 weeks. Confocal laser scanning
microscopy (CLSM) revealed a rapid coverage of the coupons with a thick layer of biological material
and the existence of dispersed clusters of active metabolic microorganisms. After detaching the
cells from the coupons, counts to quantify the CFU/cm? were done with high reproducibility.
High-throughput sequencing of the 165 rRNA V3-V4 region shows bacterial diversity profiles in
accordance with reported bacteria diversity in pig intestinal ecosystems and reveals differences
between materials. The coupon-based methodology allows us to deepen our knowledge on biofilm
structure and composition on the surface of a pig farm and opens the door for application in different
types of livestock buildings.

Keywords: biofilm; sampling; livestock building; surfaces; diversity

1. Introduction

In intensive breeding farms, animals live in a confined environment directly on in-
organic floors (slatted floors, cages, aviary) or organic litter (straw, sawdust). In these
environments, animal density can be very high, and the running parameters of farms
(animal nutrition, temperature, humidity, light) are modulated to obtain their maximal
growth rate. Concrete, metals, and polymers composed the majority of housing equipment
materials in direct contact with animals in the livestock buildings, such as water and feed
distribution systems, fences, pens, cages, walls, or gratings [1]. To reduce organic matter
and microbial development on these surfaces, cleaning and disinfection (C&D) procedures
are performed between two batches of animals, as well as regular removal of manure
during the batch. However, these procedures are far from eradicating sessile microflora
that can harbor pathogenic subpopulations [2—4]. Indeed, it is estimated that between 40
and 80% of living microorganisms are associated with a surface in so-called biofilms, which
are present in all biotopes on earth [5]. Biofilms are three-dimensional biological structures
composed of microbial communities embedded in cohesive self-produced extracellular
polymeric substances (EPS) [6]. EPS can drastically vary between biofilms but is generally
composed of water and a complex mixture of polysaccharides, extracellular DNA (eDNA),
proteins, and amyloid fibers. The presence of EPS, along with spatial organization and
specific signaling systems, triggers a diversification of cell types and emerging community
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functions, including a fantastic adaptation to environmental fluctuations and the action of
antimicrobials, in comparison to their free planktonic homologs [7-12].

Because of spatial proximity and high cell density, biofilms are considered as hot spots
for the spreading of antibiotic resistance genes and virulence factors by horizontal gene
transfer [13-15].

Current knowledge about surface-associated microbial communities in livestock build-
ings is still very limited, while of prime importance to decipher microbial pathogens
dynamics in these environments and their interactions with animals. These questions enter
in the One Health context by pinpointing the flow of pathogens between the environment,
animals, and humans. Furthermore, national and international regulations are evolving
to limit the use of antimicrobials such as antibiotics (to prevent antibiotic resistance) and
disinfectants (to prevent environmental pollution) [16]. The development of innovative
and alternative strategies are hence explored and are needed to create scientific knowledge
and methodologies to analyze complex multispecies biofilms on livestock building surfaces
and their dynamics under perturbations [17,18].

In farms, most pathogenic microorganisms responsible for zoonosis can be associated
and protected within environmental biofilms. Holobiont of animals is in constant interplay
with the biofilms from the farm environment. These biofilms may constitute an environmen-
tal route for animal and human contamination [19]. Quantification of undesirable species
such as bacterial pathogens is hence carried out in livestock buildings regularly to monitor
its hygienic status and to comply with eventual national or international regulations. The
sampling methodologies used are principally swabs, sponges, and contact plates with spe-
cific media [20,21]. Nowadays, there is no chemical or physical methodology able to extract
all surface-associated communities from a surface to study it [22,23], and the extracted
fraction may not be representative of the initial sessile community [24]. Another strong
limitation of these sampling methods is the definitive loss of the biofilm spatial organization
that is, as mentioned previously, a major factor of microbial persistence on surfaces.

Indeed, protocols with coupons, defined here as a small surface of a specific material
where the biofilm can develop, have been designed and used to capture in-situ and non-
invasively the microbial community of interest in other systems [25]. These types of
sampling methods were in particular successively applied to describe biofilms in aquatic
conditions (biocorrosion in the sea, drinking water distribution system, and wastewater
treatment) [26-29]. Coupons have also been recently used to detect the pathogenic bacteria
Listeria monocytogenes in the food processing industry [30]. The coupon-based method
allows structural analysis of the microbial community using microscopy techniques that
can be combined with microbial diversity and bacterial counts. Moreover, it has been shown
that biofilms growing on coupons are representative of the surface of the surroundings and
that this method is more robust than classical environmental swabbing with less variability
in bacterial counting [31].

In this study, we implemented a coupon-based methodology to capture native biofilms
on livestock building surfaces (here a pig farm) along with a set of ex-situ analyses to
describe the structural dynamics of these communities over one month. CLSM analysis
was put in use to decipher non-invasively the three-dimensional structure of the biofilm,
with a special interest in contrasting metabolically active cells. Bacterial plate counting was
performed on non-selective media to allow quantification of viable and cultivable species,
while an analysis of the bacterial diversity was performed by high-throughput sequencing
of the 165 rRNA V3-V4 regions.

2. Materials and Methods
2.1. Livestock Building, Coupons Disposition, and Sampling

The coupons were placed in a French commercial pig farm during the post-weaning
stage of piglets over 31 days (Blan, France). The livestock building was a slatted floor pen
system. The temperature was 27 °C at animals’ entry with a decrease of 1 °C every week
to reach 24 °C until the end of breeding. Representative coupons of livestock building
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surface materials were composed of polyvinyl chloride (PVC) or galvanized steel (steel)
with dimensions: 2.5 cm x 6 cm x 3 mm (Leroy-Merlin, Colomiers, France). Coupons were
sterilized in an autoclave (HMC EUROPE, Tuslin, Germany) and dried in a dry oven (FD
115 model, Binder, Tuttlingen, Germany) for 15 min at 120 °C.

In this work, 60 coupons of each material were analyzed (120 coupons in total) side by
side on pen dividers using double-sided tape under the water lines close to animals in five
pens of 3.73 m per 2.5 m of 25 piglets each (Figure 1).

Figure 1. Arrangement of coupons on the wall. Steel and PVC coupons were placed on the walls
under the water lines using double-sided tape in a staggered arrangement.

Per sampling day and in the same way for the 5 pens, 2 coupons of each material
were extracted, one for microscopy study and the second one to perform the bacterial
counts and DNA extraction for high-throughput sequencing analysis. The beginning of the
experiment (day 0) corresponds to coupons implantation on pen dividers, after cleaning
using the DECABAZ (HYDRACHIM, Etrelles, France) detergent and the VIROCID (CID
lines, Ypres, Belgium) for the disinfection step, following manufacturer recommendations.
A sampling of the coupons was made from the outside to the inside of the coupon line
on days 2, 6,7, 14, 21, and 31. The first sampling point on day 2 is just before the entry of
animals. During sampling, coupons were aseptically removed with gloves from the pen
dividers and placed in Petri dishes containing a sterile compress soaked in sterile water to
avoid sample dehydration until analysis (<24 h after sampling).

2.2. Confocal Laser Scanning Microscopy

Biofilm structures on coupons were observed using a high-content screening confocal
laser scanning microscope (LEICA, HCS-SPS, Wetzlar, Germany) at the INRAE MIMA2
microscopic platform (wwwé6.jouy.inrae.fr/mima2_eng, accessed on 10 December 2021).
Then, 50 pL of a 54 uM calcein acetoxymethyl (CAM), a metabolic fluorescent dye reporting
esterase activity in green, was poured on the coupons and incubated in the dark for 30 min
at 37 °C (Invitrogen, Carlsbad, CA, USA). The non-ionic molecules can enter passively
into cells and be cleaved by intracellular esterase, releasing a fluorescent non-permeant
ionic residue. Biofilms on the coupons were also counter labeled in red with 50 pL of a
3 uL/mL of SYTO 61 (Invitrogen, Carlsbad, CA, USA), a cell permanent red dye that labels
nucleic acid.

A 600 Hz frequency was used to acquire images with the CLSM. SYTO 61 was excited
with the HeNe laser at 633 nm, and the emitted fluorescence was collected with a hybrid
detector in the range from 650 to 700 nm. CAM was excited with an argon laser set at
488 nm, and the emitted fluorescence was collected with a hybrid detector in the range
from 500 to 550 nm. The surface topography was also captured using the reflection mode
of the CLSM with the 488 nm laser line. A series of 512 x 512 pixels images was acquired
using a 63 x water lens (numerical aperture = 1.2) for the first samples (day 2) and a 40x air
lens (numerical aperture = 0.8) for the other thick samples by taking one image per um in
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the z-axis to capture the full height of the biofilm. 2D projections and image analysis were

performed using IMARIS 9.3.1 software (Bitplane, AG—Zurich, Switzerland).
Quantification of fluorescence signals was performed with the two labels to determine

the evolution of each compartment (biovolume in um?®/um?) over time for the two materials.

2.3. Enumeration of Bacteria Detached from Coupons

Coupons were placed in individual tubes containing 30 mL of a saline solution (NaCl
9 g/L) to cover halfway. With a sterile pipette tip, the biofilm was mechanically disrupted
by successive round trips corresponding to 20 vertical and horizontal passages on the
immersed side of the coupon, and then, the latter was turned over to do the same on the
other side. Then, removing the coupon and suspending the bacteria by vortexing for 5 s
the liquid, successive dilutions in saline solution were carried out in duplicate using ImL
of the resuspended biofilm solution. Counts into agar were made from 1 mL of the desired
dilution. Trypticase soy broth with agar (TSA (w/v); 1% tryptone, 0.5% yeast extract, 0.5%
NaCl, 1.5% agar; BioMérieux, Marcy-l’Etoile, France) was used as non-selective media
under aerobic conditions for 24 h at 30 °C. To select the spores, ImL of the biofilm solution
was placed in a glass tube, in a water bath for 10 min at 80 °C, in duplicate for each coupon
before enumeration by TSA. The Petri dishes in a CFU range between 30 and 300 were
counted. The remaining 26 mL of the detached biofilm solution was centrifuged for 10 min
at 6000 g, the supernatant was gently removed, and the pellets were placed at —20 °C to
extract after the DNA.

2.4. High-Throughput Sequencing of the 165 rRNA and Diversity Analysis
2.4.1. DNA Extraction, PCR, and Sequencing

DNA from 60 bacterial pellets were extracted and purified using DNeasy Power-
Lyzer PowerSoil Kit manufacturer instructions (Qiagen, Hilden, Germany). PCR of
V3-V4 regions of 165 TRNA marker genes was carried out on a thermocycler (Ge-
neamp PCR system 9700, Applied Biosystems, USA) with universal primers F343
(5-CTTTCCCTACACGACGCTCTTCCGATCTTACGGRAGGCAGCAG-3) and R784
(5-GGAGTTCAGACGTGTGCTCTTCCGATCTTACCAGGGTATCTAATCCT-3) with an
annealing temperature of 66 °C using Phusion High-Fidelity PCR kit (New England Bio-
labs, Ipswich, MA, USA) [32]. DNA was quantified on a NanoDrop Spectrophotometer
ND-1000 (Thermo Fisher, Waltham, MA, USA). PCR products, including negative con-
trols, were checked on 1% agarose gel electrophoresis to ensure PCR products. Illumina
Miseq technology was used to sequence the amplicons (GeT-PlaGe INRAE platform,
Toulouse, France).

2.4.2. Diversity Analysis Using Bioinformatics

Paired-end Fastq files were denoised with DADAZ2 [33] by default parameters, includ-
ing consensus chimeras removal, as well removing primers and truncation by Demux with
a final length of 411 £ 26 bp. Multiple alignment using fast Fourier transform (MAFFT)
was used to perform de novo multiple sequence alignments [34], and mask as gap filtering
Phylogeny was constructed with FastTree [35,36]. Data were rarefied to 10,120 sequences
per sample; then low abundance amplicon sequence variants (ASVs) per pen were filtered
out (<100 seqs in 2 samples, to improve accuracy on diversity estimates [37]). Rarefaction
curves as observed AVSs and good coverage were studied to ensure a full sampling of
the community was taken. Alpha diversity parameters (Shannon) and richness (Observed
ASVs) were compared across materials per sampling point, as well as weighted UniFrac
distances for Beta diversity. All bioinformatics results and graphs were obtained in QIIME2,
using the Python-based microbiome data-science platform [38].

2.5. Statistical Analysis

Results are represented by the average and standard deviation (SD) or confidence
interval (CI) of 5 coupons per day, and day was considered the experimental unit. Two-
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way ANOVA using the uncorrected Fisher’s least was used for the count and biovolume
analysis with PRISM software (GraphPad, San Diego, California, USA). Taxonomy data
were analyzed with Lefse [39] with default parameters, alpha diversity with Kruskal-Wallis,
and beta diversity PERMANOVA in QIIME2 [38]. Data were considered significant when a
p-value were smaller than 0.05.

3. Results
3.1. Coupons Are Colonized by a Densely Clustered Biofilm with Only a Minor Fraction of Cells
Metabolically Active

Before being placed in the farm, coupons surface topography was analyzed with the
reflection mode of a CLSM (Figure 2). The surface of steel was rougher than PVC with the
presence of streaks and holes in abundance, while the PVC was very smooth. To estimate
the hydrophilicity of the coupons, contact angles with water were measured [40]. The
two side contact angles of 15 drops of 100 uL were measured with the image analysis
software Image] (1.53 version). The water contact angles show that steel coupons (angle of
51.1° £ 7.4) were more hydrophilic (p < 0.05) than PVC coupons (angle of 84.8° £ 3.2).

PVC

Figure 2. Characterization of the surface of coupons using confocal laser scanning microscopy.
A detail of the surface topography of the steel and the PVC coupons by CLSM are shown (scale
bar = 30 pm).

Coupons harvested in the building were labeled with SYTO 61 (red) to mark intra-
and extracellular nucleic acids in the biofilms and CAM (green) to highlight metabolically
active microorganisms inside the community (Figure 3a).

Images of the first sampling day after the cleaning and disinfection process and before
the entry of animals in the farm (day 2) showed only a few sessile scattered microorganisms
with the size around the micrometer compatible with bacteria. After animals entered,
biovolumes in both channels sharply and significantly increased (p < 0.05) (Figure 3b).
From sampling day 6 until the end of the experiment, material contrasted with SYTO 61
was covering all the coupons surfaces. An organization with clusters or compact structures
with holes in both materials was visualized. The biovolume of SYTO 61-labeled material
was significantly higher on steel than PVC from day 14, and a decrease of the signal was
observed from day 7 in PVC (p < 0.05).

Green CAM-labeled clusters corresponding to metabolically active microorganisms
were observed in all samples after animal entry. Biovolume of CAM was higher on steel in
comparison to PVC on day 31 (p < 0.05), and a decrease of biovolume appeared for days 21
and 31 on PVC (p < 0.05) (Figure 3c).
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Figure 3. Confocal laser scanning microscopy visualization of biofilms settled on the steel and PVC
coupons. Microorganisms and eDNA were labeled in red with SYTO61 and metabolically active cells
in green with CAM. The easy 3D representative projections for each time point for steel and PVC
coupons are shown (a). Day 2 corresponds to the first sampling, two days after the deposit of the
coupons without animals in the farm; the scale bar represents 30 um for day 2 and 40 pum for the
other time points. The biovolume of SYTO 61 (b) and CAM (c) signals were extracted over time on
PVC (grey lines) and steel (black lines). The dotted line indicates the animal’s entry into the building.
Results represent average +=CI 95% (* p < 0.05).

3.2. Enumeration of Aerobic Cultivable Bacteria from Coupons

Enumeration with TSA plates as a non-selective media to quantify total aerobic bacteria
on coupons was performed. In addition, heat treatment of 10 min at 80 °C was carried out
before TSA plating to select spores from the same samples (Figure 4).

Before the entry of animals and 2 days after coupon placement (day 2), 4 logs
(CFU/cm?) of total bacteria were enumerated in both materials. After animals entered, a
significant increase of total aerobic cultivable bacteria was obtained on PVC in comparison
to steel (p < 0.05) for all days, except at day 21. A stabilization of non-selective counting
was obtained after animals entered with a value around 6 logs (CFU/ cm?) for PVC and
5logs (CFU/cm?) for steel. A peak was observed in both materials on day 21. With heat
treatment, less than 1 log (CFU/cm?) of spores were enumerated on both materials on the
first sampling. Values increased on PVC and steel after day 2 to reach more than 2 logs
(CFU/cm?) of spores on day 21; no significant differences were observed on both materials
for each time point. A higher number of total aerobic cultivable bacteria were counted
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significantly on PVC compared to steel (p < 0.05), however, with a tendency to have fewer
spores counted.

a b
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Figure 4. Enumeration profiles (Log CFU/cm?) of the total aerobic bacteria (TSA) and spores
(TSA, 80°C, 10min) on steel and PVC coupons during the trial. Biofilms on coupons were removed
mechanically by pipetting and by a round trip with saline solution. After successive dilutions,
bacteria inside samples were enumerated on TSA (grey lines) and on TSA after a 10 min at 80 °C
treatment to select spores (black lines). Results are average =CI 95% of 2 enumeration profiles for
PVC (a) and Steel (b) coupons. The dotted line indicates the animal’s entry into the building,.

3.3. 165 rRNA High-Throughput Sequencing Analysis to Decipher the Dynamic of Biofilm
Bacterial Diversity

A total of 60 samples from PCR targeting the 165 rRNA coding gene were success-
fully sequenced. After error filtering, alignment, and chimera removal, 1,146,915 reads
were generated, corresponding to 19,115 + 6505 sequences per sample. Taxonomic anal-
ysis shows that Firmicutes phylum was the most represented in all samples, followed by
Proteobacteria, Actinobacteria, and Bacteroidetes. Lactobacillales, Clostridiales, Bacillales, Acti-
nomycetales, Pseudomonadales, Bacteroidales, and Enterobacteriales were the most dominant
orders (Figure 5).
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Figure 5. Taxonomic order profile of bacterial communities on the pig farm surface determined using
PVC and steel coupons. Each color bar represents the relative frequency of one bacterial order inside
the total bacterial community. For each day, PVC and steel taxonomic profiles are shown. The dotted
line indicates the animal’s entry into the building.
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Lactobacillales was the most represented order in both materials when samples were
compiled for days with significantly more relative frequency on PVC (40%) compared to
steel (31%). The trends are reversed with Clostridiales that is the second most represented
significantly on steel (25%) compared to PVC (14%) (p < 0.05). Other orders were also
significantly different per material: Bacillales, Actinomycetales, and Pseudomonadales on PVC
and Bacteroidales, Rhodocyclales, Enterobacteriales, Coriobacteriales, and Flavobacteriales on steel
(p < 0.05). The trends stated above are true for each time point except for day 2 (Figure 4).
On day 2, after C&D procedures and before the animals enter the building, taxonomic
profiles are different, with the larger abundance corresponding to Bacillales order on both
materials (28-32%). Just after animals enter at day 6, Pseudomonadales order proportion
increases to reach 25% of relative frequency on the PVC in comparison to a less increase
on the steel of 9%. Bacteroidales are more detectable on steel than PVC for every time point
except for day 2, which is at the same level. The level of Enterobacteriales decreased from
day 2 to the end of the experiment (Figure 5).

Shannon indexes were used to compare a-diversity between steel and PVC materials
during the experiment (Figure 6). On day 2, before animal entry, the diversity was the same
on both materials (6.3 and 6.2). The Shannon index on PVC decreased on day 6 until day 21,
in comparison to a significantly higher and stable diversity level on steel for all the breeding
duration. Except for the first sampling on day 2, a significantly lower level of diversity
is observed on PVC compared to steel (p < 0.05), corresponding to a decrease of richness
and evenness in the bacterial population. Similar results were found for observed ASVs
from 285 at day 2 to a peak on day 6 with 341-431, reaching 170-290 ASVs at the end of the
trial, for PVC and steel, respectively. Weighted UniFrac distances of beta diversity showed
significant differences between the compositional 165 of both materials per day (p < 0.05).
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Figure 6. Comparison of a-diversity on PVC and steel coupons during the experiment. c-diversity
was determined using the Shannon index value. The dotted line indicates the animal’s entry into the
building. Pairwise comparisons between materials per day are shown with an asterisk (* p < 0.05).

4, Discussion

Knowledge of the microbial communities living on surfaces of livestock buildings is
still very limited in the literature. These communities, in close contact with animals, should
be better characterized for their control. As mentioned previously, no standard or robust
methodology is described to sample or analyze these spatially organized communities.
Here, we propose a sampling and analyzing method of the biofilms by collecting them
from coupons installed on site.

To apply and validate this methodology in the context of pig farms, coupons were
placed after C&D protocol under the water lines, an area with frequent contact with animals.
Coupons were sampled before animal entry that corresponds to 2 days of incubation (day 2),
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and around 4 logs (CFU/cm?) of bacteria were counted on TSA with both materials. After
several days, the number of counts did not reach more than 7 logs (CFU/ cm?), showing low
effectiveness of C&D protocol or rapid growth of bacteria after C&D. Analysis of coupons
incubated throughout the breeding period exposed or not to a C&D process would allow
answering this question.

The spatial organization of metabolically active bacteria inside the total biofilm was
observed. By compiling the biovolume of both channels over time and by the ratio of CAM
versus SYTO61, it was possible to estimate that for the two materials, around 30% of the
biofilm was composed of metabolically active cells. The bacteria counted on TSA medium
may be those detected by CAM without the viable but non-cultivable part. Metabolically
active bacteria in the biofilm can have a commensal origin or can be those detected on
surfaces before entry of animals which have developed, representing in our study around
41ogs (CFU/cm?) for day 2, and which are by diversity analysis principally Bacillales and
Lactobacillales. While CAM allowed the visualization of localized pockets of metabolically
active cells, a limitation of such esterase activity markers is that some bacterial species can
expulse the dye with efflux pumps, resulting in loss of intracellular fluorescence [41].

Here, coupons were contaminated with feces splashes from the arrival of the animals
in the building (day 6). Fecal bacteria can hence be recruited in the preexisting biofilm and
be integrated into the CFU counts. It has been shown that the bacterial quantity that lives
in the gut achieves among the highest cell densities recorded for any ecosystem, with more
than 10! cells per gram of wet material in the colon [42]. The intestinal contents of pig
harbor a fraction of strict microbial anaerobes that do not tolerate the presence of oxygen.
Their release into open air can cause cell death and lysis and the release of eDNA [43]. In
this study, the SYTO 61 can label live and dead microorganisms but also the abundant
eDNA fraction in the matrix. Previous studies have shown that polysaccharides, proteins,
and eDNA can play a role in the spatial structure of the biofilm [6,44]. The very compacted
structure of biofilms may here be linked to the large amount of eDNA resulting from
bacterial lysis.

A decrease in SYTO 61 signal on PVC is observed from day 6 to the end of the
experiment. Biofilms on PVC could be less cohesive than on steel. The steel coupons
showed high hydrophilic properties and harbored holes and cracks on their surface that
could permit a better fixation of organic materials in comparison to PVC. The structure of
the biofilm changed with a decrease of the biomass level during the experiment, but this was
not correlated with a decrease in bacterial number. Biovolumes on steel were higher than on
PVC, and this could also be explained by the properties of steel surface (hydrophobicity and
rugosity). However, the number of bacteria counted on PVC was higher than on steel, which
suggests that steel carries a greater matrix with fewer bacteria. Microscopic visualization
of extracellular matrix compounds may be considered in future experiments. Alternative
labeling methods can be used in future experiments to distinguish other components of the
biofilm, such as fluorescent lectins that bind specifically to exopolysaccharides, thioflavin
T for amyloid fiber labeling, or fluorescence in situ hybridization (FISH) technique by
detecting specific species having access to their spatial organization [45,46].

The bacterial diversity was studied by 16S high-throughput sequencing analysis.
Overall, in the absence of additional biological replicates, the insights brought by 165
sequencing were limited to the description of the microbial community. The results showed
more richness and evenness in steel than PVC, and this was in line with the taxonomy
results, with the presence of a large proportion of bacteria on coupons, such as Lactobacillales,
Clostridiales, Bacillales, Actinomycetales, Pseudomonadales, Bacteroidales, and Enterobacteriales,
already found in other pig studies [47-49]. A bias in this community profiling arises from
the high quantities of bacterial eDNA from feces on the surface that can be sequenced
in addition to the living bacteria that multiply in such biofilms. DNA of bacteria that
can grow on the surface was amplified, but because of the eDNA release, dead bacteria
are also detected with this approach. V3-V4 regions of the gene encoding the 165 RNA
were chosen for DNA amplification to discriminate better the species as bringing higher
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variability of the amplified sequences, in comparison to other regions like V4-V5 region,
which can show as well the presence of archaea [50]. Internal transcribed spacer (ITS)
regions from fungi that code for ribosomal RNA can also be used to study this diversity of
surface communities [51]. A probable correlation exists between the composition of the
animal microbiota and the microbial communities identified on the coupons. For future
experiments, animal microbiota has to be sampled, analyzed, and compared to the biofilms.

This method has been validated in a pig farming context, allowing a better under-
standing of the dynamics of microbial communities over time in this production system.
In the future, we could envision that a farmer could use this coupon method without the
intervention of specialized technician and send them to the laboratory with a dedicated
procedure for monitoring the building surface microbiological profile. Interesting trends
such as the effect of the material stand out significantly and should be extended by other
complementary studies in other farms to standardize the results. The method also makes it
possible to isolate strains of interest from these surfaces. New high-throughput culturomic
techniques compatible with our sampling methodology allow us to isolate and cultivate vi-
able bacteria inside the community and could help to avoid the bias surface contamination
by dead bacteria from feces that are detected by DNA sequencing [52-54]. In perspective, a
study where coupons are placed at different heights to also study the formation of biofilm
on these surfaces without splashes of feces could be considered. Other coupons composed
of representative materials of the livestock building as concrete or stainless steel could also
be analyzed.

Antimicrobial tolerance and resistance of such compact 3D communities will be also
interesting to investigate. These microbial communities are also frequently exposed to
antibiotic residues and can become reservoirs of antibiotic resistance genes.

5. Conclusions

A method to non-invasively capture biofilms of the surface of livestock buildings and
their ex-situ analysis was developed in this work to be implemented and validated in a
building of a pig farm. Bacterial density, diversity, and the three-dimensional structure
of the surface biofilms were analyzed, thus increasing our knowledge of these microbial
communities, poorly documented until now. In perspective, these results could contribute
to better understanding the contamination risks of animals by pathogens present on the
contact surfaces and directly associated with biofilms. In the future, this approach could be
used to study surface biofilms in a variety of agricultural environments, including other
types of livestock buildings.
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ABSTRACT The genome of the Bacillus velezensis P1 strain isolated from a biofilm on the
wall of a pig farm was sequenced. The strain harbors many surface colonization genes
involved in surfactant, matrix, and antibacterial synthesis.

urface communities on the wall inside a pig farm building were sampled by using coupons

installed on the surface for 31 days. Biofilms were recovered by scratching using a pipette
cone and 30 mL of saline solution, and the bacterial suspension was treated for 10 min at 80°C
to select heat-resistant spores. Plating the treated suspension on Trypticase soy (TS) agar at
30°C for 24 h allowed isolation of the P1 strain forming highly structured colonies on agar.

From a —80°C glycerol stock, the P1 strain was cultured in TS under agitation at 37°C
overnight (~16 h). Genomic DNA was extracted and purified using the Monarch genomic
DNA purification kit (New England Biolabs, Ipswich, MA, USA). DNA sequencing (DNA-seq)
was performed at the GeT-PlaGe core facility (INRAE, Toulouse, France; www.genotoul.fr/en/).
DNA-seq libraries were prepared according to lllumina’s protocols using the TruSeq Nano
DNA high-throughout (HT) library kit (Illumina, San Diego, CA, USA). Briefly, DNA was frag-
mented by sonication, size selection was performed using sample purification beads (SPBs)
(kit beads), and adaptors were ligated to be sequenced. Library quality was assessed using
the Agilent DNF-474 high-sensitivity (HS) next-generation sequencing (NGS) fragment kit
(Agilent Technologies, Santa Clara, CA, USA), and libraries were quantified by quantitative
PCR (gqPCR) using the Kapa library quantification kit (Roche, Basel, Switzerland). DNA-seq
experiments were performed on an lllumina NovaSeq 6000 system, using a paired-end read
length of 2 x 150 bp with the lllumina NovaSeq 6000 reagent kits (llumina). Verification of
the libraries was done using NanoDrop quantification (NanoDrop 8000; Thermo Scientific,
Waltham, MA, USA). The reads (5,299,802 sequences, sequence length of 150 bp) were ana-
lyzed using tools available in Galaxy with default parameters (https://galaxy.migale.inraefr/)
(1). De novo assembly was performed using Unicycler (Galaxy version 0.4.8.0) with quality

control done with Quast (Galaxy version 5.0.2 + Galaxy 3) (2, 3), and genome annotation Editor Steven R, Gill, University of Rochester

was performed using the Prokaryotic Genome Annotation Pipeline (PGAP, annotation soft- School of Medicine and Dentistry

ware revision 5.2) (4). The percent genome coverage is 201, and the size of the assembly is Copyright © 2022 Guéneau et al. This is an

3,901,648 bp, made of 26 contigs with a GC content of 47% and an N., value of 564,796 nu- eeiEste Tl fa i O A S S
. X . i . of the Creative Commons Attribution 4.0

cleotides. A total of 3,766 predicted protein-coding genes were detected with 78 tRNAs, 3 International license.

rBNAs, and 5 noncoding RNAs (ncRNAs). The bacterial species identified with more than Address correspondence to Romain Briandet,

99.9% identity is Bacillus velezensis as determined by a BLAST search of the genome of romain.briandet@inraefr.

