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Résumé

Les changements climatiques et la pollution exercent une pression significative sur les
écosystemes marins cotiers, nécessitant des méthodes de surveillance efficaces. Les
bivalves, utilisés comme espéces sentinelles, sont cruciaux dans cette démarche mais
se heurtent a des limites liées a l'utilisation de biomarqueurs conventionnels, notamment
en termes de sensibilité et de capacité prédictive. Pour surmonter ces défis, notre équipe
cherche a exploiter le potentiel de la biopsie liquide, un concept en émergence dans le
développement en oncologie basé sur I'analyse de 'ADN relaché dans la circulation
sanguine par les cellules tumorales. L'analyse de I'ADN libre circulant (ccfDNA) permet
ainsi de distinguer I'ADN de I'héte (ADN du soi) de celui provenant de I'environnement
(ADN du non-soi). Notre hypothése suggére que I'application de ce concept chez la
moule nous permettra d’obtenir une compréhension plus fine des interactions

écologiques et des réponses biologiques aux stress environnementaux.

L'objectif général de ce projet visait a appliquer la biopsie liquide aux organismes marins
afin d’évaluer I'état de santé des écosystémes marins, avec une attention particuliére
portée aux régions polaires, particulierement vulnérables aux changements climatiques

et a la propagation de pathogénes.

Nos résultats ont démontré que les signatures microbiennes observeées chez les moules
varient de maniére interspécifique et spatiale et sont influencées par les conditions
environnementales et 'exposition a la pollution. Nous avons aussi montré que le ccfDNA
hémolymphatique, adapté pour le séquencage Nanopore, permet une évaluation efficace
de la biodiversité locale, ainsi que la détection d'agents microbiens et parasitaires qui
pourraient étre pathogénes, tant pour les moules que pour d'autres especes animales et
végeétales présentes dans I'environnement. L'utilisation de techniques de séquencage
avanceées, telles que le séquengage aléatoire shotgun et la technologie Nanopore, a
facilité l'identification de pathogenes potentielles et I'exploration de la diversité virale,

surmontant les limites des approches métagénomiques conventionnelles.
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Enfin, en intégrant une approche multi-omique, nous avons pu mettre en évidence des
perturbations dans le métabolisme énergétique et mitochondrial des moules, indicatives
de stress environnementaux et anthropiques affectant leur habitat.

En conclusion, notre étude a pu démontrer que l'utilisation de la biopsie liquide ouvre des
perspectives pour I'étude des modifications épigénétiques induites par des facteurs
anthropiques et environnementaux, offrant ainsi une approche intégrée pour mesurer la
biodiversité et détecter les espéces invasives sans recourir au metabarcoding.
L'intégration de I'analyse multi-omique des biomarqueurs circulants a partir d’échantillons
de sang ou d’hémolymphe récoltés chez des organismes sentinelles comme la moule
promet de révolutionner la surveillance environnementale, offrant des outils de diagnostic

précis, sensibles et pratiques pour la protection des écosystemes marins cotiers.

Mots-clés : Changements climatiques, biopsie liquide, analyse multi-omique, moule

bleue, biomarqueurs



Abstract

Climate change and pollution exert significant pressure on coastal marine ecosystems,
necessitating effective monitoring methods. Bivalves, used as sentinel species, are
crucial in this endeavor but face limitations related to the use of conventional biomarkers,
particularly in terms of sensitivity and predictive capacity. To overcome these challenges,
our team seeks to leverage the potential of liquid biopsy, an emerging concept in oncology
development based on the analysis of DNA released into the bloodstream by tumor cells.
The analysis of circulating cell-free DNA (ccfDNA) thus allows us to distinguish host DNA
(self-DNA) from environmental DNA (non-self DNA). Our hypothesis suggested that
applying this concept to mussels will enable a more nuanced understanding of ecological

interactions and biological responses to environmental stressors.

The overall objective of this project was to apply liquid biopsy to marine organisms to
assess the health of marine ecosystems, with particular attention to polar regions, which

are highly vulnerable to climate change and the spread of pathogens.

Our results showed that the microbial signatures observed in mussels vary
interspecifically and spatially, and are influenced by environmental conditions and
exposure to pollution. We have also demonstrated that hemolymphatic ccfDNA, suited for
Nanopore sequencing, enables an effective evaluation of local biodiversity and the
detection of microbial and parasitic agents that could be pathogenic not only for mussels
but also for other animal and plant species present in the environment. The use of
advanced sequencing techniques, such as random shotgun sequencing and Nanopore
technology, has facilitated the identification of potential pathogens and the exploration of
viral diversity, overcoming the limitations of traditional metagenomic approaches. By
integrating a multi-omic approach, we have highlighted disturbances in the energy and
mitochondrial metabolism of mussels, indicative of environmental and anthropogenic

stress affecting their habitat.



In conclusion, our study has demonstrated that the use of liquid biopsy opens up new
perspectives for studying epigenetic modifications induced by anthropogenic and
environmental factors, thus offering an integrated approach for measuring biodiversity
and detecting invasive species without resorting to metabarcoding. The integration of
multi-omic analysis of circulating biomarkers from blood or hemolymph samples collected
from sentinel organisms like the mussel promises to revolutionize environmental
monitoring, providing precise, sensitive, and practical diagnostic tools for the protection

of coastal marine ecosystems.

Keywords: Climate change, liquid biopsy, multi-omic analysis, blue mussel, biomarkers
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Chapitre 1

Introduction générale



1. L'impact des changements climatiques sur les milieux marins : Le réle essentiel
des espéces sentinelles

Les changements climatiques désignent les variations moyennes de la température sur
des périodes allant de quelques années a plusieurs décennies [1]. Ces fluctuations,
gu'elles soient régionales ou globales, découlent de facteurs naturels — tels que les
variations de l'activité volcanique, les changements orbitaux de la Terre et les fluctuations
de I'émission solaire — et de facteurs anthropiques [2, 3]. Depuis le début du XXe siécle,
I'activité humaine a induit un forgage climatique important via I'émission de gaz a effet de
serre (GES) comme le dioxyde de carbone (COz2), le méthane (CHa4) et I'oxyde nitreux
(N20) [3]. Ces GES piegent une partie du rayonnement infrarouge émis par la Terre,
contribuant ainsi au réchauffement climatique. Ce phénoméne est amplifié par des
rétroactions positives, comme la fonte du pergélisol qui libére de grandes quantités de
COz2 et de CH4 dans I'atmosphére [1, 3, 4]. En conséquence, une augmentation notable
de la température de la surface terrestre et marine a été enregistrée depuis les années
1990 (Figure 1), et sans intervention significative, les modéles prévoient une hausse

moyenne de la température globale de 2°C d'ici 2050 [1, 5].

1.1 Changements climatiques du milieu marin

Les milieux marins, confrontés au réchauffement et a une acidification croissante, ainsi
gu'a une élévation du niveau de la mer et a des événements météorologiques de plus en
plus extrémes, subissent des impacts considérables (Figure 2) [1]. Ces changements
perturbent la dynamique des courants marins profonds et, par extension, la circulation
océanique mondiale. Les écosystémes polaires, particuliérement sensibles en raison de
leur climat frigide, de leur dépendance a la glace de mer et de leur biodiversité
endémique, sont parmi les plus menacés [6, 7]. L'océan, en tant que puits de carbone,
absorbe une quantité substantielle de CO2 atmosphérique, mais cette absorption accrue
rend les eaux plus acides, particulierement dans les régions froides. La disparition des
glaces et la perte de biodiversité dans ces zones sont susceptibles de déclencher des
réactions en chaine a travers les écosystémes marins, perturbant les cycles biologiques

et la résilience des especes [7, 8].
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Figure 1. Anomalies de températures de surface marines et terrestres mondiales comparées a la
moyenne du 20e siécle chaque mois de mars de 1880 a 2022. Les mois de mars plus froids que la
moyenne sont colorés en bleu ; les mois de mars plus chauds que la moyenne sont colorés en rouge.
Modifiée de NOAA Climate.gov (NOAA, 2023).

1.2 Les menaces sur les espéces marines

L'intensification des changements climatiques exerce une pression croissante sur la
biologie marine a divers niveaux organisationnels [9-11]. L'augmentation de Ia
température des eaux perturbe non seulement les habitats existants, mais redistribue
également les niches écologiques des espéces, permettant ainsi a des espéces invasives
et a des agents pathogénes de s'implanter [7, 12, 13]. L'acidification océanique, résultant
de l'absorption accrue de CO2, compromet des processus fondamentaux comme la
calcification, essentielle a la survie des coraux et des mollusques [7, 14, 15]. L'acidité
accrue des eaux favorise la dissolution de composés calciques tels que l'aragonite,

indispensable a l'intégrité structurelle de nombreux organismes marins.

Parallelement, I'élévation du niveau de la mer et les tempétes plus fréquentes et plus
violentes provoquent une érosion coétiere accélérée, mettant ainsi en danger des
écosystemes cotiers vitaux comme les mangroves et les herbiers marins, qui jouent un

réle clé dans le cycle de vie de nombreuses especes marines [16, 17].
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Figure 2. Schéma illustrant la distribution du réchauffement climatique a travers les
différentes composantes de la Terre et de ses principales conséquences sur
I'environnement. Modifiée de EU Copernicus Marine Service information et de Von Schuckmann
et al. (2022).

Ces perturbations climatiques générent un stress direct et indirect sur les espéces
marines, induisant par exemple un affaiblissement de leur systéme immunitaire,
particulierement chez les organismes ectothermes [13, 14, 18]. Un tel stress peut
entrainer une dysbiose, c'est-a-dire un déséquilibre du microbiote, parfois accompagnée
d’'une augmentation des bactéries pathogénes [19]. Par exemple, des études révelent
une corrélation entre le réchauffement climatique et la propagation des bactéries du
genre Vibrio, qui sont responsables d'infections chez les organismes marins et
représentent également un risque pour la santé humaine [7, 20]. De plus, une étude de
Lesser et al. (2019) a mis en lumiére une corrélation possible entre les changements
climatiques et lI'augmentation des cas de leucémies chez les bivalves, en lien avec le
rétrotransposon Steamer. Ce cancer, transmissible horizontalement, compromet
gravement la santé des populations de bivalves, causant des déclins significatifs, en

particulier sur les cotes de I'Atlantique et du Pacifique [21-23].



Ces impacts écologiques entrainent des répercussions importantes non seulement sur
les écosystemes marins, mais aussi sur les communautés humaines qui en dépendent.
Des initiatives de recherche sont donc cruciales pour évaluer I'étendue des impacts
environnementaux et anthropiques sur les écosystémes marins et d'identifier les espéces

sentinelles qui peuvent servir d'indicateurs précoces de ces changements perturbateurs.

1.3 Avancés et défis des programmes de surveillance marine

La création d'aires marines protégées (AMP) et de réserves marines est cruciale pour la
conservation des eécosystemes marins et pour la préservation de leurs valeurs
écologiques, sociales, économiques et culturelles. L'archipel de Kerguelen, situé dans
les fles subantarctiques prés du front polaire sud de I'océan Indien, illustre parfaitement
ce concept. Stratégiquement positionné a la convergence de trois fronts océaniques et
doté de vastes plateaux continentaux, I'archipel est un épicentre de productivité dans un
océan relativement pauvre, soutenant un réseau trophique riche et diversifié [24]. En
raison de son isolement par rapport aux activités humaines, I'archipel de Kerguelen offre
un cadre unique pour la recherche scientifique, en particulier pour le suivi a long terme
des populations d'oiseaux et de mammiféres marins, ainsi que pour I'étude des impacts
des changements globaux. En tant que I'un des derniers refuges de naturalité mondiale
préservant l'intégrité de son patrimoine naturel, I'archipel revét une grande importance
pour les efforts de conservation a I'échelle globale [24]. Face a la vulnérabilité de ces
milieux aux changements climatiques, I'Institut Polaire Francais Paul-Emile Victor (IPEV)
a initié le programme Proteker en 2011. Ce programme multidisciplinaire vise a surveiller
la biodiversité et a renforcer la protection des écosystémes marins de cette région isolée
[25].

Un autre exemple notable est le parc marin du Saguenay-Saint-Laurent au Québec, qui
couvre 1 245 km? de territoire marin [26]. Ce parc abrite des écosystémes diversifiés avec
plus de 2 000 espéces animales et végétales, ainsi que des mammiféres marins tels que
le rorqual bleu et le béluga du Saint-Laurent, des espéces considérées en situation
précaire [27]. Cette AMP favorise non seulement la conservation, mais elle encourage

également I'utilisation éducative, récréative et scientifique de I'écosystéeme de maniére



durable et respectueuse, jouant un role essentiel dans la protection et la valorisation de

la biodiversité marine.

L'efficacité de ces AMP repose sur une surveillance réguliére, essentielle pour assurer la
stabilité ou I'amélioration de la santé des écosystémes concernés. Dans ce contexte,
limplantation de divers programmes de suivi, s'appuyant sur ['utilisation de
bioindicateurs, est essentielle tant au niveau national qu'international. Ces programmes
permettent une gestion durable des milieux marins et assurent une évaluation continue

de leur état de santé.

Parmi eux, le National Seabird Program, créé en 2001 par le NOAA Fisheries National
Seabird Program, et le programme Mussel Watch, fondé en 1975, sont des exemples
phares de I'utilisation de bioindicateurs pour évaluer la santé des milieux marins [28, 29].
Le premier programme repose sur les oiseaux marins pour détecter les variations
écologiques, tandis que le second utilise les bivalves pour suivre la qualité des eaux
marines et cotieres. Ces initiatives mesurent des biomarqueurs variés — concentrations
de métaux lourds, présence de contaminants organiques persistants comme les
pesticides, les hydrocarbures aromatiques polycycliques et les retardateurs de flamme
— et évaluent les perturbations organiques a l'aide d'indicateurs génétiques,
biochimiques, métaboliques et histologiques, tout en les contextualisant avec des

parameétres abiotiques tels que le pH, la température, et la salinité.

Cependant, ces méthodologies traditionnelles présentent des limites, notamment en ce
qui concerne la caractérisation de la structure génétique des populations et la détection
des espéces rares ou élusives [30]. Pour pallier ces contraintes, des programmes récents
exploitant I'ADN environnemental (ADNe), tels que OBIS-SEAMAP et Tara Oceans,
inaugurés en 2002 et 2009 respectivement, ont été initiés [31]. Ces nouvelles initiatives
permettent une évaluation plus compléte de la biodiversité marine, apportant des
précisions sur la présence et la distribution étendue d'espéces, y compris celles qui
échappent aux méthodes conventionnelles de collecte [32, 33] (Figure 3). L'ADNe fournit

également des données importantes sur les populations et le sexe des organismes



étudiés [34]. Le potentiel de 'ADNe a conserver les données biologiques sur le long
terme vient transformer les efforts de conservation marine, en fournissant une vision
holistique et évolutionnaire sur la santé des écosystémes marins, ainsi que des AMP [35].
La récupération de 'ADNe présente un potentiel pour les recherches paléoécologiques
et archéologiques, permettant de retracer I'écologie et I'évolution des communautés

biologiques a travers des échantillons sédimentaires millénaires [33].
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Figure 3. Les applications potentielles de I'’ADN environnemental (eDNA) dans les
écosystémes aquatiques qui incluent la détection d'espéces rares et invasives, la
surveillance de la biodiversité, ’analyse des écosystémes anciens, ainsi que I'évaluation et
biologique basée sur I'’ADN extrait d'échantillons environnementaux. Adaptée de Pawlowski
et al. (2020) et de Ruppert et al. (2019).



Néanmoins, il convient de souligner que I'analyse de 'ADNe peut étre logistiquement
complexe et colteux, particulierement pour la détection de taxons rares. Les erreurs de
séquencgage, le biais de séquencage préférentiel et d'autres facteurs techniques peuvent
entraver l'interprétation des données [36]. Les conditions environnementales telles que
la température, 'humidité, et la présence de contaminants peuvent également affecter la
qualité et la quantité de I'ADN récupéré, compromettant ainsi la fiabilité des résultats [37,
38]. Cette sensibilité des échantillons d'ADNe aux conditions de transport et
d’entreposage vient aussi complexifier leur gestion. De plus, la contamination externe et

les mélanges d'ADN posent des défis supplémentaires dans I'analyse de 'ADNe [39, 40].

Par ailleurs, bien que les techniques moléculaires permettent une détection rapide des
espéces cibles ou une caractérisation approfondie de la biodiversité a partir de petits
échantillons, elles nécessitent des investissements significatifs en temps et en
ressources analytiques [36]. Des méthodes émergentes de séquengage exempt de PCR,
telles que le séquengage aléatoire de type shotgun, I'enrichissement mitochondrial et
I'enrichissement génique, sont prometteuses, mais demeurent peu adoptées pour
I'analyse de I'ADNe qui favorise plutét les approches de metabarcoding en raison de leur
colt éleve et des ressources substantielles requises pour le séquencgage et I'analyse [36].
Ces techniques nécessitent aussi des traitements en laboratoire plus approfondis, ce qui

augmente encore les colts associés a ces analyses.

Les programmes de recherche utilisant I'ADNe et les programmes de surveillance
traditionnels se distinguent par leur méthode d'échantillonnage, le type d'information
qu'ils fournissent, leurs applications et leurs limites (Tableau 1). La combinaison des
techniques de surveillance conventionnelles avec l'approche innovante de I'ADNe
constitue un outil indispensable, non seulement pour évaluer I'impact anthropique sur les
écosystemes marins, mais aussi pour guider les politiques de gestion et de conservation

des ressources maritimes.



Tableau 1 : Principales différences entre les programmes de recherche utilisant 'ADN
environnemental (ADNe) et les programmes de surveillance traditionnels.

Méthodes
d’échantillonnage

Programmes de

surveillance traditionnels

Observation directe des espéces ou
collecte des echantillons spécifiques.

Programmes de surveillance
avec I'ADN environnemental

Collecte des échantillons d’eau, d’air ou de sol et
analyse de I'ADN présent.

Type
d'informations

Informations sur des espéces spécifiques et sur
I'impact des activités humaines.

Informations sur les écosystémes aquatiques ou
difficiles d'acceés, sur la biodiversité, y compris les
espéces rares ou difficiles a observer et sur

I'impact des activités humaines

Technologie en développement, nécessité
d'équipements et de procédures spécialises,

Méthodes moins sensibles a la détection de . , . .
complexité de I'analyse, contamination possible

Limites certaines espéces, peuvent étre colteuses et de 'ADN, influence des conditions
chronophages. . :
environnementales, gestion du transport et de
I'entreposage des échantillons.
Peuvent étre perturbateurs pour les
Impact sur

écosystémes, surtout s'il y a capture ou Minimalement invasifs.

I’environnement . . T
manipulation d'espéces.

1.4 Espéces sentinelles des milieux marins

La surveillance des écosystémes marins, face aux pressions environnementales et
anthropiques croissantes, s'appuie sur des programmes de recherche dédiés a I'étude
des espéces sentinelles. Les especes sentinelles agissent comme un baromeétre des
changements écologiques, révélant soit la détérioration soit I'amélioration de I'état d'un
ecosysteme [41, 42]. Elles refletent également les effets cumulatifs de ces polluants sur
un systéme biologique vivant. De plus, certains polluants peuvent s'accumuler dans les
organismes vivants a des niveaux beaucoup plus élevés que dans l'environnement
immédiat. Dans le contexte de biomarqueurs prédictifs et sensibles, on note également
gu’elles peuvent montrer des réponses biologiques (comme des changements dans les
taux de reproduction ou dans le comportement) qui signalent des problémes avant que
des niveaux dangereux de pollution soient atteints. Dans le cadre de ce projet, une

espéece sentinelle est caractérisée par 1) sa sensibilité aux perturbations, 2) son réle



crucial dans I'écosystéme, et 3) sa capacité a fournir des données concretes sur la santé
environnementale a I'aide de biomarqueurs spécifiques.

Dans les milieux marins, les oiseaux marins, les poissons pélagiques, ainsi que les
mammiféres marins sont souvent désignés comme sentinelles en raison de leur
sensibilité aux changements environnementaux, leur large répartition géographique, leur
facilité d'observation et leur role important dans les écosystemes [43]. Le suivi de
I'accumulation de contaminants chez ces espéces, tels que les retardateurs de flammes,

pesticides et métaux lourds, permet d'évaluer I'ampleur de la pollution marine [44, 45].

Les bivalves, tels que les moules et les myes, sont également privilégiés en tant
qu'indicateurs d'intégrité des écosystémes cotiers [42, 46]. Leur présence quasi
ubiquitaire, leur nature sessile, ainsi que leur capacité de filtration en font des bio-
accumulateurs efficaces de xénobiotiques et d'autres polluants biologiques et chimiques,
ce qui en fait d'excellents modeles pour I'écotoxicologie. Par ailleurs, la sensibilité de leur
systéme immunitaire aux changements environnementaux, tels que la température, la
salinité et 'acidification des océans, en fait des indicateurs sensibles de I'état de santé
de leur habitat [18, 47, 48]. Au-dela de la surveillance de la pollution marine, I'étude des
bivalves offre des informations sur la complexité et la résilience des écosystémes marins,
enrichissant notre compréhension des mécanismes d'adaptation et de survie des

communautés marines face aux défis écologiques.

2. La moule bleue

La moule bleue (Mytilus edulis) [49], ou moule commune, est 'espéce sentinelle la plus
etudiée et la plus utilisée pour le suivi de I'état de santé des écosystemes marins cotiers.
Elle représente I'espece phare du genre Mytilus. Elle partage ce genre avec d'autres
espéces étroitement apparentées, telles que Mytilus galloprovincialis [50], Mytilus
trossulus [51], Mytilus californianus [52] ou encore Mytilus platensis [53]. Ces espéces
présentent des similitudes marquées et peuvent s'hybrider, complexifiant ainsi leur
classification [54, 55].
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2.1 Anatomie et physiologie

La moule se caractérise par sa coquille bivalve, constituée de deux valves symétriques
unies par un ligament élastique. Cette coquille est formée d'une couche externe calcaire
robuste et d'une couche interne nacrée, riche en aragonite [56]. L'intérieur abrite des
organes vitaux recouverts par le manteau, responsable de la sécrétion de la coquille [57].
Le systéme nerveux est dispersé en plusieurs ganglions, optimisant la réponse
sensorielle [58]. Le pied est un organe musculaire, soutenu par des filaments de byssus,
qui assure l'adhérence au substrat [59]. Les muscles adducteurs permettent la fermeture

de la coquille pour protéger I'organisme contre les prédateurs [57, 60].

Sur le plan reproductif, la moule bleue est caractérisée par un systéme dioique, ou la
ponte et la fécondation se déroulent dans la colonne d’eau [61]. Aprés la fécondation, les
larves planctoniques se développent, puis se fixent au substrat, entamant leur
métamorphose en moules adultes. Des études ont également mis en évidence des
phénomeénes d'hermaphrodisme pouvant étre simultané — production de gameétes males
et femelles par le méme individu — ou séquentiel — capacité de changer de sexe au cours
de la vie [62]. Ceci vient souligner la complexité et la flexibilité des stratégies

reproductives de cet organisme.
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Figure 4. Anatomie générale de la moule bleue. A) Vue latérale de la moule et B) une vue ventrale aprés
la découpe des muscles adducteurs et I'ouverture forcée des valves. Modifiée de Delahaut et al. (2012) et de
Zenz (2006).
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La moule bleue est également un organisme filtreur efficace. Sa capacité a filtrer I'eau
varie en fonction de plusieurs facteurs tels que la taille, la disponibilité de nourriture, la
qualité de l'eau et son état de santé, avec une capacité estimée entre 1,8 et 2,4 litres
d'eau par heure [63, 64]. Ses branchies se composent de filaments délicats couverts de
cils vibratiles [65]. Ces cils générent un courant d'eau qui passe a travers les branchies,
facilitant ainsi I'aspiration de I'eau par le siphon inhalant [63, 65]. Une fois dans les
branchies, I'eau est filtrée, permettant I'extraction de I'oxygeéne et la capture de particules
organiques, ainsi que de bactéries. L'eau filtrée est par la suite rejetée via le siphon
exhalant. Les particules alimentaires capturées sont alors acheminées vers le systéeme
digestif, constitué d'une bouche, d'un cesophage, d'un estomac, d'un intestin et d'une
glande digestive, ou elles seront ingérées et métabolisées [57].

Le systéme circulatoire de la moule est semi-ouvert, ou I'némolymphe, transportée par le
ceeur, circule librement parmi les tissus, facilitant le transfert de I'oxygéne, des nutriments
et des déchets [66]. Les hémocytes, cellules immunitaires présentes dans I'hémolymphe,
forment la premiere ligne de défense immunologique de la moule [67].

Les hémocytes se classent en deux catégories principales : les granulocytes et les
hyalinocytes (Figure 5) [66, 68]. Les granulocytes, qui constituent la majorité des cellules
immunitaires chez la moule, se classent en deux catégories principales : les éosinophiles
et les basophiles. Les éosinophiles ont une activité plus élevée dans la phagocytose et
l'activité oxydative que les basophiles suggérant une plus grande réactivité sur le plan
immunitaire. Les basophiles sont impliqués dans les interactions dynamiques entre les
hémocytes et dans la constitution des noyaux d'agrégation [69]. Les hyalinocytes, bien
gue moins actifs dans la phagocytose et la production des espéces réactives de |'oxygéne
(ROS), contribuent significativement a la défense immunitaire en produisant des
protéines associées a la voie de signalisation Wnt (Wingless-related integration site).
Cette fonction est particulierement essentielle dans les contextes infectieux, ou ces
cellules jouent un rdle adaptatif face aux parasites et manifestent une plus grande
sensibilité aux dommages génotoxiques. Ces mécanismes diversifiés illustrent les
différentes stratégies du systeme immunitaire inné des moules bleues dans la défense

contre les infections et les maladies.
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Hyalinocytes Eosinophiles Basophiles
L) y L)
o] b () S
st
Nombreuses  Nombreuses
Granules Peu ou pas (0.5-1.5 ym) (0.2-0.3 pm)
Diameétre de la cellule 4-9 ym 7-12 pm 7-10 pm
Phagocytose + e+ ++
ROS production + +++ ++
Apoptose + +++ +H+
Principales voies Voie de Voies MAPK,  Voies MAPK,
immunitaires signalisation Wnt Ras et NF-kB Ras et NF-kB

Granulocytes

Figure 5. Principaux hémocytes chez la moule bleue (Mytilus spp.) et leurs caractéristiques.
Adaptée de De la Ballina et al. (2022) et de Cheng (1984).

2.2 Roéle dans les écosystémes marins cotiers

La moule assume des fonctions écologiques et économiques cruciales au sein des
écosystemes cotiers marins (Figure 6). Agissant en tant que bio-ingénieurs, ces
mollusques influencent de maniére significative la structure et la fonction des habitats
marins [70, 71]. Par I'excrétion de bio-dépbts, composés de féces et de pseudoféeces
(particules alimentaires non-digérées), les moules enrichissent les sédiments en
nutriments essentiels tels que I'azote, le phosphore et la silice [72]. Cette augmentation
en nutriments bénéficie aux détritivores et a d'autres organismes benthiques qui
constituent une ressource alimentaire clé pour une variété d'especes marines [73].

En outre, les moules contribuent a la stabilité des fonds marins et a la lutte contre I'érosion
[74]. En s'accrochant fermement aux substrats et en formant des agrégats denses, elles
modérent l'impact physique des vagues, protégeant ainsi les littoraux de I'érosion en
dissipant I'énergie des vagues et en réduisant le transport de sédiments. Les structures
complexes créées par les bancs de moules offrent également des niches écologiques

pour une diversité d'espéces, incluant algues, invertébrés et poissons. Les coquilles des
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moules, qu'elles soient vides ou non, servent de support pour une multitude d'organismes

filtreurs et non-filtreurs.

La capacité de la moule bleue a filtrer les nutriments et la matiére organique de I'eau joue
un role prépondérant dans la clarification de I'eau, augmentant ainsi la pénétration de la
lumiére et favorisant la prolifération de végétaux et de bactéries phototrophes [71]. Ce
processus transforme les habitats aquatiques en systémes riches et productifs,
améliorant la qualité de I'eau, augmentant la biodiversité et soutenant la productivité des

zones cotiéres.

Erosion
des cotes

Vélocité
du courant

Dissipation
de I’énergie
des vagues

La moule comme
bio-ingénieur

Surface de
fixation aux
organismes

Complexité
des habitats

organismes

("'l ')

Figure 6. Le role de la moule comme bio-ingénieur dans les écosystémes marins et cétiers.
Les bulles vertes et rouges représentent les principaux effets biotiques et abiotiques respectivement.
Image générée avec I'aide de I'intelligence artificielle.
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2.3 Role dans la diete

La moule occupe une position cruciale au sein de la chaine alimentaire marine,
établissant un pont entre les producteurs primaires, tels que les microalgues et les
particules organiques, et les consommateurs de niveau supérieur, incluant de nombreux
carnivores marins [75, 76]. Sa présence est vitale pour le transfert d'énergie et de
nutriments a travers I'écosystéme, servant de ressource alimentaire pour une variété
d'espéces, notamment les poissons de fond, les étoiles de mer, les crabes et les oiseaux

marins (Figure 7).
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Figure 7. Réseau alimentaire marin généralisé avec des liens représentant les liens trophiques.
Modifiée de Llewellyn et al. (2006).

Dans le secteur halieutique, les bivalves jouent également un rbéle économique non
négligeable. Selon les données de I'organisation des nations unies pour I'alimentation et

lagriculture (FAO), les bivalves constituent environ 15 % de la production aquacole
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mondiale, représentant plus de 17 millions de tonnes annuellement [77]. La famille des

Mytilidae, incluant la moule bleue, figurent parmi les espéces les plus cultivées.

Au-dela de leur importance économique, les bivalves occupent une place significative
dans les régimes alimentaires traditionnels des communautés inuites de I'Arctique [78].
Les études analysant les contenus en lipides et contaminants des bivalves consommés
par ces communautés sont rares et ponctuelles, mais elles soulignent I'importance de
surveiller ces aspects pour la santé publique, particulierement avec l'impact actuel et
prévu du changement climatique sur les pathogénes entériques dans I'Arctique canadien.
[79-81].

Les fluctuations dans les populations de moules peuvent avoir des répercussions
significatives sur la chaine alimentaire, affectant directement la croissance et la survie
des espéces dépendantes. Elles jouent un role de premier plan dans la régulation des
populations d'algues, le transfert d'énergie et le maintien de I'équilibre écologique. La
moule bleue s'érige donc en acteur indispensable de la santé et de la diversité des
écosystemes marins cétiers, soulignant l'importance de sa conservation pour I'équilibre

écologique et le bien-étre économique des communautés cotiéres.

2.4 Réle dans les études fondamentales

Les bivalves, y compris les moules, sont au coeur de recherches fondamentales dans
divers champs de recherche, notamment en immunologie [82] (Figure 8). Ces
organismes servent de modeles précieux pour [l'étude de [limmunité innée,
particuliérement en ce qui concerne les mécanismes de défense des muqueuses [83-85].
Chez les vertébrés et les invertébrés, l'adhésion des pathogenes aux surfaces
muqueuses constitue souvent le prélude a l'infection.

En filtrant I'eau, les bivalves exposent leurs branchies et autres organes palliaux, tels que
le manteau et les palpes labiaux, aux agents pathogénes aquatiques, faisant de la cavité
palliale un point d'entrée et une barriere essentielle contre les agents pathogenes [86,
87]. Le mucus qui recouvre les surfaces palliales et les hémocytes présents jouent un

réle crucial dans I'immunité et I'noméostasie [82, 85]. Outre son role de barriére physique,
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le mucus est riche en molécules actives dans les interactions héte-microbe, incluant des
lectines spécifiques au galactose et au mannose, des protéines a domaine C1q, et des

agents antimicrobiens comme la défensine et le lysozyme [83].

Mécanismes
oncogéniques

Peptides
antimicrobiens

Microbiome
bactérien

-

Immunité
mucosale

Toxicologie

Biomatériaux ?;)(ﬁ =
Isolation
virale

Figure 8. Les bivalves comme modéles pertinents pour la santé humaine. Les bivalves servent de
modeles directs pour des enjeux de santé humaine tels que I'immunité mucosale, la régulation du microbiome
ou encore la production de peptides antimicrobiens. En tant que filtreurs, les bivalves jouent un réle dans la
détoxification lors des proliférations d'algues toxiques et peuvent accumuler virus et microplastiques. La
biominéralisation de leur coquille présente des similitudes avec la formation osseuse et I'étude de cancers
contagieux chez ces organismes éclaire certains processus oncogénes. Image générée avec laide de
l'intelligence artificielle.
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L'expression de certaines de ces protéines est influencée par des facteurs
environnementaux. Par exemple, une augmentation des niveaux de lectines dans le
mucus a été observée chez les huitres et les moules soumises a des défis bactériens
[88, 89]. L'étude de la diversité fonctionnelle des molécules immunitaires associées aux
muqueuses chez les bivalves offre une opportunité unique d’explorer les interactions
complexes entre microorganismes mutualistes, commensaux et pathogénes et de mieux

comprendre les mécanismes de défense innée essentiels a la santé animale.

Parallelement, en lien avec le systeme immunitaire inné des bivalves, les peptides
antimicrobiens (PAM) se révelent étre une alternative prometteuse aux antibiotiques
conventionnels dans le traitement des maladies humaines et animales [90-93]. Malgré
leur large spectre d'action contre les souches bactériennes pathogenes résistantes aux
antibiotiques traditionnels, peu de PAM ont atteint les phases Il et 1l des essais cliniques,
principalement a cause des variations environnementales affectant leur efficacité, comme
le pH, la méconnaissance de leur mécanisme d'action et leur courte demi-vie in vivo
diminuant potentiellement leur efficacité en tant qu'antibiotiques [82, 94].

En plus des PAM, le systéme immunitaire des bivalves produit d'autres substances aux
promesses biotechnologiques importantes, notamment les cytokines [82, 93]. Ces petites
glycoprotéines, essentielles pour une réponse immunitaire rapide et efficace méme a
faible concentration, présentent un grand potentiel d'applications biotechnologiques,
marquant l'importance des bivalves dans la recherche avancée pour la santé humaine et
la sécurité alimentaire.

En outre, d’autres applications biotechnologiques s’inspirent des protéines modifiées
issues des mollusques telles que la ziconotide, un peptide dérivé de I'escargot cone et
commercialisé sous le nom de Prialt comme médicament pour la thérapie de la douleur
chronique, une "colle médicale" inspirée des protéines adhésives byssales des moules
ou encore des lectines artificielles se liant aux cellules cancéreuses des bivalves qui
pourraient trouver une application en tant qu'outils diagnostiques ou thérapeutiques [82,
95-971].
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Les bivalves se distinguent €également comme modéles pour I'analyse de I'écologie et de
I'évolution des interactions hote-microbe [82, 98, 99]. Le microbiome peut moduler la
réponse immunitaire de I'héte et influencer les manifestations des maladies. La dysbiose,
particulierement en milieu marin et en aquaculture, est souvent liee a des épisodes
accrus de mortalité et de pathologies [100]. En tant que filtres naturels, les bivalves jouent
un réle important dans la régulation des pathogénes aquatiques, soit en réduisant leur
concentration dans l'eau, soit en les concentrant dans leurs tissus, ou certains peuvent
survivre et parfois proliférer [101]. De plus, leur association avec une variété de micro-
organismes symbiotiques joue un réle clé dans leur aptitude a résister aux contaminants
biologiques et chimiques, minimisant ainsi I'accumulation de substances nocives dans
leurs organes [82]. Ainsi, la présence d'une communauté microbienne diversifiée et bien
adaptée est vitale pour leur bien-étre et leur permet de s'ajuster aux changements de leur
environnement. Ces capacités font des bivalves un modéle d'étude pour comprendre les
interactions microbiennes fondamentales, surtout dans le cadre de la résilience aux

changements environnementaux, de la santé humaine et de la sécurité alimentaire.

Par ailleurs, les bivalves s'averent étre des modeéles de recherche particulierement
pertinents pour approfondir notre compréhension des réponses immunitaires associées
a lI'exposition aux toxines [82, 102]. Les bivalves présentent une tolérance notable aux
phycotoxines, ayant la capacité d'accumuler ces substances en grande quantité. Lorsque
les toxines ne sont pas rapidement éliminées en tant que pseudoféces, elles
s'accumulent dans la glande digestive, ou elles compromettent le systeme immunitaire
en provoquant inflammation et dysfonction immunitaire, avec un impact direct sur les
hémocytes [103, 104]. Cependant, la capacité des bivalves a bioaccumuler ces toxines
tout en résistant a leurs effets sublétaux démontre leur valeur en tant que modéles pour
'analyse du métabolisme des toxines [82]. Cette résilience comprend la capacité de
modifier et de détoxifier les toxines, les transformant en molécules moins nocives via des
processus chimiques et enzymatiques complexes [105]. Les bivalves constituent des
outils potentiels pour le développement de bioindicateurs ou de marqueurs cellulaires

destinés a la surveillance de I'environnement et a la sécurité alimentaire.

19



Les bivalves se révelent étre des sujets d'étude pertinents dans la recherche oncologique,
notamment en raison de la néoplasie disséminée. Cette affection, analogue a la
leucémie, se caractérise par une propagation cancéreuse a travers I'hémolymphe et les
tissus des bivalves, entrainant la mort de I'organisme [106]. Observée chez au moins 15
espéces de bivalves, cette maladie se caractérise par une prolifération cellulaire d'origine
probablement hématocytaire [22, 82, 107]. De maniére notable, chez certaines espéces
telles que Mya arenaria, Mytilus trossulus, Cerastoderma edule et Polititapes aureus, le
cancer a été identifie comme clonal et transmissible horizontalement, agissant comme
une allogreffe naturelle qui se transmet d'un individu a I'autre [22, 108]. Cette transmission
horizontale de cellules cancéreuses représente un phénomeéne rare et le premier
documenté chez des organismes marins, qui jusqu'alors avait été observé uniquement
chez les diables de Tasmanie et les chiens [109]. Ces cancers transmissibles
horizontalement illustrent des cas de métastases ou le cancer non seulement survit a son
hote, mais continue aussi d'évoluer en infectant de nouveaux hbétes. La néoplasie
transmissible chez les bivalves constitue ainsi un modéle de recherche innovant pour
examiner des aspects cruciaux de l'oncogenése, comme ['évolution du cancer, la
meétastase et l'influence des éléments transposables sur le développement tumoral, tout
en explorant les stratégies de défense de I'héte contre la propagation du cancer [82, 110].
De plus, il a été observé que sous stress thermique, les hémocytes infectés circulant chez
les moules peuvent quitter 'hémolymphe, étre expulsés dans I'eau de mer, et ensuite étre
capturés par d'autres bivalves. Cette observation illustre une dimension supplémentaire
de la dynamique de la maladie, mettant en lumiére la propagation interindividuelle des
pathogénes au sein de populations de bivalves [110]. Cette transmission entre individus
véhiculée par les hémocytes renforce l'intérét pour les mécanismes biologiques

complexes chez les bivalves.

En plus de leur intérét dans les études d'immunologie et de toxicologie, les bivalves jouent
un role significatif dans d'autres secteurs de la recherche médicale, notamment dans
I'étude des processus biologiques fondamentaux. La formation de I'exosquelette des
bivalves, par exemple, est un sujet d'étude pertinent en recherche médicale, servant de
modele pour la formation et la réparation osseuses [82]. Ce processus implique des

cellules épithéliales spécialisées situées a la surface dorsale du manteau, responsables
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de la sécrétion du fluide extrapalléal composé de protéines, polysaccharides,
glycoprotéines et lipides [111]. La diversité de la complexité et des motifs de la coquille
fait des bivalves un organisme modéle idéal pour étudier ['évolution de la
biominéralisation et pour ['utilisation de la couche interne nacrée de la coquille comme

biomatériau pour des applications orthopédiques.

2.5 Biomarqueurs traditionnels

Outre leur importance dans la recherche fondamentale, les moules jouent un rdle crucial
en tant qu'espéces sentinelles dans la surveillance des milieux aquatiques [46, 112, 113].
En utilisant des biomarqueurs spécifiques, les moules permettent de détecter rapidement
les menaces potentielles et de répondre efficacement, contribuant ainsi a la préservation

de l'intégrité écologique et au développement de stratégies de conservation adaptées.

Les biomarqueurs en écologie moléculaire jouent un rble fondamental dans la
compréhension des réponses biologiques des organismes face a leur environnement,
notamment en ce qui concerne l'exposition aux polluants [114]. La classification des
biomarqueurs varie en fonction du contexte d'application, des objectifs de recherche et
des techniques d'analyse utilisées. Par exemple, dans le domaine de la recherche
biomédicale, le cadre des Biomarkers, EndpointS, and other Tools (BEST), élaboré par
la Food and Drug Administration (FDA) et les National Institutes of Health (NIH), identifie
sept catégories distinctes de biomarqueurs (Figure 9). Ces catégories facilitent une
compréhension plus structurée et ciblée des indicateurs biologiques pertinents pour les
évaluations cliniques et les interventions thérapeutiques.

En écologie environnementale, notamment chez les études sur la moule, on distingue
trois types principaux de biomarqueurs: les biomarqueurs d'exposition, qui indiquent la
présence ou la concentration d'un contaminant, de son métabolite ou de son produit
d’interaction dans l'organisme ou son environnement; les biomarqueurs d'effet, indiquant
les répercussions biochimiques ou physiologiques résultant de I'exposition a un agent de
stress environnemental; et les biomarqueurs de susceptibilité, qui identifient la
vulnérabilité spécifique d'un organisme face a un contaminant ou un xénobiotique [115,
116].
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Biomarqueurs de suivi:
Détectent un changement dans
le degré ou I'étendue de la
maladie. Indiquent aussi une
toxicité ou évaluent la sécurité.

Biomarqueurs de
susceptibilité/risque :
Indiquent le risque de
développer une maladie ou la
sensibilité a une exposition.

Biomarqueurs
diagnostiques:
Identifient les individus
atteints de la maladie ou
d'un sous-ensemble de la
maladie qui nous intéresse.

Catégories de
biomarqueurs
dans le domaine
clinique

Ppao |

=R

Biomarqueurs de
réponse pharmacologique:
Indiquent qu'une réponse
biologique s'est produite

Biomarqueurs
pronostiques:
Identifient la probabilité
d'un événement clinique,
d'une récidive ou d'une

progression de la maladie. 1 chez un individu.
ﬁ
Biomarqueurs Biomarqueurs prédictifs:
de sécurité: Identifient les individus susceptibles de
Indiquent la présence ou présenter un effet favorable/
I'étendue de la toxicité liée a défavorable suite a une exposition ou
I'exposition ou a l'intervention. une intervention spécifique.

Figure 9. Les sept catégories de biomarqueurs dans la recherche clinique. Classification des
biomarqueurs en fonction de leur principale application clinique et de leurs objectifs. Adaptée de
Division of Pharmacy Professional Development et Garcia-Gutiérrez et al. (2020).

Les biomarqueurs d'exposition, principalement analysés par des méthodes biochimiques,
permettent la détection de contaminants métalliques tels que le cadmium et le mercure,
qui nuisent au systéme nerveux et au développement des moules [117, 118]. Ces
biomarqueurs permettent également d'identifier d'autres substances toxiques, comme les
hydrocarbures aromatiques polycycliques et les perturbateurs endocriniens, ainsi que
leurs métabolites, susceptibles de s'accumuler dans la chaine alimentaire [119]. Bien que
leur mesure soit relativement simple, ces biomarqueurs ne fournissent pas d'informations
sur les effets réels des contaminants sur les organismes et peuvent étre influencés par

d'autres facteurs, tels que le métabolisme des moules [119, 120].
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Les biomarqueurs d'effet, quant a eux, fournissent des indications sur les changements
biochimiques ou physiologiques qui surviennent suite a I'exposition a des polluants [116].
Ceci inclut les modifications dans l'activité enzymatique, telles que celles de
I'acétylcholinestérase ou du cytochrome P450, ainsi que I'augmentation des marqueurs
de stress oxydatif, qui peuvent indiquer une exposition a des neurotoxines ou a des
substances génératrices de radicaux libres [121, 122]. Les anomalies morphologiques et
les dommages a I'ADN peuvent également servir d'indicateurs d'exposition a des agents
génotoxiques [116, 122].

Les biomarqueurs de susceptibilité offrent un apergu sur l'influence de la génétique
individuelle, notamment a travers des polymorphismes génétiques spécifiques, et leur
interaction avec l'exposition aux xénobiotiques, jouant un rdéle déterminant dans les
facteurs de risque liés a différentes pathologies [116]. Des études antérieures ont révélé
que I'exposition des moules a des métaux lourds peut entrainer un polymorphisme des
allozymes [123, 124]. Toutefois, il est important de noter que la diversité allélique au sein
des populations de moules peut étre affectée par une multitude de facteurs biotiques et

abiotiques environnementaux [123].

Bien que les biomarqueurs d'effet et de susceptibilité soient sensibles et pertinents pour
évaluer divers types de stress environnementaux, leur utilisation est limitée par la
difficulté a obtenir une image compléte de I'état de santé des moules et de leur
écosysteme [125]. Les variations interindividuelles et I'influence de facteurs non polluants
nécessitent I'analyse de nombreux échantillons pour obtenir des résultats significatifs
[119, 125]. Cette complexité souligne l'importance de développer et de valider de
nouveaux biomarqueurs plus spécifiques et sensibles, capables de fournir des indications
précises sur l'impact environnemental et d'améliorer notre capacité a protéger les

écosystemes marins [116, 126].
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2.6 Les nouveaux biomarqueurs
Les progrés dans le domaine biomédical, notamment en matiére de développement de
biomarqueurs sensibles et prédictifs, inspirent I'établissement de nouveaux biomarqueurs
en écologie [127-129]. Comparativement aux biomarqueurs traditionnels, I'utilisation de
ces nouveaux biomarqueurs dans un contexte multi-omique en écologie peut apporter
une perspective enrichie sur limpact des contaminants sur les moules et leur
(Tableau 2) [128, 130].

épigénétiques, transcriptomiques, protéomiques,

environnement L'intégration d'analyses génomiques,
et métabolomiques permet une
exploration approfondie des mécanismes moléculaires et de leurs actions spécifiques,
conduisant a une détection plus précoce et sensible des effets néfastes liés a I'exposition

aux polluants [126, 130, 131].

Tableau 2: Principales différences entre les biomarqueurs traditionnels et les

nouveaux biomarqueurs.

Biomarqueurs traditionnels

Nouveaux biomarqueurs

Mesures de bioaccumulation de polluants
Type de organiques et inorganiques, des enzymes de Profils d'expression génique, modifications
bi y détoxication, des niveaux de stress oxydatif, des | épigénétiques, séquences d’ADN, d'ARN, de
SOLNALG RIS anomalies morphologiques et des indicateurs de | protéines et/ou de métabolites spécifiques.
dommages a 'ADN
. Méthodes biochimiques et physiologiques Seéquencgage de nouvelle génération (NGS),
Techniques . ’ " . i L
d’analvses classiques (ex: spectrophotométrie, tests analyses transcriptomiques, protéomiques et/ou
y enzymatiques). métabolomique.
+ Grande spécificité pour des stress
» Méthodes standardisées pour leur mesure; environnementaux et detection possible & des
« Protocoles et equipements accessibles; niveaux trés bas de contaminants;
I e « Utilisation plus viable dans des projets avec Informations sur les effets des polluants, les
g des budgets limités; mécanismes de toxicité et la santé générale de
+ Informations directes sur certains types de l'organisme;
stress environnementaux. Potentiel de découverte de nouveaux
biomarqueurs de stress environnemental.
. Sgemfl_ques a un type particulier de plo‘lluant; - Grande quantité de données complexes
Détection des effets des polluants qu'a des & analvser-
concentrations relativement élevées; : analyser, b
. - + Equipements spécialisés;
. + Influencées par des facteurs abiotiques et i S N
Limites biotiques Compétences en bio-informatique;
ques ) X « Limitation de la comparabilité¢ des résultats
* Ne fournissent pas une image compléte des e X
. . . A entre différentes études par la non-
impacts biologiques ou des mécanismes N ; .
Lo o standardisation de certaines méthodes.
d'action spécifiques.
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Par exemple, I'étude du transcriptome, en tant que biomarqueur émergent, permet une
analyse approfondie de I'expression génique et d’identifier des voies de signalisation et
de processus biologiques affectés par les contaminants [132, 133]. Cette approche
contribue a l'identification de génes exprimés de maniére différentielle, facilitant le ciblage
de nouveaux biomarqueurs pour l'exposition et la toxicité. Les microARN (miARN), qui
sont de courtes séquences d'ARN impliquées dans la régulation génique, constituent un
autre exemple de nouveau biomarqueur. Leur modulation en réponse a différents stress
environnementaux les identifie comme des indicateurs utiles des effets des contaminants

sur les organismes [134, 135].

Par ailleurs, l'analyse de la méthylation de I'ADN constitue une nouvelle méthode
d’intérét. Les modifications dans la méthylation de I'ADN ou des histones, qui influencent
I'expression des génes et les fonctions cellulaires sans modifier la séquence d'ADN, sont
considérées comme des indicateurs précoces de stress environnemental [136, 137].
Historiquement, I'étude de la méthylation de I'ADN présentait des défis dus a la
complexité des méthodes requises qui impliquaient souvent des traitements chimiques
de I'ADN pour détecter ces modifications [138]. Cependant, avec I'émergence et
I'amélioration des technologies de séquengage de nouvelle génération (NGS), I'analyse
de la méthylation de I'ADN est devenue plus accessible. Le séquencgage par NGS peut
révéler des motifs de méthylation a travers le génome entier avec une précision au niveau
de chaque base [138]. En outre, I'utilisation de la technologie de séquencage Nanopore
représente un progres notable dans les méthodes d'analyse de la méthylation de I'ADN
[139]. Cette technologie permet I'observation en temps réel des modifications de
méthylation sur les cytosines en position 5' et les adénines, facilitant une détection rapide

et efficace des réponses cellulaires aux contaminants [137, 139].

Malgré leur potentiel pour améliorer la spécificité, la sensibilité et la compréhension des
mécanismes moléculaires dans les réactions des organismes, I'utilisation de nouveaux
biomarqueurs est parfois contrainte par des colts élevés de séquencage et une
complexité dans linterprétation des données [140, 141]. Ces limitations rendent les
biomarqueurs traditionnels plus appropriés pour certains projets, notamment ceux avec

des restrictions budgétaires ou des analyses plus ciblées. Le choix entre I'emploi de
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biomarqueurs traditionnels ou de nouvelles approches doit étre déterminé par les
objectifs spécifiques de la recherche, les ressources disponibles et le type d'informations
visées. Il est important de noter que le développement et I'amélioration des biomarqueurs
constituent un effort en continu [142, 143]. L'intégration de biomarqueurs innovants
enrichit notre compréhension des effets des contaminants sur les écosystemes marins et
leurs indicateurs biologiques, ce qui soutient la prise de décisions éclairées pour la
préservation des milieux aquatiques. Cette progression vers I'utilisation de nouveaux
biomarqueurs facilite une surveillance environnementale plus compléte, contribuant

efficacement a la gestion et a la protection des écosystémes marins.

2.7 Défis actuels de l'usage des moules comme bioindicateurs

Bien que les moules soient largement utilisées pour la surveillance environnementale des
milieux aquatiques, leur application rencontre plusieurs défis notables. La variabilité
geénétique et physiologique, tant au sein d'une espéce qu'entre différentes espéces, peut
affecter leur réactivité aux contaminants [122]. Cette diversité biologique exige une
standardisation des méthodes d'échantillonnage et d'analyse afin de garantir la
comparabilité des données obtenues [46]. En outre, malgré la capacité des moules a
bioaccumuler des contaminants, ['établissement d'une corrélation directe entre
I'exposition aux contaminants et les effets sur leur santé nécessite souvent des études
complémentaires [46]. Les facteurs environnementaux abiotiques, tels que la
température et le pH, ainsi que les facteurs biotiques, comme la disponibilité des
nutriments, peuvent influencer les réponses biologiques des moules, rendant
l'interprétation des données de biomarqueurs plus complexe [144]. De plus, la collecte,
le transport et I'analyse des échantillons de moules représentent des processus colteux
et logistiquement exigeants, surtout pour les zones reculées ou difficiles d'acces telles
que les régions polaires [145]. Enfin, la dépendance aux biomarqueurs traditionnels limite
souvent l'identification précise des causes sous-jacentes des modifications observées
sans le recours a des analyses supplémentaires [125]. L'adoption de normes uniformes
pour la collecte, la conservation et l'analyse des échantillons, notamment pour les
nouveaux biomarqueurs, est cruciale pour assurer la fiabilité et la comparabilité des

résultats [125, 144]. Pour adresser ces enjeux, les chercheurs s'emploient a développer
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de nouvelles méthodes et a affiner les protocoles existants, dans le but d'améliorer la

précision et I'efficacité de la surveillance environnementale par l'utilisation des moules.

Transitionnant de I'écologie a la médecine, I'amélioration des techniques de surveillance
et de diagnostic est également une priorité dans le domaine médical, ou des avancées
majeures sont réalisées pour minimiser l'invasivité et maximiser la précision et I'efficacité

du diagnostic.

3. La biopsie liquide

La biopsie liquide est une avancée majeure dans le domaine du diagnostic médical,
offrant une approche non invasive pour la détection et l'analyse de biomarqueurs
tumoraux, ainsi que d'autres données génétiques essentielles a partir de fluides
corporels, avec une prédominance pour le sang [146-148]. Cette technique contraste
avec les biopsies tissulaires traditionnelles, qui, bien qu'essentielles pour obtenir des
informations génétiques et histopathologiques sur les tumeurs, sont plus invasives et ne
permettent pas de suivi continu [148, 149]. Les biopsies liquides, en revanche, permettent
une évaluation rapide et réguliere du stade et de la progression du cancer, favorisant
I'ajustement des traitements personnalisés et améliorant ainsi potentiellement les
chances de survie des patients. Leur caractére répétable facilite le suivi dynamique de
I'évolution de la maladie, représentant une amélioration notable en termes de risque, colt
et facilité d’exécution (Figure 10) [147-149].
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Figure 10. Comparaison entre la biopsie liquide et la biopsie traditionnelle des tissus en oncologie.
Adaptée de Adhit et al. (2023).

3.1 Emergence et évolution de la biopsie liquide

La biopsie liquide repose sur l'identification de divers composants biologiques présents
dans les fluides corporels tels que le sang, l'urine ou le liquide céphalo-rachidien, pour
détecter et surveiller des pathologies. Ces composants incluent principalement I'ADN
libre circulant (ccfDNA), qui est de 'ADN extracellulaire résultant de la nécrose ou de
I'apoptose cellulaire et de la sécrétion de vésicules extracellulaires. Un autre composant
essentiel est 'ADN tumoral circulant (ctDNA), de '’'ADN spécifique aux tumeurs provenant
directement des cellules cancéreuses. D'autres composants, tels que I'ARN circulant, les
cellules tumorales circulantes (CTC) et les exosomes, sont également détectés et jouent

un rble clé dans I'évaluation de I'état et de la progression des cancers (Figure 11) [146,
148-150].
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Figure 11. Schéma représentant les principaux composants de la biopsie liquide a partir du sang.
La biopsie liquide prélevée a partir du sang périphérique contient différents matériaux associés aux tumeurs
tels que les cellules tumorales (CTC), de 'ADN tumoral circulant (ctDNA), des exosomes, ainsi que des
histones libres et des complexes d’histones comme biomarqueurs. L'entrée des CTC dans la circulation
sanguine se fait via la tumeur primaire et/ou de lésions métastatiques. L’ADN libre circulant (ccfDNA) est
relaché dans le sang par les cellules saines. De telles fractions peuvent étre isolées et analysées pour les
aberrations spécifiques aux tumeurs aux niveaux génomique, transcriptomique, protéomique et
métabolomique. Adaptée de Tsoneva et al. (2023).

L'intérét pour le diagnostic a partir de matériel génétique circulant remonte a 1869,
lorsque Thomas Ashworth a observé pour la premiére fois des CTC chez un patient
métastatique, suggérant une dissémination du cancer via le flux sanguin [151, 152]. Ce
n'est qu'en 1948 que les scientifiques ont commencé a détecter et quantifier I'ADN libre
circulant (ccfDNA) dans le sang chez des individus sains et malades [153]. En 1966,
l'identification de niveaux élevés de ccfDNA chez des patients atteints de lupus a été
rapportée, et dans les années 1980, cet ADN a été détecté chez des patients
oncologiques [154, 155]. A cette époque, la distinction entre le ccfDNA provenant de
cellules tumorales et celui de cellules saines n'était pas encore possible. En 1994, une
avancée majeure a permis de détecter des changements génétiques et mutationnels
spécifiques des tumeurs a partir du ccfDNA, établissant ainsi le concept de I'ADN tumoral
circulant (ctDNA) [156].
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Introduite officiellement en 2010, le concept de "biopsie liquide" a rapidement été adoptée
en recherche et pratique clinique, stimulée par des progrés technologiques [157]. Ces
avanceées ont rendu possible la détection précise du ctDNA et d'autres biomarqueurs
dans le sang, ouvrant la voie au dépistage précoce des cancers, a la surveillance
thérapeutique, a l'identification de résistances aux traitements et a la gestion des
récidives tumorales [148, 158]. De nos jours, la biopsie liquide est également utilisée pour
détecter diverses lésions tissulaires et pour réaliser des analyses métagénomiques,
incluant l'identification de I'ADN de divers agents pathogénes, enrichissant ainsi
considérablement ses capacités diagnostiques [158-162].

3.2 Applications dans le domaine médical

La biopsie liquide représente un progres significatif dans le diagnostic et la gestion de
diverses pathologies infectieuses et oncologiques [158, 163].

Le ccfDNA, principalement d'origine endogéne mais également exogéne, s'impose
comme un biomarqueur essentiel pour le dépistage rapide et non invasif dans plusieurs
domaines cliniques, tels que le dépistage prénatal, la gestion des transplantations et la

prise en charge oncologique [162].

3.2.1 Applications initiales
La biopsie liquide a marqué un tournant en oncologie en offrant des outils précieux pour

la détection précoce du cancer, l'identification précise du stade tumoral et le suivi
rigoureux des patients atteints de cancers localisés [157]. Evoluant au-dela de ces
applications initiales, cette technique s’est élargie pour inclure la prédiction de la
progression métastatique chez les patients a un stade avancé, I'évaluation de I'efficacité
des traitements et le suivi de la maladie résiduelle minimale, indiquant la présence d'un

cancer persistant aprés traitement [157, 158, 164].

Le ccfDNA, un des principaux composants analysés lors d'une biopsie liquide, est
majoritairement formé de fragments d'environ 166 paires de bases, taille correspondant
a celle d'un fragment d'ADN associé a un nucléosome [146, 165]. Chez les patients
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canceéreux, une fraction mineure du ccfDNA, le ctDNA, est issue des cellules tumorales
et est principalement libéré lors de l'apoptose, avec des fragments plus courts
comparativement au ccfDNA non tumoral [146, 162, 165, 166]. L'isolement et l'analyse
du ctDNA fournissent des informations cruciales sur I'évolution du cancer, les cibles
thérapeutiques potentielles, les mécanismes de résistance aux traitements et facilitent
également la détection précoce des cancers (Figure 12) [148, 157, 163, 164]. Ces
processus sont renforcés par des technologies avancées, telles que la PCR digitale en
gouttelettes (ddPCR) et la technologie NGS, qui améliorent notre capacité a détecter et
caractériser les mutations dans le ctDNA [146]. Cependant, la faible concentration de
ctDNA chez les individus asymptomatiques et la présence de variations génétiques dans
les tissus normaux posent des défis significatifs pour l'interprétation des résultats. [163,
167].

Figure 12. Isolation et exemples d’analyse de ’ADN tumoral circulant (ctDNA) a partir de la biopsie
liquide. Cette figure illustre I'isolation du ctDNA, localisé dans le plasma a partir d'un unique échantillon
sanguin. La technique fragmentomique du ccfDNA analyse la distribution de la taille des fragments pour
distinguer spécifiquement le ctDNA du reste du ccfDNA. La détection et la quantification du ctDNA repose sur
diverses méthodes génomiques visant a identifier des anomalies génétiques telles que des mutations
ponctuelles et des réarrangements génétiques, tandis que les motifs épigénétiques sont quantifiés via le
séquencage. Adaptée de Alix-Panabiéres et Pantel (2021).
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comparativement aux individus sains, servent également d'indicateurs utiles de la charge
tumorale [166]. Cependant, l'interprétation des niveaux de ccfDNA peut étre complexifiée
par des variables biologiques telles que I'élimination partielle du ccfDNA via l'urine ou les
effets de I'état de santé général du patient, qui peut fluctuer en raison de I'exercice ou
d'infections bactériennes ou virales [167, 168]. De plus, les étapes pré-analytiques, telles
que le prélévement et la manipulation des échantillons, peuvent introduire des altérations
chimiques et contaminer les échantillons avec de I'ADN génomique provenant des
leucocytes, affectant ainsi I'intégrité du ccfDNA [167, 169, 170].

Les analyses de méthylation du ccfDNA et du ctDNA ouvrent de nouvelles perspectives
pour le dépistage précoce du cancer, en offrant une haute sensibilité et spécificité [163,
167]. Néanmoins, l'usage du bisulfite dans I'analyse de la méthylation du ccfDNA introduit
certains biais, incluant des déséquilibres en GC, des dommages a I'ADN, des biais
d'amplification par PCR ou encore des artefacts d'alignement [171]. L'émergence du
séquencgage natif de I'ADN par la plateforme Oxford Nanopore Technologies (ONT)
permet des résultats de méthylation de résolution comparable au séquencgage bisulfite
sans les contraintes de dégradation ou de perte de matériel [171]. La plateforme ONT se
distingue également par son colt initial modéré, sa portabilité et sa capacité de
séquencage en temps réel, simplifiant le traitement des échantillons et éliminant le besoin
d'une amplification complexe par PCR [172]. Bien que l'analyse de la méthylation du
ccfDNA offre une nouvelle voie prometteuse pour la détection précoce du cancer, elle
présente certains défis. Parmi ceux-ci, la faible incidence de certaines pathologies et les
risques liés aux procédures diagnostiques, en particulier pour les gliomes, représentent
des obstacles notables [165, 167]. Par ailleurs, les analyses de méthylation génomique
ne fournissent pas d'informations sur la localisation précise de la tumeur et les marqueurs
épigénétiques tendent a étre moins stables a travers les divisions cellulaires [167]. Ces
considérations ajoutent une complexité a l'adoption du dépistage précoce basé sur la

méthylation.

En plus des défis liés a I'analyse des biomarqueurs, la bancarisation et I'archivage des

échantillons biologiques a long terme deviennent cruciaux, notamment pour garantir
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l'intégrité du matériel génétique sur de longues périodes. Inspirées par les techniques
forensiques, les cartes FTA® (Whatman FTA) jouent un réle essentiel dans cette
conservation [173-176]. Ces cartes, congues avec une matrice de cellulose imprégnée
de réactifs chimiques, permettent la lyse des cellules et la stabilisation des acides aminés
et des nucléotides a température ambiante sur de longues périodes [176]. Elles
simplifient la collecte, le stockage, et I'analyse des biomarqueurs tumoraux, facilitant ainsi

I'acquisition de données essentielles [174].

Malgré ces avancées, des défis persistent dans l'application du ctDNA pour le dépistage
précoce du cancer, principalement en raison de sa sensibilité limitée face a la diversité
des aberrations génomiques des tumeurs solides [163]. Sans une connaissance précise
de la composition génétique de la tumeur, les tests de ctDNA doivent cibler un large
éventail d'aberrations génomiques courantes dans les cancers, nécessitant des
méthodes extrémement sensibles pour détecter de faibles quantités de ctDNA dans le
sang. Actuellement, des tests multianalytes, y compris ceux basés sur la méthylation du
ctDNA, sont en développement pour adresser cette sensibilité et permettre une détection

précoce de divers types de cancer [163, 177].

Au-dela du ctDNA, les biomarqueurs tels que les CTC, les vésicules extracellulaires, les
microARN et les protéines sont aussi comme des éléments clés pour enrichir I'analyse
de la biopsie liquide (Figure 13) [148, 178, 179]. Les CTC permettent une analyse directe
des cellules cancéreuses, fournissant des informations sur la biologie tumorale et la
résistance aux traitements, et ont prouvé leur importance dans le diagnostic précoce de
divers cancers [158, 163]. Les vésicules extracellulaires, incluant les exosomes, se
composent de bicouches lipidiques renfermant protéines, ARN, et ADN issus de cellules
saines ou malignes, offrant un miroir fidéle de I'état physiologique ou pathologique [158].
Des microARN spécifiques, présents dans les fluides corporels, ont été reliés aux
processus de diagnostic, de pronostic et de suivi de l'efficacité thérapeutique dans le
contexte oncologique [180]. En paralléle, I'analyse des protéines circulantes, y compris
des antigénes spécifiques au cancer, des métabolites et des plaquettes influencées par

les tumeurs permettraient aussi de caractériser le microenvironnement tumoral [158].
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L'intégration des données issues des CTC, ctDNA, vésicules extracellulaires, microARN,

protéines et autres composés présents dans les biofluides offre plusieurs avantages et

promet une représentation moléculaire en temps réel et plus compléte de I'nétérogénéitée

tumorale [181, 182]. Néanmoins, une standardisation rigoureuse et une validation des

méthodes analytiques sont essentielles avant I'intégration de ces approches émergentes

dans la pratique clinique courante pour le dépistage précoce du cancer [158, 182].

Ces différentes applications illustrent la polyvalence croissante de la biopsie liquide,

ouvrant la porte a des utilisations étendues au-dela de I'oncologie.
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Figure 13. Exemples de composants circulants isolés via biopsie liquide et leurs implications en contexte
clinique. lllustration de différents analytes sanguins récupérés par biopsie liquide. Chaque analyte présente des
avantages spécifiques, ainsi que des limitations dans son application au diagnostic, au suivi et a la gestion
thérapeutique des maladies tumorales. Adapté de Armakolas et al. (2023).
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3.2.2 Applications focussées sur ’ADN du non-soi
Le ccfDNA représente une source précieuse d'informations sur la physiologie cellulaire

et les désordres tissulaires, permettant le diagnostic et la surveillance en continu. Outre
son origine endogéne (ADN du soi), le ccfDNA peut également étre dérivé de sources
exogenes (ADN du non-soi) comme I'ADN de tissus feetaux, microbien, viral, ainsi que
de cellules souches transplantées et de greffes d'organes solides (Figure 14) [159, 183,
184].

ADN libre circulant Séquengage du

(ccfDNA) du soi .
‘ Isolation du ccfDNA q ccfDNA du non-soi
du non-soi
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Figure 14. Exemples d’applications médicales de ’ADN du non-soi détecté dans le ccfDNA
plasmatique. L’ADN du non-soi incluant I'ADN fcetal, microbien, viral ou issu de transplantations
d'organes solides, peut étre extrait du plasma et analysé par séquencage de nouvelle génération
(NGS). Cette approche offre des avantages significatifs pour la détection précoce de diverses
pathologies et infections, la surveillance des complications post-transplantation, I'amélioration du
dépistage prénatal non invasif ou encore I'ajustement des stratégies thérapeutiques.
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En obstétrique, le dépistage prénatal non invasif (DPNI) via I'analyse de ccfDNA dans le
plasma maternel est devenu de plus en plus une pratique standard pour identifier les
anomalies chromosomiques fcetales chez des personnes a risque, s'étendant des
trisomies communes aux aneuploidies des chromosomes sexuels et aux microdélétions
[185]. L'évolution vers I'analyse génomique compléte a élargi la détection aux trisomies
rares et aux variations du nombre de copies (CNV), malgré des défis persistants dans
l'identification de CNV de petite taille. Cependant, l'interprétation des résultats du DPNI
doit tenir compte des limitations biologiques, comme la provenance principalement
placentaire du ccfDNA maternel, qui peut ne pas refléter fidelement le génome foetal. Les
tests de ccfDNA nécessitent donc des confirmations diagnostiques pour un diagnostic
définitif [185, 186]. La fiabilité variable de la détection de certaines conditions I'importance
des tests diagnostiques complémentaires. L'émergence du séquengage a molécule
unique et de I'analyse de la méthylation de I'ADN sans conversion offrent un potentiel
d'amélioration dans la détection précoce des anomalies et dans d'autres domaines

comme l'oncologie [187].

Dans le domaine des transplantations d'organes solides, I'ADN circulant dérivé du
donneur (dd-ccfDNA) se révéle aussi étre un biomarqueur non invasif prometteur pour la
détection précoce des dommages d'allogreffe [162]. Les limites de ['histopathologie,
notamment sa variabilité et sa faible sensibilité, soulignent I'importance d'approches plus
précises et quantitatives comme la biopsie liquide. Cette derniére offre une méthode non
invasive pour surveiller I'état de I'allogreffe et adapter le traitement de maniére proactive,
avec des études indiquant une normalisation post-transplantation des niveaux de ccfDNA
[162]. Les techniques actuelles, incluant la PCR multiplexe et le séquencage par NGS,
ciblent des polymorphismes mononucléotidiques (SNP) pour détecter efficacement le dd-
ccfDNA sans nécessiter les génotypes du donneur ou du receveur [188]. Le séquengage
aléatoire shotgun permet également la détection des infections post-transplantation,
soulignant la prévalence des pathogénes viraux, bactériens et fongiques [162]. La

validation clinique de ces méthodes reste cruciale pour leur adoption en pratique clinique.
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D’autre part, la vision traditionnelle des fluides biologiques humains comme étant des
environnements stériles a été révisée avec l'identification du ccfDNA d'origine
microbienne (McfDNA) dans la circulation sanguine [159, 189-191]. Deux mécanismes
principaux contribuent a sa présence : la translocation microbienne, ou bactéries et virus
franchissent les barriéres épithéliales, et I'invasion opportuniste de la circulation sanguine
par des pathogénes a la suite de dommages physiques ou infectieux, entrainant des
bactériémies ou virémies [159, 192-194]. L'identification de ces fragments microbiens par
séquencgage offre un moyen avancé de diagnostiquer les infections. L'importance du
mcfDNA comme outil de diagnostic précoce pour des conditions telles que les infections
fongiques, la tuberculose et la septicémie est désormais reconnue, jouant un réle
essentiel dans le suivi et le traitement des infections [159, 195-197]. Bien que constituant
une minorité de I'ADN total dans le plasma (~1%), la détection de ces fragments infimes
est essentielle pour un diagnostic précis et fiable des infections [198]. Le processus
complet, de la préparation de I'échantillon au laboratoire jusqu'aux résultats, peut étre
achevé rapidement (2-3 jours), fournissant des données cliniquement pertinentes pour le
traitement efficace des patients [184]. L'analyse du mcfDNA par séquengage montre une
sensibilité et une spécificité élevées pour lidentification des agents pathogénes,

surpassant la culture et d'autres méthodes microbiologiques conventionnelles [159, 184].

Cependant, lintégration du séquencage métagénomique du mcfDNA dans les
laboratoires de microbiologie clinique est limitée par des colts élevés d'équipement et de
réactifs, ainsi que par la complexité du traitement analytique [199]. Les étapes pré-
analytiques, la prévention de la contamination et les compétences spécialisées requises
représentent des défis supplémentaires [159]. De plus, la capacité de cette méthode a
détecter les pathogenes viraux a ARN reste limitée, demandant des approches
diagnostiques alternatives pour certaines infections virales suspectées [184]. Malgré ces
obstacles, I'analyse du mcfDNA a le potentiel de transformer le diagnostic des maladies
infectieuses, offrant un diagnostic plus rapide et plus précis que les méthodes
conventionnelles et facilitant une gestion clinique plus efficace [184]. La combinaison du
mcfDNA avec des techniques diagnostiques traditionnelles peut augmenter
significativement le rendement diagnostique, surtout pour les infections critiques comme

la pneumonie aigué sévere et la septicémie [195, 197, 200]. Des recherches
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supplémentaires sont nécessaires pour optimiser son utilisation clinique, définir le
meilleur intégration dans les protocoles diagnostiques existants, et évaluer son

application aux c6tés d'autres méthodes de diagnostic des maladies infectieuses.

L'utilisation du ccfDNA du non-soi dans le diagnostic clinique, en analysant ses origines
et les marqueurs épigénétiques, par exemple, ouvre des voies innovantes pour la
surveillance post-transplantation, le dépistage prénatal et le diagnostic des infections
microbiennes [159, 162, 184, 187]. L'utilisation de la biopsie liquide se positionne a
I'avant-garde des innovations susceptibles de transformer le suivi de la santé, en facilitant
la détection précoce des maladies et en optimisant l'efficacité des traitements. Pour
intégrer pleinement ces progrés dans la pratique clinique, la poursuite de la recherche et
une validation clinique approfondie sont essentielles, afin de surmonter les défis

techniques et biologiques.

3.2.3 L'intégration d’approches multi-omiques
L'analyse multi-omique des biomarqueurs circulants, incluant le ccfDNA, mais aussi le

transcriptome circulant ou encore les profils épigénétiques, propose une approche
intégrée robuste [201, 202]. Elle marque une nouvelle ére dans le concept de biopsie
liquide qui peut désormais se définir comme I'ensemble des composantes d’un fluide,
comme le sang. Les données génomiques, épigénomiques, transcriptomiques,
protéomiques, glycomiques ou encore métabolomiques offrent des perspectives uniques
pour la détection, le suivi et le traitement des désordres physiologiques et pathologiques
(Figure 15) [201, 203].

La génomique explore les variations génétiques, y compris les mutations ponctuelles, les
variations du nombre de copies et les réarrangements chromosomiques présents dans
le ctDNA [163, 204]. L’'analyse génomique du ccfDNA permet de mieux comprendre les
mecanismes de développement de diverses maladies, notamment le cancer, le diabéte,
et les maladies cardiovasculaires [205-207]. Cette discipline ouvre la voie a des stratégies
innovantes en matiere de diagnostic, de traitement, et de prévention. Par ailleurs, les

altérations somatiques générant des modifications protéiques, en corrélation avec les
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mutations du ccfDNA, peuvent améliorer la précision diagnostique pour certaines formes
de cancer, offrant ainsi des perspectives prometteuses pour la médecine personnalisée
[201]. L'épigénétique examine les changements réversibles dans l'expression des genes

qui surviennent sans modifications de la séquence d'ADN elle-méme, offrant des
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Figure 15. Intégration d'une approche multi-omique dans la biopsie liquide pour une analyse compléte.
Cette stratégie combine I'analyse d'une variété d'analytes, provenant de divers fluides biologiques tels que le sang,
et intégre des données génomiques, épigénomiques, transcriptomiques, protéomiques, glycomiques ou encore
métabolomiques, enrichissant la compréhension des états physiologiques et pathologiques. Cette compilation
d'informations peut ensuite venir enrichir et entrainer les modeéles de l'intelligence artificielle afin d’identifier des
motifs complexes, facilitant la détection précoce, le suivi et la personnalisation des interventions thérapeutiques.
Adaptée de Di Sario et al. (2023).
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perspectives cruciales pour le diagnostic et le traitement personnalisés des maladies
[201, 208]. Parmi les modifications épigénétiques, la méthylation de I'ADN et les
modifications des histones, peuvent moduler I'expression génique et étre associés a

diverses pathologies [207-209].

Des altérations dans les motifs de méthylation du ccfDNA, qui se manifestent
fréequemment aux premiéres phases de la tumorigenése — notamment au niveau des ilots
CpG des génes suppresseurs de tumeurs — jouent un réle clé dans l'initiation et la
progression de divers cancers [209, 210]. Il a également été observé que des altérations
épigénétiques spécifiques sur le ccfDNA long permettent de distinguer plus aisément le
ccfDNA d'origine fcetale de celui d'origine maternelle [187]. L'exploitation de ces
signatures épigénétiques permet d’élucider les processus pathologiques et de

développer des outils de diagnostic plus précis et plus personnalisés [209].

La transcriptomique permet d’explorer 'ARN circulant, fournissant des informations
précieuses sur les niveaux d'expression génique et les processus moléculaires en cours
de différents tissus [211]. Cette approche est essentielle pour identifier les génes actifs
ou réprimés dans le ccfDNA et pour mieux comprendre leur réle dans le développement
et la progression de certaines pathologies [208, 211]. De plus, les changements notables
observés dans les ARNm et dans les ARN non codants, tels que les miARN, les ARN
long non-codant (INcARN) et les ARN circulaire (circARN), enrichit notre compréhension
de la maniéere dont I'expression génique est régulée épigénétiquement [201, 211]. Les
IncARN, en particulier, jouent un réle important dans la modulation de l'expression et de
la stabilité des miARN et des ARNm, offrant ainsi des perspectives nouvelles pour la
recherche sur les mécanismes de régulation génétique et leur impact sur la pathogenese
des maladies [201, 208].

La glycomique consiste a étudier la structure et la fonction des glycanes, des glycolipides
et des glycoprotéines comme les protéoglycanes [212, 213]. Les glycanes et les
glycoconjugués jouent des rbles essentiels dans de nombreux processus biologiques,
tels que la communication cellulaire, la reconnaissance immunitaire, le repliement des

protéines et la modulation de la fonction des protéines [214, 215]. Leur structure et leur
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composition peuvent varier considérablement, et leurs altérations ont été associées a de
nombreuses maladies, notamment le cancer, les maladies auto-immunes et les maladies
infectieuses [201, 213]. En outre, la glycomique englobe également 'étude des génes
responsables de la synthése des glycanes, tels que les glycosyltransférases, offrant ainsi
une compréhension plus compléte des mécanismes moléculaires régissant ces

structures complexes et leur impact sur la santé et la maladie [216].

La métabolomique se concentre sur I'analyse des petits métabolites moléculaires (de
moins de 1,5 kDa) présents dans divers fluides corporels [217, 218]. Ces métabolites
peuvent changer de maniére dynamique en réponse a des conditions pathologiques
telles que les maladies hépatiques ou les cancers gastro-intestinaux [201, 217, 219]. La
présence d'une tumeur, par exemple, peut induire des modifications globales dans le
meétabolisme de I'organisme, en ajustant I'utilisation de certaines sources d'énergie pour
satisfaire les besoins accrus de la tumeur [218]. Le métabolome permet une
compréhension plus approfondie des perturbations métaboliques associées aux

pathologies.

En résumé, I'adoption d'approches multi-omiques promet une détection plus précise et
sensible, particulierement aux stades précoces de maladies spécifiques. Ces méthodes
pourraient grandement améliorer notre capacité a diagnostiquer et a suivre I'évolution
des pathologies, marquant un progrés notable dans les diagnostics cliniques [201, 202,
217]. De surcroit, l'intégration de données multi-omiques via des techniques
d'apprentissage automatique (e.i. machine learning) est en train de révolutionner la
biopsie liquide, améliorant la précision et la robustesse des diagnostics grace a des
méthodes telles que l'apprentissage par ensemble, qui consolident les résultats de

multiples modeles pour optimiser les diagnostics cliniques [202, 203].
Cette expansion des capacités de la biopsie liquide, initialement congue pour les

applications humaines, trouve également des utilisations prometteuses dans le domaine

vétérinaire.
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3.2.4 Applications autres que chez I’lhumain
Au-dela de son application chez I'humain, I'é¢tude du ccfDNA s'étend depuis peu sur

diverses especes animales [220-222]. Bien que la recherche sur le ccfDNA chez les
animaux ne soit pas aussi avancée que celle réalisée chez les humains, l'intérét pour son
potentiel en tant que biomarqueur et son utilité pour I'exploration de la physiopathologie
dans le régne animal, particulierement chez les animaux domestiques dont le chien, est
en hausse [220]. Le ccfDNA commence d’ailleurs a étre reconnu comme un indicateur
pertinent en médecine vétérinaire pour le suivi de la réaction aux traitements et de
I'évolution des pathologies cancéreuses chez les animaux souffrant de tumeurs [223,
224]. L'application du ccfDNA en médecine vétérinaire s'est méme étendue notamment
pour le dépistage prénatal non invasif en utilisant le ccfDNA provenant du feetus animal
[225]. Cependant, l'utilisation de cette méthode nécessite une optimisation et une
validation supplémentaires. Elle requiert la détermination précise de I'age gestationnel
optimal pour la collecte efficace de I'ADN circulant, l'identification des méthodes
adéquates de prélévement et de stockage des échantillons, ainsi que le choix du type
d'échantillon (par exemple, sang entier, plasma ou sérum) et des techniques d'isolement
et d'analyse pour une quantification précise de I'ADN circulant libre [221, 225].
Néanmoins, ces défis ne compromettent pas la viabilité de I'application routiniere du
dépistage prénatal non invasif chez les animaux [225]. L'intégration méthodique des
progrés technologiques pourrait améliorer la sensibilité et la précision des tests au fil du
temps. L'adoption du dépistage prénatal non invasif chez les animaux a le potentiel
d'améliorer significativement la gestion des programmes d'élevage, tant domestiques que
sauvages. Par ailleurs, l'intérét pour I'étude du microbiome sanguin s'est accru en
médecine vétérinaire [226]. La composition des communautés bactériennes varie avec
I'age et I'environnement de I'animal. L'analyse du mcfDNA chez les animaux domestiques
ou d'élevage, tels que chiens, chats, bovins ou poulets, offre un moyen rapide et précis
de détecter les dysbioses et les infections pathogénes [226-230]. Les modifications du
microbiome sanguin peuvent favoriser I'apparition de maladies [227, 231]. Les progrés
en métagenomique permettent de décrire des écosystémes dynamiques qui peuvent étre
altérés par des maladies, perturbant I'équilibre entre I'néte et son microbiote. Une

compréhension approfondie des variations dans les communautés microbiennes pourrait
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conduire a une surveillance plus efficace et rapide des animaux d'élevage, ayant un
impact notable non seulement sur leur bien-étre, mais aussi sur des considérations socio-

économiques [232].

3.2.5 Nécessité de développer la biopsie liquide en écologie marine
Alors que la biopsie liquide se développe rapidement dans le domaine de la médecine

humain et vétérinaire [224], il devient évident que cette technologie pourrait apporter des
bénéfices significatifs en écologie marine. Cependant, I'application de cette technique
aux organismes aquatiques, tels que les poissons et les bivalves, demeure largement
inexplorée, soulignant la nécessité d'adapter et de développer des méthodes spécifiques
pour dans ce domaine. L'écologie marine présente des défis uniques qui nécessitent des
ajustements techniques particuliers. Les organismes aquatiques évoluent dans des
environnements extrémement divers, complexifiant I'application directe des techniques
de biopsie liquide congues initialement pour les mammiféres terrestres. De plus, les
interactions complexes entre les organismes marins et leur environnement, soumis a des
conditions variables, ajoutent un niveau supplémentaire de complexité a l'interprétation

des résultats obtenus par ces méthodes.

Il est essentiel de développer des protocoles spécifiques pour la collecte, le traitement et
I'analyse du ccfDNA et du mcfDNA chez les especes marines. Cela inclut I'optimisation
des méthodes de prélevement d'échantillons tels que I'némolymphe, le sang ou le mucus,
ainsi que l'adaptation des techniques d’extraction et de séquengage aux particularités de
ces échantillons. Certaines études ont démontré la faisabilité d’étudier le mcfDNA chez
moule a partir de ’'hnémolymphe prélevée dans le muscle adducteur [233-235]. La collecte
et I'analyse du ccfDNA et du mcfDNA chez les poissons et les moules, a partir du sang
et de 'hémolymphe respectivement, permettraient de développer des biomarqueurs de
stress environnemental et de santé, offrant une approche non invasive pour évaluer I'état

des populations dans des environnements variés.
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4. Problématique du projet de recherche

Les changements climatiques représentent un défi majeur pour les écosystemes marins,
notamment dans les régions polaires. Ces zones, extrémement sensibles aux variations
environnementales, subissent des impacts profonds qui menacent leur intégrité et leur
biodiversité. Il existe un besoin crucial de développer des biomarqueurs sensibles et
prédictifs pour évaluer avec précision ces impacts sur ces écosystemes fragiles. Les
bivalves, en raison de leur large répartition, leur capacité de filtration et de
bioaccumulation, se révélent étre des bioindicateurs pertinents pour la surveillance des
milieux aquatiques. Néanmoins, les méthodes traditionnelles de surveillance font face a
des défis logistiques considérables, notamment les difficultés d'échantillonnage dans des
régions isolées et les colts élevés associés au maintien de conditions de conservation

adéquates, comme la chaine de froid.

Dans ce contexte, l'application de la biopsie liquide, traditionnellement utilisée en
meédecine, est une stratégie potentiellement prometteuse pour surmonter ces obstacles,
permettant le développement de biomarqueurs sensibles et prédictifs. Cette méthode non
invasive permet I'analyse rapide de I'ADN circulant libre (ccfDNA) qui inclut a la fois I'ADN
de I'néte et celui provenant d'autres organismes présents dans I'écosystéme. Chez les
moules, I'ADN du soi, libéré dans I'hnémolymphe, offrirait un apercu des réponses
génomiques aux stress environnementaux ou anthropiques. Parallélement, I'ADN du
non-soi, acquis par filtration, révélerait des informations sur les éléments biotiques
externes affectant I'organisme. Ce projet propose d'adapter la biopsie liquide pour les
organismes marins, particulierement dans les écosystémes polaires ou l'adaptabilité est
limitée et ou le réchauffement climatique pourrait accélérer la prolifération de pathogenes.
Cette approche pourrait améliorer la caractérisation de la diversité pathogénique et la
détection des variations épigénétiques, offrant ainsi de nouvelles perspectives sur la
santé des écosystémes marins. Les échantillons génétiques prélevés peuvent étre
conservés sur des cartes FTA, facilitant I'utilisation de technologies avancées de
séquencage telles que le shotgun sequencing et le séquencage Nanopore. Cette
méthode améliore également la gestion des défis logistiques associés a la conservation,
au transport, et au stockage des échantillons sur le terrain. L'approche multi-omique,

intégrant des analyses du microbiome bactérien, du virome, du transcriptome, du
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glycome et du méthylome, viendrait enrichir notre compréhension des variations spatio-
temporelles des composants biologiques, renforgant notre capacité a évaluer et surveiller
la santé des écosystémes cétiers. L'intégration de ces technologies dans les études
écologiques promet pourrait potentiellement permettre une surveillance plus précise et
prédictive, essentielle pour la préservation des milieux marins face aux pressions
environnementales et anthropiques. La biopsie liquide ouvre ainsi la voie au
développement de nouveaux biomarqueurs en écologie marine et a la mise en place de
programmes de surveillance a long terme, notamment face au changement climatique et

a I'élévation des températures océaniques.
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5. Hypothése et objectifs du projet de thése

Hypothése : L’hypothése du projet de recherche propose que I'application du concept
de biopsies liquides chez espéce sentinelle comme la moule puisse étre utilisée pour
établir des biomarqueurs sensibles et prédictifs permettant d'évaluer la santé des
écosystemes marins cétiers, d'anticiper les impacts des changements climatiques sur ces

milieux et leurs organismes, ainsi que de surveiller I'évolution de la biodiversité marine.

But de I’étude : L'objectif général du projet est d’appliquer le concept de la biopsie liquide

sur des espéces marines afin d’évaluer I'état de santé des écosystémes marins.

Objectifs de I’étude :

1. Appliquer le concept de biopsie liquide pour analyser le microbiome bactérien
circulant chez différentes espéces marines.
2. Caractériser le ccfDNA hémolymphatique de la moule.

3. Intégrer les approches multi-omiques au concept de la biopsie liquide.

Ce projet permettra, a long terme, de mettre en place des outils rapides et efficaces afin
de mesurer 'impact du changement climatique sur les écosystémes marins polaires et

cotiers.
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Chapitre 2

ADN bactérien circulant spécifique aux
espeéces et aux sites chez les moules
sentinelles subantarctiques
Aulacomya atra et Mytilus platensis

Article publié: Scientific Reports 2022, 12(1):9547
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Résumé

Les impacts des changements climatiques sont particuliérement sévéres dans les régions
polaires ou I'augmentation des températures et la réduction de la couverture de glace
marine menacent l'intégrité écologique des écosystemes cbétiers marins. En raison de
leur large distribution et de leur importance écologique, les moules sont actuellement
utilisées comme organismes sentinelles dans les programmes de surveillance des
écosystemes cotiers a travers le monde. Dans cette étude, nous avons exploité le
concept de biopsie liquide combiné a une méthode d'échantillonnage logistiquement
pratique pour étudier le microbiome bactérien hémolymphatique chez deux especes de
moules (Aulacomya atra et Mytilus platensis) dans les iles de Kerguelen, un archipel
volcanique subantarctique isolé. Nous avons découvert que les signatures du microbiome
circulant des deux espéces different significativement bien qu'elles partagent les mémes
moulieres. Nous avons également constaté que le microbiome différe significativement
entre les sites d'échantillonnage, souvent en corrélation avec les particularités de
I'écosystéme. Les modéles prédictifs ont également révélé que les deux espéces
possédent des microbiomes fonctionnels distincts et que le microbiome circulant
d'Aulacomya atra était plus sensible aux changements induits par un stress thermique
aigu que celui de Mytilus platensis. Dans I'ensemble, notre étude suggére que la définition
du microbiome circulant est un outil utile pour évaluer I'état de santé des écosystémes
marins et pour mieux comprendre les interactions entre les espéces sentinelles et leur
habitat,
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scientific reports

Species- and site-specific
circulating bacterial DNA

In Subantarctic sentinel mussels
Aulacomya atra and Mytilus
platensis

Sophia Ferchiou?, France Caza?, Richard Villemur*, Stéphane Betoulle? & Yves St-Pierre?"

Impacts of climate changes are particularly severe in polar regions where warmer temperatures and
reductions in sea-ice covers threaten the ecological integrity of marine coastal ecosystems. Because
of their wide distribution and their ecological importance, mussels are currently used as sentinel
organisms in monitoring programs of coastal ecosystems around the world. In the present study,

we exploited the concept of liquid biopsy combined to a logistically friendly sampling method to
study the hemolymphatic bacterial microbiome in two mussel species (Aulacomya atra and Mytilus
platensis) in Kerguelen Islands, a remote Subantarctic volcanic archipelago. We found that the
circulating microbiome signatures of both species differ significantly even though their share the same
mussel beds. We also found that the microbiome differs significantly between sampling sites, often
correlating with the particularity of the ecosystem. Predictive models also revealed that both species
have distinct functional microbiota, and that the circulating microbiome of Auvlacomya atra was more
sensitive to changes induced by acute thermal stress when compared to Mytilus platensis. Taken
together, our study suggests that defining circulating microbiome is a useful tool to assess the health
status of marine ecosystems and to better understand the interactions between the sentinel species
and their habitat.

Abbreviations

A. atra Aulacomya atra

M. platensis Mpytilus platensis

cmDNA Circulating microbiome DNA, biodiversity

PCoA Principal Coordinate Analysis

ASVs Amplicon sequence variants

PERMANOVA  Multivariate analysis of variance with permutation
LEfSe Linear discriminant analysis effect size

SOB Sulphur-oxidizing bacteria

Climate changes are known to alter biodiversity at a global scalet?, This is particularly true for Subantarctic
regions, which have undergone significant changes in recent years due to global warming®-*. Sea surface tem-
peratures in the Western Antarctic Peninsula have increased by ~ 1 °C since the industrial revolution and is
expected to accelerate with the constant augmentation of global CO, concentrations, as suggested by predictive
models®”. The consequences of the global warming include alterations of the interactions between hosts and their
associated microbiomes (i.e., assemblages of microorganisms)*'. Such dysbiosis could not only affect marine
ecosystems per se, but also favors the emergence and proliferation of opportunistic pathogens'"'%. Emerging
infectious disease outbreaks in marine ecosystems would not only impact directly on the host populations but
can also lead to mass mortalities of keystone species®!?. This is particularly true for sedentary and filtrating
marine organisms such as mussels and oysters that are more prone to frequent, episodic mortality events during
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heat waves in summer'*~'%, Moreover, bivalves, which play a central role in an ecosystem integrity, are the most
widely used sentinel species to monitor coastal marine environments as they are sedentary and have high filter-
ing capacities leading to accumulation of pathogens and pollutants'”'®, Their high filtering activity links them
to their surrounding environment. Many marine mussel-based biomarkers have thus been developed over the
years for monitoring environmental quality and for assessing environmental variations, particularly in remote
areas such as polar regions'”'*%,

The development of ethical (non-lethal) and logistically friendly sampling methods combined with the con-
cept of liquid biopsy offers, however, a new window of opportunity to develop highly sensitive and predictable
biomarkers?'. Liquid biopsy, combined with high throughput DNA sequencing of circulating plasmatic DNA
fragments, is commonly used in the biomedical field for decision-making in patients with cancer?’. More recently,
it has also been shown to be a useful mean to measure the presence of DNA fragments of non-self origin even in
absence of overt diseases?. This has led to a novel concept, the “circulating microbiome DNA” (cmDNA)?. In
contrast to tissue-specific microbiome analysis, characterization of the cmDNA allows to obtain a signature that
reflects bacterial populations derived from classical niches (such as the gut, skin, oral cavity, etc.). This is also true
in sentinel species, such as bivalves, which hemolymphatic cnDNA contains a rich and diverse microbiome and
can be used as biomarkers to reflect host fitness and health status?*>°, In fact, characterization of microbiomes
in general has become an important tool to measure the impact of environmental and anthropogenic stressors
in health and resilience of marine coastal ecosystems®’. For example, in the case of M. galloprovincialis, in vivo
exposure to polystyrene nanoplastics significantly affects different hemolymph immune parameters and a shift
the ciruclating microbiome?”.

The coastal marine ecosystems of the Subantarctic Islands of Kerguelen (49°26'S, 69°50'E) are inhabited by
two mussel species: the Subantarctic population of blue mussels, Mytilus platensis (M. platensis), and the ribbed
mussel Aulacomya atra (A. atra). The isolated archipelago of Kerguelen is part of an oceanic submerged plateau
that was built 35 million years ago following continuous volcanic activity. This archipelago is home to a mari-
time nature reserve classified as a UNESCO World Heritage Site since 2019. It is also a central hub for research
on marine biodiversity in the Southern Ocean®’. Recent observations indicate that Kerguelen Plateau is also
characterized by the submarine gas emission that may represents active volcanic activity associated with cold
seeps and hydrothermal vents®!. This makes Kerguelen a unique site to measure the impact of climate changes
on marine coastal habitats. In the present work, we report our findings of the first study of the hemolymphatic
circulating microbiome collected in the two mussel species that inhabit mixed mussel beds located at different
sites of the Kerguelen Islands.

Results

Species-dependent variations in bacterial communities. A total of 150 samples of M. platensis (all
from the intertidal zone) and A. atra (intertidal and subtidal) were analyzed. For each sample, the cnDNA was
profiled by sequencing the 16S rRNA gene amplicons of the V3-V4 hypervariable region. A total of 6,489,570
paired-end sequences passed quality filtering (43,264 + 27,652 per sample). Amplicon sequence variants (ASV's)
were generated from 21,389 high-quality reads. Overall, the relative abundance of bacterial phyla in both mussel
species were dominated by Proteobacteria (56.0% and 41.6% for A. atra and M. platensis respectively), Bacte-
roidetes (14.8% and 14.2% respectively), and Parcubacteria (7.2% and 8.3% respectively), which accounted for
more than 60% of all reads (Fig. 1). This composition is consistent with a recent metagenomic study showing
that bacteria enriched in seawater in polar regions were mostly Proteobacteria, Actinobacteria, Bacteroidetes and
Parcubacteria®®. Multivariate analysis (PERMANOVA) on a weighted UniFrac showed, however, that the global
composition of the microbiome was significantly different between A. atra and M. platensis (weighted UniFrac
PERMANOVA, F(; 154=5.02, p<0.001). A case in point at the phylum level is the presence of Acidobacteria
(4%), Chloroflexi (4%), Spirochaetes (2%), Tenericutes (3%), and Verrucomicrobia (3%) in M. platensis but not
in A. atra. In contrast, Fusobacteria (4%) were more abundant in A. atra in the intertidal zone. This phylum
is commonly found in marine sediment environments but has been reported to constitute the major phylum
in oil-contaminated anaerobic niche of seawater following the deep-water horizon oil spill and other marine
reservoirs®>*%, Interestingly, the highest abundance of Fusobacteria was detected at Port-aux-Frangais, the capital
settlement of Kerguelen Islands and the only site with active port activity (Supplementary Figure S1). Further-
more, no significant differences in the composition of the microbiome were found in A. atra between subtidal
and intertidal zones (weighted UniFrac PERMANOVA, F(1, 88)=1.49, p=0.103)).

Site-dependent beta diversity analysis. We next examined spatial variations in the cmDNA profiles
of both mussel species. For this, we collected samples from 16 sites, including 5 mixed mussel beds (Port-aux-
Frangais, Port-Couvreux, Ile Haute, {le Haute-Baie des Bergers, and Anse-aux-FEcueils) and 5 subtidal sites where
samples of A. atra were collected (Fig. 2). To compare B-diversity between sampling sites, principal coordinate
analysis (PCoA) based on the weighted UniFrac distance was carried out for both species (Fig. 3). Multivari-
ate analysis revealed a significant separation of samples according to sampling sites. An ADONIS on weighted
UniFrac analysis showed a significant difference according to sampling sites (p <0.001) for both species. For M.
platensis, distances to group centroids were significantly different (Permutest, F,; s5)=4.83, p=0.002) in samples
collected at Anse de Saint-Malo and Anse Sablonneuse (Fig. 3A). In the case of A. atra, the betadisper analy-
sis highlights four distinct microbial sites where the community structure was significantly higher (Permutest,
F(13 75 =3.32, p=0.002); Port-Couvreux (intertidal), Tlot Channer (intertidal), Anse-aux-Ecueils (intertidal) and
Anse-du-Halage (subtidal) showed a strong separation with other sites.
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Figure 1. Phylum-level analysis of hemolymphatic bacterial DNA. (A) M. platensis and (B) A. atra collected
in intertidal zones. (C) of A. atra collected in subtidal zones. Phylum with a relative abundance of<1.5% are
represented as "Other”.

Site-dependent alpha diversity analysis. We next compared the alpha diversity for each site using
three diversity indices including richness, Shannon index, and Pielou’s evenness. Globally, we found no signifi-
cant differences in the cnDNA for both mussel species collected during two successive campaigns at Kerguelen
(2017 and 2018) (Supplementary Figure $2). A comparative analysis of the alpha diversity according to sites
revealed, however, significant differences between sites for both species (Fig. 4). In the case of M. platensis, the
richness estimator showed a significant variation (x2=18.977, p=0.0401, df=10). The lowest richness value was
observed at Anse Sablonneuse (65.7 +9.9), a mussel bed occurring in mid to lower shore sand. In the case of A.
atra, richness estimator (x2:38.779, p<0.001), Shannon index (X2:37-996’ p<0.001) and Pielou’s evenness
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Figure 2. Map of the French Subantarctic Kerguelen Islands showing the sampling sites. The map was
generated with the ggmap package in R programming language (R version 4.0.3, R Core Team®®).

(x2=36.647, p <0.001) varied greatly between sites for both intertidal and subtidal zones. Lowest alpha diversity
indices in A. atra sites were observed at Port-Couvreux (intertidal) and Ile Longue (subtidal).

Site-dependent variations at the genus level.  Differences between sites for both species were further
documented at the genus level, focusing first on the top 30 genus, which represent 32% of all genera. Among the
notable findings, we found strong abundance of Pseudoalteromonas and Psychromonas in M. platensis collected
at the Anse Sablonneuse (Fig. 5). The cmDNA of M. platensis, but not A. atra, collected in the intertidal zone
of the flot Channer, an islet formed of basaltic rocks surrounded by a belt of large brown algae (Durvillea and
Macrocystis), was dominated by Aquabacterium, a common bacteria found within kelps-ﬁ In the case of A. atra,
we found a relative abundance of Sphingomonas at several sites, including Port-Couvreux, Ile Longue, fle du
Suhm and Portes-Noires which accounted for 31.5-57.7% of total reads (Supplementary Table S1). This genus
dominance could be attributed to the significant occurrence of kelp (Macrocystis pyrifera) at these sampling
sites. This is in agreement with Florez et al.* who reported that epiphytic bacterial communities in macroalgae
are associated with Sphingomonadales/Sphingomonas are known to degrade alginate as carbon source’. It
was also worth noting that A. atra collected at the intertidal zone of the fjord of Portes Noires showed quite a
unique abundance of Acidovorax, of which several species are phytopathogenic, and Parvularcula, compared to
any other sites or to M. platensis. Interestingly, abundance of Vibrio was higher in A. atra in both intertidal and
subtidal mussels of Port-aux-Frangais.

The differences between sites were further studied at the genus level by focusing this time on the phyla that
differed between both species. The most significant difference between M. platensis and A. atra was observed
at Port-Couvreux (Supplementary Figure $3). We also found that bacterial DNA from the genus Kistimonas, a
member of the Hahellacae family of Proteobacteria, was not detected in A. atra at any site but was present in M.
platensis at Port-Couvreux, Tle Haute, Ile Haute-Baie du Berger, and Anse-aux-Ecueils. Bacterial DNA from the
genus Sulforimonas was also commonly found in M. platensis at several sites but rarely in A. atra. Overall, these
results showed that both mussel species have distinct circulating microbiome profiles that vary according to the
geographic locations of the mussel beds. Given the fact that season changes may play a major role in shaping
bacterial community structure in bivalves, further investigations are needed to compare seasonal variability in
the microbiome between both mussel species™ .

Environmental microbiota can also be influenced by anthropogenic sources. This could explain why the rela-
tive abundance of bacteria of the Vibrio genus were more abundant at Port-aux-Frangcais (in both intertidal and
subtidal zones) in A. atra than at other sampling sites (Supplementary Table S1). LEfSe analysis indeed revealed
that Vibrio was the top genus-level biomarkers that distinguished Port-aux-Frangcais from all other sites (Supple-
mentary Table $2). This finding is consistent with a previous study showing that anthropogenic impacts are higher
at Port-aux-Frangais when compared to other sites*!. In Mediterranean Sea, the proliferation of opportunistic
pathogens affiliated to Vibrio spp. is suspected to be a major factor in disease outbreaks in bivalve species*>*.
Moreover, Vibrio spp. encompasses a variety of pathogens whose presence within bivalve tissues and interactions
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Figure 3. Principal Coordinates Analysis (PCoA) of bacterial DNA bacterial communities at different sites.
Weighted UniFrac-based of in samples collected in M. platensis (A), A. atra in intertidal (B) and subtidal (C)
zones. Centroids for each site are illustrated by larger circles. Black ellipses represent 90% confidence interval.

with their immune system are well documented**. Taken together, our results indicate that hemolymph cmDNA
profiles reflect the local environment and the impacts of anthropogenic stressors.
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Figure 4. Alpha diversity analysis. Box plots of alpha diversity of (A) M. platensis collected in intertidal zone
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indexes were calculated for each site. Significant p values (p <0.05) were obtained using permutation test as a
non-parametric test following by a post-hoc pairwise comparisons.
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microbiota between in both mussel species. Red colors indicate higher abundance and blue colors indicate lower
abundances.

Functional analysis of the cnDNA.  Predictive functional analysis from 16 s rRNA profiling is becoming
a common tool to link the abundance of specific taxa with metabolic profiles**-%". To further explore the distinc-
tive traits that distinguish the circulating microbiome of mussels at different sites, we studied its functional con-
tent predicted from the KEGG database using Piphillin tool. Our findings confirmed that the bacterial pathways
varied significantly between A. atra and M. platensis and between sites (Fig. 6). A case in point is the abundance
of the pathways involved in xenobiotics degradation, carbohydrate metabolism and amino acid metabolism in
the hemolymph of A. atra at Port-Couvreux.

Effect of thermal stress on cmDNA. Environmental conditions, particularly temperature, are known
to affect the hemolymphatic microbiome in many marine invertebrates’®**#’. In fact, alteration of microbiota
by thermal stress can induce mortality in some organisms™’. To determine whether the circulating microbiome
of both species was modulated equally to thermal stress, both mussel species was subjected to an acute thermal
stress under laboratory conditions. Our results showed that Pseudoalteromonas spp., a bacterial genus found in
the bacterioplankton in Antarctica®, was the most abundant genus obtained in both mussel specimens and its
abundance increased significantly (p <0.001) in both mussels exposed at a higher temperature (30 °C) (Fig. 7A,
Supplementary Table $3). A significant increase in Cobetia, a facultative psychrotrophic bacteria that can grow at
temperature ranging from 0 to 40 °C%, was also seen in A. atra but not in M. platensis. A Venn diagram showed
that the hemolymphatic cmDNA in A. atra harbored 3-4 times more genera that that of M. platensis, suggest-
ing a higher diversity (Fig. 7B). The higher diversity found in A. atra was confirmed upon analysis of richness
and Shannon indices (Fig. 7C). Taken together, these results suggest that both mussel species react differently to
thermal stress, consistent with results reported in an experimental model of acute thermal stress?'.

Discussion
In the present work, using hemolymphatic liquid biopsies, we compared the cmDNA of two mussel species that
cohabit the coastal ecosystems of Kerguelen. More specifically, we found that: 1) The cmDNA bacterial profiles
of both species differ significantly; 2) differences were site-dependent; 3) both species had distinct functional
microbiota, and 4) the circulating bacterial microbiome of A. atra was more sensitive to changes induced by an
experimental model of thermal stress. Overall, this study shows that both mussel species of Kerguelen Islands
have distinctive bacterial cmDNA signatures that can be used for long term monitoring of the impact of climate
changes on marine coastal ecosystems. We also show that defining the bacterial cnDNA signature in sentinel
species is compatible with a minimally invasive, ethical and logistically friendly sampling method adapted for
research in remote regions such as Kerguelen Islands.