100 kb, using the nucleotide database collection of Bacillus (taxid: 1386) optimized for highly MEeEIEt se st SIS
Received 21 December 2021

similar sequences. The Staramr tool (Galaxy version 0.7.2 + Galaxy 0) revealed that B. velezen- Accepted 9 January 2022
sis P1 does not harbor antibiotic resistance genes (https://github.com/phac-nml/staramr) and Published 27 January 2022
that no plasmids were predicted.
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Different genes involved in biofilm formation were detected in the genome (i.e., eps,
sps, cap, tapA—tasA, bslA) (5-7). Using the antiSMASH genome analysis tool, 5 antibacterial
genes were detected, encoding with a coverage of more than 98% bacillibactin, macrolactin,
bacillaene, difficidin, and bacilysin (8, 9).

The biofilm formation and antimicrobial secretion properties of B. velezensis P1 are
assumed to confer significant fitness to live and persist in the livestock building surface
biotope.

Data availability. This whole-genome shotgun project has been deposited at DDBJ/
ENA/GenBank under the accession number JAHLGR000000000 and in the NCBI Sequence
Read Archive (SRA) under BioProject accession number PRINA736682. The draft genome
assembly and annotation can be found under BioProject number PRINA736682 and

BioSample number SAMN19656044, respectively.
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Positive biofilms to control
surface-associated microbial
communities in a broiler chicken
production system - a field study

Virgile Guéneau’?, Ana Rodiles?, Bastien Frayssinet?,
Jean-Christophe Piard?, Mathieu Castex?,
Julia Plateau-Gonthier? and Romain Briandet'*

YUniversité Paris-Saclay, INRAE, AgroParisTech, Micalis Institute, Jouy-en-Josas, France, Lallemand
SAS, Blagnac, France

In the One Health concept, the use of beneficial bacteria to form positive
biofilms that prevent the settlement of undesirable bacteria is a promising
solution to limit the use of antimicrobials on farms. However, there is a lack of
field studies reporting the onset of these beneficial bacteria after application
and the effects on autochthonous surface microbiota. In the study reported
here, the inner surfaces of commercial broiler chicken houses were treated or
not with a bacterial consortium composed of Bacillus spp. and Pediococcus
spp. strains, able to form covering biofilms in different laboratory models.
Preinstalled coupons were sampled over time to capture microbial biofilm
dynamics on-farm surfaces. The results showed that the bacterial consortium
can establish on the farm surfaces, modulate microbial communities, and limit
the implantation of Enterobacteriaceae and Enterococcaceae, two families
containing potential pathogens.

KEYWORDS

positive biofilms, biosecurity, livestock building surfaces, microbial community
structure, bacterial pathogens

Introduction

In standard intensive broiler farms, chickens live all their life on the same floor
mainly covered by straw litter, wood shavings, or sawdust. Animal density is high
(up to 21 birds/m?), and physicochemical conditions (illumination, temperature, and
humidity) are optimized to favor animal growth. These conditions obviously trigger
the development of microorganisms on the farm surfaces among which potential
undesirable microorganisms (Guéneau et al., 2022b). Cleaning and disinfection (C&D)
procedures are applied between each production batch in order to eliminate potential
pathogens and avoid cross-contamination through a reduction of the microbial load of
livestock building surfaces. These procedures are typically composed of wet cleaning
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with detergent, disinfection, rinsing, and vacancy period
2015a).

The disinfectants typically used are quaternary ammonium

steps before new animals enter (Luyckx et al,

compounds, aldehydes, and alcohols applied on surfaces by
spraying or fogging (Luyckx et al., 2015b). It has been shown
that these procedures are not totally effective in eradicating
2015a). The
presence of microbial communities spatially organized on
surfaces has been invoked to explain the incomplete action
of C&D procedures (Flemming and Wuertz, 2019). Those
surface-associated communities often named biofilms are three-

surface-associated communities (Luyckx et al,

dimensional microbial structures adhering to the surface and
enclosed in self-produced extracellular polymeric substances
(EPSs; Flemming, 2011). The EPS composition can vary
between biofilms but is typically composed of a complex
mixture of water and biopolymers including polysaccharides,
eDNA, proteins, and amyloid fibers. Thanks to their spatial
structure, the protective effect of the EPS matrix, and cellular
phenotypic heterogeneity, biofilms can adapt exceptionally to
environmental fluctuation and are often strongly tolerant to
the action of antimicrobials (Bridier et al., 2011; Flemming
et al, 2016). In their biofilm form, pathogens such as
Campylobacter jejuni, Enterococcus spp., Escherichia coli, or
Salmonella spp. have been shown to survive C&D procedure,
leading to cross-contaminations between batches of animals
(Peyrat et al., 2008; Marin et al., 2009, 2011). As an example,
the contamination of chickens with the main zoonotic bacterial
pathogen Campylobacter spp. in Europe can be explained
by its ability to form biofilms on surfaces (Trachoo et al,
2002; Newell and Fearnley, 2003; EFSA and ECDC, 2021).
Similarly, the major pathogens responsible for zoonosis in
Europe have been described as biofilm formers in livestock
building (Guéneau et al,, 2022b). These observations support the
need to study deeper biofilms in animal production systems for
their control.

The poultry sector is one of the fastest growing and most
flexible livestock sectors representing half of the additional
meat expected to be produced within the next 10 years
(OECDE and FAO, 2021). The current societal context leads
producers to increase the sustainability and the biosecurity
of their farms while reducing the use of antimicrobials
such as antibiotics and surface disinfectants. In addition to
polluting the environment, nonspecific and abusive use of these
antimicrobials triggers the emergence of resistance that can be
carried by pathogenic agents (McEwen and Collignon, 2018).
Thereby, the World Health Organization defines antimicrobial
resistance as a world public health threat that has to be
managed urgently. In order to prevent zoonoses and increase
food safety, innovative biosecurity tools are implemented.
Biosecurity procedures are a set of measures designed to
protect against the entry and spread of pathogens. The use
of bacteria able to form positive biofilms and guide the
microbial ecology of surfaces after C&D procedures is a new
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and promising biosafety tool. The concept is based on the
rapid onset of beneficial bacteria that will occupy ecological
niches on surfaces. These beneficial bacteria are being selected
for their biofilm-forming abilities and other features linked to
spatial and nutritional competition (Alvarez-Ordénez et al,
2019; Guéneau et al., 2022b). Surface bioprotection is already
used by breeders, and some products composed of cocktails
of beneficial bacteria are already on the market. However,
to our knowledge, no scientific study reports their stepwise
implantation on livestock surfaces and their effects on the
autochthonous microbiota.

In this study, the modulation of surface-associated
microbial communities by the addition of a product composed
of a consortium of selected bacteria was studied. First, biofilm
phenotypes of the strains that composed the product were
studied in different laboratory models. Then, using a field
methodology previously described based on preinstalled
coupons, surface microbiota was captured over time in treated
and untreated buildings (Guéneau et al,, 2022¢). An integrated
global analysis was used to analyze (i) the in-situ spatial
organization of the surface-attached communities by confocal
laser scanning microscopy (CLSM), (ii) bacteria counting in
specific agar media, and (iii) the microbial diversity by high-
throughput sequencing of the 16S rRNA gene. The exclusion
effect of the product on Enterobacteriaceae and Enterococcaceae
was studied using relative abundance ratio (Morton et al,, 2019).
Indeed, these two families contain chicken pathogens of interest
such as Salmonella spp., Escherichia coli, Enterococcus faecalis,
and Enterococcus cecorum (Foley et al., 2013; Manges, 2016;
Souillard et al., 2022).

Methods

Macro-colonies, pellicles, and swarming
phenotypes

All axenic experiments began with 5ml of trypticase
soy broth (TSB; Biomerieux, France) at 30°C overnight
cultures without agitation made from an —80°C glycerol stock.
The bacterial consortium LALFILM PRO® (Lallemand SAS,
Blagnac, France) was diluted in TSB at 0.4 g/30 ml and was used
after agitating for 2h at 180 rpm at 37°C.

For macro-colonies phenotypes, six-well plates were used
with 4ml of TSA 1.5% agar supplemented with Congo red
40 pg/ml (Sigma-Aldrich, France) to observe amyloid fiber
production and 20 pg/ml Coomassie Brilliant Blue to contrast
protein production (Sigma-Aldrich, France; Neumann et al,
1994; Jones and Wozniak, 2017). Around 3 pl of culture was
deposited in the center of each well, left to dry for 10 min, and
then incubated at 30°C for 6 days. For pellicle formation, 4 ml of
TSB was inoculated in the same conditions and incubated for 2
days at 30°C.
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To perform the swarming experiments, TSB plates
supplemented with agar to obtain 0.8% final were prepared
(TSB Agar, Biomerieux, France) and allowed to dry in
a hood for half an hour. Around 10 pl of culture was
deposited in the center of the plate and left to dry for
10 min before 1 day of incubation at 30°C. For each model,
a representative picture from three biological replicates
was selected.

Field experiments in livestock buildings

Two independent experiments were conducted in France
(batch 1 and batch 2), each with a building treated with a positive
biofilm and an untreated control building. Each commercial
broiler chicken house building was 800 m? (one control building
and one treated per batch). The buildings had identical and
unconnected artificial cross-ventilation systems and contained
~18,000 chickens each. Batch 1 was the experiment performed
in summer 2020, and batch 2 was the one performed in winter
2020. Buildings of the two batches have never been treated with
positive bacteria before.

Similar C&D procedures were performed in the buildings
before experiments. They consist of cleaning the building with
water the day after the animals left and applying the HD4N
detergent (Anti-Germ Deutschland GmbH, Memmingen,
Germany) at 1 ml/L, followed by rinsing with water under
pressure. Calcium oxide was then applied the next day at 500
g/m? followed by treatment with VIROCID disinfectant (CID
lines, Ypres, Belgium) at 1 ml/L. Around 4 kg/m?* of chopped
straw was set up without new addition during the batch, and
then a fumigation protocol with FUMAGRI OPP (LCB Food
Safety, Boz, France) was done.

A recently developed protocol was used to study farm
surface-associated microbiota (Guéneau et al., 2022¢). Briefly,
polyvinyl chloride (PVC) coupons were cut from a flat bar
(LEROY MERLIN, France) to obtain dimensions of 2.5cm
x 6cm x 3mm. Coupons were sterilized in an autoclave
(HMC EUROPE, Germany), and dried in a dry oven (FD 115
model, Binder, Germany) for 15 min at 120°C. Then, they were
deposited after the C&D procedure 4 days before animal entry
below the central water lines of the buildings. The 1st day of
the experiments corresponded to the day when coupons were
deposited. LALFILM PRO® (Lallemand SAS, France) (total
count minimum is 2!° CFU/g) was resuspended in tap water
and applied following the commercial instructions at a rate of
0.2 g/m® The application was performed with a low pressure
(<4 bars) atomizer on all farm internal surfaces including litter,
walls, ceiling, drinkers, and feeders without chickens inside the
building. The same procedure was applied only with tap water in
the control building. The coupons were collected over time, this
is five coupons per condition and per sampling day with sterile
gloves and analyzed.
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Confocal laser scanning microscopy

Biofilm structures on coupons were observed using a
Leica HCS-SP8 CLSM at the INRAE MIMA2 microscopic
platform (https://doi.org/10.15454/1.5572348210007727E12).

Environmental biofilms from coupons were labeled with 50
il of a 54 uM calcein acetoxymethyl (CAM) solution (metabolic
fluorescent dye reporting esterase activity). The dye was poured
on the coupons and incubated in dark for 30 min at 37°C
(Invitrogen, Carlsbad, CA, USA). The non-ionic molecules can
enter passively into cells and be cleaved by intracellular esterase
releasing a fluorescent non-permeant ionic residue. Biofilms on
the coupons were counter-labeled in red with 50 pl of a 3 pul/ml
of SYTO 61 (Invitrogen, Carlsbad, CA, USA), a cell-permeant
red dye that labels nucleic acid.

For submerged in vitro biofilms, 1/100¢ dilution in TSB was
performed from the overnight cultures of strains alone or a
suspension of the product concentration in TSB of 0.4 g/30ml
placed in a 50-ml Falcon after agitating for 2h at 37°C. In total,
200 1 of the solutions were poured into the wells of polystyrene
96-well microtiter plates with a pclear® base (Greiner Bio-one,
France) for 1.5 h at 30°C for an adhesion step. Supernatants were
removed, 200 1 of fresh media were added, and the plate was
put at 30°C for 2 or 24h. A solution of 3 pl/ml of SYTO 9,
a cell-permeant green dye that labels nucleic acid (Invitrogen,
Carlsbad, CA, USA) was prepared, and 50 pul of this solution was
added to each well.

A 600-Hz frequency was used to acquire images with the
CLSM. SYTO 61 was excited with the HeNe laser at 633 nm, and
the emitted fluorescence was collected with a hybrid detector
in the range of 650-700 nm. SYTO 9 and CAM were excited
with an argon laser set at 488 nm, and the emitted fluorescence
was collected with a hybrid detector in the range of 500-
550nm. For all acquisitions from this work, a series of four
images for each coupon of 512 x 512 pixels was acquired
using a 63x water objective lens (numerical aperture = 1.2) by
taking one image per pum in Z to capture the full height of
the biofilm.

The 2D projections of biofilms and the extracted biofilm
biovolume (um?/pum?) were obtained using IMARIS 9.3.1
software (Bitplane, AG - Zurich, Switzerland).

Enumeration of culturable
microorganisms from coupons

Coupons were placed in individual tubes containing 30 ml
of a saline solution (NaCl 9 g/L). With a pipette cone, the
biofilm was mechanically disrupted by successive round trips.
Twenty passages vertically and horizontally were made on
both sides of the coupon. After homogenization by vortexing
5s and pipetting, successive dilutions in saline solution were
carried out in duplicate using 1 ml of the resuspended biofilm
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solution. Counts into agar were made from 1 ml of the desired
dilution. TSA (Biomerieux, France) was used as nonselective
media under aerobic conditions for 24h at 30°C. In order
to estimate bacilli spores in environmental biofilms, 1 ml of
detached biofilm suspension was placed in a glass tube that
was immersed in a water bath for 10 min at 80°C, in duplicate
for each coupon, before enumeration on TSA (“TSA 80°C”
condition). PSA+A medium (MRS, supplemented with cysteine
hydrochloride 0.05% (wt/vol) + 100 pg/L novobiocin + 10
mg/L vancomycin + 50,000 U/L nystatin + 1 mg/L ampicillin)
was used to enumerate Pediococcus spp. (Simpson et al., 2006).
The remaining 26 ml of the detached biofilm suspension was
centrifuged for 10min at 6,000 x g the supernatant was
gently removed, and the pellets were placed at —20°C for
DNA extraction.

High-throughput sequencing of the 165
rRNA gene and diversity analysis

DNA extraction, PCR, and sequencing

DNA from 80 bacterial pellets was extracted using DNeasy
Kit
instructions (Qiagen, Germany). For PCR strategy, the same
methodology was used as reported in Guéneau et al. (2022¢).
In short, this is PCR of V3-V4 regions of 165 rRNA marker
genes using Phusion High-Fidelity PCR Kit (New England
Biolabs, UK) amplified with universal primers F343 (5-CTT
TCCCTACACGACGCTCTTCCGATCTTACGGRAGGCAGC
AG-3) and R784 (5-GGAGTTCAGACGTGTGCTCTTCCG
ATCTTACCAGGGTATCTAATCCT-3) at 66°C of annealing
temperature on a thermocycler (GeneAmp PCR System 9700,
Applied Biosystems, USA; Verschuren et al., 2018). Around
1% of agarose gel electrophoresis was used to ensure the

PowerLyzer PowerSoil following the manufacturer’s

expected size of the amplicons in PCR products, including
negative controls. The NanoDrop Spectrophotometer ND-
1000 (Thermo Fisher, Waltham, MA, USA) was used to
quantify the DNA. DNA amplicons were sequenced using
Iumina MiSeq technology in the GeT-PlaGe INRAE platform

(Toulouse, France).

Diversity and taxonomical analysis using
bioinformatics

Paired-end fastq files were truncated and denoized with
DADA2 (Callahan et al, 2016) under default parameters
excluding primers length. De novo multiple sequence alignment
was performed by fast Fourier transform (MAFFT; Katoh
and Standley, 2013), and FastTree was used to construct the
phylogeny (Price et al, 2010). Rarefaction curves as goods
coverage and observed AVSs were studied to ensure a full
sampling of the community was taken. Data were rarefied at
sequence depth higher than 10,000 sequences per sample to
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study diversity. Alpha-diversity was studied with the Shannon
index and beta-diversity using weighted UniFrac distances.
Relative abundance and natural log ratios were used to analyze
relevant taxonomical changes (Morton et al., 2019). QIIME2
(v2020.2) was used to obtain all bioinformatics results (Bolyen
etal., 2019).

Statistical analysis

Results are represented by the average and standard
deviation (SD) or confidence interval (CI) of five coupons
per Day. “Coupon” was considered the experimental unit and
treatment the fixed factor. A two-way ANOVA using the
uncorrected Fisher’s least was used for the count and biovolume
analysis using PRISM software (GraphPad, USA, California)
with treatment and time as fixed factors. Linear discriminant
analysis (LDA) effect size (LEfSe; Segata et al., 2011) was
used to identify significant differences in taxonomical relative
abundances. Diversity profiles were analyzed with the Kruskal-
Wallis, Spearman’s correlation, and ANOSIM in QIIME2, and
log ratios with the Mann-Whitney U-test with seaborn (v0.5.0)
in Python (v3.7.6). Data were considered significant when a
p-value was smaller than 0.05.

Results

Beneficial bacteria biofilm phenotypes

The positive biofilm applied to building surfaces was
composed of six strains of Bacillus spp. and two strains of
Pediococcus spp. Four laboratory biofilm models were used to
study the phenotypes of the strains composing the positive
biofilm bacterial consortium (Figure 1). In the macro-colony
model, which is an agar-air interface biofilm model, Bacillus
3 was able to form a structured colony with wrinkles, whereas
the other Bacillus spp. have a flat structure covering most
of the Petri dish. The bacterial consortium forms wrinkles
and a beginning of spread is observed on the agar plate.
In contrast to Pediococcus spp., Bacillus spp. strains and the
bacterial consortium were able to form pellicles at the liquid-
air interface.

In a swarming model on semisolid-air, Bacillus 2 was able to
colonize the totality of the Petri dish after 24 h. Bacillus 4 and
Pediococcus spp. were not able to swarm.

A submerged biofilm model was studied using CLSM. At2h,
all strains started to cover the surface. The bacterial consortium
showed a diversity of cell morphologies with cocci and bacilli. At
24h, Bacillus 6 formed a spectacular thick biofilm as visualized
by the virtual lateral shadow projection. The other strains
covered the majority of the surface of wells with a thin layer of
bacteria. The LALFILM PRO® showed a structured and dense
biofilm structure.
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Strain Macro-colony Pellicule Swarming ubmerged Submerged
biofilm 2h biofilm 24h

Bacillus 1

Bacillus 2

Bacillus 3

Bacillus 4

Bacillus 5

Bacillus 6

Pediococcus 1

Pediococcus 2

LALFILM PRO

FIGURE 1

Biofilm phenotypes of the strains composing the bacterial consortium. Macro-colonies were used as a biofilm model at the solid—air interface
and pellicles for the liquid—air interface. The swarming model allowed us to identify whether bacteria can colonize semisolid surfaces. Biofilm
development of the submerged biofilm at 2 and 24 h using SYTO 9 to label the bacterial cells was observed using CLSM
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A stepwise installation of biofilms on farm
surfaces

Microscopic quantification of the biofilm
formation on coupons

Visualization of biofilms that developed on the surface of
coupons was performed using CLSM. In batch 1, the day before
the entrance of animals, a few microorganisms were detected,
but the images show structured biofilms from day 10 with green
clusters corresponding to metabolically active bacteria (CAM),
especially in the treated condition (Figure 2A). Biovolume
showed significantly more SYTO 61 signals corresponding to the
entire microbial population on day 10 in the treated condition
(Figure 2B). CAM biovolume signals showed no significant
differences between the control and the treated condition
(Figure 2C).

The surfaces of the second batch were less colonized by
biofilms compared to the first batch, and no structured biofilm
was observed for all time points (Figure 2D). On day 18, a higher
SYTO 61 biovolume was detected in the treated condition (p <
0.05; Figure 2E).

As in batch 1, no significant differences with CAM
biovolume were observed between the control and the treated
conditions (Figure 2F). The range of biovolume values for SYTO
61 and CAM was 10 times smaller in batch 2 compared to
batch 1.

Enumeration of cultivable bacteria

In the first batch, TSA counts of the control and the treated
condition did not differ significantly across the experimental
period (Figure 3A). An increase in TSA counts was measured
after the entry of the animals and subsequently stabilize on day
10, reaching more than 6 logs (CFU)/cm?. Initial values on TSA
differed between conditions in batch 2 with significantly higher
counts in the treated condition (p < 0.05; Figure 3B). A linear
increase of CFU was observed in the treated condition, and
a decrease appears between days 10 and 18 compared to the
control (p < 0.05).

No significant differences between the two conditions of
batch 1 were determined for TSA 80°C counts (Figure 3C). No
increase in spore counts was observed after animal entry. In
batch 2, more spores than the control were counted in the treated
condition (p < 0.05; Figure 3D). A significantly lower number of
spores was determined in the control of batch 1 compared to the
control of batch 2 (p < 0.05). Interestingly for the two batches
and in both conditions, the spore count values were very stable
over time.

PSM + A counts were significantly higher in treated
conditions for all samples except for day 18 in batch 1
(Figure 3E). For batch 2, the counts increased progressively in

both conditions, whereas a decrease was observed on day 18
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in the control condition (Figure 3F). With PSM + A medium,
nothing was counted at the initial time point for the control
condition of the two batches, whereas around 2 logs were
observed in the treated conditions (p < 0.05; Figures 3E,F).

Modulation of livestock biofilm
communities composition by the
addition of beneficial bacteria

In total, 80 samples were successfully sequenced producing
a total of 4,067,961 sequences of 411 & 26 bp. After denoizing,
a total of 1,997,152 corresponding to 2,187 ASVs were kept.
Rarefaction curves showed a plafeau and goods coverage close
to 1 from about 5,000 sequences (Supplementary Figure 1).
Two samples were discarded for the diversity analysis as
<10,000 reads were recovered (3,760 and 5,316 sequences).
Mitochondria and chloroplast were also removed (8 ASVs in
total corresponding to 1,201 sequences) before the downstream
taxonomical analysis.

Weighted UniFrac distances were studied by using ANOSIM
(Table 1). For batch 1, distances between treatments were
significantly different on days 4, 10, and 18 (p < 0.05). For batch
2, distances between treatments were significantly different on
days 3, 10, and 18 (p < 0.05), with a trend for day 6 (p = 0.068).

The Shannon index was used to compare alpha-diversity
between conditions (Figure 4). In general, the Shannon index
was stable over time, specifically in batch 1 (Figure 4A). Lower
values than control were observed in the treated condition for
days 4, 5, and 10 in batch 1, and on days 3 and 18 in batch 2
(p < 0.05; Figure 4B). However, an increased Shannon diversity
was noticed in treated vs. control on day 6 of batch 2 (p < 0.05;
Figure 4B).

At phyla level 4, phylum described coupons composition
as: Firmicutes (57.6%), Proteobacteria (38.6%), Actinobacteria
(3.1%), and Bacteroidetes (0.6%; Supplementary Figure 2).
The evolution of the phyla over time showed a predominance
(66.2%) over Proteobacteria (31.1%) and
Actinobacteria (2.7%) before entry of the animals (day 3

of Firmicutes

or 4), then similar proportions of Firmicutes (51.7%) over
Proteobacteria (47.4%) from day 5/6 to day 10, and finally
a predominance of Firmicutes (64.5%) over Proteobacteria
(25.7%), Actinobacteria (7.8%), and Bacteroidetes (2.1%) at
day 18. When comparing conditions per batch, significant
differences were found mainly in batch 2 on day 3 with a higher
abundance of Firmicutes in the treated group and a higher
relative abundance of Proteobacteria and Actinobacteria in the
control (p < 0.05).

Individual sample profile at the family level reveals
a relatively small variability across all five coupons per

day and condition (Supplementary Figure 3). The entry of
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FIGURE 2

Visualization and quantification of surface-attached microbial communities of farms depending on the treatment and during the time. After
sampling, coupons were labeled with SYTO 61 to detect the entire population in red and with CAM to contrast metabolically active populations
and then observed with CLSM. IMARIS software was used to visualize images in blend mode (A,D) and to quantify SYTO 61 biovolume for batch
1 (B) and batch 2 (E). Similarly, quantification of CAM was performed for batch 1 (C) and batch 2 (F). The black arrow indicates the day when the
animals enter the farm. Error bar shows standard deviation and asterisks represent significant differences between conditions on the same day
(o < 0.05).
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the animals led to increases in the relative abundance of
Enterobacteriaceae and Enterococcaceae families and decreases
in Lactobacillaceae and Bacillaceae families. The relative
abundance of Bacillus spp. and Pediococcus spp. and relevant
ratios were analyzed. For both genera, abundance profiles
across the experimental period differed between batches and
treatments (Figure 5A). Pediococcus spp. relative abundance
was significantly higher in the treated group for all days
(p < 0.05), except on day 10 of batch 1, whereas Bacillus
spp. relative abundance in the treated condition was higher
compared to the control on days 4 and 5 for batch 1 and
days 3, 6, and 10 for batch 2 (p < 0.05; Figure5B). In
the same way, the Enterobacteriaceae family was reduced
on day 10 for batch 1 and on day 18 for batch 2 in
the treated condition compared to the control (p < 0.05);
Enterococcaceae family was also reduced on days 3, 6, and 18
for batch 2 in treated condition compared to control (p < 0.05;
Supplementary Figure 4).

TABLE 1 ANOSIM of batch 1 and batch 2 per sampling day.

Batch 1 Batch 2

10.3389/fmicb.2022.981747

Enterobacteriaceae and Enterococcaceae families were
compared against Pediococcus spp. and Bacillus spp. using
natural log ratio (Figure 6). There was no Enterococcaceae
detected on day 3 in the treated group of batch 2 at the earliest
time point, making the ratio infinite on that day (not shown in
plots; Figure 6A). Natural log ratio (Bacillus/Enterobacteriaceae)
was enhanced by the treated condition, which was globally
significant for batch 2 (Supplementary Figure 4) and specifically
significant on days 18 and 6, respectively, for batches 1 and
2 (p < 0.05; Figure 6B). Similarly, treated conditions showed
increases in natural log ratio (Pediococcus/Enterobacteriaceae)
for all days with statistical significance for the first days (3-6
days) for both batches. At later time points, the same effect was
significantly detected on days 10 and 18 of batch 2 (Figure 6C).
Natural log ratio (Pediococcus/Enterococcaceae) in treated
conditions was always higher vs. control, but significantly higher
from day 3/4 to day 10 in batch 1 and until day 18 in batch 2 (p
< 0.05; Figure 6C).