Our study has revealed that hemolymphatic bacterial DNA in mussels are species-specific, even though both
mussel species co-habit intimately in mussel beds of Kerguelen. These results suggest the existence of a selective
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Figure 6. Predictive functional analysis. Heatmaps based on the main KEGG pathways predicted at the
different sampling sites. Relative abundance (natural logarithm base) of metabolic pathways based on 16S
rRNA data is shown for both mussel species. Enrichments correspond to the positive values (red color) while
depletions correspond to negative values (blue).

bacterial retention between the two mussel species. Similar conclusions have been reported recently by Weingar-
ten et al.”* who studied the gut microbiota of four different freshwater Unionidae mussels. Several non-exclusive
hypotheses can be formulated to explain these findings. First, this could be related to intrinsic characteristics of
filtration between speciesS“. For instance, M. platensis is characterized by longer labial palps allowing to capture
and reject finer material in comparison with other bivalves and have higher filtration rates than A. atra®. It
has also been suggested that the circulating microbiome is not just dependent of particles ingestion but may be
impacted by the interactions between environmental microbiota and host gills for selectively retaining certain
taxa. Indeed, it has been demonstrated that ctenidia (i.e., paired gills) are responsible for particle sorting such
as plankton, organic detritus and bacteria. Some studies have shown that picoplankton (0.2-2 pm) represents
a significant contribution to the mussel diet and their ingestion was found to be cleared at higher rates than
bacteria (~ 0.6 um in size) by M. platensis®’~>’. This suggests that factors other than size affect capture of particles
by ctenidia of bivalves, such as availability of the seston, might come into play. Marine aggregates (1-500 pm)
may also contribute to enhance the uptake of picoplankton and bacteria®¢'. Particle selection and ingestion in
filter-feeding bivalves may thus depend on differential morphology of the ctenidia® . Particle discrimination
can also be influenced by interactions between chemical constituents of the cohesive mucous of pallial organs
and surface carbohydrates of captured particles®®. Differences between microbiota in bivalves can also be
modulated by the mucosal immunity®*-%. Bivalve pallial mucus contains agglutinins that can interact with several
bacterial species. It may also depends to immune humoral factors, such as antimicrobial peptides, that play a
central role in defense, most notably in the extrapallial compartment where enriched nutrients such as proteins
and polysaccharides that promote microbial proliferation®”. Another immune mechanism that may explain the
differential microbiome signature is the selective killing of bacteria bacteriophages®. For instance, two phages
isolated in Pacific oyster larvae provide a non-host-derived immunity against pathogenic V. coralliilyticus®®.
Bacteriophage adherence to bivalve mucosal surfaces is central in this symbiotic relationship. Clearly, further
comparative studies between M. platensis and A. atra are required to address this question.

Our data highlights that cmDNA bacterial profiles are site-specific and may provide critical information
on the surrounding marine ecosystems. A good example is the presence sulfur-oxidizing bacteria (SOB) (e.g.,
Sulfitobacter spp. and Sulfurimonas spp.), which represent a significant part in hemolymph microbiota in both
mussel species collected at different sites (Supplementary Table S1). SOB represent a large part of microbial
communities in marine surface sediments where they play a key role in element cycling®”’. Coastal ecosystems
around the Kerguelen islands are characterized by high wind speeds and strong tidal currents causing sediment
dispersion along the coast”’ =", In addition to symbionts, the region around the Kerguelen Plateau is characterized
by the presence of cold seeps and hydrothermal vents emitting chemical-rich fluids®'. It is likely that symbiotic
SOB are present in the gills of the two mussels and contribute to provide organic carbon as energy source to the
host by consuming sulfide from the Subantarctic vents. Another example of how the circulating microbiome can
provide clues on local environmental conditions is the detection of DNA derived from thermophilic bacteria,
such as Geobacillus spp. and Thermomonas spp., which were found in A. atra collected at Ilot-des-Trois-Bergers
and Prince-de-Monaco (Supplementary Table S1). Both sites are located near geothermally heated habitats™.
High abundance of kelps could also modulate the circulating microbiome signature. The coastlines of Kerguelen
Islands are occupied by highly productive giant kelp beds forming undersea forests in hard bottom. Giving the
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fact that numerous strains of the genus Sphingomonas can decompose algal polysaccharides and be a dominant
bacterium from a marine oligotrophic environment*”, it is therefore not surprising to find a great abundance
of this genus at sampling sites characterized by kelp forests. Taken together, these results illustrate the potential
of defining the circulating microbiome signature in mussels for long-term monitoring of environmental changes
occurring in coastal marine ecosystems.

Intertidal mussels are exposed to sea surface and air temperature variations reflecting the solar exposition,
the wind speed, the sea level pressure, humidity index and the dual tides in Kerguelen”®7%. In 2018, according to
the PROTEKER's registries from their temperature loggers at Ilot Channer site at a depth of 5 m, the temperature
varied from 2.7 to 9.5 °C, where A. atra is found™. The situation is of course quite different in the intertidal zones
where temperature changes is subjected to high variations within a single day and between tides. Considering the
growth rate of some bacteria, it is logical to expect a microbiome shift after a thermal stress as we did observe in
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our experimental model of thermal stress. Such effect of thermal stress on the cmDNA has been documented in
the past for bivalves®*‘*4%, However, this effect was more pronounced in A. atra when compared to M. platensis,
as shown by the significant increase of the bacteria of the Cobetia genus in A. atra. These bacteria can grow at
temperature up to 40 °C* In addition, it is also important to pinpoint that the microbiome signature in mussels
will also be affected by seasonal variations.

Overall, our data with the circulating microbiome suggests that A. afra is more sensitive to thermal stress
when compared to M. platensis. These results are consistent with previous studies comparing the hemolymphatic
component of both species in response to thermal stress®’. Whether such this plays a role in its progressive disap-
pearance for the profit of Mytilus spp. in many marine ecosystems is unclear now®!, Clearly, monitoring of mixed
beds may represent a unique opportunity to study the effect of climate change on marine coastal ecosystems in
the Southern hemisphere, a particularly sensitive region to climate change.

Materials and methods

Sample collection. A. atra and M. platensis specimens (55-70 mm length) were collected at 16 sites of the
French sub-Antarctic Kerguelen Islands during the 2017 and 2018 Summer campaigns (Fig. 2). Liquid biopsy
samples were collected from samples collected in both intertidal or subtidal (~ 5 m depth) zones and immediately
processed (within an hour) on site as previously described?'. Briefly, intravalvular liquid was removed with the
tip of a knife and hemolymph withdrawn from the adductor muscle using a syringe fitted with a 21-gauge needle.
Samples were immediately transferred into 1.5 mL sterile Eppendorf tube and centrifuged on site for 3 min at
3000xg at ambient temperature using a portable, battery-operated TOMY Multi Spin centrifuge (TOMY, Japan).
Samples were pooled to eliminate individual differences and to minimize small-scale variability**$2. After cen-
trifugation, cell pellets were dispersed gently and a 50 pL aliquot was applied on individual discs of Whatman
903™ FTA® cards (Sigma-Aldrich, Oakville, ON, Canada). After a 30 min drying period at ambient temperature,
individual cards were kept in zip-sealed sampling plastic bags containing one small desiccant. Ethanol was used
to disinfect handling equipment, and gloves were always worn during the procedure to prevent contamination
from human hands.

Thermal stress experiments.  Adult specimens of M. platensis and A. atra were collected on the inter-
tidal rocky shores of Port-aux-Frangais (49°21'4.682"” S, 70°13'22.496" E) at Kerguelen Islands in November
and December 2018. Mussels were transported to laboratory within the hour and immediately transferred in
a temperature-controlled (8 °C) aerated aquarium containing filtered recirculating seawater maintained on a
12 h:12 h light/dark cycle for at least 24 h. Mussels were placed in a 30 °C seawater recipient for 90 min. This
acute stress model is commonly used in other studies to investigate the effect of temperature stress between
mussels congeners®®#3-85, Controls included mussels incubated for the same period of time at 8 °C. After 90 min,
hemolymph samples were immediately processed as described above and 70 pL of hemolymph was spotted on
FTA cards kept in sample bags with a desiccant.

Preprocessing and sequencing. Individual discs were cut from the FTA cards using a sterile 5.0 mm
single round hole punch and total DNA isolated using the QIAamp DNA Investigator Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s protocol. Quantification of DNA was carried out in duplicate using
Quant-iT" PicoGreen” dsDNA detection kit (Molecular Probes, Eugene OR). Amplification of the 16S riboso-
mal RNA (rRNA) gene amplifications and 16S gene amplicon sequencing for all DNA samples were performed
at Centre dexpertise et de services Génome Québec (Montréal, QC, Canada) using the universal primers 341F
(5-CCTACGGGNGGCWGCAG-3) and 805R (5-GACTACHVGGGTATCTAATCC-3")*. Sequence librar-
ies were prepared by Génome Québec with TruSeq® DNA Library Prep Kit (Illumina, San Diego, CA, USA)
and quantified using KAPA Library Quantification Kit for Illumina platforms (Kapa Biosystems). Paired-end
sequences were generated on a MiSeq platform PE300 (Illumina Corporation, San Diego, CA, USA) with the
MiSeq Reagent Kit v3 600 cycles (Illumina, San Diego, CA, USA).

Bioinformatic analysis. Illumina sequence data (FASTQ files) were received as output from Génome
Québec. For each primer pair dataset, reads from the raw sequencing data were trimmed using Cutadapt (ver-
sion 2.8) tool implemented in Unix Shell (version 4.4.19; Ubuntu version 18.04). For data pre-processing, the
DADA?2 pipeline (version 1.16.0; Callahan et al.*”) was used to generate 16S rRNA (V3-V4) amplicon sequence
variants (ASVs). Briefly, forward and reverse reads were trimmed, filtered and truncated based on their quality
scores. The error model was calculated for forward and reverse reads. After denoising and merging, chimeric
sequences (bimeras) were removed from the datasets by following the consensus method as implemented in
DADAZ2. All subsequent analyses were performed within the R environment (R version 4.0.3, R Core Team®).
The final table obtained consisted of a tabulation of number of occurrences of non-chimeric ASVs in each sam-
ple. Taxonomy assignments of representative ASVs were performed using the naive Bayesian classifier method
with the latest RDP 16 database. Sequences (4.8% of reads) attributed to Archaea or unclassified at phylum level
were removed from the dataset. Raw datasets analyzed during the current study are publicly available on NCBI
Sequence Read Archive (PRJNA773369).

Statistical analysis. Bacterial community analysis were performed in the R environment using the phy-
loseq, microbiomeSeq, microbiomeMarker and vegan packages® 2. Alpha diversity indices, including the Shan-
non index, Pielou’s evenness and richness estimator, were calculated using Wilcoxon/Kruskal-Wallis test
between groups. Beta diversity between sample groups was determined based on the UniFrac distance and visu-
alized by principal coordinates analysis (PCoA). Heatmaps were performed based on the relative abundance and
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constructed with the 30 most abundant genera. Bacterial biota composition differences among sites were studied
using multivariate analysis of variance with permutation (PERMANOVA) with 9999 permutations. Permutation
multivariate analysis of dispersion (PERMDISP) was also conducted with the function betadisper and permut-
est in order to test for homogeneity of multivariate dispersions (i.e., deviations from centroids) among sampling
sites. The linear discriminant analysis (LDA) identifies the effect size (LEfSe) with which these taxa differentiate
the samples. The threshold on the logarithmic score of LDA analysis was set to 2.0. Comparative metagen-
omic functional composition was predicted from the latest Kyoto Encyclopedia of Genes and Genomes (KEGG)
database” using a recently developed online tool Piphillin (http://secondgenome.com/Piphillin)****. The dif-
ferential abundance analysis of gene abundance data was completed with the online tool MicrobiomeAnalyst®™.
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Supp. Figure S1: Pie charts summarizing the phylum-level microbiota composition of the
hemolymph of Mytilus platensis and Aulacomya atra in intertidal sites (A-B) and (C) of
Aulacomya atra in subtidal sites during 2017 and 2018. Phylum with a relative abundance of <
1.5% are represented as "Other".
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Supp. Figure S2: Box plots of alpha diversity of Aulacomya atra and Mytilus platensis
hemolymph microbiota in mixed mussel beds in 2017 and 2018. Species evenness,
observed richness and Shannon diversity indexes were calculated for each groups. No
significant differences (p <0.05) were observed between groups.
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Résumé

La biopsie liquide (BL) est un concept qui gagne rapidement du terrain dans le domaine
biomédical. Ce concept repose en grande partie sur la détection de fragments d'ADN
libre circulant (ccfDNA) qui sont principalement libérés sous forme de petits fragments
suite a la mort cellulaire dans divers tissus. Un petit pourcentage de ces fragments
provient de tissus ou d'organismes étrangers (ADN du non-soi). Dans ce travail, nous
avons appliqué ce concept aux moules, une espéece sentinelle connue pour sa grande
capacité de filtration de I'eau de mer. Nous avons exploité la capacité des moules a agir
comme des filtres naturels pour capturer des fragments d'’ADN environnemental de
différentes origines afin de fournir des informations sur la biodiversité des écosystemes
marins et cotiers. Nos résultats ont montré que I'hnémolymphe des moules contient des
fragments d'ADN dont la taille varie considérablement, allant de 1 a 5 kb. Le séquencgage
aléatoire shotgun a révélé qu'une quantité significative de fragments d'’ADN avait une
origine microbienne. Parmi ceux-ci, nous avons trouvé des fragments d'/ADN provenant
de bactéries, d'archées et de virus, y compris des virus connus pour infecter une variété
d'hétes qui peuplent couramment les écosystémes marins et cétiers. En somme, notre
étude démontre que l'application du concept de BL aux moules offre une source de
connaissances riche et encore inexplorée concernant la biodiversité microbienne d'un

écosysteme marin et cétier.
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Liquid biopsy (LB) is a concept that is rapidly gaining ground in the biomedical field. Its concept is largely based on the detection of
circulating cell-free DNA (ccfDNA) fragments that are mostly released as small fragments following cell death in various tissues. A
small percentage of these fragments are from foreign (nonself) tissues or organisms. In the present work, we applied this concept to
mussels, a sentinel species known for its high filtration capacity of seawater. We exploited the capacity of mussels to be used as
natural filters to capture environmental DNA fragments of different origins to provide information on the biodiversity of marine
coastal ecosystems. Our results showed that hemolymph of mussels contains DNA fragments that varied considerably in size,
ranging from 1 to 5 kb. Shotgun sequencing revealed that a significant amount of DNA fragments had a nonself microbial origin.
Among these, we found DNA fragments derived from bacteria, archaea, and viruses, including viruses known to infect a variety of
hosts that commonly populate coastal marine ecosystems. Taken together, our study shows that the concept of LB applied to
mussels provides a rich and yet unexplored source of knowledge regarding the microbial biodiversity of a marine coastal

ecosystem.

ISME Communications; https://doi.org/10.1038/543705-022-00145-0

INTRODUCTION

Climate change (CC) impacts on the biodiversity of marine
ecosystems are a rapidly evolving field of research. Global warming
not only induces important physiological stress but also pushes the
evolutionary limit of thermal tolerance of marine organisms,
affecting the habitat of several species and pushing them to find
more favorable conditions [1, 2]. In addition to its impact on the
biodiversity of metazoans, CC also disrupts the delicate balance of
host-microbe interactions. Such microbial dysbiosis is a major
threat to marine ecosystems as it makes marine life more
susceptible to infectious pathogens [3, 4]. CC is believed to play
an important role in mass mortality events, a major concern for the
management of marine ecosystems worldwide [5, 6]. This is an
important issue given the economic, ecological, and nutritional
impacts of many marine species. This is particularly true for
bivalves found in polar regions where the effects of CC are more
immediate and severe [6, 7]. In fact, bivalves, such as Mytilus spp.,
have been extensively used for monitoring the impact of CC in
marine ecosystems. Not surprisingly, a relatively large number of
biomarkers have been developed to monitor their health status,
often using a two-tier approach that includes functional biomar-
kers based on enzymatic activities or cellular functions, such as cell
viability and phagocytic activity [8]. These approaches also include
measuring concentrations of specific stress indicators that
accumulate in their soft tissues following uptake of high amounts
of seawater. However, the high filtering capacities and the semi-
open circulatory system of bivalves offer an opportunity to develop
novel hemolymphatic biomarkers that exploit the concept of liquid

biopsy (LB), a simple and minimally invasive approach used by
clinicians for patient management based on a simple sample of
blood [9, 10]. Although several types of circulating molecules can
be detected in human LB, the concept is largely based on DNA
sequencing analysis of circulating cell-free DNA (ccfDNA) frag-
ments in plasma. In fact, the existence of DNA circulating in human
plasma has been known since the middle of the 20th century [11],
but it is only in recent years that the advent of high-throughput
sequencing methods has led to clinical diagnostics based on
ccfDNA. The presence of these circulating DNA fragments results in
part from a passive release of genomic DNA (nuclear and
mitochondrial) following cell death. In healthy individuals, the
concentration of ccfDNA is normally low (<10 ng/mL) but can be
increased by 5-10 times in patients suffering from various
pathologies or subjected to stress, resulting in tissue damage.
The size of ccfDNA fragments varies considerably but generally
range from 150 to 200 bp [12]. Analysis of ccfDNA of self-origin, i.e.,
derived from host normal or transformed cells can be used to
detect genetic and epigenetic alterations present in nuclear and/or
mitochondrial genomes, thereby helping clinicians choose among
specific molecularly targeted therapies [13]. However, ccfDNA can
be derived from a nonself origin, such as ccfDNA derived from fetal
cells during pregnancy or from transplanted organs [14-17].
ccfDNA is also an important source of information for detecting the
presence of nucleic acids from infectious agents (nonself), thus
making it possible to noninvasively detect a wide range of
infections that are not identified by blood culture, avoiding
invasive biopsy of infected tissues [18]. Recent studies have indeed
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shown that human blood contains a rich source of information for
the identification of viral and bacterial pathogens and that ~1% of
ccfDNA found in human plasma has a nonself origin [19]. These
studies suggest that it is possible to assess the biodiversity of the
circulating microbiome of an organism from the analysis of
ccfDNA. Until very recently, however, this concept has exclusively
been applied and studied in humans and, to a lesser extent, to
other vertebrates [20, 21].

In the present work, we have taken advantage of the potential
of LB to analyze the ccfDNA of Aulacomya atra, a southern species
of mussels commonly found in the sub-Antarctic Kerguelen
Archipelago, a group of islands located at the top of a large
plateau that was built by volcanic eruptions 35 million years ago.
Using an in vitro experimental system, we found that DNA
fragments present in seawater are rapidly taken up by mussels
and gain access to the hemolymphatic compartments. Shotgun
sequencing showed that hemolymphatic ccfDNA of mussels
contains DNA fragments of both self and nonself origin and
included symbiotic bacteria as well as DNA fragments derived
from biological communities that are typical of cold volcanic
marine coastal ecosystems. Hemolymphatic ccfDNA also con-
tained viral sequences derived from viruses with distinct host
ranges. We also found DNA fragments derived from metazoans,
such as bony fish, anemones, algae, and insects. Taken together,
our study demonstrates that the concept of LB can be successfully
applied to marine invertebrates to access a rich genomic reservoir
within a marine ecosystem.

MATERIALS AND METHODS

Mussel collection

Adult specimens (55-70 mm length) of Mytilus platensis (M. platensis) and
Aulacomya atra (A. atra) were collected on the intertidal rocky shore of
Port-aux-Frangais (049°21.2355, 070°13.490E) at Kerguelen Islands in
Decernber 2018. Other adult blue mussels (Mytilus spp.) were obtained
from a commercial supplier (PEl Mussel King Inc., Prince Edward Islands,
Canada) and placed in a temperature-controlled {4°C) aerated tank
containing 10-20L of 32%o artificial saline water (Reef Crystal artificial
marine salt, Instant Ocean, VA, USA). For each experiment, individual shell
lengths and weights were measured,

Circulating cell-free DNA extraction

A free and open access protocol for the procedure is available online
(https://doi.org/10.17504/protocols.j0.81wgbéz9olpk/v1). Briefly, hemolym-
phatic LBs were collected from the abductor muscle as described (22]. The
hemolymph was clarified by centrifugaticn at 1200 x g for 3 min, and the
supernatant was frozen (—20°C) until use. To isolate and purify ccfDNA,
samples {1.5-2.0 mL} were thawed and processed using the NucleoSnap
cfDNA kit (Macherey-Nagel, Bethlehen, PA) according to the manufac-
turer's instructions. The ccfDNA was stored at —80 °C until further analysis.
In some experiments, ccfDNA was extracted and purified using the
QlAamp DNA Investigator Kit (QIAGEN, Toronto, ON, Canada). Purified DNA
was quantified by standard PicoGreen assay. The fragment distribution of
the extracted ccfDNA was analyzed by capillary electrophoresis with an
Agilent 2100 Bioanalyzer (Agilent Technologies Inc., Santa Clara, CA) using
a High Sensitivity DNA kit. The assay was performed according to the
manufacturer’s instructions using 1 pL of ccfDNA sample.

Sequence analysis pipeline

To sequence the hemolymphatic cefDNA fragments, shotgun libraries were
prepared by Génome Québec (Montreal, Quebec, Canada) using the
llumina DNA Mix set for lllumina MiSeq PE?75. Standard adapters (BioQ)
were used. Raw data files are available on the NCBI Sequence Read Archive
(SRR8924808 and SRR8924809). Basic read quality was assessed using
FastQC [23]. The adapters and low-quality reads were trimmed with
Trimmomatic [24]. The paired-end shotgun reads were merged into longer
single reads with FLASH with a minimum overlap of 20bp to avoid
mismatches [25]. Merged reads were annotated with BLASTN using a
bivalve NCBI Taxonomy database (e value < 1e > and 90% homology), and
masking of low-complexity sequences was performed using DUST [26].
Reads were divided into two groups: those that were related to bivalve
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sequences (here named seff reads) and those not (nonself reads). Both
groups were assembled separately with MEGAHIT to generate contigs [27].
In parallel, the taxonomic distribution of microbiome nonself reads was
classified with Kraken2 [28] and represented graphically with a Krona pie
chart on Galaxy [29, 30]. Optimal kmers were determined from our
preliminary experiments as kmers-59, Self contigs were then identified by
alignment with BLASTN (bivalve NCBI database, e value < 1e™'® and 60%
homology) for a final annotation. In parallel, nonself group contigs were
annotated with BLASTN (nt NCBI database, e value<le ' and 60%
homology). BLASTX was also conducted on nenself contigs using the nr
and RefSeq protein NCBI databases (e value < 1e'% and 609 homology). A
pool of BLASTN and BLASTX from nonself contigs represented the final set
of contigs (see supplementary file).

PCR amplification

The primers used for PCR are listed in Table $1. Tag DNA polymerase (Bio
Basic Canada, Markham, ON) was used to amplify ccfDNA targeted genes.
The following reaction conditions were employed: denaturation at 95°C
for 3min; 35 cycles of 95°C for 1min, the prascribed annealing
temperature for 1min and elongation at 72°C for 1min; and a final
72°C for 10min. PCR products were separated by electrophoresis in
agarose gels (1.5%) containing SYBR™ Safe DNA Gel Stain (Invitrogen,
Burlington, ON, Canada) at 95V.

DNA uptake by mussels

Mussels (Mytilus spp,) were acclimated in 500 mL of oxygenated seawater
(32 PSU) at 4°C for 24 h. Plasmidic DNA centaining an insert encoding the
cDNA sequence of the human galectin-7 gene (NCBI Accession number
LO7769) was added to the tank at a final concentration of 190 pg/uL.
Controls included mussels incubated under the same conditions without
the addition of DNA. A third control tank contained DNA without mussels.
To track the quality of DNA in seawater, samples (20 uL; triplicates) of
seawater were withdrawn from each tank at the indicated times. To track
plasmid DNA in mussels, LBs were collected at the indicated times and
analyzed by qPCR and ddPCR. Given the high salt levels in seawater, the
aliquots were diluted in PCR quality water (1:10) before all PCR analyses.

Digital droplet PCR

Digital droplet PCR {ddPCR) was performed using the QX200 BioRad
(Mississaugua, ON, Canada) protocol. Optimal temperatures were estab-
lished using temperature curves (Table 51). Droplets were generated with a
QX200 droplet generator (BioRad). ddPCR was performed as follows: 95 °C
for 5min; 50 cycles of 95°C for 305 and the indicated annealing
temperature for 1 min and 72 °C for 30 5; 4 °C for 5 min; and 90 °C for 5 min.
Droplet number and positive reactions (copies/pL) were measured with a
QX200 droplet reader (BioRad). Samples with fewer than 10,000 droplets
were rejected. No template control was carried out on each run of ddPCR.

Real-time qPCR

GPCR was performed using Rotor-Gene” 3000 (Corbett Research, Sydney,
Australia) with L GALS7-specific primers. All gPCRs were performed in 20 uL
with the QuantiFast SYBR Green PCR Kit (QIAGEN). The gPCRs were
initiated with a 15-min incubation at 95 °C followed by 40 cycles of 95°C
for 10s and 60 °C for 60 s with a single acquisition. A melting curve was
generated at the end of the gPCR using 95 °C for 55, 65 °C for 60 s and 97
°C with continuous acquisition. Each qPCR was performed in triplicate, and
no template controls were included.

RESULTS

Uptake of DNA by mussels

Because mussels are known for their high filtration rate capacity,
we first studied whether they can filter and retain DNA fragments
present in seawater. We were also interested in whether these
fragments accumulate in their semi-open hemolymphatic system.
We addressed this issue experimentally by tracking the fate of
soluble DNA fragments added to aguariums containing blue
mussels. To facilitate the tracking of the DNA fragments, we used
foreign (nonself) plasmid DNA containing the human galectin-7
gene, Tracking of plasmidic DNA fragments in seawater and
mussels was followed by ddPCR. Our results showed that although
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Fig. 1 Experimental accumulation of nonself in mussels. Relative
concentration of plasmidic DNA in seawater in presence {A) or
absence (B) of mussels as measured by ddPCR. In A, the results are
expressed as percentages and the limits of the box represent the
75th and 25th percentiles. A fitted logarithmic curve is represented
in red with a gray shade area that represents the 95% confidence
interval. In B, the red line indicates the mean value and blue lines
represent the 95% confidence interval of the cencentrations,
C Accumulation of the plasmidic DNA in the hemolymph and
intravalvular fluid of mussels at different time post-addition of
plasmidic DNA. The results are shown as absolute number of copies/
mL detected {(£SE).

the amount of DNA fragments remained relatively stable over
time (up to 7 days) in seawater in the absence of mussels, the
levels almost completely disappeared within 8 h in the presence
of mussels (Fig. 1a, b). Exogenous DNA fragments were readily
detectable within 15min in both intravalvular fluids and
hemolymph (Fig. 1c). These fragments were still detected up to
4 h postexposure. Such filtering activity for DNA fragments is
comparable to that reported for filtration of bacteria and algae
[31]. These results suggest that mussels can filter and accumulate
exogencus DNA in their fluidic compartments.

Hemolymphatic ¢cfDNA in mussels

We next studied the origin of ccfDNA in mussels collected in a
mussel bed at Kerguelen Islands, a remote group of islands with
limited anthropogenic impact. For this purpose, hemolymphatic
ccfDNA from mussels was isolated and purified using methods
that are commenly employed for purification of human ccfDNA
[32, 33]. We found that the mean hemolymphatic ccfDNA
concentrations in mussels were in the range of low micrograms
per mL of hemolymph (see Table 52, supplementary information).
Such a range of concentrations is significantly greater than that
found in healthy humans (low nanograms per mL); however,
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ccfDNA levels in cancer patients can reach several micrograms per
mL in rare cases [34, 35]. Analysis of the size distribution of
hemolymphatic ccfDNA showed that these fragments varied
considerably in size, ranging from 1000 bp to 5000 bp (Fig. 2).
Similar results were obtained using the silica-based QlAamp
Investigator kit, a method commonly used in forensic science to
rapidly isolate and purify genomic DNA from samples at low DNA
concentrations, including ccfDNA [36].

Shotgun sequencing of hemolymphatic c¢fDNA

In humans and primates, ~1% of ccfDNA has a nonself origin
[21, 371. Given the semi-open circulatory system of bivalves, the
microorganism-rich seawater, and the size profile of mussel
ccfDNA, we hypothesized that hemolymphatic ccfDNA of mussels
is likely to contain a rich and diverse reservoir of microbial DNA. To
test this hypothesis, we performed shotgun sequencing of
hemolymphatic ccfDNA of Aulacomya atra specimens collected
at Kerguelen Islands, generating more than 10 million reads, of
which 97.6% passed quality control. Reads were then classified
based on self and nonself origins using BLASTN and the NCBI
bivalve database (Fig. 51, supplementary information).

ccfDNA of self-origin

In humans, both nuclear and mitochondrial DNA can be released
in circulation [38]. In the present study, however, it was not
possible to characterize in detail the nuclear genomic DNA of
mussels given that the genome of A. atra has not yet been
sequenced and reported. However, we were able to identify a
number of ccfDNA fragments of self-origin using bivalve libraries
(Fig. S2, supplementary information). We also confirmed the
presence of DNA fragments of self-origin using targeted PCR
amplification of those A. atra genes that have been sequenced
{Fig. 3). Similarly, given that the mitochondrial genome of A, atra
was available in public databases, it was possible to find evidence
of mitochoendrial ccfDNA fragments in the hemolymph of A. atra.
The presence of mitochondrial DNA fragments was confirmed by
PCR amplification (Fig. 3).

Bacterial microbiome analysis of ccfDNA using Kraken2

Given the rich microbial content of marine seawater, we initially
focused on the characterization of hemolymphatic microbial DNA
sequences. For this, we used two distinct strategies. The first
strategy employed Kraken2, an algorithm-based sequence classi-
fication program, which allows identification of microbial
sequences with an accuracy comparable to BLAST and other
tools [28]. Greater than 6719 reads were identified to be of
bacterial origin, whereas 124 and 64 were of archaeal and viral
origins, respectively (Fig. 4). The most prevalent bacterial DNA
fragments originated from Firmicutes (46%), Proteobacteria (27%),
and Bacteroides (17%) (Fig. 4a). This distribution was consistent
with previous micrabiome studies in marine blue mussels [39, 40].
Gammaproteobacteria were the dominant class of Proteobacteria
(44%) and included many Vibrionaies (Fig. 4b). The presence of
DNA fragments of the Vibrio genus in hemolymphatic ccfDNA of A.
atra was confirmed by ddPCR (Fig. 4c) [41]. To obtain more
information on the bacterial origin of ccfDNA, a complementary
approach was used (Figure 52, supplementary information). In this
case, reads that overlapped were assembled as paired-end reads
and were classified as of self (bivalves) or nonself origin using
BLASTN and an e value of 1673 and a cutoff with >90% homology.
Because the genome of A. atra has not yet been sequenced, we
used a de novo assembly strategy with the MEGAHIT next-
generation sequencing (NGS) assembler. A total of 147 188
contigs were identified as being of nonself (bivalve) origin. These
contigs were then blasted using BLASTN and BLASTX using an e
value of 1e 1° This strategy allowed us to identify 482 non-bivalve
fragments present within the ccfDNA of A. atra. Greater than half
(57%) of these DNA fragments were of bacterial origin with a
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Fig. 3 Validation of DNA fragments of self-origin. A Presence of
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Accession: SRX5705968) amplified by PCR, Figure was adapted from
Breton et al., 2011 B Amplifications of hemolymph supernatant from
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Elongation factor 1a (EF1a) and mitachondrial genes Cytochrome b
(CYTB), Cytochrome ¢ oxidase subunit 1 (COX1), and NADH
dehydrogenase subunit 5 (Nd5) were carried out with a 3 mm
punch directly added into the PCR tube <ontaining the PCR mix.

majority from gill symbionts that included thiotrophic symbionts
and from Solemya velum gill symbionts (Fig. 5).

Archeal microbiome
Kraken2 analysis also showed that ccfDNA from mussels

contained DNA fragments derived from Archaea, including from
Euryarchaeota (65%), Crenarchaeota (24%), and Thaurmarcheota
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{11%) (Fig. 6a). The presence of DNA fragments derived from
Euryarchaeota and Crenarchaeota, which have previously been
found in the microbe assemblage of Mytilus californicus, may not
be surprising [42]. Although Euryarchaeota have been com-
monly associated with extreme environments, it is now
recognized that both Euryarcheota and Crenarcheota are among
the most abundant prokaryotes in oceanic low-temperature
environments [43, 44]. The presence of methanothopic micro-
organisms in mussels is not unexpected given recent reports of
widespread methane seeps escaping from the seafloor
of the Kerguelen Plateau [45] and the potential microbial
methane production cbserved in coastal areas of Kerguelen
Islands [46].

Circulating virome

Our attention was then turned to reads derived from DNA viruses.
To our knowledge, this is the first untargeted study of the viral
content in mussels. As expected, we found DNA fragments
derived from bacteriophages (Caudovirales) (Fig. 6b). However, the
most prevalent viral DNA originated from the phylum Nucleocy-
toviricota, which is also known as nucleocytoplasmic large DNA
viruses (NCLDVs) and harbors the largest genomes among any
viruses. Among this phylum, a majority of DNA sequences were
derived from Mimiviridae (58%) and Poxviridae (21%), the natural
hosts of which include vertebrates and arthropods, and a lesser
extent of these DNA sequences were derived from Phycodnavir-
idae, which are known to infect marine eukaryotic algae.
Sequences from Pandoravirus, a genus of giant virus with the
largest genome size of any known viral genus, were also obtained.
Interestingly, the range of hosts known to be infected by viruses
that we identified through sequencing of hemolymphatic ccfDNA
was relatively large (Figure S3, supplementary information). It
includes viruses known to infect insects, such as Baculoviridae and
iridoviridae, as well as those known to infect amoebae, algae, and
vertebrates. We also found sequences that matched genomic
sequences of Pithovirus sibericum. Pithoviruses (aka "Zombie
viruses”) were first isolated from a 30,000-year-old permafrost
layer in Siberia [47]. Our findings are thus consistent with a
previous report showing that modern species of these viruses
have not gone all extinct [48], and these viruses may ke found in
distant subarctic marine ecosystems.
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Detection of metazoan-derived nonself ccfDNA sequences

We finally examined whether we could find DNA fragments
originating from other metazoans. A total of 482 nonself contigs
were identified using BLASTN and BLASTX performed with nt, nr
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and RefSeq libraries {genomes and proteins). Our results showed
that metazoan nonself ccfDNA fragments were dominated by
DNA from bony fish (Fig. 5). DNA fragments from insects and other
species were also found. A relatively large percentage of DNA
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fragments were not identified possibly because a large number of
marine species are underrepresented in genomic databases
compared to terrestrial species [49].

DISCUSSION
In the prasent work, we applied the concept of LB to mussels,
arguing that shotgun sequencing of hemolymphatic ccfDNA could
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provide insights into the constituents of a marine coastal ecosystem.
More specifically, we showed that 1) the hemolymph of mussels
contains a relatively high concentration {(at the microgram level) of
relatively large (~1-5kb) circulating DNA fragments; 2) these DNA
fragments are of both a self and nonself origin; 3) among the
nonself origins of these DNA fragments, we found bacterial, archaeal
and viral DNA as well as DNA from other metazoans; and 4) the
accumulation of these hemolymphatic nonself ccfDNA fragments in
the hemolymph is rapid and favored by the intrinsic filtration activity
of mussels. Taken together, our study shows that the concept of LB,
which has mostly been applied in the biomedical field to date,
encodes a rich and yet unexplored source of knowledge that could
be used to better understand the interactions between sentinel
species and their environment.

In addition to primates, isolation of ccfDNA has been reported
in mammals, including mice, dogs, cats, and horses [S0-52]. To our
knowledge, however, our study is the first to report the detection
and sequencing of ccfDNA of a marine species with an open
circulatory system. This anatomical feature and the filtering
capacity of mussels probably explains, at least in part, the distinct
size profile of circulating DNA fragments when compared to other
species. In humans, most DNA fragments that circulate into the
bloodstream are small fragments ranging between 150 and
200 bp with a maximum peak at 167 bp [34, 53]. A smaller but
significant proportion of DNA fragments falls between 300 and
500 bp, and ~5% of DNA fragments are longer than 900 bp [54].
This size distribution is explained by the fact that the major source
of ccfDNA in plasma originates from cell death, either due to
apoptosis or following necrosis of circulating hematopoietic cells
in healthy individuals or tumor cell apoptosis in cancer patients
(referred to as circulating tumor DNA, ctDNA). The size distribution
of hemolymphatic ccfDNA we found in mussels, which ranges
from 1000 to 5000 bp, suggests that the ccfDNA of mussels has a
different origin. This is a logical hypothesis given that mussels
have a semi-open vascular system and live in a marine aquatic
environment that contains high concentrations of genomic DNA
derived from microorganisms. In fact, our laboratory experiments
using foreign DNA suggest that mussels accumulate DNA
fragments present in seawater, at least for several hours after
which they are either degraded, and/or released, and/or stored in
different tissues following cellular uptake. Using the intravalvular
compartment would reduce the ccfDNA from self origin, but also
from nonself origin considering the rarity of (prokaryotic and
eukaryotic) cells. Considering the importance of innate immunity
in bivalves and the high numbers of circulating phagocytes, we
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further hypothesize that even nonself ccfDNA is enriched by the
circulating phagocytes which accumulate foreign DNA upon
phagocytosis of microorganisms and/or cell debris. Taken
together, our findings suggest that hemolymphatic ccfDNA in
bivalves are a unique reservoir of molecular information and
reinforces their status as sentinel species.

Our data showed that sequencing and analysis of bacterial-derived
hemolymphatic ccfDNA fragments can provide critical information on
the bacterial flora of the host and bacteria present in the surrounding
marine ecosystem. The shotgun sequencing approach revealed
sequences from the gill symbiont bacteria of A. agtra that would
otherwise have been missed if the common 165 rRNA identification
method was employed partly due to a bias in the reference library. In
fact, our data using LB collected from M. platensis in the same mussel
bed at Kerguelen showed that both mussel species had a similar
composition of their gill-associated bacterial symbiont (Figure S4,
supplementary information). Such similarity for both genetically
distinct mussels possibly reflects the composition of the bacterial
community in the cold, sulfidic and volcanic sediment of Kerguelen
[55-58]. A higher proportion of sulfur-reducing microorganisms is
well described in bioturbated coastal zones [59], such as the coast of
Port-aux-Francais, where mussels were collected. Another possibility
is that the mussel symbiont flora can be influenced by horizontal
transmission [60, 61]. More studies will be required to determine the
correlation between the marine environment, the ocean floor surface
and the mussel symbiotic bacterial composition. These studies are
currently underway.

The length and concentration of hemolymphatic ccfDNA, the
ease of its purification and its high quality that allows for rapid
shotgun sequencing are among the many benefits of using
ccfDNA of mussels to assess the biodiversity of marine coastal
ecosystems. This approach is particularly effective for characteriz-
ing viral communities (virome) within a given ecosystem [62, 63].
In contrast to bacteria, archaea and eukaryotes, viral genomes do
not harbor phylogenetically conserved genes, such as the 165
sequences. OQur findings, showed that liquid biopsies from sentinel
species like mussels can be used to identify a relatively large
number of ccfDNA fragments of viruses known to infect hosts
which commonly populate coastal marine ecosystems. This
included viruses known to infect protists, arthropods, insects,
plants, and bacterial viruses (i.e, bacteriophages). A similar
distribution was found when we studied the virome of
hemolymphatic ¢ccfDNA of blue mussels (M. platensis) collected
in the same mussel beds at Kerguelen (Table 52, supplementary
information). Shotgun sequencing of ccfDNA is indeed a new
approach that has gained momentum for studying the virome in
humans or other species [21, 37, 64]. This approach is particularly
useful for studying dsDNA viruses because not a single gene is
conserved in all dsDNA viruses, which represent the most diverse
and expansive Baltimore classes of viruses [65]. Although most of
these viruses remain unclassified and likely include viruses in
completely uncharted parts of the virus world [66], we found that
the virome of both mussel A. atra and M. piatensis species and the
host range were similar between both species (see Fig. 53,
supplementary information). Such similarity is not surprising, as it
likely reflects the lack of selectivity during the uptake of DNA
present in the surrounding environment. Future studies using
purified RNA are currently needed to characterize the RNA virome.

In our study, we used a very stringent pipeline that was adapted
from the work of Kowarsky and colleagues [37] who used a two-
step removal of self ccfDNA before and after the assembly on its
merged reads and contigs, thereby generating a large proportion
of unmapped reads. Accordingly, we cannot rule out that a
proportion of these unmapped reads can still be of self origin,
most notably as we do not have a reference genome for this
mussel species. We also used this pipeline because we were
concermned by chimeras formed between self and nonself reads
and the length of the reads generated by the lllumina MiSeq
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PE75s. Another reason for the large proportion of unmapped
reads is that a large proportion of marine microorganisms,
especially in such a remote area as Kerguelen, has not yet been
annotated. We used the lllumina MiSeq PE75, assuming that the
ccfDNA length fragments would be similar to human ccfDNA. For
future studies, given our results showing that hemolymphatic
ccfDNA has longer reads than that of humans and/or mammals,
we would recommend sequencing platforms that are more
adapted to longer ccfDNA fragments. This practice would greatly
facilitate the identification of a higher number of reads, allowing
deeper analyses. Obtaining a complete sequence of the nuclear
genome of A. atra, which is not currently available, would also
greatly facilitates the distinction between ccfDNA of self and
nonself origin. Considering that our study was focused on the
feasibility of applying the concept of liquid biopsy to mussels, we
are hopeful that as future studies exploit this concept, new tools
and pipelines will be developed to improve that potential of this
method to study the microbial biodiversity of marine ecosystems.

As a noninvasive clinical biomarker, elevated levels of human
plasmatic ccfDNA have been associated with several diseases, tissue
damage and stress conditions [67-69]. This increase is attributed to
the release of DNA fragments of self-origin upon tissue damage. We
examined this issue using acute thermal stress where mussels were
exposed for a short period of time at 30 °C. We performed this assay
with three different species of mussels in three independent
experiments. We did not however detect any variations in the
ccfDNA levels following acute thermal stress (see Fig. S5, supple-
mentary information). This finding is likely explained, at least in part,
to the fact that mussels have a semi-open circulatory system and
accumulate large concentrations of nonself DNA given their high
filtering activity. Alternatively, mussels, such as many invertebrates,
may be more tolerant to stress-induced tissue damage, limiting the
release of ccfDNA in their hemolymph [70, 711

To date, DNA analysis of biodiversity in aquatic ecosystems has
mostly centered on environmental DNA {(eDNA)} metabarcoding.
This approach, however, is often limited in terms of biodiversity
analysis when using primers. The use of shotgun sequencing
bypasses the PCR limitations and a biased selection of primer sets. In
a sense, our approach is thus closer to the more recently used high-
throughput eDNA shotgun sequencing methods that enable direct
sequencing of fragmented DNA and analysis of basically all living
organisms [72, 73]. However, there are a number of fundamental
issues that distinguish LB from standard eDNA approaches. Of
course, the major difference between eDNA and LB is the use of a
natural filtering host. The use of marine species, such as sponges
and bivalves (Dresseina spp.), as natural filter to study eDNA has
been reported [74, 75]. The study on Dreissena, however, used
tissular biopsy from which DNA was extracted. Analysis of ccfDNA
from LB does not require tissular biopsy and specialized and
occasionally costly equipment and logistics associated with eDNA or
tissular biopsies. In fact, we have recently reported that ccfDNA from
LB can be stored and analyzed on FTA support, bypassing the need
for maintaining a cold chain, a major issue for studies in remote
regions [76]. Extraction of ccfDNA from liquid biopsies is also simple
and provides high-quality DNA for shotgun sequencing and PCR
analysis. This is a major advantage considering some of the
technical limitations associated with eDNA analysis [77]. The
simplicity and low cost of the sampling method is also particularly
well adapted for long-term monitoring surveillance programs.
Another well-known feature of bivalves, in addition to their high
filtering capacity, is the chemical mucopolysaccharidic composition
of their mucus, which favors the uptake of viruses [78, 791. This
makes bivalves an ideal natural filter to characterize the biodiversity
of a given aquatic ecosystem and the impacts of CC. Although the
presence of DNA fragments from the host can be viewed as a limit
to the approach compared to eDNA, the cost associated by the
presence of such self ccfDNA is offset by the wealth of information
that can be simultaneously obtained to study on the health status of
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the host. This includes the presence of viral sequences integrated in
the host genome of the host. This is particularly important in the
case of mussels given the existence of horizontally-transmitted
leukemogenic retroviruses in bivalves [80, 81]. Another advantage
of LB compared to eDNA is that it exploits the phagocytic activity of
hemolymphatic circulating hemocytes which engulfed microorgan-
isms (and their genome). Phagocytosis is the most fundamental role
for hemocytes in bivalves [82]. Finally, the approach takes
advantage of the high filtration capacity of mussels (which pumps
an average of 1.5 L/h of seawater) and the bi-diurnal cycles, both of
which increases the mixing of different layers of seawater columns,
thereby allowing the capture of heterogenous eDNA [83, 84].
Analysis of ccfDNA from mussels is thus an interesting avenue
considering their nutritional, economic and ecological impact. In a
manner similar to the analysis of LB collected in humans, the
approach further opens up the possibility of measuring genetic and
epigenetic alterations of the host's DNA in response to xenobiotics.
For example, it is possible to envisage third-generation sequencing
technologies to perform genome-wide analysis of methylation in
ccfDNA of self-origin using nanopore sequencing. This process
should be facilitated by the fact that the length of ccfDNA
fragments of mussels is ideally compatible with long-read sequen-
cing platforms that enable genome-wide analysis of DNA methyla-
tion from a single sequencing run without the need for chemical
conversion [85, 86]. This is an interesting possibility because DNA
methylation patterns have been shown to reflect responses to
environmental stress and persist for many generations. It could thus
provide valuable information on potential mechanisms regulating
responses following exposure to climate change or pollutants [87].
The use of LB, however, is not without limitations. Needless to say, it
requires the presence of sentinel species in the ecosystem. As
mentioned above, the use of LB to assess the biodiversity of a given
ecosystem also requires a stringent bicinformatic pipeline to take
into account the presence of DNA fragments of self-origin. The
other major challenge is the availability of reference genomes from
marine species. Hopefully, initiatives, such as the marine mammal
geneme project and the recently established Fish10k project [88],
will facilitate such analysis in the future. The application of the LB
concept to marine filtering organisms is also compatible with recent
advances in sequencing technologies, rendering it fully suited for
the development of multiomics biomarkers to provide important
information on the health status of marine habitats in response to
environmental stress.

DATA AVAILABILITY
Genome sequencing data have been deposited in the NCBI Sequence Read Archive
https://www.nebi.nlm.nih.gov/sra/SRR8924808 under the Bioprojects SRR8924808.
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Supp Figure 1. Workflow of bioinformatic analysis of the ccfDNA shotgun
sequencing data. Raw data quality was assessed with FastQC . Reads were
trimmed with Trimmomatic and merged with FLASH tools. Overlapping reads
were then assigned against bivalve databases using BLASTn. Both self and non-
self reads were assembled with MEGAHIT. Final contig annotations were
obtained using BLASTn and BLASTx with various NCBI databases.
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Supp Figure 2. Detection of DNA fragments of self-origin. Annotation of self

assembled contigs (n=580) using BLASTn and BLASTx performed with the

Bivalvia libraries (genomes and proteins).
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Supp Figure 3. Families of viruses identified in non-self reads for A. atra
and M. platensis. VVenn diagram analysis illustrating the the hosts of families of
viruses identified and the overlap between A. atfra (red points) and M. platensis
(blue points).
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Supp Figure 4. Pie charts showing the composition of the gill-associated
bacteria for A. atra and M. platensis.
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Supp Figure 5. Thermal stress: measure of EF7a and CYTB gene levels in
ccfDNA of three different Mythilidae. Ten mussels of each group (M.trossulus,
M. platensis and A. atra) were placed in sea water at 30°C for 90 minutes or 8°C
(control group). Hemolymphs were stored on FTA papers and ccfDNA extractions
were carried with QlAamp DNA Investigator Kit for M. platensis and A. atra.
Hemolymphs of M. trossulus were frozen and extracted with NucleoSnap DNA
Plasma Kit. Measures of EFla and CYTB genes by ddPCR amplifications are
reported as copies per ml of hemolymph.
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Supplementary Table 1. Primers used for different experiments.

Species Target Gene Target Primer Name  Primer Sequence (5" to 37) Fragment Taf
Size (bp) °C)
Droplet digital PCR
Mytilus edulis EF1a835F CACCACGAGTCICTCCCAGA
(AY580270.1) EFla 105 534 t0 63
LI 1a939R GCTGTCACCACAGACCATTCC
Mytilus chilensis CYTRMC Cbmt3828F GIAGCITACCITGGACGGGC 152 Sl 1050
K1966847.1 -V B=ML — - - Sl
¢ ) Cbhmt3696R CGGCTAGGGTTGTACTGGTG
Vibrio spp. Vib550T GGCGTAAAGCGCATGCAGGT )
(AJ316181.1) Vib16S - - - —————— 113 51910623
Vib663R GAAATTCTACCCCCCICTACAG
Homo sapiens s GAL7HS45T CAAGTCCTCACTGCCCGAG 188 00623
NM_001042507.4) LGALS? 51.0 (0 62.
(NM_ ) GALT7IIS233R GAGCCTTGCTCCTTGCTGTT
Standard PCR
Aulacomya atio CbmtAAF TTAGCTCTGCTTTGCTCGGT
(*N/A) CYTB-AA 145 60
CbmtAAR ICCCAATTCAGGTCAACCCT
Mytitus edulis 18SrRNA79F TAGTGAAACCGCGAATGGCT
(L33448.1) I8SrRNA 296 60
18SIRNA374R CCCGTTACCCGTTACAACCA
Aulacomya atra coxi COXTAAF TACACAGTCCATCCGGTCCC 150 60
A eca] - ¥ .
(Accession : *N'A) COXIAAR  TCCTGATATGATTTTTCCCCGGT
Aulacomya atra Nd674F GUTCATTCCCAACATTCGCACA
(*N/A) Nd> 141 60
Nd799R TGTATTTCGGTTGGCTTTCCAC
Mytilus edulis EF10835F CACCACGAGTCTCTCCCAGA
(AY580270.1) EFla 105 60
EF1a939R GCTGTCACCACAGACCATTCC
Homo sapiens [GALST GAL7IIS45F CAAGTCCTCACTGCCCGAG 188 60
NM_001042507.4 GALS b
(NM_ ) GAL7HS233R GAGCCTTGCTCCTTGCTGTT

*N/A Primers were designed based on the sequence obtained from reads assemblies. PCR amplicons were further obtained and sequenced to

validate the presence of mitochondrial DNA.

¥ Annealing temperature
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Supp Table 2. Comparison of eccfDNA extraction methods in hemolymph of Mythylidae using two different kits.
cefDNA was extracted from frozen hemolymph or from supernatant spotted on FTA cards using a Smm punch,
NuclcoSnap cfDNA kit (Macherey-Nagel, Germany) was used on thawed hemolymph whereas QlAamp DNA
Investigator kit (QTAGEN Inc., Canada) could be used dually on both thawed hemolymph or hemolymph preserved
on FTA cards.

Punch (mm) or Concentration
Species Extraction kit n hemolymph (uL) (pg) per mL of Sbv
ymph (n hemolymph

M. edulis spp.  Nucleosnap cfDNA 17 1 500 uL 2.67 0.90

M. platensis QlAamp DNA 9 5 mm 0.73 0.24
Investigator

A. atra QIAamp DNA 10 5mm 0.99 0.39
Investigator

. QIAamp DNA
M. edulis spp. Tnvestigator 10 70 uL 7.10 2.03

88



Supp Table 3. Summary of Kraken2 analysis of non-self reads for A. atra and M. platensis

Non-self reads

Non-self reads

Reads (A. atra) (M. platensis)
Unclassified reads 1558 305 1067 732
Classified reads : 7181 3893

Bacteria 6719 3 656
Virus 64 57
Archaea 124 96
Unassigned 274 84
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Chapitre 4

Des coquilles aux séquences : une
étude de preuve de concept pour
I'analyse sur site de I'ADN libre circulant
hémolymphatique provenant de moules
sentinelles utilisant la technologie
Nanopore

Article publié: Sci. Total Environ. 2024, 934:172969
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Résumé

Les moules bleues sont souvent abondantes et largement réparties dans les
eécosystémes marins cotiers des régions polaires. En raison de leur distribution étendue,
de leur importance écologique et de leur mode de vie sédentaire, les bivalves sont
considérés comme des indicateurs appropriés de la santé et des changements des
écosystemes. Le suivi de la dynamique des populations de moules bleues peut fournir
des informations sur la biodiversité globale, les interactions entre espéces et le
fonctionnement des écosystemes. Dans ce travail, nous avons combiné le concept de
biopsie liquide (BL), un concept émergent en médecine basé sur le séquencage de I'ADN
libre circulant (ccfDNA), avec la plateforme Oxford Nanopore Technologies (ONT)
utilisant un laboratoire portable dans une région éloignée. Nos résultats démontrent que
cette plateforme est idéalement adaptée pour le séquengage de fragments de ccfDNA
hémolymphatiques chez les moules bleues. Le pourcentage d’ADN non-soi représentait
plus de 50 % du ccfDNA dans certains sites d'échantillonnage, permettant I'acquisition
rapide d'une vue d'ensemble de la biodiversité d'un écosystéme marin cétier. Ces
fragments provenaient de virus, bactéries, plantes, arthropodes, algues et de multiples
chordés. Outre 'ADN non-soi, nous avons aussi analyseé les fragments d'’ADN provenant
des 14 chromosomes des moules bleues, ainsi que ceux issus des génomes
mitochondriaux. Les analyses entre divers sites d'échantillonnage ont montré que la
biodiversité variait significativement au sein des micro-habitats. Notre travail montre que
la plateforme ONT est bien adaptée pour la BL chez les moules bleues sentinelles dans
des conditions éloignées et difficiles, permettant d'accélérer le travail de terrain pour les

stratégies de conservation et la gestion des ressources dans divers contextes.
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Blue mussels are often abundant and widely distributed in polar marine coastal ecosystems, Because of their wide
distribution, ecological imporfance, and relatively stationary lifestyle, bivalves have long been considered
suitable indicators of ecosystem health and changes. Monitoring the population dynamics of blue mussels can
provide information on the overall biodiversity, species interactions, and ecosystem functioning, Tn the present
work, we combined the concept of liquid biopsy (LB), an emerging concept in medicine based on the sequencing
of free circulating DNA, with the Oxford Nanopore Technologies (ONT) platform using a portable laboratory in a
remote area. Our results demonstrate that this platform is ideally suited for sequencing hemolymphatic circu-
lating cell-free DNA (cefDNA) fragments found in blue mussels. T'he percentage of non-self ccfDNA accounted for
=50 % of ccfDNA at certain sampling Sites, allowing the quick, on-site acquisition of a global view of the
biodiversity of a coastal marine ecosystem. These ccfDNA fragments originated from viruses, bacteria, plants,
arthropods, algae, and multiple Chordata. Aside from non-sell ce[DNA, we found DNA [ragments [rom all 14 blue
mussel chromosomes, as well as those originating from the mitochondrial genomes. However, the distribution of
nuclear and mitochondrial DNA was significantly different between Sites. Similarly, analyses between various
sampling Sites showed that the biodiversity varied significantly within microhabitats. Our work shows that the
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ONT platform is well-suited for LB in sentinel blue mussels in remote and challenging conditions, enabling faster
fieldwork for conservation strategies and resource management in diverse settings.

Abbreviations

M. platensis Mytilus platensis

ccfDNA  circulating cell-free DNA

LB liquid biopsy

cmDNA  circulating microbial DNA
mtDNA DNA

ONT Oxford Nanopore Technologies
PCoA principal coordinate analysis
ASVs amplicon sequence variants

PERMANOVA multivariate analysis of variance with
permutation

LEfSe Linear discriminant analysis Effect Size

1. Introduction

Climate change and pollution profoundly impact coastal marine
ecosystems, threatening the diversity and delicate balance that supports
all life forms. This is particularly accentuated in intertidal marine spe-
cies inhabiting coastal ecosystems in polar regions (Duncan et al., 2022;
Fremont et al,, 2022; Gissi et al.,, 2021). Climate change, marked by
global warming, ocean acidification, and extreme weather events, poses
risks such as habitat loss, altered community structures, and physio-
logical impacts on intertidal organisms. In the case of anthropogenic
threats, including pollution from runoff, it contributes to toxicity and
biodiversity reduction (Bashir et al., 2020; Landrigan et al., 2020; James
et al., 2023). Any changes in these ecosystems can have a variety of
impacts on marine ecosystems, including on the interactions between
symbiotic or pathogenic microbes and the hosts they colonize,
increasing the vulnerability of marine species to infectious pathogens
(Hernroth and Baden, 2018; Zgouridou et al., 2022). As a result,
considerable efforts are dedicated to implementing real-time, cost-
effective, long-term surveillance and monitoring programs to under-
stand better the changes driven by anthropogenic activities.

Dense mussel beds, particularly those of the blue mussel (Mytilus
spp.), are crucial components of coastal ecosystems around the world. As
ecosystem engineers, they significantly enhance biodiversity and
contribute to the structural complexity of their habitats (Borthagaray
and Carranza, 2007). Known for their high filtering capacity, mussels
improve water quality by removing pollutants and pathogens, and their
excretions furnish nutrients that support other marine life forms,
enriching the overall productivity of the ecosystem (Sousa et al., 2009;
van Broekhoven et al., 2015). Additionally, the complex physical
structures of mussel beds provide habitats for a diverse range of marine
organisms, thus boosting local biodiversity (Lintas and Seed, 1994),
Mussels also serve as sentinel species due to their sensitive response to
environmental changes, making them excellent biological indicators for
monitoring marine pollution and the effects of climate change (Beyer
et al.,, 2017; Martinez-Gomez et al., 2017, Westerbom et al., 2019;
Provenza et al., 2022). However, field-based monitoring programs in
remote areas face logistical challenges, notwithstanding the substantial
risks and costs of transporting and storing samples. These challenges are
particularly accentuated for monitoring marine ecosystems in polar re-
gions, where the effects of climate change are most felt (Le Bohec et al.,
2013; Meredith et al., 2019).

Genomics is crucial in enhancing our understanding of how marine
ecosystems respond to climate change. It provides valuable insights into
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the genetic basis of adaptation, phenotypic plasticity, and species’ re-
sponses to changing environmental conditions, aiding conservation and
management efforts in marine ecosystems (Bernatchez et al.,, 2023).
Genomic tools can help assess the genetic diversity of marine species and
populations, which is essential for understanding species’ adaptive po-
tential and ability to respond to changing environmental conditions.
Integrating genomic data with information on gene expression (tran-
scriptomics) and epigenetic modifications (epigenomics) makes it
possible to identify the molecular mechanisms underlying phenotypic
responses to climate change stressors in marine organisms. The inte-
gration of genomic, environmental, and modeling data not only provides
a more nuanced understanding of how species might shift geographi-
cally but also offers insights into the mechanisms of adaptation and
survival under climate change (Chen et al., 2022).

One of the most promising and predictive genomic tools that has
recently emerged is the liquid biopsy (LB) concept. This minimally
invasive approach has recently gained acceptance in the biomedical
field (Poulet et al., 2019). This concept is based on plasma-derived
circulating cell-free DNA (ccfDNA) analysis. Although the existence of
ccfDNA was established =70 years ago, it is only with the recent
development of high throughput DNA sequencing technologies that the
potential of this approach has been recognized for monitoring disease
progression and response to treatment. The kinetics of ccfDNA release in
peripheral blood results from a complex interplay between apoptosis,
necrosis, and cellular senescence (Lo et al., 2021; Rostami et al., 2020),
Host-derived ccfDNA originates mainly from the nucleus and, to a lesser
extent, from mitochondria (cef-mtDNA). Initially focusing on the anal-
ysis of genomic DNA fragments released by tumor cells (Wan et al.,
2017), LB is now used in various clinical settings, allowing to obtain a
wide range of information to assess the health status of patients with
different clinical conditions, including cardiovascular, neurodegenera-
tive, and inflammatory diseases (Alix-Panabieres and Pantel, 2021,
Ignatiadis et al., 2021).

Apart from providing information obtained from the analysis of DNA
fragments released from the host’s tissues (referred to here as “self-
DNA™), LB can also be used to analyze DNA of “non-self” origin, most
notably during pregnancy or transplantation (Ngo et al., 2018; Oellerich
et al., 2021). Recent studies have also revealed that human blood con-
tains approximately 1 % of ccfDNA comes from microbial organisms,
allowing non-invasive detection of a wide range of bacterial, viral,
fungal and parasitic infections, avoiding biopsy of infected tissues (Han
et al., 2020; Kowarsky et al., 2017). Studies on the circulating micro-
biome, often achieved by sequencing the variable V3 and V4 regions of
the bacterial 16S tRNA gene or by metagenomic approaches, are now
common in humans for detecting pathogens, dysbiosis or specific
microbiome profiles associated with the onset or progression of disease
or the response of a patient to a particular treatment (Blauwkamp et al.,
2019; Gopalakrishnan et al., 2018). We and others have recently applied
this concept using blood or plasma samples collected from animals,
including marine species (Auguste et al., 2024; Ferchiou et al., 2023;
Fronton et al., 2023; Lokmer and Mathias Wegner, 2015; Townsend
et al., 2021). Sequencing of ccfDNA is also ideally suited to detect the
presence of viral genomes, as viruses release their genetic material into
the bloodstream. By sequencing the ccfDNA and analyzing the
sequencing data, it is possible to identify and characterize viral genomes
(Kowarsky et al., 2017).

Illumina sequencing is the most common method for analyzing
ccfDNA in clinical settings. This method is well adapted for sequencing
short DNA fragments in human bleed. Indeed, ccfDNA fragments from
vertebrates have a size distribution ranging between 40 and 220 bp,
with a ladder pattern with a major peak at approximately 166 bp, which
corresponds to single nucleosomal DNA fragments that are protected
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from DNA degradation, in contrast to open strand of DNA (An et al.,
2019; Favaro et al., 2022; Keller et al., 2021; Kustanovich et al., 2019;
Snyder et al,, 2016; Werner et al,, 2022), Similarly, most mitochondrial
ccfDNA fragments are relatively short, ranging from a few dozen to a few
hundred base pairs in length (Peng et al., 2023; Zhang et al., 2016). In
invertebrates, such as mussels, hemolymphatic ccfDNA fragments are
significantly longer, ranging from 1000 to 5000 bp (Ferchiou et al.,
2022a, 2022b). This suggests that the ccfDNA of mussels has a different
origin, a logical hypothesis given that mussels have a semi-open vascular
system and live in an aquatic environment containing high concentra-
tions of genomic DNA derived from microorganisms and metazoans.
Theoretically, the length of hemolymphatic ccfDNA in mussels is thus
ideally suited for long-read sequencing technologies. Longer reads can
span repetitive regions, structural variants, and genomic regions with
high heterozygosity, providing a more complete picture of the genetic
information present in ccfDNA. Long-read sequencing can also be ad-
vantageous for identifying DNA of unknown origin, including bacterial
and viral DNA, or in scenarios where the reference genome is not
available or incomplete. Long-read sequencing can further provide ad-
vantages when using bioinformatic pipelines to identify the origin of
DNA fragments. In some cases, such as the Oxford Nanopore Technology
(ONT), it can also provide real-time data acquisition, allowing re-
searchers to monitor sequencing progress and make adjustments during
the sequencing run. Nanopore sequencers, such as the MinION device,
are portable and relatively compact, making them suitable for fieldwork
in challenging environments like polar marine ecosystems. This porta-
bility greatly facilitates the study of cfDNA in remote areas with limited
access to laboratory facilities. It also provides relatively fast turnaround
times compared to other sequencing technologies, allowing researchers
to obtain preliminary results and make informed decisions promptly.

In the present work, we have evaluated the feasibility of utilizing
Oxford Nanopore Technologies to analyze liquid biopsies obtained from
Myitilus platensis (M. platensis) mussels inhabiting a remote subantarctic
marine ecosystem.

2. Materials and methods
2.1, Sampling of liquid biopsies

Adult specimens (70 mm length) of M. platensis were collected in
November 2021 at three rocky microhabitats of an intertidal mussel bed
located on the shore of Base Armor (—49°.27.9858 §, 69°.43.7138 E),
located on the central plateau of the main island of the Kerguelen Ar-
chipelago (Fig. 1). The microhabitats, characterized by semi-diurnal
tides, were chesen according to their specific physicochemical condi-
tions. Site 1, located directly in the area where the freshwater of Armor
Lake flows into the marine waters of the Gulf of Morbihan in Hurley Bay,
exhibited physicochemical parameters similar to that of freshwater in
the Armor Lake spillway. Site 2 represented a higher saline water
environment at the wharf’s end. Site 3, located in a small creek, dis-
played intermediate physicochemical features between Sites 1 and 2.
Mussels were collected at low tide. The hemolymph was immediately
extracted from the adductor mussel with a sterile 21-gauge needle. A
total of 10 pools, each containing approximately 3-4 mussels per pool
(~1.5 mL each), were collected per Site and immediately centrifuged for
3 min at 6000 rpm using a battery-operated mini-centrifuge (TOMY
Multi Spin Centrifuge, Japan). Supernatants were transferred intoa 1.5
mlL sterile Eppendorf tube and kept on ice until cefDNA extraction. After
centrifugation, cell pellets were resuspended in a volume of 50 pL, ho-
mogenized and dispersed on individual dises of Whatman 903™ FTA®
cards (Sigma-Aldrich, Oakville, ON, Canada). After a 30-min drying
period at ambient temperature, individual cards were kept in zip-sealed
sampling plastic bags containing one small desiccant. All physico-
chemical properties, including conductivity, pH and temperature, were
measured with portable multiparameter devices (Milwaukee Models
MW102 pH/temperature meters and MW301 EC meter, Milwaukee,
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2.2. Circulating cell-free DNA extraction and library preparation

All experiments, including sample processing and DNA analysis,
were conducted in field conditions. Hemelymph samples were clarified
with a second centrifugation for 3 min at 6000 rpm at ambient tem-
perature and transferred into a sterile 1.5 mL Eppendorf tube. According
to the manufacturer’s instructions, hemolymphatic ccfDNA was isolated
using the QlAamp DNA Investigator Kit (Qiagen, Hilden, Germany).
Purified DNA was quantified using the Qubit™ dsDNA HS assay kit
protocol (ThermoFisher Scientific, Cleveland, OH, USA) as deseribed by
the manufacturer's instructions. Whole genome amplification was con-
ducted using the REPLI-g UltraFast Mini Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s recommendations. This allowed us to
achieve uniform amplification of long DNA strands with minimal
sequence bias (Ahsanuddin et al., 2017). Notably, REPLI-g is compatible
with Nanopore technology, making it well-suited for untargeted long-
read sequencing using the Rapid sequencing kit. The PCR-free library
preparation approach is also advantageous for DNA sequencing in
remote areas such as the Kerguelen Islands. Sequencing ccfDNA libraries
for Oxford Nanopore Technologies were prepared using the Rapid
sequencing gDNA - whole genome amplification kit (SQK-RAD0O04,
ONT, Oxford, UK), following the manufacturer’s instructions. Each
ccfDNA library per Site was prepared in triplicate and loaded onto
R9.4.1 flow cells (ONT, Oxford, UK), and the sequencing was performed
using ONT MinlON'™ portable sequencing devices (i.e. Mk 1B and
MKI1C). As there was no Internet conmection, the Mk1B sequencing de-
vice was run offline with MinKNOW™ software v21.06.0, a base-calling
program provided by ONT. MinKNOW!M software v22.08.4 was used on
the Mk1C sequencing device. We also used Guppy v5.0.11 to conduct the
fast base-calling model with a quality score threshold >9. We prepared
more ccfDNA libraries for Site 2 based on the best-performing
sequencing data. The total sequencing run time was 13 h for Site 1,
30 h for Site 2 and 7 h for Site 3 (Table 1). Raw data files from ccfDNA
sequencing libraries are available on NCBI Sequence Read Archive
(PRINA954899).

2.3. Bioinformatic analysis

Cutadapt (v3.5) (Marcel, 2011) was used for trimming sequencing
adapters  (5-GTTTTCGCATTTATCGTGAAACGCTTTCGCGTTTTTCGT
GCG-TCAGTTCA-3' and 3-CAAAAGCGTAAATAGCACTTTGCGAAA
GCGCAAAAAGCACGCA-GTCAAGTCGT-5) and short sequences (<500
bp) from the raw sequencing data. An initial taxonomic assignment was
carried out on trimmed reads aligned against the NCBI bivalve database
(NCBI taxid 6544) using the basic local alignment search tool BLAST |
(v2.12.0) with an e-value < 1e—3 and at least 80 % of homology. Non-
self reads were identified as the remaining reads not related to bi-
valves. Verifications of taxonomic profiles of non-self reads were ob-
tained using alignment with BLASTn and BLASTx using nt and nr NCBI
databases, respectively, as the most accurate libraries. We manually
curated the analysis and established rigoreus parameters to prevent false
positives, including setting the e-value at <1e—50 and a query length of
>500 bp. However, we finally kept only the BLASTn analyses as we
found that results using BLASTn alignment generated higher accuracy
and fewer duplicates than BLASTx. BLASTn allows for a more straight-
forward and faster comparison, which is crucial for maintaining the
integrity and specificity of our findings. We also tested classification
methods, such as Kraken2 (Wood et al., 2019) with the Standard library
compiled using the RefSeq database (downloaded on May 17, 2021) or
Metamaps (Dilthey et al,, 2019). We found that K-mer-based methods
were not highly effective in classifying DNA fragments of non-self origin,
generating an unsatisfactory number of false positives. We estimated
that <0.01 % of the total reads were of human origin. As we used the
REPLI-g kit, we excluded all phi29 bacteriophage sequences from our
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Fig. 1. Sampling locations. (A) Location of Armor Site (red star) in Kerguelen Islands, French Southern and Antarctic Lands. The map was created with ggmap
(v3.0.2), geplot2(v3.4.2) and mapdata (v2.3.0) R packages (v4.2.3) (Becker el al., 2022; Kahle and Wickham, 2013; R Core Team, 2023). (B) Remains of the

Aquasaumnon Armor farming station. (C) Positioning of the three microhabitats characterized by distinet physicochemical properties. (D) Distant view of the Armor
Site showing microhabitats and Lake Armor.
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Table 1

Sequencing statistics for MinION runs with circulating cell-free DNA samples from M. platensis collected at three sampling Sites. The quality score () threshold was set

=9,
Sites n Run time DNA input (ng) Throughput (Mbp) Reads (number) Average reads length (bp) N50
Site 1 (runoff) 3 13h32 472 800 1050.8 708,910 851 (39 116,323) 1535
Site 2 (sea water) 8 30 hoe 800 1282 4508.7 968,048 2676 (50 116,743) 5017
Site 3 (brackish water) 3 7 h19 800 1623 926.0 116,985 2866 (79 80,967) 5662
Total 14 50 h57 472 1623 6485.5 1,793,943 1967 4196

analysis to ensure the accuracy and reliability of our results. Virus
identifications were also compared with Virsorter2 (v2.2.3) (Guo et al.,
2021), a pipeline allowing the detection of a wide array of DNA and RNA
viral genomes while filtering out any low-quality viral sequences using
CheckV (v0.7.0 9) (Nayfach et al., 2021). Final viral sequences were
annotated using the DRAMv tool (v1.2.0) (Shaffer et al., 2020).

2.4. 165 rRNA data processing

To perform a comprehensive understanding of cmDNA, we
sequenced the 165 rRNA (V3-V4) gene from DNA extracted from
hemolymphatic cell pellets (with six samples per micro-habitat)
following the method described by Caza et al. (2019). Specifically, our
16S rRNA analyses were conducted on hemocyte pellets collected on
FTA cards in a metropolitan region. This method offers significant ad-
vantages for field studies, particularly in challenging environments, as it
eliminates the need for maintaining a cold chain. Briefly, individual
discs were cut from the FTA cards using a sterile 5.0 mm single round
hole punch. According to the manufacturer’s protocol, total DNA was
isolated using the QIAamp DNA Investigator Kit (Qiagen, Hilden, Ger-
many). DNA was quantified in duplicate using the Qubit dsDNA HS
Assay Kit (ThermoFisher Scientific, Cleveland, OH, USA). Amplification
of the 168 ribosomal RNA (rRNA) genes and 16S gene amplicon
sequencing were performed at the Centre d'Expertise et de Services
Génome Québec (Montreal, QC, Canada) using the universal primers
341F (5-CCTACGGGNGGCWGCAG-3") and 805R (5-GACTACHVGGG-
TATCTAATCC-3) targeting the V3-V4 hypervariable regions (Klind-
worth et al., 2013). The €51 (ACACTGACGACATGGTTCTACA) and GS2
(TACGGTAGCAGAGACTTGGTCT) tags were used as Illumina adapters
and sample-identification barcodes. Negative controls were included
during the amplification step and the library preparation. Libraries were
quantified using the Quant-iT PicoGreen dsDNA Assay Kit (Thermo-
Fisher Scientific, Carlsbad, CA, USA) and the Kapa Illumina GA with
Revised Primers-SYBR Fast Universal kit (Kapa Biosystemns Inc., MA).
Paired-end sequences were generated on a MiSeq platform PE300
(Illumina Corporation, San Diego, CA, USA) with the MiSeq Reagent Kit
v3 600 cycles (Ilumina). For data pre-processing, the DADA2 pipeline
(v1.16.0) (Callahan et al., 2016) was used to generate 165 rRNA (V3-V4)
amplicon sequence variants (ASVs) as described in Ferchiou et al., 2023,
The raw data files are publicly available on the NCBI Sequence Read
Archive (PRJNAG54899).

2.5. Statistical analysis

All statistical analyses were performed within the R environment
(v4.2.3) (R Core Team, 2023). The ccfDNA data were analyzed using the
Kruskal-Wallis followed by pairwise Mann-Whitney tests for continuous
variables, while the Chi-square test was used for categorical variables.
For 1635 rRNA amplicons, the alpha-diversity index was calculated using
the phyloseq (v1.42.0) (McMurdie and Holmes, 2013) R package, where
the average values of each group were compared using Wilcoxon rank
sum tests. Microbiota composition differences among groups were
determined using multivariate analysis of variance with permutation
(PERMANOVA) as implemented in the R package vegan (v.1.42.0)
(Oksanen er al., 2015) with 9999 permutations to test for differences in
unweighted UniFrac distance. Differences in beta diversity were also
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visualized with principal coordinates analysis (PCoA) plots. Linear
discriminant analysis (LDA) identified the effect size (LEfSe) that dif-
ferentiates the samples among these taxa with a threshold on the loga-
rithmic score of the LDA analysis set to 3.0. LEfSe analysis was
performed using the lefser R package (v1.12.1) (Khleborodova, 2023).
False-discovery rate (FDR) methods were used to correct for multiple
comparisons (Benjamini and Hochberg, 1995). FDR correction is a post-
hoc test that controls for the proportion of false positives among all
significant results. It is a less conservative test than the Bonferroni
correction and Tukey’s HSD test, making it more powerful (Midway
et al., 2020).

3. Results
3.1. Logistics and sampling Sites

The study was conducted at the Kerguelen Islands, more precisely at
a remote research Site called Armor. This isolated archipelago of Ker-
guelen is part of an oceanic submerged plateau located near the
boundary of the Indian Ocean and the Southern Ocean (Fig. 1A). The
Armor Site stands as a reminder of the unsuccessful Aquasaumon Arnior
farming station, where countless salmonids were introduced decades
ago into the fjord-like Lake Armor and its tributaries (Davaine et al.,
1997; Duhamel and Williams, 2011) (Fig. 1B). A relatively large mussel
bed borders the shore around a small pier. In this mussel bed, three Sites
were selected based on their different physicochemical characteristics.
The salinity and pH of Site 1 are typical to runoff water from Armor
Lake. In contrast, the salinity and pH found at Sites 2 and 3 are more
consistent with seawater and brackish water but physically separated by
the pier (Fig. 1C). The mussel bed where mussels were collected is
characterized by semi-diurnal tides and located within a relatively short
distance of the infrastructures (Fig. 1D). The entire study, including
purification of DNA, preparation of libraries and DNA sequencing, was
conducted in one of the abandoned infrastructures with no internet
connection and electrical power from a battery powered by a portable
gas generator. A clean and sealed lab environment was prepared to
minimize contamination (Fig. S1). Overall, we sequenced 1,793,943
reads (Qscore > 9), representing approximately 6.5 Gbp throughout 50
h of sequencing (Table 1). More than 30 h of sequencing were devoted to
Site 2 to measure the platform’s stability in a non-optimal environment.
We also sequenced the ccfDNA of mussels collected from two adjacent
Sites (Sites 1 and 3) for comparative analysis. After trimming, the
average lengths of the hemolymphatic ccfDNA reads were 2676 and
2866 bp for mussels collected at Sites 2 and 3, respectively (Table 1). For
Site 1, the average length of the ccfDNA fragments was 851 bp.

3.2. Analysis of ccfDNA of self and non-self origin

For our analysis, reads were first divided into two groups: those
originating from Mytilus spp. sequences (self) and those of foreign origin
(non-self). Out of the 1,265,585 trimmed reads obtained, 694,449 and
571,136 were assigned as from a self and non-self origin, respectively
(Table 2). The highest percentages of reads of non-self origin were found
at Sites 2 (53 %) and 3 (59 %). In contrast, only 9 % of reads found in Site
1 were from a non-self origin (Fig. 2A). The average read length varied
between 850 and approximately 2800 reads, with smaller reads in Site 1,
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Table 2
Reads of self and non-self origins (=500 bp).
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Sites Trimmed reads Self reads Non-self reads Average length (bp): Self Average length (bp): Non-self
Site 1 (runoff) 337,362 306,915 30,447 1523 (500-46,351) 1266 (500-116,323)
Site 2 (sea water) 834,975 349,347 485,628 2814 (500-116,743) 3731 (500-72,983)
Site 3 (brackish water) 93,248 38,187 55,061 2663 (500-54,065) 4116 (500-80,967)
Total 1,265,585 604,440 571,136 2235 3623
Site 1 Site 2 Site 3
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Fig. 2. Distribution of hemolymphatic DNA fragments of self and non-self origins. (A) Pie charts showing the proportion of self and non-self DNA fragments. (B)
Sequence length distributions of self (left) and non-self (right) reads. The results are expressed as percentages (%). {C) Histograms showing the length distribution of

self (left) and non-self (right) reads with dashed lines representing N50 values. The

independently of their origin (Fig. 2B and C). We found that pro-
karyotes, particularly bacteria, were dominant (73-89 %) for all sam-
pling Sites, followed by viruses (3-24 %) and eukaryotes (1-7 %)
(Fig. 3A). These data are consistent with the rich microbial content of
marine seawater, known to contain =10°-10° bacteria per mL (Whitman
et al,, 1998), The length of the non-self DNA fragments varied little
depending on the origin. However, we found statistically significant
differences between the prokaryote fragments versus those from viral
and eukaryotic genomes (Fig. 3B). The eukaryotic diversity was mainly
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results are expressed as the absolute number of reads.

composed of Chordata for all three Sites (Fig. 3C). Greater than half of
this phylum was found at Site 3 (78 %), followed by Site 1 (62 %) and
Site 2 (54 %). Overall, the results showed that the origin of the non-self
ccfDNA varies considerably between microhabitats of a mussel bed.

3.3. Circulating bacterial DNA analysis

There are several ways to analyze the circulating bacterial micro-
biome. Generally, it is often analyzed from cell pellets by amplifying the
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self eukaryotic DNA. The results are expressed as percentages (%). Note:
##Fp < 0.001.

V3-V4 region of the gene coding for 168 ribosomal RNA, common to all
bacteria, We thus compared the signature of the circulating microbiome
identified through ccfDNA sequencing with that obtained from hemo-
cyte pellets. We hypothesized that these two signatures would have
notable differences because a large proportion of blue mussel hemocytes
are very active in bacterial opsonization, thus containing a pool of
bacterial DNA different from that of ccfDNA. In the case of the bacterial
ccfDNA, we found that Escherichia, Sphingomonas, and Candidatus Pela-
gibacter were the dominant genera for all three Sites (Fig. 4A). The
presence of Shigella was more important in Site 1 when compared to
Sites 2 and 3, which had a higher abundance of Streptomyces. Six samples
per micro-habitat were analyzed for the 168 rRNA (V3-V4) gene
sequencing on hemolymphatic cell pellets. 3045 ASVs were generated
from 323,514 sequences passing quality filtering (8810 + 3176 per
sample). Overall, we found the relative abundance of genera mainly was
composed of Lewinella (24 %, 6 %, and 11 % for Site 1, Site 2, and Site 3,
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respectively), Sulfitobacter (6 %, 7 %, and 7 %, respectively), Kistimonas
(2 %, 5 % and 7 % respectively), Granulosicoccus (4 %, 5 % and 4 %
respectively), and Sulfurimonas (4 %, 5 % and 3 % respectively)
(Fig. 4B). This is in agreement with the dominance of Pseudomonata and
Bacteroidota, which accounted for =65 % of the composition of all Sites
(Fig. S2). We did not detect the presence of Escherichia, Candidatus
Pelagibacter, or Shigelia genera in 168 rRNA gene analysis as we did in the
ccfDNA study. A closer look at the microbiome profile obtained using
both methods indicated that between 26 % and 45 % of the genera
detected in the ccfDNA were also seen in the cell pellets by the 168
method (Fig. 4C). The genera Granulosicoccus, Lewinella, Sulfitobacter,
Sulfurimones, and Yoonia were the only ones found at all three Sites
using both methods. These results are consistent with a previous 16§
study showing that Granulesicoccus, Lewinella, Sulfitobacter, and Sulfur-
imonas were the most abundant genera in intertidal blue mussels at
Armor in 2018 (Ferchiou et al., 2022a, 2022b). A linear discriminant
analysis (LDA) effect size (LefSe) analysis revealed that Lewinella, along
with Octadecabacter, Psychrobacter, and Lacihabitans, were the top
genera that distinguished Site 1 from Sites 2 and 3 (Fig. 5A). We did not,
however, detected any statistically significant differences between Sites
in the diversity indices, including richness (){2 =2.21,p = 0.05, df = 2),
Shannon (}(Z =2.31,p = 0.05) and Simpson (12 =2.34, p > 0.05) indexes
(Fig. 5B). Comparative analysis of the f-diversity between Sites using the
principal coordinate analysis (PCoA) based on unweighted UniFrac
distance revealed significant differences among Sites (F5, 2y = 1.32, p
< 0.001) (Fig. 5C). Microbial community structures differed signifi-
cantly between all Sites using pairwise comparisons (p < 0.05).
Together, these results demonstrate that the bacterial DNA profiles
found in the hemolymph as ccfDNA differ significantly from those ob-
tained from the cell pellet. Our results further showed that, regardless of
the method used, the circulating bacterial microbiome signatures differ
between Sites.

3.4, Circulating virome analysis

We then paid particular attention to ccfDNA of viral origin, To do
this, we used two different strategies. First, we employed a BLAST
alignment strategy with a reference library of known viruses, such as
NCBI Viral Genomes database, using a high stringency cut-off (e value <
1e—50). Our results showed that bacteriophages dominated Site 1. In
contrast, ccfDNA from non-phage was more abundant at Sites 2 and 3
(Fig. 6A). Among the latter, the viral community was mainly composed
of single-stranded DNA (ssDNA) viruses (Fig. 6B). At Site 1, the relative
abundance of ssDNA viruses was comparable to that of double-stranded
(dsDNA) viruses, consistent with the dominance of Cendoviricetes and
Malgrandaviricetes (dsDNA and ssDNA viruses respectively) (Fig. 6C). By
comparison, the presence of non-phage viruses at Sites 2 and 3 was
attributed to the presence of DNA fragments originating from Arfivir-
icetes and Megaviricetes.

Due to the need for universal gene annotations, using read aligner
tools to identify viral sequences in environmental metagenomics data is
challenging. This is why, as a second strategy, we used VirSorter2 as a
complementary multi-classifier strategy. This tool exploits hallmark
genes to identify viruses only distantly related to RefSeq genomes (Guo
et al., 2021). Using this strategy, we identified the presence of ccfDNA
fragments of non-phage origin at Site 1 that were associated with Arfi-
viricetes and, to a lesser extent, with Faserviricetes (Fig. 6A, C). In
contrast, the repertoire of viral sequences at Sites 2 and 3 was similar
using both strategies. At the family level, ccfDNA fragments from Cir-
coviridae were found at all Sites (Fig. 6D). Interestingly, Site 1 exhibited
a greater diversity than Site 3, despite the latter having a higher number
of non-self sequences. These data are consistent with previous findings
showing that estuarine environmental factors may impact marine viral
abundance (Chen et al., 2019; Jasna et al., 2019; Sun et al., 2021).
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Fig. 4. Hemolymphatic circulating microbiome. (A) Relative abundances at the genus level of bacterial ccfDNA. (B} 165 rRNA analysis on hemolymphatic cell
pellets. A genus with a relative abundance of </1.5 % {s represented as “Other”. (C) Venn diagrams showing the number of unique and shared genera in both cefDNA

and 168 rRNA analysis.
3.5. Self (M. platensis) origin

Next, we investigated the ccfDNA of self-origin, focusing on the
distribution patterns of nuclear and mitochondrial DNA. We found
ccfDNA from all 14 chromoesomes and ccfDNA of mitochondrial origin.
However, nuclear and mitochondrial DNA distribution significantly
differed between Sites (;;2 26.22, p < 0.001), particularly between Site
1 and Sites 2 and 3. The relative abundance of ccfDNA fragments derived
from chromosomes 3 and 6 was higher in Site 1 (26 % and 16 %,
respectively) compared to Sites 2 (7 % and 8 %, respectively) and 3 (6 %
and & %, respectively) (Fig. 7A). In contrast, the percentage of mito-
chondrial DNA was similar (approximately 0.2 %) for all three Sites.
Analysis of the length of cefDNA originating from each chromosome and
mitochondrial DNA showed chromosomal and mitochondrial ccfDNA
fragments from Site 1 were significantly shorter, ranging from 1325 bp
to 1887 bp, than those from Sites 2 and 3 (ranging from 2608 bp and
2225 bp) (Fig. 7B). When we examined the distribution of the mito-
chondrial genes, we found that ccfDNA derived from MT-ND4 gene was
the most prevalent, especially in the case of Site 1 (36 %), in comparison

to Site 2 (23 %) and Site 3 (22 %) (Fig. 7C).
4. Discussion

In the present work, we sought to determine the feasibility of using
Nanopore technology for the sequencing of hemolymphatic ccfDNA of
the blue mussels and, at the same time, evaluate the potential for
nanopore-based sequencing for on-site analysis in a remote location
representative of a polar environment. Overall, our results demonstrate
that this technological platform is well suited for cefDNA sequencing in
remote areas and ideally suited for sequencing long hemolymphatic
ccfDNA fragments found in blue mussels. Our findings further showed
that studies of the hemolymphatic ccfDNA of blue mussels provide arich
source of information on the prevalence and abundance of bacterial and
viral genomes present in the host and its surrounding environment,
allowing the detection of a wide range of viruses with the potential to
infect the host or other organisms present in the marine ecosystem. From
a more fundamental point of view, our results also demonstrate that the
circulating mussel microbiome comprises two distinct compartments,
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Fig. 5. Beta-diversity and alpha-diversity of circulating microbial DNA among
microhabitats. (A) Discriminant genera as determined by analysis of the ccfDNA
and using the 168 rRNA sequencing. The logarithmic score of the LDA analysis
was set to 3. (B) Alpha diversity of circulating microbiome as determined
following analysis of the cc[DNA and 165 rRNA sequencing. Observed richness,
Shannon diversity and Simpson indexes were calculated for each group. No
significant differences were observed between microhabitats. (C) Principal
Coordinates Analysis (PCoA) of bacterial DNA bacterial communities in both
analyses. Unweighted UniFrac-based of Site 1 (green), Site 2 (red) and Site 3
(blue) samples.

the first being defined by the analysis of free genomic DNA fragments
circulating in the hemelymph. In contrast, the second is determined by
DNA bacterial genomics present in the cellular fraction of the hemo-
lymph. Finally, we show that the information contained in the ccfDNA
collected from the blue mussel, including self- and non-self ccfDNA, is
impacted by its immediate environment, which is a definite advantage
for better assessing the complexity of the microhabitats within mussel
beds, which offer refuge, feeding grounds, and nursery areas for various
species.

The use of LB in marine ecology can be compared to analysis using
environmental DNA (eDNA) up to a certain point. We instead consider
both methods complementary to each other, as they provide valuable
insights into the health status of an ecosystem and its biodiversity
(Fig. 8). Analysis of cefDNA, however, is better suited for providing
information on the impact of environmental stressors on a given host.
This includes genetic and epigenetic changes in the nuclear and
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mitochondrial genomes. It can also detect the presence of foreign (non-
self) DNA fragments integrated into the host genome. A case in point is
the integration of retroviral elements (such as proviruses) in the host
genome. This is an important issue in marine ecology, given the exis-
tence of horizontally transmitted retroviral elements in bivalves
(Metzger et al., 2015; Metzger et al., 2016). The results of our study also
indicate that LB is better suited for long-read sequencing platforms, such
as ONT. This is a non-neglectable advantage considering the logistically-
friendly Nanopore sequencing platform. Generally, eDNA fragments are
relatively short compared to the intact DNA from an organism’s genome.
This is because DNA released inte the environment can undergo
degradation processes, such as enzymatic degradation and physical
decay, resulting in DNA molecule fragmentation over time. Factors such
as water temperature, UV exposure, and the presence of microbial
communities can influence the rate of DNA degradation and, conse-
quently, the average fragment length (Grzyb and Fraczek, 2012; Joetal.,
2019; Mauvisseau et al., 2022). These factors are attenuated in the case
of hemolymphatic ccfDNA present in mussels. Another fundamental
difference between eDNA and ccfDNA collected from the mussel is this
hypothesis is supported by our results demonstrating that ccfDNA is
defined by its microhabitat, as shown by cur differences between the
three Sites. Although the distance between these three Sites is only a few
meters (< 10 m), our results indicate a marked difference in biodiversity
at the eukaryotic and prokaryotic levels. These results are consistent
with our recent studies in controlled conditions, which demonstrated
that the turnover of hemolymphatic ccfDNA is very rapid (<2-3 h)
(Ferchiou et al., 2022a, 2022b). eDNA is more suitable for monitoring
biodiversity over large geographical areas. However, future experiments
comparing eDNA and ccfDNA samples in natural and experimental
settings will be needed to understand better how these multi-omics
approaches can provide a more comprehensive overview of biodiver-
sity, ecological interactions, and environmental stress responses in
various aquatic ecosystems.

LB represents a ground-breaking, non-invasive approach to medical
diagnostics, with a primary focus on detecting tumor biomarkers and
analyzing crucial genetic data derived from wvarious body fluids,
particularly bleod. Originally pioneered in the field of oncology, LB has
revolutionized cancer detection, staging, and monitoring, thereby
eliminating the necessity for invasive tissue biopsies in localized cancer
patients. Nowadays, it is also being increasingly used in other medical
fields to study DNA fragments with a non-self-origin. For example, in the
case of the detection of genetic anomalies in the fetus, thus reducing the
risks incurred during amniocentesis or detecting the rejection of allo-
geneic grafts. Thanks to the availability of sequencing data generated by
the numerous studies and clinical trials aimed at validating this clinical
application, several research teams have studied the presence of DNA
fragments of non-human origin. The most recent studies have shown
that approximately 1 % of ccfDNA in humans comes from various mi-
croorganisms, notably viruses (Eldem et al., 2023; Kowarsky et al.,
2017; Linthorst et al., 2023). In the mussel, our results demonstrate that
the percentage of ccfDNA of non-self origin is significantly higher than
that found in humans. This difference is not surprising given that bi-
valves have a semi-open vascular system and that the concentration of
viruses in seawater and freshwater varies between 10° and 10° viruses
per mL, which is ten times higher than the concentration of bacteria
(Maranger and Bird, 1995). Yet, we know very little about the aquatic
virome of coastal marine ecosystems and their interaction with their
host. Identifying DNA of viral origin in seawater through biocinformatic
sequencing data analysis is still challenging. Here, we used the Vir-
Sorter2 classifier as a complementary tool to BLASTn alignment analysis
to detect viral sequences from our datasets. VirSorter2 offers higher
specificity in predicting the presence of ssDNA, dsDNA and RNA viruses
within the viral communities (Guo et al., 2021). On the one hand, our
data indicated the presence of double-stranded DNA viruses at all Sites,
including Caudoviricetes, with Site 1 showing a higher prevalence,
consistent with the abundance of tailed bacteriophages in freshwater
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viral communities (Palermo et al., 2021; Roux et al., 2012). On the other
hand, the major single-stranded DNA virus family detected in all Sites
was Circoviridae, a family of viruses with a host range that includes birds
and mammals. Our data are thus consistent with previous studies re-
ported that viromes analyzed in freshwater and polar seawater are
dominated by bacteriophages (e.g., Caudoviricetes) and circoviruses
(Lépez-Bueno et al., 2009; Roux et al., 2012; Yu et al., 2018). Further-
more, caudoviruses, phydnaviruses, and mimiviruses have been re-
ported to be predominant in open Antarctic soil (Zablocki et al., 2014).
We hypothesize that estuarine ecological dynamics could explain the
relatively low viral diversity observed at Site 3. Wei and colleagues have
reported that environmental factor changes caused by mixing fresh-
water and seawater, including salinity, significantly decrease the viral
production and decay rates (Wei et al., 2019). However, we must remain
cautious about these conclusions. Although we were able to identify a
relatively high number of viral sequences (2643 sequences) with our
pipeline, a high abundance of undetermined or unclassified were found,
consistent with the challenging task of identifying viral sequences in
marine ecosystems (Culley, 2013; Marx, 2022). Viruses exhibit high
genetic diversity and often lack conserved genes across different viral
families, making identifying viral sequences solely based on known
reference sequences challenging. Moreover, eDNA extracted from
seawater may contain fragmented and partial viral DNA sequences. This
can complicate the assembly and analysis of complete viral genomes or
specific viral genes. Matching and annotating the detected viral se-
quences using existing resources explain, at least in part, the challenging
task of identifying viruses in marine ecosystems. Integrating LB with

long-read sequencing and developing predictive tools will significantly
enhance the characterization of the “circulating virome” in sentinel
species, potentially revealing viral integration in the host genome, such
as retroviruses. This approach not only expands our understanding of
viral presence but also offers insights into genetic anomalies that could
be crucial for monitoring and managing marine ecosystems. In our
study, we paid particular attention to the circulating microbiome
(cmDNA). Changes in the composition of the cmDNA hold potential as
promising biomarkers, allowing the detection of dysbiosis in response to
environmental factors or potential pathogens (Liu et al., 2022; Sobhani
et al., 2019). Here, we have, for the first time, compared signatures
derived from ccfDNA to those obtained by standard PCR-based methods
applied to DNA isolated from hemocytes. Phagocytosis by mussel he-
mocytes is a vital defense mechanism against bacterial pathogens and
contributes to the clearance of potential threats in the mussel's body
(Canesi et al., 2002; Caza et al., 2020), Overall, our findings suggest that
combining both analyses allows to get a more complete picture of the
bacterial flora of the host and bacteria present in the surrounding marine
ecosystem. This hypothesis is supported by our data showing that bac-
terial DNA that was dominant in ccfDNA, most notably from E. cofi,
Shigella spp., and Streptonyces, was not detected in cell pellets. This is
consistent with James and colleagues’ research, which reported a higher
presence of ccfDNA from E. coli DNA in human plasma but not in the gut
microbiome (James et al., 2022), We hypothesize that the high preva-
lence of enterobacterial DNA in the hemolymph of mussels (at the three
Sites) is related to the wastewater from the nearby Armor station. This
possibility is consistent with a previous study by Stark and colleagues
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showing that untreated sewage in the Antarctic environment does
disseminate non-native microorganisms such as Enterobacteriaceae
(Stark et al., 2016). Our data showing a prevalence of ccfDNA origi-
nating from aerobic or facultative anaerobic bacterial genera such as
Lewinella, Escherichia, Shigella, or Sphingomonas is consistent with the
dominance of aerobic marine microorganisms in the gills and hemo-
lymph, as previously reported (Musella et al., 2020). This could explain
why we have hardly detected (2 reads out of millions of reads) any
obligated anaerobic archaea in our microbiomes (Offre et al., 2013). Our
results are also consistent with previous studies showing that the
circulating microbiome depends not just on particle ingestion but also
on the interactions between environmental microbiota and host gills
(Sonier et al,, 2016; Ward and Shumway, 2004). Finally, our data
revealed that the core circulating microbiome of intertidal blue mussels
remains stable over the years. In a previous study conducted in 2018 at
the same Site, we showed that Granulosicoccus, Lewinella, Sulfitobacter,
and Sulfurimonas were the most abundant bacterial genera (Ferchiou
etal., 2022a, 2022b). Overall, this study is one of the rare, if not the first,
study that combines the 16S rRNA gene analysis on circulating hemo-
cytes and ccfDNA bacterial signature for a more comprehensive under-
standing of the circulating bacterial microbiome.

As discussed abave, one of the key advantages of LB is the ability to
analyze the self-DNA, which includes both mitochondrial circular DNA
(mtDNA) and the nuclear chromosomal DNA. In humans, although
mtDNA represents <1 % of total cellular DNA, its detection within
ccfDNA is being increasingly used as a qualitative and quantitative
biomarker in neurcdegenerative diseases, diabetes, cancer, and aging
(Leuthner and Meyer, 2021; Malik and Czajka, 2013; Schirrmacher,
2020; Wallace, 2010). Furthermore, growing evidence highlights that
mitochondrial dysfunction is a hallmark of environmental alterations
(Duarte-Hospital et al., 2022). Qur study confirms data from previous
reports on the existence of circulating cell-free mtDNA in bivalves,
paving the way to use mtDNA as a biomarker to gain insight into their
health status (Ferchiou et al., 2022a, 2022b). Our results indicated that
although the concentration of circulating mtDNA was similar in all three
Sites, we found a higher frequency in Site 1 (36 % versus 23 and 22 % in
Sites 2 and 3, respectively) of DNA fragments derived from the MT-ND4
gene, which encodes the NADH-ubiquinone oxidoreductase chain 4
(ND4) protein, a subunit of the NADH dehydrogenase (ubiquinone). We
hypothesize that the MT-ND4 gene is more resistant to degradation.
Whether this is linked to its methylation status is possible, as environ-
mental factors modulate the methylation status of genomic DNA.
Indeed, mtDNA gene expression and compaction are regulated by the
mitochondrial transeription factor A (TFAM), a member of the high
mobility group proteins essential for maintaining mtDNA (Alam et al.,
2003). The binding of TEAM to DNA is increased on hypermethylated
genes, forming a tight TFAM-DNA complex that might be more resistant
to DNA degradation as compared to hypomethylated mtDNA regions
(Stoccoro and Coppede, 2021; Yue et al., 2022). This would explain the
results of Tomanek and colleagues, who found a disruption of protein
homeostasis in blue mussels during hyposaline conditions with a decline
in proteins associated with NADH activity (Tomanek, 2012). Surpris-
ingly, we also observed an overrepresentation of ccfDNA related to
chromosomes 3 and 6 in Site 1, suggesting that environmental condi-
tions at Site 1 also impact the distribution of ccfDNA fragments from the
nuclear chromosomal DNA, consistent with the redistribution of nuclear
heterochromatin. Redistribution of heterochromatin is often associated
with senescence, individual fitness, and phenotypic evolution (An et al.,
2023). Whether this is related to epigenetic changes, which regulate the
chromatin architecture, is a real possibility, as DNA methylation, for
example, is known to be highly sensitive to environmental conditions
(Coppede, 2023; Margueron and Reinberg, 2010; Peng and Karpen,
2008). Additional research is needed to address this issue. This study
could take advantage of the Oxford Nanopore Technology, which fa-
cilitates the analysis of DNA methylation from long fragments and the
physical properties of ccfDNA in mussels. Our findings showing that
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ccfDNA fragments in mussels of Site 1 are shorter than those at other
Sites add to the hypothesis that environmental conditions impact both
mitochondrial and nuclear genomic DNA and reflect on the ccfDNA
signatures. This could also be attributed, at least in part, to the fact that
DNA preservation rates tend to be lower in freshwater environments, as
higher salinity levels, ionic content, and pH values have been shown to
promote DNA preservation and minimize degradation (Collins et al.,
2018). One of the most plausible explanations is that shorter ccfDNA
fragments at Site 1 are related to increased DNase activity. Such DNAse
activity is likely to originate from bacteria’s secretion of extracellular
DNAse. The secretion of DNAse is part of the bacterial machinery that is
essential for the breakdown of organic matter to generate low molecular
weight compounds for bacterial uptake. Many phyla harbor gene-
encoding DNAses, including Proteobacteria and Firmicutes, two domi-
nant phyla in aquatic environments (Al-Wahaibi et al., 2019). Several
lines of evidence support this hypothesis. Firstly, previous studies have
shown that blue mussels have higher DNase I activity at lower pH levels
(Bihari et al., 2007). Secondly, microcosm and mesocosm experiments
have shown that lower pH promotes environmental DNA degradation
(Seymour et al., 2018; Strickler et al., 2015). Thirdly, DNAse activity is
optimal in hypotonic conditions. Adding salt reduces activity (Pan and
Lazarus, 1997; Prince et al., 1998). Finally, an alternative and non-
exclusive hypothesis is related to epigenetic changes induced by the
environment. This hypothesis is supported by previous studies showing
that DNA methylation, for example, is highly sensitive to environmental
conditions (Coppede, 2023; Margueron and Reinberg, 2010; Peng and
Karpen, 2008). This hypothesis is also supported by our data showing
that the number and origin of fragments differ considerably between the
host chromosomes. Further investigations are needed to address this
issue adequately,

In summary, we have used the Oxford Nanopore Technologies to
study the self- and non-self origins of the hemolymphatic ccfDNA of
mussels, including the metavirome and ccfDNA fragments derived from
prokaryotes and eukaryotes present in the coastal marine ecosystem. We
have further combined this approach with standard 16S rRNA
sequencing of the hemolymph cell component to characterize mussels’
circulating microbiome. We have studied how environmental factors
quantitatively and qualitatively affect the hemolymphatic non-self
cefDNA and cefDNA derived from mitochondrial and nuclear ge-
nomes. Exploring seasonal shifts in self and non-self ccfDNA could
provide valuable information on the response of sentinel mussels to
climate change in coastal marine ecosystems.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2024.172969.
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Supplementary Figure 1: Logistics of study conduct. (A) An overview of the
abandoned Armor Site. (B) A closer view of Armor. The arrow indicates where the
portable lab was installed. (C-E) A view of the sealed lab.
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Chapitre 5

Evaluation de la santé des écosystémes
marins par une analyse multi-omique a
partir de biopsies liquides chez les
moules bleues : une étude de cas dans
un parc marin national

Article publié: Chemosphere. 2024 Aug 1;362:142714.

112



Résumé

Les écosystéemes marins sont confrontés a des menaces croissantes provenant de
nombreux facteurs de stress environnementaux, nécessitant une compréhension plus
approfondie de leur impact sur la biodiversité et la santé des organismes sentinelles.
Dans cette étude, nous avons réalisé une analyse multi-omique spatio-temporelle a l'aide
des échantillons de biopsies liquides collectés chez des moules bleues (Mytilus spp.)
dans différents écosystémes marins d'un parc national. Nous avons exploré les profils
épigénétiques, transcriptomiques, glycomiques, protéomiques et microbiens pour mieux
comprendre l'interaction complexe entre la biodiversité de I'écosystéme et la réponse
biologique des moules a leur environnement. Notre analyse a révélé des fluctuations
temporelles dans Il'alpha-diversité du microbiome circulant associées aux activités
humaines. L'analyse de I'ADN libre circulant (ccfDNA) hémolymphatique a fourni des
informations sur la biodiversité et la présence de pathogénes potentiels. L'analyse
épigénétique a révélé de nombreux sites d'hypo-méthylation au sein de I'ADN
mitochondrial (ADNmt). Les analyses transcriptomiques et glycomiques comparatives ont
mis en évidence des différences dans les voies métaboliques et les génes associés aux
fonctions immunitaires et de réparation de tissus. Cette étude démontre le potentiel de
I'analyse multi-omique de la biopsie liquide chez les sentinelles pour offrir une vue
holistique des impacts environnementaux des activités humaines sur les écosystemes
marins cotiers. Dans I'ensemble, cette approche a le potentiel d'améliorer I'efficacité et
I'efficience des divers efforts de conservation, conduisant a une prise de décision plus
éclairée et a une meilleure surveillance pour la conservation de la biodiversité et des

écosystemes.
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ABSTRACT
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Marine ecosystems are under escalating threats from myriad environmental stressors, necessitating a deeper
understanding of their impact on biodiversity and the health of sentinel organisms. In this study, we carried out a
spatiotemporal multi-omic analysis of liquid biopsies collected from mussels (Mytilus spp.) in marine ecosystems
of a national park. We delved into the epigenomic, transcriptomic, glycomic, proteomic, and microbiomic
profiles to unravel the intricate interplay between ecosystem biodiversity and mussels’ biological response to
their environments. Qur analysis revealed temporal fluctuations in the alpha diversity of the circulating
microbiome associated with human activities. Analysis of the hemolymphatic circulating cell-free DNA (ccfDNA)
provided information on the biodiversity and the presence of potential pathogens. Epigenomic analysis revealed
widespread hypomethylation sites within the mitochondrial (mtDNA), Comparative transcriptomic and glycomic
analyses highlighted differences in metabolic pathways and genes associated with immune and wound healing
functions. This study demonstrates the potential of multi-omic analysis of liquid biopsy in sentinel to provide a
holistic view of human activities’ environmental impacts on marine coastal ecosystems. Overall, this approach
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has the potential to enhance the effectiveness and efficiency of various conservation efforts, leading to more
informed decision-making and better outcomes for biodiversity and ecosysiem conservation.

Abbreviations

ccfDNA  circulating cell-free DNA

cmDNA  circulating microbiome DNA
eDNA environmental DNA

mtDNA  mitochondrial DNA

MAG metagenome-assembled genome
PLP perlucin-like protein

PCoA principal coordinate analysis
ASVs amplicon sequence variants

PERMANOVA multivariate analysis of variance with
permutation

LEfSe Linear discriminant analysis Effect Size
KEGG  Kyoto Encyclopedia of Genes and Genomes
COG Clusters of orthologous groups

1. Introduction

Climate change and pollution significantly affect coastal marine
environments. The combined impact of human activities on these eco-
systems is severe and multifaceted, leading to biodiversity loss through
species extinctions, reduced population sizes, disrupted food webs, and
altered energy flow within ecosystems (Gissi et al., 2021; O'Hara et al.,
2021; Prakash, 2021; Muruganandam et al., 2023). Effective manage-
ment policies are thus crucial to protecting vulnerable habitats, main-
taining biodiversity, and enhancing the resilience of coastal ecosystems
from the threats of climate change and pollution. Bivalves, serving as
sentinel species, which are organisms that act as a barometer of
ecological changes, play a critical role in monitoring these areas (Ber-
thet, 2013; Beyer et al., 2017). Effectively monitoring and managing
marine ecosystems using bivalves requires significant resources and
expertise, most notably in terms of logistical perspective because
specialized equipment is often needed to gather data effectively, making
monitoring programs expensive. Many biomarkers developed for bi-
valves, especially those based on tissue biopsies, target specific cellular
or tissue functions (Viarengo et al., 2007; Beyer et al., 2017). Despite
their relevance in indicating the health status of the host, their sensi-
tivity and predictive value remain limited (Lam, 2009), Moreover, they
are not well-suited for assessing the broader impacts of human activities
on biediversity, which is often achieved through traditional methods
such as direct observations or environmental DNA analysis (Bernatchez
et al., 2024). An ideal approach would involve a logistically friendly
predictive method that identifies potential threats and risks to ecosys-
tems before they cause significant damage, enabling proactive man-
agement strategies. Such an approach can serve as an early warning
system, enabling managers to take preventative actions before issues
become critical.