Discussion

The objective of this work was to analyze the modulating
effect of a mixture of Bacillus spp. and Pediococcus spp. strains on

R statistic ~ p-value  Rstatistic  p-value i ) o )
the natural surface-attached microbial communities associated
Global 0.603 0.001* 0.700 0.001% with poultry houses. Before testing in field conditions, several
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(control vs. treated) traits of the bacteria that have been applied on the farm. All
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Day 6 0.280 0.058 can form covering and structured biofilm in vitro. The set of
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Day 18 0212 0.032° 0644 — surfaces demonstrated that the mixture of beneficial bacteria can
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FIGURE 4
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Indeed, even if the observed environmental biofilms of the farm
were sparse, quantification of the SYTO 61 biovolume allowed to
show that more biomass was detected in the treated condition in
both batches. Specific counts showed more Pediococcus spp. in
the treated conditions, especially the first few days of sampling
before the animals entered, with no Pediococcus spp. detected
in the controls. Relative abundances of Pediococcus spp. were
significantly higher in the treated condition for both batches.
The large amount of Bacillus spp. detected in batch 1 control
makes it difficult to differentiate the beneficial bacilli from
the mixture that was applied in the treated building. In batch
2, significantly more total aerobic bacteria were counted in
the treated condition, and Bacillus spp. relative abundance
correlated with the spore counts on TSA 80°C for all time points,
except for day 18.

In addition to being implanted on surfaces, the product
can modulate the alpha diversity of the surface communities.
In batch 1, a decrease of the Shannon index is observed for
the treated group on days 4, 5, and 10 before returning to the
same value as the control. Since the Shannon index is calculated
based on species richness and evenness, adding a large number
of bacteria of identical species lowers the value. These values are
in line with the establishment of the products on the surfaces
at least for the Ist days. The same observations were made
for batch 2 on days 3 and 18, but a lower Shannon index
value is calculated in the control on day 6, which could be
explained by a higher relative proportion of Enterobacteriaceae
(43%) and Enterococcaceae families (43%; e.g., E. casseliflavus
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and E. cecorum) due to animal entrance. As revealed by the
weighted UniFrac distances of beta diversity, the distribution or
composition of species was also modulated by the treatment in
both batches and at all sampling points except the next days of
animal entry (days 5-6) where a similar composition was found
between coupon treatments.

The increase of Bacillus spp. and Pediococcus spp. abundance
was correlated with a decrease in the Shannon diversity.
The treatment increases Bacillus spp. and Pediococcus spp.
quantities (i.e., abundance and counts) and the relevant ratios,
probing a concomitant decrease of Enterobacteriaceae and
Enterococcaceae families. Despite these promising results,
further analysis would be required for a better resolution. Other
techniques, such as gPCR, will be used in the future to track
targeted pathogenic strains (Postollec et al., 2011).

The different approaches showed colonization of the applied
consortium, but it is unclear whether the product is able to
grow and be metabolically active on the surfaces and not just
persistent “without growth” acting, hence more like a physical
barrier as the main mode of action. No significant differences
were observed with the quantification of CAM biovolume for
both conditions and in both batches. More Pediococcus spp.
were enumerated during the earlier days in the batches in the
treated condition, but the increase in values that follow may be
due to the detection of environmental Pediococcus spp. detected
also in the controls. Moreover, the values of spores count were
very stable during the experiment even in the control, which
makes it impossible to conclude whether the Bacillus spp. of
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FIGURE 6

Comparison of Enterobacteriaceae and Enterococcaceae families against Pediococcus spp. and Bacillus spp. using natural log ratio. Relative
abundance of Enterobacteriaceae and Enterococcaceae of batches 1 and 2 per condition (control and treated) and sampling day (A). Natural log
ratios of Bacillus (B) or Pediococcus (C) vs. Enterobacteriaceae or Enterococcaceae on the coupon biofilms of batch 1 and batch 2 per
condition (control or treated) and sampling day. Sample representation per ratio was 76 biofilm coupons for Pediococcus/Enterobacteriaceae,
64 for Bacillus/Enterobacteriaceae, 66 for Pediococcus/Enterococcaceae, and 55 for Bacillus/Enterococcaceae coupons. Note that no
Enterococcaceae was present in the treated condition on day 3 (infinite ratio), and other samples contained zeros on one side of their log ratio.
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the product, initially used in the form of spores, were able to
grow. The relative abundance of the Bacillus spp. that decreases
and the stable value of spores over time are consistent with
the idea that the quantity of Bacillus spp. is stable during the
time on the farm after the C&D protocols. The litter used
in batch 1 was left outside for a longer period, which may
have resulted in Bacillus spp. colonization. This could explain
the higher number of spores detected in the batch 1 control
compared to batch 2. Another hypothesis is that the C&D
process before batch 1 was less efficient because the counts
on TSA were also higher in the control building of batch 1
compared to batch 2.

Our results indicate that the initial situation between the
two batches was different in terms of community profiles,
microbial density, and spatial organization of the communities.
Initial counts before animal entry were not identical across
batches for control. The bacterial count and biovolume of
the batch 1 control were higher than those of the batch 2
control. The CLSM images showed that at the beginning of
the rearing cycle, biofilms were poorly developed and did not
completely cover the surfaces of the coupons, especially for
batch 2. Ten times less biovolume on batch 2 was quantified
compared to batch 1. More total bacteria and spores were
counted in batch 1 for all the experiments, with a very stable
value of spores during the time for the two batches. The
number of spores in the control of batch 1 was correlated
with the relative abundance of Bacillus spp. These results show
the importance of biological replicates for this type of field
study. The biofilms of the product did not cover the entire
surface of the coupons in this farm setting, although it was
the case in vitro, in the laboratory. It can be interesting to
develop a field model in the lab to study biofilm formation in
conditions closer to those encountered on farms (temperature,
humidity, poor nutritive medium, and materials). Modeling
the interactions and testing the ecological theories within these
positive bacterial consortia in simplified communities appear
to be a promising step to improve the product composition
(De Roy et al, 2014). In addition, the study of bacteria
naturally present in farms would allow new selection criteria
of strains (phenotypes and genomes), already identified as
capable of living in these environments (Guéneau et al,
2022a).

A previous study compared the use of beneficial bacteria
guiding surface microbial ecology with conventional C&D
protocols in livestock buildings (Luyckx et al, 2016). In our
study, the application of positive biofilm is a complement to
the C&D protocol and not a simple substitution. Indeed, a
surface with a reduced load of microorganisms obtained by
C&D will be more favorable to the settlement of a positive
biofilm. The observation of a decrease in the abundance of
Bacillus spp. and Pediococcus spp. over time suggests that
the product will be particularly effective at the beginning of
the breeding process, when the microbial load is low, thus
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limiting the implantation and early development of harmful
microorganisms. Other studies showed that natural positive
resident microbiota of smear cheese wooden shelves had an
effect on the exclusion of pathogens on surfaces by nutritional
competition when the natural microbiota is already established
or develops faster than the pathogen (Guillier et al., 2008). In
addition, studies on Agaricus bisporus biocontrol have shown
that the addition of positive biofilm-forming bacteria in compost
with a low initial microorganism load was able to limit the early
establishment of the main green mold mushroom pathogens
(Pandin et al., 2019).

Conclusion

This field study demonstrated that the positive biofilm-
forming bacteria used can establish on livestock building
surfaces and to modulate the biofilm community structure
and diversity, with special reference to the reduction of
the ratio involving Enterobacteriaceae and Enterococcaceae
families. Large-scale field experiments will be required to get
significant statistics on the effect of positive biofilm on the
prevalence of specific targeted pathogens. This study also
highlights microbial variability between production batches of
the same farm within the same building. These promising results
encourage the innovative use of positive biofilms to guide these
ecological systems.
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Abstract

The characterization of surface microbiota living in biofilms within livestock buildings has been
relatively unexplored, despite its potential impact on animal health. To enhance our
understanding of these microbial communities, we characterized eleven spore-forming strains
isolated from two commercial broiler chicken farms. Sequencing of the strains revealed them
to belong to three species Bacillus velezensis, Bacillus subtilis, and Bacillus licheniformis.
Genomic analysis revealed of the presence of antimicrobial resistance genes (ARG) and genes
associated with antimicrobial secretion specific to each species. We conducted a
comprehensive characterization of the biofilm formed by these strains under various conditions
and we revealed significant structural heterogeneity across the different strains. A macro-
colony interaction model was employed to assess the compatibility of these strains to coexist
in mixed biofilms. We identified highly competitive B. velezensis trains, which cannot coexist
with other Bacillus spp. Using confocal laser scanning microscopy along with a specific dye for
extracellular DNA (eDNA), we uncovered the importance of extracellular DNA for the formation
of B. licheniformis biofilms. All together, the results highlight the heterogeneity in both genome
and biofilm structure among Bacillus spp. isolated from biofilms present within livestock

buildings.
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Introduction

Livestock building surfaces are reservoirs of potential undesirable microorganisms and so,
considered a vector for disease transmission in animals [1]. Yet, scientific studies investigating
the microbial composition, diversity and the structure of biofilms associated to animal
production systems remain scarce. To minimize the presence of undesirable microorganisms
on the surfaces of livestock buildings between successive batches of animals, cleaning and
disinfection procedures using biocides are implemented. However, the efficacy of these
procedures can be reduced by the formation of biofilm structures formed by the microbial

community, which can adhere to surfaces [2].

The majority of microorganisms on Earth live in a biofilm lifestyle [3]. Biofilms are spatially
organized microbial communities embedded in a self-produced extracellular matrix [4]. The
extracellular matrix of biofilms consists mainly of water, exopolysaccharides, proteins, and
extracellular DNA (eDNA) [5]. Due to the matrix and resulting gradients, these communities
possess emergent properties compared to the planktonic form, such as greater tolerance to

environmental fluctuations like the application of biocides or antibiotics [6,7].

Antibiotics are sometimes used on a massive scale in animal production systems as curative or
preventive measures to control pathogens as well as growth promoter for animals on livestock
farms, depending on the regulations in force to control their use. The use of antibiotics
inevitably leads to the emergence of resistances. Antimicrobial Resistance Genes (ARGs) can
be carried by pathogens or by other members of the microbial community, including the ones
attached to surfaces [8,9]. Strains carrying mobilizable ARGs of clinical relevance are then
considered undesirable because they can confer resistance to microbial pathogens and pose

safety concerns for animals, humans, and the environment.

We recently described that Bacillus spp. can be very abundant on commercial poultry farm
surfaces, even after cleaning and disinfection procedures and this even prior to the entrance
of animals [10]. The Bacillus genus is ubiquitous in the environment and known for its ability
to form biofilms [11,12]. Some Bacillus spp. may be undesirable and carry mobile ARGs, or be
pathogenic such as B. cereus or B. anthracis. Characterization of Bacillus spp. strains
encountered on farms can therefore be important to i) identify strains potentially posing safety

concerns and find ways to limit their establishment on farm surfaces, and ii) select for safe
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strains with high biofilm forming capacity which could be used as competitive exclusion agents.
Indeed, the biotechnological potential of beneficial strains of Bacillus spp. have already largely
investigated and in various industrial applications and products have been developed, such as

probiotics [13,14], biocontrol agents [15] or positive biofilms [1].

The presented study aimed at characterising 11 spore-forming strains isolated from poultry
farms surfaces [10] using genomic analysis and biofilm characterization using different
laboratory models. In order to increase our knowledge of the microbial ecology of these
biotopes, we studied the compatibility links between these strains with a macro-colony biofilm
model used to observe the potential of biofilms to merge and cover the surface [16]. Confocal
laser scanning microscopy (CLSM) coupled with image analysis was used to visualize and
quantify submerged biofilm formation with a focus on eDNA quantification and its involvement

in the formation of biofilms.

Methods

Isolation of strains from farm surface biofilms

Strains were isolated from the surfaces of 2 commercial poultry farms (i.e. building 1 and 2)
[10] using a coupon sampling method [17]. After sampling, the polyvinyl chloride (PVC)
coupons (2.5 cm x 6 cm x 3 mm) were placed in individual tubes containing 30 mL of a saline
solution (NaCl 9 g/L). The microbiota attached to the surface was mechanically detached using
a pipette cone in successive round trips. In order to count spores in the environmental biofilms,
1 ml of detached biofilm suspension was placed in a glass tube that was immersed in a water
bath for 10 min at 80°C, before enumeration on TSA (TSB Agar, Biomérieux, France).
Representative colonies were picked and grown overnight (~16 h) in TSB (TSB; Biomérieux,

France) before being stored in glycerol tubes at -80°C.

DNA extraction and sequencing

The same protocol as described by Guéneau et al. [18] was used to extract and sequence the
genomes. Concisely, from a -80°C glycerol stock, the strains were cultured in TSB under
agitation at 37°C overnight. Genomic DNA was extracted and purified using the Monarch

genomic DNA purification kit (New England Biolabs, Ipswich, MA, USA). DNA sequencing
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(DNA-seq) was performed at the GeT-PlaGe core facility (INRAE, Toulouse, France;
www.genotoul.fr/en/). DNA-seq libraries were prepared according to lllumina’s protocols using
the TruSeq Nano DNA high-throughout (HT) library kit (Ilumina, San Diego, CA, USA). DNA-
seq experiments were performed on an lllumina NovaSeq 6000 system, using a paired-end

read length of 2 x 150 bp with the Illumina NovaSeq 6000 reagent kits (lllumina).

Phylogenetic analysis of Bacillus spp. and species assignments

De novo assembly was performed using Unicycler (Galaxy version 0.4.8.0) [19] and genome
annotation was performed using the PROKA (Rapid prokaryotic genome annotation)( Galaxy
version 1.14.6) [20]. The phylogenetic tree analysis of the 18 Bacillus spp. strains was performed
using the bacterial Phylogenetic Tree Service of BV-BRC [21]. The whole genome sequence
FASTA file of each of the 18 Bacillus spp. strains were uploaded to BV-BRC, set to the “contigs”
object type. The phylogenetic tree was then built with the default Codon Tree method. For
species assignments, the genome sequences were compared to the genomes sequences of the
closest species within Bacillus spp. genus in the BV-BRC database, with the requested use of

1,000 genes (up from the default 100), with 5 allowed deletions.

|dentification of ARGs

ARGs were searched in genomes using three different tools. The first tool is ARG-ANNOT
(Antibiotic Resistance Gene-ANNOQOTation) [22] that was used with the default threshold
percentages for identity and minimum sequence length. A blast of the WGS of each Bacillus
spp. strains in FASTA format was applied against the latest database ARG-ANNOT-NT-V6-
July2019.

CARD (Comprehensive Antibiotic Resistance Database) [23] analysis was performed with the
same genomes. For this, each genome sequence was screened with CARD’s Resistance Gene
Identifier (RGI) version 5.2.0 and CARD database version 3.1.4. “Perfect”, “Strict”, and "Loose”
hits were evaluated for the provided genome sequence, and for complete and partial gene

predictions with the default filter parameters.

ResFinder [24] was used to screen for ARGsin each of the Bacillus spp. genome sequences. The
genome sequence in FASTA format was analysed online at

https://cge.cbs.dtu.dk/services/ResFinder/ in ResFinder 4.1 software version and database
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version 2021-09-23. The analysis was run against all available antibiotics with the following
settings: 80 % threshold for ID and 60 % for minimum sequence length (coverage). The results

presented are a compilation of the hits found by the three tools.

The intrinsic or acquired nature of the ARGs found in each of the Bacillus spp. was evaluated
by checking the presence of such genes in strains of the same species (e.g. blasting each ARGs
against the NCBI genomes database of the same species), and the search of any genetic mobile
element (MGE) associated to such ARGs to evaluate their non-transferability (e.g. using the
online tool MobileElementFinder available at

https://cge.cbs.dtu.dk/services/MobileElementFinder).

Identification of biosynthetic gene clusters related with
antimicrobial

The whole genome sequence FASTA file of each of the 18 Bacillus spp. strains were uploaded

to antiSMASH 5.0 tool (https://antismash.secondarymetabolites.org/#!/start) [25]. The
detection strictness > 90 % was chosen to detect well-defined clusters containing all required

parts.
Biofilm experiments

Macro-colony

All experiments began with 5 ml cultures in trypticase soy broth (TSB; Biomérieux, France) were
made from glycerol stock at -80°C and placed at 30°C overnight without shaking. After 5
seconds of rapid vortexing to homogenise the cultures, 3 plL of two cultures were collected and
deposited in one well of 6 wells plate containing 4 ml of TSA 1.5% agar supplemented with
Congo red 40 pg/ml (Sigma-Aldrich, France) to observe amyloid fiber production and 20 pg/ml
Coomassie Brilliant Blue to contrast protein production [26,27]. For kin discrimination drops
were deposited on a well containing TSA 1.5% agar so that their edges were about 2 mm
distance from each other. Samples were dried for 10 min under a hood in case of agar plates,

and then incubated 6 days at 30°C.
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Swarming

In swarming experiments, 20 mL of TSB supplemented with agar to obtain 0.8% final (TSB Agar,
Biomerieux, France) was prepared in a Petri dish and dried in a hood for half an hour. 10 pL of
culture was deposited in the center of the plate and left to dry for 10 min before 1 day of
incubation at 30°C. For each model, a representative picture from three biological replicates

was selected.

Pellicule

Experiments began with 5 ml cultures in trypticase soy broth (TSB; Biomeérieux, France) made
from glycerol stock at -80°C and placed at 30°C overnight without shaking. After 5 seconds of
rapid vortexing to homogenise the cultures, 3 uL of two cultures were collected and deposited

in one well of 6 wells plate containing 4 ml of TS. Samples were incubated at 30°C for 2 days.

Submerged biofilm

1/100e dilution in TSB was performed from the overnight cultures of strains. 200 ul of the
solutions were poured into the wells of polystyrene 96-well microtiter plates with a uclear®
base (Greiner Bio-one, France) compatible with microscopy for 1.5 h at 30°C for an adhesion
step. Supernatants were removed, 200 pl of fresh media were added with or without DNAse |
(Thermo Scientific, VF304452) at 98 U/mL [28], and the plate was put at 30°C 24 h. A solution
of 3 pl/ml of SYTO 9, a cell-permeant green dye that labels nucleic acid (Invitrogen, Carlsbad,
CA, USA) mixed with 3 pl of TOTO3 a red dye that labels extracellular nucleic acid (Invitrogen,
Carlsbad, CA, USA), was prepared, and 50 pl of this solution was added to each well before

CLSM acquisitions.

Confocal laser scanning microscopy

Acquisitions were performed using a Leica SP8 AOBS inverted high content screening confocal
laser scanning microscope (HCS-CLSM, LEICA Microsystems, Germany). Image acquisitions

were performed on the MIMAZ platform (https://www6.jouy.inra.fr/mima2 eng/). Images every

pm to capture the full height of the biofilm of 512 x 512 pixels (147.62 x 147.62 um, pixel size
0.361 um) were taken at 600 Hz frequency using the 63x water objective lens (numerical
aperture = 1.2). The SYTO9 was excited with an argon laser set at 488 nm, and the emitted

fluorescence was collected with a hybrid detector (HyD LEICA Microsystems, Germany) in the
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range of 500-550 nm. The TOTO3 was excited with the helium-neon laser at 633 nm, and the
emitted fluorescence was collected with a hybrid detector in the range of 650-800 nm. For each
experiment, 3 biological replicates were carried out, representing at least 12 technical values

per condition.

CLSM Image analysis

2D projections of biofilms and movies were obtained using IMARIS 9.3.1 software (Bitplane,
Zurich, Switzerland). BiofilmQ software was used to extract quantitative values from image
stacks [29]. Channels were analysed separately using the OTSU thresholding method and

“global biofilm properties” were selected to extract the biovolume of the binarized images.

Statistical analysis

Two-way ANOVA using the uncorrected Fisher's least was used using PRISM software
(GraphPad, USA, California). Data were considered significant when a p-value was smaller than

0.05.

Results
Genomic analysis of Bacillus spp.

Genomes characteristics

Genome analysis was carried out after the sequencing of the eleven strains (Table 1). The
assignment of species through genome analysis was conducted, and the strains were sorted
according to their phylogenetic distance. Three strains were identified as B. velezensis, two as

B. subtilis, and six as B. licheniformis.

Table 1: Genomic characterization of the strains used in this study. All strains were isolated from two separate broiler

buildings [10].

Name Completeness Genome size (bases) N50 Genome size (bp) %GC CDS rRNA rRNA tmRNA Building number BioSample accession
Bacillus velezensis B18 99.5 3915595 315607 3915595 46 3771 3 82 1 1 SAMN30015524
Bacillus velezensis B8 99.67 3938456 390404 3938456 46 3738 3 79 1 1 SAMN30015523
Bacillus velezensis B1 99.67 4158515 381251 4158515 46 4143 4 84 1 1 SAMN30015521
Bacillus subtilis C15 99.62 4047208 1049618 4047208 44 4032 3 73 1 2 SAMN30015532
Bacillus subtilis B2 99.6 4188957 654724 4188957 44 4241 3 77 1 1 SAMN30015522
Bacillus licheniformis C3 99.57 4167229 349485 4167229 46 4247 3 79 al 2 SAMN30015528
Bacillus licheniformis C2 99.46 4309318 313710 4309318 44 4445 3 80 1 2 SAMN30015527
Bacillus licheniformis C1 98.5 4204947 44804 4204947 45 4306 4 52 1 2 SAMN30015526
Bacillus licheniformis C10 99.45 4319637 347658 4319637 46 4486 4 80 1 2 SAMN30015530
Bacillus licheniformis C11 99.17 4176285 1084421 4176285 46 4234 5 79 1 2 SAMN30015531
Bacillus lichenifermis C5 99.17 4256195 399216 4256195 45 4349 4 79 1 2 SAMN30015529
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ARG

The genome-based identification of ARG reveals patterns linked to the species and are

represented in a presence/absence heat map (Fig. 1). The detailed analysis is shown in Sup. 1.
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Figure 1: Identification of Bacillus spp. species classified according to phylogenetic distance and identification of
ARG in genomes. The Bootstrap value is shown in the tree. The presence or absence of ARG in the genome identified

by the tree tools ARG-ANNOT, CARD and ResFinder are represented in the heat map.

A relationship between the presence of ARGs and the species was observed. The three B.
velezensis has 2 hits (cfrB, clbA) and in addition satA for the strain B1 and tetL and tet45 for the
strain B8. The two B. subtilis strains each have 10 hits, with rphD only found in C15. B.
licheniformis strains all showed hits against rphD, and ermD for strains C3, C2, C5 and C11.
When blasting the ARGs in the NCBI, the coverage and identity of these putative ARGs matches
with typical genes commonly encountered into the genomes of the respective species and
characterised as chromosomally located intrinsic resistance genes. For B. velezensis these
include genes encoding a streptothricin N-acetyltransferase related to streptothricin resistance,
a Methyltransferases resulting in resistance via methylation of the 50S ribosomal complex and
genes related to tetracycline as well as a gene conferring broader resistance to to lincosamides,
streptogramin, oxazolidinones, phenicols and pleuromutilins. These resistance genes are
common in B. velezensis, B. amyloliquefaciens and others Bacillus spp. and are reported to be

located on the chromosome with no indication of mobile elements. For B. subtilis these include
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notably genes encoding resistance to lincosamycin (LmrB), streptomycin (aadK/aadE),
tetracycline (tet(45)/tetl), macrolide antibiotics (mph(K)) and a broad specificity multidrug
(ykkC/ykkD) resistance genes. These resistance genes are common in B. subtilis and are found
located on the chromosome with no indication of mobile elements. Finally for B. licheniformis
these includes rphD encoding resistance to rifamycin and ermD encoding broad spectrum
resistance to macrolides (e.g. erythromycin), streptogramin b (e.g. virginiamycin s, quinupristin,
pristinamycin ia) and lincosamides (e.g. clindamycin, lincomycin). These resistance genes are
common in B. licheniformis and B. paralicheniformis and are also reported to be located on the

chromosome with no indication of mobile elements.

No Mobile Genetic Elements associated with antibiotic resistance genes were found in the
genomes of any of the 11 isolated Bacillus strains analysed using the online tool CGE-

MobileElementFinder (see results in Sup. 2 and 3).

Biosynthetic gene clusters related with antimicrobials

Antimicrobial secretion genes were searched in the genomes and species patterns were

revealed (Fig. 2). The detailed analysis is shown in Sup. 4.
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Figure 2: Identification of genes involved in antimicrobial secretion in Bacillus spp. genomes. Highly conserved hits
(> 90 %) of antimicrobial secreted molecules were identified through genome analysis using the antiSMASH tool

and represented by a yellow box in the heat map. Bootstrap values are represented on the tree.

Bacilysin, bacillaene and bacillibactin were found in B. subtilis and B. velezensis while lichenicidin
and lichenysin were detected in B. licheniformis. Subtilosin A was identified only for B. subtilis,
bacillomycin D, and surfactin were specific to B. velezensis. However, some strain-specific hits
were also identified. Mersacidin for B. velezensis B8, plantazolicin for B. velezensis B1, the

sporulation killing factor for B. subtilis C15 and difficidin and fengycin for B. subtilis B2.
Description of Bacillus spp. biofilms isolated from livestock

building surfaces

Biofilm formation capability

All the Bacillus spp. isolates were able to form structured biofilms in the different laboratory

models used. Macro-structures are described in figure 3.

7 N
Macro-colony | |
\
05cm

Pellicule @ ® l

Swarming \/ k)

Figure 3: Representative images of the 11 Bacillus spp. grown on macrocolony, pellicle and swarming biofilm
models. Macro-colony and swarm biofilm models enable bacterial growth at the agar-air interface. Pellicles form at

the interface between liquid and air. Representative images of the three biological replicates performed are shown.

Structural heterogeneity was observed among the different isolates and within the same
species. Macro-colony staining differed between strains, demonstrating the diversity of
extracellular matrix composition. The red colony contains amyloid fibers because of the
staining with Congo red. A lighter coloration, such as the one observed at the center of B.

licheniformis C11 colony was associated with concentrated protein because of Coomassie
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Brilliant Blue labelling. Some colonies, such as the ones from B. subtilis strains and B. velezensis
B1, formed tall, wrinkled structures, while others, such as B. velezensis B18, were flat but showed
ability to colonize the entire surface of the well. Likewise, remarkable phenotypes were
observed with the pellicle model. B. licheniformis strains C1, C2 and C10 formed a fine, highly
structured pellicle, while all other strains showed flat pellicle. B. velezensis B8 was the strongest
colonizer in the swarming model. Phenotypes differed between strains, with the remarkable
presence of pronounced halo-like growth for B. licheniformis strains C1, C2 and C11. As shown
in other biofilm models, a significant degree of heterogeneity in 3D structures was likewise
observed in submerged biofilms. SYTO9 staining visualized the entire population, while TOTO3
only enabled detection of eDNA or bacteria with damaged cell walls (Fig. 5A). The biofilms of
B. velezensis and B. subtilis strains were homogeneous, whereas B. licheniformis formed biofilms
with a large number of dense structures, making them highly heterogeneous. Certain structures
exhibited a notable abundance of eDNA. The amount of eDNA was higher in B. licheniformis

biofilms than in other Bacillus spp. except for B. velezensis B8.

Evaluation of strain interactions using a macro-colony model

An interaction experiment was performed (Fig. 4).
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Figure 4. Compatibility assessment of Bacillus spp. according to the phylogenetic distance of strains in a macro-
colonie biofilm model. A representative image of the contact and gap phenotypes is shown as an example. Scale

bar = 1 cm. One square represents three biological replicates, each showing an interaction.

A relationship between the phylogenetic distance of the strains and their ability to form mixed
biofilms was observed. B. velezensis B8, B18, and B1 primarily demonstrate a tendency towards
negative recognition, as evidenced by the spatial separation between their colonies and other
neighboring colonies. This suggests that these strains likely secrete a diffusible molecule into
the agar medium. The colonies of all the other strains were able to form contacts with each
other, except for certain replicates and for strains B. velezensis B2 and B. subtilis C15 for which
did not form a contact. Interestingly, some interactions between the same strain from different
cultures showed some sort of antagonism with a distance between the two colonies. This was

the case for B. velezensis B1, B2 or B. subtilis C15.

eDNA differentially influences bacilli biofilms organization

DNAse | had an effect on the structure of all B. licheniformis strains and B. subtilis C15 (Fig. 5A,
B). The enzyme treatment reduced significantly (p < 0.01) biofilm formation for all strains of B.
licheniformis save strain C11 (Fig. 5C) and this was associated with a significant reduction of

eDNA (Fig. 5D).
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Figure 5: Effect of DNAse | on the formation of Bacillus spp. biofilms isolated from the surface of poultry farm
buildings. (A) Representative images captured using CLSM of 24h Bacillus spp. biofilms within the culture medium
following adhesion. Chemical labeling using SYTO9 to highlight the entire population, and TOTO3 to mark the DNA
were used. (B) Same experiment with DNAse | incorporated in the medium after the adhesion step. Scale bar = 40
pum. (C) Quantification of the biovolume of the SYTO9 signal. (D) Quantification of the biovolume of the TOTO3

signal. Error bars correspond to standard deviation.
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Discussion

Eleven sporulated strains were isolated from two poultry farms and we investigated some of
their genomic and biofilm forming features. All the strains were able to form biofilms in
different laboratory models with a high diversity of morphology between strains. However, it
is crucial to note that a more extensive strain collection would be necessary to draw general

conclusions at the species level, particularly for B. subtilis and B. velezensis.

A detailed in silico analysis was conducted to identify putative ARG genes in the genomes of
the Bacillus strains. Based on the results it can be concluded that the hits identified relate to
genes inherent and intrinsic to the respective Bacillus species of the 11 Bacillus strains studied.
Indeed these genes were all found to be located in chromosomic regions and detected in
published genomes of strains from the same bacterial species including the respective type
strains. Besides the absence of any mobile genetic element associated with these genes in the
genomes of the 11 strains further supports that these genes are unlikely to pose a safety
concern. Phenotypic testing for resistance towards clinically relevant antibiotics would however

be required to complete the safety assessment of these strains in term of ARG.

Each strain showed different biofilm characteristics. Submerged biofilms were subjected to
more comprehensive characterization. CLSM enables quantification of structural parameters,
such as biovolume, which describe the morphology of biofilms. There seems to be no link
between the presence of eDNA and the biovolume reduction. It is plausible that eDNA may
influence the early stages of biofilm formation, possibly preventing strains from aggregating
during the initial phases. This could hinder the establishment of cell-to-cell density dependent
communication systems such as Quorum Sensing (QS) [32]. It would therefore be relevant to
carry out the same experiments using kinetics (HCS-CLSM) to decipher the growth dynamics
of biofilms with or without DNAse [33]. Considering DNase treatment for surface
decontamination, its potential to remove clusters prompts the idea of conducting such
treatments before animal introduction or during the application of positive biofilms. This might

mitigate the initial stages of biofilm development.

We highlight a correlation association between the ability of the strains to merge their macro-
colonies and the presence of genes related to antimicrobial secretion. For instance, B. subtilis

B2 and C15 exhibit a compatibility between each other and the B. licheniformis. Despite this,
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they secrete antimicrobials that are distinct from those of B. velezensis, which are mostly unable
to mix. Essential compounds like bacillomycin D, bacilysin, bacillaene, surfactin, and
bacillibactin are consistent across all three B. velezensis strains. Moreover, strain B18 displays
more kin-positive traits when compared to B1 and B8. The specificity of B1 lies in its production
of plantazolicin, while B8 synthesises mersacidin. In contrast, all B. licheniformis strains are
compatible among themselves and predominantly secrete lichenicidin, with the additional
presence of lichenysin in strains C3, C2, C11, and C5. It would be interesting to investigate
further the ability of strains to form mixed biofilms in the same colony. Indeed, based on kin
discrimination, it has been shown that colonies able to merge can form stable mixed biofilms

and colonise environments such as plant roots [34].

The selection of competitive strains with Bacillus spp. potentially tolerant to C&D procedure
due to their biofilm from the breeding process, therefore possessing strong competitive
potential and resistance to DNase, is being considered for incorporation into a novel product
formulation. This product aims to combine strains that form positive biofilms with DNase
enzymatic treatment to help positive biofilm establish itself by destroying the community

already in place.
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Conclusion

In conclusion, this research has illuminated various aspects of bacterial strains isolated from
the broiler breeding environment, revealing their genetic diversity and biofilm structures. B.
velezensis appears to be highly competitive in these environments compared to other Bacillus
species. Characterization of submerged biofilms has uncovered the role of eDNA in Bacillus
species biofilm structures. In particular, we have demonstrated that DNAse treatment prevents
B. licheniformis biofilms formation, but not those of B. velezensis. Finally, the lack of mobilizable
antibiotic resistance genes (ARGs) enables the consideration of some of these strains for

biotechnological applications.
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Supplementary

Anti-Microbial Resistance
ARG-ANNOT CARD-RGI (strict and perfect hits) CGE-RESFINDER
Strains AMR gene |Identity (%) |Coverage (%) [AMR gene]ldentitv (%)[Coverage (%) |AMR genelldentity (%)ICoverage (%)
Bacillus licheniformis C1 (Rif)rphD |80 100 NO STRICT OR PERFECT HITS NO AMR GENES DETECTED
o Ihisieem |y 100 ErmD
Bacillus licheniformis C2 (D) 1 97 100 erm(D) 100 100
i 80 100 (strict)
(Rif)rphD
Bacillus lichenij is C3 E:/llfl.);;)ho i - D 97 100 (D) 100 100
acillus licheniformis . erm |- - (strict) erm
(Rif)rphD
. . . . 80 100 ErmD
Bacillus licheniformis C5 ig/l)LS)erm o5 09 (strict) 97 100 erm(D) (96 99
Bacillus licheniformis C10 (Rif)rphD |80 100 NO STRICT OR PERFECT HITS NO AMR GENES DETECTED
(Rif)rphD
80 100 ErmD
Bacillus licheniformis C11 | (MLS)erm 4 94 100 erm(D) |96 99
95 99 (strict)
(D)
ykkD
(strict)
vmIR
(strict)
99 100
(Rif)rphD mphK 08 100
o N
Bacillus subtilis C15 % fe 98 100 tet(l) |99 100
o = o (sic) e 100 mph(K) |98 100
(MLS)Lmr |99 100 tet(45) L
5 (strict) 100 100
0
ykkC 100 100
(perfect)
tmrB
(perfect)
ykkD
(strict)
vmIR
:t;":t) 99 100
(AGLY)sat i 99 100
A 04 100 hK 98 100 mph(K) 98 100
Bacillus subtlis B2 - s ;'s‘t‘:ict) 98 100 tet(l) |99 100
(MLS)Lmr tet(45) 76 100 aadK 99 100
B (:‘md) 100 100
100 100
ykkC
(perfect)
tmrB
(perfect)
(AGLY)sat
Bacillus velezensis B1 A B4 = CIbA 100 100 cfr(B) 89 99
89 99 (strict)
(MLS)cfrB
clbA
. ) Tet(tetl) |79 100 (strict)  |100 100 cfr(B) 89 99
Bacill Il B8
ARiEpEaRas (MLS)cfrB |89 99 tet(ds) |76 71 tet(l) |87 100
(strict)
Bacillus velezenis B18 (MLS)cfrB |89 99 :I:sct) 100 100 cfr(B) 89 99
stri

Supplementary data 1: Details of ARG gene analysis using ARG-ANNOT, CARD-RGI and CGE-
RESFINDER tools.
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AMR genes found in
Strains genomes (80% identity
& 70% coverage)

Mobile Genetic Elements (MGEs)
associated to AMR genes
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Bacillus velezensis B1 cfrB
cblA
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LmrB
ykkD
vmIR
aadK
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ykkC
tmrB
tet(tetL)
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cfrB
clbA
cfrB
clbA
Bacillus licheniformis C1 rphD
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rphD
erm(D)
rphD
erm(D)
rphD
Bacillus licheniformis C10 rphD
erm(D)
rphD
rphD
tetL
tet(45)
satA
LmrB
Bacillus subtilis C15 ykkD
vmlIR
mphK
aadK
ykkC
tmrB

Bacillus subtilis B2

Bacillus velezensis B8

Bacillus velezensis B18

Bacillus licheniformis C2

Bacillus licheniformis C3

Bacillus licheniformis C5

Bacillus licheniformis C11

O 0O/0O00 0000000000 0C|0O0|0O00O0O0|0O0 00000000 OO0 O0OO OO

Supplementary data 2: Results of the Mobile Genetic Elements (MGEs) associated with ARG

genes analysis using the CGE-MobileElementFinder tool.
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The five ARG genes found in three Bacillus velezensis strains were blasted against the genomes

NCBI database showing the following results:

e satA gene resulted in 59 top hits belonging to Bacillus amyloliquefaciens, among them
the type strain Bacillus amyloliquefaciens DSM 7 = ATTCC 23350, with a 73% coverage
and a 85.71% identity.

« ¢frB gene resulted in 71 top hits belonging to Bacillus amyloliquefaciens, among them
the type strain Bacillus amyloliquefaciens DSM 7 = ATTCC 23350, with a 99% coverage
and a 88.80% identity.

e cblA gene resulted in 71 top hits belonging to Bacillus amyloliquefaciens, among them
the type strain Bacillus amyloliquefaciens DSM 7 = ATTCC 23350, with a 100% coverage
and a 93.05% identity.

e tetl gene resulted in 72 top hits belonging to Bacillus amyloliquefaciens, among them
the type strain Bacillus amyloliquefaciens DSM 7 = ATTCC 23350, with a 99% coverage
and a 78.83% identity.

e tet45 gene resulted in 77 top hits belonging to Bacillus amyloliquefaciens, among them
the type strain Bacillus amyloliquefaciens DSM 7 = ATTCC 23350, with a 99% coverage
and a 75.73% identity.

(In 2017, Fen et al. proposed that the close relatedness of Bacillus amyloliquefaciens, Bacillus
velezensis and Bacillus siamensis is well reflected by the novel taxonomic unit named

"Operational group B.amyloliquefaciens”, [35])

The ten ARG genes found in two Bacillus subtilis strains were blasted against the genomes

NCBI database showing the following results:

e satA gene resulted in 100 top hits belonging to Bacillus subtilis, among them the type

strain Bacillus subtilis subsp. subtilis str. 168, with a 100% coverage and a 100% identity.

e I[mrB gene resulted in 100 top hits belonging to Bacillus subtilis, among them the type

strain Bacillus subtilis subsp. subtilis str. 168, with a 100% coverage and a 100% identity.

e ykkD gene resulted in 100 top hits belonging to Bacillus subtilis, among them the type

strain Bacillus subtilis subsp. subtilis str. 168, with a 100% coverage and a 100% identity.
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ykkC gene resulted in 100 top hits belonging to Bacillus subtilis, among them the type

strain Bacillus subtilis subsp. subtilis str. 168, with a 100% coverage and a 100% identity.

vmlR gene resulted in 100 top hits belonging to Bacillus subtilis, among them the type

strain Bacillus subtilis subsp. subtilis str. 168, with a 100% coverage and a 100% identity.

aadK gene resulted in 100 top hits belonging to Bacillus subtilis, among them the type

strain Bacillus subtilis subsp. subtilis str. 168, with a 100% coverage and a 100% identity.

mphK gene resulted in 100 top hits belonging to Bacillus subtilis, among them the type

strain Bacillus subtilis subsp. subtilis str. 168, with a 100% coverage and a 100% identity.

tet45 gene resulted in 17 top hits belonging to Bacillus subtilis, among them the type

strain Bacillus subtilis subsp. subtilis str. 168, with a 97% coverage and a 80.65% identity.

tetL gene resulted in 34 top hits belonging to Bacillus subtilis, among them the type

strain Bacillus subtilis subsp. subtilis str. 168, with a 100% coverage and a 100% identity.

tmrB gene resulted in 34 top hits belonging to Bacillus subtilis, among them the type

strain Bacillus subtilis subsp. subtilis str. 168, with a 100% coverage and a 100% identity.

rphD gene resulted in 101 top hits belonging to Bacillus subtilis, among them the type

strain Bacillus subtilis subsp. subtilis str. 168, with a 100% coverage and a 79.0% identity.

The ARG gene found in the six Bacillus licheniformis strains was blasted against the genomes

NCBI database showing the following results:

rphD gene resulted in 47 top hits belonging to Bacillus licheniformis, among them the
type strain B. licheniformis DSM 13 = ATTCC 14580, with a 100% coverage and a 79.68%

identity.

The ARG gene found in four out of six Bacillus licheniformis strains was blasted against the

genomes NCBI database showing the following results:

ermD gene resulted in 100 top hits belonging to Bacillus paralicheniformis, among them
the type strain B. paralicheniformis strain KJ-16, with a 100% coverage and a 99.53%

identity.
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(In 2015, Dunlop et al. described B. paralicheniformis as a new species [36], since that date,
many B. licheniformis strains were taxonomically moved to B. paralicheniformis in the NCBI

databases).

Supplementary data 3: Detailed results of AGR research in other representatives of the species

studied (i.e. B. velezensis, B. subtilis, B. licheniformis).
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Anti-microbial secretion

AntiSMASH (detection strictness >90 %)

Strains Type Most similar know cluster Similarity (%)
Bacillus licheniformis C1 |lanthipeptide-class-11 |lichenicidin VK21 A1 / lichenicidine VK21 A2 |100
i i i ) NRPS lichenysin 100
Bacillus licheniformis C2 |, i centide-class-11 |lichenicidin VK21 A1 / lichenicidine VK21 A2 |100
Bacillus licheni s C3 NRPS lichenysin 100
e lanthipeptide-class-11 |lichenicidin VK21 A1 / lichenicidine VK21 A2 |100
o X " . NRPS lichenysin 100
Bacillus licheniformis C5. |, hipeptide-class-11 |lichenicidin VK21 A1 /lichenicidine V21 A2 |100
Bacillus licheniformis C10 |lanthipeptide-class-11 |lichenicidin VK21 Al / lichenicidine VK21 A2 {100
_ ; . " NRPS lichenysin 100
Bacillus icheniformis C11 | . thipeptide-class-11 [lichenicidin VK21 A1/ lichenicidine VK21 A2 [100
transAT-PKS, PKS-
like, T3PKS, NRPS bacillaene 100
NRPS bacillibactine 100
Bacillus subtilis C15 sactipeptide subtilosin A 100
other bacilysin 100
sactipeptide, sporulation killing factor 100
ranthipeptide
other
. . bacilysin 100
sactipeptide b
NRPS subtilosin A 100
Bacillus subtlis B2 NRPS, transAT-PKS, zacf::'ba“'" igg
T3PKS, PKS-like g
fengycin 100
NRPS, batalactone SO 100
lanthipeptide-classe-I Y
other
RiPP-like, NRPS bacilysin 100
transAT-PKS bacillibactin 100
transAT-PKS difficidin 100
Bacillus velezensis B1 transAT-PKS, T3PKS, |macrolactin H 100
NRPS bacillaene 100
betalactone, transAT- |bacillomycin D 100
PKS, NRPS surfactin 91
NRPS
other Gia
RiPP-like, NRPS tecely i
bacillibactin 100
transAT-PKS lactin H 100
. _ transAT-PKS, T3PKS, [T o2t
Bacillus velezensis B8 NRPS bacillane 100
. . mersacidin 100
lanthipeptide-class-11 i
NRPS surfactin 91
LAP, PRE-containing plantazolicin 91
transAT-PKS
transAT-PKS, NRPS, |[difficidin 100
T3PKS bacillaene 100
NRPS surfactin 91
Bacillus velezenis B18 other bacilysin 100
NRPS, RiPP-like bacillibactin 100
RRE-containing, LAP |plantazolicin 91
transAT-PKS macrolactin H 100

Supplementary data 4: Details of antimicrobial secretion detected in genomes using

antiSMASH tool.
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3.2 CHAPITRE 2 - ELABORATION D'UNE STRATEGIE
INNOVANTE PERMETTANT LA SELECTION ET
L'ASSOCIATION DE SOUCHES BENEFIQUES FORMANT DES
BIOFILMS CAPABLES DE LIMITER L'IMPLANTATION ET LA
CROISSANCE DES AGENTS PATHOGENES

3.2.1 Préambule

Bien que des produits commerciaux a base de consortiums de souches
formant des biofilms positifs soient disponibles sur le marché depuis quelques
années, il est essentiel de mener des recherches approfondies pour mieux
comprendre le devenir des souches individuelles du consortium au cours du temps
et les mécanismes sous-jacents a leurs propriétés compétitrices vis-a-vis de
bactéries indésirables. Ces produits sont principalement constitués d'assemblages
de souches d'especes du genre Bacillus spp. et de bactéries lactiques. Les souches
sont sélectionnées pour leur compétitivité élevée, souvent évaluée en condition
de vie planctonique. Toutefois, étant donné la prédominance du mode de vie en
biofilm sur les surfaces des batiments d'élevage, il était impératif de vérifier leur

compeétitivité au sein de ces structures microbiennes.

Ce chapitre présente une stratégie innovante visant a la sélection et a |'association
raisonnée de souches en vue du développement et de la formulation de produits

commerciaux de nouvelle génération (Figure 3).
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Figure 3: Schématisation de la méthodologie employée pour sélectionner et assembler des souches candidates
mobilisant des propriétés d'intérét pour une application en biofilm positif, avec comme perspective le

développement de produits de nouvelle génération.

Dans un premier temps, nous avons sélectionné 230 souches candidates du genre
Bacillus et Paenibacillus, provenant a la fois de la collection Delaporte (équipe
B3D), de la collection Aquapharm (Lallemand) et isolées a partir d'un élevage dans
le cadre des études présentées dans le chapitre précédent. L'analyse des génomes
de ces souches a permis de sélectionner des especes présentes sur la liste de QPS
de I'EFSA (B. velezensis, B. subtilis, B. licheniformis), ainsi que 2 souches de
Paenibacillus spp. formant des biofilms tres structurés en macro-colonies. La
capacité de ces souches a former des biofilms immergés a été visualisée par MCBL.
Une sélection de 18 souches présentant des morphologies remarquables (hauteur,
rugosité, volume, macro-structures), a été effectuée tout en conservant une

diversité d'especes.

Les méthodes utilisées par la suite reposent sur une analyse phénotypique
combinant |'utilisation de la MCBL avec des souches génétiquement modifiées
pour exprimer des protéines fluorescentes, ainsi qu'une analyse d'images a haut
débit. Les souches candidates ont été mises en compétition avec 4 bactéries
pathogenes problématiques des élevages avicoles (Staphylococcus aureus,
Enterococcus cecorum, Escherichia coli et Salmonella enterica). Nous avons
introduit dans ces souches pathogénes un plasmide exprimant constitutivement le

gene codant pour la GFP (green fluorescent protein), afin de suivre leur croissance
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au sein de biofilm mixes. L'impact de la présence des souches bénéfiques
candidates sur la croissance des souches pathogénes a été quantifié en se basant
sur le volume des biofilms formés par les souches fluorescentes pathogenes apres
24h d'incubations dans différentes conditions, dans deux modeles de biofilms

mixtes immergés décrits dans I'article 7.

Cette quantification, apres 24h heures d'incubation, a permis de sélectionner des
souches de Bacillus spp. a fort potentiel antagoniste. Toutefois, les mécanismes
impliqués restaient a élucider. En effet, plusieurs processus écologiques de
compétition peuvent s'établir entre deux espéces bactériennes, conduisant a la
dominance de l'une et a l'exclusion de l'autre. Bacillus spp., par exemple, peut
exclure le pathogéne par une croissance plus rapide, en exploitant plus
efficacement une ressource nutritive ou en bloquant |'accés de I'autre espéce a la
ressource. Ces stratégies sont désignées sous le terme de compétition
nutritionnelle. La production abondante par les Bacillus spp de matrice
d'exopolysaccharides peut également contribuer a limiter I'implantation d'un
organisme exogene dans le biofilm (compétition spatiale). Enfin, les bactéries
sont capables de secréter un arsenal de molécules pouvant inhiber la croissance
ou tuer une autre espece, telles que des toxines et des antimicrobiens [39]. On
parle alors de compétition d’interférence, phénomeéne qui intégre également la
sécrétion de molécules comme les sidérophores impliquées dans l'acquisition du
fer dans Il'environnement [40]. Dans ce cas, il s'agit d'une compétition
nutritionnelle par interférence. Chacun de ces mécanismes d'exclusion peut étre
représenté au moyen d'outils mathématiques de modélisation dédiés reposant sur
des analyses temporelles. C'est par exemple le cas du modele proie-prédateur de
Lotka-Volterra qui incrimine la sécrétion de molécules interférentes [41] ou le
modeéle de Jameson pour une compétition spatial et nutritionnelle [42,43]. Ces
modeéles permettent d'obtenir des parametres quantitatifs décrivant I'évolution
des partenaires et leur influence mutuelle. Cela ouvre la voie a une interprétation
biologique des mécanismes sous-jacents. Par cette approche, nous avons étudié
les grandes familles de mécanismes impliqués dans |'exclusion d'E. cecorum et de

S. enterica par 3 souches de B. velezensis, seules ou en consortiums 2 et 3 souches,
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a travers les cinétiques de formation de biofilms mixtes au cours du temps.
Expérimentalement, une étude spatio-temporelle du devenir de la bactérie
pathogéne marquée par la GFP en présence de différentes souches de
B. velenzensis (x,y,z,t) couplée a l'analyse des images, a été réalisée. Les trois
souches de B. velezensis présentent des parameéetres de croissance (tels que le
temps de génération et le volume maximal atteint) similaires, mais distincts de
ceux des deux pathogénes. Le modéele de Jameson décrit de maniere exhaustive
les interactions compétitives, sur le plan nutritionnel et spatial. Une souche ayant
un temps de génération plus court se développera plus rapidement, excluant ainsi
son partenaire concurrent. Dans le scénario ou E. cecorum est majoritaire au début
de l'interaction, un modele proie-prédateur de type Lotka-Volterra décrit cette
dynamique. En effet, E. cecorum se développe simultanément avec B. velezensis,
mais a partir d'une certaine concentration des deux partenaires, B. velezensis
exclut E. cecorum en produisant certainement des composés bactéricides pour le
pathogéne. Cela indique que B. velezensis détecte la présence d'E. cecorum et
adapte son métabolisme pour éviter son exclusion. De plus, cette étude souligne
aussi I'importance du mode de vie en biofilm de B. velezensis dans I'exclusion de
S. enterica. En effet, avec une concentration initiale identique de B. velezensis et
de S. enterica, le pathogene est exclu lorsque B. velezensis se trouve sous forme

de biofilm, et pas dans un état planctonique, des le début de I'expérience.

Tout comme les propriétés de colonisation des surfaces, le potentiel compétitif
des souches de Bacillus spp. envers des bactéries pathogénes ou indésirables est
en général évalué pour des souches individuelles, mais pas en combinaison. Etant
donné la forte activité compétitrice, il est crucial de s'assurer au préalable de
I'absence de compétition interne au sein du consortium bénéfique. La
compatibilité de chacune des 3 souches de B. velezensis avec les 18 souches
précédemment étudiées a été testée au sein de biofilms mixtes. A cette fin, les 3
souches de B. velezensis d'intérét ont été génétiquement étiquetées en
introduisant un plasmide exprimant constitutivement le géne codant une protéine
fluorescente (GFP ou mCherry) afin d'étudier leur spatialisation et de les

quantifier dans des biofilms mixtes. Les résultats ont montré que ces 3 souches de
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B. velezensis, phylogénétiquement tres proches, étaient compatibles entre elles et
sont capables de coexister dans les biofilms. En revanche, les combinaisons
binaires entre ces souches de B. velezensis et les autres souches de Bacillus ont
toutes montré I'exclusion d'une souche par une autre, ce qui est en accord avec la
théorie de la discrimination de parenté kin [44]. Ce phénomeéne est observé chez
Bacillus subtilis ou les cellules sont en mesure de différencier les individus
apparentés (phylogénétiquement liés) des individus non apparentés
(phylogénétiquement non liés) [45]. En effet, la reconnaissance des membres de
leur propre communauté est importante chez les microbes, car elle est a I'origine
du développement de comportement de mutualisation et d'entraide favorisant les
voisins (kin) de la méme espece [44]. Les microorganismes démontrent une
coopération multiple pour s'alimenter, se déplacer, développer leur virulence,
acquérir du fer, se défendre, détecter le quorum, et engendrer des biofilms
multicellulaires ou des organes de fructification. L'entraide trouve sa justification
dans I|'évolution lorsqu'elle profite aux individus partageant les mémes genes.
Cependant, la véritable distinction peut s'effectuer dans le cas des systemes
poison-antidote, tels que les bactériocines, ou les cellules favorisent leur propre
espece en empoisonnant les autres, ou dans les systemes d'adhésion, ou les
cellules de la méme espéce se lient entre elles. Ces comportements peuvent
contribuer a renforcer les liens de parenté en général, facilitant ainsi I'évolution
et la préservation de la coopération. Une fois les associations stables identifiées,
des expériences similaires d'interaction entre des bactéries pathogenes et les 3
souches de B. velezensis, seules ou en consortium 2 et 3 souches, ont éte
entreprises dans le but de comparer les effets des mélanges de souches aux
souches individuelles. Ainsi, les consortiums compatibles ne possedent pas plus
d'effet d'exclusion des pathogénes par rapport aux souches seules les composants.
Les résultats de cette série d’'expériences sont exposés dans |'article 7, en cours

de finalisation.

L'influence des bactéries lactiques sur la croissance des bactéries pathogenes a
également été investiguée en utilisant la méme stratégie que précédemment

décrite. Les souches de bactéries lactiques étudiées sont les deux souches de
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Pediococcus spp. présentes dans le produit commercial Lalfilm Pro. Dans le but
d'améliorer le potentiel d'un produit de nouvelle génération, nous avons évalué la
capacité de ces souches de bactéries lactiques a coexister au sein d'un biofilm
mixte avec les trois souches de B. velezensis préalablement sélectionnées. Les
Pediococcus spp. et les trois souches de B. velezensis, dans ce cas éloignées
phylogénétiquement, ont démontré leur aptitude a former des biofilms stables a
deux especes. Pour la premiere fois, un effet antagoniste accru des associations
entre Pediococcus spp. et B. velezensis sur les bactéries pathogénes a été

démontré. Les résultats sont décrits dans |'article 8, en préparation.

En paralléle des études réalisées au MCBL, des expériences d’interaction au sein
de macro-colonies ont été réalisées. La formation d'une macro-colonie structurée
de cellules et d'une matrice extracellulaire est un modele de biofilm qui se
développe a l'interface entre un milieu gélosé et I'air. La capacité des différentes
souches candidates (Bacillus spp. ; Paenibacillus spp. ; Pediococcus spp.) a former
des co-macro-colonies, en combinaison ou associées a des souches pathogénes,
a été étudiée. L'objectif de ces expériences était d’analyser les antagonismes dans
un modele de biofilm distinct de celui précédemment décrit en biofilm immergé.
Des comparaisons entre ces deux modeéles de biofilm ont été effectuées. Le modeéle
de biofilm en macro-colonie présente I'avantage d'une mise en place plus simple
qgue le modéle en biofilm immergé, méme si la quantification et I'identification des
mécanismes d’'interactions reste spécifique a chacun des modeles. Les résultats de
cette partie sont décrits dans la section "Exploration des biofilms en macro-
colonies : étude des interactions pour une sélection de souches a fort

potentiel anti-pathogeéene”.

En conclusion, une méthode novatrice basée sur l'imagerie en temps réel et
I'analyse des biofilms mixes par MCBL a été élaborée pour la sélection de souches
et de consortiums, présentant des propriétés d'intérét en tant que biofilms positifs
dans les élevages. Au cours de cette étude, nous avons corrélé les mécanismes
responsables de l'antagonisme envers les agents pathogénes avec différents
modes de compétition, tels que la compétition spatiale/nutritionnelle et

I'interférence. De plus, des souches individuelles prometteuses ont été identifiées,
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de méme que des consortiums démontrant un effet significativement renforcé par
rapport aux souches individuelles qui les composent. Enfin, notre contribution se
manifeste par un complément du processus de sélection des souches, en

introduisant |'utilisation d'un modele basé sur les macro-colonies.
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3.2.2 Article 7 : Guided assembly of positive biofilms targeting
pathogenic bacteria using live-cell imaging

Virgile Guéneau, Laurent Guillier, Guillermo Jiménez, Julia Plateau-Gonthier,

Marie-Francoise Noirot-Gros, Pascale Serror, Mathieu Castex, Romain Briandet.
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Abstract

The use of chemical antimicrobials to control undesirable microbial agents contributes to the
rise of antimicrobial resistance (AMR) and environmental pollution. In alignment with the One
Health paradigm, there is a growing emphasis on developing innovative alternatives, such as
harnessing beneficial microorganisms with strong competitive traits. This approach aims to
sculpt the microbial ecology of surfaces, ultimately restraining the proliferation of undesirable
microorganisms. In this contribution, we introduce a novel methodology that enables a rational
and systematic selection and combination of strains for such applications. Our approach
leverages live-cell fluorescent imaging through High Content Screening Confocal Laser
Scanning Microscopy (HCS-CLSM). This method was used to assess a collection of Bacillus
species strains in diverse multi-species biofilm scenarios, aiming to understand their impact on
the growth of different bacterial pathogens and unravel the nature of the mechanisms
underlying their exclusion. Our study results reveal the exceptional antagonistic influence of
three Bacillus velezensis strains against pathogens. Moreover, these strains demonstrated the
ability to form a stable kin-compatible consortium, resulting in enhanced surface colonisation
of the biofilm compared to individual strains. By leveraging live-cell imaging kinetics and
modelling, we were able to demonstrate Jameson nutritional competition in most explored
scenarios. Additionally, regarding antagonist interactions between B. velezensis against
Enterococcus cecorum, our modelling revealed a Lotka-Volterra prey-predator dynamic,
indicating an active interference mechanism. Furthermore, we observed a notable increase in
the inhibition of Salmonella enterica serovar Enteritidis when B. velezensis was pre-established
on the surface, suggesting a disctinct biofilm-associated exclusion effect. This methodology
establishes an innovative approach for constructing robust positive biofilms with potent effects

against pathogens.
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Introduction

Microorganisms mainly live in the form of biofilms, capable of colonising diverses biotopes on
Earth [1]. Biofilms are complex communities of spatially organised microorganisms embedded
in a self-produced matrix growing at interfaces, and interacting with each other and with their
environment [2]. This spatial arrangement and cellular diversity within microbial communities
result in unique biofilm properties compared to planktonic lifestyles [3-6]. Consequently,
microorganisms living in biofilms exhibit greater tolerance to environmental fluctuations, such
as exposure to disinfectants [7], antibiotics [8] or passage through the digestive tract [9]. These
communities often consist of multiple species engaged in various interactions, including
resource competition, cooperation for mutual benefit, or even the inhibition of other species
[10,11]. Understanding these interactions to predict overall biofilm behaviour and function is a

critical challenge in microbial ecology.