One possibility would be to adapt the concept of liquid biopsy,
originally developed in oncology, where detection is crucial for pre-
venting disease onset, selecting the most effective treatment, and
monitoring treatment success (Siravegna et al., 2017; Heitzer et al.,
2019). A liquid biopsy involves collecting and analyzing bedily fluids,
such as blood (or hemolymph for invertebrates) and is less invasive than
traditional methods requiring tissue samples. The use of this approach
now extends well beyond oncology. It can not only be used in other areas
of medicine but also in marine biology as a way to early detect physi-
ological disturbances underlying the development of diseases or

exposure to environmental stress, allowing for earlier intervention and
mitigation strategies (Caza et al., 2019; Sharma et al., 2019; Ferchiou
et al., 2022a; Moufarrej et al., 2022). We hypothesize that liquid biopsy
collected in sentinel species can be a valuable approach for developing
predictive biomarkers and understanding the impact of pollution on
marine coastal ecosystems. Analyzing the molecular content of the
liquid biopsy, such as circulating cell-free DNA (ccfDNA), can help
identify molecular biomarkers that indicate exposure to specific pol-
lutants or the overall health status of the organism. We have previously
shown, for example, that the hemolymphatic ccfDNA of mussels con-
tains DNA fragments that vary considerably in size, ranging from 1 to 5
kb, and that a significant amount of DNA fragments had a nonself mi-
crobial origin (Caza et al., 2019; Ferchiou et al., 2022a). Ideally, from a
single drop of hemolymph, it would be desirable to obtain not only in-
formation on the biodiversity but also early signs of perturbations, the
host’s response, and multi-levels of biological information.

In this work, we conducted a proof-of-concept study for a multi-
omics approach using the blue mussel as a sentinel species to gain
valuable insights into the overall health and quality of the coastal ma-
rine ecosystems found in a National park for which protection of marine
ecosystems in response to climate change and human activities is a
major concern. For this, we employed a diverse set of omics analyses,
including 168 rRNA for microbiome profiling and cefDNA to distinguish
nonself-from self-DNA, transcriptomics, proteomics and methylomics
for these two studied sites. This integrated strategy offers comprehen-
sive insights into the blue mussel's biological and environmental in-
teractions, illustrating the potential of multi-omics in marine ecology
research,

2. Materials and methods
2.1. Location and characteristics of the study site

The study was conducted in in Saguenay-St-Lawrence Marine Park
(SSLMP), a national marine conservation area located in Eastern Canada
in Quebec and renowned for its rich biodiversity across multiple marine
habitats. However, the area faces significant pressure from various
human activities, particularly seasonal tourist activities. Five sites were
selected for our study between Fall 2019 and Fall 2020. Among these,
three sites exhibit sandy envirenments, while the remaining two sites
feature rocky environments (Fig. 1). Notably, the Cap-de-Bon-Désir site
(48° 16" 14" N; 69° 28’ 01" W) was chosen as a reference site because of
the absence of direct pollution sources. Conversely, the Baie-Sainte-
Catherine (48° 07' 00" N; 69° 43' 17" W), Pointe-Rouge (48 08" 08" N;
69° 42" 03" W), Moulin-a-Baude (48 09' 26" N; 69" 39’ 44" W), and
Pointe-a-John (48> 13’ 57" N; 69° 32’ 47" W) sites are recognized as
polluted (e.g., dissolved nutrients inputs, fecal contamination, trace
metals) due to their exposure to boat traffic, marina activities, and the
discharge of domestic and agricultural effluents (Lemaire and Pelletier,
2013, 2018). In addition, several neighboring municipalities, including
Bergeronnes, either lack adequate wastewater treatment infrastructure
or have none at all, giving rise to significant environmental concerns
(Lemaire and Pelletier, 2013; Demers-Lemay, 2019). Specifically, Ber-
geronnes discharges wastewater directly into the Grandes-Bergeronnes
River, leading to increased concentrations of trace metals and microbi-
al pathogens, particularly at Pointe-a-John (Lemaire and Pelletier,
2013). Moreover, the Moulin-a-Baude Bay receives water from rivers
like the Moulin-a-Baude, which collects agricultural runoff from up-
stream communities. This runoff contaminates the bay with pollutants
such as fecal coliforms, orthophosphates, and nitrogen oxides (Comité
ZIP, 2005; Lemaire and Pelletier, 2013).
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3. Sample collection

Adult specimens of blue mussels (Mytilus spp.) were collected from
the intertidal zone, with approximately 40-50 individuals gathered per
site between 2019 and 2022. Hemolymph was withdrawn from the
adductor muscle using a syringe fitted with a 21-gauge needle, as
described by Ferchicu et al. (2022b). Each sample contained hemo-
lymph from approximately 3-4 mussels pooled together (~1.5 mL each)
and was immediately centrifuged for 3 min at 6200 rpm (TOMY Multi
Spin Centrifuge, Japan). After centrifugation, cell pellets, containing
bacteria and hemocytes, the circulating cells in bivalves, were resus-
pended, and 50 pL aliquots were applied to individual discs of Whatman
903™ FTA® cards (Sigma-Aldrich, Oakville, ON, Canada). These cards,
made with a chemically treated cellulose matrix, stabilize amino acids
and nucleotides at room temperature for long-term storage and are
ideally suited for the analysis of liquid biopsies (Caza et al., 2019). Based

Chemosphere 362 (2024) 142714

on various factors (see Results), we decided to analyze ccfDNA from two
specific sites. Supernatants containing ccfDNA were frozen and stored at
—20 °C until further use. Five supernatant samples per site were
collected only during the Fall of 2020 and 2022 at the two studied sites:
Moulin-4-Baude and Cap-de-Bon-Désir. Cell pellets were also frozen
during that period for additional analysis, including transcriptomics and
methylomics.

3.1, DNA extraction

Total DNA was isolated, as described by Ferchiou et al. (2023).
Briefly, 5 mm punched discs from the FTA® cards were directly used for
DNA extraction using the QIAamp DNA Investigator Kit (Qiagen, Ger-
many) according to the manufacturer’s instructions. Meanwhile, ac-
cording to the manufacturer’s recommendations, ccfDNA was isolated
from supernatant samples and purified using the NucleoSnap cfDNA kit
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Fig. 1. Study area. (a) Map showing the five Mytilus spp. intertidal sampling sites. (b—f) Intertidal sampling sites in Saguenay-5t. Lawrence Marine Park, photo-
graphed at low tide, Moulin-a-Baude, Baie-Sainte-Catherine, and Pointe-a-John are characterized by sandy, wave-exposed beaches, while Cap-de-Bon-Désir and

Pointe-Rouge are rocky shores where mussels are covered by sand and seaweed.
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(Macherey-Nagel, Germany). Purified DNA was quantified using a
Qubit™ dsDNA HS assay kit (Invitrogen, Carlsbad, CA, USA).

3.2. 168 rRNA and shotgun sequencing

Amplifications of V3-V4 regions of the 165 rRNA gene and
sequencing (168 rRNA) for all total DNA samples from cell pellets were
performed at Genome Quebec (Montreal, Canada) using the universal
primers 341F (5-CCTACGGGNGGCWGCAG-3) and 805R (5-GAC-
TACHVGGGTATCTAATCC-3) (Klindworth et al., 2013). Sequence li-
braries were prepared by Genome Quebec with a DNA Library
Preparation Kit for [llumina. Paired-end sequences were generated using
the MiSeq platform PE300 (Illumina, San Diego, CA, USA) with the
600-cycle MiSeq Reagent Kit v3 (Illumina, CA, USA). For shotgun
sequencing of hemolymphatic ccfDNA, libraries were prepared by
Genome Quebec for Illumina NovaSeq 6000 S4 PE150 with the NovaSeq
6000 S4 Reagent kit v1.5 (Illumina, CA, USA). IDT dual-index adaptors
were used. Raw 168 and shotgun metagenomic DNA data files are
available on the NCBI Sequence Read Archive (PRIJNA915419 and
PRINA754391).

3.3. Analysis of 16S-based microbial taxonomic data

[llumina sequence data (FASTQ files) were received as output from
Genome Quebec. Cutadapt v4.2 was used as a tool in the Unix Shell
v¥5.1.16 (Ubuntu version 22.04) environment for trimming primers from
the raw sequencing data. For data pre-processing, the DADA2 v1.16.0
pipeline (Callahan et al., 2016) was used to generate 16S rRNA (V3-v4)
non-chimeric amplicon sequence variants (ASVs) for all samples. The
latest RDP 18 database was used for taxonomy assignments of repre-
sentative ASVs (Wang et al., 2007). All statistical analyses were per-
formed in R v4.2.3 (R Core Team, 2023). Alpha diversity indices
(Shannen index, Pielou’s evenness and richness estimator) were calcu-
lated using phyloseq and microbiomeSeq packages and pairwise per-
mutation tests were performed to obtain significant p-values (p < 0.05)
(McMurdie and Holmes, 2013; Ssekagiri et al., 2017). Significant mi-
crobial composition differences among groups were determined using
multivariate analysis of variance with permutation (PERMANOVA) with
9999 permutations followed by pairwise permutation tests. To explore
the taxonomic differences across seasons and sites, we employed linear
discriminant analysis (LDA) effect size (LEfSe) utilizing the micro-
biomeMarker package (Cao et al., 2022). The threshold on the loga-
rithmic score (log10) of the LDA analysis was set to 3.0. We analyzed
unique and shared AVSs among groups using Venn diagrams with the
ggVennDiagram package (Gao et al., 2021). Pie charts and histogram
plots were generated using the R package ggplot2 (Wickham, 2016).

3.4. Circilating cell-free DNA analysis

The quality of raw ccfDNA reads was analyzed using FastQC v0.11.9
(Andrew, 2010). The adapters and low-quality reads were trimmed with
Trimmomatic v0.39 (Bolger et al., 2014). The paired-end shotgun reads
were merged using FLASH v1.2.11 (Magoc and Salzberg, 2011). We
selected a minimum overlap of 20 bp and a mismatch ratio of 0.25 as
parameters. Self-merged reads were identified with BLASTN v2.14.1
using the bivalves NCBI taxonomy database (e-value < le-3).
Nonself-reads were identified as reads not related to bivalves. Self and
nonself-reads were assembled separately using MEGAHIT v1.2.9 to
generate contigs for each site (Li et al., 2015). N50 for both sites was
evaluated using the assemblyStatics tool (Challis, 2017). Nonself-contigs
(=300 bp) were then identified by alignment with BLASTN and BLASTX
using nt and nr NCBI databases (e-value < 1e—40). BLASTN and BLASTX
results were pooled for each site as final sets. All statistical analyses were
performed in R v4.2.3. Metagenome-assembled genomes (MAGs) were
reconstructed from metagenomic assemblies using the Anvi‘o platform,
which facilitates analysis and visualization of ‘omics data (Eren et al,
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2021). Contigs were processed to identify open reading frames with
Prodigal v2.6.3 (Hyatt et al., 2010), followed by annotation using
HMMER v3.2.1 (Eddy, 2011) for single-copy core genes in bacteria and
archaea. Genome assembly coverage was determined using Bowtie2
v2,3.5.1 (Langmead and Salzberg, 2012), and SAM files produced were
converted to BAM format with Samtools v1.15.1 (Li et al., 2009).
Coverage and detection statistics were generated with Anvi'o profiles,
which were then merged using the Anvi-merge tool. MAGs were initially
binned with CONCOCT v1.1.0 (Alneberg et al., 2014).

3.5. RNA extraction and RNA-seq

Five samples per site were used to perform the transcriptomics
analysis. Total RNA was extracted from frozen cell pellets, resuspended
in 750 pL of TRIzol® and mixed by inversion with 200 pL of chloroform.
After phase separation, the RNA-containing aqueous phase was carefully
transferred and mixed with 400 pL of isopropanol to precipitate the
RNA. The resulting RNA pellets were washed with 75% ethanol and then
dissolved by incubation for 15 min at 55 °C with agitation at 700 rpm in
30 pL of PCR-grade water. Subsequent purification was performed using
the RNeasy Plus Mini Kit (Qiagen, Germany), with the final RNA eluted
in 30 pL of PCR-grade water. Quantification of RNA was carried out
using a Qubit 1.0 fluorometer with the Qubit™ RNA HS assay kit
(Invitrogen, Carlsbad, CA, USA), and RNA quality was assessed via the
NanoDrop 2000/2000C spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, United States). Purified total RNA was forwarded to
Genome Quebec (Montreal, QC, Canada). The mRNA library preparation
was performed using an NEB stranded library preparation kit for Illu-
mina®, followed by sequencing on an Illumina NovaSeq 6000 platform
with the NovaSeq 6000 54 reagent kit (Illumina, CA, USA), generating
100 bp paired-end reads. Raw data files are available on the NCBI
Sequence Read Archive (PRINA1070309).

3.6. RNA-seq and glycomic profiles analysis

Sequence quality was evaluated using FastQC. Before de novo as-
sembly, Trimmomatic was employed to trim adapters and remove low-
quality reads. The transcriptome assembly was then conducted with
Trinity, and the overall assembly quality was assessed using TrinityStats.
pl. Gene abundance in each sample was estimated using the RSEM tool
(RNA-Seq by Expectation-Maximization) (Li and Dewey, 2011). Long
open reading frames (ORFs) within the transcripts were identified using
the TransDecoder v5.5.0 tool, facilitating the generation of protein se-
quences for the predicted coding regions (Haas, 2023). Transcript
identification was performed running BLAST against nucleotide and
protein sequences with an e-value threshold of 1e-50. Predicted protein
sequences underwent HMMER searches against the Pfam database for
functional annotation (Eddy, 2011). To gain a deeper understanding of
the biclogical differences between mussels at both sites, we conducted
two functional analyses using widely utilized databases that encompass
a diverse range of organisms, Specifically, further analyses were per-
formed for clusters of ortholoegous groups (COG) and Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathways using the DIAMOND tool
for the COG database and the KofamKOALA online software, respec-
tively (Galperin et al., 2015; Aramaki et al., 2020). Differential gene
expression (DGE) analysis was conducted using DESeq2 and edgeR
packages from Bioconductor (Robinson et al., 2010; Love et al., 2014).
Differentially expressed genes were identified based |logsFC| > 10 and
FDR <0.05. Only genes with at least 100 counts in at least 50% of the
samples in one of the groups were considered in the analysis. All sta-
tistical analyses were executed in R v4.2.3. Venn diagrams were
generated utilizing the ggVennDiagram package in R. Principal
Component Analysis (PCA) and heatmap visualization was conducted
using the Glimma and pheatmap packages, respectively (Su et al., 2017;
Kolde, 2019). Identification of glycogens was performed by querying the
Glycosmos database (Yamada et al., 2020).
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3.7. Monosaccharide composition analysis

Whole hemolymph samples from both sites were analyzed, as re-
ported previously, with modifications in terms of treatment before hy-
drolysis and dilutions. The samples (4 per site) were centrifuged at 4500
rpm for 10 min before hydrolysis and filtered through a 10 kDa MWCO
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filter to remove monosaccharides such as glucose, present at high con-
centrations and other metabolites. The supernatant (25 pL) was then
subjected to TFA (5 M) in triplicates (200 pL) and heated at 100 *C for
2h. After evaporation, the hydrolysate was resuspended in HPLC-grade
water (75 pL) and then diluted (1:10, v:v, for filtering) before injec-
tion also in triplicates on a High-Performance Anion-Exchange
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Fig, 2. Shared phylum-level and genus-level taxa across different seasons and sampling sites. Phylum-level analysis of Mytilus spp. collected in intertidal zones
during (a} Fall 2019, (b) Spring 2020 and (c) Fall 2020. Phylum with a relative abundance of <1.5% is represented as *“Others.” Venn diagrams and pie charts show
the number of unique and shared genera in Mytilus spp. intertidal sites during (d) Fall 2019, (e) Spring 2020 and (f) Fall 2020, (g) Venn diagram and pie chart
represeni the 181 "core” bacterial genera's distribution across the three seasons, Only shared genera with a relative abundance of =1% are represented in pie charts,
Red colors indicate higher abundances, and blue colors indicate lower abundances. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article,)
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Chromatography system coupled with a Pulsed Amperometric Detector
(HPAEC-PAD) as previously described. The monosaccharides were
identified from a monosaccharide standard mix (Thermo Fisher Scien-
tific, Waltham, MA, United States) and quantified after extrapolation
from a calibration curve as described by Rohrer (2021). Statistical an-
alyses were conducted using one-way analysis of variance (ANOVA) and
Tukey’s post-hoc tests for parametric data. Nonparametric permutation
tests were applied when data did not meet the assumptions required for
ANOVA. All statistical analyses were performed in R v4.2.3.

3.8. DNA isolation and nanopore sequencing

Four samples per site were used for DNA methylation analysis. DNA
was extracted from frozen cell pellets using the QIAamp DNA Investi-
gator Kit (Qiagen, Germany) according to the manufacturer’s in-
structions. Quality was assessed using a NanoDrop 2000/2000C
spectrophotometer. Library preparations were performed with an Ox-
ford Nanopore Ligation Sequencing Kit (ONT, SQK-LSK114) according
to the manufacturer’s instructions. Sequencing was carried out on the
ONT MKI1C device using version 10.4.1 flowcells. Raw fast5 files are
available on the NCBI Sequence Read Archive (PRINA1070574).

3.9. Methylation analysis

DNA methylation (5 mC) and hydroxymethylation (5hmC) calls were
determined using megalodon v2.5.0 with Guppy v6.0.1 models for
MinION data. Reads were aligned to the Mytilus edulis reference genome
(PEIMSO, NCBI) using minimap2 (Li, 2018). Methylation frequencies
from both strands were quantified with METEORE (Yuen et al., 2021).
All statistical analyses were performed in R v4.2.3. Visualisations were
generated using methylartist 1.2.11 and ggplot2 R package (Cheetham
et al., 2022).

4. Results

4.1. Spatiotemporal analysis of hemolymphatic circulating microbiome of
mussels

Our analysis encompassed a total of 133 samples from cell pellets.
Sequencing of 16S rRNA gene amplicons targeting the V3-V4 hyper-
variable region yielded 5 721 260 paired-end sequences that success-
fully passed quality filtering (an average of 43 017 + 1163 per sample).
From these high-quality reads, we generated amplicon sequence vari-
ants (ASVs) amounting to 23 625. Our findings revealed the presence of
bacterial genera commonly associated with domestic wastewater, such
as Bordetella, Clostridium, Corynebacterium, Roseomonas, and Exiguo-
bacterium, at the Moulin-a-Baude, Pointe-Rouge, Pointe-a-John, and
Baie-Sainte-Catherine sites (Table S51). Notably, we consistently detected
the bacterial phylum Mycoplasmatota at the Moulin-a-Baude site
throughout various seasons (Fig. 2a—c). This phylum is predominantly
represented by Mycoplasma and Tenacibaculum, two genera known for
their potential pathogenic effects on fish and humans (Fernandez-Al-
varez and Santos, 2018; Nowlan et al., 2020; Dawood et al., 2022).
Furthermore, our analysis unveiled shared and unique microbial taxa at
different locations, including a core microbiome predominantly
composed of genera characteristic of marine waters. These genera
included DNA derived from bacteria typically found in cold environ-
ments, such as Colwellia, Psychrilyobacter, Psychroserpens, Glaciecola,
Psychromonas, Octadecabacter, Polaribacter, Shewanella, and Sulfurimonas
(Fig. 2d-g). LEfSe analysis revealed that the cmDNA of mussels collected
at Cap-de-Bon-Désir primarily consisted of discriminant genera integral
to the core microbiome, characteristic of cold marine ecosystems, and
this pattern persisted across different seasons (Fig. 3). In contrast, the
cmDNA of mussels at the Moulin-a-Baude site exhibited an elevated
presence of Vibrio and Mycoplasma, particularly in Fall (2019),

Chemosphere 362 (2024) 142714
4.2. Differences in alpha-diversity of the circulating microbiome

Our analysis revealed notable findings regarding the diversity and
richness of microbial communities at different sampling sites. The
Moulin-a-Baude and Pointe-a-John sites, which are exposed to agricul-
tural and domestic effluents, consistently exhibited the lowest levels of
diversity and richness across all years and seasons (Fig. 4). Additionally,
Baie-Sainte-Catherine and Pointe-a-John displayed the lowest evenness
in both Fall 2019-2020 and Spring 2020. In contrast, Pointe-Rouge and
Cap-de-Bon-Désir showcased the highest alpha-diversity indices during
both the fall of 2019 and spring of 2020. However, an interesting shift in
patterns emerged during the Fall of 2020. During this period, we
observed only minor fluctuations in all alpha-diversity metrics across
the sampling sites, indicating a more consistent microbial community
structure across locations. This suggests a potential stabilization or
convergence of microbial diversity during that particular season.

4.3. Analysis of self and nonself hemolymphatic ccfDNA

We next focused on analyzing circulating cell-free DNA (ccfDNA) at
two geographically distinct sites, Moulin-a-Baude and Cap-de-Bon-
Désir. This selection was based on several important factors: 1) the Cap-
de-Bon-Désir site exhibited significantly higher alpha-diversity indices
during both autumn 2019 and spring 2020 compared to Moulin-
a-Baude.; 2) there was a substantial disparity in the bacterial composi-
tion between the two sites. The microbiome of the Cap-de-Bon-Désir site
was primarily composed of core microbiome genera, which are
considered integral to healthy marine ecosystems. In contrast, the
Moulin-a-Baude site was characterized by a significant presence of
Vibrio, Mycoplasma, and Tenacibaculum, highlighting potential differ-
ences in microbial community structure, and 3) both sites possess
ecological importance as critical habitats for marine mammals,
including harbor seals and minke whales.

We first investigated the source of ccfDNA fragments in blue mussels
by conducting a categorization of all sequencing reads into two distinct
groups: those aligning with Mytilus spp. sequences (referred to as “self)”
ccfDNA and those identified as originating from external sources
(nonself). For both sites, we assembled approximately 3-4 million
contigs from approximately 150 million reads. Among these contigs,
about 10-12% were classified as originating from nonself sources
(Table 1). The majority of the nonself DNA fragments originated from
viruses and bacteria, which accounted for more than 75% of all identi-
fied contigs, followed by metazoans (7-8%) and chromists (3-15%)
(Fig. 5).

Among the notable differences between the two sites, we observed a
significant abundance of Platyhelminthes (flatworms) and Priapulida
(marine worms typically found in marine sediments) at the Moulin-
a-Baudes site. Additionally, we detected DNA from Tenacibaculum mar-
itimum, known to cause tenacibaculosis in marine fish, and DNA from
Dicrocoelium dendriticum, a parasitic flatworm that infects the liver and
bile ducts of various mammals (Table 2) (Raj et al., 2022; Mabrok et al.,
2023). Using metagenome-assembled genomes (MAGs), we confirmed
the presence of various parasitic and microbial genera at the Mou-
lin-a-Baude site, including Tremotoda and Mycoplasma spp. (Table S2).
The metazoan diversity mainly consisted of marine organisms at both
sites, such as polychaete annelid worms (e.g., Sabellidae, Nereididae), sea
anemones (e.g., Actiniidae), sea stars (e.g., Asteriidae), marine isopods
(Idoteidae), and marine gastropods (e.g., Littorinidae, Patellidae). Inter-
estingly, the Cap-de-Bon-Désir site exhibited a significant presence of
brown algae DNA, including species such as Ectocarpus siliculosus,
Endarachne binghamiae, and Petalonia fascia (Table 2). This finding aligns
with the abundant macroalgal fauna observed at this site (Chabot and
Rossignol, 2003). Viral DNA analysis at both sites uncovered a more
varied viral community at the Moulin-a-Baude site, featuring bacterial
viruses, algae viruses, and retroviruses (Figure S1). This diversity
showed a distinct correlation with specific hosts, including Vibrio phage,
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Table 1
Self and nonself origin of hemolymphatic cefDNA.

Contigs (Self) Contigs (Nonself) Percentages (Nonself)

Sites n Reads (Self) Reads {Nonself)
Moulin-3-Baude 5 106 517 051 27 705 760
Cap-de- Bon-Deésir 5 143 048 371 26 026 324

11.8%
12.1%

3266 468
3 696 621

384 825
447 595

Tenacibaculum phage, and viruses associated with brown algae (Table 2).

4.4. Site-dependent variations in transcriptional and epigenetic responses

4.4.1. Differential gene expression analysis

We next performed a transcriptomic analysis on blue mussels from
two sites, using hemocyte pellets. Due to the lack of annotated genomes
for this species, we employed de novo assembly to identify the tran-
scripts with a setting at a minimum of 100 reads per transcript. Using
this approach, we were able to identify a total of 17 686 transcripts,
averaging about 37 million reads per sample (Fig. 52). By annotating
these transcripts with various public databases, we determined that the
vast majority (over 99%) corresponded to the blue mussel species
(Fig. S3a). Over 60% of the transcripts were successfully annotated
(Figs. S3b-c). Principal Component Analysis (PCA) demonstrated

significant gene expression profiles in the circulating transcriptome of
mussels at the two sites (Fig. 6a). Mussels at Cap-de-Bon-Désir site
showed a ten-fold increase in transcripts compared to mussels from
Moulin-a-Baude site (Fig. 6b). Hierarchical cluster analysis using the
expression data of the 50 genes from both sites revealed two distinct
clusters with similar changes in expression across different samples.
(Fig. 6c). Several genes that were upregulated in hemocytes of mussels
sampled at Moulin-a-Baude, such as animal haem peroxidase, p53 DNA
binding domain, and chaperonin 10 kd subunit are associated with
environmental stressors while others, like triosephosphate isomerase
and cytochrome ¢ oxydase subunit VIle, are associated with nutrient
availability (Follis et al., 2014; Sirokmdany and Geiszt, 2019). We also
noted an increased expression of genes such as NADH dehydrogenase
and ATP synthase, normally indicative of a higher metabolism in he-
mocytes of mussels collected at Cap-de-Bon-Désir. In independent
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Table 2
The most abundant non-self of the hemolymphatic ccfDNA (Top 4 species for
each category are shown),

Categories Sites Species (top 4) (%)
Bacteria Moulin-a-Baude  Mycoplasmatales bacterium 6.2
Flavobacteriales bacterium 5.5
Phycisphaerae bacteriumt 2.9
Alteromonadales bacterium 2.6
Cap-de-Bon- Plewrocapsa minor 5.6
Désir Waterburya agarophytonicola 3.6
Acidiferrobacterales bacterium 2.6
Polaribacier sp. 2.0
Virus Moulin-a-Baude  Vibrio phage 14.3
Prokaryotic dsDNA virus sp. 13.3
Caudovirales phage 8.3
Retrovirus Mytilus eduilis 4.9
Cap-de-Bon- Ectocarpus silicufosus virus 33.6
Désir Vibrio phage 24.4
Tenactbaculim phage 19.3
Retrovirus Mytilus edulis 9.2
Animalia Moulin-a-Baude  Dicrocoelium dendriticum (lancet liver 14.5
fluke)
Patellidae (sea snail family) 9.1
Idotea balrica (isopod) 7.4
Prigpuius spp. (cactus worm) 4.7
Cap-de-Bon- Idotea baltica (isopod) 31.2
Désir Lottia spp. (limper) 10.2
Littorina spp. (commen periwinkle) 7.9
Patellidae (sea snail family) 5.6
Chromista Moulin-a-Baude Laminariaceae (brown algal seaweed 27.9
family)
Ectocarpus siliculosus (brown alga) 1.3
Chordarigceae (brown algae [amily) 6.3
Petalonia fascia (broad leaf weed) 2.5
Cap-de-Bon- Endarachne binghamiae (brown alga) 27.8
Deésir Ectocarpus sificulosus (brown alga) 13.8
Petalonia fascia (broad leaf weed) 9.4
Chordariacege (brown algae family) 6.9

experiments, we validated by RT-PCR the higher expression, in mussels
from Cap-de-Bon-Désir, of the Cytochrome ¢ oxydase 1 gene, which
plays a vital role in the electron transport chain and oxidative phos-
phorylation within mitochondria (Fig. 6d) (Ludwig et al., 2001).

4.4.2. Functional analysis and glycomic profiles

We then conducted functional analyses to better understand the
biological differences between mussels at both sites. The first analysis
involved the Kyoto Encyclopedia of Genes and Genomes (KEGG), which
provides a comprehensive overview of cellular processes and metaboelic
pathways associated with various biological functions. The second
analysis utilized Clusters of Orthologous Groups (COG), which classify
genes with similar functions across different species, disregarding spe-
cific pathways and offering a broader perspective on gene functions.
Once again, our findings demonstrated significant distinctions between
the two sites. Particularly noteworthy variations were observed in
cellular processes and metabolism, shedding light on the divergent
molecular mechanisms underlying these biological functions. Addi-
tionally, disparities were also identified in information processing and
storage, indicating dissimilarities in the genetic and molecular compo-
nents responsible for these processes (Fig. 7a—b).

Glycosylation plays a multifaceted role in various cellular functions,
such as the immune response and the formation and integrity of the
shell. We paid special attention to glycosylation-related genes, which are
referred to as glycogenes { Akase and Angata, 2019). We found that at the
Cap-de-Bon-Désir site, there was >10-fold increase in the number of
glycogenes compared to the other site (Fig. 7¢). Among the glycogenes
that were overexpressed, we found a diverse repertoire of genes,
including several lectins and genes involved in glycosynthesis (Fig. 7d).
We also observed a higher expression of the gene encoding the
Perlucin-like protein (PLP) in mussels of Moulin-a-Baude. Differences in
the hemolymphatic glycome between mussels from both sites were also

124

10

Chentosphere 362 (2024) 142714

observed at the biochemical level. Analysis of hemolymphatic mono-
saccharides by HPAEC-PAD showed statistically higher levels of
glucosamine in the hemolymph of mussels of Moulin-a-Baude (Fig. 7e).
Hemolymph can contain a wide range of glycosylated proteins, such as
hemocyanin, coagulogen, etc. (Osaki and Kawabata, 2004; Lorenzon
et al., 2011; Salazar et al., 2019). Measuring the protein concentration
can provide valuable information in terms of mussel's health and con-
dition as these proteins are critical, for example, for respiration (Lor-
enzon et al., 2011).

4.4.3. DNA methylation

We thus studied whether the DNA methylation status differed be-
tween mussels at both sites. Given the lack of comprehensive genomic
annotations for the blue mussel, our study primarily centered on mito-
chondrial DNA (mtDNA), which is also known to undergo demethylation
following exposure to pollutants (Sharma et al., 2019). Alignment to the
mitochondrial genome (PEIMSOQ) resulted in a mean coverage of 143X
(SD = 4+52.64). Our findings indicate a widespread hypomethylation at
both CpG and CpN sites within the mtDNA of mussels inhabiting the
Moulin-a-Baude site (Fig. 8a-b). Significant hypomethylation of CpG
sites within mitochondrial genes, including ATP6, COX1, COX2, COX3,
CYTB, NAD1, NAD4, and NADS, was observed (Fig. 8c). Approximately
56% of CpG sites in mtDNA showed methylation abnormalities, which
exhibited hypomethylation in 40% of its CpG sites at Moulin-a-Baude.
Furthermore, mtDNA hypomethylation was also observed across all
mitochondrial genes at the Moulin-a-Baude site compared to the Cap--
de-Bon-Désir site, with over 68% of CpN sites being hypomethylated,
indicative of a 90% anomaly (Fig. 8d).

5. Discussion

Our study demonstrates the efficacy of multi-omics analysis of liquid
biopsies collected from mussels as a powerful tool to obtain a compre-
hensive understanding of the biological responses of sentinel mussels to
environmental stress. This holistic approach provides deeper insights
into the underlying mechanisms of these impacts and has significant
implications for conservation efforts, particularly in national parks and
other ecologically valuable areas. By pinpointing these specific molec-
ular alterations, we can prioritize conservation strategies and develop
targeted mitigation interventions. This evidence-based approach facili-
tates informed decision-making, ensuring that actions align with the
conservation and protection of these ecosystems.

Our study yielded a comprehensive understanding of the bacterial
communities associated with coastal marine ecosystems, shedding light
on specific genera and phyla present at different sites. Key outcomes
included the identification of potential pollution indicators and the
characterization of a core microbiome specific to healthy marine envi-
ronments. Additionally, our spatiotemporal analysis of the circulating
microbiome provided insights into the dynamic nature of microbial
communities and their response to environmental changes. For example,
we observed significant fluctuations in the alpha diversity of the
microbiome during Fall 2019 and Spring 2020. However, in the Fall of
2020, we found only very minor fluctuations in alpha-diversity metrics,
including richness, Shannoen diversity, and evenness indices, across sites.
We hypothesize that this reduced impact is attributed to decreased
anthropogenic activities resulting from the COVID-19 pandemic. From
March to June 2020, there was a complete closure of the park, including
the cancellation of all activities and services, followed by a partial
reopening from July to October. These results support the hypothesis
that the interruption or reduction of human activities for a short period
is sufficient to prevent fluctuations in the mussel microbiome. This hy-
pothesis is also consistent with observations made during the COVID-19
epidemic in other marine ecosystems (Edward et al., 2021; Weng et al,,
2023). However, further studies will be necessary to confirm this
hypothesis.

Analysis of c¢fDNA, which has gained importance in various medical
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applications, is only in its infancy in marine biology. Although bacterial
DNA dominates the ccfDNA, we were able to identify DNA from other
microorganisms, viruses and parasites with relative ease. This enabled
us to obtain a more detailed view of the differences in the virome,
bacteriome, and parasitome between Moulin-a-Baude, an ecosystem
near the town of Tadoussac where water from surrounding agricultural
activities flows, and Moulin-a-Baude, located more than 20 km down-
stream. For instance, at Moulin-a-Baude, we observed a predominant
presence of DNA from Mycaoplasma spp. or Platyhelminthes, which
encompass several parasitic species capable of infecting humans and
other animals. Notable examples of parasitic flatworms include blood
flukes (Schistosoma spp.), responsible for causing schistosoriasis, and
tapeworms (Taenia spp.), which infect the intestines of vertebrates. Yet,
analysis of ccfDNA faces major limitations, particularly in the case of
viruses. For example, viral genomes are generally smaller than cellular
genomes, and viral ccfDNA fragments tend to be further fragmented
after release from infected cells, making them even more difficult to
distinguish from background noise. Most importantly, marine viral

diversity remains poorly explored (Coutinho et al., 2017; Dance, 2021;
Vincent and Vardi, 2023). Qur data, as well as our biobank of liquid
biopsies, which is facilitated by storage on FTA cards, could be revisited
in the future as progress is made in the development of bioinformatics
tools and databases to ensure accurate identification of all potential viral
pathogens. As reference genomes and databases for marine species
continue to develop, retrospective studies using the data obtained from
our study will become possible, enabling the detection of rare or un-
known species, among other insights.

To investigate hemocytes’ response to environmental stress, we
analyzed the circulating transcriptome, which represents a rich source of
biomarkers in medicine (Solé et al., 2019). The concept of a “circulating
transcriptome” is now, however, new in marine biclogy. It is well known
that hemocytes are highly responsive to environmental changes and
offer insights into the underlying biological processes within them
(Negri et al., 2013; de Boissel et al., 2017; Chatel et al., 2018). When
combined with other "omics" approaches, however, the analysis of he-
mocyte transcriptomes provides a deeper understanding of the
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organism’s response to stress. In our study, we observed distinct tran-
scriptional activities in mussels from both Moulin-a-Baude and Cap--
de-Bon-Désir sites, reflecting differences in metabolic processes. Several
factors could account for the lower metabolic activity observed in the
hemocytes of mussels from Moulin-a-Baude compared to those from
Cap-de-Bon-Désir. Exposure to pollutants such as heavy metals, pesti-
cides, or pharmaceuticals can disrupt cellular processes and energy
preduction, leading to decreased metabolic activity in hemocytes.
Limited food availability may also induce a state of reduced metabolic
activity in mussels as an energy conservation strategy, which can affect
hemocyte function (Le Guernic et al., 2015). Additionally, low oxygen
levels in the water can prompt mussels to adjust their metabolism to
function under oxygen-limited conditions, resulting in an overall
decrease in hemocyte metabolic activity (Sun et al., 2021).

Irrespective of the cause, our findings align with our glycomics
analysis. We observed an increase in the expression of PLP. This glyco-
protein is known to play a rele in the shell formation of mollusks
(Rey-Campos et al., 2019a; Bi et al., 2020; Feng et al., 2023). It is also
expressed in hemocytes, suggesting that it also plays a role in innate
immune defense and pathogen recognition (Lin et al., 2013; Rey-Cam-
pos et al., 2019b). This C-type lectin was previously associated with the
innate immune response in shellfish and bivalves, most notably in
response to Vibrio spp. (Rey-Campos et al., 2019a; Bi et al., 2020; Feng
et al., 2023). This upregulation of PLP expression can be attributed to
factors primarily related to the mussel’s response to stress or immune
challenges. When mussels encounter bacterial or fungal infections, their
hemocytes typically increase PLP production to combat the threat.
Similarly, exposure to environmental pollutants like heavy metals,
pesticides, or pharmaceuticals can also lead to elevated PLP expression.
PLPs may play a role in wound healing by promoting tissue repair and
inhibiting bacterial growth at the site of injury (Wang et al., 2008;
Dodenhof et al., 2014). Interestingly, we also observed increased
expression of neurocan in hemocytes from Moulin-a-Baude. Neurocan is
a large extracellular chondroitin sulfate proteoglycan found in the ner-
vous system and other tissues (Rauch et al., 2001). Our glyco-proteomic
analysis revealed an elevated level of glucosamine in the hemolymph of
mussels collected from Moulin-a-Baude, providing further evidence of
the contrasting nature of the two environments. Glucosamine, found at
the core of glycans and glycoproteins, is affected by various factors, such
as heat and stress, which influence glycoprotein production within cells.
Glucosamine plays an important role in shell repair and defense mech-
anisms (Canesi and Pruzzo, 2016; Agbaje et al., 2018). Because the
higher glucosamine levels were only apparent after TFA hydrolysis, and
after hydrolysis N-acetylglucosamine is hydrolysed into glucosamine,
we hypothesized that the glucosamine we observed was most likely
derived from glycoproteins constituent. This hypothesis was supported
by the high protein content we observed via a protein Bicinchoninic acid
assay (0.62-1.35 mg/mL) (Fig. 54). Another indication that these gly-
cans were protein-bound was the lower migration bands observed via
non-denaturing SDS-Page after PNGase cleavage of the glycoproteins
(Fig. S5). Glycoproteins are involved in vital biochemical functions,
including respiration and cellular response. For instance, hemocyanins,
blood glycoproteins in mussels, facilitate oxygen transport (Coates and
Costa-Paiva, 2020). These biochemical findings align with our genetic
analysis, demonstrating the upregulation of defense-related genes and
the downregulation of genes associated with energy metabolism.

What are the mechanisms underlying these observed transcriptomic/
glycomic/proteomic alterations? One hypothesis relates to the DNA
methylation status of genomic DNA. Changes in DNA methylation pat-
terns are known to occur in response to various types of stress, including
exposure to pathogens, pollutants, and other physicochemical factors
(Meaney and Szyf, 2005; Martin and Fry, 2018; Ladd-Acosta and Fallin,
2019). Importantly, these changes in DNA methylation can sometimes
be heritable, impacting mussels over the long term. In our study, we
observed a clear and significant hypomethylation of the mitochondrial
genome in mussels from Moulin-a-Baude. Several studies have shown
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that exposure to environmental stress, such as chemicals and pollutants,
can induce global DNA hypomethylation (Dolinoy et al., 2007; Herbst-
man et al., 2013). While hypomethylation is generally associated with
upregulation of gene expression, the downregulation of mitochondrial
genes observed in our study suggests the involvement of alternative
regulatory mechanisms. These mechanisms could include the recruit-
ment of transcriptional repressors to mtDNA, inhibiting transcription, or
feedback mechanisms from altered metabolic states that suppress
mitochondrial gene expression regardless of methylation status (Her-
vouet et al,, 2018; Shokolenlko and Alexeyev, 2022). Additionally,
epigenetic perturbators, such as environmental factors, drugs, or dis-
eases, can influence the epigenetic state of mtDNA (Heijmans et al.,
2008; Heyn et al., 2012; Sarkies, 2023). The proximity of the Mou-
lin-a-Baude site to a wastewater discharge point likely exposes the blue
mussels to disruptive agents like pesticides or pollutants, potentially
leading to the widespread hypomethylation observed in their DNA.
Interestingly, previous research has also linked hypomethylation of
mtDNA with cellular senescence induced by chronic oxidative stress (Yu
et al.,, 2017). Regardless, these results open the door to future research
into the agents responsible for epigenetic changes in mussels and the use
of epigenetic biomarkers to monitor the health of an ecosystem. Fortu-
nately, the Oxford Nanopore Technology employed in our study offers
several advantages that facilitate DNA methylation studies compared to
traditional methods (Searle et al., 2023). This technology enables direct
sequencing of native DNA in CpG and non-CpG contexts, eliminating
potential biases introduced by chemical modifications and preserving
the original methylation patterns. Moreover, DNA methylation analysis
serves as a highly sensitive biomarker for assessing the epigenomic
response to environmental stressors, including chemical pollution,
temperature fluctuations, water acidification, and viral infections (Put-
nam et al., 2016; Zhang and Cao, 2019; Sharavanan et al., 2020). It is
also worth noting that DNA methylation is just one of several epigenetic
mechanisms involved in gene expression regulation. Histone modifica-
tions and non-coding RNAs are among the other mechanisms contrib-
uting to the dynamic control of gene transcription (Bure et al., 2022).

In conclusion, our study demonstrates that multi-omic analysis of
liquid biopsies collected from mussels provides a powerful tool for
comprehensively assessing the impact of human activities on marine
coastal ecosystems. Interpreting the complex and often intertwined in-
formation from multiple omics data sets can be challenging, requiring
specialized expertise and careful consideration of potential confounding
factors. Leveraging the power of machine learning for data analysis,
pattern recognition, and predictive modeling in the near future will help
our understanding of cellular responses and potentially enable the
identification of early warning signals. This knowledge can inform
conservation efforts, environmental monitoring strategies, and the
development of sustainable practices for the future.
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Supplementary Figure 1. Venn diagram showing the number of unique and shared
contig identifications from BLAST between both sites. The overlapping region contains
the number of contigs that share similar hits. Red colors indicate higher abundances and
blue colors indicate lower abundances.
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Supplementary Figure 2. Number of reads in Moulin-a-Baude and Cap-de-Bon-Désir
sampling sites (FDR < 0.05 and |FC| = 2; red, up-regulated; blue, down-regulated). Noise
threshold was greater than 100 reads.
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Supplementary Figure 3. Identification and annotation results of transcripts. (A) BLAST results
against the NCBI nr and nt databases. Results showed are BLAST hits matched to Bivalvia class. (B)
Venn diagram showing the overlap of BLAST results. (C) Venn diagram showing the overlap of BLAST,
GO, Pfam, COG and Kegg annotations of Mytilus spp. transcripts.
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Supplementary Figure 4. Hemolymphatic protein concentrations. This bar plot
illustrates the comparison of protein concentrations (mg/mL £ SD) between Cap-de-
Bon-Désir (blue) and Moulin-a-Baude (red). Statistical significance was determined

by Student’s t-test (p = 0.019).
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Supplementary Figure 5. Hemolymph protein samples bhefore and after
PNGase-F treatment in SDS-PAGE. Hemolymph samples were treated with
PNGase F enzyme as per the Gibco™ PNGase F Glycan Cleavage Kit guidelines
(Thermo Fisher Scientific, cat #A39245). The hemolymph samples were diluted with
Laemmli Sample Buffer (2x Laemmli Sample Buffer, Bio-Rad, cat#1610737) and
loaded onto 12% precast polyacrylamide gel (12% Mini-PROTEAN® TGX™ Precast
Protein Gels, 10-well, 30 ul, Bio-Rad, cat #4561043). The gels were stained with
Coomassie Brilliant Blue R-250 protein stain solution.
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Supplementary Table 2. Comprehensive Taxonomic ldentification Results for

Nonself DNA Bins from Both Sites.

. . Matching taxonomy Number of  Total length
Bin_ID Sites (BLAST) sequences (kbp)
Moulin-a-Baude Mycoplasma spp. 207 297
Bin #1
I Cap-de-Bon-Désir Viral sequences 4 7
Moulin-a-Baude Tremotoda 159 246
Bin #2
Cap-de-Bon-Désir Phaeophyceae 74 86
Moulin-a-Baude Phaeophyceae 121 288
Bin #3 - -
Cap-de-Bon-Désir Cyanobacteria 4 4
Moulin-a-Baude Bacteriophage 38 76
Bin #4
Cap-de-Bon-Désir NA NA NA
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Chapitre 6

Discussion
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L'objectif de mon projet était d’appliquer le concept de la biopsie liquide sur des espéces
marines afin d’évaluer I'état de santé des écosystémes marins. Globalement, nous avons
pu démontrer que : 1) la signature microbienne chez les moules présente des variations
interspécifiques et spatiales, influencée par les conditions environnementales et
I'exposition a la pollution; 2) le ccfDNA hémolymphatique de la moule a de plus longs
fragments d’ADN en moyenne (> 2kbp) comparativement a ceux de '’humain (~150-
200bp) et que ces longs fragments sont adaptés au long-read sequencing ; 3) I'intégration
de méthodes multi-omiques avec la biopsie liquide enrichit notre compréhension de la

santé des moules et de leur environnement.

Malgré une connaissance encore limitée sur le ccfDNA hémolymphatique, nos résultats
soulignent I'importance de poursuivre le développement et 'optimisation de la biopsie
liquide pour les organismes aquatiques. Initialement développée en médecine, cette
méthode a été adaptée aux spécificités de divers environnements marins. Par exemple,
la collecte et I'analyse du ccfDNA et du mcfDNA a partir de fluides corporels tels que
’hémolymphe, le sang et le mucus ont permis d’étendre I'application de la biopsie liquide
a des especes marines comme les moules, ainsi qu’a certaines espéces de poissons
comme les truites et le flétan (Annexe | et Il). Ces adaptations ont nécessité une phase
de développement méthodologique ou les protocoles existants ont été modifiés pour
prendre en compte les particularités biologiques et écologiques des organismes
aquatiques. Cela a inclus la mise au point de méthodes de prélévement minimalement
invasives, adaptées aux différents organismes, ainsi que I'optimisation des techniques
d’extraction et de séquencage pour traiter les échantillons issus de milieux marins. Grace
a ces efforts, nous avons pu détecter des signatures moléculaires distinctives, qui
constituent des outils potentiels pour une évaluation plus détaillée et précise de la santé
des écosystemes marins. Ces biomarqueurs moléculaires, identifiés dans des
environnements variés, peuvent servir a prédire les impacts environnementaux et
anthropiques sur les habitats marins et cétiers. En outre, I'intégration de ces méthodes
dans les stratégies de surveillance permettrait une approche non invasive et continue,
essentielle pour le suivi a long terme des populations marines et la détection précoce des

perturbations écologiques.
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Plus spécifiguement, chez la moule, nos observations montrent que : 1) le ccfDNA est
principalement composé d'ADN microbien et permet de détecter la présence d'agents
microbiens et parasitaires pathogénes; 2) la biopsie liquide offre une vue d'ensemble de
la biodiversité du milieu aquatique, complétant ainsi les données obtenues par I'ADN
environnemental et fournissant une image plus compléte de la dynamique écologique; 3)
les perturbations du métabolisme énergétique et mitochondrial observées chez les
moules semblent étre indicatives de stress environnementaux et anthropiques qui
affectent leur habitat. Ces indicateurs moléculaires pourraient donc servir a prédire et a
comprendre les impacts des modifications environnementales sur les organismes marins
et leur écosysteme, offrant des perspectives cruciales pour la gestion et la conservation

des ressources marines.

Influence de ’ADN microbien circulant par des variables biotiques et abiotiques
Dans le cadre de notre étude, nous avons analysé le mcfDNA provenant du sang ou de
'hémolymphe d’organismes marins. Nos observations indiquent que le mcfDNA est
influencé par plusieurs facteurs, tels que I'age, I'espéce des organismes et la température
environnementale. Nos résultats ont révélé des signatures microbiennes distinctes
associées a différentes espéces marines. En outre, nous avons identifié des génes de
pathogénicité chez certaines bactéries présentes dans le sang et le mucus de truites
saumoneées des iles Kerguelen, un écosystéme particulierement sensible aux
changements climatiques (Annexe I). De plus, nous avons constaté que le mcfDNA chez
la truite arc-en-ciel peut étre modulé par l'exposition chronique a des contaminants
chimiques tels que le tébuconazole, un fongicide couramment utilisé en agriculture, sur
une période de plusieurs semaines (Annexe lll). Ces résultats soulignent I'importance du
microbiome circulant dans la physiologie de I'n6te et son impact potentiel sur la santé
environnementale. La haute sensibilité et spécificité des méthodes d'analyse utilisées
permettent d'identifier les pathogénes potentiels, ainsi que les changements au sein du
microbiome, offrant une meilleure compréhension des impacts environnementaux et
anthropiques sur les organismes marins. De plus, ces analyses enrichissent les
stratégies de surveillance et de gestion de la santé marine, permettant ainsi une approche

plus ciblée et efficace pour protéger ces écosystémes vulnérables. [184].
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Utilisation du ccfDNA chez la moule pour étudier la biodiversité des milieux marins
Parallélement, nous avons exploré le potentiel du ccfDNA hémolymphatique chez les
moules bleues. Nous avons constaté que les fragments de ccfDNA chez la moule sont
plus longs que ceux provenant d'organismes avec un systéme circulatoire fermé, ce qui
facilite I'emploi de technologies avancées pour le séquengage de longs fragments, telle
que la technologie développée par ONT (Annexe V). Cette adaptation technique permet
de réaliser des analyses de biodiversité directement sur le terrain, ce qui réduit le besoin
de transport d'échantillons tout en améliorant la précision et la sensibilité des analyses
d'ADN séquencé. Ces résultats illustrent comment 'analyse du ccfDNA hémolymphatique
peut compléter les approches existantes telles que I'analyse de I'ADNe, en fournissant
des informations détaillées et précises sur les especes microbiennes, les pathogénes
présents dans I'environnement marin et leurs interactions. Le ccfDNA hémolymphatique
differe de 'ADNe étant qu’elle permet une évaluation directe des impacts des stress
environnementaux sur la santé globale des communautés marines, en détectant des
modifications génétiques spécifiques chez les organismes, comme les mutations
somatiques ou les variations épigénétiques [163, 236]. De plus, l'utilisation de la biopsie
liquide offre la possibilité de recueillir des échantillons d'ADN et d'ARN de haute qualité
en quantité suffisante a partir de petits volumes de fluide corporel et est particulierement
adaptée pour des analyses multi-omiques [202, 203, 237]. Les risques de contamination
et les défis liés a la conservation, au transport et a I'entreposage des échantillons sur le
terrain peuvent étre efficacement minimisés grace a l'utilisation de cartes FTA, qui
préservent l'intégrité des échantillons [235, 238]. Cependant, l'utilisation de la biopsie
liquide en écologie marine présente certains défis, notamment la sélection des espéces
sentinelles adaptées et la limitation de cette méthode qui ne permet pas d'estimer la taille

des populations ni d'analyser I'ADN ancien conservé dans les sédiments [33, 34].

Métabolisme des moules affecté par les stress environnementaux et anthropiques
En complément a I'analyse de 'ADN du non-soi, notre étude s’est également concentrée
sur I'ADN du soi. Les bivalves, comme les moules, sont vulnérables a divers facteurs de

stress qui compromettent leur physiologie, survie et capacité de reproduction. Ces stress
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incluent les variations de température, la pollution chimique, I'hnypoxie et I'acidification des
océans [21, 122, 239]. Les polluants chimiques anthropiques, tels que les métaux lourds,
les hydrocarbures et les perturbateurs endocriniens, perturbent les voies métaboliques
normales, provoquant la production de radicaux libres et d'autres composés réactifs qui
entrainent des dommages oxydatifs et des dysfonctionnements cellulaires [122]. De plus,
'augmentation des températures des eaux et I'eutrophisation peuvent réduire la
concentration en oxygéne dissous, limitant ainsi la capacité des moules a générer de
I'énergie par respiration aérobie, et les forgant a adopter des mécanismes de production

d'énergie alternatifs moins efficaces [239].

Notre approche multi-omique, comprenant des analyses métagénomiques,
transcriptomes et glycomiques, a révélé une corrélation significative entre I'exposition des
moules a des eaux usées agricoles et domestiques et une réduction de leur métabolisme.
Les moules exposées a ces eaux usées montrent une présence élevée d'ADN de
parasites et de microbes potentiellement pathogénes pour les métazoaires,
accompagnée d'une baisse marquée de l'expression des genes impliqués dans le
métabolisme des carbohydrates, des lipides et des acides aminés. De plus, I'analyse du
glycome a révélé une expression élevée des génes associés a la perlucine, ainsi qu'une
augmentation des niveaux de glucosamine, un monosaccharide. Ces composés, la
perlucine et la glucosamine, jouent un réle crucial dans la réparation de la coquille des
bivalves et dans certains mécanismes de défense, soulignant leur importance dans la

réponse adaptative des moules a leur environnement [240-242].