As an application of the One Health concept, biotechnology is developing solutions that
employ guided microbial ecology principles to regulate interactions within complex biofilm
communities. Specific strains or consortia of beneficial strains with antagonistic activity against
undesirable microorganisms, like pathogens, can be intentionally introduced to surfaces [12],
foods [13] or directly to hosts [14]. This approach recognizes microbial communities as complex
systems, where manipulating a few key components can significantly impact the entire system
[15]. This approach modifies the microbial composition to promote a targeted ecosystem [16].
Beneficial strains are selected for their antagonistic effect against undesirable microorganisms,
which may involve nutritional and spatial competition [17] or the secretion of active molecules
[18]. The quantification of antagonism is typically assessed in planktonic form of interacting
species, which inadequately reflects real-world conditions where microbial communities reside
in biofilms. Additionally, commercial products frequently contain multiple strains, with no clear

justification for their inclusion and no assurance of their compatibility.

Here, we present a pipeline for the rational selection and combination of strains to create
positive biofilms on livestock building surfaces, an approach already employed in the field. This
method relies on phenotype analysis using High Content Screening-Confocal Laser Scanning
Microscopy (HCS-CLSM) combined with genetically engineered fluorescent strains and

dedicated image analysis [19]. For this study, we meticulously analysed more than 23220 image
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z-stacks to extract quantitative data on the effectiveness of positive biofilm. Using this pipeline,
we screened a collection of Bacillus species for their impact on the growth and establishment
of several bacterial pathogens including Staphylococcus aureus, Enterococcus cecorum,
Escherishia coli and Salmonella enterica serovar Enteritidis (S. enterica) in two submerged mixed
species biofilm models. Bacillus species are part of the natural microbiota of biofilm in livestock
buildings and renowned for their versatile applications in biotechnology, making them
attractive candidates for exploring their biocontrol potential. By modelling live-cell CLSM
imaging of interspecies interactions, we elucidate the underlying family of mechanisms
involved in antagonistic interactions, encompassing spatial and nutritional competition [17,20],

as well as Lotka-Volterra prey-predator interference [21].

To further comprehend and optimise the use of bacterial cocktails in biotechnological
applications, we leveraged the concept of kin discrimination to prevent interference between
beneficial organisms and combine only compatible beneficial strains. Kin discrimination is
observed when organisms can distinguish between genetically related (kin) and genetically
unrelated (non-kin) individuals [22]. This concept is based on the detection of small signalling
molecules, or specific flagellin motifs in B. velezensis [23]. Kin discrimination is crucial for the
evolution of cooperative behaviours, allowing genetically related individuals to cooperate and
enhance their overall fitness. Our study demonstrated that phylogenetically related Bacillus
species strains could coexist, whereas more distant strains exhibited mutual exclusivity in a
submerged mixed biofilm model. We selected strains capable of forming stable three-strains
kin biofilms, and demonstrated enhanced surface colonisation with antagonistic activity

against pathogens.
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Methods

Bacterial strains and genetic constructions

The WT bacterial strains and genetic constructions used in the study are described in Table 1.
The experiments were conducted using Tryptic Soy Broth (TSB) medium (Biomérieux, France)
at a temperature of 30°C. To initiate each experiment, a 5 mL overnight culture was prepared
from a glycerol stock at -80°C. If the strain carried a plasmid with a gene encoding for
fluorescent proteins, the culture was supplemented with the selection antibiotics (5 pg/mL
erythromycin for Gram-positive species or 100 pg/mL ampicillin for Gram-negative species).
The overnight cultures were then centrifuged at 5000 g for 5 minutes, and the supernatant was

replaced with fresh TSB before beginning the experiments.

Table 1: Bacterial strains used in the study.

Name

Origine and genotype

Reference

Bacillus velezensis 11285
Bacillus velezensis 12048
Bacillus velezensis B8
Bacillus velezensis 12701
Bacillus velezensis 11457
Bacillus velezensis B18
Bacillus velezensis B1
Bacillus velezensis 12832
Bacillus velezensis 1273
Bacillus velezensis 12001
Bacillus subtilis 1202
Bacillus licheniformis 1234
Bacillus licheniformis C5
Bacillus licheniformis 1218
Bacillus licheniformis 1298
Bacillus licheniformis 1219
Paenibacillus sp. 1167
Peanibacillus sp. 1399

Marine

Marine

Surfaces of commercial broiler chicken houses
Marine

Marine

Surfaces of commercial broiler chicken houses
Surfaces of commercial broiler chicken houses
Marine

Very wet soil of a snow combe, 2400m altitude
Plant

Water from a river

Small greenish pebbles

Surfaces of commercial broiler chicken houses
Sea urchin intestine in sea water

Pinkish grey gravel

Greyish sandy soil

Black soil

Dark brown soll

Lallemand AQP
Lallemand AQP
(12]

Lallemand AQP
Lallemand AQP
2]

2]

Lallemand AQP
Delaporte collection
Lallemand AQP
Delaporte collection
Delaporte collection
(12]

Delaporte collection
Delaporte collection
Delaporte collection
Delaporte collection
Delaporte collection

Bacillus velezensis 11285 mCherry Bacillus velezensis 11285 with pCM11-mcherry (ery) This study
Bacillus velezensis 12048 GFP Bacillus velezensis 12048 with pCM11-gfp (ery) This study
Bacillus velezensis B8 GFP Bacillus velezensis B8 with pCM11-gfp (ery) This study
Bacillus velezensis B8 mCherry Bacillus velezensis B8 with pCM11-mcherry (ery) This study
Staphylococcus aureus RN4220 Laboratory strain with pALC2084-gip (ery) [24]
Enterococcus cecorum DSM20682 Strain from DSM collection, isolated from chicken caecum with pCM11-gfp (ery) This study
Salmonella enterica serovar Enteritidis NCTC6676 Strain from NCTC collection, isolated from a dead cow with pCM11-gfp (amp) This study
Escherichia coli CIRMBP0248 Strain from CIRMBP collection, isolated from chicken intestine with pCM11-gfp (amp) This study

The phylogenetic tree analysis of the 18 Bacillus strains was performed using the bacterial
Phylogenetic Tree Service of BV-BRC [25]. The whole genome sequence FASTA file of each of

the 18 Bacillus strains were uploaded to BV-BRC, set to the “contigs” object type. The
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phylogenetic tree was then built with the default Codon Tree method. For species assignments,
the genome sequences were compared to the genomes sequences of the closest species within
Bacillus genus in the BV-BRC database, with the requested use of 1,000 genes (up from the

default 100), with 5 allowed deletions.

Transformation protocol using PCM11 plasmid to enable expression of GFP or mCherry to
visualise CLSM strains [26] was adapted for each strain, described in detail in the supplementary
material (Fig. S1). Briefly, wild type E. coli and S. enterica were transformed using a standard
heat shock protocol. The protocols used to prepare the electrocompetent cells and to
transform E. cecorum were inspired by Dunny et al. [27]. For B. velezensis, the transformation
protocol presented takes advantage of the ability of some species to be naturally competent

[28] and was inspired by Dergham et al. [29].

Submerged biofilm models

All biofilm structures were performed in 96-well plates uclear® base (Greiner Bio-one, France)
compatible with high resolution fluorescence microscopy. Images were acquired automatically

using the HCS mode of the confocal for kinetic experiments.

Co-inoculation biofilm model to study interaction after adhesion

stage
Multi-species biofilms were established using genetically labelled strains (GFP-labelled
pathogen, GFP-labelled B. velezensis, mCherry-labelled B. velezensis) alongside non-genetically
labelled Bacillus species strains (one, two, or three strains), beginning with an equivalent initial
adhesion biovolume of 0.50 +/- 0.25 between the fluorescent strain and the non-genetically
labelled strains. Adhesion ratios were determined following the protocol outlined by Guéneau
et al. [19] employing a GFP/SYTOG61 (Invitrogen, Carlsbad, CA, USA; a bright cell-permeant red
dye that labels nucleic acid) dual labelling. In this system, cells labelled only in red correspond
to the non-genetically labelled strains, and cells labelled both in red and green correspond to
the genetically tagged ones. GFP strains with SYTO61 were used to study biofilms at a given
time point. For kinetics measurements, SYTO61 was replaced by the vital dye FM4-64
(Invitrogen, Carlsbad, CA, USA; a lipophilic dye that labels cell membranes in red) at a vital

concentration of 1 pg/mL [30].
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Concisely, the overnight cultures of the GFP-labelled pathogen and Bacillus strains were diluted
in TSB at 1/100e, except for the poorly adhesive strains B. licheniformis 1298, Paenibacillus sp.
1399, and Paenibacillus sp. 1167, which were diluted at 5/100e. The same volume previously
determined for Bacillus strains was used for monospecific biofilm growth. We added 200 pL of
the bacterial solution to 96-well plates and performed an adhesion step of 1Th30 at 30°C. Then,

the supernatant was replaced with fresh TSB and incubated for 24 h at 30°C.

In the case of kinetics in the co-inoculation model, three initial ratios of the two partners were
employed to investigate the formation of multi-species biofilm. The experiment was based on
planktonic culture volumes to achieve previously validated 1:1 adhesion ratio values. These
three ratios correspond to 10 times more volume of GFP pathogens for one volume of B.
velezensis, the same volumes as those determined for the 1:1 ratio, and one volume of GFP

pathogens for 10 volumes of B. velezensis.

The same protocol was used to study the interaction of unlabelled Bacillus species with GFP-
labelled B. velezenesis. Adhesion ratios were determined with B. velezensis 12048 GFP and
applied in the same way with B. velezensis 11285 GFP and B. velezensis B8 GFP. For two-strains
Bacillus strains biofilms, the labelled strains and a Bacillus strains were diluted at 1/200e each
after centrifugation in the same way as described above , except for the strains B. licheniformis
1298, Paenibacillus sp. 1399 and Paenibacillus sp. 1167, which were diluted at 5/100e. For
three-strain B. velezensis biofilms, the three strains were diluted at 1/333e in TSB before

performing an adhesion phase and incubated for 24 h at 30°C.

After incubation, 50 pL of SYTO9 (Invitrogen, Carlsbad, CA, USA; a cell-permeant green dye
that labels nucleic acid) for monospecific Bacillus strains or SYTO61 for two-strain biofilms with
a GFP-labelled strain were added, diluted in TSB at 2 pg/mL. Images were captured using CLSM.
In the case of B. velezensis WT grown with GFP and mCherry labelled B. velezensis strains, 50

uL of 4'-6-diamino-2'phenylindole (DAPI) at 2 ug/mL was added to visualise the entire biofilm.

Recruitment biofilm model to study pathogen adhesion and growth

on established Bacillus spp. biofilm

This experiment investigated pathogen recruitment and growth on mature Bacillus biofilms.
Bacillus biofilms were developed using the same protocol as previously described with an

adhesion phase followed by 24 h growth at 30°C without agitation. Overnight pathogen
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cultures were centrifuged at 5000 g for 10 min and the supernatants were replaced with fresh
TSB (supplemented with FM4-64 at 1 pg/mL for the kinetics experiment) to remove the
antibiotics. 50 pL of a GFP pathogen solution was added to wells containing Bacillus biofilms
for an adhesion step of 1h30 at 30°C. Supernatants were carefully replaced with 200 uL of fresh
TSB and CLSM acquisitions were performed directly (recruitment t=0h) or after 24h growth at
30°C (recruitment t=24h). Prior CLSM acquisition, 50 pL of a TSB solution containing SYTO61
at 2 ug/mL or FM4-64 at 1 ug/mL for kinetics until the end of the experiment was added to the

wells.

Live-cell fluorescent imaging

Live-cell fluorescent imaging was conducted using a Leica SP8 AOBS inverted high-content

screening confocal laser scanning microscope (HCS-CLSM, LEICA Microsystems, Germany) at

the MIMA2 platform (https://doi.org/10.15454/1.5572348210007727E12). Biofilm images were
captured using a 63x water objective with a numerical aperture of 1.2. Imaging was performed
at a frequency of 600 Hz, with each image taken every micrometre to ensure full height
coverage of the biofilm. The acquired images had a resolution of 512 x 512 pixels,
corresponding to a physical area of 184.52 um x 184.52 um and a pixel size of 0.361 um. The
SYTO9 and the GFP were excited with an argon laser set at 488 nm, and the emitted
fluorescence was collected with a hybrid detector (HyD LEICA Microsystems, Germany) in the
range 500-550 nm. FM4-64 was excited with a helium-neon laser at 561 nm, and the emitted
fluorescence was collected with a hybrid detector in the range of 600-750 nm. SYTO 61 was
excited with a helium-neon laser at 633 nm and the emitted fluorescence was collected with a

hybrid detector in the range of 650-750 nm.

For 4D (xyzt) acquisitions, the temperature was maintained at 30°C and 150 um stacks of
images were acquired every hour. For each experiment, between 3 and 6 biological replicates
were carried out with 4 technical replicates, representing at least 12 technical values per
condition.

A specific experiment to observe biofilms with the three compatible B. velezensis strains was
performed using a Zeiss LSM 700 inverted CLSM (Carl Zeiss, Germany) equipped with a 405
nm laser that allows excitation of the blue nucleic acid dye DAPI. A Plan-Apochromat 63x oil

immersion objective with a numerical aperture of 1.4 was used to capture images at every
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micrometre. The images had a resolution of 1024 x 1024 pixels, covering an area of 203.2 x
203.2 um. The pixel size of each image was 0.20 um. Biofilms visualisation of the 3 B. velezensis
growing in the same sample was performed using 3 different fluorescent molecules. DAPI was
excited with a diode laser at 405 nm to label the entire population. The emitted fluorescence
of DAPI was collected with a photomultiplier detector (PMT) in the range of 410-550 nm.
mCherry protein was excited with a diode laser at 555 nm and the emitted fluorescence was
collected with a PMT detector in the range of 560-700 nm. GFP was excited with an argon laser
set at 488 nm and the emitted fluorescence was collected with a PMT detector in the range of
490-550 nm. Acquisitions were performed sequentially, starting with the DAPI channel and
then the mCherry and GFP channels together.

CLSM image analysis

2D projections of biofilms and movies were obtained using IMARIS 9.3.1 software (Bitplane,
Zurich, Switzerland). BiofilmQ software was used to extract quantitative values from image
stacks [31]. Channels were analyzed separately using the OTSU thresholding method and

“global biofilm properties” were selected to extract the biovolume of the binarized images.

To assess the anti-pathogenic activity of Bacillus species strains against pathogens, the
biovolume (um3/um?) of the GFP channel of submerged mixed biofilms was measured and
normalised to the biovolume of monospecific GFP pathogen biofilms. To standardise a score
reporting biofilm anti-pathogenic activity, values were centre-reduced to fall between 0
(indicating the lowest activity) and 1 (representing the highest activity). This approach allowed
for the use of a simple score ranging from 0 to 1 to compare the anti-pathogenic activity of

different Bacillus strains and identify the most promising potential.

Modeling microbial growth and competition

GFP-measured biovolumes served as model inputs for both pathogens. For Bacillus in
monoculture, biovolumes corresponding to the FM4-464 marker were used. In co-culture,
Bacillus biovolumes were determined by subtracting the GFP-biovolume of the co-inoculated

pathogen, from the total biovolume.

For monoculture experiments, biovolume increase was described using a generic primary

growth model [32]:
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1 dN(t)

WT = Hmax " a(t) f(t)

Where umax is the exponential growth rate, a(t) is the adjustment function and f(t) is the

inhibition function.

The nIsMicrobio package was used to fit Baranyi & Roberts primary growth model to estimate

HUmax, 1ag (derived from a(t)), Nmax (derived from f(t)), and No .

Two types of model were fitted to the competition data between pathogens and bioprotective

flora.

The first type of model is the Jameson-type model [33]. The Jameson effect can be described
as competition between species to use environmental resources in order to maximise their
growth and population. When the common resource(s) are exhausted, the competition is over

and the growth of each species in the population stops.

The growth stops simultaneously by both populations. Both competitors share the inhibition

function (f(t)) of the exponential growth.

L dNy(t) .
NA(t) dt = HUmaxAa fA(t)
1 dNg(t) _ _

The inhibition function being

Lif t < tpax

fa(®) = fa(t) = {0 if t 2 tmax

where tmax is the time at which the stationary phase begins for populations A and B.

The second type of model is the Lotka-Volterra model. In this model, the inhibition functions

can be described as follow:
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£.(8) = (1 B Na(t) + “ABNB(t))
all) =

NmaxA

Np(®) + aBANA(t))

NmaxB

fz(t) = (1

where the parameters aas and aga are the coefficients of interaction measuring the effects of

one species on the other.

It makes no specific assumptions about the mechanisms underlying species interactions, they
can be parameterized in ways that approximate any combination of underlying mechanisms.
For example, in a system with two species, if both ass and aga are less than zero, species

suppress each other's growth, indicating competition.

Mmax €stimates were expressed in generation time (GT)

_ n(2)

Hinax

GT

The nilsMicrobio [34] and gauseR [35] packages were respectively used to fit the Jameson-type

and Lotka-Volterra models.

Statistical analysis

Results were presented as mean and standard deviation (SD). Two-way ANOVA with
uncorrected Fisher's least was used with PRISM software (GraphPad, USA, California). Statistical
significance was determined when the p-value associated with the Fisher test was less than

0.05.

Results

Selection of Bacillus strains capable of limiting bacterial

pathogens colonisation in different biofilm models
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A collection of 18 Bacillus strains from different isolation origins was characterised in three

biofilm models revealing a wide range of phenotypic diversity (Fig. S$2). Utilising two co-

incubation biofilm models, we conducted a screening process to identify Bacillus strains with

the capacity to restrict the growth and establishment of pathogens (Fig. 1).
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Figure 1: Co-incubation models between the 18 Bacillus strains and the 4 pathogens GFP used in the study. (A) To

implement the co-inoculation model, the equal adhesion ratio of both pathogen and a Bacillus strain is first verified

to ensure that both adhere to the surface in the same biovolume. Then, a 24-hour incubation is carried out and the

quantification of the pathogen GFP is performed. (B) A planktonic culture of pathogens is introduced for an adhesion

step on an installed Bacillus biofilm. This is followed by the quantification of the pathogen GFP biovolume, which is

used to study the impact of the Bacillus biofilm on the pathogen's adhesion. The same steps as previously described
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are repeated before a 24-hour incubation to examine the pathogen's development on a Bacillus biofilm, followed
by the quantification of the pathogen GFP. In both models, SYTO61 is used to visualise the whole population in red,
i.e, the pathogen and the Bacillus. The quantification of the pathogen GFP biovolumes is done to identify Bacillus
that reduce pathogen growth compared to pathogens growing without Bacillus under the same conditions.

Representative images were shown using B. velezensis B8. Scale bar = 40 pm.

In these models, pathogens carrying a GFP marker on a stable plasmid throughout the
experiment were employed (Fig. $3). To ensure an equitable starting point for the co-
inoculation interaction model in terms of Bacillus and pathogen quantities, we conducted
adhesion ratio experiments and validated them across all 18 Bacillus strains with respect to the
four pathogens (Fig. S4). Subsequently, we extracted raw biovolumes of GFP-expressing
pathogens from image z-stacks captured during co-inoculation (Fig. S5), recruitment t=0 h
(Fig. S6) and recruitment t=24 h (Fig. S7) models. This data was used to calculate antagonistic

scores for each of the Bacillus strains (Fig. 2).
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Figure 2: Antagonism score of the Bacillus strains against pathogens in the 2 co-incubation models. Pathogens are
grouped by models and the 18 Bacillus strains are ordered according to the phylogenetic tree reflecting their
relatedness. The Bootstrap values are placed before each node. In this heat map, 1 represents the highest antagonist
score and 0 the lowest, calculated based on pathogen GFP biovolume in presence of one Bacillus strain normalised

by the value of the pathogen GFP growing alone. Every square represents one interaction and displays the means
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of three biological replicates, which in turn are calculated using four technical replicates. The sum of Bacillus scores
against each pathogen in all models was calculated to total the antagonistic power of each strain. 2736 stacks of

images were analysed to produce this heat map.

The results showed that the B. velezensis species display a notably superior overall antagonistic
activity compared to other represented species. In particular, Paenibacillus sp. 1167 exhibited
strong antagonist activity against all pathogens in the recruitment model, whereas it
demonstrated relatively limited inhibitory effect on pathogens in the co-inoculation model.
Among the B. licheniformis strains, pathogen adhesion was reduced in most cases, except for
S. enterica. However, the t=24 h recruitment analysis revealed that pathogens were able to
grow on the biofilm. Remarkably, B. velezensis 11285, B. velezensis 12048 and B. velezensis B8
consistently achieved the highest score sums and display superior performance against E.
cecorum and S. aureus. To confirm that the reduction in GFP signal resulted from a decrease in
the number of cells rather than issues related to GFP fluorescence, cell counts were conducted
at the conclusion of the experiment using B. velezensis B8, a strain that showed a high

antagonistic score (Fig. S8).

Establishing a kin-compatible B. velezensis synthetic consortium

Adhesion ratios between B. velezensis 12048 GFP and the 18 Bacillus strains were determined
and applied to B. velezensis 11285 GFP and B. velezensis B8 GFP (Fig. $9). The co-inoculation
model was used to simultaneously quantify the biovolume of GFP and SYTO61 channels (Fig.
$10). The results show that none of the combinations exhibited a total biovolume (SYTO61)
significantly different from that of either strain when grown individually. In instances of
associations, the GFP to SYTO61 biovolume ratio was determined after a 24 h incubation
period (Fig. 3A). Notably, two-strain biofilm formation was consistently observed
only between the three GFP-tagged strains and their non-tagged counterparts, resulting in
homogeneous biofilm mixtures (Fig. 3B). No other strain associations allowed for

homogeneous mixed biofilm formation.
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Figure 3 : Kin discrimination in a submerged biofilm model of 18 Bacillus strains against 3 B. velezensis GFP
possessing a high antagonistic effect against pathogens. (A) The ability of three B. velezensis strains expressing GFP
and exhibiting potent antagonistic activity against pathogens to form a mixed submerged biofilm with other Bacillus
strains ordered by phylogenetic distance was evaluated using the co-inoculation model. The SYTO61 and GFP
signals were quantified to perform the ratio biovolume GFP / biovolume SYTO61. A ratio of 0.5 means that there is
the same biovolume of the B. velezensis GFP as non-genetically labelled Bacillus strain (labelled chemically using
SYTOG61). The red rectangles represent the examples illustrated below. Every square represents one interaction and
displays the means of three biological replicates, which in turn are calculated using four technical replicates. 684
stacks of images were analysed to produce this heat map. (B) Examples are shown to illustrate the interactions
between the 3 B. velezensis GFP strains capable of forming mixed bi-strain biofilms. The case of exclusion is
demonstrated by B. velezensis 12001, which excludes B. velezensis 11285 and B. velezensis 12048 and is excluded by

B. velezensis B8. Scale bar = 40 uym.
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Further investigations were carried out to evaluate the capacity of the three selected B.
velezensis strains to form a three-strains biofilm. To this end, a co-incubation experiment was
performed, incorporating two genetically tagged B. velezensis strains with GFP and mCherry,
along with a wild-type strain. The cell-permeant nucleic acid dye DAPI was also added before
observations to visualise the entire population in blue. The population solely displaying blue
fluorescence corresponds to the wild strain. An experiment was conducted using the B.
velezensis B8 strain as an exemplar, involving the wild-type strain as well as strains genetically
tagged with GFP or mCherry (Fig. 4A). Observations and quantification showed that the three
strains were able to mix homogeneously in the same biofilm (Fig. 4B). The combination of
strains did not show any differences in biovolume (Fig. 4C). However, the biofilm formed by
the three strains covered significantly more surface area than the one and two strains

combinations (Fig. 4D).
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Figure 4. Mixed biofilm composed of 3 strains of B. velezensis. (A) Observation was performed using B. velezensis
B8 strains wild type, or genetically labelled with GFP or mCherry, along with the addition of DAPI in the biofilm to
visualise the entire population in blue. Combinations with other partners, including wild type, GFP or mCherry, were
conducted to differentiate between each of the partners. Scale bar = 30 ym. (B) Percentage of signal from GFP,
mCherry and DAPI-labelled cells only relative to total biovolume of DAPI in biofilms of the 3 strains (C) The co-
inoculation model was employed using each wild type strains, whether combined or not, and the biofilms were
labelled with SYTO9 to investigate their overall structure. The biovolume was extracted and shown on the graph. (D)
Substratum coverage quantification of wild type strains alone or in consortia. 168 image stacks were analysed for
quantification, corresponding to 6 biological replicates, each with 4 technological replicates per condition. Error bars

correspond to standard deviation.

Antagonism within the mixtures was investigated and compared to that of individual strains,
revealing no discernible distinctions (Fig. $11). Subsequently, interaction kinetics were
employed to explore temporal dynamics, aiming to highlight potential significant differences

and effectively distinguish among various families of antagonistic mechanisms.

|dentification of mechanism families describing B. velezensis
antagonism to pathogens

The addition of FM4-64 to visualise biofilm had no effect on pathogen growth kinetics (Fig.

$12). Over 18720 image stacks were analysed to study interaction mechanisms.

B. velezensis and E. cecorum interactions

Monoculture experiments (Fig. 5) showed that E. cecorum exhibits significantly faster
generation times (42 minutes) compared to the three B. velezensis strains (mean generation
times ranging from to 62 to 74 minutes). Furthermore, the maximum biovolumes achieved by
E. cecorum after the exponential growth phase are also greater than those of the three B.

velezensis strains (8.9 um?*/um? compared to the mean of 4.8 um?3/um?).
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Figure 5: Monoculture biofilms growth. (A) CLSM visualisation of biofilm growth over time with a representative

example per condition. The green colour corresponds to GFP labelling, while the red colour represents FM4-64.

Scale bar = 40 um. (B) lllustration (1 of the replicate) of the growth in monoculture. The dots correspond to measured

biovolumes, the line to the primary growth model fitted to observations. (C) Comparaison of the generation times

(D) and maximum biovolumes reached during monoculture experiments.

To explore the competition between B. velezensis and E. cecorum, three initial conditions were

tested (Fig. 6A,B).
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Figure 6: Interaction between B. velezensis and E. cecorum. (A) lllustration (one of the replicate) of the competition

between E. cecorum and the three B. velezensis in the co-inoculation model. The dots correspond to measured

biovolumes, the line to the primary growth models fitted to observations. (B) CLSM visualisation of 2 species biofilm

growth over time with a representative example describing the Lotka-Volterra and Jameson models. The green

colour corresponds to GFP labelling, while the red colour represents FM4-64. Scale bar = 50 um.

In co-inoculation experiments with more B. velezensis inoculated (either 1 biovolume of E.

cecorum vs 4 of B. velezensis or versus 40 of B. velezensis), regardless of the co-inoculated B.

velezensis strains used, the generation time of E. cecorum is substantially extended (increasing

from 42 minutes to 129 minutes). The exponential growth of E. cecorum ceases simultaneously

with that of the co-inoculated B. velezensis, following the Jameson inhibition model.
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In co-inoculation experiments with more E. cecorum initial biovolume compared to B. velezensis
(4/1 ratio), regardless of the B. velezensis species, the behaviour of E. cecorum was different.
Initially, exponential growth is observed with a generation time similar to that observed in
monoculture, followed by a decline in population. The Lotka-Volterra model described this
behaviour. The final levels of E. cecorum reached at the end of the experiments were lower than

the initial biovolume (fig. $13).

While the competition patterns against E. cecorum are similar for the three B. velezensis strains,
the final level reached at the end of the co-inoculation showed that B. velezensis B8 presents
higher inhibition ability compared to the two other B. velezensis strains in experiments with

4/1 ratio and 1/4 ratios (Supplementary material 13).

All possible associations of the three B. velezensis were tested as well in co-inoculation
experiments. However, compared to what is observed for simple competition (i.e. one B.
velezensis vs E. cecorum), none of the association improved nor limited the competition against

E. cecorum (fig. S14).

B. velezensis and S. enterica interactions

Monoculture experiments showed that S. enterica exhibits shorter generation times (41
minutes) compared to the three B. velezensis strains (Figure 5B). The maximum biovolumes
reached by S. enterica in the stationary phase (Nmax) are the highest among all studied

microorganisms with a mean biovolume of 14.8 um?/um? (Figure 5C).

In co-inoculation experiments, B. velezensis strains were consistently outperformed by S.
enterica, even when the initial biovolumes of S. enterica were 40 times lower than those of B.

velezensis (Fig. 7).

154



A B. velezensis 11285 B. velezensis 12048 B. velezensis B8

T ‘ N
S {
58
Initial ratio: § 3
1 8. enterica g
1 B. velezensis 5 8
g
At |
= ‘
2 1
o
g . i
€ S
Initial ratio: 5.5 " <
1.8 P:’TZ‘P!/'(;H. “E’ : 8
4 B. velezensis _g foud
f/ s
3 3
< o
2 3
g
g' U 1
>
G : £ .
Initial ratio: =
1 8. enterica £
40 B. velezensis 2
2 .
Lo
2
8 /
A T
<
- . = _ 2 5
Initial ratio: = ' Q
2 S. enterica £ . I c
. - —1
1 B. velezensis e 3
>
B >
= =
N —
=
o
= J

Time (in hours)

B 5 6.5h 11.7h  |13h 14.3h
Initial ratio: 3
1 S. enterica §
1 B. velezensis %
U. T ) p—
6.5h ; ;
Initial ratio:

2 S. enterica
1 B. velezensis

recruitment

11.7h

Figure 7: Interaction between B. velezensis and S. enterica. (A) Illustration (one of the replicate) of the competition

between S. enterica and the three B. velezensis in co-inoculation and recruitment models. The dots correspond to
measured biovolumes, the line to the primary growth models fitted to observations. (B) CLSM visualisation of 2
species biofilm growth over time with a representative example describing the Lotka-Volterra and Jameson models.

The green colour corresponds to GFP labelling, while the red colour represents FM4-64. Scale bar = 50 um.

Co-inoculations had a relatively minor effect on S. enterica’'s growth parameters. Generation
times were slightly longer compared to monoculture experiments, with mean generation times
increasing from 41 minutes to 53 minutes. The maximum biovolumes reached in the stationary

phase were also slightly reduced. The generation times of B. velezensis are doubled compared
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to those observed in monoculture experiments (fig. S14), and their growth stops

simultaneously with that of S. enterica, following the Jameson-type competition model.

Associations of B. velezensis (combination of two or three species) were not found to inhibit
the growth of S. enterica either. The co-inoculated pathogen outperformed mixed populations

of B. velezensis in the same manner as competition with singles species.

competition favoured the three B. velezensis strains when S. enterica competes with cells that
have already established a biofilm (Fig. 7). The generation time for S. enterica increased
considerably from 40 minutes to more than 300 minutes. The cessation of S. enterica growth

at the same time as that of B. velezensis indicated a Jameson-type competition.

Discussion

Positive biofilms are employed on the surfaces of livestock buildings to restrict the colonisation
of undesirable bacteria, consequently reducing the risk of disease and the need for chemical
inputs in animal treatment [16]. The presented study enabled a rational selection and
combination of strains forming positive biofilms with a robust antagonistic activity against
pathogen growth. To accomplish this, a systematic in-vitro cell-imaging pipeline based on two
biofilm models was used to investigate interactions within controlled microbial communities.
The results presented are the outcome of a high-throughput analysis of over 23220 image z-
stacks, predominantly utilising two colour channels (around 3 millions images in total per
channel), which has made it possible to decipher the main families of mechanisms involved in

pathogen antagonism.

In existing literature, studies on microbial interactions often start with a calibration of partners
using optical density (OD) or counting in solid medium of planktonic cultures [18,36,37] and
not on the quantification of the volume at the bottom of the well before the start of the
experiment [38]. However, these methods fail to account for differences in adhesion rate or the
propency of bacilli cells to aggregate and form filamentous structures [2,4]. To mitigate this
bias, the models used were systematically initiated with a biovolume-based calibration process
after the adhesion period, ensuring precise initial quantification over the quantities of both

partners adhering to the substrate.
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Concerning S. enterica, the results of the co-inoculation model with the three selected B.
velezensis strains showed varying kinetics, with subsequent inhibition observed. In experiments
conducted at the final time-point, stacks were manually captured based on the height of the
biofilms, as opposed to kinetics where image capture were standardised across all samples.
Since B. velezensis biofilms were thicker than those of S. enterica, a larger quantity of planktonic
cells was quantified, thereby overestimating the pathogen signal compared to the control.

Kinetics experiments were, therefore, more representative of reality.

Numerous commercial products in the market consist of strain assemblies which individually
exhibit optimal performance in a specific identified property for various applications such as
probiotics [39], biocontrol agents in plants [40], or food preservation [41]. In the case of positive
biofilms, the consortia of strains used are selected primarily for their strong antagonistic activity
against pathogen growth when used individually and then mixed during formulation.
Consequently, the long-term behaviour of multi-strain biofilms, as well as the description of
the effects of these mixtures compared to individual strains in terms of surface colonisation
properties or antagonism against pathogens and the bacteria within the mixture itself, is not

typically observed.

The compatibility of the Bacillus strains was studied in biofilms of two strains to ensure that
one strain did not exclude the other. As the candidate strains were selected for their strong
competitiveness against many pathogens, it is likely that the mechanisms involved also affect
other Bacillus strains. In this study, we genetically engineered three wild-type B. velezensis
strains that are highly antagonist to pathogens to fluoresce, an essential step for CLSM
interaction studies. Competition between these three phylogenetically related B. velezensis GFP
against other candidates has shown that only these strains together are capable of forming a
stable, reproducible mixed biofilm. This is consistent with kin-compatibility theory [22,42] but
a larger number of interactions with more Bacillus strains would be required to establish
correlations between phylogenetic distance and interaction phenotype. Such experiments
would demand genetically engineered wild-type strains expressing GFP, which may be difficult
to obtain. Our approach, for the first time, allows for a rational selection of consortiums of
strains forming positive biofilms. We demonstrate that mixtures of strains, including up to 3 B.
velezensis, form homogeneous mixed biofilms but do not exhibit increased antagonistic activity

compared to the individual strains comprising the consortium.
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In most situations of our experiments, the Jameson model provides a suitable modelling
framework for describing competitions. It highlights that growth ceases when one of the
species has consumed an essential resource. In the case of biofilms, this essential resource is
likely the available volume. The study of these two pathogens reveals other distinct competition
mechanisms. For S. enterica, in co-inoculation experiments, regardless of the initial "power
balance" with B. velezensis, the pathogen outpaces the growth of B. velezensis. These growth
parameters of S. enterica are minimally affected by the presence of B. velezensis. The slight
increase in S. enterica’'s generation time during co-inoculation can be attributed to the
limitation of available space caused by B. velezensis. The competition is completely reversed if
S. enterica encounters an established B. velezensis biofilm. The significant increase in S.
enterica’s generation time in the presence of these established biofilms indicates the presence
of interferent molecules. Therefore, the outcome of the competition between B. velezensis and
S. enterica depends more on the physiological state of the competitors within biofilms than on
their initial numbers at the beginning of the competition. Moreover, certain B. velezensis strains
have an effect only on recruitment at t= Oh, but this is not maintained at t= 24h, suggesting
limited interaction with the matrix or pathogen mortality during the adhesion stage due to the

presence of interfering molecules in the supernatant.

Regarding E. cecorum, when it is in the minority at the initial time point, its generation time is
significantly prolonged in the case of co-inoculation with B. velezensis. This substantial
slowdown can be explained by the presence of an inhibitory compound associated with the
presence of B. velezensis. Our results are in agreement with those obtained in the study
conducted by Medina Fernandez et al. [43], who demonstrated the antagonistic activity of
Bacillus supernatants on different E. cecorum isolates. A Jameson-type competition also occurs,
with the pathogen ceasing its growth when B. velezensis reaches its stationary phase. The
situation observed when E. cecorum is more abundant than B. velezensis is unique. E. cecorum
initiates exponential growth, and after a few hours, inactivation of the pathogen is observed.
This suggests a different mechanism of inhibition for competition ratios initially unfavorable to
the pathogen (no inactivation is observed in these cases, only a slowing/cessation of growth).
The parameter values of the Lotka-Volterra model indicate that competition is established
between the pathogen and B. velezensis in the early hours. B. velezensis's impact on E. cecorum

is greater than that of E. cecorum on B. velezensis. This competition may be the trigger for a
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reaction in B. velezensis that does not occur when E. cecorum is present at low levels. The similar
behaviour of E. cecorum competing with established B. velezensis indicates that the outcome
of the competition is a question of the relative number of competitors rather than their initial
physiological state. The study and modelling of kinetics are essential tools for understanding
these competitions. The simple characterization of Nfinal - NO would not have allowed us to

elucidate these competition mechanisms.

B. velezensis is well known to secrete broad-spectrum interfering molecules that impede
microbial growth [44,45], and which may be previously produced by the B. velezensis biofilm
prior to the introduction of the pathogen onto the sample. The production of specific
interfering molecules by B. velezensis remains to be identified and characterised through
biochemical analysis of the compounds using methods such as mass spectrometry or nuclear

magnetic resonance [46].

Our experiments did not reveal greater antagonism against the tested pathogens in the
different B. velezensis consortia compared to a single strain. However, it is important to
emphasise that activity is not reduced when a consortium is used. Higher surface colonisation
was observed with the three-strain B. velezensis consortium compared to single-strain and two-

strain biofilms.

To generalise the antagonistic effects of B. velezensis strains to other pathogen species, further
experiments with different isolates are needed. The chosen strains of B. velezensis exhibit
comparable sets of antagonistic activities against pathogens and share a close phylogenetic

relationship, likely indicating the presence of redundant molecular mechanisms.

All experiments were conducted in controlled laboratory conditions, which are conducive to
setup, control, and high throughput. However, it is essential to study interactions under field
conditions, as biofilm growth, structure, and interactions are influenced by the physicochemical

conditions of the environment and the autochthonous microbiota [47,48].

The prospects of this work involve the incorporation of artificial intelligence (Al). Indeed, these
tools initially allow for improved image segmentation and error reduction [49], which is
particularly common when segmenting images from kinetics where fluorescence intensity
varies over time. In addition, Al could be used to predict the antagonism of beneficial strains

using their genomes and biofilm morphology descriptors [50], saving considerable time and
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improving the selection of beneficial candidate strains. This research was carried out in the
context of positive biofilms in livestock building environments. It is conceivable to extend the
pipeline used to other farming systems, such as aquaculture or other application domains as

biocontrol, bioremediation or probiotics.
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Supplementary

E. coli and S. enterica:

Briefly, competent cells were prepared by adding 1 ml of overnight culture of the wild type
strain in 80 ml of LB (Difco™) and placed at 37°C until reaching OD600=0.3-0.4. The culture
was placed on ice for 15 min, split in two 50 mL tubes and then centrifuged at 6000 g, 10 min.
The supernatants were removed and the pellets were homogenised in 30 mL of 0.1 M CaCl2.
The cultures were incubated 30 min at 30 °C before centrifugation at 6000 g, 10 min.
Supernatants were removed and the pellets were suspended in 3 mL of 0.1M Cacl2 at 15 %

glycerol. 50 yL tubes are prepared and stored at -80°C.

For transformation, a tube of competent cells was put on ice to defrost gently. 1 ug of pCM11
plasmid was incorporated in the tube, placed on ice for 15 min. The tube was incubated at 42
°C for 90 s before being put on ice for a few seconds. 250 pL of SOC medium was incorporated,
the tube was put Th at 37 °C with agitation. The culture was plate on LB supplemented with
ampicillin at 100 ug/mL and incubated 1 day at 37 °C. The clones that have grown and thus

integrated the plasmid were stored.
E. cecorum:

To obtain electrocompetent cells, SGM17 medium (37,25 g M17 Broth from Difco™; 5 g/L
glucose; 0.16 M saccharose; 2 % glycine) was inoculated 1:100 (v;v) with an overnight culture
of wild type E. cecorum and placed at 37°C until to reach a OD600=0.5. The bacteria were put
on ice for 10 min. All the following steps were performed on ice. Bacteria were centrifuged at
3800 g, 10 min, 4°C. The supernatant was removed and the pellet was suspended in the same
volume carefully with a Sac-Gly solution at 4°C (saccharose 0.5 M, glycerol 10%, pH 7,0). This
washing step was performed 5 times by dividing each time per 2 the volume of Sac-Gly to
suspend the pellet. A final wash is performed with a pellet resuspended in Sac-Gly with 1/150e
of the initial culture volume. Aliquots of 40 uL were prepared, frozen in liquid nitrogen and

stored at -80°C.

40 pL of competent cells were defrosted on ice and 1 pg of pCM11 plasmid was added. The
whole was placed in an electroporation cuvette and the electric pulse was applied (25 uF, 200

Ohms, 2.4 kV). Immediately, T mL of SGM17 supplemented with 0.5 M MgCI2 and 10 mM CaCl2
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before the tube was put on ice for 5 min. The cuvette is placed at 30°C without agitation for
3h. The culture was plate on M17 supplemented with 0.5 g/L of glucose and erythromycin at 1
pug/mL and incubated 2 days at 30 °C. The clones that have grown and thus integrated the

plasmid were stored.
B. velezensis:

Before starting, 5 pg of plasmid pCM11 was digested at a single site with the ECORI restriction
enzyme (NEB), then the enzyme was inactivated. A ligation protocol using the Quick ligation
kit (NEB) was performed with the 5 pg of plasmid to obtain concatemers of the plasmid. From
a TSA plate, one colony was taken and put in 1 mL MC medium (20 g/L glucose; 10 g/L
potassium glutamate; 1 M pH7 potassium phosphate buffer; 0.1 M sodium trisodium citrate;
10 g/L ferricammonium citrate; 5 % casein hydrolysate; 1% tryptophan; 1M MgSO4; completed
with H20). The culture was incubated 4 h at 37°C, 180 rpm. 500 pL was collected and added
into a new tube containing the 5 pg of pCM11 concatemers. The two tubes were incubated
1h30 at 37°C, 180 rpm. 200 pL of each culture was plated on TSA supplemented with
erythromycin 0.5 ug/mL and lincomycin 25 pg/mL. The plates were put at 30°C for 2 days. The

clones that have grown and thus integrated the plasmid were stored.

Supplementary data 1: Transformation protocols to obtain fluorescent strains.
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Supplementary data 2: Phenotypic characterisation of the Bacillus strains.

To initiate the macro-colony model experiments, 5 ml cultures were prepared in trypticase soy
broth (TSB; Biomérieux, France) from glycerol stock stored at -80°C. The cultures were left at
30°C overnight without any agitation. After homogenising the cultures by rapid vortexing for
5 seconds, 3 pL of culture were collected and deposited in one well of a six-well plate
containing 4 ml of TSA 1.5% agar. The samples were then dried under a hood for 10 minutes
and incubated at 30°C for 4 days. The swarming experiment followed a similar protocol, with
20 mL of TSA 0.7% agar being used in a Petri dish and incubated for one night at 30°C. For
transmission electron microscopy (TEM), 1 ml of overnight culture of Bacillus strains was
collected and centrifuged at 1000 g for 10 minutes. The supernatant was then changed with
500 pL of salt water (9g/L NaCl), and the culture was placed onto 200-mesh copper grids and
counterstained with lead citrate. The grids were examined using a Hitachi HT7700 electron
microscope (Hitachi, Japan) operated at 80 kV (Elexience, France). Images were acquired with a
charge-coupled device camera (Advanced Microscopy Techniques Corp., Japan). Mono-species
submerged biofilms were observed using the CLSM. To initiate the experiment, the overnight
cultures were diluted at 1/100e in TSB. Next, 200 uL of this diluted solution was added to each
well of a 96-well plate and allowed to adhere for 1 hour and 30 minutes. After the adhesion
phase, the supernatant was carefully removed and replaced with fresh TSB. The plates were
then incubated for 24 h at 30°C without agitation, and 432 stacks of images were observed.

Representative images are shown.
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Supplementary data 3: Stability of the plasmid in biofilm experiments.

Biofilms grew without antibiotics for 24 h from overnight cultures of bacteria grown with
antibiotics. Biofilms were detached and homogenised to verify plasmid stability by
enumeration on TSA or TSA + antibiotics (ery 5 pg/mL for S. aureus and E. cecorum and amp

100 pg/mL for E. coli and S. enterica). 3 biological replicates were performed. Error bars

correspond to standard deviation.
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biovolume of pathogens and Bacillus strains adhered to the bottom of the wells. To accomplish
ratio of 0.5 indicates an equal quantity of pathogens and Bacillus strai. The results are shown
labelled S. enterica. 912 stacks of images were performed with 3 biological replicates. Error bars

labelled with SYTO61 after 1 h 30 min of adhesion. The GFP biovolume to SYTO61 biovolume
for (A) GFP-labelled E. cecorum, (B) GFP-labelled S. aureus, (C) GFP-labelled E. coli, and (D) GFP-

Supplementary data 4: Adhesion ratio of Bacillus strains and pathogens in the co-inoculation
this, the pathogen was genetically marked with GFP,
correspond to standard deviation.

growth model.
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Supplementary data 6

model co-cultured with Bacillus strains.

S. aureus, (C) GFP-

-labelled

(B) GFP

labelled E. cecorum,
) GFP-labelled S. enterica. 912 stacks of

GFP

The results are shown for (A)

images were performed with 3

labelled E. coli, and (D

biological replicates. Error bars correspond to standard deviation.
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Supplementary data 8 Enumeration of pathogens after 24 hours of incubation in the

presence or absence of B. velezensis B8.

(A) Results with E. cecorum using different ratios of the two partners at the start of the co-
inoculation experiment. (A) Results with S. enterica in the recruitment model. Experiments were

performed with 3 biological replicates. Error bars correspond to standard deviation.
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B. velezensis 12048 GFP

Supplementary data 9: Adhesion ratio of the 18 Bacillus strains and B. velezensis 12048 GFP

in the co-inoculation growth model.

Volumes of non-labeled Bacillus strains overnight cultures were calibrated to achieve the same
biovolume of pathogens and Bacillus strains adhered to the bottom of the wells. To accomplish
this, B. velezensis 12048 was genetically marked with GFP, and the entire population was
chemically labelled with SYTO61 after 1 h 30 min of adhesion. The GFP biovolume to SYTO61
biovolume ratio of 0.5 indicates an equal quantity of B. velezensis 12048 GFP and Bacillus

strains. 228 stacks of images were performed with 3 biological replicates. Error bars correspond

to standard deviation.
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Supplementary data 10: GFP-labelled B. velezensis biovolume in the co-inoculation growth

model co-cultured with Bacillus strains.

The results are shown for (A) GFP-labelled B. velezensis 11285, (B) GFP-labelled B. velezensis
12048, and (C) GFP-labelled B. velezensis B8. 684 stacks of images were performed with 3

biological replicates. Error bars correspond to standard deviation.
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co-inoculation : recruitment

normalized biovolume

i

0 05 1

S. enteritidis

E. cecorum

E. cecorum
S. enteritidis

B. velezensis 11285

B. velezensis 12048

B. velezensis B8

B. velezensis 11285 + B. velezensis 12048

B. velezensis 11285 + B. velezensis B8

B. velezensis B8 + B. velezensis 12048

B. velezensis 11285 + B. velezensis 12048 + B. velezensis B8

Supplementary data 11: Biovolume of the pathogens in the presence of B. velezensis
normalised to the pathogen alone after interaction kinetics in the two co-incubation models.

This heat map represents the biovolume of the pathogen in interaction with B. velezensis
normalised by the biovolume of the pathogen alone after 12 h of interaction. The co-
inoculation model used the biovolume adhesion ratio of 1:1. Every square represents one
interaction and displays the means of three biological replicates, which in turn are calculated
using four technical replicates. The sum of B. velezensis or consortia scores against each
pathogen in all models was calculated to total the antagonistic power of each strain. 384 stacks

of images were analysed to produce this heat map.
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Supplementary data 12: Effect of the FM4-64 on the growth of pathogens.

(A) GFP or FM4-64 biofilm biovolumes of E. cecorum GFP growing with or without FM4-64 and

(B) Same experiment with S. enterica GFP. 336 stacks of images were analysed to produce

these curves.
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Supplementary data 13: Effect of B. velezensis strains on the difference between the final and
the initial biovolumes of E. cecorum according to three co-inoculation ratios. Negative values

indicate that a decrease of the biovolumes have been observed.
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Supplementary data 14: Growth parameters of S. enterica and B. velezensis 11285 as

representative examples, either alone or in interaction with each other at different initial

adhesion ratios. (A) Determination of the generation time. (B) Determination of the maximum

biovolume reached.
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Abstract

Positive biofilms are increasingly employed as an innovative biosecurity measure in poultry
farming. They play a crucial role in shaping the microbial ecology of surfaces, thereby reducing
the presence of undesirable bacteria. However, the advantages of utilising consortia rather than
individual strains in the development of commercial products remain unclear. This study aims
to investigate the potential of intergenus consortia compared to single strains within the
context of positive biofilms to mitigate the presence of undesirable bacteria on surfaces. To
achieve this, we implemented a methodology combining Confocal Laser Scanning Microscopy
(CLSM) and image analysis to investigate bacterial interactions within multi-species biofilms.
Initially, we showed that Bacillus velezensis and Pediococcus spp., bacteria commonly used in
biotechnological applications, can form stable consortia. We then compared the antagonistic
activity of these consortia to that of individual strains when confronted to pathogens found in
broiler farms, namely Salmonella enterica serovar Enteritidis and Enterococcus cecorum, in
various multi-species biofilm scenarios. Our findings revealed that the consortia maintained
the antagonistic activity against E. cecorum, even when compared to the already effective
beneficial strains acting alone. Additionally, the consortia exhibited enhanced effects against S.
enterica growth, occasionally demonstrating significant synergistic effects. These results
provide a rational basis for considering the use of intergenus consortia in positive biofilm

applications.
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Introduction

Various methods with preventive or curative effects on animals, such as the use of vaccines or
antibiotics, are employed to limit animal disease transmission in broiler farms. Additionaly,
biosecurity procedures are applied in the animal environment to maintain farm hygiene and
reduce disease transmission between two batches of animals. Within these protocols, surface
cleaning and disinfection (C&D) protocols using biocides are established to reduce the
microbial load, which can act as a reservoir of pathogens and therefore contribute to disease
transmission. However, these procedures are not completely efficient due to biofilm formation
[1]. Biofilms are complex three-dimensional microbial communities embedded within a self-
produced matrix constituted by extracellular polymeric substances (EPS) [2,3]. Approximatively
40 to 80% of bacterial and archeal cells live in a biofilm lifestyle on earth, which can host various
types of microorganisms (i.e. filamentous fungi, yeast, protist, virus) interacting with each other
in cooperative or competitive ways [4]. The slimy EPS create a protective shield and diffusion
barrier, conferring remarkable tolerance to environmental stress [5]. Hence, microorganisms
residing in a biofilm, including microbial pathogens, demonstrated a typical tolerance to
disinfectants that is 10 to 1000 times higher than that of their homologous planktonic

counterparts [6].

Microbial biofilms can be beneficial and used by humans in various biotechnology applications
[7,8]. Innovative alternative solutions for mitigating zoonotic diseases while reducing
dependence on antibiotics are continuously being developed. In recent years, the
implementation of positive biofilms has gained prominence as a biosecurity strategy aimed at
managing the indigenous microbial ecosystem. This approach effectively minimises the
settlement and proliferation of pathogens on surfaces that come into contact with animals [9].
However, there is currently a lack of scientific studies examining the utilisation of single
microbial strains or synthetic consortia in this particular context, specifically exploring their
potential advantages on colonisation or antagonist activity on pathogens over individual
strains. In addition, it is essential that the strains chosen in the synthetic consortiums for their
competitive characteristics can coexist without antagonistic interactions between them. The
literature on this subject is sparse and somewhat controversial. One study outlined the broad-

spectrum antibacterial activity of an intestinal isolate of B. velezensis against pathogens, but
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also against many lactic acid bacteria [10]. Compatible consortia of two or three B. velezensis
strains maintained antagonism compared with single strains without increasing it [11].
Moreover, another study has indicated than associations between Bacillus subtilis and specific
strains of lactic acid bacteria exhibit improved antagonistic activity against Staphylococcus

aureus in biofilm compared to individual strains [12].

In this study, we focused on exploring the compatibility of intergenus biofilm associations
involving three strains of B. velezensis previously described as good candidates for positive
biofilms [11] and two strains of lactic acid bacteria from the genus Pediococcus spp., commonly
used in biotechnological applications. Our study employs a methodology that combines CLSM
with image analysis techniques to track the formation of mixed biofilms [13]. Through our
experiments, we have successfully demonstrated that all B. velezensis associations with
Pediococcus spp. remain stable, with no exclusion of one partner by the other after 24 hours.
We compared the antagonistic activity of consortia with individual strains on pathogen growth
in various multi-species biofilm scenarios. For this purpose, Enterococcus cecorum and
Salmonella enterica serovar Enteritidis (S. enterica) were selected as two major pathogens of
broiler farms [14,15]. Our findings showed that the intergenus consortia exhibit superior
antagonistic activity against pathogen growth compared to the single strains. These significant
results provide valuable insights for rationalising the use of consortia rather than single strains
in positive biofilm applications. By increasing our understanding of the dynamics and efficacy
of mixed biofilm formation, our study paves the way for optimising the use of consortia to

enhance positive biofilm applications.
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Methods

Bacterial strains

The bacterial strains used in this study are described in the table below (Table 1). The
experiments were all conducted using Tryptic Soy Broth (TSB) medium (BioMérieux, France) at
a temperature of 30°C, without agitation. Plate and overnight cultures were supplemented with
antibiotics (5 pg/mL erythromycin or 100 pg/mL ampicillin) where the strain carried the pCM11
plasmid. Plates were inoculated and incubated at 30°C for 3 days from a glycerol stock at -80
°C. Then, three representative clones were cultured in 10 mL TSB and incubated overnight. 2
mL of the overnight cultures were centrifuged at 5000 g for 5 minutes and the supernatants
were replaced with fresh TSB without antibiotics (2 mL for GFP-labelled strains and 80 uL for

Pediococcus spp.) before beginning the experiments.

Table 1: Bacterial strains used in this study.

Name Origine and genotype Reference
Bacillus velezensis 11285 Marine Lallemand AQP
Bacillus velezensis 12048 Marine Lallemand AQP
Bacillus velezensis B8 Surface of commercial broiler chicken house [16]
Pediococcus acidilactici R1001 Plant Lallemand AQP
Pediococcus pentosaceus R1094 Silage Lallemand AQP
Bacillus velezensis 11285 GFP Bacillus velezensis 11285, with pCM11-gfp [11]
Bacillus velezensis 12048 GFP Bacillus velezensis 12048, with pCM11-gfp [11]
Bacillus velezensis B8 GFP Bacillus velezensis B8, with pCM11-gfp [11]
Enterococcus cecorum GFP DSM20682 strain, isolated from chicken caecum, with pCM11-gfp [11]
Salmonella enterica enterica serovar Enteritidis GFP NCTC6676 strain, isolated from dead cow, with pCM11-gfp [11]

Submerged multi-species biofilms

All biofilm structures were observed on polystyrene 96-well microtiter plates pclear® base
(Greiner Bio-one, France) compatible with microscopy. The entire bacterial population of the
biofilm (the GFP-strains alone or in combination with an unlabeled one) was visualised using

SYTOG61 (Invitrogen, Carlsbad, CA, USA), a cell-permeant red dye that labels nucleic acid.

187



The co-inoculation model

Our objective was to grow a multi-species biofilm using genetically labelled strains expression
constitutively GFP protein (GFP-labelled pathogen, GFP-labelled B. velezensis) along with
unlabelled B. velezensis strains or Pediococcus spp. strains (one or two species), starting with
the an identical initial adhesion biovolume 0.50 +/- 0.25 between the GFP strain and the
unlabeled strains. To determine the adhesion rates, we followed the protocol described by

Guéneau et al. [13].