L'étude du glycome s'est aveérée étre un biomarqueur précieux pour évaluer la santé des
moules et, par extension, celle de leur écosystéme. Les glycoprotéines, impliquées dans
des fonctions biochimiques vitales telles que la respiration et la réponse cellulaire, offrent
des indices indispensables sur la condition physiologique des moules en réponse aux

stress environnementaux [243, 244].

Role de la méthylation comme biomarqueur précoce
La méthylation de certains génes est reconnue comme un biomarqueur précoce pour

diverses pathologies [245, 246]. Grace a l'utilisation de la technologie de séquengage
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ONT, nous avons analysé la méthylation de 'ADN chez la moule bleue et |a truite arc-en-
ciel, minimisant les biais associés a I'amplification par PCR [247]. Nous avons observé
que l'exposition a des contaminants, comme le tébuconazole, altére les profils de
méthylation de I'ADN mitochondrial et chromosomal chez la truite (Annexe IV). Cette
technologie a également facilité I'analyse des niveaux de méthylation sur 'ensemble des
cytosines (CpN), un procédé difficilement réalisable avec les méthodes traditionnelles
basées sur le bisulfite [247, 248]. L'importance de la méthylation des sites non-CpG,
notamment sur I'ADN mitochondrial, est mise en évidence, soulignant leur role potentiel
dans l'adaptation et la réponse au stress environnemental [249-251]. Une étude a
d’ailleurs rapporté que la dérégulation épigénétique temporaire peut jouer un réle crucial

dans l'initiation et la progression des tumeurs dans I'organisme [252].

Cependant, l'analyse de la méthylation en écologie fait face a plusieurs défis,
principalement dus a la variabilité des niveaux de méthylation, qui sont influencés par
l'origine des cellules, I'age de I'organisme et les conditions environnementales [253-255].
Une compréhension plus approfondie est nécessaire afin de mieux comprendre les motifs
de méthylation conservés et de leur réflectivité entre différents types de cellules au sein

d'une méme espeéce.

Bien que le séquengage ONT offre un haut débit, une haute résolution et la capacité de
séquencer des molécules uniques, I'optimisation des protocoles pour le séquencgage du
ccfDNA est essentielle, surtout en raison de sa faible concentration dans le plasma
sanguin [171]. La qualité de la préparation de I'échantillon, l'efficacité du processus de
séquencage et les outils bio-informatiques utilisés sont autant de facteurs qui peuvent

influencer l'exactitude de I'analyse de la méthylation du ccfDNA [256, 257].

Analyse SWOT
L'analyse SWOT (Strengths, Weaknesses, Opportunities, and Threats) résume les
principaux aspects au développement de biomarqueurs basé sur le concept de la biopsie

liquide chez des espéces marines (Figure 1). Parmi les forces, I'utilisation de la biopsie
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liquide se distingue comme une méthode peu invasive et efficace pour évaluer
rapidement la santé des écosystémes marins et cotiers. Cette technique facilite
également le développement de biomarqueurs sensibles, précis et prédictifs, adaptés
pour des suivis de surveillance a long terme, notamment dans les régions polaires
sensibles aux changements climatiques. La mise en ceuvre de plateformes de
surveillance renforce le développement de collaborations avec les communautés
nordiques et autochtones, favorisant ainsi la recherche participative. De plus, le
développement de biomarqueurs pour les milieux marins pourrait étendre leur application
a des secteurs tels que la mytiliculture, qui posséde une importante valeur socio-
economique. Cette extension serait également bénéfique pour des entités
gouvernementales, comme Parcs Canada, qui cherchent a améliorer la surveillance des
milieux marins particulierement dans les AMP. Toutefois, le projet comporte certaines
limites. La faisabilité de la recherche dépend largement de la présence de bivalves dans
les environnements étudiés et le colt du séquencgage, ainsi que la complexité des
analyses peuvent représenter des défis notables. L'accessibilité aux sites de collecte et
le transport du matériel sont également problématiques dans les régions isolées. De plus,
il existe un manque de connaissances approfondies sur les approches multi-omiques
chez les bivalves. A long terme, la pérennité des financements pour les programmes de
surveillance et le développement de nouveaux biomarqueurs demeure incertaine.

Cette analyse SWOT permet de souligner que le développement continu de
biomarqueurs pour les milieux dépend non seulement d'une maitrise des technologies
existantes, mais également de collaborations interdisciplinaires robustes essentielles
pour surmonter les obstacles et exploiter pleinement le potentiel complet des

programmes de surveillance a long terme.
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Forces Faiblesses
+ Logistique simplifiée + Séquencgage colteux
* Méthode peu invasive * Impossibilité de surveillance
« Adaptée aux analyses multi-omiques environnementale a grande échelle
* Modele représentatif de la santé des + Accés difficile aux sites polaires

écosystémes marins isoles
* Portrait intégral et saisonnier des » Annotations génomiques limitées

milieux échantillonnés pour la moule bleue

» Rares études multi-omiques sur les
moules
Analyse
SWOoT

Opportunités Menaces

» Collaboration avec programmes nordiques Financements
et communautés autochtones Accessibilité des moulieres

+ Développement de tests pour Défis dans le développement de
biomarqueurs en mytiliculture biomarqueurs moléeculaires

» Participation a la conception de plans de

surveillance marine avec les autorités

Figure 1. Analyse SWOT (Strengths, Weaknesses, Opportunities, and Threats) illustrant les principales
forces, faiblesses, opportunités et menaces associées au projet de recherche.

Innovation et défis dans la surveillance des milieux marins

L'utilisation de la biopsie liquide en écologie marine (eLBiom, environmental Liquid Biopsy
in marine ecology), mise en évidence par cette étude, se distingue comme une alternative
intéressante pour le développement de biomarqueurs en écologie marine et la mise en
place de programmes de surveillance a long terme, répondant ainsi aux défis posés par
les changements climatiques et I'augmentation des températures océaniques. Ces
progres, bien que significatifs, rencontrent néanmoins des défis dans I'application
pratique du elLBiom. Malgré les progrés technologiques qui facilitent l'accés au
séquencage du ccfDNA, des obstacles demeurent concernant I'extraction, la préparation
et I'analyse robuste et fiable du ccfDNA[167]. De plus, I'analyse de grandes quantités de

données génomiques exige des ressources informatiques conséquentes et I'utilisation de
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modeles statistiques sophistiqués pour une interprétation adéquate [202, 258]. Le
manque de normes et de standardisation dans I'analyse du ccfDNA peut rendre difficile
la comparaison et l'interprétation des résultats entre différentes études, ainsi que la

validation des méthodes [158].

Pour surmonter ces défis, il est crucial de rester a I'avant-garde des innovations dans le
domaine biomédical et d'explorer les applications potentielles de la biopsie liquide en
écologie. Cela comprend I'élaboration de modéles prédictifs basés sur de nouveaux
biomarqueurs, qui pourraient anticiper les changements dans les populations marines
avant qu'ils ne deviennent irréversibles. De telles avancées pourraient transformer notre
capacité a préserver la biodiversité marine et a mettre en ceuvre des stratégies de gestion
adaptative, assurant ainsi une utilisation durable des ressources marines et la résilience
des écosystemes marins face aux changements globaux. Cette intégration entre
biotechnologie et gestion écologique favorise également une collaboration
interdisciplinaire essentielle, intégrant les données biologiques a grande échelle avec les

efforts de conservation et les politiques environnementales.
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Chapitre 7

Conclusion générale
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En conclusion, notre étude a permis d’établir les fondations de I'application du concept
de la biopsie liquide en écologie marine (eLBiom), et ce dans un contexte multi-omique.
Nous avons pu notamment explorer en détails le ccfDNA hémolymphatique de la moule
bleue a travers différents écosystémes marins, révélant que I'ADN du non-soi chez la
moule estde 12 a 50 fois supérieur a celui de I'hnumain et qu'il est principalement composé
d'ADN microbien. Ces découvertes soulignent aussi la nécessité de mieux comprendre
l'influence des conditions environnementales sur le ccfDNA hémolymphatique. De plus,
dans un contexte ou l'intégration de multiples ensembles de données devient cruciale, la
combinaison de la biopsie liquide avec une approche multi-omique chez la moule
représente un avancement notable vers le développement de nouveaux biomarqueurs

sensibles et prédictifs pour la surveillance des milieux marins et cétiers.

En perspectives, plusieurs axes de développement sont envisagés pour continuer ce
projet a court et moyen terme. Premiérement, il est essentiel de réaliser des
comparaisons entre les analyses de biodiversité obtenues par biopsie liquide et celles
obtenues via ’ADNe au sein d'une méme mouliére. Cette comparaison nous permettrait
d'évaluer l'efficacité et les spécificités de chaque méthode dans la surveillance des
écosystemes marins. Deuxiemement, il est nécessaire d'approfondir notre
compréhension de l'impact des conditions physico-chimiques sur la dégradation du
ccfDNA. Une meilleure compréhension de ces processus pourrait significativement
augmenter la fiabilité des analyses génétiques dans des environnements variés. Enfin, il
est clair que lintégration de données multi-omiques combinées aux biomarqueurs
traditionnels et physico-chimiques pourra bénéficier du machine learning. L'objectif serait
de développer de nouveaux biomarqueurs prédictifs capables de faciliter le suivi de I'état
de santé des milieux marins et cotiers. L'adoption de cette approche intégrée améliorerait
la gestion de la surveillance des écosystéemes aquatiques face aux défis
environnementaux et anthropiques. Ces orientations stratégiques renforceraient la portée
et la précision des recherches futures, en optimisant les méthodes d'analyse et en
exploitant les avancées technologiques pour une meilleure conservation et gestion des

milieux marins et cotiers.
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Abstract: Our understanding of how microbiome signatures are modulated in wild fish populations
remains poorly developed and has, until now, mostly been inferred from studies in commercial
and farmed fish populations. Here, for the first time, we have studied changes in the skin and
blood microbiomes of the Salmo trutta population of the volcanic Kerguelen archipelago located at
the northern limit of the Antarctic Ocean. The Kerguelen [slands present a natural framework of
population expansion and reveal a likely situation representing further climate change in distribution
areas. Our results showed that S. tritia of the Kerguelen Islands has a microbiome signature distinct
from those of salmonids of the Northern Hemisphere. Our study also revealed that the skin and blood
microbiomes differ between sedentary and migratory S. frutta. While 18 phyla were shared between
both groups of trout, independent of the compartment, 6 phyla were unique to migratory trout.
Further analyses showed that microbiome signatures undergo significant site-specific variations that
correlate, in some cases, with the peculiarity of specific ecosystems. Our study also revealed the
presence of potential pathogens at particular sites and the impact of abiotic factors on the microbiome,
most notably due to the volcanic nature of the environment. This study contributes to a better
understanding of the factors that modulate the microbiome signatures of migratory and sedentary
fish populations. It will also help to better monitor the impacts of climate change on the colonization
process in the sub-Antarctic region.

Keywords: blood microbiome; skin microbiome; fish; Salnto trutia; migration; Kerguelen Islands;
16S rRNA

Key Contribution: This work highlighted the compartment-specific microbial signatures and the
environmental influence on the microbiome signatures between migratory and sedentary trout
of Kerguelen.

1. Introduction

The microbiota is now recognized as a key player in health and disease progression.
Defining the microbiome signature, which includes nucleic acid originating from microor-
ganisms, has thus become an essential component of the biomarker schematic in medicine
and ecology. In clinical settings, for example, specific signatures will determine if a cancer
patient will respond to particular therapies [1,2]. This progress has been greatly facilitated
by the development of next-generation sequencing (NGS) technologies for analyzing 165
ribosomal RNA (rRNA) gene amplicons, which allows for rapid evaluation of microbial
biodiversity while overcoming the limitations of cultivation-based methods. Despite these
technical developments, our understanding of the microbiome in wild animals is only
in its infancy. This is particularly true in fish populations, notably those inhabiting envi-
ronments sensitive to pollution and climate change. Moreover, until now, studies of the
fish microbiome have mostly focused on the gut microbiota and, to a lesser extent, on the
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skin (mucosal microbiota). In fish, in particular, the skin mucus represents the first barrier
defense against infectious stressors in the environment. The nonpathogenic skin micro-
bial flora helps the immune system protect itself against pathogens [3,4]. Its composition
depends on several factors, including host genetics and their surrounding environment.
Captivity, pollution, and habitat transition are other factors that affect the microbiome
signature of animals [5-7]. However, most microbiome studies in fish have been conducted
in fish farms or experimental settings simulating freshwater-to-seawater transitions [8,2].
We still need to learn more about how the skin microbiome differs between migratory
and sedentary wild fish populations. Considering the importance of the microbiome as
a biomarker and the need to adopt less costly and invasive procedures, the concept of
“circulating microbiome DNA” (cmDNA) has been developed as an alternative to studying
the microbiome in clinical settings [10]. Since the middle of the 20th century, we have
known that DNA fragments are present in the blood [11], but it is only in recent years
that the advent of NGS methods has allowed us to better understand the origin of these
circulating DNA fragments. We now know that blood contains a vast array of self and
non-self DNA fragments originating from multiple tissues, including infected tissues, and
that a significant percentage of the DNA within the blood originates from microorgan-
isms [12-14]. Combined with the 165 rRNA approach, cnDNA analysis has thus become a
central tool for studying an individual’s health status and measuring its ability to respond
to treatment or environmental stressors [15-19]. Several recent studies have applied this
concept to study the hemolymphatic microbiome of bivalves and its changes in response to
environmental stressors [20-22]. The existence of a blood microbiome is a concept that is
now widely accepted in humans and animals (including pigs, cows, goats, rodents, camels,
and dogs [21,23-29]. A blood microbiome has also been reported in fish and discussed
in reviews [5,30-32]. The existence of a circulating microbiome has also been reported in
invertebrates. In many cases, this has been applied to facilitate the detection of pathogens.
The Kerguelen Islands (also known as the Desolation Islands) are located in the South-
ern Ocean just north of the polar front. Long-term monitoring studies have shown that
this archipelago, which comprises more than 300 islands that cover more than 7000 km?
and has almost 3000 km of shoreline, is particularly sensitive to global warming [33,34].
Previously devoid of freshwater fish, the Kerguelen Islands were populated at multiple
sites with various stocks of fish over three decades (1962-1993). Overall, 22 successful
imports were conducted, with eggs collected from 8 salmonid species in the Northern
Hemisphere [35]. Salmo trutta (S. trutta) is among the different species that successfully
colonized the largest number of watersheds following the early occurrence of alternative
anadromous (e.g., migratory) species to pursue its life cycle in seawater [36]. Given its
remoteness and limited anthropogenic activities, Kerguelen’s salmonid populations thus
provide a unique subpolar environment to study the impact of the environment and migra-
tory activity on microbiome compartments and to better understand how climate change
can impact these populations [37].

The objective of the present work was to define and compare the phylogenetic structure
of the skin (mucus) and circulating (blood) microbiomes of migratory and sedentary
S. trutta populations collected at different sites in the Kerguelen Islands. First, we assessed
the overall composition of both the skin and blood microbiota in resident and migrating
trout. We then proceeded to compare both skin and blood samples, as well as resident and
migratory traits. We also analyzed site-specific variations to establish whether the local
environment could trigger substantial contrasts in microbiota. Our study also revealed
the presence of potential pathogens at certain sites and the impact of abiotic factors on the
microbiome, most notably due to the volcanic nature of the environment. Finally, we further
showed that FTA® Cards-based sampling is perfectly adapted for establishing mucosal
and circulating 16S rRNA microbiome signatures, an interesting avenue for long-term
monitoring programs in remote and sensitive polar environments.
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2. Materials and Methods
2.1, Sample Collection

A total of 83 skin and blood microbiomes collected from 52 trout samples were ana-
lyzed (Table S1). Sedentary trout were captured by electrofishing in freshwater rivers, and
migratory trout were captured by trolling (fly fishing). Inmediately after capture, the fish
were anesthetized, as described by Marandel et al. (2018) [38]. Blood was immediately
withdrawn from the caudal vein using sterile nonheparinized syringes and spotted on
Whatman 903™ Flinders Technology Associates filter paper (FTA® Cards) (Sigma-Aldrich,
Oakville, ON, Canada). To avoid cross-contamination between samples, all samples were
allowed to air dry and were stored individually in a plastic bag with a desiccant, as pre-
viously described [39]. Mucus samples were collected using a sterile scalpel blade by
scraping along the fish’s lateral line and were immediately spotted to cover an entire disc
of the FTA cards. The same preservation method was applied as above. The care and use
of field-sampled animals complied with the Government of France’s animal welfare laws,
guidelines, and policies (Comité d‘Ethique), as approved by the Terres Australes et Antarc-
tiques Francaises administration. All methods are reported using ARRIVE guidelines.

2.2. DNA Extraction, Preprocessing, and Sequencing

All procedures were conducted in a white room where pressure, temperature, and humid-
ity were controlled to eliminate contaminants. Individual discs were cut from the FTA® Cards
using a sterile 5.0 mm single round hole punch. Total DNA was isolated using the QlAamp
DNA Tnvestigator Kit (Qiagen, Hilden, Germany), according to the manufacturer’s protocol.
DNA was quantified in duplicate using a QuantiT™ PicoGreen® dsDNA detection kit (Molec-
ular Probes, Eugene OR, USA). Amplification of the 165 ribosomal RNA (rRNA) genes and
165 gene amplicon sequencing for all DNA samples were performed at the Centre d’Expertise
et de Services Génome Québec (Montréal, QC, Canada) using the universal primers 341F
(5'-CCTACGGGNGGCWGCAG-3) and 805R (5'-GACTACHVGGGTATCTAATCC-3') tar-
geting the V3-V4 hypervariable regions [40]. Sequence libraries were prepared by Génome
Québec with the TruSeq® DNA Library Prep Kit (Illumina, San Diego, CA, USA) and quanti-
fied using the KAPA Library Quantification Kit for Illumina platforms
(Kapa Biosystems, MA, USA). Paired-end sequences were generated on a MiSeq platform
PE300 (Illumina Corporation, San Diego, CA, USA) with the MiSeq Reagent Kit v3 600 cy-
cles (Ilumina, San Diego, CA, USA). The raw data files are publicly available on the NCBI
Sequence Read Archive (PRINA772886).

2.3. 165 rRNA Data Processing

Ilumina sequence data (FASTQ files) were trimmed using Cutadapt (version 2.8,
Uppsala, Sweden). The amplicon sequence variants (ASVs) were generated with the
DADAZ2 pipeline (version 1.16.0, Stanford, CA, USA) [41] and subsequently analyzed within
the R environment (R version 4.0.3, Vienna, Austria) [42]. Forward and reverse reads were
then trimmed, filtered, and truncated with the filterAndTrim function. The error model
(maxEE) was calculated for forward and reverse reads, and low-quality reads were removed.
After denoising and merging, chimeric sequences (bimeras) were removed from the datasets.
The minimum and maximum lengths were set at 400 bp and 428 bp, respectively. All reads
had an average quality score of >30. The RDP (Ribosomal Database Project) 16 classi-
fier database was used for ASV taxonomy assignment [43]. The RDP contains 165 rRNA
sequences available from the International Nucleotide Sequence Database Collaboration
(INSDC) databases and can accurately classify bacterial 165 rRNA sequences [44,45]. Ar-
chaea and unclassified ASVs at the phylum level (representing 4.7% of the total ASVs) were
removed. The phyloseq (version 1.34.0), microbiomeSeq (version 0.1), microbiomeMarker
(version 1.3.3) and vegan (version 2.6.4} R packages were used to characterize the microbial
communities [46—49],
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2.4. Statistical Analysis

The alpha diversity index, was calculated using the phyloseq R package [46]. The
average values of each group were compared using Wilcoxon rank sum tests. Micro-
biota composition differences among groups were determined using multivariate anal-
ysis of variance with permutation (PERMANOVA) with 9999 permutations followed by
pairwise permutation tests. We studied the functional content of the blood and skin mi-
crobiomes predicted from the KEGG database using the Piphillin tool (Piphillin server.
http:/ /piphillin.secondgenome.com/ (accessed on 1 April 2021)) [50]. Heatmaps were
generated based on the relative abundance and constructed with the 30 most abundant
genera. Linear discriminant analysis (LDA) identified the effect size (LEfSe) that differen-
tiates the samples among these taxa, The threshold on the logarithmic score of the LDA
analysis was set to 3.0. Differences in the overall bacterial community composition among
specimens were determined based on the UniFrac distance and visualized by principal
coordinates analysis (PCoA). Permutation multivariate analysis of dispersion (PERMDISP}
was also conducted with the betadisper function to test for the homogeneity of multivariate
dispersions (i.e., deviations from centroids) among the specimens.

3. Results
3.1. General View of the Mucosal and Circulating Bacterial Microbiome

A total of 83 samples were collected from the blood (12 = 45) and skin mucus (1 = 38) of
sedentary and migratory trout captured at different sites of the Kerguelen Islands (Figure 1).
Each sample was immediately stored on-site on FTA cards (Table S1).
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Figure 1. Map of the French subantarctic Kerguelen Islands showing the location of the rivers.
Sedentary trout were collected from freshwater (FW), and migratory trout were collected from the
mouth of the river (seawater (SW)).

For each sample, the emDNA was determined by sequencing the V3-V4 hypervariable
region of the 165 rRNA gene amplicons. A total of 1,976,043 paired-end sequences passed
quality filtering (23,808 £ 14,925 per sample). Amplicon sequence variants (ASVs) were
generated from 12,985 high-quality reads, and 89.2% of samples contained more than
10,000 reads. We first examined the overall skin and blood microbiomes at the phylum
level, focusing on phyla representing at least 2% of all ASVs. Individual variations in
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the circulating and mucosal microbiomes are shown in Figure S1. Our results showed
that the microbiomes of S. trufta were dominated by Pseuitdomonadota (~45-75%) and Bac-
teroidota (~5-11%) and, to a lesser extent, Parcubacteria (~0.1-20%), Bacillota (~1-9%), Acti-
nomycetota (~3—6%), and Planciomycetota (~2-5%) (Figure 2A). Parcubacteria, which has
been described in the seawater of polar regions [51], was more abundant in the blood
(17.1%) than in the mucus (0.3%) (p = 0.014 (LefSE)). Bacillota and Chloroflexota were also
significantly more abundant in the blood of the migratory trout compared to the sedentary
population (p < 0.05 linear discriminant analysis effect size (LEfSE)). At the genus level, we
found a dominance of genera under Pseudomonadota, the most abundant being the Aliivibrio
genus, and to a lesser extent, bacterial DNA derived from Sphingomonas, Pseudoalteromonas,
Yersinia, and Aquabacterium, among others (Figure 2B). Concerning differences between the
skin and blood microbiomes, we found that the Corynebacterium, Streptococcus, Acidoverax,
and Acinetobacter genera were found only in the blood, but not in the skin mucus. In con-
trast, Psychrobacter, Yersinia, and Aeromonas were only found in the circulating microbiome.
Discriminatory genera between the blood and mucus are shown in Figure S2 (LDA score).
Aliivibrio had the highest LDA score in the mucus, and Flavobacterium dominated the blood
microbiome. Overall, these results indicate that the bacterial microbiome signature differs
between the skin and blood microbiomes.
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Figure 2. Phylum and genus level analysis of circulating and mucosal bacterial DNA. (A) Phylum
and (B) genus levels were analyzed for all samples (left) and mucosal and circulating compartments
(right) were analyzed in brown trout (S. trutta). Phylum and genus with a relative abundance of

<1.5% are represented as “Other”.

3.2. Comparative Analysis between Sedentary and Migratory S. trutta

We next examined whether the skin and blood microbiome signatures differ between
sedentary and migratory trout. We first compared the alpha diversity between migratory
and sedentary populations using three diversity indices: richness, the Shannon index, and
Pielou’s evenness. Globally, we found no significant differences in the alpha diversity
between the two populations for either the skin or blood microbiome (Figure 3). Moreover,
alpha diversity was also not dependent on sex differences (Figure 53). Further analyses,
however, revealed significant differences at the phylum and genus levels in the composition
of the microbiomes between the sedentary and migratory trout. The high abundance of
rare ASVs in the blood of migratory trout was reflected by the Chaol index (Figure 4A).

Focusing on unique and shared phyla, we found that 18 were shared between seden-
tary and migratory trout, independent of the compartment. A total of 7 phyla (BRCI,
Chlorobiota, Elusimicrobiota, Ignavibacteriota, Lentisphaerota, Poribacteria, and Mycoplasmatota)
were unique to migratory trout (Figure 4B). Another 2 phyla (Spirochaefota and SR1) were
unique to the mucus of both populations, and 1 phylum (Chlorobiota) was uniquely found
in the blood, but not in the mucus. A clear dominance of unique bacteria in the mucosal
microbiome of migratory trout was also found at the genus level (Figure 4C). Overall, mi-
gratory trout had more than six times the number of unique genera in their compartments
compared to sedentary trout (233 versus 39). This result is consistent with a multivariate
analysis (PERMANOVA) showing that the global composition of the microbiome was
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significantly different between the two populations (UniFrac PERMANOVA, F(1, 82) = 1.4,
p = 0.02). Principal coordinate analysis (PCoA) based on the unweighted UniFrac distance
was carried out for both migratory and sedentary trout (Figure S4).
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Figure 3. Alpha diversity analysis of both 5. frutta phenotypes for circulating and mucosal micro-
biomes. Species evenness, observed richness and Shannon diversity indexes were calculated for
cach group. No significant differences between migratory and sedentary specimens for the same
compartment were observed.

To further study the differences between migratory and sedentary trout, we exam-
ined the distribution of phyla and genera. At the phylum level, we found that the skin
microbiome of sedentary trout contained significantly (p < 0.05) higher DNA fragments of
Cyanobacteria/chloroplasts and Verrticomicrobiota than that of migratory trout (Figure 5). In
contrast, the latter had higher levels of Bacillota in both the skin and blood microbiomes.
At the genus level, sedentary trout had a higher abundance of Aquabacterium (p < 0.05),
Flavobacterium (p < 0.01), Luteolibacteria (p < 0.01), and Sphingomonas (p < 0.05) than the skin
microbiome of migratory trout (Figure 6). In contrast, the skin microbiome of migratory
trout had higher levels of Aeromonas (p < 0.05) and Yersinin (p < 0.05) (Figure 6). Other differ-
ences in the skin microbiome that approached conventional levels of significance (p < 0.10)
were also observed in the case of Methylobacterium and Pseudoalteromonas. Taken together,
these results indicate that the skin microbiome signatures differed between migratory and
sedentary trout.

3.3. Site-Specific Variations

A general overview of individual site-specific variations for phyla that constituted
at least 1.5% of the total phylum is shown in Figure 7. Independent of the sampling
site and the compartment, Pseudomonadota was the dominant phylum in the majority of
samples, especially in the skin microbiome. This abundance of Pseudontonadota was almost
absolute in samples collected at Riviére-du-Nord, independent of the population and the
compartment. The presence of Parcubacteria was also omnipresent at all sites, except at
Riviere-du-Nord. Focusing on the 30 most abundant genera at the genus level, we found
that Aliivibrio was abundant in Riviere-du-Nord, in both sedentary and migratory trout,
and in the skin microbiome of migratory trout in Val-Travers (Figure 55). Compared to
other sites, at Riviere-du-Nord and other sites, the skin microbiome was particularly rich
in psychrophilic genera in migratery trout (Figure S6). We also paid special attention
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to bacterial genera associated with the degradation of hydrocarbons, such as polycyclic
aromatic hydrocarbons (PAHs). We found that migratory trout sampled at Acaena were
particularly rich in this regard compared to those at other sites (Figures 57 and 58) [52].
Migratory trout from this site also had skin and blood microbiome signatures that were
abundant in potentially pathogenic genera compared to other migratory or sedentary trout
(Figure 59). Taken together, these results showed that both skin and blood microbiome
signatures are site-dependent and may reveal specific environmental conditions.
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Figure 4. Comparisons between migratory and sedentary trout in both compartments. (A) The Chaol
index was calculated for each group. Venn diagrams showing the number of unique and shared
(B) bacterial phyla and (C) genera in mucosal and circulating compartments in both sedentary and
migratory brown trout (5. trufta). Note: * 0.01 < p < 0.05; *** p < 0.001.

3.4. Functional Analysis of the CmDNA

Predictive functional analysis from 165 rRNA profiling of cmnDNA is routinely used to
link the abundance of specific taxa with metabolic profiles [50,53,54]. To further explore
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the distinctive traits between sedentary and migratory S. trutta, we studied the predicted
metabolic pathways based on 165 rRNA. This analysis revealed two major differences. The
first is the distinct difference in the metabolic profiles of migratory versus sedentary trout
(Figure 8). We found a clear lipid metabolism shift consistent with previous studies in
the salmonids [55]. A similar shift has recently been observed in lipid metabolism in the
skin microbiome of S. salar during experimental seawater acclimatization [8]. Among the
other potential differences between the sedentary and migratory microbial communities in
terms of metabolism, we found a generally higher amino metabolism and biosynthesis of
beta-lactams in the latter form, consistent with previous findings by Dehler et al. [8].
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Figure 5. Relative abundance (%) of the top 10 bacterial phyla in circulating and mucosal micro-
biomes in S. frutta. Bar graph analysis displays the logarithm (base 10) of the relative abundance

(mean & SE). White and black colors represent migratory and sedentary brown trout, respectively.
Note: *0.01 <p < 0.05.
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Figure 6. Relative abundance (%) of the top 10 bacterial genera in circulating and mucosal micro-
biomes in . trutta. Bar graph analysis displays the logarithm (base 10) of the relative abundance
(mean =+ SE). White and black colors represent migratory and sedentary brown trout, respectively.
Note: *0.01 < p < 0.05;** 0.001 < p <0.01.
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Figure 7. Inter-individual variability of circulating and mucosal microbiomes at the phylum level. Bar
plots display the major phyla between sedentary (left) and migratory (right) brown trout (S. trutta)
collected at different sites. Phyla with a relative abundance of <1.5% are represented as “Other”.
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Figure 8. Heatmaps show the relative abundance (natural logarithm base) of metabolic pathways
based on 165 rRNA data in migratory and resident trout collected from different sites.

4. Discussion

In the present work, we compared the skin and blood microbiomes of the Kergue-

len Islands’ sedentary and migratory S. trutta. We have shown that the skin and bleod
microbiome signatures (1) differ at both the phylum and genus levels, (2) differ between
migratory and sedentary trout, and (3) are site-dependent. This is the first study compar-
ing the skin and blood microbiomes of wild sedentary and migratory salmonids and the
first characterization of the circulating blood microbiome in a fish species. Finally, from
a methodological perspective, our logistically simple and minimally invasive sampling
platform offers an alternative approach for the long-term monitoring of fish populations in
sensitive and remotely polar ecosystems.

xiii



Fishes 2023, 8,174

12 of 18

Defining microbiome signatures is now recognized as a key step toward identifying
factors shaping animal-associated microbiomes, including genetic {(species-specific) and
environmental factors. In teleost, in particular, the gut, mucosal, or blood microbiome is
increasingly recognized as an important biomarker to detect disturbances in ecosystems or
aquacultures. However, studies on the microbiome composition of wild fish populations
remain relatively scarce and have, until now, mostly focused on the gut- and skin-associated
microbiomes in fish farms. In the case of salmonids, Lokesh and Kiron (2016) have shown
that the skin-associated microbiome of Atlantic salmon (S. salar) in the transition from
freshwater to seawater in Norway was dominated by Pseudomonadota, Bacteroidota, and
Bacillota [56]. Our data also revealed an abundance of Pseudomonadota and Bacteroidota in
the skin-associated microbiome of both migratory and sedentary S. frutta of the Kerguelen
Islands. This dominance was also found in the blood microbiome. In our study, however,
the dominance of Pseudomonadota was not related to the abundance of the Oleispira genus,
as reported for S. salar [8]. In fact, we did not find a dominance (or even a detection, for
that matter) of Oleispira in the skin mucus (or in the blood) of migratory trout. Another
difference from the study reported for S. salar is that we did not find a dominance of
Bacillota in the skin-associated microbiome of sedentary trout [8]. Instead, we found that
Bacillota were more abundant in migratory S. frutta. This was true for both mucosal and
blood microbiomes. This increase in Bacillofa in migratory S. trutta, which was driven by
the presence of Aerococcs, Bacillus, Hathewaya, and Clostridium_senst_stricto genera, which
differed from the Bacillota found in the sedentary trout, which mainly included Staphylococ-
cus and Lactobacillus genera. We also found an increased abundance of Verrucomicrobiofa
and Cyanobacteria in the skin mucus of sedentary trout. This shift was not found in the
blood microbiome. Other bacteria previously found in the skin mucus of S. salar, such
as Thalassomonas, Psychromonas, Agarivorans, Pseudoalteromonas, Marinomonas, Arcobacter,
Perlucidibaca, and Octadecabacter, were also absent in 5. trutta. However, a clear difference
at the phylum level was noted by the abundance of Actinomycetota and Parcubacteria in
the blood microbiome, but not in the mucus, of both migratory and sedentary trout. This
signature is, in fact, similar to a recent metagenomic study showing that bacteria enriched
in seawater in polar regions were mostly Pseudomonadota, Actinomycetota, Bacteroidota, and
Parcubacteria [50], the latter being one of the most abundant phyla in intestinal fish mi-
crobiota [57,58]. Interestingly, we also found a similar signature in the hemolymphatic
(blood-like) microbicme of mussel species (Figure 510) that inhabit the coastal marine
ecosystems of the Kerguelen Islands [59]. These results suggest the existence of a possible
“Kerguelen signature,” at least at the phylum level, driven by the environmental conditions
of the Kerguelen Islands. Metagenomic profiling using the 165 rRNA microbiome signature
is a cost-effective and rapid method to screen for candidate pathogens associated with
infectious and noninfectious diseases in a given population [16,60-63]. Here, we paid
particular attention to this aspect, given the history of salmonids in the Kerguelen Islands
and their isolation from other salmonid populations. Our data revealed the presence of
Aliivibrio and Pseudomonas within the skin mucus and blood microbiomes of all trout from
the Kerguelen Islands. These genera include several pathogenic strains, such as Alifvibrio
salmonicida, a common pathogen found in fish farms [64]. Our study also revealed the
presence of Renibacterium in the skin microbiome of migratory trout at Acaena. This genus
includes Renibacterium salmoninarum, the causative agent of bacterial kidney disease, a
deadly disease affecting wild and cultured salmonids worldwide [65]. This pathogen was
introduced in 1987 following the importation of Chinook salmon from the United States
into the Armor basin. This was one of the reasons why the Aquasaumon Sea ranching
project at Armor was abandoned [66]. There is a possibility that the bacteria have spread,
since infected juveniles escaped from Armor in 1987. Moreover, Artic chars, kept in the
Armor Hatchery, were released into the nearby Lac des Fougéres in 1991 [35,67]. As of 2012,
no signs of the disease have been observed [35]. We confirmed the presence of DNA de-
rived from this bacterium by PCRs in mucesal and blood samples of brown trout collected
in the Acaena river (Figure 511). Among the other sites that were distinguishable was
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Riviere-du-Nord. The microbiome of either sedentary or migratory trout showed a unique
signature. This was generally apparent in the blood microbiome of sedentary trout, which
were dominated by two genera: Aliivibrio and Photobacterium. The dominance of Alfivibrio
was also found in the skin microbiome. Whether such dominance of Aliivibrio reveals the
presence of Aliivibrio salmonicida, a common pathogen known to cause cold-water vibriosis
in salmonids [68], is certainly an issue that warrants further investigation. This pathogen,
found mainly in estuaries, is usually found in high amounts in the blood of moribund fish.
ASVs corresponding to Aliivibrio salmonicida were only found at Riviére-du-Nord, while
all ASVs from other sites corresponded to Aliivibrio logei, a commonly found genus in the
skin and gut microbiota [69]. Interestingly, the sedentary trout sampled at Riviere-du-Nord
harbored an almost identical metabolic profile to that of migratory trout [70]. However, it
is important to note that the 165 method does not allow for the identification of pathogens
per se, but represents a rapid means to screen for potential pathogens and expression of
virulence genes in subsequent analyses. Moreover, the presence of blood DNA fragments
of bacterial pathogens does not necessarily reflect the onset of a disease. Rather, it provides
a rapid, ethical, and sensitive means to signal their presence. The idea of a circulating
microbiome is a concept increasingly studied in humans for identifying biomarkers in
a clinical context. Despite all the precautions associated with the collection of samples,
the fact remains that precautions are essential to minimize the impact of contaminants
in the interpretation of the results [71-73]. These precautions are even more important
when this concept is applied in environmental ecclogy, particularly in an inhospitable
environment, such as the subantarctic islands such as those of Kerguelen. Despite the
precautions we took during sampling, including proper aseptic cleaning methods, the use
of sterile equipment, no template (water) controls, the use of FTA blank cards (and adjacent
punches on the sampled cards), as well as the use of laboratories, materials, and equipment
specifically dedicated to the preparation of DNA, it is necessary to remain critical in the
interpretation of the results. This is particularly the case in studies that provide a snapshot
of the microbiome, as in this case, and this is why it is important to carry out spatiotemporal
analyzes and to carry out the validation of certain unexpected results, such as the presence
of genera commonly associated with pathogenic species of interest, such as Renibacterium
salmoninarum, which we found at specific sites in the Kerguelen Islands. Without a doubt,
the use of logistically simple DNA sampling and preservation methods that minimize
contamination in the field are useful tools for such future studies. Overall, our study may
help better evaluate the impact of specific microbial structures on the fitness-related traits
of specific populations, including their dispersal and reproductive abilities. Indeed, their
presence in pathogenic strains would imply a higher energy expenditure on the immune
system and a possible eco-evolutionary effect on MHC-related genes. For instance, MHC
genes are highly homozygous in the Val Travers population, which is quite unusual com-
pared to the data available in the literature. This could be partly related to inbreeding or
the relaxation of selective pressures on pathogens [74].

Our data further revealed that another type of information that can be obtained
from microbiome-based signatures is related to the physicochemical characteristics of the
ecosystem. A clear example is the abundance of hydrocarbon degrader genera within the
microbiomes of migratory trout sampled at Acaena. We hypothesize that their presence at
the mouth of the Acaena River is possibly due to the nearby presence of multiple lignite
deposits, also called “brown coal” at the Ravin du Charbon and the Ravin Jaune near the
Acaena River [75].

To our knowledge, this is one of the rare studies of the blood microbiome of fish.
Historically, most studies on the microbiome composition were carried out on the gut
microbiome, with emphasis on their role in nutrition and related diseases, including
inflammatory diseases. However, advances in sequencing NGS technologies have shown
that plasma DNA fragments originate from multiple organs, providing an opportunity
to obtain a systemic view of tissue damage. It is now possible to determine the exact
tissue origin of plasma DNA fragments by examining footprints of consensus sequences
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specific for transcription factors [76]. These findings have contributed to the emerging
concept of the circulating microbiome and subsequent studies showing that the blood
contains a rich source of microbial DNA to assess the host’s health status [12,13,77]. As the
blood microbiome originates from multiple tissues [78,79], the possibility of using a single
drop of blood for monitoring a much broader microbial diversity within a host opens the
door for easier monitoring and the understanding of factors that contribute to shaping the
microbiome in aquatic species (as well as terrestrial species, for that matter), most notably
in response to environmental stressors, including climate change.

Finally, we would like to briefly discuss the sampling approach used in our study.
This study and our previous work on bivalves indicate that FTA® card-based sampling is
perfectly adapted for establishing skin and blood (or hemolymphatic) 16S rRNA micro-
biome signatures. The efficacy of FTA® cards as a stable means to preserve DNA samples,
even at room temperature, has been well documented [39]. Such a minimally invasive and
ethical (nonlethal) sampling procedure is particularly well adapted for long-term moni-
toring programs in remote areas and for limiting the impact of large cohort studies on a
given population inhabiting, for example, natural reserves (such as the Kerguelen Islands),
for endangered species, or for storage and transport for fieldwork in areas where proper
conditions for RNA preservation are challenging to achieve [80]. Sampling using FTA®
cards is gaining momentum as it is compatible with basic nucleic acid-based detection
methods. It has been used, for example, for molecular diagnosis, the detection of viruses,
etc. [81,82]. Tt is particularly useful for safely transporting infectious material, which is
rapidly inactivated upon binding the nucleic acid to the chemically modified paper [80].
This low-cost method is logistically simple (without the need to maintain a cold chain for
sample integrity) and is ideally adapted for biobanking.

5. Conclusions

In conclusion, we have shown that migratory and sedentary trout of the Kerguelen
Islands exhibit unique microbiome signatures compared to other salmonid populations
reported in the Northern Hemisphere. It will be interesting to study the impacts of these
microbial shifts on host physiology and how these signatures may change in response to
climate change and the colonization process of salmonids in this unique ecosystem. This
work also revealed the presence of potential pathogens at some sites and highlighted the
impact of environmental factors on the microbiome. Finally, this study showed that FTA®
Cards-based sampling is adapted for research in remote regions for establishing mucosal
and circulating 165 rRNA microbiome signatures.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/fishes8040174 /51, Figure S1: Individual variations in the
circulating and mucosal microbiomes at the phylum level; Figure 52: Discriminant genera between
the circulating and mucosal compartments; Figure S3: Alpha diversity analysis of mucosal and
circulating microbiomes in (A) sedentary and (B) migratory brown trout (S. trutta); Figure S4: Prin-
cipal Coordinates Analysis (PCoA) of bacterial DNA bacterial communities in both sedentary and
migratory brown trout (S. trutia); Figure S5: Heatmaps showing relative abundance (%) of the top
30 bacterial genera of mucosal and circulating microbiomes between sedentary and migratory brown
trout (S. trutta); Figure 56: Presence of psychrophilic bacterial genera isolated from Kerguelen sites
and compared to Poli et al. {2017) identification of psychrophilic bacteria; Figure S7: Presence of
Kerguelen bacterial genera commonly associated to oil spills (cited more than four times in different
scientific papers) based on Hedaoo et al. (2018); Figure S8: Presence of Kerguelen bacterial genera
known to degrade alkanes, phenols and phenanthrene which can be used as biomarkers for PAHs
detection, based on Kuchi et al. (2021); Figure 59: Presence of potentially pathogenic bacterial genera
found at different sites in Kerguelen; Figure S10: Bacterial cmDNA profiles in blue mussels (Mytilus
platensis) and brown trout (S. frutta) collected at the mouth of the Norvegienne river; Figure S11:
Amplified fragments shown on 1.5% agarose gel electrophoresis; Table S1: Characteristics of brown
trout (S. trutta) collected at different sites at Kerguelen Islands.

XVi



Fishes 2023, 8, 174 150f 18

Author Contributions: F.C.: Conceptualization, data curation, formal analysis, investigation, method-
ology, validation, visualization, writing—original draft, writing—review and editing; 5.F.: concep-
tualization, data curation, formal analysis, investigation, methodolegy, validation, visualization,
writing—original draft, writing—review and editing; R.V.: conceptualization, research, methodol-
ogy, validation, writing—review and editing; J.L.: conceptualization, data curation, investigation,
methodology, resources, validation, writing—review and editing; Y.5.-P.: conceptualization, acquisi-
tion, analysis, methodology, project administration, resources, supervision, validation, visualization,
writing—original draft, writing—review and editing. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the National Science and Engineering Research Council of
Canada (RGIN-2019-06607) and the Institut Polaire Paul-Emile Victor, This study is part of the Zone
Atelier et Terres Australes LTSER.

Institutional Review Board Statement: The carc and use of experimental animals complied with the
French environmental and animal welfare laws, guidelines, and policies, as approved by the ethical
committee for birds and fishes in the French region Nouvelle Aquitaine (CEEA073, authorization
APAFIS#16249-201807241223324v3, project name “Ecologie Evolutive de la Colonisation des iles
Kerguelen par les Salmonidés™).

Data Availability Statement: The raw data files used in this study are publicly available on the NCBIL
Sequence Read Archive (PRINA772886).

Acknowledgments: This research was performed in the Kerguelen Islands, with the logistic support
of the French Polar Institute Paul-Emile-Victor (IPEV). The authors would like to thank all the
personnel from the IPEV and the Terres Australes et Antarctiques Francaises (TAAF) for their help
and hospitality during our stay. The authors would also like to thank Jean-Pierre Féral and Thomas
Saucede and the PROTEKER team for their expert advice and technical support and Jep Lokesh for
helpful discussions on the manuscript. The authors would also like to thank Marléne Fortier for
her excellent technical support and Stéphane Betoulle for insightful discussions and helping in the
organization of the project.

Conflicts of Interest: The authors declare that they have no known competing financial interest or
personal relationships that could have appeared to influence the work reported in this paper.

References

1. Chen, H,; Ma, ¥; Liu, Z,; Li, ].; Li, X.; Yang, F; Qiu, M. Circulating microbiome DNA: An emerging paradigm for cancer liquid
biopsy. Cancer Lett. 2021, 521, 82-87. [CrossRef] [PubMed]

2. Ignatiadis, M.; Sledge, G.W.; Jeffrey, 5.5. Liquid biopsy enters the clinic—Implementation issues and future challenges. Nat. Rev.
Clin. Oncol. 2021, 18, 297-312. [CrossRef] [PubMed]

3. Cabillon, N.A.R.; Lazado, C.C. Mucosal barrier functions of fish under changing environmental conditions. Fishes 2019, 4, 2.
[CrossRef]

4. Lowrey, L.; Woodhams, D.C.; Tacchi, L.; Salinas, I. Topographical mapping of the rainbow trout (Oncorfiynchus mykiss) microbiome
reveals a diverse bacterial community with antifungal properties in the skin. Appl. Environ. Microbiol. 2015, 81, 6915-6925.
[CrossRef] [PubMed]

5. Tarnecki, AM.,; Brennan, N.P.; Schloesser, R.W.; Rhody, N.R. Shifts in the skin-associated microbiota of hatchery-reared common
snook Centropomus undecimalis during acclimation to the wild. Microb. Ecol. 2019, 77, 770-781. [CrossRef]

6.  Uren Webster, TM.; Consuegra, S.; Hitchings, M.; Garcia de Leaniz, C. Interpopulation variation in the Atlantic Salmon
microbiome reflects environmental and genetic diversity. Appl. Environ. Microbiol. 2018, 84, e00691-18. [CrossRef]

7. Uren Webster, T.M.; Rodriguez-Barreto, D.; Castaldo, G.; Gough, F; Consuegra, S.; de Leaniz, C.G. Envirenmental plasticity and
colonisation history in the Atlantic salmon microbiome: A translocation experiment. Mol. Ecol. 2020, 29, 886-898. [CrossRef]

8. Dehler, C.E; Secombes, C.J.; Martin, S.A. Seawater transfer alters the intestinal microbiota profiles of Atlantic salmon
(Salmeo salar L.). Sci. Rep. 2017, 7, 13877. [CrossRef]

9. Rudi, K; Angell, LL.; Pope, P.B.; Vik, ].O.; Sandve, S.R.; Snipen, L.G. Stable core gut microbiota across the freshwater-to-saltwater
transition for farmed Atlantic salmon. Appl. Environ. Microbiol. 2018, 84, e01974-17. [CrossRef]

10.  Whittle, E.; Leonard, M.O,; Harrison, R.; Gant, T.W.; Tonge, D.P. Multi-method characterization of the human circulating
microbiome. Front. Microbiol. 2019, 9, 3266. [CrossRef]

11. Mandel, P; Metais, P. Nuclear Acids in Human Blood Plasma. C. R. Seances Soc. Biol. Fil. 1948, 142, 241-243. [PubMed]

12.  Blauwkamp, T.A; Thair, S.; Rosen, M.]; Blair, L.; Lindner, M.S.; Vilfan, 1.D.; Kawli, T.; Christians, EC.; Venkatasubrahmanyam, S.;

Wall, G.D; et al. Analytical and clinical validation of a microbial cell-free DNA sequencing test for infectious disease. Nat.
Microbiol. 2019, 4, 663-674. |CrossRef] [PubMed |

XVii



Fishes 2023, 8, 174 16 of 18

13.

14.

15.

16.

17.
18.

19.

20.

21.

22,

23.

24,

25.

26,

27.

28.

29,

30.

31

32.

33.

34

Hong, D.K.; Blauwkamp, T.A_; Kertesz, M.; Bercovici, 5.; Truong, C.; Banaei, N. Liquid biopsy for infectious diseases: Sequencing
of cell-free plasma to detect pathogen DNA in patients with invasive fungal disease. Diagn. Microbiol. Infect. Dis. 2018, 92, 210-213,
[CrossRef]

Kowarsky, M.; Camunas-Soler, ].; Kertesz, M.; De Vlaminck, 1.; Koh, W.; Pan, W.; Martin, L.; Neff, N.F; Okamoto, ].; Wong, RJ.; et al.
Numerous uncharacterized and highly divergent microbes which colonize humans are revealed by circulating cell-free DNA. Proc.
Natl, Acad. Sci. USA 2017, 114, 9623-9628. [CrossRef] [PubMed]

Amar, J; Lange, C; Payros, G.; Garret, C.; Chabo, C.; Lantieri, O.; Couriney, M.; Marre, M.; Charles, M.A; Balkau, B.; et al. Blood
microbiota dysbiosis is associated with the onset of cardiovascular events in a large general population: The D.E.S.LR. study.
PLoS ONE 2013, 8, eb4461. [CrossRef]

Cho, E.J; Leem, 5.; Kim, 5.A;; Yang, ].; Lee, Y.B.; Kim, 5.5.; Cheong, ].Y.; Cho, 5.W.; Kim, ].W.; Kim, 5.-M.; et al. Circulating
microbiota-based metagenomic signature for detection of hepatocellular carcinoma. Sci. Rep. 2019, 9, 7536. [CrossRef]

Huang, C.C.; Du, M.; Wang, L. Bioinformatics analysis for circulating cell-free DNA in cancer. Cancers 2019, 11, 805. [CrossRef]

Paisse, S.; Valle, C.; Servant, E; Courtney, M.; Burcelin, R.; Amar, ].; Lelouvier, B. Comprehensive description of blood microbiome
from healthy donors assessed by 165 targeted metagenomic sequencing. Transfusion 2016, 56, 11381147, [CrossRef]

Potgieter, M.; Bester, ].; Kell, D.B.; Pretorius, E. The dormant blood microbiome in chronic, inflammatory diseases. FEMS Microbiol.
Rev. 2015, 39, 567-591. [CrossRef]

Auguste, M.; Lasa, A.; Pallavicini, A.; Gualdi, S.; Vezzulli, L.; Canesi, L. Exposure to TiO2 nanoparticles induces shifts in the
microbiota composition of Mytilus galloprovincialis hemolymph. Sci. Total Enoiron. 2019, 670, 129-137. [CrossRef]

Lokmer, A.; Wegner, M.K. Hemolymph microbiome of Pacific oysters in response to temperature, temperature stress and infection.
ISME |. 2015, 9, 670-682. [CrossRef] [PubMed]

Wilkins, L.G.E.; Leray, M.; O’Dea, A ; Yuen, B.; Peixoto, R.S.; Pereira, T.J.; Bik, H.M.; Coil, D.A.; Duffy, ].E.; Herre, E.A ; et al.
Host-associated microbiomes drive structure and function of marine ecosystems. PLoS Biol. 2019, 17, ¢3000533. [CrossRef]
[PubMed]

Rynkiewicz, E.C.; Hemmerich, C.; Rusch, D.B.; Fuqua, C.; Clay, K. Concordance of 605 bacterial communities of two tick species
and blood of their shared rodent host. Mol. Ecol. 2015, 24, 2566-2579. |CrossRef] [PubMed]

Jeon, S.J.; Cunha, E; Vieira-Neto, A.; Bicalho, R.C.; Lima, S.; Bicalho, M.L.; Galvao, K.N. Blood as a route of transmission of uterine
pathogens from the gut to the uterus in cows. Microbiome 2017, 5, 109. [CrossRef]

Scarsella, E.; Sandri, M.; Monego, S.D.; Licastro, D.; Stefanon, B. Blood Microbiome: A New Marker of Gut Microbial Population
in Dogs? Vet. 5ci. 2020, 7, 198. [CrossRef]

Hyun, H.; Lee, M.S; Park, I.; Ko, H.S,; Yun, S.; Jang, D.H,; Kim, S.; Kim, H.; Kang, ].H.; Lee, ].H.; et al. Analysis of Porcine Model
of Fecal-Induced Peritonitis Reveals the Tropism of Blood Microbiome. Front. Cetl. Infect. Microbiol. 2021, 11, 676650. [CrossRef]
Scarsella, E.; Zecconi, A.; Cintio, M.; Stefanon, B. Characterization of microbiome on feces, blood and milk in dairy cows with
different milk leucocyte pattern. Aninmals 2021, 11, 1463. [CrossRef] [PubMed]

Vientds-Plotts, A.L; Ericsson, A.C.; Rindt, H.; Reinero, C.R. Blood cultures and blood microbiota analysis as surrogates for
bronchoalveolar lavage fluid analysis in dogs with bacterial pneumonia. BMC Vet. Res. 2021, 17, 129. [CrossRef]

Tilahun, Y; Pinango, ].Q.; Johnson, E; Lett, C.; Smith, K.; Gipson, T.; McCallum, M.; Hoyt, P; Tritt, A.; Yadav, A.; et al. Transcript
and blood-microbiome analysis towards a blood diagnostic tool for goats affected by Haemonchus contortus. Sci. Rep. 2022,
12, 5362. [CrossRef]

Tarnecki, A.M.; Patterson, W.E; Arias, C.R. Microbiota of wild-caught red snapper Lutjanus campechanus. BMC Microbiol. 2016,
16, 245. [CrossRef]

Kelly, C.; Salinas, 1. Under pressure: Interactions between commensal microbiota and the teleost immune system. Front. Intmunol.
2017, 8, 559. [CrossRef]

Pratte, Z.A.; Besson, M.; Hollman, R.D.; Stewart, E]. The gills of reef fish support a distinct microbiome influenced by host-specific
factors. Appl. Environ. Microbiol. 2018, 84, e00063-18. [CrossRef] [PubMed]

Féral, ].-P; Saucede, T.; Poulin, E.; Marschal, C.; Marty, G.; Roca, ].C.; Motreuil, S.; Beurier, ].-P. PROTEKER: Implementation of a
submarine observatory at the Kerguelen islands (Southern Ocean). Underw. Technol. 2016, 34, 3-10. [CrossRet]

Meredith, M.; Sommerkorn, M.; Cassotta, S.; Derksen, C.; Ekaykin, A; Hollowed, A.; Kofinas, G.; Mackintosh, A;
Melbourne-Thomas, ].; Muelbert, M.M.C.; et al. Polar Regions. In iPCC Special Report on the Oceqn and Cryosphere in a Changing
Climate; Portner, H.-O., Roberts, D.C., Masson-Delmotte, V., Zhai, F., Eds.; Cambridge University Press: Cambridge, UK;
New York, NY, USA, 2019; pp. 203-320.