Concisely, submerged multi-species biofilms were cultivated utilising genetically labelled
strains (GFP-labelled B.velezensis or GFP-labelled pathogens) in conjunction with unlabeled
stains. Dilutions in one mL of TSB were carried out using overnight cultures to obtain a solution
that would permit the adhesion of the correct quantity to the bottom of the microscopy plates
(1:1 ratio in our case). 200 pL of these solutions were placed in 96-well plates. After Th30 of
adhesion, the supernatants were removed and replaced with fresh media containing 1 pg/mL
of SYTO61 to remove non adhering planktonic cells. This time-point after adhesion step is
considered as the beginning of the experiment. To determine the adhesion rates, the GFP
biovolume was quantified, and the biovolume of the unlabeled strains was calculated by the

subtraction of the GFP-labelled strains biovolume from the total biofilm biovolume.

After confirming the adhesion ratio, the same protocol was applied with the addition of 50 pL
of a TSB solution containing SYTO61 at 2 ug/mL to the wells, precisely 24 hours of growth after

the adhesion step.

The recruitment model

Biofilms using beneficial strains candidates were grown 24 hours after adhesion step at 30 °C
following the procedure described above. Overnight cultures of the GFP-labeled pathogens
were centrifuged for 10 min at 3500 g and then resuspended in fresh media to remove
antibiotics. An adhesion step of 50 pL of pathogens suspension was carried out for 1h30 at
30°C in the wells containing the mature positive biofilms. The supernatant was gently replaced
by 200 uL of fresh media containing 1 ug/mL of SYTO61 to perform microscopy acquisitions
after adhesion phase (t = Oh recruitment model), or after 24 hours (t = 24h recruitment model)

with the addition of 50 pL of SYTO61 at 2 pg/uL.
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CLSM acquisitions

Acquisitions were performed using a Leica SP8 AOBS inverted high content screening confocal
laser scanning microscope (HCS-CLSM, LEICA Microsystems, Germany) at the MIMA2 platform
(https://doi.org/10.15454/1.5572348210007727E12). Images of the biofilm were captured

using the 63x water objective lens with a numerical aperture of 1.2. The imaging was performed
at a frequency of 600 Hz, with each image taken every micrometre to ensure the complete
height coverage of the biofilm. The captured images had a resolution of 512 x 512 pixels,
corresponding to a physical area of 147.62 x 147.62 pm, and a pixel size of 0.361 ym. The GFP
were excited with an argon laser set at 488 nm, and the emitted fluorescence was collected
with a hybrid detector (HyD LEICA Microsystems, Germany) in the range of 500-550 nm. SYTO
61 was excited with the helium-neon laser at 633 nm, and the emitted fluorescence was
collected with a hybrid detector in the range of 650-750 nm. For each experiment, two stacks
of images per well, with two wells as technical replicates, were acquired for each one of the 3

biological replicates made (12 biofilms analysed per condition).

CLSM image analysis

To visualise biofilm structures, IMARIS 9.3.1 software (Bitplane, AG-Zurich, Switzerland) was
used. Images in blend mode were employed to generate a three-dimensional reconstruction
of the biofilms, incorporating an artificial shadow for relief (cross section of the z, x axis). For
guantitative analysis, the BiofilmQ software [17] was employed. Channels were analysed
separately using the OTSU threshold method. The “global biofilm properties” and “substrate
area” modules were chosen for calculation, enabling the extraction of biovolume and substrate

area of binarised images.

To determine the antagonism score, we followed the protocol described by Guéneau et al. [11].
The average biovolume of each condition per replicate was deduced from the average
biovolume of the pathogen, in order to compare the antagonistic effect of individual beneficial
strains with that of the consortium. The percentage of antagonist activity was then calculated

using the obtained delta values.

To assess the anti-pathogenic activity, the biovolumes (um*/um?) of the GFP channel of

submerged mixed biofilms was measured and normalised against the biovolume of mono-
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species GFP pathogen biofilms. We invert the value (1-x), where x represents the normalised
GFP biovolume values, to assign a positive score to each condition. The aim was to give high
scores to strains with strong anti-pathogenic activity and low scores to non-competitive strains.
To standardise the scores, we centre-reduced the values between 0 and 1, where 1 represents
the highest score and 0 the lowest. This approach allowed us to compare with a simple score
between 0 and 1 the anti-pathogenic activity of different Bacillus strains and to identify those

with the most promising potential against GFP pathogen biofilms.

Statistical analysis

Results are represented by mean and standard deviation for error bars. A one-way variance
analysis (ANOVA) using the uncorrected Fisher's least was performed with the PRISM software
(GraphPad, USA, California). Statistical significance was determined when the p-value

associated with the Fisher test was less than 0.05.

Results

B. velezensis and Pediococcus spp. establish stable intergenus
biofilms

Adhesion ratios were meticulously controlled to ensure an equal initial adhesive biovolume of
B. velezensis GFP and Pediococcus spp. to the bottom of the wells at the start of the experiment
(Fig. S1). After a 24 h incubation period, biofilms were imaged with CLSM (Fig. 1A). The
biofilms formed by B. velezensis exhibited a structured and extensive morphology, in contrast
the flatter, denser and thinner biofilms formed by Pediococcus spp. Within consortia, clusters
of B. velezensis were surrounded by Pediococcus spp., effectively covering the unoccupied
surface. Notably, the consortia displayed a SYTO61 biovolume comparable to that of B.
velezensis, yet with a significant decrease in the proportion of B. velezensis GFP within the
mixtures compared to when B. velezensis was alone (p < 0.05)(Fig. 1B). Furthermore, the
biovolumes of SYTO61 in consortia were significantly higher than those of Pediococcus spp. (p
< 0.05). Subtracting the GFP signal from SYTO61 in consortia gives access to the biovolume of
Pediococcus spp. The amount of P. pentosaceus R1094 is significantly higher in the presence of

B. velezensis 12048 and B8 compared to the control P. pentosaceus alone (p < 0.05). Conversely,
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when quantified with the SYTOG61, the area covered by the biofilm displayed a higher value for
Pediococcus spp. compared with B. velezensis (p < 0.0001), a trend maintained by the consortia
(Fig. 1C). In particular, all B. velezensis strains covered less surface area than the consortia (p <

0.01).
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Figure 1: Interaction between B. velezensis GFP and Pediococcus spp. in a co-inoculation model. (A) Biofilm images
from CLSM of B. velezensis GFP, Pediococcus spp. or consortia. Scale bar = 40 um. (B) Quantification of GFP and
SYTO61 biovolumes. a indicates that the consortium value is significantly different from that of B. velezensis. (C)
Substratum coverage of the total biofilm determined with the SYTO61 channel. b indicates that the consortium

value is significantly different from that of Pediococcus spp. Error bars = standard deviation.

191



Consortia exhibited enhanced antagonistic activity against S.
enterica compared to individual strains

The impact of beneficial strains, either alone or in combination, was assessed on the growth of
E. cecorum GFP. In the co-inoculation model, experiments commenced with calibrating
adhesion ratios to obtain an equal amount of E. cecorum GFP with the candidate beneficial
strains alone or with beneficial consortia (Fig. S2). After validating this ratio, mixed biofilms
with E. cecorum GFP were observed after 24 h of incubation (Fig. 2A), consistenly
demonstrating a significant decrease in GFP biovolume in all conditions compared to the
control (Fig. S3A). The percentage reduction in the biovolume of E. cecorum GFP compared to
the control was calculated in order to compare the performance of single strains and
combinations (Fig. 2D). The effects of B. velezensis were sustained when in combination and

surpassed those of Pediococcus spp.

Observations from the recruitment model after the adhesion of the GFP-labeled pathogen on
a 24 h beneficial biofilm (t= Oh) are depicted in Fig. 2B. In this model at t= Oh, a consistent and
significant decrease in pathogen biovolume was observed (Fig. S3B), with no significant
change in GFP biovolume in the association compared to the single strains (Fig. 2E). In the
recruitment model at t= 24h (i.e. after 24 hours of pathogen growth on the already installed
positive biofilm)(Fig. 2C), a notable reduction in E. cecorum GFP was observed in all conditions

(Fig. S3C), with no difference between associations and single strains (Fig. 2F).
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Figure 2: Antagonist activity of the positive biofilms on E. cecorum GFP. (A) Biofilm images from CLSM in the co-
inoculation model with E. cecorum GFP alone, Pediococcus spp., B. velezensis or the beneficial consortia with the
pathogen GFP. Scale bar = 40 um. (B) Same experiment in the recruitment model at t=0 h. (C) Same experiment in
the recruitment model at t=24 h. (D) Biovolume réduction of E. cecorum GFP interacting with Pediococcus spp., B.
velezensis or the beneficial consortia. (E) Same experiment in the recruitment model at t=0 h. (F) Same experiment

in the recruitment model at t=24 h. Error bar = standard deviations.
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As explained above, the antagonist potential against S. enterica GFP growth was evaluated in
the presence of the beneficial strains alone or in association. Adhesion ratios were meticulously
verified in the co-inoculation model (Fig. S4), preceding the visualisation of 24h biofilms (Fig.
3A). Notably, a significant reduction in the biovolume of S. enterica GFP was observed in the
presence of Pediococcus spp. and their respective associations, except for R1094 associated
with 12048 or B8 (Fig. S5A). Particularly, the R1001+B8 and 1094 +11285 associations excluded

significantly more S. enterica GFP in the co-inoculation model than their strains alone (Fig. 3D).

Results of the recruitment model t =0h showed lesser adhesion of S. enterica GFP on the
Pediococcus spp. biofilm (Fig. 3B), a significance observed only under these conditions (Fig.
S5B). No combinations were more effective in this model than Pediococcus spp. alone (Fig. 3E).
However, the two associations combining R1001 with 11285 or B8 showed less activity than
R1001 alone (p < 0.05), presenting more variability in results for combinations compared to
individual strains. In the recruitment model at t= 24h, observation showed a decrease in the
density of planktonic S. enterica GFP biofilm cells in the presence of B. velezensis (Fig. 3C). S.
enterica GFP biofilms were dense and localised at the bottom of the well, with no planktonic
cells present in the presence of Pediococcus spp. The associations showed a combined effect
of the two individual strains, resulting in a reduction in biofilm density of S. enterica GFP and a
decrease in planktonic cells. A significant reduction in S. enterica GFP biovolume was observed
in all conditions (Fig. S5C). Strikingly, all the combinations showed stronger antagonistic

activity against S. enterica than the individual strains (Fig. 3F).
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Figure 3: Antagonist activity of the positive biofilms on S. enterica GFP. (A) Biofilm images from CLSM in the co-
inoculation model with S. enterica GFP alone, Pediococcus spp., B. velezensis or the beneficial consortia with the
pathogen GFP. Scale bar = 40 um. (B) Same experiment in the recruitment model at t=0 h. (C) Same experiment in
the recruitment model at t=24 h. (D) Biovolume réduction of S. enterica GFP interacting with Pediococcus spp., B.
velezensis or the beneficial consortia. Error bar = standard deviation. (E) Same experiment in the recruitment model

at t=0 h. (F) Same experiment in the recruitment model at t=24 h. Error bar = standard deviations.

An antagonism score was calculated from the quantified GFP biovolume quantifications in the

presence of candidate strains alone, or in associations. The heatmap in figure 4 summarised
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all antagonism scores. The findings highlight an increased efficacy of beneficial strains against
E. cecorum, particularly in the co-inoculation model where S. enterica is only marginally
excluded by the beneficial candidates. The overall efficacy of a candidate bacterium or
consortium against pathogens is determined by the sum of their antagonism scores across all
conditions. The cumulative scores illustrate that all consortia demonstrate a superior efficiency
compared to individual strains, primarily due to their increased efficiency in the 24h recruitment
model. The consortia with the most promising scores are B. velezensis B8+P. acidilactici R1001

and B. velezensis 11285+P. pentosaceus R1094.
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Figure 4: Antagonism score of the positive biofilms against pathogens in the 2 co-incubation models. Pathogens
are grouped by models in the heat map. In this heat map, yellow represents the highest antagonist score and dark
blue the lowest. Every square represents one interaction and displays the means of three biological replicates, which
in turn are calculated using four technical replicates. The sum of scores by condition (every line in the heat map)

were calculated to globalise the antagonistic power of each condition.

Discussion

Our study shed light on the synergistic effects of intergenus consortia of B. velezensis and

Pediococcus spp. within the biofilm lifestyle in combating pathogens. We initiated our
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investigation by examining the compatibility of B. velezensis and Pediococcus spp. to form a
stable mixed biofilm without one species excluding the other, using a co-inoculation model.
This step is crucial to cover the majority of the surface with a positive biofilm, as competition
between beneficial strains could lead to territories and empty spaces susceptible to undesirable
bacteria colonisation [18]. Establishing a controlled initial ratio for the adhered partners was
imperative, given that adhesion can vary between strains [11]. This model affirmed the
compatibility between B. velezensis and Pediococcus spp., demonstrating their ability to
establish stable and reproducible multi-species biofilm after 24 h. Consortia maintain the
highest biovolume and surface cover values compared to individual strains. However, a
decrease in the biovolume of B. velezensis was observed in the presence of Pediococcus spp.,
potentially due to spatial and nutritional competition, considering the limited nutrients
availability in the sample. Another hypothesis relate to media acidification by Pediococcus spp.
potentially influencing B. velezensis biofilm formation [19,20]. To understand these
observations better, it is essanetial to mesure pH and investigate biofilm formation of B.
velezensis strains with Pediococcus spp. supernatant or artificial acidification with organic acids
to determine the impact of Pediococcus spp. secretions on the structure of B. velezensis biofilms

and their overall antagonist activity on pathogens [21].

Our results revealed a strong antagonist effect of B. velezensis towards E. cecorum compared
to Pediococcus spp. an effect conserved in consortia. This suggests that the mechanisms
involved with B. velezensis are maintained when associated with Pediococcus spp. Notably, in
the co-inoculation model, significant effects were observed with some consortia, with a formal
synergistic effect (greater than the sum of the two partners) on S. enterica growth compared
to individual strains. Further research into the mechanisms involved is needed to understand
the differences between associations in this context. The recruitment model mimics the
situation where beneficial bacteria are applied on livestock building surfaces to form a positive
biofilm before the potential arrival of pathogens by the entrance of animals. With S. enterica,
recruitment on Pediococcus spp. lead to the best reduction of the pathogen biovolume. S.
enterica may have less affinity for the matrix secreted by Pediococcus spp. compared with B.
velezensis. Since pathogens are incorporated into the supernatant of a mature positive biofilm,
the secreted molecules present in the supernatant may have an effect on pathogen adhesion

or mortality. Indeed, Pediococcus spp. Is well described to produce interferent molecules
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[22,23]. The results after 24 hours of growth indicate an increased antagonistic effect against
S. enterica when a biofilm is already established for all consortia compared to individual strains.
Further investigations are needed to decipher the contribution of each partner, determining if

one enhances the effect of the other, or if a new mechanism is at play.

We have successfully identified strains that individually or in combination exhibit a significant
reduction in pathogen level across different laboratory models. However, the underlying
mechanisms responsible for the antagonism against pathogens or the synergy between
beneficial strains remain to be determined. To shed light on this aspect, live-cell imaging
coupled with image analysis may be employed to assess kinetics of biofilm formation. By
studying the growth dynamics of each partner in multi-species biofilm, the could identify the
primary categories of interaction involved [11], which might include spatial competition,

nutritional competition, or interference [9].

While this study was performed under controlled laboratory conditions allowing high
throughput analyses, future investigation should replicate these trials under physico-chemical
conditions that closely mimic real-world field conditions, for example by using chemically
controlled culture media. Additionally, exploring the impact of these associations on the
modulation of native microbiota in animal environments, as well as on animal performance and

disease transmission dynamics, will be vital for a comprehensive understanding.

Conclusion

Our study highlights the potential of B. velezensis and Pediococcus spp. intergenus consortia in
positive biofilm applications. Prior to assessing their antagonist effect on pathogen growth, we
rigorously characterized the compatibility of these strains, confirming their ability to form
stable mixed consortia. We have demonstrated that positive biofilm formed by these
intergenus consortia exhibits superior antagonistic activity against S. enterica than the
individual strains. In order to gain a comprehensive understanding of the interactions and
enhance the performance of the associations, it is imperative to identify the underlying
mechanisms. This deeper insight will enable us to delve into the intricacies of these interactions
and facilitate the testing of novel associations, ultimately leading to improved performance.
These new associations must now be tested to assess their impact on pathogen exclusion under

field conditions and animal performance.
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Supplementary data 1: Adhesion ratio of B. velezensis GFP. and Pediococcus spp. in the co-

inoculation growth model.

Volumes of non-labeled Pediococcus spp. overnight cultures were calibrated to achieve the
same biovolume of B. velezensis that constitutively express GFP adhered to the bottom of the
wells. To accomplish this, the B. velezensis were genetically marked with GFP, and the entire
population was chemically labelled with SYTO61 after 1 h 30 min of adhesion. The GFP
biovolume to SYTO61 biovolume ratio of 0.5 indicates an equal quantity of B. velezensis and

Pediococcus spp. Error bars correspond to standard deviation.
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Supplementary data 2: Adhesion ratio of B. velezensis, Pediococcus spp. and E. cecorum GFP

in the co-inoculation growth model.

Volumes of non-labeled B. velezensis and Pediococcus spp. overnight cultures were calibrated
to achieve the same biovolume of pathogens and B. velezensis, Pediococcus spp. or consortia
adhered to the bottom of the wells. To accomplish this, the pathogen was genetically marked
with GFP, and the entire population was chemically labelled with SYTO61 after 1 h 30 min of
adhesion. The GFP biovolume to SYTO61 biovolume ratio of 0.5 indicates an equal quantity of
pathogens and B. velezensis, Pediococcus spp. or consortia. Error bars correspond to standard

deviation.
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Supplementary data 3: £. cecorum GFP biovolume in the different growth model co-cultured

with B. velezensis, Pediococcus spp. or consortia.

The results are shown for (A) the co-inoculation model, (B) the recruitment t=0 h model and (C)

the recruitment t=24 h model. Error bars correspond to standard deviation.
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Supplementary data 4: Adhesion ratio of B. velezensis, Pediococcus spp. and S. enterica GFP in

the co-inoculation growth model.

Volumes of non-labeled B. velezensis and Pediococcus spp. overnight cultures were calibrated
to achieve the same biovolume of pathogens and B. velezensis, Pediococcus spp. or consortia
adhered to the bottom of the wells. To accomplish this, the pathogen was genetically marked
with GFP, and the entire population was chemically labeled with SYTO61 after 1 h 30 min of
adhesion. The GFP biovolume to SYTO61 biovolume ratio of 0.5 indicates an equal quantity of

pathogens and B. velezensis, Pediococcus spp. or consortia.
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Supplementary data 5: S. enterica GFP biovolume in the different growth model co-cultured

with B. velezensis, Pediococcus spp. or consortia.

0 h model and (C)

The results are shown for (A) the co-inoculation model, (B) the recruitment t

24 h model. Error bars correspond to standard deviation.

the recruitment t

206



3.2.4 Exploration des biofilms en macro-colonies : étude des interactions
pour une sélection de souches a fort potentiel anti-pathogene

3.2.4.1 Contexte et plan d'expérience

Les bactéries démontrent une remarquable capacité d'adaptation a leur
environnement, ce qui les conduit a s'organiser en communautés dotées de
structures distinctes en fonction de leur habitat. Ce phénomene est trés bien
documenté, et s'applique largement au monde bactérien [21,22]. En laboratoire, il
est possible de moduler les parameétres physico-chimiques de croissance et de se
focaliser sur des zones spécifiques d'un I'échantillon afin d'étudier les différentes
formes de biofilms formés et leur structures particulieres. Par exemple, dans un
échantillon liquide, un biofilm immergé se forme a l'interface entre la surface de
I"échantillon et le liquide, tandis qu'une pellicule peut se développer a l'interface
entre le liquide et l'air [46]. Il est important de souligner que des bactéries
planctoniques sont présentes dans I'ensemble de I'échantillon. Dans un modele
impliquant une interface entre une surface molle et I'air, les bactéries s'organisent
en communauté exhibant les caractéristiques requises pour coloniser la surface,

et former une colonie a la structure spatiale hautement organisée [47,48].

La MCBL a été utilisée tout au long du projet afin de quantifier finement les effets
de bactéries candidates (Bacillus spp. et bactéries lactiques) sur la croissance des
pathogenes, et d'identifier des consortiums stables capables de former des
biofilms mixtes dans un modele de biofilm immergé. Cependant, I'utilisation de la
MCBL pour étudier les biofilms immergés présente des inconvénients, tels que sa
complexité, le temps a y consacrer, la nécessité de compétences en analyse
d'image ainsi que son colt élevé. L'un des avantages du modele en macro-colonie
réside dans sa simplicité de mise en place, permettant de cribler un grand nombre
de souches. En effet, il suffit de déposer une goutte d'une culture bactérienne sur
une boite de Pétri contenant un milieu gélosé, sans nécessiter d'autres étapes de
préparation. La boite est ensuite incubée, et I'échantillon peut étre observé
macroscopiquement au fil du temps. Ce modeéle s'avere particulierement utile pour
étudier un grand nombre d’interactions entre deux souches et pour identifier des

phénomenes d'antagonisme ou de compatibilité [49-51]. En effet, la distance entre
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deux colonies peut constituer un facteur majeur sur l'interaction sociale. La
discrimination  kin, ou discrimination de parenté, ou des souches
phylogénétiquement proches sont capables de coexister en biofilm mixte, est
classiguement réalisée a I'aide du modeéle de swarming [45]. Les protocoles en

macro-colonie sont également utilisés pour explorer ce type d'interaction [52].

Dans le cadre des expériences présentées, notre objectif était d'explorer les
avantages du modeéle de biofilm en macro-colonie pour étudier des interactions
bactériennes. Par conséquent, des compétitions ont été réalisées entre différentes
bactéries candidates afin d‘analyser leurs relations de compatibilité kin, ou
d’antagonisme vis-a-vis des pathogénes. Une comparaison des résultats en macro-
colonie au modele en biofilm immergé, obtenu avec le MCBL, pour 18 souches de
Bacillus spp. sera effectuée dans la section de discussion. De plus, I"utilisation du
modele en macro-colonie semble se rapprocher davantage des conditions réelles,
en envisageant l'utilisation de biofilm positifs sur les surfaces de batiments

d'élevage hors-sol (interface solide - air).

Enfin, dans le but d'améliorer la composition d'un produit de nouvelle génération,
nous avons examiné l'impact de I'ajout de différents sucres dans le milieu sur les
interactions entre les trois souches de B. velezensis (11285, 12048 et B8) et deux
souches de Pediococcus spp. (P. acidilactici R1001 et P. pentosaceus R1094) en
présence de pathogenes. En effet, il a récemment été démontré que la souche
Lacticaseibacillus rhamnosus GG présentait un effet antagoniste contre S.

typhimurium lorsque le milieu était enrichi en glucose en macro-colonie [53].

3.2.4.2 Méthode

Toutes les expériences ont été amorcées par des cultures de 5 ml dans un milieu
trypticase soja (TSB ; Biomérieux, France) préparé a partir de cryotubes stockés a
-80°C de cultures bactériennes en glycérol, placé a 30°C pendant une nuit sans
agitation. Apres 5 secondes de vortex pour homogénéiser les cultures, 3 pL de
deux cultures ont été prélevés et déposés dans un puits contenant 4 ml d'agar TSA
1,5% d'une plaque a six puits (35 mm de diametre). Préalablement, la plaque avait

été séchée sous une hotte pendant 1h30. La surface seche de |I'agar permet plus
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facilement de maintenir une distance d'environ 2 mm entre les bords des deux
gouttes. Les échantillons ont été séchés pendant 10 minutes sous une hotte, puis

incubés a 30°C pendant 4 jours.

Les mémes procédures ont été effectuées en préparant des solutions de sucre a
1% final dans du TSA a partir de poudre. Les sucres utilisés étaient le D-glucose
(Sigma, Réf. G8270), le sucrose (Euromedex, Réf. 6868), le lactose (VWR/Merck,
Réf. 1.04062), le dextrose anhydre (D-glucose, conditionnement Lallemand) et la

maltodextrine (conditionnement Lallemand).

Les interactions ont été réalisées avec 3 réplicats biologiques provenant de
cultures de nuits différentes Pour chaque réplicats biologiques, 2 réplicats
techniques ont été réalisés provenant des mémes cultures liquides, dans deux
boites différentes. Des images représentatives ont été sélectionnées pour illustrer

les résultats obtenus.

3.2.4.3 Résultats

3.24.3.1 Discrimination kin dans un modele de macro-colonie avec des isolats
environnementaux de souches de Bacillus spp.

Le caractere kin compatible des 18 souches de Bacillus spp. a été évalué en
réalisant des interactions deux a deux avec le modele en macro-colonie (figure 4).
Pour présenter les résultats de maniere concise, une heatmap illustrant les 324

interactions (18 x 18) a été générée.
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Figure 4: Kin discrimination dans un modéle de macro-colonie avec 18 souches de Bacillus spp. Un contact entre

deux colonies est synonyme d'une interaction kin positive, et un espace comme une interaction kin négative. L'arbre

phylogénétique est celui obtenu dans l'article 7.

Deux phénotypes d'interaction entre macro-colonies ont été observés selon la
présence de contact physique entre les macro-colonies (représenté en jaune), ou
la persistance d'un espace de séparation (représenté en violet). Dans ce contexte
de macro-colonies, lorsque deux colonies de Bacillus spp. établissent un contact
physique, elles sont considérées comme “kin positives”. Il est intéressant de noter
gu'aucune relation évidente n'a été observée entre la phylogénie des souches et
les phénotypes de contact. Certaines souches regroupées au sein de l'arbre
phylogénétique, telles que B. velezensis 12701, B. velezensis 11457 et B. velezensis
B18, son capables d'établir un contact physiques entre leurs macro-colonies.
Cependant, cette caractéristique n'est pas systématique, méme pour les
interactions impliquant deux colonies de la méme souche provenant de deux
cultures de nuit différentes, comme par exemple B. velezensis B1, B. velezensis

12832 ou B. velezensis 12001. A I'opposé, la souche B. velezensis B8 s'est avérée la
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seule souche a ne pas former de contact physique avec aucune autre. Quant a la
souche Paenibacillus sp. 1339, elle a principalement manifesté un phénotype kin
positif avec chacune des 18 souches de Bacillus testées, sauf dans les interactions
avec B. velezensis B8, B. velezensis 1273 et B. licheniformis 1298.

3.24.3.2 Détection d'activité antagoniste des souches de Bacillus spp. contre les agents
pathogenes

Le modele en macro-colonie a été adapté pour examiner le caractere antagoniste
des Bacillus spp. vis-a-vis de quatre pathogenes distincts (E. cecorum, S. aureus, E.
coli, S. enterica serovar Enteritidis), les mémes que précédemment étudiés avec la

MCBL. Les résultats sont présentés sous forme d'une heatmap dans la figure 5.
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Figure 5: Heatmap des interactions entre deux macro-colonies de Bacillus spp. et de pathogenes. L'arbre

phylogénétique est celui obtenu dans I'article 7. Des exemples représentatifs illustrent les différentes interactions

observées.

Dans cette configuration expérimentale, une colonie de Bacillus spp. et une

colonie de pathogenes sont formées a proximité I'une de l'autre, a partir d'un
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dépot de culture de nuit. Les situations ou deux colonies entrent en contact sans
gu'aucune ne prenne le dessus sur l'autre (interaction négative ou positive non
décryptable), ou lorsque le pathogéne manifeste une activité antagoniste le
Bacillus spp. sont rares. En effet, la majorité des interactions testées révélent une

activité antagoniste des Bacillus spp. contre les pathogénes.

L'activité antagoniste entre macro-colonies se traduit par deux principaux
phénotypes, la persistance d'un espace séparant les deux colonies ou que la
macro-colonie du Bacillus spp. recouvre le pathogene entravant ainsi sa
croissance. L'absence de contact entre les deux colonies illustre une compétition
par interférence. Le recouvrement ou l'absorption d'une microcolonie par l'autre
résulte d'une activité de type spatiale. La libération de molécules par les Bacillus
spp. qui inhibent la croissance du pathogéne est probablement a l'origine de
I'espacement entre les deux colonies. Il convient de noter que les phénotypes
d’interactions peuvent étre différents pour un méme Bacillus spp. en présence de
différents pathogenes. Par exemple, la souche B. velezensis 12832 recouvre la
colonie d'E. cecorum tandis qu'une interférence est observée avec S. aureus, E. coli

et S. enterica.

3.24.3.3 Impact des sucres sur les phénotypes d'interaction

L'effet de sucres solubilisés dans la gélose a été examiné en ce qui concerne la
morphologie des macro-colonies de B. velezensis, Pediococcus spp. et des

pathogénes (E. cecorum, et S. enterica) (Figure 6).
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Figure 6: Formation des macro-colonies de souches candidates et de pathogénes en fonction de I'incorporation ou

E. cecorum

S. enterica

non de sucres dans le milieu gélosé. Les photos ont été prises aprés 4 jours d'incubation. Des images représentatives

des réplicats sont montrées (N = 3).

En présence de sucrose, les colonies de B. velezensis affichent une structure moins
organisée que les témoins sans sucre, notamment pour les souches B. velezensis

11285 et B. velezensis 12048 qui recouvrent entierement la surface. Lorsque de la

213



maltodextrine est ajoutée, la souche B. velezensis B8 forme une macro-colonie au
centre doté d'une morphologie intensément ridée, contrairement au controle sans
sucre. De maniere intéressante, la morphologie des colonies de Pediococcus spp.
ne semble pas étre influencée par I'ajout de sucre. E. cecorum forme une macro-
colonie identique au contrdle sans sucre lorsque du lactose est supplémenté au
TSA, tandis que les autres conditions entrainent une diminution de
la croissance. S. enterica, en présence de glucose et de maltodextrine, forme une
colonie moins étendue mais plus structurée que sur TSA sans sucre. En particulier,

des structures dendritiques sont observées en présence de maltodextrine.

Les mémes expériences d'interactions mentionnées précédemment ont été
reproduites entre les souches bénéfiques et E. cecorum et S. enterica sur du TSA
supplémenté ou non avec les différents sucres . Les résultats sont présentés sous
la forme d'une heatmap (Figure 7).
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Figure 7: Influence des interactions en présence de sucres entre souches candidates et pathogénes dans un modéle

de macro-colonie. Les photos ont été prises apres 4 jours d'incubation. Des images représentatives des réplicats

sont montrées (N = 3).
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Bien que la morphologie des colonies de B. velezensis puisse varier en fonction de
la nature du sucres, les interactions demeurent constantes, qu'il y ait ou non ajout
de sucre dans le TSA. Contrairement aux B. velezensis, les interactions entre les
pathogenes et les Pediococcus spp. sont modifiées par la présence de sucres. Les
deux pathogénes manifestent une activité antagoniste envers la croissance des
Pediococcus spp. sur TSA. Cependant, en présence de sucre, les deux colonies
entrent en contact sans effet significatif observable. Pediococcus spp. présente une
activité antagoniste contre la croissance des pathogenes. Cette observation est
particulierement remarquable en présence de glucose, de maniere reproductible,
et dans une moindre mesure en présence de lactose, de dextrose anhydre
(uniquement pour la souche P. acidilactici R1001 contre S. enterica) et de

maltodextrine.

3.2.4.4 Discussion et conclusion

Les études réalisées dans ce projet ont démontré la faisabilité d'utiliser le modele
en macro-colonie pour analyser les interactions entre diverses bactéries. Ce
modéle se révele une méthode simple pour la sélection de souches candidates
bénéfiques, notamment Bacillus spp. et Pediococcus spp., qui possedent un effet
antagoniste contre des pathogénes ciblés. Les principales familles d’'interaction
sont discernables grace a ce modele. L'existence d'un espace entre deux colonies
signale la présence de molécules sécrétées par un partenaire qui influe sur la
croissance de l'autre, caractéristique d'un mode de compétition par interférence.
Le recouvrement d'une colonie par une autre inhibe sa croissance en entravant
son accés aux nutriments, témoignant d'une compétition spatiale pouvant se
traduire par une competition nutritionnelle. Cependant, dans le cas ou les deux
mécanismes sont présents et donc peu discriminables, l'interprétation du mode
de compétition et plus compliqué, s'avere subjective subjectif car seulement basé

sur l'observation, et donc expérimentateur dépendant.

A la différence du modeéle de biofilm immergé étudié au MCBL pendant ce projet
de thése, les interactions entre bactéries ne se produisent consécutivement a la

formation des biofilms. En conséquence, les mécanismes d'interactions au sein
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des communautés déja établies en biofilm doivent différer de ceux qui
s'établissent au sein de biofilms formés a partir d'un mélange de souches a I'état
planctonique [54]. Par rapport a la MCBL, les phénotypes d'interactions entre
Bacillus spp. et les pathogenes sont corrélés. Les modes d'interaction de B.
velezensis contre les pathogenes dans le modéle de macro-colonie semblent plus
se rapprocher du modele de recrutement a T=24h, a I'exception des souches B.
velezensis 12701 et B. velezensis B18, ou |'effet est plus prononcé contre S. aureus,
E. coli et S. enterica en macro-colonie (voir l|'article 7). Cependant, la
quantification des interactions en macro-colonie s'avére moins aisée en
comparaison des expériences menées au MCBL. L'évaluation de la superficie des
colonies en interaction comparée a celles se développant seules (contrdle)

pourrait constituer une méthode de quantification.

Dans le contexte des expériences présentées, le modele en MCBL macro-colonie
présente le désavantage de devoir nécessiter qu'au moins |'un des partenaires
expriment un fluorophore. En effet, les souches environnementales ne sont en
général pas ou difficilement transformables. Ainsi, alors que seules trois souches
partenaires ont été examinées au MCBL pour leurs interactions avec les 18 autres
souches de Bacillus spp., le modéle en macro-colonie a permis d'explorer toutes
les combinaisons d’interactions possibles (18x18). Cependant, le modéle n'a pas
pris en compte les biofilms mixtes ou deux souches différentes se développent
ensemble. Pour les distinguer dans le méme biofilm, une méthode de marquage
similaire a celle utilisée dans le cadre des expériences de MCBL serait requise. Il
faudrait avoir recours a la méme approche dans le cas ou les macro-colonies de

deux souches se mélangent.

L'utilisation du modele en macro-colonie pourrait étre une premiere étape dans la
sélection de souches pour des applications en biotechnologie, en permettant de
cribler rapidement un grand nombre de candidats avant d'effectuer une
caractérisation plus approfondie des interactions au moyen de la MCBL avec les
meilleurs candidats. En effet, la MCBL permet non seulement de quantifier chacun
des partenaires au cours du temps dans le biofilm, mais aussi d'étudier la

spatialisation de ceux-ci dans la communauté.
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4 DISCUSSION GENERALE ET PERSPECTIVES
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Les travaux réalisés au cours de cette these ont permis de répondre aux
objectifs scientifiques et industriels initialement définis. (1) Une démarche
expérimentale basée sur un rationnel scientifique explicite a été développée pour
améliorer le processus de sélection de souches en vue du développement de
produits commerciaux de deuxieme génération. Une méthode d'assemblage de
souches basée sur leurs compatibilités en biofilm a permis d'identifier des
consortiums avec des effets améliorés par rapport aux souches seules. Cette
démarche constitue une réelle avancée pour l'industrie qui formule réguliérement
des produits composés de plusieurs souches sélectionnées individuellement, sans
nécessairement vérifier la compatibilité des souches entre elles ou la réelle plus-
value de l'association. (2) Une méthode de prélevement des communautés
microbiennes associées aux surfaces des batiments d’élevages hors-sol a
également été mise au point dans le contexte d'élevages industriels, permettant
I"étude de la structure des biofilms capturés. Les communautés autochtones des
surfaces des batiments d'élevage jusqu’alors peu documentées ont été étudiées

ainsi que l'effet d'un produit commercial sur leur modulation.

Les résultats de ce volet de mes travaux de these sont encore en cours de
valorisation avec plusieurs articles scientifiques publiés ou en en préparation, ainsi
qu'une licence d’exploitation en copropriété INRAE/Lallemand d'une souche isolée

et caractérisée dans le cadre du projet.

Cette section cloture le manuscrit en abordant les perspectives découlant de cette
étude, tant du point de vue scientifique que de I'industrie. Elle met en lumiere les
réalisations accomplies et les connaissances acquises. De surcroit, elle explore les
défis technologiques et industriels, tout en tragant les pistes a suivre pour les
futures recherches dans ce domaine. Elle identifie également des opportunités

d'amélioration pour les biofilms positifs a visée commerciale.

218



Vers une compréhension des mécanismes impliqués
dans I'effet antagoniste des biofilms positifs sur les
bactéries indésirables

Toutes les études d'interactions menées dans ce projet ont été réalisées
sous forme de biofilms. Elles refletent ainsi le mode de vie microbien le plus
courant sur Terre, et celui présent sur les surfaces des batiments d'élevage [11,55].
Les principales familles d'interactions telles que l'interférence et la compétition
spatiale/nutritionnelle ont été détectées dans nos systémes. Cependant, une
analyse approfondie des mécanismes impliqués reste a effectuer. Par exemple,
dans le cas des interactions entre B. velezensis et E. cecorum dans le modéle de
co-inoculation, une croissance suivie d'un déclin jusqu'a la disparition totale du
pathogéne n’est observée que lorsque E. cecorum est avantagé (article 7). Un
modele proie-prédateur Lotka-Volterra décrit alors cette interaction et suggere
gu'une molécule active (ou un ensemble de molécules) sécrétée par B. velezensis
pourrait impacter la viabilité d'E. cecorum. Dans toutes les autres conditions, une
interaction décrite par le modele de Jameson avec une diminution du temps de
génération sans décroissance du pathogéne est observée, ce qui suggére qu'une
certaine quantité de E. cecorum peut étre détectée par B. velezensis et induire alors
la sécrétion de molécules bactéricides. Ces composés n'ont pas été identifiés a ce
stade. Avec le génome des souches candidates a notre disposition, |'étude ciblée
des génes codant pour des molécules antimicrobiennes pourrait étre entreprise
afin d’'identifier des candidats, en utilisant par exemple I'outil de recherche
antiSMASH [56]. L'exploration des molécules sécrétées dans les surnageants des
biofilms positifs pourrait également étre réalisée afin d'identifier des genes
candidats déja documentés pour leur activité antibactérienne, et ainsi améliorer
le processus de sélection de souches a I'avenir. Une telle étude peut étre envisagée
en prélevant le surnageant de biofilms positifs matures, suivie d'une analyse
biochimique des composés présents, par exemple en utilisant des méthodes telles

que la spectrométrie de masse ou la résonance magnétique nucléaire [57].

L'identification des mécanismes exige une analyse minutieuse de la formation des

biofilms sur une période étendue, en prenant en compte un grand nombre de
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points temporels afin de permettre une modélisation précise des interactions. De
plus, l'utilisation de différentes proportions initiales (définis par le ratio
d'adhésion dans notre étude) des deux partenaires nécessite une multiplication
des expériences. Cependant, la variation de ces ratios initiaux est essentielle et
doit étre rigoureusement mise en place pour étudier les mécanismes. La variation
des ratios a permis, par exemple, de démontrer que I'exclusion d'E. cecorum se
produisait de deux manieres distinctes en fonction de sa quantité initiale relative
par rapport a B. velezenis. Enfin, nous avons également prouvé que S. enterica était
exclu par un biofilm préexistant de B. velezensis, en utilisant deux modeéles d'étude
expérimentaux distincts (co-inoculation et recrutement décrit dans l'article 7).
Toutes ces expériences requiérent i) un espace de stockage numérique conséquent
pour les données, ii) des capacités de calcul pour le traitement des images en
microscopie, iii) la possibilité de suivre le devenir des partenaires distinctement
dans I'échantillon, iv) ainsi que du temps, ce qui limite considérablement le

nombre d'expérimentations possibles.

Les études réalisées au MCBL ont permis de quantifier les interactions en mesurant
le biovolume des deux partenaires au sein du biofilm mixte. Cette approche
microscopique permet également une étude structurale plus fine des biofilms, peu
exploitée lors du projet. Des variables quantitatives permettant de décrire la
structuration du biofilm sont disponibles dans les boites a outils de statistiques
spatiales (BiofilmQ, IMARIS, http://spatstat.org/) [58,59]. Par exemple, avec nos
données, nous avons observé dans le modeéele de recrutement a T=24h que certains
pathogénes se développent sous forme de clusters de différentes tailles sur le
biofilm de Bacillus spp. Dans le contexte d'une application en biofilm positif, il
serait plus judicieux de privilégier les Bacillus spp. permettant la formation de
clusters de pathogenes de taille réduite. En effet, a mesure que les pathogenes
forment des clusters de plus grand diametre, les gradients deviennent plus
prononcés et limitent la propagation des molécules au cceur du biofilm, réduisant
I'efficacité des biocides appliqués lors des procédures de nettoyage et de
désinfection [8]. Dans cette optique, il est envisagé d'améliorer le processus de

sélection en accordant une plus grande importance aux statistiques spatiales de
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ces systemes multi-especes.

Nouvelles regles raisonnées d'assemblage de
communautés

Des produits utilisant des cocktails de microorganismes sont disponibles
sur le marché pour des applications en biotechnologie. Cependant, le rationnel de
I'association des souches n'est souvent pas démontré. Dans notre étude,
différentes souches candidates ont été sélectionnées individuellement pour leur
fort effet antagoniste sur la croissance de bactéries spécifiques. Or, des
interactions antagonistes entre les souches du produits pourraient exister et étre
causées par des mécanismes tels que I'acidification du milieu ou la sécrétion de
molécules antimicrobiennes a large spectre [60,61], diminuant ainsi ces
performances. Dans le cadre du projet, la capacité des souches candidates a former
un biofilm mixte stable sans exclusion de partenaires a été évaluée dans le but
d'identifier des consortiums compatibles. A notre connaissance, c'est la premiere
fois qu'une telle vérification est entreprise pour des applications en biofilm positif.
Une fois ces consortiums identifiés, les propriétés émergentes inhérentes aux
associations ont été étudiées, telles qu'une meilleure capacité de colonisation des
surfaces et une activité antagoniste plus prononcée sur la croissance des

pathogénes par rapport aux souches individuelles.

Quel est le rationnel de l'utilisation de consortiums par rapport a des souches
pures? Nous avons observé que les associations entre différentes souches du
genre Bacillus spp. sont hautement spécifiques. Ainsi, seulement 16,7% des
associations obtenue par MCBL se sont avérée compatible (i.e. sans I'exclusion
d'un partenaire) dans des biofilms 2 souches. Nous avons démontré que des
consortiums 3 souches de B. velezensis kin compatibles forment un biofilm mixte
stable couvrant mieux les surfaces en comparaison des souches seules et aux
consortiums 2 souches. De plus, |'association de B. velezensis avec Pediococcus
spp. permet un recouvrement de surface et un biovolume optimal et démontre un
antagoniste significativement supérieur par rapport aux souches uniques, parfois
synergiques, contre S. enterica. Intuitivement, |'idée de regrouper plusieurs
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souches ayant individuellement des effets bénéfiques, sans nécessairement les
amplifier en cocktail par rapport a une souche unique, pourrait étre justifiée en
considérant qu'au moins l'une d'entre elles serait capable de prospérer dans une
niche spécifique. C'est pourquoi il serait intéressant d'étudier le pouvoir de
colonisation dans différentes conditions physico-chimiques (exemple : gradient de
température, pH, sels) de chaque souche afin d'identifier les éventuelles zones de
recouvrement ou une souche pourrait se développer tandis que les autres ne le

peuvent pas.

Des études récentes ont démontré que des souches de Bacillus spp., kin positives
dans un modeéle de swarming, et proche phylogénétiquement, étaient capables de
former des biofilms mixtes dans des modeles de swarming et de pellicule [62]. Or,
dans nos expériences, la discrimination kin effectuée dans un modele de macro-
colonie ne correle pas strictement avec la capacité des souches a former des
biofilms immergés mixtes. En effet, bien que la souche B. velezensis B8 soit capable
de former un biofilm mixte immergé avec les souches B. velezensis 12048 et B.
velezensis 11285, qui lui sont phylogénétiquement proche, une exclusion est
observée lorsque B. velezensis B8 interagit avec les deux autres souches dans un
modele de macro-colonie. Ces deux modeles présentent des différences car, dans
un modele de macro-colonie, les interactions entre les deux partenaires se
produisent lorsque les biofilms ont déja atteint une certaine maturité. En revanche,
dans un biofilm immergé, les deux partenaires sont sous forme de cellules isolées
au début des interactions. Il est donc difficile de réaliser des corrélations entre
une discrimination kin évaluée sur un milieu gélosé et une compatibilité entre
souche en biofilm immergé. Il est donc préférable de rester dans le méme modele

d'étude pour réaliser ce type de corrélations.

Les mécanismes moléculaires impliqués dans la compatibilité des souches
bénéfiques a former des biofilms mixtes stables n'ont pas encore été étudiés. En
effet, la compatibilité entre les souches est basée uniquement sur leur capacité a
former des biofilms mixtes, et donc sur les biovolumes respectifs des deux
partenaires aprés 24h d’incubation. Le mutualisme (+/+), le commensalisme (+/0),

le neutralisme (0/0), ou méme l'exploitation (+/-) d'un partenaire par l'autre sans
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une exclusion totale pourraient expliquer la persistance des deux partenaires dans
le biofilm, sans qu'aucune souche ne soit completement exclue [63]. Des
cinétiques permettant l'observation de la formation de biofilm mixte, comme
effectuées dans le cadre du projet entre les B. velezensis et des pathogénes GFP,
pourraient étre réalisés pour identifier les grandes familles d'interactions entre les
souches bénéfiques du consortium. Une étude métatranscriptomique permettrait
d'analyser les variations d'expression génique en présence d'un partenaire. Cette
approche permettrait par exemple d'identifier des génes candidats impliqués dans
I'interaction et de décrypter les voies potentielles de co-métabolisme [64,65].
Parallelement, une étude métabolomique des surnageants des partenaires, qu'ils
soient seuls ou en mélange, pourrait compléter ces résultats [57]. Il serait
intéressant d'identifier les genes liés a la capacité des souches a former des
biofilms mixtes, afin d'effectuer une premiére étape de sélection des souches sur
la base des génomes. Par exemple, un récent article met en évidence l'influence
de la flagelline sur la discrimination kin chez B. velezensis, nous permettant ainsi
I'identification de genes candidats impliqués dans la formation de consortiums

[66].

Dans notre étude, seuls la formation des biofilms et le potentiel antagoniste des
consortiums ont été étudiés et comparés par rapport aux souches individuelles. Il
est envisageable d'explorer d'autres propriétés émergentes de ces associations.
Les Bacillus spp. étant capables de se déplacer sur différentes surfaces par leur
capacité a swarmer, contrairement au Pediococcus spp. non motile, il serait
intéressant d'étudier le transport des Pediococcus spp. par les Bacillus spp. Le
"hitchhiking”, est un sujet émergeant dans la communauté scientifique décrivant
le transport d'un microorganisme non-motile par un organisme motile. Ce
phénomene peut jouer un rdéle important dans la dispersion des organismes
microscopiques, leur permettant de coloniser de nouveaux habitats ou bien
d'interagir avec d'autres espéces [67]. Par exemple, il été décrit que les spores de
Streptomyces coelicolor sont transportées par B. subtilis via une interaction entre
les flagelles de ce dernier et une protéine présente a la surface des spores de S.

coelicolor [68]. Il serait intéressant de tester le transport de bactéries lactiques par
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des Bacillus spp. avec des souches préalablement sélectionnées pour leurs effets
bénéfiques en biofilm positif afin de rendre plus homogene la colonisation des

surfaces.

Enfin, il est important de prendre en considération que tous les individus ne
participent pas de facon équivalente au fonctionnement de la communauté [69].
Ainsi, il serait intéressant de faire varier les ratios des différents candidats
bénéfiques pour analyser 'activité antagoniste contre les pathogeéenes et évaluer

la formation du biofilm positif en consortiums.

Plusieurs défis technologiques entravent encore I'optimisation de I'assemblage de
consortiums. Comme évoqué précédemment, la mise en place d'expériences de
microscopie reste une tache complexe. Par ailleurs, nous n'avons pas encore
examiné les cinétiques de formation des consortiums bénéfiques. Comprendre
I'impact de chaque membre du consortium sur la formation du biofilm positif et
sur la compétition vis-a-vis de bactéries indésirables pourrait permettre
d'optimiser ces associations. Il serait donc nécessaire, pour chaque combinaison,
d'effectuer des expériences avec différents ratios initiaux des deux partenaires.
Actuellement, réaliser ces études a haut débit de souches semble peu
envisageable. Une approche prometteuse pourrait étre ['utilisation de
I'intelligence artificielle (IA) pour prédire le comportement des souches au sein du
consortium en se basant par exemple sur leur croissance individuelle et leur
génome, réduisant ainsi le nombre d'expériences nécessaires [70]. Dans le cas des
consortiums, la visualisation de tous les membres du biofilm au fil du temps
devient complexe lorsque le nombre de souches dépasse trois. Cela est d0 a la
nécessité d'éviter les chevauchements spectraux des fluorophores utilisés, afin
d'éviter tout biais potentiel. Pour ces études, il est également essentiel d'utiliser
des souches exprimant des protéines fluorescentes, mais il est souvent difficile de

réaliser de telles manipulations génétiques dans le cas de souches sauvages.
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Perspectives d’amélioration du pipeline de sélection
de souche

Dans ce projet de recherche, une méthode innovante de sélection et
d’'association de souches a été développée dans le but de proposer des produits
commerciaux de nouvelle génération. Les études mécanistiques telles qu'elles ont
été exposées dans ce travail de thése ne sont pas réalisables directement sur le
terrain. Bien que des allers-retours soient effectués entre I'échelle du laboratoire
et les études sur le terrain pour tester le produit, il serait judicieux d'incorporer
des étapes intermédiaires visant a caractériser le plus fidélement possible les
interactions en conditions réelles. Il est possible que les interactions observées et
quantifiées au laboratoire (utilisation de milieux de culture riches, petits volumes,
biofilm immergé) ne soient pas identiques a celles présentes sur le terrain.
L'utilisation de modeéles qui imitent fidelement les conditions sur le terrain
permettrait d'étudier les interactions de maniére plus réaliste, méme si cela génere
des débits de données plus faibles en raison de la complexité accrue des
expériences a mettre en place. Ainsi, il serait intéressant de moduler des
parametres tels que la température, I'humidité, le pH, le milieu de culture ou les
propriétés du substrat sur lequel le biofilm se développe. En effet, il est connu que
la surface du matériau peut influencer les interactions [71] et ce, aussi dans le
contexte d’'élevage ou nous avons observé des biofilms différents sur l'acier
galvanisé et sur le PVC (article 3). Un milieu de culture spécifique de I'élevage
étudié pourrait aussi étre utilisé. Etant donné que les surfaces des coupons étaient
principalement recouvertes de féces d'animaux, il serait pertinent d'utiliser un
milieu de culture qui imite leur composition. Il pourrait étre intéressant d'utiliser
un modele de biofilm a l'interface entre une surface humide et I'air, car il serait
plus représentatif de |'application réelle, contrairement a un modele en biofilm

immergé.

Les interactions caractérisées dans nos études au laboratoire ne prennent pas non
plus en compte l'influence du microbiote naturellement présent sur les surfaces
d'un batiment d'élevage. Il serait pertinent de concevoir un consortium simplifié

représentatif du microbiote autochtone de I'élevage, possédant une composition
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définie, stable et reproductible dans le temps. Ainsi, I'étude de son influence sur
les interactions entre biofilm positif et pathogéne et entre les différentes souches

du biofilm positif dans différents modeles de laboratoire pourrait étre effectuée.

La segmentation des images de microscopie de fluorescence pour extraire des
valeurs quantitatives descriptives des biofilms représente une étape critique et
délicate lors du traitement d’'images. Il est fréquent d'observer des erreurs qui
nécessitent une surveillance réguliere des analyses et des ajustements des
parametres de segmentation afin de les minimiser. Ces erreurs sont
particulierement présentes lors de traitement de cinétique ou l'intensité de
fluorescence varie grandement au cours du temps. Ainsi, un biais de I'analyse est
causé par I'expérimentateur qui choisit lui-méme les parametres de segmentation.
Un temps non négligeable est ainsi ajouté a I'analyse. L'intégration de I'lA et plus
particulierement de l'apprentissage profond (deep learning) pour segmenter les
images, constitue une alternative prometteuse afin de réduire considérablement
le temps d'analyse et de corriger un grand nombre de biais. Grace a ces nouveaux
outils, les parameétres de segmentation peuvent étre identifiés et appliqués
automatiquement, méme si le niveau de fluorescence varie au cours du temps.
Cependant, il est essentiel de disposer d'un vaste ensemble de données préalables
pour entrainer efficacement le modele [72]. L'utilisation de I'lA pourrait aussi
permettre de faire des liens entre les génotypes, la morphologie des biofilms, et
I"activité antagoniste pour permettre d'identifier des marqueurs prédictifs des
interactions en vue d'aide a la décision pour effectuer la sélection de souches. Par
exemple, il a été montré récemment que les interactions entre des bactéries
cultivables peuvent étre décrites par la croissance des souches individuels des
mélanges [70]. Le méme principe pourrait étre appliqué a notre ensemble de
données afin de simuler des interactions sous forme de biofilm entre des souches
bénéfiques et indésirables ou entre difféerentes souches bénéfiques. L'utilisation
de ces approches nous permettrait de sélectionner des mélanges d'intérét en
fonction des marqueurs identifiés (genes, parametres structuraux des biofilms),
évitant ainsi l'examen systématique de toutes les combinaisons par

expérimentation, ce qui se traduirait par une économie de temps considérable[73].
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La culturomique ciblée représente une méthode prometteuse qui pourrait étre
utilisée pour isoler a haut débit des microorganismes d'intérét (genres ou espéces
pré définis) de communautés complexes [74]. Cette approche pourrait étre réalisée
a partir du microbiote isolé de surfaces des batiments d'élevage. En effet, étant
donné que ces souches seront isolées de ces surfaces, il est probable qu'une fois
amplifiées industriellement et appliquées artificiellement, elles se révelent

suffisamment compétitrices dans ce biotope pour les coloniser a nouveau.

Enfin, il pourrait étre envisagé de réaliser des expériences préliminaires de
compétition pour un screening rapide avant de recourir a la MCBL. Des
expérimentations d'interaction en macro-colonies [49,51,52,75] ou en croissance
planctonique [76] pourraient étre utilisées. Ces approches sont plus faciles a

mettre en place, moins colteuses et moins chronophages que la MCBL.

Validation des criteres d’industrialisation des
candidats bactériens

Avant d'initier les phases de développement d'un produit de nouvelle
génération, il est essentiel de réaliser un certain nombre de vérifications afin
d'évaluer la faisabilité industrielle. Parmi les vérifications, (1) des tests de
faisabilité de production des souches candidates sont essentiels, ainsi (2) qu'une
analyse des génomes dans le but d'identifier de potentiels genes de virulence et
de résistance aux antibiotiques doit étre effectuée, tout comme nous I'avons fait

pour les souches isolées de la surface des batiments d'élevage avicole (article 6).

(1) Les expérimentations effectuées au laboratoire dans le cadre de cette these
ont été conduites dans de petits volumes (<10 mL, souvent dans 200 plL), a
moyen/haut débit. Ainsi la croissance des souches candidates n‘ont pas été
réalisées dans des conditions mimant les conditions industrielles en bioreacteurs.
Or, la croissance des microorganismes ne se comporte pas forcément de la méme
maniére a une échelle laboratoire et industrielle. C'est pourquoi la production de
ces souches dans des fermenteurs mimant les conditions de production

industrielle doit étre réalisée dans le but d'étudier la faisabilité d'un
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développement et d'un transfert industriel. Cette étape de faisabilité integre
généralement une premiére estimation des colts de production envisagés
(Lallemand, communication). En effet, diverses difficultés techniques peuvent étre
rencontrées lors de cette étape. Par exemple, il est possible que les souches
forment trop d'agrégats rendant difficile leur récolte et leur séchage. La résistance
des cellules au séchage est un autre critére essentiel qui peut orienter les choix
industriels. Dans le cas des Bacillus spp., la présence de bactériophages endogénes
est également une entrave récurrente a la génération de biomasse en fermenteur.
Enfin, les conditions de production des souches peuvent aussi impacter, non
seulement les rendements et les colits de production, mais aussi les phénotypes

des souches en application [77].

(2) Dans les cas des geénes de résistance aux antibiotiques une attention
particuliere doit étre portée au caractere intrinseque ou acquis de la résistance,
tant au niveau génotypique que phénotypique. Ainsi cette vérification doit étre
couplée a des tests phénotypiques de résistance aux antibiotiques d'intérét
clinique en suivant par exemple les recommandations de I'EFSA (European Food
Safety Authority) ou de I'EFFCA' (European Food and Fermentation Cultures
Association) pour la caractérisation de la sécurite d'utilisation des

microorganisme