Lecomte, E; Beall, E.; Chat, ].; Davaine, I’; Gaudin, I> The complete history of salmonid introductions in the Kerguelen Islands,
Southern Ocean. Polar Biol. 2013, 36, 457-475. [CrossRef]

Dodson, J.].; Aubin-Horth, N.; Thériault, V.; Pdez, D.]. The evolutionary ecology of alternative migratory tactics in salmonic
fishes. Biol. Rev. 2013, 88, 602-625. |CrossRef]

Labenne, ].; Vignon, M.; Prévost, E.; Lecomte, E; Dodson, ].J. Invasion Dynamics of a Fish-Free Landscape by Brown Trout (Salno
frutta). PLoS ONE 2013, 8, 71052. [CrossRef]

Marandel, L.; Gaudin, P; Guéraud, F; Glise, 5.; Herman, A.; Plagues-Juan, E.; Véron, V.; Panserat, 5.; Labonne, ]. A reassessment
of the carnivorous status of salmonids: Hepatic glucokinase is expressed in wild fish in Kerguelen Islands. Sci. Total Environ.
2018, 612, 276-285. [CrossRef] [PubMed]

XViii



Fishes 2023, 8, 174 17 of 18

39.

40.

41.

42.
43.

46.

47.

48.

49,

50.

55.

56.

58.

59.

60.
61.

62.

64.

65.

66.

Caza, F; Joly de Boissel, P.G.; Villemur, R.; Betoulle, 5.; St-Pierre, Y. Liquid biopsies for omics-based analysis in sentinel mussels.
PLoS ONE 2019, 14, e0223525. [CrossRef]

Klindworth, A.; Pruesse, E.; Schweer, T.; Peplies, J.; Quast, C.; Horn, M.; Glockner, FO. Evaluation of general 165 ribosomal RNA
gene PCR primers for classical and next-generation sequencing-based diversity studies. Nucleic Acids Res. 2013, 41, el. [CrossRef]
Callahan, B.J.; McMurdie, P].; Rosen, M.].; Han, A.W.; Johnson, A.].; Holmes, 5.P. DADAZ2: High-resolution sample inference
from [llumina amplicon data. Nat. Methods 2016, 13, 581-583. [CrossRef]

Team, R.C. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria, 2021.
Wang, L-Y.; Ke, W.J.; Sun, X.-B.; Liu, ].-E; Gu, | -D.; Mu, B.-Z. Comparison of bacterial community in aqueous and oil phases
of water-flooded petroleum reservoirs using pyrosequencing and clone library approaches. Appl. Microbiol. Biotechnol. 2014,
98, 4209-4221. [CrossRef]

Vilo, C.; Dong, Q. Evaluation of the RDP classifier accuracy using 165 rRNA gene variable regions. Metagenomics 2012, 1, 104303.
[CrossRef]

Hung, YM.; Lyu, WIN,; Tsai, M.L.; Liu, C.L.; Lai, L.C.; Tsai, M.H.; Chuang, E.Y. To compare the performance of prokaryotic
taxonomy classifiers using curated 165 full-length rRNA sequences. Comput. Biol. Med. 2022, 145, 105416. [CrossRef] [PubMed]
McMurdie, PJ.; Holmes, S. phyloseq: An R package for reproducible interactive analysis and graphics of microbiome census data.
PLoS ONE 2013, 8, €61217. [CrossRef] [PubMed]

Cao, Y;; MicrobiomeMarker: Microbiome Biomarker Analysis. R Package Version 0.0. 1.9000. Available online: https:/ /github.
com/ yiluheihei/microbiomeMarker (accessed on 23 October 2(22).

Ssekagiri, A.; Sloan, W.; ljaz, U.Z.; MicrobiomeSeq: An R Package for Analysis of Microbial Communities in an Environmen-
tal Context. ISCB Africa ASBCB Conference. Available online: https://github.com/umerijaz /microbiomeSeq (accessed on
22 February 2019).

Oksanen, J.; Blanchet, EG.; Friendly, M.; Kindt, R.; Legendre, I'; McGlinn, D.; Solymos, P.; Stevens, M.H.; Wagner, H.; Vegan:
Community Ecology Package. R Package Version 2,5-7, Available online; https:/ /cran.r-project.org/package=vegan (accessed on
11 October 2022).

Narayan, N.R.; Weinmaier, T.; Laserna-Mendieta, E.].; Claesson, M ].; Shanahan, F.; Dabbagh, K.; Iwai, S.; DeSantis, T.Z. Piphillin
predicts metagenomic composition and dynamics from DADA2-corrected 165 rDNA sequences. BMC Genoim. 2020, 21, 56.

Cao, S; Zhang, W; Ding, W.; Wang, M_; Fan, 5, Yang, B.; Mcminn, A_; Wang, M_; Xie, B.-B.; Qin, Q.L_; et al. Structure and function
of the Arctic and Antarctic marine microbiota as revealed by metagenomics. Microbiome 2020, 8, 47. [CrossRef]

Hedaoo, M.; Gore, D.; Fadnavis, S.; Dange, M.; Soni, M.A.; Kopulwar, A.I. Bioinformatics approach in speciation of oil degrading
uncultured bacterium and its frequency recording. J. Pharm. Res. 2018, 12, 628-635.

Koner, S.; Chen, ].5.; Hsu, B.M.,; Tan, C.W,; Fan, C.W.,; Chen, T.H.; Hussain, B.; Nagarajan, V. Assessment of Carbon Substrate
Catabolism Pattern and Functional Metabolic Pathway for Microbiota of Limestone Caves. Microorganisms 2021, 9, 1789. [CrossRef]
Peng, W.; Huang, ].; Yang, ].; Zhang, Z.; Yu, R.; Fayyaz, 5.; Zhang, 5.; Qin, Y.-H. Integrated 165 rRNA sequencing, metagenomics,
and metabolomics to characterize gut microbial composition, function, and fecal metabolic phenotype in non-obese type 2 diabetic
Goto-Kakizaki rats. Front. Microbiol 2020, 16, 3141, [CrossRef] [PubMed]

Sheridan, M.A. Alterations in lipid metabolism accompanying smoltification and seawater adaptation of salmonid fish. Aguacul-
ture 1989, 62, 191-203. [CrossRef]

Lokesh, J.; Kiron, V. Transition from freshwater to seawater reshapes the skin-associated microbiota of Atlantic salmon. Sci. Rep.
2016, 6, 19707, [CrossRef] [PubMed]

Fogarty, C.; Burgess, C.M.; Cotter, PD.; Cabrera-Rubio, R.; Whyte, P; Smyth, C.; Bolton, [.]. Diversity and composition of the gut
microbiota of Atlantic salmon (Salmo salar) farmed in Irish waters. J. Appl. Microbiol. 2019, 127, 648-657. [CrossRef] [PubMed]
Ferreira, M.; Abdelhafiz, Y.A.A.; Abreu, H.; Silva, ].; Valente, L.M.; Viswanath, K. Gracilaria gracilis and Nannochloropsis
oceanica, singly or in combination, in diets alter the intestinal microbiota of European seabass (Dicentrarcltus labrax). Front. Mar.
Sci. 2022, 9, 1001942, [CrossRef]

Ferchiou, 5.; Caza, E; Villemur, R.; Betoulle, 5.; St-Pierre, Y. Species- and site-specific circulating bacterial DNA in Subantarctic
sentinel mussels Aulacomya atra and Mytilus platensis. Sci. Rep. 2022, 12, 9547. [CrossRef]

Chiu, C.Y;; Miller, 5.A. Clinical metagenomics. Nat. Rev. Genet. 2019, 20, 341-355. [CrossRef] [PubMed]

Chiu, K.-I; Yu, A.L. Application of cell-free DNA sequencing in characterization of bloodborne microbes and the study of
microbe-disease interactions. Peer] 2019, 7, €7426. [CrossRef]

Guo, W,; Zhang, Y.; Guo, 5.; Mei, Z.; Liao, H.; Dong, H.; Wu, K.; Ye, H.; Zhang, Y.; Zhu, Y,; et al. Tumor microbiome contributes to
an aggressive phenotype in the basal-like subtype of pancreatic cancer. Comunun. Biol. 2021, 4, 1019. [CrossRef]

Velmurugan, G.; Dinakaran, V.; Rajendhran, J.; Swaminathan, K. Blood microbiota and circulating microbial metabolites in
diabetes and cardiovascular disease. Trends Endocrinol. Metab. 2020, 31, 835-847. [CrossRef]

Onarheim, A.M.; Wiik, R.; Burghardt, |.; Stackebrandt, E. Characterization and identification of two Vibrio species indigenous to
the intestine of fish in cold sea water; description of Vibrio iliopiscarius sp. nov. Syst. Appl. Microbiol. 1994, 17, 370-379. [CrossRef]
Delghandi, M.R,; El-Matbouli, M.; Menanteau-Ledouble, 5. Renibacterium salmoninarum—The causative agent of bacterial
kidney disease in salmenid fish. Pathogens 2020, 9, 845, [CrossRet]

Caraguel, ] M.; Guerri, O.; Davaine, I’ Pacage marin du saumon a Kerguelen. In Rapport de Campagne ARMOR 1992; INRA:
Paris, France, 1993.

XiX



Fishes 2023, 8, 174 18 of 18

67.

68.

69.

70.

71.

72,

73.

74,

75.

76,

77.

78.

79,

80.

81.

82.

Eldey, S.H.; Davidsen, ].; Vignon, M_; Power, M. The biology and feeding ecology of Arctic charr in the Kerguelen Islands. J. Fish
Biol. 2020, 98, 526-536. [CrossRef] [PubMed]

Austin, B.; Austin, D.A. Vibrionaccae representatives. In Bacterial Fish Pathogens; Austin, B., Austin, D.A., Eds.; Springer:
Dordrecht, The Netherlands, 2012; pp. 357-411.

Klemetsen, T ; Karlsen, C.R.; Willassen, N.P. Phylogenetic revision of the genus Aliivibrio: Intra-and inter-species variance among
clusters suggest a wider diversity of species. Front. Microbiof. 2021, 12, 626759. [CrossRef] [PubMed]

Davidsen, J.G.; Bordeleau, X.; Eldey, S.H.; Whoriskey, E; Power, M.; Crossin, G.T.; Buhariwalla, C.; Gaudin, P. Marinc habitat use
and feeding ecology of introduced anadromous brown trout at the colonization front of the sub-Antarctic Kerguelen archipelago.
Sci. Rep. 2021, 11, 11917. [CrossRef]

Castillo, D.J.; Rifkin, R.F; Cowan, D.A_; Potgieter, M. The healthy human blood microbiome: Fact or fiction? Front. Cefl. Infect.
Microbiol. 2019, 9, 148, [CrossRef] [PubMed]

Schierwagen, R.; Alvarez-Silva, C.; Madsen, M.S.A.; Kolbe, C.C.; Meyer, C.; Thomas, D.; Uschner, FE.; Magdaleno, F; Jansen, C,;
Pohlmann, A.; et al. Circulating microbiome in blood of different circulatory compartments. Gut 2019, 68, 578-580. [CrossRef]
[PubMed]

Schierwagen, R.; Alvarez-Silva, C.; Servant, F.; Trebicka, ].; Lelouvier, B.; Arumugam, M. Trust is good, control is better: Technical
considerations in blood microbiome analysis. Gut 2020, 69, 1362-1363. [CrossRef] [PubMed]

Labonne, ].; Kacuffer, R.; Gueraud, F; Zhou, M.; Manicki, A.; Hendry, A.P. From the bare minimum: Genetics and selection in
populations founded by only a few parents. Evol. Ecol. Res. 2016, 17, 21-34.

Frey, EA.; Wels, D.; Yang, I1].; Nicolaysen, K.; Leyrit, I1.; Giret, A. Temporal geochemical trends in Kerguelen Archipelago basalts:
Evidence of decreasing magma supply from the Kerguelen plume. Chem. Geol. 2000, 164, 61-80. [CrossRef]

Snyder, M.W.,; Kircher, M.; Hill, A.J.; Daza, R.M.; Shendure, ], Cell-free DNA comprises an in vivo nucleosome footprint that
informs its tissue origin. Cell 2016, 164, 57-68. [CrossRef]

Abril, MK.; Barnett, AS.; Wegermann, K.; Fountain, E.; Strand, A.; Heyman, B.M.; Blough, B.A.; Swaminathan, A.C,;
Sharma-Kuinkel, B.; Ruffin, F; et al. Diagnosis of Capnocytophaga canimorsus sepsis by next generation whole-genome
sequencing. Open Forum Tufect. Dis, 2016, 3, ofw144, [CrossRef]

Miller, R.R.; Montoya, V.; Gardy, ].L.; Patrick, D.M.; Tang, P. Metagenomics for pathogen detection in public health. Genome Med.
2013, 5, 81. [CrossRef] [PubMed]

Poore, G.D.; Kopylova, E.; Zhu, Q.; Carpenter, C.; Fraraccio, S.; Wandro, 5.; Kosciolek, T.; Janssen, 5.; Metcalf, J.; Song, S.J.; et al.
Microbiome analyses of blood and tissues suggest cancer diagnostic approach. Nature 2020, 579, 567-574. [CrossRef] [PubMed]
Cardona-Ospina, J.A ; Villalba-Miranda, M.F; Palechor-Ocampo, L.A.; Mancilla, L.I; Septilveda-Arias, ].C. A systematic review
of FTA cards® as a tool for viral RNA preservation in fieldwork: Are they safe and effective? Prev. Vet, Med. 2019, 172, 104772,
[CrossRef] [PubMed]

Cortes, A.L.; Montiel, E.R.; Gimeno, L.M. Validation of Marek’s disease diagnosis and monitoring of Marek’s disease vaccines
from samples collected in FTA® Cards. Avian Dis. 2009, 54, 510-516. [CrossRef]

Moscoso, H.; Raybon, E.Q.; Thayer, 5.G.; Hofacre, C.L. Molecular detection and serotyping of infectious bronchitis virus from
FTA® filter paper. Avian Dis. 2003, 49, 24-29. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPL and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

XX



Supplementary Materials: Skin and blood microbial
signatures of sedentary and migratory trout (Salmo

trutta) of Kerguelen Islands

SophiaFerchiou't, France Caza't, Richard Villemur', Jacques Labonne?and Yves St-Pierre'*

'I' These authors share first authorship.
INRSdCentre Armand-Frappier Santé Biotechnologie, Laval, QC,
Canada

2 Université de Pau et des pays de I’ Ardour, UMR ONRAE-UPPA,
ECOBIQOP Saint-Pée-sur-Nivelle, France

* Correspondence: Yves St-Pierre ; E- mail: yves.st-pierre@inrs.ca;
INRS5-Centre Armand-Frappier Santé Technologie, 531 Boul. des
Prairies, Laval, Québec, Canada, H7V 1B7 ; Phone: 450-686-5354;
Fax: 450-686-5501.

XXi



t the

icrobiomes a

d mucosal m

Blood
the circulating an
XXii

in

Sedentary

Mucus
dual variations

ivi

- =
5 " m 3
S | L
T8 . P 8 oz 5
= = g B 88
g & 3 sgf g£:§ S % £§32
HIR AR AR RSO LR B
EY¥SS¢SSES §F §EEE s83 3§ YT -8
SRl Tl fif HOHIORIE
S EE RS 2SS E ST SEEXES 8§23 =823
SESSESSSESEE T E TSEYESSSTEE
EItiziceliiiiii g $38icgedasdsiiis
E = [T T T
£ DU T .
£LAGIIOSLLS PNAGIIOLS
TLAGITOSLLS ﬂ._LW_M"“m%m
LLAGITOSLLS ﬁ?anﬂnﬁmm
A6 S
SUBITISLLS 9LAGIIOINLLS
[ M | T SIAGHONITS
T | BN | cumicis RGOS
L[ RN | cadsizins = ENNGITOINLS
C LI R | s | S RS
SNH6I104LS m mrmm_ 10418
N
INUGITONLS INUOII0ALS
SNH6ITOWLS NHRIZLIS
SOUBITLLS y m«WﬂMHWW
LM | ouous = AT
LIL T | ousizus - EVHBIZLLS
C TR | ous = RETHIN
Uiz | 0 SIRTACHONTTS
BSNWAASITISLLS ] INIWLAGTTONLLS
9NWLAGITON.LLS
(M I R NWadBITISLLS = PUNIAGILOWILS
UL ] | | eWadsITISLIS ENWEASTIOILLS
Al
TNWHAABITISLLS FIIANNU6TTOININLLS
INIWAISITISLLS TOINNUGI T0AINLLS
) . wn INIWNHGTT0AWLLS
sousits | 8 RS
LOWNYSTI0ISLLS M TWNAGT TDININILLS
9NIANUGIIOINSLLS NWEZN_.M_ _Wr.:?ﬁ_shm
. INNHG6TTOANLL!
SNANUGITONSLLS M Mﬁﬂﬂﬂﬂzwmﬂﬁm
1
L BN [ | suowisus e AL
L RN B[ | rouiasus o | BRI
[ ] ITTINLL
(N B T ] | | snmousizISLIS [] | SNWVASIZINILS
[ [ | Z0KOUBITISLLS | POWvARIZINILS
T B BT | iousaisiis SRR
) v ) w ) o -
g 3 3 q
(°4) duepunqy aAneRY () uEpuUnqy IANeRY

Ind

phylum level. Bar plots display the main phyla between sedentary and migratory brown trout
(S. trutta) for mucosal (left) and circulating (right) microbiomes. Phyla with a relative abundance

of < 1.5%are represented as "Other."

Figure. S1



Psychromonas G['OIIPS
Nitrospira
Granulosicoccus
Rhodobacter
Undibacterium
ella
Finegoldia
Pseud ‘hGl'(?.nesia
seudoxanthomonas
Pi’:mctomlgroqum
Ac]]u,ls haera
Rhizobacter
. Aerococcus
Sphingorhabdus
Pseudarcicella
Blastopirellula
Lactobacillus
Deinococcus
Phyllobacterium
Chrg;seuchlermm
in; ullsghnem
cardioides
Pseudomonas
Streptococcus

B Blood
B Mucus

a
Corynebacterium
Ralstonia
Flavobacterium
Roseococcus
Leifsonia
Rosejbacillus
Psychrosinus
‘hermogutta
Sideroxydans
Planococcus
Arcobacter
Aureimonas
Roseomonas
Hathewaya
pitutus
Brevundimonas
Arthrobacter
Zavarzinella
emmata
Polymorphobacter
Pirellula
Ferruginibacter
Polaromonas
Vibrio

Massilia
llumag:hactqr
erratia

; ) Colwellia
Armatimonas/Armatimonadetes _gpl
Gillisia

Hymenobacter

Rhodoferax

Spirosoma
PS_\"[: Irsolﬁuczzer
Luttohbacie
Aeromonas

Aquabacterium
Aliivibrio

Genus

=
L]
=

LDA Score

Figure. S2: Discriminant genera  between the circulating and
mucosal compartments. LEfSe analysis (log-transformed LDA > 3) showing the
top genus-level biomarkers that distinguished both compartments in brown trout (S.
trutta).
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Figure. S10: Bacterial ecmDNA profiles in blue mussels (Mytilus platensis) and brown trout
(S. frutta) collected at the mouth of the Norvegienne river. (A) Principal Coordinates
Analysis (PCoA) of bacterial DNA bacterial communities in both species. Unweighted UniFrac-
based of blue mussels (blue) and brown trout (red) samples. Centroids for each site are illustrated by
larger circles. Ellipses represent 95% confidence interval. (C) A Venn diagram showing the number
of unique and shared bacterial genera in blue mussels (blue) and brown trout (red) samples.
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Figure. S11: Amplified fragments shown on 1.5% agarose gel
electrophoresis. A. Amplicons generated from the msa gene of R. salmoninarum
in positive mucosal and blocd samples from Acaena river according to the protocol
by Brown et al.(1924). No ampilification occurred in samples from Baie Norvegienne
river. The primer sequences are 5-CAAGGTGAAGGGAATTCTTCCACT-3 and 5'-
GACGGCAATGTCCGTTCCCGGTTT-3 for the forward and the reverse primers,
respectively. B. Amplicons generated from the EF71a gene of S. frufta samples. The
primer  sequences are 5-ATTGCCACACTGCTCACATC-3 and 5-
CTGGAAGCTCTCCACACACA-3 for the forward and the reverse primers,
respectively. M: 100-base-pair DNA ladder; lanes 1-2: mucosal samples from
Acaena river; lane 3: bloocd sample from Acaena river; lanes 4-5: blood samples
from Baie Norvégienne river; lane 6: no DNA template.
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Table S1. Characteristics of brown trout (S. fruffa) collected at different sites
at Kerguelen Islands.

Phenotype Site Compartment n Average
weight (kg)
+SE
Sedentary Chateau Mucosal/Blood 5/5 0.9+0.1
Sedentary Nord Mucosal/Blood  4/4 2704
Sedentary Ferme Mucosal/Blood 5/5 0.3 +0.06
Sedentary Val-Travers Blood 4 0.08 £0.01
Migratory Acaena Mucosal/Blood ~ 7/7 1.7+ 0.4
Migratory Nord Mucosal/Blood  10/10 22+03
Migratory Val-Travers =~ Mucosal/Blood 7/7 1.8+0.2

Migratory ~ Norvegienne Blood 5 32+04
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Annexe |l

Apercus du microbiome circulant des
populations de flétan de I'Atlantique
et du Groenland : le role des facteurs
spécifiques aux especes et des
facteurs environnementaux
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Insights into the circulating
microbiome of Atlantic

and Greenland halibut populations:
the role of species-specific

and environmental factors

Fanny Fronton?, Sophia Ferchiou?, France Caza?, Richard Villemur?, Dominique Robert? &
Yves St-Pierre’™

Establishing long-term microbiome-based monitoring programs is critical for managing and
conserving wild fish populations in response to climate change. In most cases, these studies have
been conducted on gut and, to a lesser extent, skin (mucus) microbiomes. Here, we exploited the
concept of liquid biopsy to study the circulating bacterial microbiome of two Northern halibut species
of economic and ecological importance. Amplification and sequencing of the 165 rRNA gene were
achieved using a single drop of blood fixed on FTA cards to identify the core blood microbiome of
Atlantic and Greenland halibut populations inhabiting the Gulf of St. Lawrence, Canada. We provide
evidence that the circulating microbiome DNA (cmDNA) is driven by genetic and environmental
factors. More specifically, we found that the circulating microbiome signatures are species-specific and
vary according to sex, size, temperature, condition factor, and gecgraphical localization. Overall, our
study provides a novel approach for detecting dysbiosis signatures and the risk of disease in wild fish
populations for fisheries management, most notably in the context of climate change.

Abbreviations
R. hippoglossoides  Reinhardtius hippoglossoides
H. hippoglosstts Hippoglossus hippoglossis

cmDNA Circulating microbiome DNA

PCoA Principal coordinate analysis

ASV Amplicon sequence variants

OTU Operational taxon unit

PERMANOVA Multivariate analysis of variance with permutation
LEfSe Linear discriminant analysis effect size

'The Atlantic halibut Hippoglossus hippoglossus (Linnaeus, 1758) (H. hippoglossus) and the Greenland halibut
Reinhardtius hippoglossoides (Walbaum, 1792) (R. hippoglossoides) are two species of flatfish widely distributed
in the Northwest Atlantic and characterized by distinct populations in the Gulf of St. Lawrence (GSL)'. These
populations support the region’s two most valuable groundfish fisheries and are biannually assessed to provide
scientific advice for management™’. The Atlantic halibut abundance has been steadily increasing, whereas the
Greenland halibut stock has declined over the last two decades. Although the reasons for these fluctuations are
not fully clear, the rapid warming of the deep channels of the GSL*® and increased competition by redfish for
Greenland halibut®” are considered the primary factors driving these changes. Given the impact of such changes
on the physiology of the fish, developing sensitive and predictive biomarkers is essential for a close follow-up of
the health status of these stocks.

The microbiome, or the pool of nucleic acids from microbes found in/on a host species, has attracted con-
siderable attention {rom scientists in recent years as a predictive biomarker to assess the health status of an

1NRS-Centre Armand-Frappier Santé Technologie, 531 Boul. des Prairies, Laval, QC H7V 1B7, Canada. ZInstitut
des Sciences de la Mer, Université du Québec a Rimouski, 310, allée des Ursulines, C.P. 3300, Rimouski, QC G5L
3A1, Canada.>email: yves st-pierre@inrs.ca

Scientific Reports | (2023) 13:5971 | https:/fdoi.org/10.1038/s41598-023-32690-6 nature portfolio

XXXV



individual®. The microbiome is an important determinant of the health status of an organism, as it contributes
to the regulation of several physiological processes, such as the immune response and host energy metabolism.

Although most studies on the use of microbiome signatures as a predictive tool were initially performed in
clinical settings, the increased accessibility of next-generation sequencing (NGS) technologies for the analysis
of 165 ribosomal RNA (rRNA) gene amplicons has facilitated its application in different research fields, includ-
ing studies in fish populations®. Studies on fish’s skin and gut bacterial microbiomes have shown that a balanced
microbiome plays a critical role in the host’s health, protecting against pathogens while bringing nutritional
benefits'"". Disruption of this balance, often called dysbiosis, changes the biodiversity and abundance of specific
bacterial communities, often leading to health complications!L,

Considering their economic and ecological importance, an increasing number of studies have thus focused on
defining the microbiome signatures of Teleost. These studies have shown that microbiome signature depends on
several factors, including host genetics, morphometrics, and several environmental factors, including biotic and
abiotic factors'>!*. In most cases, however, these studies have been conducted in laboratory/experimental set-
tings or fish farms and performed on the gut microbiome and, to a lesser extent, skin (mucus) microbiomes' ™%,
In recent years, however, the concept of a circulating microbiome has emerged as an interesting alternative to
invasive, lethal, and logistically challenging tissue biopsies. Even if blood has historically been considered exempt
from microbes in healthy individuals, it is now irrefutable that bacterial, viral, fungal and other microorganism
genomes are present in the blood (blood-cell or plasma)'® 2. This feature allows us to study the microbiota of
an organism without the need for tissue biopsy. The concept of the circulating microbiome is particularly well
adapted to the development of routine and predictive biomarkers. The utility of this approach has recently been
demonstrated in clinical settings, offering a new perspective for the development of biomarkers in ecology®' **
similar to those described for several diseases in humans'®?***, In fact, the existence of a blood microbiome is
a concept that is now widely accepted in humans and animals, including pigs, broiler chickens, camels, cows,
goats, cats and dogs' 232420 >,

In the present work, we have characterized, for the first time, the blood 165 rRNA microbiome signatures
of two wild fish populations of ecological and economic interest from the GSL, the Atlantic halibut and the
Greenland halibut. These two species are characterized by opposite abundance trends. Our general hypothesis
is that physiological and environmental factors impact their microbiome signature. By providing a reference
for future studies to examine climate change’s impact on halibut populations, we further hypothesize that our
approach will help develop novel biomarkers for monitoring the condition and health of wild fish populations.

Material and methods

Sampling. Blood samples from Greenland halibut (n=97; length: 316.2+15.1 mm) and Atlantic halibut
{n=86; 762.0+ 30.1 mm) were collected between August 15th and October 1st, 2019, during the annual bottom
trawl surveys performed on the northern and southern sectors of the GSL (Canada) by the Department of Fish-
eries and Qceans (DFO) (Table 1). Scanmar hydroacoustic sensors attached to the trawl and a conductivity, tem-
perature, and depth (CTD) probe were used to record the temperature. Blood samples were taken immediately
upon traw] retrieval, and liquid biopsies were performed at 56 sites for at least one species (Fig. 1). The number
of liquid biopsies performed per station (ranging from 1 to 14) was opportunistic and depended on the pres-
ence of either halibut species and workload at a given site. Blood samples were collected with a heparin-coated
3-mL sterile syringe and a 22-G needle following a dorsal incision using a sterilized knife. Drops of blood were
collected and immediately stored on a Flinders Technology Associates (FTA) card (Sigma-Aldrich, Oakville,
ON, Canada). Samples were allowed to air dry and kept in a plastic bag with a desiccant, as Caza et al. (2019)
described. The sex of each sampled individual was determined by visual identification of the gonads following
the dissection of specimens by the DFO science crew. The care and use of field-sampled animals complied with
the Government of Canada’s animal welfare laws, guidelines, and policies approved by Fisheries and Oceans
Canada. All methods were conducted following ARRIVE guidelines (https://arriveguidelines.org/).

DNA extraction, amplification and sequencing. All DNA extraction and purification procedures
were conducted in a white room where pressure, temperature, and humidity were controlled to minimize con-
tamination. Individual discs were cut from the FTA cards using a sterile 5.0-mm single round hole punch, and

Species Sex N | Length (mm) meantSE | Weight (g) meanz SE
Total 97 | 3162x15.1 5184+72.2%
Male 19 | 341.2+23.7 407.1+67.5
Greenland halibut
Female 32 |433.0+4227 915.1+125.8
Unknown |46 |224.5+17.0 37.6+1.6°
Total 86 | 762.0£30.1° 6976.81879.7°
Male 55 | 755.1 £36.4¢ 6628.54871.07
Atlantic halibut
Female 30 | 760.3+54.6 7 167.8+1935.6
Unknown |1 1190 20060

Table 1. Summary of the fish samples used for cnDNA analysis. Number of samples for which the data were
available: 'n=73,%n =22, “n=85 and 'n=54.

Scientific Reports |

(2023) 13:5971 | https:/fdoi.org/10.1038/s41598-023-32690-6

nature portfolio

XXXVi



- N
| Northeast Gulf w 'J} E
51°N | Quebec 5
\ Estuary — Western Gulf ]
|‘ L]
N £ ey
‘ 476 0,46 °C i
[ g 49N
| "g : Newjfoundland
|l = and Labrador
[~
“ 48N Laurentian
| Prince Edward Channel
47N | \ Island
| A
\ New ol a ® Both
| 6N i 2101.04°C A Atlantic halibut
‘ ' M Greenland halibut
Southern Gulf )
| Nova Scotia 200 km
45°N ;
G8°W 66°W 64°W 62°W 60°W S8°W 56°W
Longitude

Figure 1. Map of the sample sites divided into five different areas. The regional temperature is given for each
zone {(mean = SE).

total DNA was isolated using the QlAamp DNA Investigator Kit (Qiagen, Toronto, ON, Canada), according to
the manufacturer’s protocol. DNA was quantified in duplicate using a Quant-iT PicoGreen dsDNA detection kit
(Molecular Probes, Eugene OR, USA). Amplification of the V3-V4 region of the 165 ribosemal RNA (rRNA)
gene and 165 gene amplicon sequencing for all DNA samples were performed at Centre d’Expertise et de Ser-
vices, Génome Québec (Montréal, QC, Canada). Amplification used the universal primers 341F (5'-CCTACG
GGNGGCWGCAG-3') and 805R (5-GACTACHVGGGTATCTAATCC-3'). Sequence libraries were prepared
by Genome Quebec with the TruSeq DNA Library Prep Kit {(Illumina, San Diego, CA, USA) and quantified
using the Kapa Library Quantification Kit for llumina platforms (Kapa Biosystems). Paired-end sequences were
generated on a MiSeq platform PE300 (Illumina Corporation, San Diego, CA, USA) with the MiSeq Reagent Kit
v3 using 600 cycles (Illumina, San Diego, CA, USA). Raw data files are publicly available on the NCBI Sequence
Read Archive (PRINA853332).

165 rRNA data processing. Illumina sequence data (FASTQ files) were trimmed using Cutadapt (version
2.8). The 16S rRNA (V3-V4) amplicon sequence variants (ASVs) were generated with the DADA2 pipeline (ver-
sion 1.16.0; Callahan et al. (2016)) and subsequently within the R environment (R version 4.0.3, Team (2021)).
The Ribosomal Database Project (RDP)16 database was used for the ASV assignment. The software packages
phyloseq (1.36.0)", microbiomeSeq (0.1)', microbiomeMarker (0.99.0)*%, and vegan (2.5.7)* were used to charac-
terize the microbial communities. The maps were created with the packages ggplot2 (3.3.6)* and rnaturalearth
(0.1.0¥°. An ASV was considered part of the core microbiome if it had a minimum prevalence (rate of presence
in the group of samples) of 70% with a detection threshold of 0.01% relative abundance™. A similar decision tree
was applied for the core genus (abundance of ASVs of the same genus were summed) but with 90% prevalence.
A stringent threshold of 90% was chosen, as reported in previous studies™ *. ‘lhe prevalence varies greatly
between microbiome studies, ranging from > 10 to 100% 3537342, Hence, we chose not to limit the core micro-
biome at 100% prevalence because the study was not under controlled conditions; instead, it was performed in
wild populations where greater variation was expected, especially with sample sizes considered.

Classes based on environmental and morphometric data. Individual fish were classified to assess
environmental and ontogenetic effects. They were assigned as mature or immature according to the known
length at which 50% of males had reached reproductive size (L50), ie., 360 mm for Greenland halibut®” and
920 mm for Atlantic halibut®. Given that sex information was missing from many individuals, the male L50 was
chosen, as it is lower, so the mature individuals would have less chance to be mislabeled as immature, Because
diet composition is a likely factor influencing the microbiome, we split Greenland halibut specimens into four
size classes based on body lengths where major shifts in diet composition have previously been described’.
Briefly, four classes were defined for the Greenland halibut: (1) Class 1, individuals smaller than 200 mm feeding
on small prey; (2) Class 2, individuals ranging from 200 to 400 mm feeding on intermediate prey; and (3) Class 3,
individuals larger than 400 mm feeding on large prey. Defining length classes for the Atlantic halibut was impos-
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sible, as the number of small and large individuals was teo low. Classes were also defined according to the water
temperature. Individuals occupying temperatures below than 5 °C were considered “cold water”; and those occu-
pying temperatures above 5 °C were considered “warm water”. Given that Atlantic halibuts’ range of tempera-
ture tolerance is wider than those measured, they were not included in temperature-based analyses**, Finally,
the relative condition K factor, a broad health index for fish, was also calculated based on the length and weight
of each individual*”*%. A linear regression was performed between log,, (weight) and log,, (length) as follows:

log,; (W) =log, (@) + b+ log, (Ly*.where W is the weight, L is the length, and a and b are constant
coefficients.

The coefficients a and b were calculated and used to estimate the expected weight W, of each individual based
on their length with the following equation:

We = al?
Finally, the K, of Le Cren was calculated as follows:
W
Kret = VTe

The comparison between the individual’s actual weight and their expected weight gives us the fish's plump-
ness, a g]impse of its health status. Easically, if an individual is skinnier than others of the same 1ength within the
same species, it is under stress, and K, will be under 1. On the contrary, a plump fish is associated with beneficial
environmental influence, and K, will be over 17",

The autocorrelation, the homoscedasticity of the error terms and the normal distribution of the linear regres-
sion residuals were validated with statistical analysis (Durbin Watson, Breusch—Pagan and Shapiro—Wilk tests).
Classes were created with K ;> 1 corresponding to the “high condition” and K, < 1 corresponding to the “low
condition™70,

Spatial analysis. Overall, five geographical zones were defined. Spatial zones were created to separate dif-
ferent habitats in the Gulf based on sample sites with similar characteristics as follows (e.g., depth, temperature,
and spatial closeness); The Estuary-Western Gulf area extends from 65°W to 69°W longitude and from 49.7°N
to 51°N latitude, considered to be the primary nursery area for the Greenland halibut®!, the Northeast Gulf
area, situated between 57°W and 63.7°W longitude and 49°N and 51°N latitude; the Lawrence Channel area
is between longitudes 59°W and 65°W and latitudes 47°N and 49.7°N with sample sites deeper than 110 m
(included); the Chaleur Bay area includes sampling sites between 64°W and 67°W longitude and 47.5°N and
48 5°N latitude, and finally, the Southern Gulf area is located between 60.5°W and 65.5°W longitude and 45.5°N
and 48°N latitude with sampling sites less deep than 110 m (not included). For Greenland halibut, the number of
fish per area was n=22 for the Estuary-Western Gulf t, n= 19 for the Chaleur Bay, n=22 for the Northeast Gulf
and n=34 in the Laurentian Channel Regarding Atlantic halibut, the number of fish was n= 14 for the Estuary-
Western Gulf, n=11 for the Southern Gulf, n=17 for the Northeast Gulf and n =44 for the Laurentian Channel.

Statistical analysis. Bacterial taxonomic a-diversity (intrasample) was estimated using the richness and
the Shannon and Simpson indices, as implemented in the R package microbiomre (1.14.0)%. Variations in bacte-
rial a-diversity and taxa abundances between the two species were assessed using either the Kruskal—Wallis test
or Wilcoxon-Mann—Whitney test, given that none of the variables exhibited a normal distribution. In addition,
a-diversity was also calculated among classes according to the length, temperature and condition factor K*. 'The
Kruskal—Wallis test was followed by a pairwise Wilcoxon-Mann—Whitney test if the p-value (p) was significant
(p<0.05). The B-diversity (intersample) was estimated using phylogenetic weighted UNIFRAC dissimilarities
assessed by principal coordinates analysis (PCoA), Differences in community composition were tested using
permutational multivariate analysis of variance (PERMANQVA) for weighted UNTFRAC indices with 999 per-
mutations, as implemented in the R vegan package (2.5.7) or the pairwise Adonis package (0.4). Detailed statisti-
cal analyses on variations with morphometric and environmental data are presented in Supplementary Infor-
mation. Differences were considered statistically significant at alpha=0.05. Linear discriminant analysis (LDA)
effect size (LEfSe) was performed on the microbiome of each species and on the different classes to highlight dis-
criminative taxa for each class. This analysis was performed using the microbiomeMarker package (0.99.0). The
cutoff was chosen at an LDA score of log, (LDA score) >4. All analyses were performed in R studio (v4.0.5)%.

Results

Preliminary characterization of the cmDNA. A total of 183 Atlantic and Greenland halibut blood sam-
ples were collected at the end of summer and early fall of 2019 in the Gulf of St. Lawrence (Fig. 1). The cmDNA
signatures were determined by sequencing the V3-V4 hypervariable regions of the 165 rRNA gene. Approxi-
mately 6 million raw reads were retrieved after filtering (2.5 and 3.5 million for Atlantic and Greenland halibut,
respectively). The number of sequences per sample ranged between 3,985 and 55, 077. The mean numbers of
reads per individual were 35,575+971 and 29,296+ 1 185 for Greenland halibut and Atlantic halibut, respec-
tively. The number of ASVs per sample curve confirmed that the sequencing depth was sufficient to plateau the
number of ASV's (Figure S1). A total of 7,105 unique ASVs were obtained, including 7,102 identified as having
bacterial origins (3 of archaeal origin were removed from the analysis). A total of 6,450 ASVs were greater than
or equal to 0.01% in relative abundance. Overall, 3,362 ASVs were present in Atlantic halibut (mean=112+7 per
individual) and 5,023 in Greenland halibut (mean=161+9 per individual).
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Differences in the circulating microbiome at the phylum level.  Given both halibut species’ genetic
and behavioral differences, we first tested the hypothesis that the microbiome differs between the Atlantic and
Greenland halibut. Overall, 30 different phyla were identified (23 and 29 in Atlantic halibut and Greenland hali-
but, respectively), 63 classes (44 and 59), 121 orders (88 and 112), 241 families (189 and 224) and 685 genera (473
and 587) (Table 2). At the phylum level, the blood microbiome signature was dominated by Protecbacteria, Fir-
micutes, Bacteroidetes, and Actinobacteria (Fig. 2). The mean relative abundance of Proteobacteria was, however,
significantly higher in Greenland halibut (81.6 % 1.5% versus 62.4+ 2.3% in Atlantic halibut) (Wilcoxon-Mann—
Whitney test; p<0.001). Similarly, the other three main phyla were significantly higher in Atlantic halibut at
9.3+0.9% versus 6.9%0.8% for Firmicites (p=0.032), 6.6+0.7% versus 4.4+ 0.5% for Bacieroidetes (p=0.044)
and 4.0% £0.5% versus 2.6 £0.4% for Actinobacteria (p=0.0028) (Fig. 2A). The mean relative abundance of
uncharacterized bacteria was nonetheless important in Atlantic halibut, accounting for~ 15% on average. This
finding is even more apparent based on the individual relative abundance, with some individuals possessing 60%
of uncharacterized bacteria (Fig. 2B). The microbiome structures with other taxa are provided in Supplementary
Figures $2-83.

The genus-level core circulating microbiome.  To further test the hypothesis that the microbiome sig-
nature of both species differs, we carried out a detailed analysis at the genus level. Three genera, Pseudoaltero-
rorias, Psychrobacter and Acinetobacter, were present in 90% of samples for both species (ASVs were aggregated
together at the genus level). In Atlantic halibut, these genera were found to be the most abundant, accounting
for 12.9%, 12.1% and 8.7% of the mean relative abundance, respectively. A fourth genus that was present in 90%
of samples was Staphylococcus, with a mean relative abundance of 3.2% (Fig. 3A). In Greenland halibut, these
three genera represented 23.6%, 16.6% and 3.4% of the average blood microbiome, respectively, whereas Vibrio
was the fourth core genus with 6.9% mean relative abundance. [n total, 685 genera were found, 375 of which
were present in both halibut species (54.7%) (Fig. 3B). Although most of the genera found at 50% prevalence
were shared by both species, some genera were unique in each species, such as Enhydrobacter in Atlantic halibut
and Oleispira in Greenland halibut (Fig. 3C). This distribution of genera differed between the two species; major
differences were the higher abundance of Vibrio and the lower abundance of Acinetobacter in Greenland halibut.
The number of genera with a prevalence of 50% was also higher in Greenland halibut than in Atlantic halibut.

Comparative analysis of the bacterial diversity between species. We next compared the overall
biediversity of the cmDNA between both species using a UniFrac-based PCoA that showed that the microbi-
omes tended to cluster according to species, but with high variations within species composing the microbi-
ome and a low percentage of variance explained by the two axes (32.8%) (Fig. 4A). PERMANOVA confirmed
the significant difference between the two halibut species (p<0.001), but the effect size was very low for the
groups (R*=0.06) compared to the residuals (R?=0.94), suggesting that the species of the individual was not
a strong determinant between these fish microbiomes. These findings support a recent study showing that the
gut microbiome of flounders (Pleuronectidae) is similar among family members (Huang et al., 2020). Regarding
a-diversity indicators, no significant differences in evenness or diversity were noted between the two species;
the mean Simpson index (Atlantic halibut, 0.11; Greenland halibut, 0.13) and the mean Shannon diversity index
(Atlantic halibut 3.36; Greenland halibut, 3.37) were equivalent (Fig. 4B). The richness index, however, was
higher in the case of Greenland halibut, with an average of 161+% ASVs per individual compared to 112+7
ASVs per individual for Atlantic halibut (p<0.001).

LEfSe comparison of the two species. To further investigate the differences between the circulating
microbiomes of the two halibut species, a Linear discriminant analysis Effect Size (LEfSe) was performed with
a cutoff at log,, (LDA score) > 4. This criterion allowed us to observe several differences in the structure of the
two blood microbiomes at the phylum and genus levels (Fig. 4C and D). In particular, Proteobacteria were
found in higher abundance in Greenland halibut, whereas Actinobacteria, Firmicutes and Bacteroidetes were
more abundant in Atlantic halibut (Fig. 4C). At the genus level, more genera were discriminative for Greenland
halibut (Fig. 4D). These genera included the core genera Pseudoalteromonas and Psychrobacter or Vibrio and
other genera, such as Photobacterium, Burkholderia and Escherichia/Shigelln. The core genera Staphylococcus and
Acinetobacter were discriminative exclusively for Atlantic halibut.

Taxon Atlantic halibut (n=86) | Greenland halibut (n=97) | Total
Phylum 23 29 30
Class 44 59 63
Order 88 112 121
Family 189 224 241
Genus 473 587 685

Table 2. Number of taxa in the cmDNA of the Atlantic halibut (H. hippoglossus) and the Greenland halibut
(R. hippoglossoides).
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Figure 2. Microbiome structure at the phylum level. (A) Mean relative abundance (%) of the four main
phyla present in the blood microbiome of Atlantic halibut (H. Aippaglossus) and Greenland halibut (R.
hippoglossoides). (B) Individual variation in the relative abundance (%) of the main phyla of Atlantic halibut
(n=86) and Greenland halibut (n=97),

Correlations with biotic and abiotic factors.  Given the influence of the environment and the physiol-
ogy on the microbiome, we next tested the hypothesis that the blood microbiome signature within each fish
species varies according to different variables, including maturity classes (length), water temperature (measured
at the sampling depth of the trawl), sex, and Fulton’s condition factor (K). We found that the blood microbiome
structure varied depending on the maturity stage for both species at the phylum and genus levels. (Fig. 5A) In
the case of Greenland halibut, significant differences in the abundance of Corynebacterium, Staphylococcus, Bur-
kholderia, Pseudoalteromonas, Psychrobacter and Vibrio were noted (Fig. 5A, Figure $4). At the genus level, the
most important difference between the mature and immature classes was in the case of Vibrio, which decreased
by almost threefold in the mature class (from 9.7% to 3.3%; p <0.001) (Table 3). The difference in Burkholderia
between mature (0.7%) and immature (4.5%) Greenland halibut was also significant (p<0.001). In the case of
Atlantic halibut, the only two discriminative genera between both classes were Psychrobacter and Escherichia/
Shigella (Fig. 5B, Figure $5). As for the a and B-diversity, some significant differences between the blood micro-
biome of mature and immature individuals were noted. In the case of Greenland halibut, we found a significant
difference in the richness index (Fig. 5C), but no differences were noted for the Atlantic halibut (Figure $9).
Significant differences in the B diversity between mature and immature individuals were found for both halibut
species (Figures $6 and §7).

We next assessed whether temperature had an impact on the circulating microbiome signatures. Given the
limited temperature tolerance of Greenland halibut™, we divided the populations into two groups based on
whether they were sampled at temperatures below or above 5 °C. Atlantic halibuts have a wider temperature
tolerance than the Greenland halibuts*™*, higher than the temperature recorded in this study. This is why no
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Figure 3. Core blood microbiome analysis. (A) Mean relative abundance (%) of the core genera aggregated
(90% prevalence) in the cmDNA of the blood microbiome of the Atlantic halibut (H. hippoglossus) (top) and the
Greenland halibut (R. kippoglossoides) (bottom). The mean relative abundance is given in each pie chart, and
the number of aggregated ASV's is indicated next to each pie chart. (B) Venn diagram showing common and
distinctive genera in the blood microbiome. (C) Heatmaps of the core microbiome. These heatmaps identify the
most prevalent bacteria in both halibut species. Atlantic halibut, n==86, Greenland halibut, n=97.

temperature analysis was carried out on this species. Our results showed significant temperature-related dif-
ferences in Greenland halibut at both the phylum and genus levels (Fig. 6A, Figure $6). 'Lhe relative abundance
of Pseudoalteromonas was 34.4% in specimens distributed in relatively cold waters, compared to 19.9% in rela-
tively warm water (p=0.005) (Lable 4). 'The relative abundance of Vibrio was also lower in Greenland halibut,
distributed in warmer water (9.8%) than in cold water (5.9%) (p=0.001). Similar findings were observed in the
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Figure 4. Biodiversity analysis. (A) PCoA plot of the p-diversity of the blood microbiome based on weighted
UniFrac distances. (B) a-Diversity metrics for the cmDNA of Atlantic halibut (blue) and Greenland halibut
(red). ***: p<0.001. (C and D). Discriminative taxa at the phylum and genus levels in the cmDNA of both
halibut populations (p <0.05). Atlantic halibut, n==86, Greenland halibut, n=97.

case of Psendoalteromonas (Figure $8). Again, we found significant variations in the « and p diversity between
temperature classes for Greenland halibut (Figures $6 and §9).

We next determined whether the circulating microbiome varied in association with the size class of the
Greenland halibut. Discriminative taxa included Psychrobacter, which was more abundant in fish-eating small
prey (Fig. 6B), with the highest mean relative abundance of 27.9% in this group (Kruskal—Wallis; p <0.001)
(Table 5). The two other core genera were identified as discriminative in intermediate-sized prey-eating fish,
with a mean relative abundance of 10.4% for Vibrio (p <0.001) and 37.2% for Pseudoalteromonas (p <0.001).
Corynebacterium, Staphylococcus, Acinetobacter and Burkholderia were discriminative for large prey-eating fish
(Figure $10). All these genera were previously documented in teleost fishes’ gul or skin microbiome, and Acine-
tobacter was identified as a biomarker of carnivorous fish (Huang et al. 2020).

Concerning differences between males and females, we found only a few statistically significant differences
(Figure S11). Shewanella and Psychrobacter were more abundant in Greenland and Atlantic male halibut, respec-
tively, whereas the relative abundance of Acinetobacter was more abundant in Atlantic halibut females. This
abundance of Shewanella in female versus male Greenland halibut was significant (0.4% in females compared to
3.2% in males). We did not observe any variations in the a and (3 diversity between males and females for either
species (Figures $6, 87, and §9).
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Figure 5. Maturity analysis. LEfSe analysis of the blood microbiome showing the significantly different taxa

in mature (blue) and immature (red) fish in (A) Greenland halibut (Immature, n =55, mature, n=42) and (B)
Atlantic halibut (Immature, n= 56, mature, n=25). (C).a-Diversity metrics for immature and mature Greenland
halibut. ***: p<0.001.

Species Taxa Immature mean+5E (n=56) | Mature mean+SE (n=25) | Pvalues | Test Statistics W
Proteobacterin 87.3£1.17 743128 <0.001 620
Firmicutes 5120.7 <0.001 <0.01 1543
Actinobacteria 16+0.4 3.8+0.7 <0.001 | 1615
Bacteroideles 33+04 59+09 <0.05 1433
Vibrio 97112 33109 <0.001 438

Greenland halibut
Burkholderia 07103 45+09 <0.001 | 1833
Corynebacterium 0.40.1 1.7£0.5 <0.001 | 1765
Psychrobacter 21.1£23 10.8+2.0 <0.001 G70
Pseudoalteromonas 315429 132+22 <0.001 521
Staphylococcus 0.6+0.2 36+11 <0001 | 1676
Psychrobacter 138+2.0 7.9+23 <0.05 533

Atlantic halibut
Escherichia/Shingella 17£1.5 9.5£5.0 <0.003 | 1008

Table 3. Mean relative abundance of discriminative taxa found in the cmDNA in mature and immature
halibuts. “Values are expressed as percentages.

Finally, according to the factor K, conditions, a health index based on the individual’s plumpness, only Photo-
bacterium was highlighted as a discriminative genus for low-condition Atlantic halibut. In contrast, Streptococcus
was a marker of high-condition individuals (Figure $12). In Greenland halibut, the only significant difference
was the lower abundance of Escherichia/Shigella in the Greenland halibut with a low relative condition factor (K).

Spatial variation. We next tested the hypothesis that variations in the circulating microbiome could be
attributed to geographic distribution. LEfSe analyses showed several variations at the genus level in both halibut
species that were dependent on the collection site (Fig. 7A,B). More specifically, in the case of Greenland halibut,
Photobacterium and Burkholderia were significantly more abundant in the Laurentian Channel than in the other
areas with mean relative abundances of 13.2+2.8% (p<0.001) and 5.2+ 1.0% (p<0.001), respectively (Fig. 7C).
Exiguobacterium and Oleispira were also more abundant in the Northeast Gulf (p < 0.001), whereas Qleispira was
especially abundant in the Estuary and Western Gulf (p <0.001). This finding contrasted with that noted for Psy-
chrobacter, which was equally abundant in the Northeast gulf and the Estuary—Western gulfbut less abundant in
the Chaleur Bay and the Laurentian channel. Among other notable differences in Greenland halibut, we found a
higher abundance of Vibrio in the Chaleur Bay and Northeast Gulf (p <0.001). In the case of the Atlantic halibut,
the Southern Gulf was characterized by a higher abundance of Bizionia (p=0.009) and Neorickettsia (p=0.015)
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Figure 6. Discriminant taxa associated with seawater lemperature and size classes. (A) LEfSe analysis of the

blood microbiome showing the significantly different taxa in Greenland halibut (A) inhabiting cold (n=25) and

warm (n=72) seawater and (B) according to their size class (Class 1, n=36, Class 2, n=22, Class 3, n=39).

Taxa Cold mean+SE (n=25) | Warm mean+ SE (n=72) | Pvalues Test Statistics W
Proteobacteria 87.222.0¢ 79719 <0.05 626

Firmicutes 42108 79110 <0.05 1166
Pseudoalteromonas | 34.4£4.9 <0.01 562

Vibrio 98+1.4 <0005 5055

Table 4. Mean relative abundance (%) of discriminative taxa found in the cmDNA of Greenland halibuts
inhabiting cold and warm water. “Values are expressed as percentages.

Class 1 mean+SE Class 2 mean=+SE Class 3 mean +SE Test Statistics
Taxa (n=36) (n=232) m=39) Pvalues’ | Kruskal-Wallis Xl
Proteobacteria 86414 87.53+2.0 73.9£3.0 <0.005 13.24
Actinobacteria 18105 1.6104 3.9L0.7 <0.01 10.252
Firmicutes 5.8+1.0 4.5+ L0 9.23+16 <0.05 6.5900
Vibrio 88216 10416 3210 <0.001 26.687
Psychrobacter 27.9+29 83+1.4 10.8+2.1 <000 | 26,643
Acinetobacter 2.8+0.7 14404 5.0+1.2 <0.05 6.7541
Pseudolalteremonas | 27.0£2.9 37.2£5.7 129122 <0.001 | 21.364
Burkholderia 08204 18109 4.1+0.9 <0.001 20,681
Alcaligenes 010l 14111 0.02L0.01 =0.00L 21.464
Corynebacterium 0.4+0.2 0301 L7+0.5 <0.001 18.396
Staphylococcus 0.7£0.2 0.8£0.3 3.7+£12 <0.001 14,658

Table 5. Mean relative abundance (%) of the discriminative taxa found in the cmDNA of Greenland halibuts
(R. hippoglossoides) according to the size classes. “Values are expressed as percentages.

relative to that in the Northeast Gulf and a lower abundance of Staphylococcus compared to the Estuary and
Western Gulf (p=0.039) (Fig. 7D). In terms of biodiversity, we did not find notable differences among areas
except for a lower richness in the Laurentian Channel compared to Chaleur Bay (Figure §9).

Discussion
The circulating microbiome is an emerging concept that has drawn a high level of interest in the biomedical
field, given its potential to generate predictive biomarkers and the means to screen for potential pathogens.
In the present work, we applied this concept to characterize the circulating microbiome signature to two wild
halibut populations of economic and ecological importance. We further studied how the microbiome signature
composition and structure correlate with physiological and environmental factors.

Typically, in humans and other species, including fish, most microbiome studies have focused on the gut
microbiome. In this study, even though the fish were euthanized during the DFO bottom survey and sex was
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Figure 7. Spatial analysis. LEfSe analysis of the blood microbiome showing the significantly different taxa in
(A) Greenland and (B) Atlantic halibut according to their localization. (C and D). Relative abundance of the
discriminative genera in Greenland and Atlantic halibut. (*) p <0.05; (**) p<0.01; (***) p <0.00. Greenland
halibut: Estuary-Western Gulf, n =22, Chaleur Bay, n=19, Northeast Gulf, n=22, Laurentian Channel, n=34.
Atlantic halibut: Estuary-Western Gulf, n=14, Southern Gulf, n=11, Northeast Gulf, n=17, Laurentian
Channel, n=44.

assessed by visual characterization, the individual’s sex could have been genetically determined with the blood
samples™, In addition (o ethical and logistical considerations, recent studies in humans and other species have
shown that defining the core blood microbiome using a single drop of blood exhibits considerable potential as a
disease biomarker'®%, The circulating microbiome can be used to facilitate the detection of pathogens, given that
pathogenic (and symbiotic) bacteria are not exclusively found in the gut but also in other tissues. It is important
to note, however, that the presence of bacteria in the blood is not de facto associated with a disease state, as
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the existence of a healthy blood microbiome is increasingly recognized'®. Indeed, the paradigm that the blood
is a sterile compartment has shifted radically since the development of 168 rRNA next-generation sequencing
methods. However, it is not clear at present whether the blood microbiome reflects bacteria that inhabit the
blood in dormancy’® or bacteria that translocate from one niche to another via blood circulation, a process
referred to as “atopobiosis™’. According to this hypothesis, not only do bacteria use blood vessels to migrate
from one tissue to another, but they can also do so by protecting themselves by infecting erythrocytes or white
blood cells. Notwithstanding these fundamental questions, defining a dysbiotic blood microbiome has become
a promising avenue for developing clinical biomarkers™*. Combined with a logistically simple method based
on a single drop of blood that can be stored at room temperature on cellulose paper, our study thus opens the
door to developing a new type of biomarker that could be easily integrated into long-term monitoring programs.

From a fundamental point of view, our study has revealed that the blood microbiome of Greenland halibut and
Atlantic halibut is unexpectedly richer than that reported to date in the blood of other endotherm animals®'~2,
as well as in the gut or skin microbiome of other fish and marine species***%44%-% In addition, we found close
similarities with core blood microbiomes, from other species and organs, such as skin and gut microbiomes, in
terms of phyla (Protecbacteria, Firmicutes, Bacteroidetes and Actinobacteria) and genera'*1*, However, a first
glimpse at the blood microbiome of these two species revealed that their core blood microbiomes share many
features, most notably at the phylum and genus levels. Overall, 30 different phyla, 63 classes, and 685 genera were
identified within the cmDNA of both species. At the phylum level, the microbiome signatures of the cmDNA
were dominated by Proteobacteria, Firmicutes, Bacteroidetes and Actinobacteria, although both species showed
significantly different relative abundances in their phyla. At the genus level, the aggregated core genera were
dominated by Pseudoalteromonas, Psychrobacter and Acinetobacter for both fish. The core ASV analysis provides
more information on the core bacteria found with the aggregated genera. While the core genera were based on
hundreds of ASVs (ASVs that belong to the same genera were aggregated together), those ASV were genctically
different from each other. A closer analysis of each ASV, approximately 30% (on average) of the microbiome
was represented by only five ASVs for Atlantic halibut and nine for Greenland halibut out of 3362 and 5023
ASVs in total, respectively (Figure $13). For example, Pseudoalteromonas represented an average of 23.6% of the
Greenland halibut circulating microbiome when considering all 132 ASVs characlerized as Pseudoalteromonas.
However, the mean relative abundance is unequal among those ASVs, given that one represents 18,2% on aver-
age and the other only 5.4%,. Moreover, no Vibrio nor Siaphylococcus ASV stood out in the ASV analysis, even
though the prevalence was lower. This finding indicates that Vibrio and Staphylococcus vary considerably more
among individuals than Pseudoalteromonas, Psychrobacter and Acinetobacter.

Another notable difference between fish circulating microbiomes was the a- and p-diversity, and the rich-
ness per individual was higher in Greenland halibut. This microbiome was also more diverse in terms of the
number of ASVs (5023 ASVs against 3362 ASVs in Atlantic halibut). We also found distinct genera in each
species (Enhiydrobacter for the Atlantic halibut and Oleispira, Burkholderia or Shewanella, among others for
the Greenland halibut). All these differences could reflect genetic factors and coevolution history, as confirmed
in the case of the gut microbiome'>">". Some genera have been found in the microbiome of other fish. For
example, Enhydrobacter was identified in the mucus microbiome of three freshwater species™” and present in at
least 50% of the circulating microbiome of Atlantic halibut in the current study. Shewanefla is another example
found in high abundance in the gut microbiome of Atlantic mackerel'? and previously described as an indicator
of piscivorous behavior®'. The environment is another factor that plays a role in the structure of the circulating
microbiome. Greenland halibut is a cold-water (1-4 °C) species, whereas Atlantic Halibut is characterized by a
higher temperature tolerance (1-13 °C). Our study also revealed that the relative abundance of the core genera
and phyla varied according to size and temperature for Greenland halibut, Vibrio and Pseudoalteromonas were
identified as discriminative laxa for each environmental factor studied. Vibrio and Pseudoalleromonas were
abundant in cold water and immature individuals, particularly for fish-eating intermediate-sived prey. Addition-
ally, Psychrobacter was significantly more abundant in immature fish for both species, especially in Greenland
halibut eating small prey and male Atlantic halibut. Finally, Acinetobacter varied according to sex in Atlantic
halibut and with the size class in Greenland halibut. It is, however, important to consider confounding factors
before drawing conclusions. For example, in our case, sexual dimorphism implies that males are smaller than
females at the same age in both species. Overall, our results indicate that biotic and abiotic factors, similar to the
fish gut microbiome, impact the core blood microbiome!>!#%?,

An interesting finding was the difference in the blood core microbiota between males and females. Their
microbiome did not differ in a- or p-diversity. However, LEfSe analysis pointed to a genus that discriminated
between males and females in Greenland halibut. Specifically, Shewanella was more prevalent in male Greenland
halibut, as confirmed by the change in relative abundance. This genus did not appear in any other LEfSe for other
classes. In humans and animals, sex is among the most important factors that shape the gut microbiome™. In
fish, such differences between males and females have been reported for the gut microbiome. Indeed, a study
in three-spined stickleback and Eurasian perch showed that the diet-associated microbiota is sex-dependent”.

Our LEfSe analysis comparing the blood microbiome between condition classes showed that fish with high
condition levels presented significantly more Streptococcus than those with low-condition individuals in Atlantic
halibut. In contrast, Phofobacterium and Vibrionaceae were highlighted as discriminative taxa for low-condition
Atlantic halibut. Although both genera have been identified in symbionts of other flatfish gut microbiomes™,
they also comprise well-known pathogenic species™”™. One must cansider, however, that Fulton’s K varies with
multiple factors, including age, sex, and seasons.

Finally, our results highlighted spatial differences in the circulating microbiome signatures, particularly evi-
dent at the genus level (Figures $14 and 515). Several factors could explain such variations, including the loca-
tion of nurseries for Greenland halibuts in some of these areas®’. The genera correlated with the nurseries area
corresponded to those correlated with the immature individuals, i.e., Psychrobacter and Vibrio. However, it is
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important to consider potential confounding effects that may play a role in these variations, most notably for
Burkholderia, which was also found in the large fish that are more commeon in the Laurentian Channel, Although
the reasons behind these variations remain unclear, our data provide the basis for further investigation into the
role of specific biotic and abiotic factors and how changes in these factors impact the circulating microbiome
of these species.

In conclusion, our study provides answers lo crilical research questions about (1) fundamental differences
between both halibut species and (2) the identification of factors that impact their circulating microbiome
signatures. Our manuscript further provides a logistically-friendly sampling method for future longitudinal
studies of dysbiosis in response to environmental stress factors. Based on the use of a single drop of blood fixed
on cellulose paper, we hypothesize that the logistically friendly method we used is particularly well adapted for
long-term monitoring of fish populations, most notably in response to climate change and the increase in ocean
temperatures, It is important to note, however, that precautions, such as proper aseptic method, the use of sterile
equipment, and controls (including no template controls and blank FTA cards) are essential to minimize the
impact of contaminants in the interpretation of the results. Proper aseptic cleaning methods, the use of sterile
equipment, no template controls (including control FTA cards and adjacent punches on the sampled cards), as
well as the use of laboratories, materials and equipment specifically dedicated to the preparation of DNA needed,
are necessary to remain critical in the interpretation of the results With such measures, given the stability of
blood DNA on cellulose papers, this approach is perfectly adapted for biobanking purposes, facilitating future
spatiotemporal retrospective studies. This study brings a first glimpse of what a circulating microbiome in fish
looks like, but many questions remain unanswered. The similarities with the gut microbiome were striking
and should be investigated. Furthermore, sex, maturity, diet and health indicators influenced the microbiome,
especially the core microbiome. However, studies in a more controlled environment with finer maturity assess-
ments, health and diet are needed to confirm these observations. Such studies would also reveal the impact of the
environment on the relationship between physiological factors and the circulating microbiome. Future studies
at a finer taxonomic level combined with multi-omics analysis, including transcriptomics and metabolomics,
are also needed to determine the major driving factors that shape the blood microbiome in these two species.

Data availability

'The sequence data supporting this study’s findings are available on the NCBI website at https://www.ncbinlm.
nih.gov/bioproject/PRINA853332. The full dataset is available at https://doi.org/10.6084/m9.figshare. 21482325,
and the Rstudio code is available at https://doi.org/10.6084/m9.figshare.21482355.
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Figure S4: Relative abundance (%) of the discriminative phylum or genera found in the
blood microbiome of immature (n = 55) and mature (n = 42) Greenland halibuts. (*) p
< 0.05; (**) p < 0.01; (***) p < 0.001.

liv



Hippoglossus hippoglossus

a b
801 *
601
60 1
S
-§0 151 l% =~
= £ Maturity classes
2 S
E -840- E3 Immature
E 101 _—g Mature
8 3
= _y
=y
= 201
[ |
.
|
01 = ” |

Figure S5: Relative abundance (%) of the discriminative phylum or genera found in the
blood microbiome of immature (n = 56) and mature (n = 25) Atlantic halibut. (*) p < 0.05;
(**)p <0.01; (***) p < 0.001.
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Figure S7: PCoA (B-diversity) of the blood microbiome of the Atlantic halibut (R.
hippoglossus). The B-diversity was compared between condition and maturity classes,
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Figure S8: Relative abundance (%) of the discriminative phylum or genera in the
blood of individuals inhabiting cold (<5°C) or warm (>5°C) water. Cold water, n = 25,
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Figure S9: Variations of o-diversity analysis of the blood microbiome of the Greenland
and Atlantic halibut.
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Figure S10: Relative abundance (%) of the discriminative phylum or genera in the blood
of individuals according to diet classes. Small, n = 36, intermediate, n = 22, large, n = 39.
Significant differences between temperature classes were measured using the Wilcoxon-
Mann-Whitney test. (*) p < 0.05; (¥%) p <0.01; (**#%) p < 0.001.
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Figure S11: Relative abundance (%) of the discriminative taxa in the blood of male
and female Atlantic (A) and Greenland (B) halibuts. Significant differences between sex
were measured using the Wilcoxon-Mann-Whitney test. (*) p < 0.05; (**) p < 0.01; (***) p
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Wilcoxon-Mann-Whitney test. (*) p < 0.05; (***) p <0.001

Ixi



. Acinefobacter
. Other

. Pseudoalieromonas 5014
. Psychrobacter -~ ASVs
. Uncharacterized

Figure S13: Mean relative abundance of the core ASVs of the halibuts’ circulating microbiome. Mean
relative abundance (%) of the core ASVs (70% prevalence) present the circulating microbiome of the Atlantic
halibut (#1. hippogiossus) and the Greenland halibut (R. hippoglossoides). The mean relative abundance is given in
each pie. Atlantic halibut, n = 86, Greenland halibut, n = 97.
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Pseudoalteromonas. C. Psychrobacter.

Ixiii



51I°N

50°N

49°N

Latitude

48°N

47°N

46°N

51I°N

50°N

49°N

Latitude

48°N

47°N

46°N

SI°N

50°N

49°N

Latitude

48°N

47°N

46°N

o)
e
o Acinetobacter
@ o® ge ® ® s
o ® 0% o variations
®
75
e® x4 [
o O
e 25
0
o o 25
0O b
o
o
o
o
68°W 66°W 64°W 62°W 60°W 58°W
Toneitnde
e®
o
° ® Pseudoalteromonas
> o® Cco variations
g o o OO ® o
[}
150
0® & e
o e] Py
L 50
s - 050
os :
o
o
o
o
68°W 66°W 64°W 62°W 60°W 58°W
Toneitunde
e®
o
e . Psychrobacter
® o® ®o . e variations
s, *%- -
o
OO Q%O ! 100
. e L Jo) 50
0
o
o@ 50
o
o
o
68°W 66°W 64°W 62°W 60°W 58°W
Lonegitude

Figure S15: Maps of the variations around the mean flatted by a squared root in
the Atlantic halibut (H. hippoglossus) blood microbiome core genera. A.
Acinetobacter B. Pseudoalteromonas. C. Psychrobacter.

Ixiv



Annexe lll

Effets du tébuconazole sur le
microbiome de la truite arc-en-ciel
(Oncorhynchus mykiss) :
Implications pour la santé des
poissons et les conséquences
écologiques
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HIGHLIGHTS
o TBZ exposure impacts rainbow trout microbiome diversity.
o Shifts in bacterial composition due to TBZ exposure.
e Altered functional profiles in TBZ-exposed rainbow trout.
« Complex interactions between TBZ, virus, and fish microbiome.

« Ecological implications of TBZ exposure in aquatic organisms.
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ABSTRACT

Tebuconazole (TBZ) is a commonly used fungicide in agriculture to treat plant pathogenic fungi.
Understanding the effects of TBZ on the microbiome of fish, such as rainbow trout (RT)), is crucial
for assessing fish health and well-being and the ecological consequences in aquatic ecosystems.
The present study investigated the impact of TBZ exposure in the context of experimental infection
with the infectious hematopoietic necrosis virus (IHNV) on the RT microbiome in controlled
laboratory conditions. Blood samples were collected from TBZ-exposed RT and control groups at
various time points, and the microbiome composition was analyzed using 16S rRNA gene
sequencing. The study found significant changes in the beta diversity of the RT microbiome
following 24 days of TBZ exposure. At the genus level, TBZ exposure led to a decline in
Actinomycetota abundance and an increase in low-abundance genera. Principal coordinate
analysis and PERMANOVA analysis demonstrated significant differences in microbiome
composition between the control and TBZ-treated groups. Furthermore, alpha diversity analysis
revealed higher Shannon and Simpson diversity indices in RT exposed to TBZ for 24 days. This
suggests that TBZ exposure alters the composition and diversity of the microbiome in RT.
Functional profiling using PICRUSt analysis predicted significant functional changes, particularly
in endocrine function and other metabolic pathways, indicating potential impacts on fish health.
Additionally, the study found that pre-exposure to TBZ modulates the mucosal microbiome of
IHNV-infected RT, highlighting the complex interactions between chemical exposure, viral
infection, and the fish skin microbiome. The study's findings suggest that TBZ exposure can alter
the microbiome's composition, diversity, and functional profiles in RT. These results provide

valuable insights into the potential ecological implications of TBZ exposure on aquatic organisms.
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1. Introduction
Fungicides like tebuconazole (TBZ) are commonly employed in various agricultural and
horticultural practices. TBZ belongs to a class of fungicides called triazoles, which are widely used
to control fungal diseases in crops such as cereals, fruits, vegetables, and ornamental plants. TBZ
can be applied through various methods, including foliar sprays, seed treatments, and soil
drenches, depending on the target crop and disease, and can enter non-target aquatic habitats
through spray drift and run-off. While these chemicals effectively combat harmful fungi, they can
also have unintended consequences on non-target organisms. TBZ, for example, has been shown
to alter the activity and structure of soil microbial communities (El Azhari et al., 2018; Han et al.,
2021; Bacmaga et al., 2022). More recently, it has also been shown to alter the microbiome’s
structure of the brown planthopper (Nilaparva lugens) (Ren et al., 2023), the Zebrafish Danio rerio
(Jiang et al., 2021), and mice (Meng et al., 2022; Ku et al., 2023). Understanding how fungicides
impact the microbiomes of organisms is of great significance due to the vital roles these

microbiomes play in the overall health and well-being of the host.

RT is an important component of aquatic ecosystems and is crucial in maintaining their balance.
The health and welfare of RT are vital for the sustainability of their populations, fisheries, and
aquaculture industries. Moreover, RT populations are often used as indicators of the overall health
of aquatic ecosystems and are frequently used as a biological model in ecotoxicology. Fish's
circulating and skin microbiomes are essential for maintaining normal physiological functions,

including immune system regulation, nutrient metabolism, and defense against pathogens.
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In the present work, we investigated the effects of TBZ on RT's circulating and skin microbiomes

under controlled conditions and during experimental infection with the IHNV.

2. Materials and Methods

2.1.Experimental Animals
Our study used specific pathogen-free RT (Oncorfiynchus mykiss) sourced from the protected and
monitored facilities at the ANSES Plouzané laboratory site in France (Dupuy et al., 2019). A total
of 975 RT, comprising a mixture of males and females, with an average weight of 26 + 4g, were
acclimated for 15 days before the experiment. Some individuals underwent thorough examinations
and bacteriological and virological analyses to ensure their optimal health condition. Throughout
the acclimation period and the experiment, the fish were provided with a daily feeding regimen
consisting of commercial dry pellets (Neo prima 4 pellets, Le Gouessant Aquaculture, Lamballe-
Armor, France). This standardized feeding approach ensured consistent nutritional intake for the

RT throughout the study.

2.2. Tebuconazole
Tebuconazole (TBZ; 1-p-chrlorophenyl-4,4-dimethyl-3-(1H-1,2.4-triazol-1-ylmethyl)pentan-3-
ol, chemical formula C16H22CIN30; CAS107534-96-3) is a triazole fungicide. Detailed
information about its chemical and physical characteristics can be found on the PubChem website
at https://pubchem.nchi.nlm.nih.gov/compound/Tebuconazole. The TBZ used in this study was
obtained as a powder (from Sigma-Aldrich, Germany). A 1g/L stock solution was prepared weekly
by dissolving TBZ in methanol to ensure better dispersion of the toxicant. This stock solution was
stored in the dark at 4°C until use. For experimental exposure, the stock solution was diluted in

fresh water to achieve concentrations of 0.23 or 10 pg/L of TBZ, representing chronic or acute
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environmental pollution levels, respectively (De Sousa et al,, 2020; Kang et al., 2020). Notably,
the methanol concentration in the exposure units remained below 0.0001%, which is well below

the No Observed Effect Concentration (NOEC).

2.3.Virus Production and Titration
For our experiments, we used the THNV strain N61 (genotype E), which was isolated from RT fry
exhibiting typical signs of IHN. A 100 ml stock of the virus was produced at 14°C using an
epithelioma papulosum cyprini cell line (Fijan et al., 1983) in Tris-buffered Stoker's medium (pH
7.6), supplemented with 10% fetal bovine serum (FBS). Once the cytopathic effect was observed,
the cell culture supernatant was cenfrifuged for 15 min at 2,000 x g and subsequently stored at -
80°C. An aliquot of the stock was titrated using the 50% tissue culture infective dose (TCIDS0)
endpoint method in 96-well plates, following the calculation method described by Karber (1931).

The infectious titer of the viral production was determined to be 5.107 TCIDso/ml.

2.4. Experimental Design

The study was conducted under controlled laboratory conditions at the ANSES laboratories,
authorized by the MSRI (Ministry of Scientific Research and Innovation), with the study protocol
approved by the APAFIS (Animal Protection Committee) under reference number #29714-
2021020817172290 v6. The care and treatment of the animals adhered to the animal welfare laws,
guidelines, and policies established by the Government of France, as overseen by the Ethics
Committee (Ethics Committee No. 16). The experiment was conducted under a natural light/dark
cycle (approximately 14 h of light and 10 h of darkness in spring) in a room with hourly air volume

changes. The water temperature was continuously maintained at 11 &+ 2°C and monitored using a

Ixxiii
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wireless probe (Caobalt, Oceasoft®) connected to an acquisition system (ThermoClient 4.1.0.24).
Weekly measurements of oxygen saturation, nitrate, and nitrite concentrations were performed
using an Oxymeter (WTW-OXI3151) and the JBL® colorimetric test. The RT were randomly
distributed among three conditions, with four tanks assigned to each condition. These conditions
included a control group and two groups exposed to different concentrations of TBZ. For 24 days,
the exposure tanks were continuously supplied with fresh water and a volume of TBZ stock
solution to maintain optimal water conditions for the fish. The water was renewed every 3 h to
ensure oxygen saturation above 80%, pH close to 8, and absence of nitrates and nitrites. The fish
in the exposure tanks were exposed to either a low concentration (0.23 ug/l) or a high
concentration (10 pg/L) of TBZ. Subsequently, a subset of RT from the TBZ-exposed groups and
the control group were further exposed to I[HNV through bath balneation to investigate the stress
on stress effects of TBZ exposure and viral infection on RT microbiomes. The remaining RT
served as uninfected controls. The bath balneation involved immersing the fish in static freshwater
with high oxygenation containing 10° TCIDse/mL of IHNV (or non-infected EPC cell supernatant
for negative controls). After 4 h, the water inlet was adjusted to a flow rate of 0.3 m3/h. During
the viral challenge, the fish's general behavior, clinical signs of rhabdovirosis, and mortality were
recorded twice daily. Any deceased individuals were stored at -20°C for viral examination, and
the presence and concentration of the virus were assessed in a pool of organs (spleen, kidneys,
heart, and brain) following the protocol described by Louboutin et al. (2021). At six weeks post-
infection, all surviving fish were sampled, and 2 mL of blood was withdrawn from the caudal vein
using a lithium heparinized vacutainer (BD Vacutainer LH 85 IU) to measure neutralizing

antibodies in RT plasma.

2.5. Sampling
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Throughout the exposure period, triplicate samples of 500 mL of water were collected from the
middle of the water column in each exposure tank to assess the concentration of TBZ. Fish samples
were obtained from each exposure tank at three-time points: 24 h (T1}, 7 days (T2), and 24 days
(T3) into the TBZ exposure period. Additionally, fish were sampled after 24 h (T4), 72 h (T5), and
46 days (T6) following [HNV infection. Blood and mucosal samples were collected following
established protocols (Caza et al., 2019). Blood was withdrawn from the caudal vein with a lithium
heparinized vacutainer (BD Vacutainer LH 85 [U). Drops of blood were promptly deposited onto
FTA® cards (Sigma—Aldrich, Oakville, ON, Canada). Subsequently, the samples were allowed to
air dry and then stored in a plastic bag with a desiccant to maintain their integrity. A sterile cell
scraper was employed to gently scrape along the fish's lateral line for mucosal sampling. The
collected mucus was immediately transferred onto FTA® cards, ensuring complete coverage of
the designated disc area. The same preservation method described above was applied to the
mucosal samples, ensuring proper drying and storage conditions. Lastly, at the conclusion of the
24-day TBZ exposure period, muscle samples were obtained from the fish and promptly frozen at

-80°C for subsequent analysis of TBZ bioconcentration.

2.6. Chemical Analysis
The determination of TBZ concentrations in water and fish flesh was conducted using a validated
method (n® MIOE-MO-0040) accredited by the French Accreditation Committee (Cofrac). The
analysis involved a two-step process: solid-phase extraction (SPE) followed by liquid

chromatography-tandem mass spectrometry (LC-MS/MS).

2.7. DNA Extraction, Preprocessing, and Sequencing Microbiome
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All DNA extraction and purification procedures were performed in a controlled, clean room
environment, maintaining precise control over pressure, temperature, and humidity to minimize
contamination risks. Individual discs were carefully excised from the FTA® cards using a sterile
5.0 mm single round hole punch. Total DNA extraction was conducted using the QlAamp DNA
Investigator Kit (Qiagen, Toronto, ON, Canada) following the manufacturer's protocol. The
concentration of extracted DNA was quantified using the Qubit dsDNA Quantification, High
Sensitivity kit (ThermoFisher, Waltham, MA, USA). Amplification of the V3-V4 region of the 165
rRNA gene and subsequent amplicon sequencing were performed at the Centre d'Expertise et de
Services Génome Québec (Montréal, QC, Canada). Universal primers 341F (5°-
CCTACGGGNGGCWGCAG-37) and 805R (5°-GACTACHVGGGTATCTAATCC-37) were used
to amplify (Klindworth et al., 2013). To prepare the sequence libraries, the TruSeq® DNA Library
Prep Kit (Illumina, San Diego, CA, USA) was employed, and library quantification was performed
using the KAPA Library Quantification Kit designed for Illumina platforms (Kapa Biosystems).
Paired-end sequencing was conducted on the MiSeq platform PE300 (Illumina Corporation, San
Diego, CA, USA) using the MiSeq Reagent Kit v3 600 cycles (ITlumina, San Diego, CA, USA).
The raw sequencing data files have been deposited in the NCBI Sequence Read Archive (SRA)
under the project accession number PRINA1026604. These data are publicly available for further

analysis and investigation.

2.8. 1685 rRNA Data Processing.

The Illumina sequence data in FASTQ format were processed using Cutadapt (version 2.8} for
trimming. To generate the amplicon sequence variants (ASVs) of the 16S rRNA gene (V3-V4
region), we employed the DADA?2 pipeline (version 1.16.0, CA, USA) as described by Callahan

etal. (2016). Subsequent analysis of the ASVs was conducted within the R environment (R version
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4.0.3, VIEN, AT). The forward and reverse reads were trimmed, filtered, and truncated using the
filterAndTrim function in the DADAZ2 pipeline. The error model (maxEE) was calculated for both
the forward and reverse reads, and low-quality reads were eliminated. After denoising and
merging, any chimeric sequences (bimeras) were removed from the datasets. All retained reads
had an average quality score of >30. For the taxonomic assignment of the ASVs, we utilized the
RDP (Ribosomal Database Project) 16 classifier database, as outlined by Vilo et al. (2014). To
characterize the microbial communities, we employed several R packages, including phyloseq
v.1.34.0 (McMurdie & Holmes, 2013), microbiomeSeq (version 0.1) (Ssekagiri et al., 2019),
microbiomeMarker (version 1.3.3) (Cao 2022), and vegan (version 2.6.4) (Oksanen et al., 2022).
These packages provided the necessary tools for comprehensive analysis and characterization of

the microbial communities in our study.

2.9. Statistical Analysis

To assess the alpha diversity index, we used the phyloseq R package (McMurdie & Holmes, 2013).
Wilcoxon rank sum tests were performed to compare the average value of each group. To
determine the differences in microbiota composition among the groups, we employed multivariate
analysis of variance with permutations (PERMANOVA), using 9999 permutations. Pairwise
permutation tests were subsequently conducted to compare specific group differences. For the
functional analysis of the blood and skin microbiomes, we predicted the functional content using
the KEGG database through the Phylogenetic Investigation of Communities by Reconstruction of
Unobserved States (PICRUSt2) software (Douglas et al., 2020). Linear discriminant analysis
(LDA) effect size (LEfSe) analysis was performed to identify taxa that significantly differentiated

the samples. The logarithmic score threshold for the LDA analysis was set at 3.0. Principal
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coordinate analysis (PCoA) based on the UniFrac distance was conducted to visualize the
differences in overall bacterial community composition among the specimens. Additionally,
permutation multivariate analysis of dispersion (PERMDISP} was carried out using the betadisper
function to test for the homogeneity of multivariate dispersion, which assesses deviations from
centroids among the specimens. This analysis provided insights into the variation in bacterial

community composition among the studied samples,

3. Results

3.1.TBZ Bioconcentration
To investigate the impact of TBZ exposure on the RT microbiome, we conducted a well-controlled
study using separate groups of RT housed in tanks. The first experimental group was exposed to a
concentration of 230 ng/L (referred to as the "low TBZ" group), while the second experimental
group was exposed to a concentration of 10 pg/L (referred to as the "high TBZ" group). In the
control tanks, both water and fish flesh samples exhibited TBZ concentrations below the detection
limit of the analytical methods. Throughout the experiment, the mean TBZ concentrations
measured in the exposure tanks closely aligned with the nominal concentrations. Specifically, in
the low-concentration units, the measured concentrations averaged between 0.2 £ 0.1 and 0.3 pg/L,
while in the high-concentration units, the measured concentrations ranged from 3.2 + 0.2 to 5.8 =
0.1 pg/L. Following a 24-day exposure period, the TBZ fish TBZ concentration in muscle tissue
was 5.0 £ 2.0 pug/kg. In contrast, fish exposed to the high TBZ concentration displayed a higher
bioconcentration, reaching 261.7 = 137.7 pg/kg in their muscle tissue. Throughout the study, no

mortality was observed in any groups, indicating the absence of acute toxic effects caused by TBZ
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exposure. Furthermore, we found no significant differences in the RT's weight, length, or general

condition between the control group and those exposed to TBZ (Supplementary Figure 1a).

3.2.The Impact of TBZ on the Blood Microbiome at the Phylum Level.
A total of 101 blood samples were collected, including samples taken before exposure (Day 0) and
at different time points post-exposure (on days 1, 7, and 24). To compare the composition of the
circulating microbiome in blood samples from TBZ-exposed and control RT, we performed
standard sequencing analysis targeting the V3-V4 region of the 165 rRNA gene, commonly found
in the genomes of bacteria and archaea. On average, we obtained 15,003 £ 8,270 reads per
individual after cleaning the data. The DNA reads obtained from the sequencing were
computationally assigned to taxonomic groups, allowing us to compare the microbial composition.
At the phylum level, the dominant phyla observed in the blood microbiome signature were
Bacillota, Actinomycetota, Pseudomonadofa, and, to a lesser extent, Bacteroidota and
Cyanobacteria (Figure 1). After 24 days of exposure to both low and high concentrations of TBZ,
significant increases in the abundance of the phyla Bacteroidota (p = 0.018 and p = 0.008,
respectively) and Pseudomonadota (p = 0.048 and p = 0.011, respectively) were observed,
compared to the non-exposed control group. Additionally, a Linear Discriminant Analysis (LDA)
effect size (LEfSe) analysis revealed a higher abundance of Bacteroidota at day 24 (LDA score:

4.829, p = 0.02). These findings suggest that exposure to TBZ can lead to distinct changes in the
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composition of the blood microbiome, particularly an increase in Bacteroidota, tfollowing

prolonged exposure.
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Figure 1: Phylum-level circulating microbiome. Relative abundance of the taxa
in individual trout for each group at different times during exposure to TBZ.

3.3.Genus-Level Alterations in the Microbiome Following Tebuconazole Exposure.
At the genus level, the core circulating microbiome consisted primarily of three genera:
Prauserella  (Actinomycetota  phylum),  Alteribacillus  (Bacillota), and Rubrobacter
(Actinomycetota), which were found in more than 90% of the samples (Figure 2A). When
investigating the impact of TBZ exposure at the genus level, we observed significant differences.
For example, the genus Allosalinactinospora (LDA 4.695, p = 0.009) was found to be discriminant
(lower abundance) for the low TBZ group on Day 24. Examining the 'others' category, representing

genera with a frequency of less than 5% of ASVs, we found a notably higher number of low-
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Together, these results demonstrate that exposure

abundance genera in RT exposed to either low or high concentrations of TBZ (Figure 2B).
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Figure 2: Genus-level circulating microbiome. (A) Relative abundance of the taxa in
individual trout for each group at different times during exposure to TBZ. (B) Genera
identified as "others" (< 5%) in (A) for each group on Day 24. Control group (Blue),
Low TBZ (Green), High TBZ (Red).
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3.4.Effect of TBZ on Trout Circulating Microbiome: Insights into Microbial Changes and
Diversity.

To further examine the effect of TBZ on the microbiome, we performed a pCOA (Principal
Coordinate Analysis) Weighted-Unifrac analysis, a multivariate statistical method commonly used
in microbiome research to examine the dissimilarity or similarity between microbial communities
based on their overall phylogenetic composition. Our results revealed a significant change in
microbiome composition between the control group and the TBZ-treated groups (p = 0.008)
(Figure 3). Similarly, a PERMANOVA analysis demonstrated significant differences between the
control group and the low TBZ group (p = 0.023) and between the control group and the high TBZ
group (p = 0.009) (Table 1). Regarding the alpha diversity, our data showed a higher Shannon
diversity index for RT exposed for 24 days at low or high TBZ concentrations (low TBZ: p =
0.022; high TBZ, p = 0.005) (Figure 4). A statistically significant increase was also found in the

Simpson index for RT exposed for 24 days at low or high TBZ concentrations (Low TBZ: p =

Table 1: Comparison of TBZ-exposed groups to control group using Unifrac
distance weighted p values.

TBZ, vs Control  TBZUt vs Control  TBZIow vs TBZU'

Day 1 0.521 0.528 0.528

Day 7 0.830 0.386 0.830

Day 24 0.023 0.009 0.691
13
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251  0.021; high TBZ, p = 0.004). Taken together, these results further validate that exposure to TBZ

252 alters the circulating microbiome of RT.
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Figure 3. Non-metric multidimensional scaling (MDS1 and MDS2) ordination
plot. Convex hull polygons show differences in microbial sequence assemblage
compositions among the control group (Untreated) and trout exposed to low and
high concentrations of TBZ.
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254
255 3.5.Prediction of the Functional Profile of Bacterial Communities
256  Next, we carried out a PICRUSt analysis (Phylogenetic Investigation of Communities by

257  Reconstruction of Unobserved States) to gain functional insights into the microbial community

15

Ixxxiv



258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

based on its composition. PICRUSt is a bioinformatics tool that predicts functional impacts on the
interaction between the blood microbiome based on 16S rRNA gene sequencing data (Langille et
al., 2013). Our analysis revealed several statistically significant functional changes induced upon
exposure to low and high TBZ concentrations compared to the control group (Figure 5). The LDA
score obtained from the PICRUSt analysis revealed negative and positive associations when
comparing the group exposed to low and high concentrations of TBZ to the control group, most
notably regarding the endocrine function, consistent with previous studies showing that TBZ
should be considered an endocrine disruptor (Taxvig et al., 2007; Li et al., 2019; Draqgskau et al.,
2022). We also found significant changes in cellular processes related to growth, cell death, and
vulnerability to infectious and parasitic agents (p = 0.002). The analysis also predicted changes in
lipid metabolism, xenobiotic degradation, and cellular membrane function, suggesting a
comprehensive alteration in metabolic and cellular processes in the high TBZ group compared to
the control group. These findings highlight more pronounced changes in the functional profiles of
bacterial communities following exposure to TBZ.

m TBZLow
B TBZ High

Biosynthesis of other secondary metabolites

Endocrine system

Cell growth and death

Infectious disease: parasitic

Biosynthesis of other secondary metabolites

Membrane transport
Endocrine system

3 -2 -1 0 1 2 3 4
LDA Score

Figure 5. LEfSe analysis of microbial functions predicted by PICRUSt in
different groups. LDA, linear discriminant analysis; LEfSe, linear discriminant
analysis effect size; PICRUSt, Phylogenetic Investigation of Communities by
Reconstruction of Unobserved States.
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3.6.Alterations of the Circulating Microbiome in RT Pre-Exposed to TBZ and IHNV.
Recent studies have demonstrated that exposure to pesticides can modulate trout's immune
response to viral infections, particularly infectious hematopoietic necrosis viruses, a well-studied
virus of salmonid fishes (Eder et al., 2008; Danion et al., 2012; Dupuy et al., 2019). Considering
the close functional relationships between the immune response and the microbiome, we
investigated whether a 28-day pre-exposure to TBZ could modulate the circulating microbiome of
RT infected with IHNV. To test this hypothesis, a subset of RT from the TBZ-exposed and the
control groups were further exposed to IHNV through bath balneation to investigate the combined
stress effects of TBZ exposure and viral infection on RT microbiomes. In the infected groups,
classical signs of THN disease were evident, including darkening of the skin, petechial hemorrhage
in the visceral fatty tissues and around the eye pupil, swollen abdomen, and pallor of the internal
organs. No mortality, clinical symptoms, or lesions were observed in the negative control group
(non-infected). The distribution of cumulative mortality did not show significant differences
among the infected groups. Mortality began at 6 days post-infection (dpi) and stabilized after 17
dpi, with approximately 90% survival regardless of the TBZ exposure condition (Supplementary
Figure 2b). Viral examination confirmed that the mortality observed during the challenges was
associated with the virus. For our study, we paid particular attention to the early phase of the
immune response, characterized by significant changes in the immune parameters (Purcell et al.,
2004). When comparing the IHNV-infected groups that had been exposed to low and high
concentrations of TBZ to the non-exposed infected group, no significant differences in phylum
and genus levels were found at 24 (T4) and 72 (T5) h post-infection (Figure 6A). However, after
46 days (T6), we observed a slight but statistically significant change in the abundance of

Actinomyceta (p = 0.052) between the [HNV-infected group pre-exposed to TBZ and the control
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297  infected group. Further analysis at the genus level revealed no discernible taxa above an LDA
298  score of 4. These findings were supported by PERMANOVA and weighted UniFrac analyses. No

299  significant dissimilarity was observed at 1 and 3 days after infection. However, at 46 days, the
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Figure 6: Circulating Microbiome Analysis in IHNV-Infected Trout following Pre-Exposure to
Low and High Concentrations of TBX. (A) and (B) Phylum (> 0.5%) and Genus-level Microbiome
Compositions: Bar chart depicting the relative abundance of microbial taxa at the genus level in the
different experimental groups. (C) Non-metric multidimensional scaling (MDS1 and MDS2) ordination
plots. No significant changes were observed at 24 (p = 0.898) and 72 (p = 0.760) hours post-infection for
any of the four groups. A statistically significant difference (p = 0.039) was observed at day 70 between
infected trout exposed to low doses of TBZ and the non-exposed, infected group.
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[HNV-infected group pre-exposed to low concentrations of TBZ demonstrated a difference
compared to the control-infected group (p = 0.0388) (Figures 6B and C). These differences did
not, however, impact the alpha diversity (Figure 7). In summary, the viral infection did not change
the composition of the circulating microbiome or alpha-diversity indices compared to the
uninfected group. However, a specific phylum was potentially influenced by prior exposure to low

TBZ, indicating persistent microbiome modulation even after the cessation of TBZ treatment.
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Figure 7. Alpha diversity metrics of the skin microbiome of IHNV-infected RT
pre-exposed to TBZ. Shannon, Richness and Simpson diversity indices for each

group.
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3.7.Does Pre-Exposure to TBZ and IHNV Infection Induce Alterations of the Skin
Microbiome?

The skin microbiome of fish plays a crucial role in their overall health and well-being by acting as
a barrier against potential pathogens and aiding in environmental adaptation. To investigate the
impact of TBZ and IHNV infection on the skin microbiome, mucus samples were collected 24 and
72 h after IHNV infection and the cessation of TBZ exposure. These time points were chosen to
comprehensively understand the host-virus interaction, infection progression, and associated
changes in the host immune response and skin microbiome (Eder et al., 2008; Danion et al., 2012;
Dupuy et al., 2019). Our data first revealed distinet differences in the composition of the mucosal
microbiome compared to the circulating microbiome. The dominant phyla in the mucosal
microbiomes were primarily Pseudomonodata, Bacteriodata, and, to a lesser extent,
Planctomycetota and Verrucomicrobiota (Figure 8A). At the genus level, we observed a diverse
repertoire of bacteria in the mucus compartment compared to the blood microbiome (Figure 9A
and Supplementary Figure 3). The number of genera in the mucus compartment was
significantly higher, ranging from 10 to 40 times more than in the blood (Figure 9B).
Discriminative genera, such as Flavobacterium (LDA 4.5) and Rheinheimera (LDA 4.4), were
identified in the group pre-exposed to high concentrations of TBZ. At 72 h, no discriminative phyla
or genera with an LDA value greater than four were observed. In our PERMANOV A analysis, we
found that IHNV infection significantly affected the mucosal microbiome at 24 and 72 h in the
untreated (not pre-exposed to TBZ) group (p = 0.046 and p = 0.003, respectively) (Figure 8B).
Additionally, in RT infected with THNV, we observed a significant difference at 24 h between
untreated RT and those pre-exposed to either low or high TBZ concentrations (p = 0.004 and p =

0.001, respectively). A similar effect of low or high TBZ concentrations was observed at 72 h (p
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320 = 0.0002 and p = 0.0003, respectively). Pre-exposure to TBZ also significantly altered alpha
330  diversity for both groups at 72 h post-infection, as indicated by all three diversity indexes (Figure

331  8C). These findings demonstrate that pre-exposure to TBZ modulates the mucosal microbiome of
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Figure 8: Composition and diversity of mucosal microbiome. (A) Phylum-level
mucosal microbiome. Relative abundance of the taxa in individual trout for each
group at 24 and 72 hours post-infection. (B) Non-metric multidimensional scaling
(MDS1 and MDS2) ordination plots. Convex hull polygons show differences in
microbial sequence assemblage compositions among the control groups and trout
exposed to low and high concentrations of TBZ. (C) Alpha diversity metrics showing
Shannon, Richness and Simpson diversity indices for each group. * p < 0.05.
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332 IHNV-infected RT, highlighting the intricate interactions between chemical exposure, viral

333  infection, and the fish skin microbiome.
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Figure 9: Genus-level mucosal microbiome. (A) Relative abundance of the taxa in
individual trout for each group at different times post-infection. (B) Comparative

analysis showing unique and common genera between mucosal (blue) and blood
(beige) microbiomes.
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4. Discussion

The bacterial microbiome is crucial in maintaining individual homeostasis and overall health. In
humans, dysbiosis in the intestinal microbiome has been linked to various autoimmune diseases
(Wuetal., 2012; Lin and Zhang, 2017; Mousa et al., 2022), as well as metabolic disorders such as
diabetes and obesity (Hou et al., 2022; Cox et al., 2022). Additionally, the microbiome protects
against pathogenic infections (Afzaal et al., 2022). In this work, we demonstrated that exposure to
TBZ disrupts the RT microbiome. More specifically, our study indicates that 1) exposure of
juvenile RT for 24 days to TBZ disrupts the circulating microbiome of RT, particularly at
environmental doses or at doses from accidental spills; 2) Following 24 days of exposure to low
and high concentrations of TBZ, the phylum Bacterocidota and Pseudomonodota exhibited
significant increases in the circulating microbiome compared to the non-exposed control group; 3}
at the genus level, we observed a higher number of low-abundance genera in RT exposed to either
low or high concentrations of TBZ; 4) these changes in the circulating microbiome predicted
functional changes in lipid metabolism, xenobiotic degradation, and cellular membrane function,
suggesting a comprehensive alteration in metabolic and cellular processes following exposure to
TBZ, and 5) pre-exposure to TBZ altered the circulating and mucosal microbiomes of RT exposed

to IHNV.

Our study makes a significant contribution by being the first to demonstrate the impact of TBZ on
the microbiome of an aquatic species, thus expanding our understanding of the ecological effects
of this compound in aquatic environments. Moreover, it is one of the few studies that specifically
aims to investigate the effects of TBZ on an animal’s microbiome. Previous research on TBZ has

predominantly focused on its effects on the microbiome of soil, plants, or insects (Pesce et al.,
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2026; Han et al., 2021; Bacmaga et al., 2022; Li et al.,, 2019; Ren et al., 2023; Yu et al., 2023;
Zhang et al., 2023). There have been a limited number of studies conducted in mice where TBZ-
induced disruption of the microbiome over similar timeframes to our experimental model has been
associated with the promotion of inflammatory processes and alterations of synaptic integrity (Ku
et al., 2023; Meng et al., 2023). Our findings also offer valuable insights into the functional
consequences of TBZ exposure on the metagenome. Our functional analysis revealed potential
alterations in several metabolic pathways, even at environmentally relevant doses. The observed
changes in endocrine functions are of particular concern, which aligns with prior research
identifying TBZ and other pesticides as endocrine-disrupting chemicals (EDCs) (Duh-Leong et
al., 2023). Our findings are consistent with Li et al.'s study, which demonstrated the endocrine-
disrupting effects of TBZ through laboratory exposure on zebrafish (Li et al., 2019). Thus, our
study contributes to the growing body of research on the impact of EDCs on the microbiome

(Rosenfeld, 2017; Velmurugan et al., 2017; Calero-Medina et al., 2023; and Vacca et al., 2024),

Our study revealed significant alterations in the alpha diversity indices of the microbiome
following 24 days of TBZ exposure. Increases in the Shannon and Simpson indices, commonly
employed to assess microbial community diversity in response to chemical exposure, have been
reported in various organisms, including invertebrates and humans (Castelli et al., 2021; Ma et al.,
2020; Bai et al., 2019; Lei et al., 2019; Wang et al., 2019). However, it is crucial to acknowledge
that the effects of pesticides on the microbiome can vary depending on several factors, such as the
specific pesticide, dosage, duration of exposure, and the species involved. In some instances,
chemical substances may have the opposite effect, reducing biodiversity or the proliferation of

specific pathogens or bacteria. This observation is consistent with the Anna Karenina principle,
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which posits that perturbations in the microbiome can result in either a decrease or an increase in

diversity and stability (Zaneveld et al., 2017).

To the best of our knowledge, our study represents the first evidence that exposure to fungicides
disrupts the skin microbiome in fish. We have observed significant alterations in the beta
biodiversity of the skin microbiome, while no changes were observed in alpha diversity. The skin
microbiome plays a crucial role as the first line of defence against opportunistic environmental
pathogens for fish. It competes for resources, produces antimicrobial compounds, facilitates
adaptation to different environmental conditions, and aids in wound healing by preventing the
colonization of harmful bacteria while promoting the growth of beneficial bacteria that contribute
to tissue regeneration. Our results also raise the possibility that changes in the microbiome may
favor the emergence of pathogen bacteria. These findings will guide our future investigations into
the effects of TBZ on mucosal functions. Understanding these dysbioses will help us assess the
long-term impacts on the health status of aquatic species, such as RT, in ecosystems where TBZ

and other EDCs may be present.

Our study focused specifically on analyzing circulating microbial DNA to identify potential
changes associated with TBZ exposure. The circulating microbiome concept has emerged as a
powerful alternative to invasive, lethal, and logistically challenging tissue biopsies (Whittle et al.,
2019; Sciarra et al., 2023). In medicine, the characterization of the peripheral blood-derived
microbiome signature is increasingly utilized by clinicians to assess an individual's health status,
detect dysbiosis and potential pathogens, and inform disease severity and progression. This
concept is also gaining momentum in ecology, as studies on the circulating microbiome of dog,

bovine, wild bird, and wild fish populations have revealed that the genetic structure of the blood
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microbiome, similar to humans, is influenced by genetic and environmental factors (Mtshali, 2022;
Herder et al., 2023; Ferchiou et al., 2023; Fronton et al., 2023; Fronton et al., 2024; Mani et al.,
2023; Mufioz-Baquero et al., 2023). It is also a logistically friendly, non-invasive approach that
could guide future studies on pathogens' emergence following TBZ exposure or any other
environmental stressor. While sequencing the V3-V4 region of the 16S rRNA gene can be a
valuable tool in microbial identification and community analysis, it is generally not sufficient for
definitively identifying specific pathogens on its own because it does not provide enough unique
sequence information to distinguish between closely related species, particularly within the same
genus, where pathogens often reside. Thus, confirmatory methods like whole genome sequencing

or targeted sequencing are needed for identifying pathogens.

5. Conclusion.

This study illustrates the importance of better understanding the effects of endocrine disruptors
on aquatic species. Based on our findings, it would be beneficial to investigate their impact on
various aquatic species to better understand the potential ecological consequences and identify
any species-specific responses. Here, we focused on a 24-day exposure period, but examining the
effects of prolonged or chronic exposure to fungicides and EDCs would be informative. Long-
term studies can reveal cumulative effects, potential recovery, or adaptation mechanisms and
provide insights into the persistence of microbiome alterations over time. Understanding the
underlying mechanisms by which TBZ and other EDCs impact the microbiome will also be
important. This can involve exploring the direct effects of these chemicals on microbial
communities and investigating potential indirect effects through changes in host physiology,

immune responses, or other factors. Future research should also consider that aquatic ecosystems
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often face multiple stressors simultaneously. Investigating the interactive effects of fungicides
and EDCs with other environmental stressors, such as pollutants or climate change-related factors,
can provide insights into the combined effects and potential synergistic or antagonistic
interactions. Such future research programs will contribute to risk assessment and management
efforts and ultimately support the conservation and sustainable management of these vital

environments.
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Supplementary Figure 1: General conditions of trout exposed to TBZ.
(A) Changes of total length (cm) and weight (g).

[= )
<
1

=~
<
1

non-infected
--------- Control+IHNv

Survival rate (%)
w
<

(¥S]
<
1

20 4
—O0— low TBZ-HNv
10 1 —e— High TBZ-IHNv
0 T T T T T T T T T T T

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Day post-infection (dpi)

Supplementary Figure 2: Kinetics of cumulative mortality (%) in negative
control fish (black line), infected fish with IHNV previously not exposed to
TBZ (dotted line), exposed to low TBZ (white circle) or exposed to high
TBZ (black cross). Data are expressed as a function of time in days post-
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Supplementary Figure 3: Relative genus-level abundance (>1%) of the blood
microbiome at (A) 24 hours, (B) 72 hours, and (C)46 days post-infection.
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Table S1. Nominal and measured concentration of TBZ in freshwater (ug/L) and in
fish flesh (png/kg). Values are means + standard deviation (SD). (r = 7 and 9 for
measurement of water concentration and n = 3 for flesh.

Nominal [TBZ] Measured [TBZ] in Measured [TBZ] in flesh
exposure (ng/l.) freshwater (ug/1.) (pg/kg)
0 Blg* blg
0.23 0.25+0.05 5.00 £ 2.00
10 469+1.27 261.70 £ 137.68

*: Below limit of detection (<1 ng/L).
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Annexe IV

Comparaison des profils de taille du
ccfDNA entre les organismes a
systeme circulatoire fermé et ceux a
systeme circulatoire semi-ouvert

cxi



e

~0.1-1.5 pg/mL
hémolymphe

~ 2000 bp

\

e

| T

ccfDNA des albatros a nez jaune
(Thalassarche chlororhynchos)

~160bp

sample 3

]

35 150 300 500

10380

[bp]

cxii

ccfDNA de morue
(Gadus morhua)

~160bp

Wikt -Vu*)'!'-","'w tadai
Wt

400 500 600

[bp)

Figure AIV.1. Comparaison des profils d'électrophérogrammes représentatifs de la taille du ccfDNA entre les
organismes a A) systéme circulatoire semi-ouvert, comme la moule bleue, et B) systéme circulatoire fermé, tels
que les oiseaux marins et les poissons téléostéens.



